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1. Eva Andrei: Discovery of Field Induced Superconductor to Bose Insulator Transition in Twisted 
Trilayer Graphene, phase diagram showing the superconducting dome (dark blue) as a function 
of moiré band filling.  

2. You Zhou: Giant Optical Nonlinearity in Atomically Thin Semiconductors, shown is the 
reflectance spectra of a trilayer WSe2 as a function of electrostatic doping. 

3. Luis Balicas, Thickness-Driven Giant Anomalous and Topological Hall Effects in Fe5-xGeTe2, shown 
is a micromagnetic simulation of the domain structure. 

4. Andrea Young: Intervalley Coherence and Spin Orbit Coupling in Rhombohedral Trilayer 
Graphene, shown is the magnetic phase diagram of rhombohedral trilayer graphene measured 
locally by nanoSQUID on tip microscopy. 

5. Dmitri Basov: Ambipolar Charge-Transfer at van der Waals Interfaces, shown are the schematics 
of oxidation-activated charge transfer (OCT) processes.  

6. Gleb Finkelstein: Chiral Andreev Edge States, shown is a map of nonlocal resistance downstream 
of a super-conducting contact to graphene in the QH regime. 

7. Fengyuan Yang: Third Harmonic Characterization of Antiferromagnets, shown is the AFM spin 
structure of α-Fe2O3 in a hexagonal lattice and the in-plane angular dependence of third 
harmonic Hall voltage.  

8. Danna Freedman: Optically Addressable Molecular Color Center Thin Films on Monolayer 
Graphene, shown is an atomic force microscopy image of self-assembled optically addressable 
molecular qubits and host-matrix molecules on graphene. 

9. Sergey Frolov: “Smoking Gun” Signatures of Topological Milestones through Fine-Tuning in 
Trivial Materials, shown are “1/3 charge jumps”. 

10. Frances Hellman, Tuning Order-Disorder Transitions in Chiral Phases, shown is the temporal 
heterogeneity of fluctuations. 

11. Peter Schiffer: Topological Dynamics in Strings of Magnetic Excitations, shown is an XMCD-PEEM 
image of thermally dynamic Santa Fe Ice moments. 

12. Dmitry Smirnov: Disorder-Enriched Magnetic Excitations in a Heisenberg-Kitaev Quantum 
Magnet Na2Co2TeO6, shown is the average crystal structure of Na2Co2TeO6 with each Na site 2/3 
occupied. 

13. Xavier Roy: 2D Heavy Fermions in a van der Waals Metal, STM topographic image showing 
standing wave oscillations around a lattice defect. 

14. Philip Kim: Electronic Thermal Conductance in Low-Dimensional Materials with Graphene 
Nonlocal Noise Thermometry, show is the schematic of the device in which two graphene 
thermometers are bridged by a carbon nanotube. 

15. Guang Bian: Synthesis and Characterization of 2D Weyl Semimetals in Epitaxial Bismuthene, 
shown is an STM image of epitaxial monolayer bismuthine. 

16. Matthew Brahlek: Epitaxially-Imposed Control of Chiral Transport Phenomena, shown is spatially 
resolved x-ray diffraction revealing in-plane superlattices composed of highly-order 1D 
dislocation arrays in topological insulator (TI) Bi 
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FOREWORD 

This book contains abstracts for presentations made at the 2023 Experimental Condensed 
Matter Physics (ECMP) Principal Investigators’ Meeting sponsored by the Materials Sciences 
and Engineering Division of the US Department of Energy, Office of Basic Energy Sciences 
(DOE-BES). The meeting convenes scientists supported within ECMP by the DOE-BES to 
present the most exciting, new research accomplishments and proposed future research directions 
in their BES supported projects. The meeting also affords PIs in the program an opportunity to 
see the full range of research currently being supported. We hope the meeting fosters a collegial 
environment to 1) stimulate the discussion of new ideas and 2) provide unique opportunities to 
develop or strengthen collaborations among PIs. In addition, the meeting provides valuable 
feedback to DOE-BES in its assessment of the state of the program and in identifying future 
programmatic directions. The meeting was attended by approximately 100 ECMP supported 
scientists.  
 
The Experimental Condensed Matter Physics program supports research that will advance our 
fundamental understanding of the relationships between intrinsic electronic structure and 
properties of complex materials. Research supported by the program focuses on systems whose 
behavior derives from strong electron correlation, competing or coherent quantum interactions, 
topology, and effects of interfaces, defects, spin-orbit coupling, and reduced dimensionality.  
Scientific themes include the interplay of charge, spin, and orbit degrees of freedom resulting in 
phenomena such as superconductivity, magnetism, and topological protection, and the 
interactions of these in bulk and reduced-dimensional systems. The program supports synthesis 
and characterization of new material systems required to explore the central scientific themes.  
This includes the development of experimental techniques that enable such research.  Growth 
areas include emergent quantum phenomena in topological materials, low-dimensional materials, 
van der Waals materials, and materials whose functionalities can enable next-generation 
microelectronics, new clean energy technologies, and quantum technologies. 
 
The meeting was held in a hybrid format and organized into five oral sessions and two poster 
sessions covering the range of activities supported by the program.  Most of the presentations 
were held by in person participants with the exception of two remote PI talks and a hybrid panel, 
which featured speakers outside of the ECMP program. Co-chairs for the meeting were Ming Yi 
(Rice University) and Anand Bhattacharya (ANL).  To these two we express our sincere 
appreciation for their invaluable help in organizing the meeting. We also want to gratefully 
acknowledge the excellent support provided by Ms. Tia Moua and April Ward of the Oak 
Ridge Institute for Science and Education and by Ms. Teresa Crockett of BES, for their efforts 
in organizing the meeting. 
 
Drs. Claudia Cantoni and Tim Mewes 
Program Managers, Condensed Matter and Materials Physics 
Division of Materials Sciences and Engineering 
Basic Energy Sciences 
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Tennessee 

Anomalous Proximitized Transport in Metal/Quantum Magnet 
Heterostructure Bi2Ir2O7/Yb2Ti2O7 

Xiao-Xiao Zhang University of 
Florida Spin Led Realized with 2D Magnetic Heterostructures 

Jun Zhu Penn-State High Temperature Quantum Valley Hall Effect 
Felix Fischer UC Berkeley Robust Metallicity in Bottom-Up Synthesized GNR 
Xavier Roy Columbia 2D Heavy Fermions in a van der Waals Metal 

Daniel Rhodes UW–Madison First Observation of Coupled Ferroelectricity and Superconductivity in 
Few-layer Superconductors 

Liuyan Zhao University-of-
Michigan Moiré Magnetism in Twisted 2D Magnets 

James McIver Columbia Ultrafast Control of Topological Transport 

Nihar Pradhan  Jackson State Heterogeneous Integration of 2D-3D Materials for Energy Efficient 
Electronics 

Birol Ozturk Morgan-State-
University Quantum Properties of Defects in 2D Semiconductors 

Joe Checkelsky MIT Structurally Modulated vdW Superlattice 

Tim Kidd 
University-of-
Northern-
Iowa 

Surface Criteria for Quantized Growth Modes 

Min Ouyang University of 
Maryland Interfacial Chirality Induced Spin Polarization in Semiconductors 

Meenakshi Singh Co-School-of-
Mines Characterizing CISS Materials with Magneto-Transport Measurements 

Andrea Young UCSB Intervalley Coherence and Spin Orbit Coupling in Rhombohedral 
Trilayer Graphene 

Ray Ashoori MIT Ultrafast High Endurance Ferroelectric Memory 
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Discovery of an unconventional charge density wave intertwined with superconductivity in 
UTe2  

Vidya Madhavan, University of Illinois, Urbana-Champaign 

Keywords: Superconductors, scanning tunneling microscopy, topology, single crystals,  

Research Scope 

 Over the past few decades there is has been an intense search for topological 
superconductors (TSs). Some of the interest in realizing and exploring these materials stems from 
the possibility of realizing exotic particles such as Majorana fermions. But even beyond this, there 
are many experimental and theoretical unknowns about these new phases. Our goal is to investigate 
TSs with low temperature scanning tunneling microscopy (STM) and spectroscopy (STS). We are 
deploying a variety of tuning knobs such magnetic fields and temperature to obtain answers to 
fundamental questions on the nature of superconductivity and the low energy excitations of these 
systems. 

Recent Progress 

 A pair density wave (PDW) phase is an exotic state of matter where the cooper pair density 
and the superconducting gap oscillate as a function of position. PDWs can occur as a daughter 
phase of an existing charge density wave (CDW) state and superconductivity or as the parent phase 
with the CDW being the daughter order. In the former case, even if superconductivity is destroyed 
with field, the CDW continues to survive, as is seen in almost all known superconducting materials 
with a high temperature CDW phase (for example, transition metal dichalcogenides, Kagome 
superconductors etc.). In the latter case, the CDW would disappear 
if either the PDW or superconductivity is destroyed. We have 
carried out STM studies of the charge density wave phase in the 
triplet superconductor UTe2. We show that UTe2 hosts an unusual 
CDW which gets suppressed with magnetic fields and disappears 
close to the superconducting Hc2 (Fig.1)1. One possible hypothesis 
that explains the magnetic field sensitivity, and the concomitant 
disappearance of the CDW and superconductivity is that the CDW 
arises from and is intertwined with a pair density wave (PDW) and 
uniform superconductivity in this system. To test this hypothesis, 
we generate real space maps of the amplitude and phase as a 
function of field2. The maps reveal that the melting of the CDW 
occurs by the generation of topological defects or dislocations in the CDW with an increasing 
magnetic field. Moreover, there is a direct correspondence between the regions of suppressed 
CDW order parameter and the location of the topological defects. Our theory shows that this 
behavior is consistent with the presence of a parent PDW phase on the surface UTe2.  

Fig. 1 Magnetic field 
dependence of the CDW order 
parameter. 
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Future Plans 

1) We have ordered a vector magnet for our system.  It will be installed in January 2024 and will 
allow us to make STM measurement in a parallel field that will provide further data to determine 
the order parameter of UTe2. 

2) We have set up a new molecular beam epitaxy system to grow UTe2 films. The system has 
been designed and built. We are currently testing the system. 
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Program Title: Complex States, Emergent Phenomena, and Superconductivity in 
Intermetallic and Metal-Like Compounds 
 
Principle Investigators: Paul Canfield (FWP leader), Sergey Bud’ko, Yuji Furukawa, Adam 
Kaminski, Makariy Tanatar, Ruslan Prozorov, Aashish Sapkota, Tyler Slade,  Linlin Wang, 
Division of Materials Science and Engineering, Ames Laboratory, Iowa State University, 
Ames, IA 50011  
 
Keywords 

 Magnetism, Superconductivity, Topology, non-Fermi liquid behavior, Emergent quantum phases.  

Research Scope 

   Our FWP focuses on discovering, understanding and ultimately controlling new and 
extreme examples of complex states, emergent phenomena, and superconductivity. Materials 
manifesting specifically clear or compelling examples (or combinations) of superconductivity, 
strongly correlated electrons, novel electronic topologies, quantum criticality, and exotic, bulk 
magnetism are of particular interest given their potential to lead to revolutionary steps forward in 
our understanding of their complex, and potentially energy relevant, properties. The 
experimental work consists of new materials development and crystal growth, combined with 
detailed and advanced measurements of microscopic/spectroscopic, thermodynamic, transport 
and electronic properties, at extremes of pressure, temperature, magnetic field, and resolution.  
The theoretical work focuses on understanding and modeling transport, thermodynamic and 
spectroscopic properties using world-leading and advanced phenomenological approaches to 
superconductors and electronic band structures. 

The priority of this FWP is the development and understanding of model systems combined 
with agile and flexible response to, and leadership in, a rapidly-changing new-materials landscape.  
To accomplish this goal, our combined synthetic, characterization and theory efforts operate both 
in series and in parallel. This work supports the DOE mission by directly addressing the Grand 
Challenge of understanding the Emergence of Collective Phenomena:  Strongly Correlated 
Multiparticle Systems and is a key contributor to fulfilling the Ames Laboratory Scientific 
Strategic Plan for preeminence in solid-state materials discovery, synthesis, and design; this FWP 
designs, discovers, characterizes and understands systems that shed light on how remarkable 
properties of matter emerge from complex correlations of the atomic or electronic constituents 
and, as a result, provides better control of these properties.  These efforts directly address research 
priorities identified in the Basic Research Needs Workshops on Quantum Materials for Energy 
Relevant Technology and Synthesis Science for Energy Relevant Technology. 
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Recent Progress 

 For this contractors meeting, we will primarily present our discovery and progress in 
studying the spin textured Fermi arcs that emerge upon transition to AFM state in some of the 
cubic rare-earth mono-pnictides [1].  This work is the culmination of over a decade of effort, and 
building, to create a laser ARPES system that can reach temperatures below 3 K with high 
momentum and energy resolution that could then study the effect of local moment ordering on 
model, intermetallic compounds.  NdBi undergoes AFM transition at TN=24.5 K. We found that 
upon establishing long range magnetic order in this material, in addition to other changes in the 
band structure, pairs of very sharp surface states appear, first as a single band, but upon further 
cooling this band splits into two, one electron-like and one hole-like. At EF, the hole-like band 
forms an arc, rather than a closed contour in momentum space. Both the energy separation and 
curvature of these bands display strong temperature dependences. Furthermore, circular dichroism 
data revealed that the two bands in a pair have opposite spin polarization and spin textures. The 
observed magnetic splitting is highly unusual, as it creates bands of opposing curvature, that 
change with temperature and follow the antiferromagnetic order parameter. This is completely 
different from previously reported cases of magnetic splitting such as traditional Zeeman or 
Rashba, where the curvature of the bands is temperature independent. This is likely a new 
Fermionic state created by new type of magnetic band splitting in the presence of a long-range 
AFM order that is not readily explained by existing theoretical ideas. Because the surface states 
are spin/momentum locked and intimately linked to the AFM order, they can be controlled by the 
application of magnetic fields such as those present in ultrafast laser pulses, thereby this class of 
materials potentially opens new avenues for terahertz spintronics. 

We extended these studies to other compounds within the monopnictide family and found similar 
effects also in NdSb, CeBi, whereas we did not detect these states in SmBi down to lowest 
temperatures. It appears that the strength of the effect (intensity of the surface states and their 
energy separation) depends on the magnetic moment of the rare-earth element. [2] We further 
found that these states form domains in real space, due to three possible orientations of the AFM 
ordering vector at the sample surface. [3] 

Future Plans 

 The RSb and RBi APRES studies have clearly illustrated that we can detect and quantify 
complex and novel changes in band structure and topology associated with local moment ordering.  
We have ongoing collaborations with STM groups (Madrid and Geneva) to study the QPI and spin 
textures we have discovered in our ARPES data.  We are continuing to expand our studies to 
heavier rare earth members of the RBi and RSb families and also embarking on dilution studies 
such as (Nd1-xLax)Sb and (Nd1-xLax)Bi.  More broadly, we plan to search for other cleavable, model 
systems that will let us examine the interaction between local and itinerant moment ordering or 
hybridization with the conduction band.  
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More widely, we will use NMR, ARPES, London penetration depth, as well as ambient 
and high-pressure measurements of resistivity and magnetization to study, and even create, new 
superconductors.  In many of these cases we can gain insight into the nature, and symmetry, of the 
superconducting gap by studying the effects of chemical substitution as well as electron irradiation 
on these properties.  We are studying novel superconductors ranging from FeAs materials like 
CaKFe4As4, to U-based heavy Fermion systems like UTe2, to potentially unconventional gapped 
materials like Rh17S15, to pressure induced superconductivity in Re3Ge7 and even superhydride 
systems.   

We continue to develop pressure and strain dependent measurements.  We will apply 
pressure to tune itinerant magnetic systems to and through quantum phase transitions often with 
the goal of identifying quantum critical points that may have emergent states associated with them.  
We currently can perform temperature and field dependent NMR, electrical transport, a.c. specific 
heat and magnetization for pressures under 2.5 GPa; we can measure temperature and field 
dependent electrical transport and magnetization in anvil cell configurations up to 50 GPa.  The 
FWP is currently installing a single crystal x-ray diffraction unit that can perform diffraction 
studies on samples in diamond anvil cells (DACs) so that we can add in-house, pressure dependent, 
structural data to our capabilities, thus allowing for direct structure-property correlation.  

Beyond superconductivity, we will continue to develop new, fragile magnetic systems with 
the intent of discovering new quantum critical systems and mastering new emergent phases that 
may be in proximity to their quantum critical points.  The discovery and development of these new 
systems will be accomplished by implementation of new algorithms for the discovery of low 
dimensional crystal structures as well as on the use of band structure theory to identify 
antiferromagnetic systems that respond strongly to pressure, stress, and/or substitution.   (A 
detailed discussion of some of these algorithms can be found in “New Materials Physics” [4])   
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Publications  

The FWP published roughly 50 papers per year on a wide range of materials, states and phase 
transitions.  We publish in Physical Review Letters, Physical Review B, and Nature and Science 
families of journals.  Above, in References, list the recent RBi and RSb APRES papers; below is 
a selection of other recent publications. 
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Probing the Interplay of Topology, Magnetism and Superconductivity in Intrinsic Magnetic 
and Superconducting Topologic Materials 

Ni Ni 

Department of Physics and Astronomy, University of California, Los Angeles 

Keywords: Magnetism, topological materials, 2D and layered materials, single crystal 

Program Scope 

The overarching goal of this proposal is to addressing the grand challenge of basic energy science 
by discovering new intrinsic magnetic topological materials, and characterizing them through 
thermodynamic, transport, X-ray, and neutron measurements. Of particular interest in this research 
is to probe the interplay of band topology, structure, electronic and spin degrees of freedom in 
these materials through chemical doping, external pressure and uniaxial strains. The proposed 
research will accelerate the discovery of these materials and advance our understanding of the 
interplay of the topology and magnetism, potentially enabling us to manipulate the emergent 
phenomena arising from the interlay.   

Recent Progress 

 During the funding period from 09/01/2021 to 08/20/2023, we have 14 papers published 
or under review. In this session, I will report some selected works. 

I) Unconventional pressure-
driven metamagnetic 
transitions in topological van 
der Waals magnets [1]:  
Activating metamagnetic 
transitions between ordered 
states in van der Waals 
magnets and devices bring 
great opportunities in 
spintronics. We show that 
external pressure, which 
enhances the interlayer hopping without introducing chemical disorders, triggers 
multiple metamagnetic transitions upon cooling in the topological van der Waals 
magnets Mn(Bi1−xSbx)4Te7, where the antiferromagnetic interlayer superexchange 
coupling competes with the ferromagnetic interlayer coupling mediated by the antisite 
Mn spins (Fig. 1). The temperature-pressure phase diagrams reveal that while the 
ordering temperature from the paramagnetic to ordered states is almost pressure-
independent, the metamagnetic transitions show non-trivial pressure and temperature 
dependence, even re-entrance. For these highly anisotropic magnets, we attribute the 
former to the ordering temperature being only weakly dependent on the intralayer 
parameters, the latter to the parametrically different pressure and temperature 

 

Fig. 1 Mn(Bi1–xSbx)4Te7: Left: the temperature-pressure phase 
diagrams of. Right: the competing interactions. 
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dependence of the two interlayer couplings. Our independent probing of these disparate 
magnetic interactions paves an avenue for efficient magnetic manipulations in van der 
Waals magnets. This work has just been accepted by Nano Letter.  

II) Magnetic dilution effect and topological phase transitions in (Mn1−xPbx)Bi2Te4 [2]:As 
the first intrinsic antiferromagnetic (AFM) topological insulator (TI), MnBi2Te4 has 
provided a material platform to realize 
various emergent phenomena arising from the 
interplay of magnetism and band topology. 
Here by investigating (Mn1−xPbx)Bi2Te4 
(0≤x≤0.82) single crystals via the x-ray, 
electrical transport, magnetometry and 
neutron measurements, chemical analysis, 
external pressure, and first-principles 
calculations, we reveal the magnetic dilution 
effect on the magnetism and band topology in 
MnBi2Te4 (Fig. 2). With increasing x, both 
lattice parameters a and c expand linearly by 
around 2%. All samples undergo the paramagnetic to A-type antiferromagnetic 
transition with the Neel temperature decreasing lineally from 24 K at x=0 to 2 K 
at x=0.82. Our neutron data refinement of the x=0.37 sample indicates that the ordered 
moment is 4.3(1)μB/Mn at 4.85 K and the amount of the MnBi antisites is negligible 
within the error bars. Isothermal magnetization data reveal a slight decrease of the 
interlayer plane-plane antiferromagnetic exchange interaction and a monotonic 
decrease of the magnetic anisotropy, due to diluting magnetic ions and enlarging the 
unit cell. For x=0.37, the application of external pressures enhances the interlayer 
antiferromagnetic coupling, boosting the Neel temperature at a rate of 1.4 K/GPa and 
the saturation field at a rate of 1.8 T/GPa. 
Furthermore, our first-principles calculations 
reveal that the band inversion in the two end 
materials, MnBi2Te4 and PbBi2Te4, occurs at 
the Γ and Z point, respectively, while two 
gapless points appear at x= 0.44 and x= 0.66, 
suggesting possible topological phase 
transitions with doping. 

III) Growth, characterization and Chern insulator 
state in MnBi2Te4 via the chemical vapor 
transport method [3]:  As the first intrinsic 
antiferromagnetic topological 
insulator, MnBi2Te4 has provided a platform 
to investigate the interplay of band topology and magnetism as well as the emergent 
phenomena arising from such an interplay. Here we report the chemical-vapor-
transport (CVT) growth and characterization of MnBi2Te4, as well as the observation 
of the field-induced quantized Hall conductance in 6-layer devices (Fig. 3). Through 
comparative studies between our CVT-grown and flux-grown MnBi2Te4 via magnetic, 
transport, scanning tunneling microscopy, and angle-resolved photoemission 

 

Fig. 2 Neel temperature vs. the change of 
lattice parameters for the pressure work 
and strain.  

 

 

 

Fig. 3 Observation of Chern insulator 
state in CVT and flux grown MnBi2Te4.  
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spectroscopy measurements, we find that CVT-grown MnBi2Te4 is marked with higher 
Mn occupancy on the Mn site, slightly 
higher MnBi antisites, smaller carrier 
concentration, and a Fermi level closer to the 
Dirac point. Furthermore, a 6-layer device made 
from the CVT-grown sample shows by far the 
highest mobility of 
2500 cm2Vs in MnBi2Te4 devices with the 
quantized Hall conductance appearing at 1.8 K 
and 8 T. Our study provides a route to obtain 
high-quality single crystals of MnBi2Te4 that are 
promising to make superior devices and realize 
emergent phenomena, such as the layer Hall 
effect and quantized anomalous Hall effect, etc. 

IV) Our collaborations with other groups have been 
fruitful. Here I will discuss a couple of them on 
MnBi2Te4. In collaboration with Suyang Xu’s 
group at Harvard, A) We have discovered 
helicity-dependent optical control of fully 
compensated antiferromagnetic order in two-
dimensional even-layered MnBi2Te4 (Fig. 4), a 
topological axion insulator with neither chirality 
nor magnetization. To understand this control, we study an antiferromagnetic circular 
dichroism, which appears only in reflection but is absent in transmission. We show that 
the optical control and circular dichroism both arise from the optical axion 
electrodynamics, providing the possibility to optically control a family of PT-
symmetric antiferromagnets [4]. B) Quantum geometry has two parts, the real part 
quantum metric and the imaginary part Berry curvature. We have discovered a new 
nonlinear Hall effect induced by quantum metric by interfacing even-layered MnBi2Te4 

(a PT-symmetric antiferromagnet (AFM)) with black phosphorus. This novel nonlinear 
Hall effect switches direction upon reversing the AFM spins and exhibits distinct 
scaling that suggests a non-dissipative nature (Fig. 4). Like the AHE brought Berry 
curvature under the spotlight, our results open the door to discovering quantum metric 
responses [5].  

Future Plans 

Discovering new intrinsic MBT topological insulators in the 2-2-5 or 3-2-6 ratios. Investigating 
the pressure effect in MnBi6 Te10 and MnBi8Te13. Investigating the origin of the large anomalous 
hall effect in EuAg4Sb2 and related materials. Investigating the effect of band structure, potential 
non-coplanar magnetic structures on the anomalous Hall effect in EuAg4Sb2 and related materials. 
Exploring and charactering new proposed magnetic topological materials. Close collaborations 
with other groups to investigate the magnetic and topological properties as well as emergent 
phenomena in devices for materials made in our group. 

 

 

Fig. 4 Top: The prepared two AFM 
states of 6-layer MnBi2Te4. Middle: 
The RCD in the two AFM states. 
Bottom: The nonlinear Hall voltage 
as a function of temperature for these 
two AFM states. 

 

 



 

20 
 

References 
1. Tiema Qian, Eve Emmanouilidou, Chaowei Hu, Jazmine C. Green, Igor I. Mazin, Ni Ni, Unconventional 
pressure-driven metamagnetic transitions in topological van der Waals magnets, Nano Lett., 22, 5523 (2022)  
2.Tiema Qian, Yueh-Ting Yao, Chaowei Hu, Erxi Feng, Huibo Cao, Igor I. Mazin, Tay-Rong Chang, Ni Ni, 
Magnetic dilution effect and topological phase transitions in (Mn1−xPbx)Bi2Te4, Phys. Rev. B 106, 045121 (2022) 
3. Chaowei Hu, Anyuan Gao, Bryan Stephen Berggren, Hong Li, Rafal Kurleto, Dushyant Narayan, Ilija Zeljkovic, 
Dan Dessau, Suyang Xu, and Ni Ni, Growth, characterization and Chern insulator state in MnBi2Te4 via the 
chemical vapor transport method, Phys. Rev. Mater, 5, 124206 (2021) 
4. Jian-Xiang Qiu, Christian Tzschaschel, Junyeong Ahn, Anyuan Gao, Houchen Li, Xin-Yue Zhang, Barun Ghosh, 
Chaowei Hu, Yu-Xuan Wang, Yu-Fei Liu, Damien Bérubé, Thao Dinh, Zhenhao Gong, Shang-Wei Lien, Sheng-
Chin Ho, Bahadur Singh, Kenji Watanabe, Takashi Taniguchi, David C. Bell, Hai-Zhou Lu, Arun Bansil, Hsin Lin, 
Tay-Rong Chang, Brian B. Zhou, Qiong Ma, Ashvin Vishwanath, Ni Ni & Su-Yang Xu, Axion optical induction of 
antiferromagnetic order, Nature Materials, 22, 583 (2023) 
5. Anyuan Gao, Yu-Fei Liu, Jian-Xiang Qiu, Barun Ghosh, Thaís V. Trevisan, Yugo Onishi, Chaowei Hu, Tiema 
Qian, Hung-Ju Tien, Shao-Wen Chen, Mengqi Huang, Damien Bérubé, Houchen Li, Christian Tzschaschel, Thao 
Dinh, Zhe Sun, Sheng-Chin Ho, Shang-Wei Lien, Bahadur Singh, Kenji Watanabe, Takashi Taniguchi, David C. 
Bell, Hsin Lin, Tay-Rong Chang, Chunhui Rita Du, Arun Bansil, Liang Fu, Ni Ni, Peter P. Orth, Suyang Xu, 
Quantum metric nonlinear Hall effect in a topological antiferromagnet, Science, 381, 181 (2023) 
 
Publications  
1. Chaowei Hu, Anyuan Gao, Bryan Stephen Berggren, Hong Li, Rafal Kurleto, Dushyant Narayan, Ilija Zeljkovic, 
Dan Dessau, Suyang Xu, and Ni Ni, Growth, characterization and Chern insulator state in MnBi2Te4 via the 
chemical vapor transport method, Phys. Rev. Mater, 5, 124206 (2021) 
2.Tiema Qian, Morten H. Christensen, Chaowei Hu, Amartyajyoti Saha, Brian M. Andersen, Rafael M. Fernandes, 
Turan Birol, Ni Ni, Revealing the competition between charge-density-wave and superconductivity in CsV3Sb5 
through uniaxial strain, Phys. Rev. B, 104, 144506 (2021) (Editors’ suggestion) 
3.Chaowei Hu, Makariy A. Tanatar, Ruslan Prozorov, Ni Ni, Unusual dynamic susceptibility arising from soft 
ferromagnetic domains in MnBi8Te13 and Sb-doped MnBi2nTe3n+1 (n=2, 3), J. Phys. D:Appl Phys, 55, 
054003 (2021) 
4. Tiema Qian, Eve Emmanouilidou, Chaowei Hu, Jazmine C. Green, Igor I. Mazin, Ni Ni, Unconventional 
pressure-driven metamagnetic transitions in topological van der Waals magnets, Nano Lett., 22, 5523 (2022)  
5.Tiema Qian, Yueh-Ting Yao, Chaowei Hu, Erxi Feng, Huibo Cao, Igor I. Mazin, Tay-Rong Chang, Ni Ni, 
Magnetic dilution effect and topological phase transitions in (Mn1−xPbx)Bi2Te4, Phys. Rev. B 106, 045121 (2022) 
6. Jian-Xiang Qiu, Christian Tzschaschel, Junyeong Ahn, Anyuan Gao, Houchen Li, Xin-Yue Zhang, Barun Ghosh, 
Chaowei Hu, Yu-Xuan Wang, Yu-Fei Liu, Damien Bérubé, Thao Dinh, Zhenhao Gong, Shang-Wei Lien, Sheng-
Chin Ho, Bahadur Singh, Kenji Watanabe, Takashi Taniguchi, David C. Bell, Hai-Zhou Lu, Arun Bansil, Hsin Lin, 
Tay-Rong Chang, Brian B. Zhou, Qiong Ma, Ashvin Vishwanath, Ni Ni & Su-Yang Xu, Axion optical induction of 
antiferromagnetic order, Nature Materials, 22, 583 (2023) 
7. Anyuan Gao, Yu-Fei Liu, Jian-Xiang Qiu, Barun Ghosh, Thaís V. Trevisan, Yugo Onishi, Chaowei Hu, Tiema 
Qian, Hung-Ju Tien, Shao-Wen Chen, Mengqi Huang, Damien Bérubé, Houchen Li, Christian Tzschaschel, Thao 
Dinh, Zhe Sun, Sheng-Chin Ho, Shang-Wei Lien, Bahadur Singh, Kenji Watanabe, Takashi Taniguchi, David C. 
Bell, Hsin Lin, Tay-Rong Chang, Chunhui Rita Du, Arun Bansil, Liang Fu, Ni Ni, Peter P. Orth, Suyang Xu, 
Quantum metric nonlinear Hall effect in a topological antiferromagnet, Science, 381, 181 (2023) 
8. Yujin Cho, Jin Ho Kang, Liangbo Liang, Madeline Taylor, Xiangru Kong, Subhajit Ghosh, Fariborz 
Kargar, Chaowei Hu, Alexander A. Balandin, Alexander A. Puretzky, Ni Ni, and Chee Wei Wong, Phonon modes 
and Raman signatures of MnBi2nTe3n+1(n = 1, 2, 3, 4) magnetic topological heterostructures, Phys. Rev. Res. 
4, 013108 (2022) 
9. Nathan J. McLaughlin, Chaowei Hu, Mengqi Huang, Shu Zhang, Hanyi Lu, Hailong Wang, Yaroslav 
Tserkovnyak, Ni Ni, and Chunhui Rita Du, Quantum Imaging of Magnetic Phase Transitions and Spin Fluctuations 
in Intrinsic Magnetic Topological Nanoflakes, Nano Lett., 22, 5810 (2022) 
10. N Sirica, P. P. Orth, M. S. Scheurer, Y. M. Dai, M. -C. Lee, P. Padmanabhan, L. T. Mix, L. X. Zhao, G. F. Chen, 
B. Xu, R. Yang, B. Shen, C. -C. Lee, H. Lin, T. A. Cochran, S. A. Trugman, J. -X. Zhu, M. Z. Hasan, N. Ni, X. G. 
Qiu, A. J. Taylor, D. A. Yarotski, R. P. Prasankumar, Photocurrent-driven transient symmetry breaking in the Weyl 
semimetal TaAs, Nature Materials, 21, 62 (2022)   

https://pubs.acs.org/doi/full/10.1021/acs.nanolett.2c01680
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.106.045121
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.5.124206
https://www.nature.com/articles/s41563-023-01493-5
https://www.science.org/doi/10.1126/science.adf1506
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.5.124206
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.104.144506
https://iopscience.iop.org/article/10.1088/1361-6463/ac3032
https://iopscience.iop.org/article/10.1088/1361-6463/ac3032
https://nilab.physics.ucla.edu/content/2106.08969%20(2021
https://pubs.acs.org/doi/full/10.1021/acs.nanolett.2c01680
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.106.045121
https://www.nature.com/articles/s41563-023-01493-5
https://www.science.org/doi/10.1126/science.adf1506
https://journals.aps.org/prresearch/pdf/10.1103/PhysRevResearch.4.013108
https://pubs.acs.org/doi/full/10.1021/acs.nanolett.2c01390
https://www.nature.com/articles/s41563-021-01126-9


 

21 
 

Project Title:  Topological Superconductivity in Strong Spin-Orbit Materials 

Principal Investigator:  Johnpierre Paglione, University of Maryland 

Keywords: topological superconductivity, topological materials 

Research Scope 

The search for an efficient material platform for topological quantum computation has recently 
focused on superconductors that exhibit unconventional properties that exhibit chiral or non-trivial 
topological aspects with promise of hosting novel phenomena, including emergent Majorana 
quasiparticles. This program continues to explore the nature of superconductivity in topological 
materials lacking inversion symmetry using a joint experimental and theoretical effort to focus on 
understanding the topological superconducting state of the non-centrosymmetric material YPtBi. 
Our previous work has led to a new understanding of “high-spin” superconductivity arising from 
a spin-3/2 band structure [1,2], which is the first time such physics has been considered 
theoretically for a superconductor, and has sparked a flurry of activity understanding j=3/2 physics. 
More recently, our discovery of spin-triplet pairing in UTe2 has sparked an intense race to identify 
its multi-component order parameter and topological properties. Following these advances, our 
program is focused on further exploring these materials using an established in-house synthesis 
and characterization program and an extensive collaboration network in order to elucidate the 
potential of these materials to form the next generation platform for quantum technologies. The 
main focus of the program investigates the interplay of topological superconductivity with 
magnetic and other ground states in the XYZ family [3], and extends previous studies of the UTe2 
system [4,5] to further explore the topological nature of superconductivity and its ramifications. 
In this abstract, we focus on our progress in understanding the topological superconductor UTe2. 

Recent Progress 

Our discovery of superconductivity in nearly–ferromagnetic UTe2 in 2018 is one of our surprising 
but grand accomplishments in the last few years. This superconductor is a strong candidate for 
spin-triplet pairing, based on an extremely large, anisotropic upper critical field Hc2; temperature-
independent nuclear magnetic resonance (NMR) Knight shift; and power law behavior of 
electronic specific heat and nuclear spin-lattice relaxation rate in the superconducting state. In 
addition, UTe2 closely resembles ferromagnetic superconductors, but in this case having a 
paramagnetic normal state that harbors spin fluctuations that drive the superconductivity. Our 
discovery launched an intense race with several groups worldwide now investigating various 
aspects of this material, producing upwards of ~80 papers to date. Our work in the last reporting 
period has focused on elucidating both the superconducting state, and the normal state from which 
this exotic superconductivity arises: 

a) We studied the temperature dependence of electrical resistivity for currents directed along all 
crystallographic axes, focusing particularly on an accurate determination of the resistivity 
along the c-axis by using transport geometries that allow extraction of two resistivities along 
with the primary axes directions. Measurement of the absolute values of resistivities in all 
current directions reveals a surprisingly (given the anticipated highly anisotropic band 
structure) nearly isotropic transport behavior at temperatures above Kondo coherence, but with 
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a qualitatively distinct behavior at lower temperatures, as shown in Figure. 1. This work has 
been published in Phys. Rev. B (Eo, 2022). 

b) We have worked with collaborator Andrew 
Wray to study the nature of the uranium f-
electron state, providing crystals and sample 
characterization in support of resonant 
inelastic x-ray scattering, x-ray absorption 
spectroscopy, and atomic-multiplet-based 
modeling to shed light on the orbital states. The 
first two data sets are found to agree strongly 
with predictions for a 5f26d1-like valence 
electron configuration with weak intra-dimer 
magnetic correlations. This work is now 
published in Phys. Rev. B (Liu, 2022). 

c) Our experiments using muon spectroscopy in 
collaboration with Jeff Sonier (SFU) have shed 
light on the anomalous low-temperature 
magnetic state of UTe2 by probing the internal magnetism, showing the existence of magnetic 
clusters that gradually freeze into a disordered spin frozen state at low temperatures. These 
findings suggest that inhomogeneous freezing of magnetic clusters is linked to the ubiquitous 
low-temperature behavior of the specific heat and shed light on the intrinsic low-temperature 
properties of UTe2. This work is published in Nature Comm. (Sundar, 2023). 

d) We are continuing close collaborations with B. Ramshaw (Cornell) to perform ultrasound 
experiments probing the superconducting state. The first phase of this is complete, which 
established a method of doing resonant ultrasound on irregular shaped crystals, and is being 
followed by measurements to probe the symmetry of the order parameter, one of the key 
questions about this system. This work is submitted for publication (Theuss, 2023). 

e) We have been collaborating with two STM 
groups – V. Madhavan (UIUC) and J.C.S. 
Davis (Oxford/Cornell) – to study a new found 
charge ordered phase in UTe2. In particular, 
the UIUC group discovered a charge density 
wave (CDW) phase that lives above the 
superconducting state, and the Oxford group 
has found a pair-density wave (PDW) state that 
onsets in the superconducting state. Both 
works are published in Nature (2023). 

f) Our most recent work with the group of 
N. Butch (NIST) on the high-field 
superconducting “Lazarus” phase has 
produced an astonishing find – that non-
superconducting samples (produced by tuning 
the growth method) still robustly possess high 
field-induced superconductivity. Shown in 
Figure 2, the angle dependence of the 
magnetoresistance (b to c, degrees) of “entrant” magnetic field-induced superconductivity in 

Figure 2:  Extremely large magnetic fields give rise to an 
unprecedented high field superconductor in UTe2 samples 
that lack a zero-field parent phase. This orphan 
superconductivity exists at fields between 37 T and 52 T, 
and presents is a challenge to existing theoretical 
explanations [Frank, Nature Phys. under review (2023)]. 

Figure 1:  Electrical resistivity anisotropy of UTe2 extracted 
using a generalized Montgomery measurement technique. 
[Eo, PRB (2022)]. 
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non-superconducting UTe2 at 0.5 K reproduces the famous Lazarus phase, suggesting this 
phase is succinctly different than the ambient zero-field phase that is fully suppressed by 
disorder. This work is under review (Frank, 2023). 

g) Finally, we recently reported the observation of applied pressure tuning of a magnetic energy 
scale in UTe2, previously identified as a peak in the c-axis electrical transport. Upon increasing 
pressure, the characteristic c-axis peak moves to a lower temperature before vanishing near the 
critical pressure of about 15 kbar, and follows previous magnetic markers indicating the tuning 
of a magnetic energy scale. The observed Fermi-liquid behavior at ambient pressure is violated 
near the critical pressure, exhibiting nearly linear resistivity in temperature and an enhanced 
pre-factor. Our results provide an important window into the evolution of magnetic quantum 
criticality in this system. This work is submitted (Kim, 2023). 

Future Plans 

The main effort is focused on elucidating the superconductivity of UTe2, including continued work 
on thermodynamic and spectroscopic measurements aimed at identifying the exact pairing 
symmetry of this superconductor as well as the opportunities to observe, isolate and manipulate 
Majorana fermions to establish a platform for future quantum technologies. We are also working 
very closely with the groups of V. Madhavan (UIUC) and J.C.S. Davis (Oxford/Cornell) on STM 
studies of a newly discovered charge ordered phase in UTe2 that may have implications for both 
normal and superconducting states of this material. Ongoing experiments are probing the sample 
dependence and correlation with other experiments on the normal state properties. Continued work 
on the RPtBi series is aimed in the same direction, with projects focused on further elucidating this 
exotic superconducting phase and its implications. In particular, we are probing further substitution 
series including both magnetic ion and heavy fermion mixing of the j=3/2 superconducting state. 
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Research Scope 

The general theme of this research program is the investigation of emergent phases and phenomena 
in correlated electron and topological quantum materials.  Although our objective is to develop an 
understanding of the physics of quantum materials on a fundamental level, these materials also 
have potential applications in technology; e.g., energy sector (superconductivity (SC), 
thermoelectric cooling and electric power generation, magnetic refrigeration), sensors, spintronics, 
quantum computing.  A major goal of our research involves finding and investigating new 
examples of emergent phenomena and phases in the vicinity of a quantum critical point (QCP), a 
value of a nonthermal control parameter 𝜹𝜹 such as chemical composition, pressure and magnetic 
field, where a second order phase transition, often magnetic, is suppressed to 0 K. Emergent 
phenomena of interest in our research include unconventional spin-singlet d-wave and spin-triplet 
p-wave SC, high temperature SC, charge and spin ordered phases, “hidden order”, topological 
insulator behavior, topological Kondo insulator (TKI) behavior, heavy fermion behavior, non-
Fermi liquid behavior. A combination of materials synthesis and physical properties measurements 
are employed to characterize these phenomena, map out complex phase diagrams in which they 
reside, determine how different phases are related to one another, probe the underlying physics, 
and, when possible, test relevant theoretical models.  We are also interested in studying quantum 
matter under extreme conditions of pressure, P (megabar range), magnetic field, B (45 T – static, 
65 T – pulsed), and temperature, T (mK region).   The emphasis of our current research is on two 
extraordinary quantum materials: the correlated d-electron small gap semiconductor FeSi which 
has a conducting surface state (CSS) and is a candidate for a d-electron topological Kondo insulator 
[1] and the correlated f-electron compound UTe2 which exhibits unconventional SC and is a 
candidate for a spin triplet chiral topological SCor [2].  Recent research on FeSi and UTe2 and 
progress in developing a nitrogen vacancy center microscope for imaging the magnetization of 
materials in diamond anvils cells (DACs) at high pressures are briefly described below. 
Recent Progress 
Possible 2-dimensional magnetism in the conducting surface state of FeSi  
The correlated d-electron small gap semiconductor FeSi has been studied for decades.  Its unusual 
T-dependent electronic and magnetic properties are reminiscent of those of f-electron Kondo 
insulators such as SmB6.  This led to the proposal that FeSi may be a d-electron counterpart of an 
f-electron Kondo insulator. Our group reported the existence of a conducting surface state (CSS) 
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in FeSi below ~19 K, suggesting the possibility that FeSi could be a topological insulator. Given 
the evidence that SmB6 is a TKI, it seems possible that FeSi could be a TKI, as well.  

Several years ago, hysteresis in the magnetoresistance MR and an anomalous Hall effect were 
found in SmB6 below the onset temperature of its low-temperature resistivity plateau, leading the 
authors to propose the existence of a ferromagnetic (FM), topologically non-trivial surface state 
with a quantized conductance value of e2/h stemming from the chiral edge channels of FM domain 
walls [3]. Considering the resemblances between FeSi and SmB6 in behavior of the resistivity in 
magnetic fields and a report of a spin-orbit coupled FM surface state originating from the Zak 
phase in FeSi nanofilms, we embarked on a search for evidence of magnetic ordering in the CSS 
of FeSi single crystals. To affect this search, we carried out 
electrical resistance R(T) measurements on rod-shaped 
FeSi single crystals previously studied in our lab [1, 
publication 9] as a function of T, B, and angle (θ) between 
the electrical current and B.  

In the temperature range where the CSS exists, the MR 
exhibits a hysteresis loop bounded within ± 0.5 T, 
suggesting two-dimensional magnetic ordering. The 
hysteretic MR is asymmetric in B and anisotropic with 
respect to θ. Further exploration of R(θ) at a fixed field of 
9 T reveals an initial progressive rotation of the axis for 
two-fold rotational symmetry from 2 K to 10 K, then a stabilized axis for two-fold symmetry until 
at T > 40 K, the anisotropy vanishes, coincident with the disappearance of the CSS. These 
observations point to a possible magnetically ordered surface state that has been reported in similar 
systems such as FeSi nanofilms and bulk SmB6.  

In a set of experiments on FeSi under pressure in a DAC, R vs B measurements were performed at 
3.3 K as a function of P.  The area of the hysteresis loop in R(B) was found to decrease with P and 
vanish near the critical pressure Pcr where the CSS collapses and the energy gap of the 
semiconducting phase of FeSi closes.  For pressures above Pcr, FeSi exhibits metallic behavior. 
The sign of R(B) changes from negative in the semiconducting region for  
P < Pcr to small and positive in the metallic region P > Pcr. 
Experiments on the unconventional superconductivity of UTe2 
Experiments on UTe2 have yielded evidence for unconventional SC characterized by spin-triplet 
pairing of electrons, multiple SCing order parameters, time-reversal symmetry breaking, and in-
gap chiral surface states.  UTe2 has an enormous reentrant upper critical field Hc2(T) of the order 
of 40 T, considering its low SCing critical temperature Tc of only 2 K. In addition, there is a pocket 
of SC, the so-called ‘Lazurus’ phase, between 40 T and 60 T for magnetic fields oriented at angles 
between 23º and 45º between the b and c crystalline axes [4].  The compound UTe2 has attracted 
a great deal of attention, driven by an interest in developing a fundamental understanding of its 
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unconventional SC and because it is regarded as a candidate for topological SC with potential for 
robust quantum computing.  We have been preparing single crystals of UTe2 for several research 
projects with collaborators, in addition to our own experiments, described below, that address the 
nature and origin of the SC of UTe2.  

Neutron scattering experiments on UTe2 and it alloys  

One of the projects involves a series of neutron scattering experiments on single crystals of pure 
and chemically substituted UTe2 compounds prepared in our lab in collaboration with Professor 
Pengcheng Dai and his group at Rice University.  Two neutron scattering experiments have been 
carried out that have yielded surprising results that were reported in two papers, one in Physical 
Review Letters which identified the AFM nature of the spin fluctuations and another in Nature that 
revealed coupling of the AFM spin fluctuations and the SC [5]. Similar work has been reported by 
several other neutron scattering groups. Further neutron scattering experiments in collaboration 
with Professor Dai on UTe2 and its alloys are planned for the future. 

 

Symmetry of the superconducting order parameter of UTe2 

Experiments to study the symmetry of the superconducting order parameter of UTe2 using 
Josephson junctions are currently underway at Pennsylvania State University in collaboration with 
Professor Ying Liu and his group. Although it is widely believed that the SC of UTe2 is 
characterized by odd-parity, spin-triplet pairing symmetry, direct evidence for it is still lacking, 
especially in low magnetic fields. These experiments probe the symmetry of the OP in UTe2 
through Josephson coupling between In, an s-wave superconductor, and UTe2. The orientation 
dependence of the Josephson coupling has revealed that the pairing state in UTe2 must be that of 
odd-parity B1u in zero magnetic fields. Features were also observed in the single-particle tunneling 
spectra that were attributed to the formation of Andreev surface bound states on the (1-10) surface 
of UTe2. These results are relevant to developing a fundamental understanding of other SCing 
properties of UTe2 and the SCing mechanism. A paper reporting the initial results of this 
investigation has recently been submitted for publication.  

Upper critical magnetic field measurements on U1-xThxTe2 alloys  

Initial experiments to investigate the SCing phases in high magnetic fields of the U1-xThxTe2 

system have been carried out at the Pulsed Field Facility of the NHMFL at LANL. It will be 
interesting to see if Th substitution reduces the Hc2(T) of UTe2 and how it affects the reentrant SC 
and the field induced phase that forms at high fields when the field is oriented at angles between 
23º and 45º with respect to the b and c axes.  This experiment will provide information that may 
yield insight into the mechanism responsible for reentrant SC in high fields and the origin of the 
high field SCing phase as well as the relationship between the high and low field SCing phases.     
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XRD and RIXS measurements on UTe2 under high pressure 

Our group recently performed XRD and Resonant Inelastic X-ray Diffraction (RIXS) 
measurements on UTe2 under high pressure to 30 GPa at HPCAT at ANL in collaboration with 
Professor Russell Hemley and his group. These measurements were undertaken to explore the T 
vs P phase space to higher P to determine the P-dependence of the lattice parameters a, b, and c, 
and volume of the body-centered orthorhombic unit cell of UTe2, search for possible 
crystallographic phase transitions, and obtain information about changes in the U valence.  We 
observed a transition from the body-centered orthorhombic structure (space group Immm) to a 
body-centered tetragonal structure (space group I4/mmm) at ~5-7 GPa and evidence for an initial 
change in U valence toward 4+, and then back toward 3+ with increasing pressure.  In the 
meantime, XRD measurements on UTe2 under pressure which also reveal a structural phase 
transition from the body-centered orthorhombic to a body-centered tetragonal structure at high 
pressure were reported at pressures between ~4 GPa and ~5 GPa, independently, by two other 
groups. One of these groups also reported a new superconducting phase above ~6 GPa in the 
tetragonal phase with a Tc ≈ 2 K that appears to be associated with conventional SC in a weakly 
correlated electron metal. The XRD and RIXS data are currently being analyzed.   
Development of a nitrogen vacancy microscope for magnetization measurements at ambient 
and high pressures  
Nitrogen vacancy (NV) center magnetometry is an optical measurement technique that is highly 
sensitive to weak magnetic fields. As such, NV microscopes can be powerful instruments for 
studying magnetic properties under high pressure, as it is notoriously difficult to adapt standard 
magnetometry methods for high pressure studies with DACs. This motivated us to build a 
prototype custom NV widefield microscope that will be integrated with our DACs to allow 
magnetic imaging in addition to electrical transport measurements that will be performed at high 
pressure. This microscope probe will be incorporated in our DynaCool PPMS which is capable of 
achieving magnetic fields up to 9 T and cooling to a temperature of 2 K. Our work has progressed 
in the following manner: 
1. Our room temperature prototype widefield NV magnetometry microscope has been completed.  
2. Work on developing the open-source QUDI software for NV widefield imaging data analysis 

and hardware integration has been completed.  
3. Our prototype NV magnetometer probe incorporating a DAC is currently being 

assembled/tested using 3D printed parts and carbon fiber rods.  
4. Our next step is to integrate our Almax easyLab DAC into our DynaCool PPMS for 

measurements down to 2 K and magnetic fields up to 9T using NV widefield imaging. 
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Future Plans 
Examples of future research include the following:  

• Synthesis of single crystals of various materials for ongoing and new research conducted in our 
lab and labs of collaborators; e.g., FeSi, MnSi, FeSb2, URu2-xMxSi2 (M = Fe, Co), UTe2,  
U1-xThxTe2, Y1-xPrxBa2Cu3O7.  

• Hall effect and thermal conductivity measurements on FeSi single crystals. 
• Search for quantum oscillations (SdH and dHvA) in FeSi single crystals.  
• Electrical transport measurements on FeSi single crystals at high pressure to determine how the 

gaps close and the CSS collapses and search for new emergent phases such as SC and exotic 
types of magnetic order. 

• Extend XRD and RIXS measurements at high pressures to other correlated f-electron materials; 
e.g., U1-xThxTe2, UFe4P12, CeFe4P12, PrRu4P12, CeOs4Sb12, etc.  

• Electrical resistivity measurements at high pressure on UTe2 and U1-xThxTe2 single crystals to 
determine the T vs P phase diagrams and search for other emergent phases.   

• Continuation of investigations of studies that have been initiated on UTe2 and U1-xThxTe2; e.g., 
neutron scattering experiments with Prof. Dai’s group, superconducting order parameter studies 
with Prof. Liu’s group, measurements at high fields and high pressures at the NHMFL in LANL. 

• Search for new correlated 5f electron U-based compounds that exhibit emergent phenomena 
and unconventional superconductivity. 

• Measurements of the electrical resistivity of correlated electron materials into the megabar 
region to search for emergent phenomena and unconventional forms of superconductivity.  

• Continue development and testing of NV microscope for magnetization measurements. 
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Research Scope 

 Narrow band systems, whose renormalized electronic bandwidth is comparable to other 
relevant energy scales in the material, inherently have strong interactions and a proliferation of 
quantum fluctuations. 4f- and especially 5f-materials possess strong Coulomb repulsion, large 
spin-orbit coupling, and multiple competing energy scales, which generate coherent narrow bands 
and topologically non-trivial states of matter. This complexity provides a rich environment for 
discovering new states of matter, as well as providing ideal representatives that enable the 
understanding of quantum matter that arises across the periodic table more generally.  

Superconductivity is one such state of matter that emerges in narrow band systems. In this 
second thrust we aim to exploit the small energy scales and complex order parameters in materials 
with strong spin-orbit coupling to create novel quantum-coherent devices from this technologically 
underexplored class of superconductors for both fundamental and applied interests. In the next 
three years we will emphasize phase sensitive probes of the order parameter and demonstrate the 
effects of the increased kinetic inductance in devices made from strongly spin-orbit coupled 
superconductors. 

Recent Progress 

 Strongly spin-orbit coupled superconductors based on uranium are 
excellent candidates to host topological superconducting phases and have 
small energy scales that make them amenable to tuning with applied 
pressure and stress. We measured resistivity and heat capacity while 
applying uniaxial stress σ to three crystallographic directions of 
superconducting UTe2 [1]. We find that the critical temperature Tc of the 
single observed bulk superconducting transition decreases with stress 
along [100] and [110] but increases with stress along [001]. Aside from 
its effect on Tc, we notice that c-axis stress leads to a significant 
piezoresistivity, which we associate with a changing electronic structure 
which shifts the zero-pressure resistivity peak at T⋆ ≈ 15K to lower 
temperatures under stress. Finally, we show that an in-plane shear stress 
σxy does not induce any observable splitting of the superconducting 

Heat capacity (top) and 
resistivity (bottom) of UTe2 
for stress applied along 
[110]. 
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transition over a stress range of σxy ≈ 0.17GPa. The lack of splitting of the single transition 
temperature of our high-quality crystals, particularly for stress applied along the [110] direction 
implies a single component order parameter whose behavior under uniaxial strain mirrors that 
found under hydrostatic pressure. In addition, our Kerr effect measurements failed to find evidence 
for broken time reversal symmetry at the superconducting transition in samples grown from either 
salt flux or by chemical vapor transport [2]. Instead, we observe a field-trainable signal that varies 
in magnitude between samples and between different locations on a single sample, which is a sign 
of inhomogeneous magnetic regions. These results are consistent with penetration depth 
measurements done in collaboration with Kam Moler’s group that suggests a B3u superconducting 
order parameter [3], and from muSR measurements done in collaboration with Jeff Sonier’s group 
which shows that the low energy spin fluctuations vanish in cleaner crystals, and no evidence of 
broken time reversal symmetry was found [4]. Finally, our high pressure measurements using a 
diamond anvil cell showed that the crystal structure of UTe2 transforms from the orthorhombic 
structure (Immm) at ambient pressure to a body-centered tetragonal (I4/mmm) structure above 5 
GPa, with possibly an increased localization of the 5f-electrons [5].  

Future Plans 

We aim to make novel superconducting devices from strongly spin-orbit coupled materials 
that take advantage of the changing phase of the order parameter as well as its sensitivity to strain. 
Following up on our recent work that showed Tc of CeIrIn5 could be controlled in microstructured 
devices using substrate defined strain variations, we will exploit our microstructuring capability 
and the large effective masses in f-electron based superconductors to demonstrate large kinetic 
inductances of such devices. We will also study the critical currents across interfaces made from 
strongly spin-orbit coupled superconductors to create novel π junctions.  
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Research Scope 

A central aim of modern materials research is the control of materials and their interfaces 
to atomic dimensions. In the search for emergent phenomena and ever-greater functionality in 
devices, transition metal oxides have enormous potential. They host a vast array of properties, such 
as orbital-ordering, unconventional superconductivity, magnetism, and ferroelectricity, as well as 
quantum phase transitions and couplings between these states. This research effort is pursued via 
the SLAC FWP#10069 “Atomic Engineering Oxide Heterostructures: Materials by Design.” Our 
broad objective is to develop the science and technology arising in heterostructures of these novel 
materials. Using atomic-scale growth techniques we explore the properties of novel interface 
phases, metastable films, and freestanding crystalline membranes. Magnetotransport, magnetic, x-
ray, and optical probes are used to determine the static and dynamic electronic and magnetic 
structure. The experimental efforts are guided and analyzed theoretically, particularly with respect 
to superconductivity and new states of emergent order. A wide set of tools, ranging from analytic 
field theory methods to exact computational treatments, are applied towards the understanding and 
design of quantum materials more broadly. Our specific current research topics are the 
investigation of unconventional superconductivity in the infinite-layer nickelates, dynamic strain 
control of states in oxide membranes, dilute/low-dimensional superconductivity and high-mobility 
transport in SrTiO3 heterostructures, and the fate of 2D electrons with interactions and disorder. 

Recent Progress 

Finding unconventional superconductors in proximity to various strongly correlated 
electronic phases has been a recurring theme in materials as diverse as heavy fermion compounds, 
cuprates, pnictides, and twisted bilayer graphene. The discovery of superconductivity in the 
infinite-layer nickelates1 was motivated by looking for an analog of the cuprates. The synthesis of 
the nickelates is in and of itself interesting – it involves the removal of planes of oxygen from a 
3D nickel oxide using soft chemistry techniques. An initial picture of the phenomenology, 
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electronic properties, and magnetic structure is emerging. 
Notable aspects are a doping-dependent superconducting 
dome2, strong magnetic fluctuations3, and charge stripe 
instabilities4. These features are strongly reminiscent of 
other unconventional superconductors, despite key 
differences in the electronic structure and the absence of 
a proximate correlated insulator. Here we highlight our 
current research on two aspects of these materials.  

Following the initial studies of Nd-based 
nickelates, the subsequent development of rare-earth 
variants with Pr (Ref. 5) and La (Publication #6) in place 
of Nd has created an emerging family of superconducting 
infinite-layer nickelates. There is increasing attention to 
the fact that the nickelates have the additional feature of 
electron-like bands arising from hybridization between 
the rare-earth 5d and Ni 3d orbitals. In this context, 
physical effects of the rare-earth site and its variation are 
of considerable interest. We find that there are significant 
differences in the magnitude and anisotropy of the 
superconducting upper critical field (Hc2) across the La-, 
Pr-, and Nd-nickelates (Fig. 1a). These distinctions 
originate from the 4f electron characteristics of the rare-
earth ions in the crystal field of the lattice (Fig. 1b): they 
are absent for La3+, nonmagnetic for the Pr3+ singlet 
ground state, and magnetic for the Nd3+ Kramer’s doublet. The unique polar and azimuthal angle-
dependent magnetoresistance found in the Nd-nickelates can be understood to arise from the 
magnetic contribution of the Nd3+ 4f moments. This leads to surprisingly tunable Hc2 via rare-earth 
composition.  

An ongoing challenge in studies of the nickelates has been their propensity to form a high 
density of extended defects, arising from lattice mismatch with the substrate. This has particularly 
impacted transport studies, for which these defects often dominate scattering. We have made a 
significant breakthrough in the materials control of the infinite-layer nickelates, by using substrates 
that balance the strain imposed on the precursor perovskite with that of the infinite-layer phase 
(Publication #1). This enables the reproducible stabilization of high-quality Nd1–xSrxNiO2 thin 
films essentially free from extended defects, with markedly enhanced superconductivity. 
Measurements of these samples reveals a normal state phase diagram exhibiting a logarithmic 
upturn of resistivity in the underdoped region driven by electron-electron correlations, a fan of T-
linear normal-state resistivity near optimal doping, and a Fermi-liquid ground state in the 

Fig. 1: (top) Rare-earth dependence 
of the perpendicular Hc2, with the in-plane 
angular magnetoresistance shown in the 
inset. (bottom) DFT electron density 
distribution of NdNiO2, from which the 
crystal field structure is calculated. 
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overdoped region (Fig. 2). This is quite 
different from initial measurements of the 
nickelates, and surprisingly similar to the 
“strange metal” phenomenology of other 
correlated systems, including the cuprates. 
The latter is striking when considering the 
marked distinctions between the two 
materials in terms of fermiology, band 
alignment, and the ground state of the parent 
compound. This might argue for an 
underlying connection in the 
superconducting mechanism between the 
two systems that is robust to these notable 
differences, opening doors to further resolve 
critical features underlying unconventional 
superconductivity.  

Future Plans 

 A number of collaborative efforts are underway of the improved Nd1–xSrxNiO2 thin films, 
including high-field transport and time-resolved optical spectroscopy. Furthermore, we are 
embarking on a careful study of the superfluid density using mutual inductance measurements, 
both in terms of doping- and temperature- dependence. Finally, efforts are ongoing to allow for 
the operando resistivity measurements during topotactic reduction, to better understand the 
structural transition and refine its optimization. 
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Fig. 2: Phase diagram of Nd1–xSrxNiO2 free of 
extended defects, emphasizing features in the resistivity and 
Hall effect. 
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Research Scope 

The goals of the project are to develop new materials systems that exhibit novel electronic 
and magnetic functionalities and visualize their lattice, electronic, and magnetic structures using 
advanced synchrotron techniques. Our approach takes advantage of the unique properties of 
complex oxides, in which the strong coupling between order parameters gives rise to a variety of 
complex physical phenomena, such as magnetism, metal-insulator transitions, and 
superconductivity. In this project, we study the physical and electronic structures of complex oxide 
heterostructures based on the rare-earth nickelates and explore the effects of lattice distortion, 
dimensional confinement, and chemical composition. 

Discovered in 2019, the superconducting infinite-layer nickelates represent a novel class 
of unconventional superconductors that are spurring intense research interest due to their electronic 
and structural similarities to cuprate superconductors[1]. Several groups have achieved success in 
synthesizing superconducting nickelates, and key to this success is addressing the challenges of 
synthesizing a highly doped nickelate perovskite parent phase, followed by topotactic reduction to 
the infinite-layer superconducting phase using CaH2 reduction. In this work we apply an all-in-
situ synthesis thin film processing technique to induce superconductivity in a new nickelate 
composition that results in samples with atomically smooth surfaces and high Tc. This technique 
relies on two factors:  the unique properties of the rare-earth element Eu and its 4f electrons as a 
dopant, and the use of metallic Al deposited on top to reduce the samples to the infinite-layer 
superconducting phase. The resulting films of Nd1-xEuxNiO2 have an onset superconducting 
temperature as high as 21K and an unusually large upper critical magnetic field.  With its Eu 
doping, Nd1-xEuxNiO2 may have salient differences from the currently studied Sr doped nickelate 
superconductors.  Also, the in-situ reduction technique using Al, instead of CaH2, addresses an 
outstanding question of the role of hydrogen in nickelate superconductivity.  We note that this in 
situ process is easy to implement and produces films of extremely high quality, which may make 
this approach broadly amenable to the exploration of new superconducting compositions in this 
class of materials. 

  



 

39 
 

Recent Progress 

We develop this new superconductor in two steps. First, 
we discover an in-situ process to synthesize infinite-layer 
nickelates via the deposition of metallic aluminum in ultra-high 
vacuum (UHV) (Fig. 1) using in-situ synchrotron diffraction to 
visualize the process. Thin films of NdNiO3, which is the fully 
oxidized parent of the superconducting phases, are grown to a 
thickness of 15-unit cells using oxide molecular beam epitaxy 
(MBE) at Yale. The thin films are then transferred in air to the 
x-ray scattering chamber 33-ID-E at the Advanced Photon 
Source. The NdNiO3 thin films are subsequently reduced by 
depositing Al over a range of deposition temperatures, using 
either a continuous or stepwise deposition process. The film 
physical and electronic structure is assessed in situ by 
measuring crystal truncation rod (CTR) diffraction and 
diffraction-based X-ray absorption near edge structure 
(dXANES)[2] using tunable synchrotron radiation (Fig. 2). As 
the coverage of Al is systematically increased, CTR 
measurements are consistent with a phase transition from 
oxygen-deficient NdNiO3-x to NdNiO2 as indicated by a 
monotonic change in lattice constant from 3.75Å to 3.30Å. 
Changes in the electronic structure measured by dXANES at 

 

Figure 1. Metallic aluminum as 
the reducing agent. The first step 
is to use a systematic route to 
reduction using Al as the reducing 
agent. The reduction is driven by a 
large thermodynamic driving force 
of -8.09 eV per Al. This large 
reducing power ensures the 
removal of 1.5 oxygens from 
NdNiO3 for each atom of Al 
deposited. A balance of film 
thickness and temperature controls 

     

 

 

Figure 2. Physical and electronic structure during reduction. (a) CTR scans along the (00L) direction show 
a change of out-of-plane lattice parameter for a 15-unit-cell NdNiO3-x thin film during reduction after Al is 
sequentially deposited onto the nickelate thin film. (b) The imaginary part of the Ni anomalous scattering factor, 
f ”Ni, across the K edge shows a shift of white line energy during reduction. The f ’’Ni is achieved using the 
dXANES technique taken at the corresponding diffraction peak marked in (a). The white line energy is marked 
in each curve, and the dashed lines are guides for the eye marking the energy of a pre-edge feature that grows in 
intensity during reduction. The numbers in corresponding color are the average Ni valences extracted using the 
Principal Component Analysis method. (c) A fit of Ni valence and out-of-plane lattice constant vs Al coverage 
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the Ni K edge show a monotonic 5eV shift of the white 
line energy and characterizes a change of the Ni valence 
from 3+ for NdNiO3 to 1+ for NdNiO2. We establish a 
relation between Ni valence and the lattice constant of 
NdNiO3-x and show that the in-situ nickelate reduction 
process is a straightforward extension of the thin film 
growth process for the parent perovskite compound and 
can be directly controlled by the amount of aluminum. 
An important feature of this reduction process is that it 
eliminates the role of hydrogen in the reduction process, 
which has been a question regarding films reduced using 
CaH2.  

Next, we extend the reduction process to the 
synthesis of other nickelates and discover a new 
superconducting nickelate. Rather than dope the square 
planar nickel layers with strontium, we use the polyvalent 
property of Eu on the Nd site to dope holes into the 

nickelate parent 
compound 

NdNiO3. As 
described 

above, we start 
with fully oxidized thin films of Nd1-xEuxNiO3 and 
reduce them to Nd1-xEuxNiO2 using the in-situ aluminum 
process. In the fully oxidized parent compound, Eu starts 
out with a valence of 3+ (Fig. 3), as expected for a 
lanthanide on the A-site of the perovskite structure, like 
Nd. As the perovskite is reduced using metallic Al 
deposition, the valence of the Eu goes from pure 3+ to a 
mixture of 3+ and 2+ as measured using dXANES at the 
Eu L3 edge in Fig. 3. The resulting films of Nd1-xEuxNiO2 
show superconductivity with an onset temperature as 
high as 21K. Another interesting property of the Eu based 
nickelates is that the magnetic field response shows an 
unusually high upper critical magnetic field, possibly due 
to Eu as a 4f dopant (Fig. 4) with a high magnetic 
moment. The new mixed-rare-earth nickelate 
superconductor is a potentially new class of 
superconducting nickelate with possible differences from 
the strontium doped materials. By expanding the library 
of dopants for the nickelates, we have introduced 
additional opportunities for understanding the underlying 
physics of unconventional superconductivity in this 
system. 

 

Figure 3. Eu valence changes before 
and after reduction. (a) The multivalent 
nature of Eu allows it to dope after 
reduction. (b) Both Eu2+ and Eu3+are 
observed after reduction at the Eu L3 edge 
dXANES. 

 

 

Figure 4. Magneto transport properties 
of  Nd1-xEuxNiO2 as a function of 
temperature. (a) Nd1-xEuxNiO2 shows a 
superconducting transition for 
0.2<x<0.35. (b) For x = 0.25 Nd1-

xEuxNiO2 thin films show a weak field 
dependence and robust superconductivity 
in magnetic fields up to 14T. 
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Our work also contributes to the debate on the role of hydrogen impurities in nickelate 
superconductivity. A recent Nature article[3] asserts the critical role of hydrogen intercalation in 
nickelate superconductivity. Our work demonstrates superconductivity without hydrogen 
intercalation in the nickelates, which rules out the necessity of hydrogen to induce 
superconductivity and realigns the discussion of nickelate superconductivity in relation to the 
cuprates. 

In addition to being supported by the U.S. DOE, Office of Science, Office of Basic Energy 
Sciences under award no. DE-SC0019211, this research used resources of the Advanced Photon 
Source, a U.S. Department of Energy (DOE) Office of Science user facility operated for the DOE 
Office of Science by Argonne National Laboratory under Contract No. DE-AC02-06CH11357. 

Future Plans 

Our recent result shows the potential of UHV synthesis and surface-sensitive 
characterization on superconducting nickelates. Despite the advances in UHV synthesis, surface-
sensitive characterization (e.g., ARPES) on superconducting nickelates has not yet been fully 
achieved because thin oxide capping layers are needed after synthesis. In the future, we will 
explore alternative UHV-compatible methods on the reduction of nickelate thin films. Our 
experience with synthesizing a new superconducting nickelate compound in UHV may enable 
breakthroughs on combinatorial in-situ synthesis and ARPES measurements of this system. With 
this experimental setup, we can unveil the band structure of square-planar nickelates and enable 
the engineering of other superconducting nickelates.  

The new Eu doped nickelate superconductor has novel properties that merit further 
attention. For example, the superconducting transition is notably robust up to our highest measured 
field of 14T, and the large superconducting upper critical field may be related to Eu 4f doping.  In 
addition, the strength of the Eu self-doping effect needs more study. We observe multiple valences 
of Eu for x = 0.25 Nd1-xEuxNiO2 and show that on average a Eu ion contributes 0.6 holes, but the 
self-doping effect may change as a function of Eu substitution level. Therefore, more work is 
needed to understand the role of Eu in superconducting Nd1-xEuxNiO2 thin films and its 
magnetoresistance behavior as a superconductor. 
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Research Scope 

The goal of the project is to study proximity-induced superconductivity in two-dimensional 
quantum materials and unconventional superconductivity. The focus of the research is on the 
interplay between superconductivity, Rashba spin orbit coupling, topological bands, and low 
filling Landau level states. The systems to be studied include 2D electron systems at transition 
metal oxides interfaces in (111) orientation with large Rashba spin-orbit coupling (SOC) and 2D 
materials with Dirac bands. Superconductors to be used include Nb and MgB2. MgB2 has the 
highest Tc for an s-wave superconductor and the goal is to increase the temperature of the 
topological superconducting states. In addition, Dirac nodal line has been predicted and observed 
by ARPES on its M-plane (10-10), which supports the prospect of an intrinsic topological 
superconductor. Furthermore, MgB2 has very large Hc2 which can reach the states where the 2D 
system is in low Landau level quantum Hall states while MgB2 is still superconducting in the 
required magnetic field. This provides a possibility that superconductivity can be induced in low 
Landau level states. The overall goal of this project is to explore the superconductivity in 
topological or quantum limit states in metal oxide 2D electron systems with large Rashba SOC 
and other 2D materials.  

Recent Progress 

1. Anisotropic high upper critical field in ultrathin MgB2 film 

Ultrathin superconducting films with high transition temperature and high critical magnetic 
field are desirable for many potential applications, such as hybrid superconductor-topological 
material structure for quantum computing, and single photon detectors. MgB2 is one of the highest 
𝑇𝑇𝑐𝑐 s-wave superconductors and therefore is very promising for these applications. In this work, we 
studied the superconducting transition of ultrathin MgB2 film with film thickness in the nanometer 
scale. Fig. 1 shows the superconducting transitions of a nominal 3 nm and 6 nm films. The 𝑇𝑇𝑐𝑐 of 
the nominal 3 nm- thick film is above 30 K. Fig. 2 (a) (b) display the resistance as a function of 
temperature in high magnetic fields for the perpendicular and parallel field directions. Fig.2 (c) 
shows the upper critical field as a function of reduced  𝑇𝑇𝑐𝑐. The upper critical field exhibits a good 
agreement with the phenomenological Ginzburg-Landau expression for a 2D superconducting 
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film, i.e., 𝐵𝐵𝑐𝑐2⊥ ∝ 1 − 𝑇𝑇/𝑇𝑇𝑐𝑐  for an out-of-plane 
magnetic field and 𝐵𝐵𝑐𝑐2

∥ ∝ (1 − 𝑇𝑇/𝑇𝑇𝑐𝑐)0.5 for an in-plane magnetic field. The extrapolation of upper 
critical field yields 𝐵𝐵𝑐𝑐2⊥ (0 K) = 7.5 T and 𝐵𝐵𝑐𝑐2

∥ (0 K) = 70 T in the 3 nm- thick film. The large 
anisotropy indicates that the superconductivity of ultrathin MgB2 film is strongly 2D in nature. 
The angular dependence of the upper critical field 𝐵𝐵𝑐𝑐2(𝜃𝜃) shows a sharp cusp feature when the 
magnetic field is parallel to the film. The 2D Tinkham model could describe the trend of angular 
dependent upper critical field, which once again indicates the 2D superconducting nature of the 
MgB2 films. 

2. Tilted ab-axis MgB2 films with anomalous upper critical field anisotropy 

It has been predicted and experimentally shown that Dirac nodal lines exist along the M-
plane (10-10) in MgB2. It is further predicted that it would be an intrinsic topological 
superconductor.1 Moreover, MgB2 has well-documented two-energy gaps, with a small gap of ~2.3 
meV due to π band contributions and a larger σ band gap ~7.1 meV that is largely accessible only 
from the M-planes. Therefore, ab-axis MgB2 thin films have been very desirable. This direction 
also has very large Hc2 due to the intrinsic layered structures which can be used for studying the 
proximity effect to quantum Hall states. Previously, in collaboration with other groups, we have 

 
Fig. 1. Superconducting transition curves of two ultrathin 
MgB2 films with film thickness of 3 nm and 6 nm. The 3 nm- 
thick film exhibits an onset 𝑇𝑇𝑐𝑐 of 32.1 K and a zero 
resistance 𝑇𝑇𝑐𝑐 of 29.3 K. The 6 nm- thick film exhibits an 
onset 𝑇𝑇𝑐𝑐 of 35.6 K and a zero resistance 𝑇𝑇𝑐𝑐 of 33.9 K. 
 
Fig. 2. Anisotropic superconductivity of a 3 nm- thick 
MgB2 film. (a) Superconducting transition with magnetic 
field applied perpendicular to the film plane. (b) 
Superconducting transition with the magnetic field applied 
parallel to the film plane. Inset, zoom-in of the 
superconducting transition region. (c) Out-of-plane and in-
plane upper critical fields show pronounced anisotropy and 
follow the Ginzburg-Landau formula for a 2D 

d t  
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achieved tilted 〈0001〉 as 19° relative to the normal of the substrate surface when grown on miscut 
MgO substrate. A greater tilt toward an epitaxial M-plane film would be desired for device 
creation.  
 

Toward this effort, MgB2 films were grown on M-plane sapphire using hybrid physical-
chemical vapor deposition (HPCVD). The resulting MgB2 film produces bi-directional grains that 
tilt the MgB2 C-plane 37° relative to the substrate surface and significantly exposes the MgB2 M-
plane. This is confirmed by x-ray diffraction, cross sectional TEM, and AFM. These twinned tilted 
grains have a unique influence on the anisotropy of the electrical properties of the film. 

 

 

 

 

 

Most prominent of these effects is shown in the angular dependence of Hc2. The Hc2 
maximum is at approximately 56° and a local minimum exists at 90° when current is applied across 
the grains (Iacross), shown in Fig. 5. This is contrary to 90° as the maximum Hc2 for an average film. 
The result indicates that the crystal anisotropy dominates the Hc2 maximum, while the thin film 
shape anisotropy still dominates the Hc2 minimum. Comparison of the two current directions is 
shown in Fig. 5. Additionally, we see a second peak present in the Iacross due to good field alignment 
with the twinned grain’s C-plane.  

This is best illustrated when comparing the Hc2 with Iacross and Ialong, [Fig. 5], where Ialong 
follows traditional anisotropy because of a lack of field alignment with the crystallographic planes 

Fig. 3 (a) SEM images viewing the film from the top-
down (top) and angled 60° (bottom) indicate two 
opposing directions to the grains in the film. (b) 
Individual grain structure schematic. 

Fig. 4 Experimental setup with film morphology 
relative to magnetic field 𝐵𝐵�⃗  angle. Current direction is 
referenced as across (left SEM image) or along (right SEM 
image) the grains. Resistance versus field at 20 K illustrates 
anisotropy of the Iacross Hc2, measured at 80% of the 
transition, when the field is at perpendicular to the substrate 
versus aligned to 〈0001〉MgB2.  



 

46 
 

in the grains of the film so anisotropy follows the 
film’s bulk. Additionally, we see a second peak 
present in the Iacross due to good field alignment with 
the twinned grain’s C-plane. Understanding the 
morphology of these films provides invaluable 
insight that may be utilized toward the realization of 
M-plane MgB2 films and their physical properties for 
quantum device applications. 

3. Shubnikov-de Hass oscillations in 2D electron 
systems at KTaO3 (001) interface.  

KTaO3 is a band insulator with 5d electron 
band instead of 3d electron band in SrTiO3. It has 
recently attracted special interests due to its strong 
spin-orbit coupling. Previously, we have developed a 
process to create two-dimensional electron system at 
(001)-oriented KTaO3 interface and studied the 
magnetoresistance behavior in high pulsed magnetic 
field up to 60 T at Los Alamos National Lab. 
Shubnikov-de Hass (SdH) oscillation was observed 
with relatively large amplitude of oscillations. Fast 
Fourier transformation (FFT) and other analysis related 
to SdH oscillations have been performed during this 
period. 

4. Hybrid structure of MgB2 thin films on epitaxial and transferred graphene 

We have explored the growth of superconductor MgB2 thin films on epitaxial buffer layer 
and monolayer graphene on SiC substrates, as well as on transferred graphene. Varieties of growth 
modes have been observed on different type of graphene. These will be explored further for both 
Josephson effect of MgB2 through graphene as well as using graphene as a protecting layer for 
other topological materials growth with MgB2. 

Future Plans 

Future plan will follow the proposal on (1) Study SdH oscillations on high mobility metal 
oxide interface electron gases to reveal the band structures, Rashba SOC, and other quantum states 
after the system reaching the lowest Landau levels. (2) Inducing superconductivity in the above 
systems. (3) Study possible epitaxial growth of a-axis MgB2 films. (4) Study possible topological 
superconducting state in MgB2. (5) study the growth and magnetotransport properties of hybrid 
MgB2/graphene structures.  
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Fig. 5 Hc2 as a function of the angle of magnetic 
field for the two current directions. Significant 
difference in the Hc2 anisotropy is clearly seen. 
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Research Scope 

 Recent breakthroughs in topological quantum materials have revolutionized our 
understanding of quantum states of matter. These emergent quantum materials offer enormous 
potential to identify, engineer, and control a wide range of physical properties for applications in 
a new generation of technologies. Electronic correlations are known to drive fascinating 
phenomena such as high temperature superconductivity, heavy fermion, metal-to-insulator 
transition, etc. Therefore, extending the topological quantum physics to the regime of interacting 
electronic system is expected to produce new quantum states and exotic phenomena. This project 
aims for the realization of this vision, by establishing Group-V network-based layered material 
platforms with interacting topological electronic states, and based on which to explore novel 
electronic states and properties. Two types of material platform are investigated: the Sb-layer 
based LnSbTe (Ln = lanthanides) compounds, and the P-layer based LnPS compounds. 

Recent Progress 

 We recently made progress on the development of LnSbTe and LnPS compounds. Three 
important achievements are: (1) For LnSbTe materials, we established the evolution of the 
structural, magnetic and electronic properties for SmSbxTe2−x with various Sb contents [1]; (2) We 
further extended the study to the Se-based compounds and developed the new non-magnetic 
LaSbSe material as the baseline for future studies on magnetic LnSbSe materials [2]; (3) For LnPS 
materials, we discovered exotic giant negative magnetoresistance and the corresponding field-
driven insulator-to-metal transition in GdPS [3]. 

(i) Evolution of the structural, magnetic and electronic properties in SmSbxTe2−x 

The ZrSiS-family compounds belong to topological nodal-line semimetal and show rich 
phenomena due to the presence of two types of Dirac states. In addition to those non-magnetic 
compounds, the magnetic version LnSbTe exhibits long-range magnetic order brought in by 
magnetic lanthanide element Ln, and thus provides a platform to study the interplay between 
magnetism and topological states. Our earlier work [4] has demonstrated that SmSbTe is a 
magnetic topological semimetal with possible enhanced electronic correlations. Here we extended 
the study to the composition dependence, particularly the effects of Sb/Te stoichiometry on the 
properties of SmSbxTe2−x. We have successfully grown single crystals for SmSbxTe2−x with 
various Sb content x (from ~0.2 to ~1) using a chemical vapor transport technique, and 
characterized their structural, magnetic and electronic properties. As shown in Figs. 1a and 1b, we 
found that, with gradual replacing the Sb atom by Te, the tetragonal SmSbTe, which is 
characterized by the Sb square net, undergoes a structure distortion around x = 0.8. Such structure 



 

49 
 

evolution by reducing Sb content is accompanied by changes in magnetic and electronic properties. 
As shown in Fig. 2c, our magnetization and specific heat measurements have established multiple 
antiferromagnetic transitions that vary with Sb content. Furthermore, SmSbxTe2−x becomes more 
insulating-like when Sb content is reduced (Fig. 2d). With such tunable properties, SmSbxTe2-x 
materials provide a good platform to study and design various quantum states that arising from the 
interplay between lattice, spin, and topology. 

 
(ii) Crystal Growth and Electronic Properties of LaSbSe 

In topological materials, spin-orbit coupling (SOC) is an important parameter that 
efficiently tunes electronic band structures and consequently topology. Also SOC is relatively 
easily tunable by elementary substitutions. In LnSbTe, replacing Te with other chalcogen elements 
is one simple route to modify SOC. Extending from tellurides to selenides, those LnSbSe 
compounds provide additional opportunities to investigate the topological materials and 
topological physics. Under this motivation we have investigated the previously unexplored non-
magnetic LaSbSe [2]. We have successfully grown single crystals for LaSbSe using a chemical 
vapor transport technique (Fig. 2b, inset). We found that this material exhibits metallic transport 
behavior with small positive magnetoresistance, non-compensated charge carriers (1019 - 1020 cm-

3), and relatively low carrier mobilities (~102 cm2/Vs) for electrons and holes (Figs. 2b-2e). Those 
transport characteristics are distinct from that of many other topological quantum materials. Our 
heat capacity measurements also revealed a small Sommerfeld coefficient (~2 mJ mol/K2) for 
LaSbSe, which is comparable with LaSbTe (Fig. 2f) but is distinct from its magnetic telluride 

 
Fig. 1 (a) Crystal structure of SmSbTe. (b) Orthorhombic distortion of the Sb lattice. (c) Evolution of 

magnetic ordering temperature with Sb content. (d) Evolution of electronic properties with Sb content. 
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sibling compounds LnSbTe. Those results establish the non-magnetic LaSbSe as baseline for the 
future studies on LnSbTe magnetic LnSbSe compounds. 

 
(iii) Insulator to metal transition in GdPS 

Compared to the layered LnSbTe that is based on Sb network, LnPS represents another 
related layered material family based on P network (Figs. 3a). We have successfully grown single 
crystals for GdPS (Figs. 3b, inset) and discovered exotic magnetotransport phenomena. As shown 
in Figs. 3b-3d, GdPS displays semiconductor-like temperature dependent transport behavior under 
zero magnetic field (Fig. 3b). However, with the applications of magnetic field, the resistivity for 
GdPS is strongly suppressed, which eventually leads to metallic transport above 5 T. 
Correspondingly, GdPS shows giant negative magnetoresistance (MR) reaching > 95% (Fig. 3c). 
Importantly, such negative MR is isotropic, and essentially does not vary with magnetic field 
orientations. The giant negative, isotropic MR is not seen in other materials. To understand the 
nature of such exotic transport phenomenon, we have performed collaborative investigations on 
electronic band structure and high field transport/magnetization. We found that GdPS reaches a 
real metallic state with a well-defined Fermi surface under magnetic field, which indicates a true 
insulator-to-metal transition driven by magnetic field. This transition can be attributed to the strong 
splitting of the bands when the Gd spins gradually rotate toward the orientation of the external 
magnetic field. Although GdPS in the antiferromagnetic ground is a band insulator/semiconductor 
with a band gap ~0.3 eV (Fig. 3e), under magnetic field, the splitting of the band causes some 

 
Fig. 2 (a) Crystal structure of LaSbSe. (b) Temperature dependent resistivity measured under 0 and 9 T 

magnetic fields. Inset: image of a LaSbSe single crystal. (c) Magnetoresistance at various temperatures. (d) 
Temperature dependent carrier concentrations. (e) Temperature dependent carrier mobilities. (f) Comparison of 
heat capacity. 



 

51 
 

bands to approach and eventually cross the Fermi energy (Fig. 3f), leading to a metallic state. 
Interestingly, such spin polarization is nearly isotropic to the orientation of the magnetic field. 
Therefore, the response to magnetic field is also isotropic, which leads to the giant negative, 
isotropic MR in GdPS. 

 

Future Plans 

 For both LnSbTe and LnPS materials, we will extend the study to other rare earth-based 
compounds as well as Se- and S- substitution. For LnSbTe, we will continue to focus on the impact 
of stoichiometry on transport and magnetism, to find out and understand the phenomena resulting 
from the interplay between charge, spin, electron interaction, and topology. For LnPS, we will 
focus on tuning of the magnetotransport by other parameters, such as composition and pressure. 

References 

[1] K. Pandey, R. Basnet, J. Wang, B. Da, and J. Hu, Evolution of electronic and magnetic properties in the 
topological semimetal SmSbxTe2-x, Phys. Rev. B 105, 155139 (2022). 

[2] K. Pandey, L. Sayler, R. Basnet, J. Sakon, F. Wang, and J. Hu, Crystal Growth and Electronic Properties 
of LaSbSe, Crystals 12, 1663 (2022). 

[3] G. Acharya, In preparation. 

[4] K. Pandey et al., Magnetic Topological Semimetal Phase with Electronic Correlation Enhancement in 
SmSbTe, Adv. Quantum Technol. 4, 2100063 (2021). 

 

 
Fig. 3 (a) Crystal structure of GdPS. (b) Temperature dependent resistivity measured under various 

magnetic fields. Inset: image of a GdPS single crystal. (c) Magnetoresistance at various temperatures. (d) 
Magnetoresistance at various magnetic field orientations. (e) Band structure of antiferromagnetic ground state. (f) 
Band structure of the polarized ferromagnetic state. 
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Research Scope 

 Our FWP involves a coordinated research effort in which we tackle pressing questions in 
condensed matter physics that can only be answered by use of the strongest available non-
destructive pulsed magnetic fields of order 100 T. Our specific Thrusts focus on (1) the control of 
orbital degrees of freedom in two dimensions, (2) the overcoming of intrinsic energy scales in 
correlated quantum matter, and (3) “strange metal” and pseudogap states of matter. In Thrust 1 
we are concerned primarily with fundamental changes in properties in interacting systems of 
electrons in strong magnetic fields brought on by orbital quantization, with prominent examples 
of this today being monolayer materials such as the transition metal dichalcogenides, or in 
noncentrosymmetric semimetals. In both of these examples, spin-orbit interaction effects are 
expected to be significant. In Thrust 2 we are concerned primarily with the role of strong magnetic 
fields coupling to spin degrees of freedom, leading to the destruction of phases or the creation of 
novel emergent phases in a magnetic field. Examples of such behavior are found in Kondo 
insulators, in the magnetic field-induced superconducting states of unconventional spin-triplet 
candidate uranium-based superconductors, or in candidate Kitaev spin liquid systems. Of interest 
in all three of these examples also is the possible realization of Majorana fermion states. Finally, 
Thrust 3 concerns identifying the fundamental origin of the Planckian resistivity (where the 
resistivity scattering rate scales with temperature divided by Planck’s constant) and pseudogap 
states. The most robust examples of these are found in unconventional superconductors such as 
the cuprates, thereby requiring very strong magnetic fields. 
 In the present extended abstract, we focus Thrusts 1 and 2 with regards to recent research 
on the Cu-based high temperature superconductors. Specifically, the dichotomy that arises from 
studies of angle-dependent magnetoresistance oscillations in the pseudogap regime in very strong 
magnetic fields, and what one learns on considering the thermodynamics and strange metal 
behavior.  
 
Recent Progress 

 We first discuss the result of recent angle-dependent magnetoresistance measurements. 
Superconductivity is conventionally understood as resulting from pair condensation of coherent 
electronic quasiparticles on a Fermi-surface. The cuprates, regarded as antiferromagnetically 
ordered Mott insulators when undoped, become high-temperature superconductors with small 
amounts of hole-doping. Many aspects of this evolution, not only the origins of the high-
temperature superconductivity, but also the nature or even the very existence of a Fermi surface 
from which the pairing should derive, remain unresolved. We have made a significant milestone 
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by detecting angle-dependent magnetoresistance oscillations in the pseudogap region of the phase 
diagram above the superconducting temperature Tc of an underdoped cuprate, HgBa2CuO4+δ 
(Hg1201)1 (see Fig. 1). The angle-dependent magnetoresistance oscillations (AMROs) provide 
direct evidence of a coherent close-contoured Fermi-surface in advance of the superconducting 
transition. The Fermi-surface is small, enclosing only a fraction of the expected free carrier density.  

Fig. 1. (A) In interlayer resistivity, δρc, at B = 72 T and T = 85 K as a function of the polar angle θ for three different 
azimuthal angles φ = 0o, 23o and 45o (see inset, which is a schematic defining the tilt and azimuthal angles of the 
applied magnetic field), for 10% hole doping. Each point is taken from measurements during a separate 72.5 T pulsed 
magnetic field shot. (B)  Calculated δρc(θ) for a Fermi-surface comprising elliptical pockets located at the nodal 
regions shown in the inset. The calculations were made assuming the Boltzmann transport equation. 

The absence of long-range broken translational symmetry that would naturally produce 
small pockets, suggests an unconventional Fermi-surface, perhaps featuring fractionalized 
quasiparticles. We anticipate that these surprising results will help illuminate the physics of doped-
Mott insulators2, and its relation to unconventional superconductivity and the longstanding debate 
over the nature of the cuprate pseudgap phase. 

In a separate effort that stemmed from data analysis that was initiated during the covid 
lockdown, we performed a thermodynamic analysis which shows that certain thermodynamics 
aspects of the phase diagram show a strong similarity to what happens in a cold atomic Fermi gas 
on crossing over from the Bardeen-Schrieffer-Cooper (BCS) to the Bose-Einstein condensation 
(BEC) regime by tuning the interactions3. BCS and BEC occur at opposite limits of a continuum 
of pairing interaction strength between fermions. Whether the crossover occurs in other systems 
such as the high temperature superconducting cuprates has remained an open question. We 
uncover here experimental evidence for a physical situation strongly resembling a BCS-BEC 
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crossover in the cuprates by identifying a universal magic gap ratio 2Δ/kBTc ≈ 6.5 (where Δ is the 
pairing gap) at which paired fermion condensates become optimally robust. At this gap ratio, 
corresponding to the unitary point in a cold atomic Fermi gas, the measured condensate fraction 
N0 and the height of the jump δγ(Tc) in the coefficient γ of the fermionic specific heat at Tc are 
strongly peaked. In the cuprates, δγ(Tc) is peaked at this gap ratio when Δ corresponds to the 
antinodal spectroscopic gap, thus reinforcing its interpretation as the pairing gap. We find the peak 
in δγ(Tc) also to coincide with a normal state maximum in γ, which is consistent with a pairing 
fluctuation pseudogap above Tc. 

 

Fig. 2. δγ(Tc), condensation fraction, N0, and difference in entropy across Tc, δS, [rescaled to unity] plotted versus 
2Δ/kBTc. Data shown are for a cold atomic Fermi gas, and for cuprates in which δγ(Tc) measurements exist as a function 
of doping. 

The latter results are not without their controversy. For example, angle-resolved 
photoemission measurements, which are performed at a similar temperature to our AMRO 
measurements but at zero magnetic field, find no evidence for small hole pockets. Instead, they 
find extended gapless regions which are commonly referred to as Fermi arcs4. Meanwhile, despite 
the similarity in the behavior of δγ(Tc) to that in a cold atomic Fermi gas, suggesting a crossover 
into a BEC regime at low hole dopings, angle-resolved photoemission measurements find no 
evidence for a significant shift in the chemical potential5. 
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Future Plans 

 Ultimately, a complete understanding of the high-Tc cuprates must reconcile both of the 
above observe phenomena. A presently on-going study of our is finding that the thermodynamic 
properties, including the normal state specific heat, magnetic susceptibility and nuclear magnetic 
resonance Knight shift, must at zero magnetic field be described as a nodal metal. The origin of 
this nodal metal still remains a mystery, and it is as yet unclear how precisely this relates to the 
observation of small hole pockets in strong magnetic fields. There is clearly a need to measure the 
hole pockets over an extended range in temperature and over a range in hole doping. This is another 
direction in which some of the future high magnetic field experiments are going. 

Another effort is the direct study of quantum criticality in the cuprates that is responsible 
for the anomalous relaxation dynamics as manifest in the transport behavior in the strange metal 
state. Our recent efforts focus on the Hall transport in the strange metal state near quantum critical 
point in the LSCO cuprates. The T-linear resistivity and the T-inverse Hall resistivity at low 
magnetic fields are the hallmark of the strange metal behavior. The question that motivates this 
line of research is: how does quantum criticality in the cuprates manifest itself in the Hall resistivity 
at very high magnetic fields?  

Another effort is the development of the resonant probes of thermodynamic properties of 
ultra-small size samples that are specifically designed for pulsed magnet systems. The resonant 
measurements magnetotropic susceptibility has been established as a viable magnetic anisotropy 
probe in pulsed magnetic fields. The thermal impedance spectroscopy will, for the first time, allow 
reliable measurements of the specific heat in 100 T fields and is at this time under active 
development and testing. 
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Research Scope 

Researchers around the world have been excited about Majorana Zero Modes (MZM). 
While encouraging experiments are abundant, and a ‘mission accomplished’ has been issued on 
several occasions, there has not been a definitive demonstration of MZM in any platform. The 
reasons for that largely fall under two categories. First, MZM and topological superconductivity 
put rather stringent requirements on materials in terms of crystalline defects, mean free path, and 
various interactions such as spin-orbit, superconductivity and magnetism – which need to coexist 
in just the right proportion. This in practice eliminates many approaches even if they nominally 
appear promising. The second reason why MZM have not been firmly established is that we have 
found other excitations that look so much like MZM, but are not of a topological origin. These 
alternative non-Majorana phenomena are all related to trivial Andreev bound states. 

The goal of this project is to firmly establish Majorana Zero Modes in superconductor-
semiconductor hybrid devices. We are developing optimized two-shell hybrid superconductor-
semiconductor nanowires, with a tunnel barrier shell added in between the semiconductor core and 
the superconductor outer shell. And we are using the powerful three-terminal experimental 
measurement technique that allows to distinguish Majorana and Andreev states. Once Majorana 
modes are established, this opens doors to a large number of exciting and long-awaited 
experiments that explore and leverage all of the predicted Majorana properties, from teleportation 
to fractional Josephson effect and braiding. 

Recent Progress 

 At the start we were planning to use InSb nanowires with CdTe shells for this project. 
However, the grower in Eindhoven no longer provides us with these materials. We are 
transitioning to analogous InAs nanowires with ZnTe barriers grown in Grenoble, France. 
Preliminary DFT calculations on trilayers confirm that ZnTe can serve as an effective tunnel 
barrier based on the favorable band alignment between InAs, ZnTe and Al superconductor metal. 
The new nanowires show great promise, their crystalline quality is on par with InSb nanowires, 
the ZnTe shells are lattice matched and can be grown in a wide range of thicknesses. Basic 
transport properties of InAs nanowires reveal high electron mobility and relatively straightforward 
superconductor contacts. We have tested shadow-defined InAs/Sn Josephson junctions which 
yield high critical currents. So far it appears that InAs nanowires should satisfy the basic 
requirements for Majorana devices and enable us to carry on to the main objectives of the program, 
including three-terminal device measurements of subgap spectra in hybrid devices. 
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 In various nanoscale devices based on nanowires and quantum wells, we studied the 
emergence of dramatic signatures of topological 
superconductivity, Majorana modes and related effects such as 
the fractional Josephson effects and braiding. We used 
literature as our guide of what patterns in transport 
measurements are reported as smoking gun evidence of these 
phenomena. We found multiple examples of patterns 
compatible with exotic topological effects, but in samples 
explicitly not under topological conditions. These results serve 
as a critical exploration of the experimental method widely 
used in the community and they help establish the adequate 
criteria for making a claim of a major discovery in our field. 

Future Plans 

 We plan to elaborate devices for transport measurements based on the optimized InAs 
nanowires with ZnTe shells. After identifying the effect of shells grown under different conditions 
on transport in nanowire core, we shall proceed to adding a layer of superconductor such as Al or 
Sn on the exterior of the shell. In these devices, we shall perform studies of induced 
superconductivity and how it depends on the shell thickness. Once a range of shell thicknesses 
suitable for tuning induced superconductivity is identified, we shall proceed to tunneling 
spectroscopy measurements, and identifying correlations between nanowire ends. 
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Research Scope 

 Electronic bands with very low or vanishing energy dispersion, known as flat bands, have 
strongly reduced electronic kinetic energy relative to the energy scale of interactions. This favors 
the emergence of correlated ground states, including correlated insulators, Chern insulators, 
superconductors, and ferromagnetism. Such flat band systems had been realized in a number of 
ways, including two-dimensional materials in quantizing magnetic fields, few-layer 
rhombohedral-stacked graphene, and more recently in two-dimensional material bilayers in which 
a moiré lattice is achieved by a small twist angle, or intrinsic lattice mismatch between the two 
layers. Building on past accomplishments, this program aims at the investigation of graphene-
based flat band systems, including magic angle twisted bilayer graphene (tBLG), twisted, Bernal-
stacked and rhombohedral-stacked few-layer graphene (FLG) heterostructures. 

 Our efforts consist of three thrusts, focusing on three distinct phases of correlated electronic 
phenomena. The first thrust focuses on flat-band superconductivity in twisted bilayer and twisted 
multilayer graphene, focusing on understanding the unconventional (non-kinetic energy origin) 
contribution to the superfluid stiffness and BEC-BCS crossover in these new classes of 
superconductors. The second thrust focuses on flat-band magnetism, focusing on emergent 
magnetism, and spin transport and dynamics in antiferromagnetic and ferromagnetic insulator in 
few-layer graphene and twisted graphene. The third thrust focuses on novel correlated insulating 
and metallic states, including those at fractional filling factors N±1/3 in twisted bilayer graphene 
(where N is an integer), and fractional quantum Hall states in few-layer graphene. 

We plan to perform low temperature transport measurements on ultra-clean devices that 
are either suspended or encapsulated by hexagonal BN. The aforementioned phenomena and 
processes will be investigated by tuning a large number of experimental “knobs”, including twist 
angle, charge density, perpendicular displacement field, bias, temperature, and in-plane and 
perpendicular magnetic fields. This program aims to reveal further insight into the properties flat 
band systems and their varied and tunable correlated electron phases, and is expected lead to 
advances in the fundamental knowledge of correlated and/or topological states in flat band 
systems, with relevance for quantum information sciences and novel nanodevices. 
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Recent Progress 

1. Evidence for Dirac Flat Band Superconductivity Enabled By Quantum Geometry 

In a flat band superconductor, the charge carriers’ group velocity vF is extremely slow.  
Superconductivity therein is particularly intriguing, being related to the long-standing mysteries 
of high temperature superconductors and heavy fermion systems. Yet the emergence of 
superconductivity in flat bands would appear paradoxical, as a small vF in the conventional BCS 
theory implies a vanishing coherence length, superfluid stiffness, and critical current. Here, using 
twisted bilayer graphene (tBLG), we explore the profound effect of vanishingly small velocity in 
a superconducting Dirac flat band system. Using Schwinger-limited non-linear transport studies, 
we demonstrate an extremely slow normal state drift velocity vn ~ 1000 m/s for filling fraction ν  
between -1/2 and -3/4 of the moiré superlattice. In the superconducting state, the same velocity 
limit constitutes a new limiting mechanism for the critical current, analogous to a relativistic 
superfluid. Importantly, our measurement of superfluid stiffness, which controls the 
superconductor’s electrodynamic response, shows that it is not dominated by the kinetic energy, 
but instead by the interaction-driven superconducting gap, consistent with recent theories on a 
quantum geometric contribution. We find evidence for small pairs, characteristic of the BCS to 
Bose-Einstein condensation (BEC) crossover, with an unprecedented ratio of the superconducting 
transition temperature to the Fermi temperature exceeding unity.  

 

Fig. 1. dV/dI vs. current density J and ñ in the normal (a) and 
superconducting (b) states. Color scale in kΩ. (c). Critical current 
density vs ñ for superconducting state (blue symbols) and Schwinger-
mechanism-limited current in the normal state (red symbols). Dotted line 
is the expected conventional depairing current. The green dashed line is 
calculated taking both depairing and band velocity limit into account. 
(d). Superfluid stiffness Ds vs. ñ. The red line is estimated using 
experimentally measured Jc and ξ. The black dotted line is calculated 
using the conventional expression Ds(T)=e2ns(T)/m*, and the green 

dotted line using 𝐷𝐷𝑠𝑠(0, ñ) ≈ 𝑏𝑏 𝑒𝑒2

ℏ2
Δ(0, ñ)  with b=0.33. Inset: 

Supercurrent density circulating around a vortex core with radius ξ. 
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This work provides experimental evidence that the superfluid stiffness in ultra-flat band 
tBLG is dominated by quantum geometric contributions, calls for a deeper understanding of how 
superconductivity arises in flat bands with nontrivial topology and how well-known BCS relations 
are modified when quantum geometric effects dominate, and points to a possible new guiding 
principle for the search of high-Tc superconductors. This work was published by Nature[1], and 
was reported by several news media. 

2. Gate Tunable Magnetism and Giant Magnetoresistance in Suspended Rhombohedral-stacked Few-Layer 
Graphene 

Conventionally, magnetism arises from the strong exchange interaction among the magnetic 
moments of d- or f-shell electrons. It can also emerge in perfect lattices from non-magnetic 
elements, such as that exemplified by the Stoner criterion. Here we report tunable magnetism in 
suspended rhombohedral-stacked few-layer graphene (r-FLG) devices with flat bands. At small 
doping (n~1011 cm-2), we observe prominent conductance hysteresis and giant 
magnetoconductance that exceeds 1000% as a function of magnetic fields. Both phenomena are 
tunable by density and temperature, and disappear at n>1012 cm-2 or T>5K. These results are 
confirmed by first principles calculations, which indicate the formation of a half-metallic state in 
doped r-FLG, in which the magnetization is tunable by electric field. Our combined experimental 
and theoretical work demonstrate that magnetism and spin polarization, arising from the strong 
electronic interactions in flat bands, emerge in a system composed entirely of carbon atoms. This 
work is published by Nano Letters[2].  

3. Tuning Spin Transport in a Graphene Antiferromagnetic Insulator. 

Long-distance spin transport through anti-ferromagnetic insulators (AFMIs) is a long-standing 
goal of spintronics research. Unlike conventional spintronics systems, monolayer graphene in 
quantum Hall regime (QH) offers an unprecedented tunability of spin-polarization and charge 
carrier density in QH edge states. Here, using gate-controlled QH edges as spin-dependent 
injectors and detectors in an all-graphene electrical circuit, for the first time we demonstrate a 
selective tuning of ambipolar spin transport through graphene ν=0 AFMIs. By modulating 
polarities of the excitation bias, magnetic fields, and charge carriers that host opposite chiralities, 

Fig. 15. (a). Two-terminal G vs bias voltage at the CNP, showing a~40 meV gap. Inset: False-color SEM image 
of a suspended graphene device. (b). Magnetoconductance (MC) vs. B|| at T=0.26K and Vg=-4.8, 12.2 and -
11.3V, respectively. The curves are offset for clarity. (c). MC(B||) at Vg=-3.8V and temperatures ranging from 
0.28 (blue) to 4.2K (red). (d). MC at Vg=-3.8V vs T in Arrhenius scale. The blue line is an Arrhenius fit with 
characteristic T~ 4.5K. 
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we show that the difference between spin chemical potentials of adjacent edge channels in the 
spin-injector region is crucial in tuning spin-transport observed across graphene AFMI. We 
demonstrate that non-local response vanishes upon reversing directions of the co-propagating edge 
channels when the spin-filters in our devices are no longer selective for a particular spin-

polarization. Our results establish a versatile set of methods to tune pure spin transport via an anti-
ferromagnetic media and open a pathway to explore their applications for a broad field of 
antiferromagnetic spintronics research. This work is published by Physical Review Applied[3]. 
Future Plans 
 Apart from the general direction outlined in the first section, our immediate plans for the 
next year include investigation of 

• superfluidity and superconductivity in twisted bilayer and trilayer graphene 
• correlated insulating states in graphene-based moiré systems 
• magnetism in graphene-based moiré systems 
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Program Scope  

Quantum materials such as unconventional superconductors, interfacial 2D electron gases 
(2DEGs), and multiferroics have been fertile ground for new discoveries. Our overarching theme 
is developing novel synthesis routes to create a new generation of epitaxial quantum thin film 
heterostructures for studies of fundamental science and development of new applications. These 
heterostructures can be of comparable or higher quality than available bulk single crystals, but 
these novel systems are usually sensitive to constraints of thin film heterostructures, including 
interaction with the substrate, the difficulty in controlling stoichiometry and point defects, and the 
challenge of forming atomically perfect interfaces.  

Our hypothesis is that designing substrate interactions, controlling and identifying point defects, 
the creation of atomically perfect interfaces and fabricating and stacking of free-standing single 
crystal membranes will reveal new phenomena in complex oxides and unconventional 
superconductors, and will discover fundamental intrinsic properties of quantum materials arising 
from dimensionality, anisotropy, and electronic correlations. We have already demonstrated static 
strain engineering of the Fe-based superconductor BaFe2As2, made the first direct observation of 
the two-dimensional hole gas (2DHG) at an oxide interface, are developing a hybrid pulsed laser 
deposition, and have begun to understand a route to new discoveries through control of highly 
perfect and defect free films and heterostructures and free-standing membranes. This approach 
overcomes conventional thin film growth limitations of epitaxial and orientational lattice match, 
and the clears the way for nearly limitless possibilities in materials design. The thrusts of our 
proposed work expand into new materials systems with synthesis and experimental measurements:  

Fabrication of Novel Quantum Material Platforms 

Novel Hybrid PLD Synthesis Route - builds on our chemical PLD process but with expanded 
capabilities for stoichiometry and point defect control in electronic grade quantum 
heterostructures involving elements with a very large vapor pressure mismatch 

Complex oxide membranes  - free-standing membranes of complex oxides films and 
heterostructures for assembling stacked and twisted heterostructures that expand quantum 
heteromaterials, allowing for dynamic strain control  

Fundamental Science of Novel Quantum Materials Platform 
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LaAlO3 / KTaO3 interface superconductivity – a strong spin-orbit superconducting system with 
not yet understood orientation dependence, studied with hybrid PLD heterostructures.  

Ba(PbxBi1-x)O3 superconducting films and membranes with strong spin-orbit coupling – our 
recently discovered spin hall effect in this unusual superconducting system has implications for 
the microscopic mechanism, and offers opportunities for superconducting spintronics. 

Strain-controlled pnictide superconducting free-standing membranes – investigation of 
fundamental magnetic, nematic, structural, and superconducting properties by dynamic strain 
manipulation, building on our epitaxial strain results. 

Recent Progress  
The discovery of interfacial superconductivity at KTaO3 (111) heterointerfaces offers fresh 
insights into the interplay of quantum paraelectricity, strong spin-orbit coupling, and 
superconductivity. Future progress relies on innovations in the synthesis of ever-cleaner samples 
to investigate the intrinsic quantum phenomena free of extrinsic effects due to crystalline 
imperfections. Recently, we reported superconducting heterostructures based on electronic-grade 
epitaxial (111) KTaO3 thin films grown by a novel hybrid synthesis route that synergistically 
combines thermal evaporation of K2O suboxide and pulsed laser deposition of Ta2O5 facilitated by 
an ultrathin SmScO3 template. The two-dimensional electron gas at the heterointerface between 
LaAlO3 and the KTaO3 thin film exhibits significantly higher electron mobility, superconducting 
transition temperature and critical current density than those in bulk single crystal KTaO3-based 
heterostructures. Cross-sectional STEM shows a lower density of point defects and cleaner 
interface in heteroepitaxial KTaO3 thin 
films in contrast to bulk single crystal 
KTaO3 substrates.  Our hybrid approach 
opens new synthesis routes to epitaxial 
growth of other alkali metal-based oxides 
that lie beyond the capabilities of 
conventional approaches.  

Fig. 1a shows the calculated stability 
phase diagram of K-Ta-O near the 
stoichiometric KTaO3 as a function of K 
partial pressure and temperature; here, 
the oxygen (O2) partial pressure is fixed 
at 10-6 Torr based on the potential phase 
diagram as a function of K and O2 
partial pressures. We used 
commercially available potassium 
oxide (K2O) as K source due to the 
unstability of elemental K. We estimate 
the source temperatures for achieving 
stoichiometric KTaO3 synthesis by 
calculating partial pressures of all gas 
species (Fig. 1b) at source temperatures 
from 500-1000 K. We identify three 

 

 

Fig. 1 | Thermodynamics-guided epitaxial growth of KTaO3 thin 
films by hybrid PLD. a, Phase region of KTaO3 as a function of K 
partial pressure and temperature at fixed O2 partial pressure of 10-6 Torr. 
Practical experimental parameters within the KTaO3 growth window 
are marked by a red box. b, Vapor pressure of gas species in the K-O 
system. c, Schematic illustrating the hybrid PLD method for KTaO3 thin 
film growth. QCM: quartz crystal microbalance. d, Schematic 
illustrating the adsorption-controlled growth of KTaO3 thin films.  
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major gas species as O2, K2O2, and K with the calculated equilibrium partial pressures ≈1.7x10-3, 
9.2x10-7, and 3.9x10-7 Torr, respectively, at a source temperature of 750 K. These values set the 
upper limits for the partial pressures of gas species.  

These analyses indicated that the practical growth window of KTaO3 should be in the range of 
10-7-10-9 Torr K partial pressure and 950-1000 K substrate temperatures (red box, Fig. 1a). Fig. 1c 
schematically depicts the hybrid PLD experimental setup. As with MBE, K is supplied by thermal 
evaporation of a K2O effusion cell directed at the substrate. In contrast, Ta is supplied by ablating 
a ceramic target of tantalum pentoxide (Ta2O5) with a pulsed excimer laser as in PLD. Fig. 1d 
schematically illustrates the adsorption-controlled growth of KTaO3. In adsorption-controlled 
growth, the volatile species (K in this case) is provided with sufficiently large overpressure to 
avoid for K deficiency while excess K readily evaporates from the K-terminated surface.  

We grew ≈8-10 nm thick epitaxial KTaO3 thin films on single crystal substrates of SrTiO3 (001), 
SrTiO3 (111), KTaO3 (111), and on KTaO3 (111) with an ≈1 nm-thick SmScO3 template layer. An 
increased substrate temperature of 1023 K enhances stoichiometry, but results in surface 
roughening. To address these issues, we grew a thin SmScO3 template on KTaO3 (111) substrates, 
and grew stoichiometric and smooth KTaO3 thin films at low substrate temperature. The SmScO3 
template serves three purposes (i) stabilizing the KTaO3 surface by suppressing K evaporation 
from the KTaO3 substrate surface at high temperature and high vacuum, (ii) inhibiting the 
migration of native defects from the KTaO3 substrate to the filmClick or tap here to enter text. that 
may deteriorate the superconductivity and (iii) suppressing the leakage of charge carriers from the 
film to the substrate area where more disorder is expected. 

We characterized the interfacial 
structure with scanning transmission 
electron microscopy  High-angle 
annular dark field (HAADF) cross-
sectional images of the 
heterostructures confirm atomically-
sharp interfaces of SmScO3/KTaO3 
(111) substrate and LaAlO3/KTaO3 
(111) thin film, which means that thin 
SmScO3 template could protect the 
unstable (111) surface of the KTO 
substrate under the highly reducing 
atmosphere of ≈10-6 Torr at 973 K. 
The KTaO3 thin film is fully epitaxial 
to the KTaO3 substrate through the 
underlying SmScO3 template without 
any misfit dislocations, facilitated by a 
small 2.6% lattice mismatch between 
SmScO3 and KTaO3 (111). The crystal 
structure of ≈1 nm-thick SmScO3 film 
appears to adopt a (psuedo-)cubic 
structure. This allows the KTaO3 
(111) thin film to be coherently grown 
with the desired cubic structure due to 
the (pseudo-)cubic SmScO3 template. 

 

Fig. 2 | Electrical transport measurements of KTaO3 (111). a, 
Schematic illustrating the structures of the measured samples. In 
the bulk case, the LaAlO3 overlayer is always grown ex situ, 
which inevitably creates the 2DEG in the first few nm of KTaO3 
with high defect density. In the case of KTaO3 thin film, the 
LaAlO3 layer is grown in situ and the surface of KTaO3 has low 
defect density, which results in enhanced µ. b-d, Temperature 
dependence (2-300 K) of b, Rsq, c, n2D, d, µ of LaAlO3/KTaO3 
(111) (Bulk) and LaAlO3/KTaO3/SmScO3/KTaO3 (111) (Film) 
heterostructures. The measurements in b-d are performed in a 
Van der Pauw geometry. e, Distribution of µ and n2D estimated 
from Hall measurements at T = 10 K. The samples shown in b-d 
marked with arrows. Purple diamonds are data at T = 10 K from 
different growth conditions of EuO 
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These lower defect concentrations improve the normal state and superconducting state 
properties of the 2DEG at the LAlO3/KTaO3 interface. We compared two different heterostructures: 
LaAlO3/KTaO3 (111) substrate (denoted as “Bulk”) and LaAlO3/KTaO3/SmScO3/KTaO3 (111) 
substrate (denoted as “Film”) (Fig. 2). As shown in Fig. 2a, 2DEGs are created at the 
LaAlO3/KTaO3 interface. The amorphous LaAlO3 layer is grown in situ in the case of 
LaAlO3/KTaO3/SmScO3/KTaO3 (111) heterostructures to produce clean LaAlO3/KTaO3 
interfaceClick or tap here to enter text.. Fig. 2b shows the Rsq-T data of the “Bulk” and “Film” 
samples. The Film sample shows much lower Rsq in the normal state (Fig. 2b) despite having nearly 
the same n2D as the Bulk sample at 10 K (Fig. 3c). We attribute the lower Rsq to the high carrier 
mobility (µ) of the Film sample (≈150 cm2/Vs at 10 K) compared to the Bulk sample (≈48 cm2/Vs 
at 10 K). We tested multiple samples with the similar structures and summarize their properties at 
10 K in a µ-n2D diagram (Fig. 2e). This clearly demonstrates that the 
LaAlO3/KTaO3/SmScO3/KTaO3 (111) (red up-triangles, Fig. 2e) samples generally possess higher 
µ within the same n2D range compared to the LaAlO3/KTaO3 (111) samples (black down-triangles, 
Fig. 2e). We attribute the differences in µ to the lower point defect concentrations, which control 
the low temperature mobility.  

We patterned Hall bars along 
the [11-2] and [1-10] on the 
Bulk and Film samples to 
investigate the 
superconductivity in KTaO3. 
Fig. 3a shows the Rsq vs. T data 
at T < 2 K along the [11-2]. The 
Film sample shows a Tc ≈1.5 K, 
which is 25% higher than the Tc 
≈1.2 K exhibited by the Bulk 
sample. The V-I curves at T = 
0.5 K (Fig. 3b) confirm the 
enhanced superconductivity in 
the Film sample with a critical 
current Ic (≈12.3 µA), 
substantially larger than Ic of the Bulk sample (≈3.9 µA) possessing the same n2D. The Rsq-T, V-I 
data suggests that reduced disorder (i.e., higher µ) eliminates signatures of disorder-induced 
inhomogeneities41 observed in the superconductivity of KTaO3 (111) such as anisotropic transport, 
residual resistance, and step-like V-I curves which appear to be highly sensitive to µ. 
 
Future Plans 
(1) Fabrication of freestanding membranes made of electronic-grade KTaO3   
We plan to fabricate freestanding membranes made of electronic-grade KTaO3 (KTO) grown by 
hybrid PLD. We choose 001- and 111-orientations as the model systems to examine the complex 
interplay of dynamic (or static) strain, dimensionality, and doping. Our findings will have 
implications on the understanding of i) the detailed processes through which superconductivity 
emerges in the KTO system, ii) the interplay of ferroelectricity, spin-orbit coupling, and 
superconductivity and the resulting phase diagrams, and iii) novel applications derived from 
therein. This task will be achieved by employing a judiciously chosen composition of sacrificial 

Fig. 3 | Superconductivity of KTaO3 (111). a, Temperature 
dependence of Rsq along the [11-2] on Hall bars. The insets show an 
optical micrograph of Hall bars (top) and a magnified view near the 
transition (bottom). b, V-I curves along the [11-2] measured at T = 0.5 K 
on Hall bars. The inset shows a magnified view near the transition. 
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and reaction barrier layers, namely 0.15Ba3Al2O6-0.85Sr3Al2O6 (BSAO) (BSAO) and 0.3BaZrO3-
0.7SrTiO3 (BSZT), during the growth of KTaO3 (001) and (111) heterostructures.  

 

(2) Nonreciprocal transport in BPBO (Diode effects and Spin Orbit Torque), 
Our observation of giant spin-orbit torque (SOT) in the normal state of BaPb1-xBixO3 (BPBO), a 
known superconductor, demonstrated its potential for spintronics and hinted at a hidden spin-orbit 
coupling (SOC).  But a triplet superconducting state must be induced for superconducting BPBO 
to produce a net torque which could be accomplished with a ferromagnetic interface. Such 
interfaces, as well as unit cell-level distortions can lead to nonreciprocal responses, which we will 
investigate through spin orbit torque and superconducting diode effects in which current in one 
direction shows no voltage drop, while current in the opposite direction (opposite polarity) shows 
a finite, non-zero voltage2. We intend to extract the nonlinearities from sensitive IV curves, as we 
did in our previous work. Our plan for next year is to isolate the detailed nonreciprocal transport 
dependencies on BPBO. The current results are a convolution of superconducting diode effects in 
the longitudinal resistance and torque driven dependence on the anomalous Hall effect. We first 
intend to evaluate any superconducting diode effects in isolated BPBO thin films.  
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Research Scope 

 1) The PI’s group had performed some of the early studies of the superconducting 
proximity in the quantum Hall regime. The highlights included: the first detection of the 
supercurrent in a Josephson junction made from a quantum Hall (QH) region [Science 2016]; 
creating a QH-based SQUID [Science Advances 2019]; and most recently, the first detection of 
the chiral Andreev edge states and their interference [Nature Physics 2020]. Our efforts in the 
current funding cycle continued to focus on the superconductor- quantum Hall hybrid structures.  

2) The PI’s group was the first to realize ballistic mutlti-terminal graphene-based 
Josephson junctions, which we studied in a series of papers [Nano Letters 2019, 2021, 2022]. It 
had been predicted that the Andreev bound states in such structures could emulate energy band 
structures of topological materials. We are working to realize these predictions.  

3) We have started a new collaborative effort on studying the anisotropic superconductivity 
of the KTaO3 (111) interface [Science Advances, 2023].  

Recent Progress 

1. Multiterminal Josephson Junctions and the Superconducting Triode 

Multiterminal Josephson junctions (MTJJ) with a 
normal region connected to several (>2) superconducting 
leads have received renewed attention in the past few years. 
This interest is driven in part by predictions that Andreev 
bound states in such structures could emulate energy band 
structures of topological materials. We have recently reported 
on the three and four-terminal graphene Josephson junctions, 
in which ballistic coupling between the terminals was 
achieved [Nano Letters, 2019]. We have further reported on 
the synchronized dynamics in these structures [Nano Letters, 
2020, 2021]. Most recently, we used the MTJJ to realize a 
nearly ideal superconducting diode, described below [Nano 
Letters, 2023].   

While traditional diodes exploit P-N interfaces in semiconducting materials, a flurry of 
theoretical interest has focused on developing their superconducting analogues. This interest is 

Figure 1. SEM image of two triodes. 
We measure the I-V curves of the 
Left-Bottom junction of the lower 
device, while applying the control 
bias to the Right junction.  
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driven by the search of novel materials which break both the inversion and time-reversal 
symmetry, thereby intrinsically enabling the superconducting diode effect (SDE). Unfortunately, 
the intrinsic SDE is typically small. Somewhat higher SDE can be achieved in properly designed 
nanostructures, in which an external magnetic field is applied to break the time-reversal symmetry. 
However, magnetic field is often undesired for integrating the diodes in superconducting circuits. 
We have succeeded in creating superconducting diodes which can operate at zero magnetic field 
and achieve efficiency approaching 100%. Our devices are based on multiterminal Josephson 
junctions made in graphene, which we first reported a few years ago.  

We utilize the developments in the multi-terminal Josephson junctions to achieve the SDE 
at zero external magnetic field. The structure is based on three graphene Josephson junctions tied 
at the central superconducting island (Fig. 1). Initally, the I-V curves are symmetric (Fig. 2, center). 
By applying a dissipationless control current in one of the junctions, we break the time-reversal 
symmetry and tune the I-V curves of the other two junctions, achieving the SDE efficiencies 
approaching 100% (left and right panels of Fig. 2). Our devices are further tunable by electrostatic 
gating, which allows us to adjust the scale of the rectified supercurrent from tens of nA to a µA.  

2. Chiral Andreev Edge States  

At the interface between a superconductor and a quantum Hall (QH) system, the QH edge 
states are expected to be proximitized, turning into chiral Andreev edge states (CAES). These are 
dispersive states composed of both the electron and the hole components, which are the eigenstates 
of the system. An electron approaching the superconducting region must be converted to a linear 
combination of CAES, interfering while propagating along the interface (Figure 3a). Semi-
classically, one can think of an electron propagating along the interface with the superconductor, 
which could be Andreev-reflected as a hole flowing in the same chiral direction. The hole could 
then be Andreev-reflected as an electron, etc. We have reported the first measurement that directly 
detected the CAES [Nature Physics, 2020] and actively continued this line of research in this 
funding cycle [Preprint, under review in PRL]. 

Figure 2. I-V curves of the left-
bottom (LB) junction at three 
values of the control bias applied 
to the right (R) junction. The 
curves are completely symmetric 
at zero control bias (b) and reach 
a nearly perfect asymmetry for 
both negative (a) and positive (c) 
control currents. Importantly, no 
hysteresis is observed between 
the two current sweep directions.  
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Following our experiment observing the chiral Andreev edge states, several theoretical 
papers explored their properties. However, the exact mechanism of the Andreev e-h conversion 
remains open: the role of the disorder, superconducting vortices, and graphene have been 
discussed. To address these questions, we performed a systematic study of the conversion 
probability vs temperature, T, magnetic field, B, and interfacial length, L (Figure 3). We found that 
the dependences of the electron-hole conversion probability on magnetic field and temperature 
nearly factorize. We suggested a simple phenomenological expression involving exponential 
decays as a function of B, T and L, and a prefactor determined by the configuration of 
superconducting vortices. The expression captured the observed dependencies very well and can 
be interpreted in terms of the CAES losses, which are determined by the magnetic field, and 
decoherence, which is controlled by the temperature.  

3. Quantum Hall based interferometer   

In the past few years, there had been a renewed interest to the quantum Hall 
interferometers, driven primarily by the properties of the quasiparticles in the fractional QH effect. 
In order to the explore the coherence properties of the CAES, we intend to incorporate them into 
one or both arms of the QH interferometer. To this end, we have developed a simple method to 
make QH interferometers in graphene with etched quantum point contacts and self-aligned side 
gates (Figure 4) [Nano Letters, 2022]. Our interferometers demonstrate very high visibility of 
interference patterns and are compatible with the superconducting contact technology.  

Figure 3. a) Schematic of the measurement schematics and the chiral Andreev edge states, which are shown as 
skipping trajectories along the QH-SC interface. b) Image of the sample with graphene regions (brown), a 
superconducting contact (gray, in the center), and normal contacts (gold). The superconductor forms two 
interfaces with graphene, 0.5 and 1 micron long. c) Typical trace of resistance measured downstream of the 
superconducting contact and translated to the electron-hole conversion efficiency, Peh. The negative signal 
corresponds to Andreev reflections, while the positive signal corresponds to normal reflections. d) The 
dependence of the standard deviation σ(Peh) on temperature shows a clear exponential trend.   
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4. 2D superconductivity in KTaO3  

In this extension of the core research projects, the PI’s group collaborated with the group 
of Kaveh Ahadi (NCSU) to study the recently discovered anisotropic superconductivity in KTaO3 
(111) interfaces. Our paper on this topic has just been published [Science Advances, 2023].  

Future Plans 

1) Our recent studies of the CAES highlight the need to develop a realistic understanding 
of the QH-superconductor interfaces. First, the vortices in the type II superconductor result in 
losses by absorbing the single particle edge states. Second, the electron and hole amplitudes of the 
CAES acquire opposite phases due to local fluctuations of electric field, resulting in efficient 
dephasing. We intend to further study the loss and decoherence processes by incorporating 
superconducting contacts inside QH interferometers of Figure 4. These studies will have 
implications for the future development of the more complex devices, which will further explore 
the physics of superconducting correlations in the chiral states.  

2) We plan to continue our search for the predicted topological effects in the multiterminal 
Josephson junctions. We have observed intriguing new synchronization effects in the Josephson 
triode samples of Figure 1. Beyond the basic physics, the Josephson triodes may show promise as 
small signal rectifiers and mixers in quantum circuits. For these applications, it is extremely 
important that our triodes operate at zero magnetic field, so they should not be disruptive to the 
qubit operation. While the near perfect diode efficiency of our devices is compelling, integration 
into realistic quantum circuits will require reaching GHz frequencies. Ballistic graphene devices 

Figure 4. a) Image of the QH interferometer, defined by two quantum point contacts (QPC 1 and 2), and 
the top and bottom plunger gates (TPG and BPG). The outline is etched in graphene and the self-alighned 
side gates are formed by graphene regions detached from the main device. b) Schematics of the edge 
states configuration: bulk filling factor ν=2, QPC pass one spin channel. c) Conductance map measured 
vs plunger gate voltages, showing a high-contrast interference pattern.  
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may likely be suitable for the purpose, and I plan to further explore the properties of our triodes in 
the microwave regime.  
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Research Scope 

The combination of symmetry, correlation and topology is predicted to realize novel quantum 
states of matter. Despite a variety of experimental attempts to reshape the wave function topology 
and to induce entangled quantum states that intertwine charge, spin and orbital degrees of freedom, 
only a handful of materials have been identified and continue to be debated and explored as 
candidate correlated topological materials. The overarching goal of this project is to understand 
how to combine correlated and topological states of matter by exploiting the interplay between 
symmetry, correlation, and topology in oxide- and chalcogenide-based quantum heterostructures. 
To address this goal, we focus on three specific aims: (1) Design topological phases in correlated 
oxides by interrogating the role of lattice geometry and symmetry, (2) Understand how to control 
topological wavefunctions by manipulating magnetic orders and heterogeneities. (3) Reveal the 
role of polyhedral lattice symmetry and sublattice disorder in governing the behavior of symmetry-
driven correlated states. Underpinning this work is a unique combination of expertise and 
experimental capabilities based on integrating precision synthesis by pulsed-laser deposition 
(PLD) and molecular-beam epitaxy (MBE) with advanced characterizations tools, including 3D 
spin- and angle-resolved photoemission spectroscopy (ARPES). Interfacial magnetism and 
electronic structure is investigated by neutron scattering and x-ray and optical spectroscopy. The 
objective of this work is to 
advance the understanding 
of the interplay between 
symmetry, correlation, and 
topology, generating 
fundamental knowledge for 
the development of novel 
correlated topological 
quantum materials for next-
generation information and 
energy technologies. 

 

 

 

  

Fig.1. Precision synthesis of quantum heterostructures. The goal of 
the project is to discover emergent quantum phenomena by exploiting the 
interplay between symmetry, correlation, and topology in oxide- and 
chalcogenide-based quantum heterostructures. 
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Recent Progress 

The research in this project is focused on the discovery of new correlated and topological materials 
and their emergent phenomena arising from well-controlled, functionally cross-coupled interfaces. 
Special emphasis was on understanding and controlling the interplay between correlation and spin-
orbit coupling in 4d correlated oxide heterostructures grown by pulsed laser deposition (PLD) by 
deliberately controlling the degree of epitaxial strain. This project has also developed a novel 
synthesis route for growing high-quality delafossite thin films on triangular substrates. This 
rational design of interfacial layer allowed tailoring of magnetism and transport properties. The 
interface between magnetic materials and topological insulators in thin films grown by molecular-
beam epitaxy (MBE) was also studied to understand the formation of exotic phases of matter that 
enable functionality through manipulation of strong spin polarized transport. This project also 
emphasizes the use and advancement of ARPES to understand topological materials. The use of 
wide range of characterization methods, including microstructural imaging, local spectroscopy, 
neutron scattering, optical and soft x-ray spectroscopy, in combination with theory plays a key role 
in performing this research. A few research accomplishments achieved over the last two years are 
highlighted as follows: 

Discovery of correlated oxide Dirac semimetal that enters the extreme quantum limit 

Quantum materials (QMs) with strong 
correlation and nontrivial topology are 
indispensable to next-generation information 
and computing technologies. Exploitation of 
topological band structure is an ideal starting 
point to realize correlated topological QMs. 
We discovered for the first time that strain-
induced symmetry modification in correlated 
oxide SrNbO3 thin films creates an emerging 
topological band structure [1]. Dirac electrons 
in strained SrNbO3 films revealed ultra-high 
mobility (μmax ≈ 100,000 cm2/Vs), 
exceptionally small effective mass (m* ~ 0.04me), and non-zero Berry phase. Strained SrNbO3 
films reach the extreme quantum limit, exhibiting a sign of fractional occupation of Landau levels 
and giant mass enhancement. Our results suggest that symmetry-modified SrNbO3 is a rare 
example of correlated oxide Dirac semimetals, in which strong correlation of Dirac electrons leads 
to the realization of a novel correlated topological QM.  

Emergent Orders in Kagome Superconductors and Magnets 

Emergent electronic order in the geometrically frustrated kagome lattice is a new quantum frontier. 
The characteristic electronic structures of the kagome lattice, including flat-band, Dirac-fermion 

 

Fig. 2. Bi-axial strain (red arrows) alters crystal symmetry 
(green arrows) in SrNbO3, which changes band dispersion 
(left and right), leading to highly mobile electrons.  
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and van Hove singularities, are found to be a rich 
platform to realize correlated and topological quantum 
states, including unconventional pairing and charge 
density waves, quantum Hall effects, and chiral Weyl 
fermions. Using ARPES, we established the quasi-
nested Fermi surface and van Hove singularities in 
AV3Sb5 (A=K, Rb, Cs), supporting a Fermi surface 
driven unconventional charge density wave (CDW) 
[2–4]. By careful analyze the single-particles spectral 
function determined by ARPES, we extracted the 
doping, temperature, and momentum dependent 
electron-phonon couplings, which is then used to 
calculate then superconducting transition. A 
remarkable consistency is observed, supporting a 
conventional superconductivity in AV3Sb5. 
Furthermore, using resonant and high-pressure x-ray 
scattering, we established conjoint CDWs in CsV3Sb5, 
which couple with superconductivity at low 
temperature [3]. We have also combined ARPES, x-ray and theoretical calculations to study of the 
kagome magnet, where a novel spin-phonon coupling driven CDW is revealed (to appear in Nature 
Commun.). Our studies significantly deepen our understanding of correlated topological quantum 
states.  

Kinetic control of surfaces drives bulk magnetic properties  

Understanding the effects of the interfacial modification to the functional properties of magnetic 
topological insulator thin films is crucial for developing 
novel technological applications from spintronics to 
quantum computing. Polarized neutron reflectometry 
revealed that the surface oxidation of the intrinsic magnetic 
topological insulator MnBi2Te4 is kinetically limited to the 
topmost layer, determining the bulk magnetism. In 
addition, a large electronic and magnetic response is 
discovered from the intrinsic magnetic topological 
insulator MnBi2Te4 by controlling the propagation of 
surface oxidation [5]. It is shown that the formation of the 
surface oxide layer is confined to the top 1–2 unit cells but 
drives large changes in the overall magnetic response. 
Specifically, a dramatic reversal of the sign of the 
anomalous Hall effect is observed to be driven by finite 
thickness magnetism, which indicates that the film splits 

 
Fig. 2. Nature of emergent orders in kagome 
materials. (a) Photon-based spectroscopy 
reveals the nature of kagome superconductor 
and magnet. Inset shows ARPES data revealing 
the Fermi surface topology of RbV3Sb5. (b) 
High-pressure x-ray scattering reveals 
conjoined CDW. (c) Phonon dynamical 
structure factor uncovers a novel spin-phonon 
driven CDW in the kagome magnet FeGe. 

 

 

Fig. 3. Schematic showing the oxidation of 
the MnBi2Te4 surface which dramatically 
impacts the bulk-derived magnetic 
properties. This is represented as the color 
change across the crystal structure.  Inset: 
changing the magnetic properties affects 
the band structure and the emergence of the 
quantized electronic states.  
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into distinct magnetic layers each with a unique electronic signature. These data reveal a delicate 
dependence of the overall magnetic and electronic response of MnBi2Te4 on the stoichiometry of 
the top layers. This study suggests that perturbations resulting from surface oxidation may play a 
non-trivial role in the stabilization of the quantum anomalous Hall effect in this system and that 
understanding targeted modifications to the surface may open new routes for engineering novel 
topological and magnetic responses in this fascinating material.  

Future Plans 

This project will focus on understanding how to co-design correlated and topological states of 
matter by exploiting the interplay between symmetry, correlation, and topology in oxide- and 
chalcogenide-based quantum heterostructures. Semi-Dirac fermion in transition-metal-oxide 
heterostructures will be studied using a combined approach with PLD, in situ spin- and angle-
resolved photoemission spectroscopy, and quantum transport. A particular focus will be on 
understanding the role of octahedral symmetry in SrNbO3 and CaNbO3 as well as their alloys to 
understand the nature of band dispersion combined with theoretical predictions. Revealing 
emergent phenomena that arise from strongly correlated electrons with spin-orbit coupling in 
correlated delafossites with triangular lattices. The plasmonic excitations in highly conducting 
delafossite thin films will be also studied by core-loss electron-energy loss spectroscopy uniquely 
available in ORNL’s monochromatically aberration-corrected scanning transmission microscopy. 
Development of oxide-based membranes via remote epitaxy will be conducted with a particular 
focus on studying the interfacial phenomena and extreme strain effect as well as creating twisted 
interfaces to discover exotic electronic and magnetic phenomena.  Also, investigation on the 
interplay between topological surface state and magnetic ordering in magnetic topological 
insulators will be conducted by combining transport and spectroscopy. Using finite thickness 
control of MnBi2Te4 will enable accessing exotic physics, including quantum anomalous Hall 
where time reversal symmetry is broken and axionic phases when time reversal is preserved. This 
study will also enable us to understand how magnetic order couples with the topological states to 
induce macroscopic quantum phenomena. In situ spin-ARPES and ex situ x-ray and transport 
studies of correlated and topological states in 2D materials systems, including oxide thin films, 
chalcogenides thin films, and van der Waals materials, will be continued to understand intertwined 
orders and emergent topological superconductivity as well as uncovering new mechanisms and 
materials exhibiting high-temperature superconductivity and quantum anomalous Hall effects. 
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Research Scope 

Josephson junctions (JJs) are superconducting devices formed by two superconducting leads 
separated by a non-superconducting material. JJs can be used to create high quality qubits and very 
sensitive quantum sensors. The discovery of materials with non-trivial topological properties has 
led to the realization of novel JJs with anomalous, and still not well understood, properties.  At the 
same time, it has been proposed that heterostructures formed by semiconductor quantum wells 
with strong spin-orbit coupling, and superconductors, can be designed to realize planar JJs that in 
the presence of an external magnetic field can be driven into a superconducting topological state. 
JJs in such state are called “topological JJs”.  Topological JJs support non-Abelian bound states 
and are therefore a physical realization of topological protected qubits, qubits that are expected to 
be fault-tolerant due to the topological protection of the quantum states used to encode the 
information. Two of the main challenges that have emerged in studying novel JJs are: identify 
reliable experimental signatures to detect unambiguously the topological character of the JJ, and 
understand how the unusual properties of topological materials affect the JJ’s response. 

Recent Progress 

Under microwave radiation of frequency f the voltage-current (V-I) of a JJ exhibits steps (Shapiro 
steps) for values of the voltage equal to a multiple of hf/2e, where h is the Planck’s constant, and 
e is the electron’s charge. It had been proposed that in a topological JJ the odd Shapiro steps should 
be absent and therefore that the response of a JJ under ac bias could provide a signature for the 
topological character of a JJ. However, in 2021 we showed1 that in high quality planar JJs based 
on InAs/Al heterostructures, see Fig.1(a), grown via molecular beam epitaxy (MBE), the odd 
Shapiro steps are missing even when no external magnetic field is present, a situation in which the 
JJ is unambiguously in a topologically trivial phase. This prompted us to further study how the 
Shapiro steps of planar JJs based on InAs/Al heterostructures depend on the strength and direction 
of an in-plane magnetic field. 

We find2 that the evolution of the Shapiro steps with external magnetic field, B, is complex, and 
strongly dependent on the interplay of the many Andreev Bound states (ABSs) present in a planar 
junction. Contrary to the naïve expectation, the odd steps are missing for B=0, when the JJ is non 
topological, and reappear at a crossover value of B that depends on the direction of the field, the 
frequency of the microwave radiation, and the strength of the spin-orbit coupling in the InAs 
quantum well, see Fig. 1. We interpret this behavior by theoretically analyzing the Andreev bound 
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states spectrum and the transitions, Landau-Zener processes, induced by the nonadiabatic 
dynamics of the junction. For small B Landau-Zener processes take place only between the highest 
energy occupied ABSs and the lowest energy un-occupied ABSs that have a very small probability 
to transition into the continuum of 
states above the superconducting 
gap. In this situation the Landau-
Zener transitions are responsible 
for the absence of odd Shapiro 
steps and the apparent 
“topological” behavior of the JJ. As B 
increases the occupied ABSs can 
transition to many more unoccupied 
states that in turn can transition into the 
continuum suppressing the apparent 
“topological” behavior of the JJ and causing the reappearance of the odd Shapiro steps, Fig.1(c). 
We also found that the crossover value of B for the reappearance of the odd Shapiro steps strongly 
depends on the direction of B, as shown in Fig. 2. Our analysis reveals that this is due to several 
factors: the dependence of the JJ’s critical current on the direction of B, the presence of strong 
spin-orbit coupling in the quantum well, and the dependence on the direction of B of the transition 
probabilities between different ABSs.  

Our results highlight the complex phenomenology of missing Shapiro steps in planar JJs and how 
such phenomenology can be used to infer the structure and properties of the ABSs in such 
junctions. More in general, they underscore the importance of combining signatures in the 
microwave response with other additional correlated signatures to make claims about the 
topological character of a Josephson junction. 

 

Figure 1. (a) Schematic of a Josephson Junction based on Al/InAs heterostructures grown via MBE. (b) 
dV/dI as a function of bias dc current and microwave (RF) power in the absence of magnetic field and for RF 
frequency f=3.5 GHz. The dark blue regions show the Shapiro steps. We see that the first odd step is missing. (c) 
Same as (b) for the case when an in-plane magnetic field B=400 mT, in the direction perpendicular to the current, 
is present. We see that the first odd Shapiro step has reappeared. 

Figure 2. Ratio Q12 between the first and second Shapiro step as a 
function of the strength of the magnetic field for two different 
directions of B. We identify the value for which Q12=1 as the 
crossover magnetic field. We see the strong dependence of such 
value on the direction of B. 
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In recent years gapless topological materials such as Dirac and Weyl semimetals have attracted a 
lot of attention due to their unusual electronic band structure and expected electronic properties. 
In a Dirac semimetal the 3D bulk states' band touch at isolated points (Dirac points), while on the 
2D surface topologically protected states are present. By placing a superconductor on the surface 
of a Dirac semimetal, superconducting correlations can be induced among both the surface and 
bulk states, resulting in a multiband superconductor.  

Superconducting pairing in multiple bands can give rise to novel and interesting phenomena. 
Leggett modes are exemplary of the unusual effects that can be present in multiband 
superconductors. A Leggett mode describes the collective periodic oscillation of the relative phase 
between the phases of the superconducting condensates formed by electrons in different bands. It 
can be thought of as the mode arising from an inter-band Josephson effect. The experimental 
observation of Leggett modes is challenging for several reasons: (i) multiband superconductors 
are rare; (ii) they describe charge fluctuations between bands and therefore are hard to probe 
directly; (iii) their mass gap is often larger than the superconducting gaps and therefore are strongly 
overdamped via relaxation processes into the quasiparticle continuum. 

 

Figure 3. (a) Scanning electron microscope (SEM) image of a SQUID formed by depositing superconducting 
Al on the Dirac semimetal Cd3As2. (b) Measured dV/dI as a function of bias voltage V for a Al/Cd3As2 SQUID. The 
arrows point to the unusual presence of maxima, rather than minima, when V=2(hf/2e), where f is the RF frequency. 
(d) Theory results for the width, W, of the minima of the dV/dI as function of V and f: W is suppressed for V=2(hf/2e) 
when f is close to the frequency of the Leggett mode, fL. 

We have shown3 that the Leggett mode of a two-band superconductor, and its frequency, can be 
detected unambiguously in ac driven superconducting quantum interference devices (SQUIDs). In 
particular we find that for JJs and SQUIDs under microwave radiation, when the frequency of the 
radiation is close to the resonant frequency of the Leggett mode, fL, the even Shapiro steps are 
strongly suppressed.  In addition, we have shown that for f~ fL the evolution of a SQUID’s Shapiro 
steps structure with the magnetic flux also possesses unique qualitative features. We have then 
used the results to analyze the measurements of a SQUID formed by two JJs based on 
heterostructures formed by superconducting Al placed on Cd3As2, an exemplar Dirac semimetal. 
The experimental results show the theoretically predicted unique signatures of Leggett modes and 
therefore allow us to conclude that a Leggett mode is present in the two-band superconducting 
state of Dirac semimetal Cd3As2.  
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Future Plans 

By patterning the area of the Al layer close to the normal region of an Al/InAs JJ it is in principle 
possible to increase the region in parameters’ space in which planar Al/InAs-based JJs are in a 
topological state, the robustness of such state, and realize a Josephson diode effect. We plan to 
study these type of junctions, in particular their response in the dc and ac regime in the presence 
of an external magnetic field.  

Recently we have observed a strong superconducting diode effect in SQUIDs formed by JJs based 
on Al/Cd3As2 heterostructures even in the absence of any external magnetic field. This suggests 
that in these devices an intrinsic mechanism might be present to break time-reversal symmetry. 
We will study such effect in these devices with the goal to understand it, and enhance it for possible 
technological applications, such as the realization of ideal, dissipationless, diodes and isolators. 
Along the same line of research we plan to finalize and publish our work on the ac Josephson diode 
effect in asymmetric SQUIDs, including the case in which one of the JJs forming the SQUID is 
topological.  

We will continue refining the MBE growth processes to obtain superconductor-semiconductor 
heterostructures based on InAs/GaSb double quantum wells (DQWs) designed to realize a 
quantum spin Hall insulating state. We will characterize via transport measurements, scanning 
transmission electron microscopy, and atomic force microscopy, structures in which Al is grown 
epitaxially on InAs/GaSb DQWs. We will develop new growth structures designed to add an 
etching stop layer of InAs thin quantum well before Al is epi‐grown to allow the use of the 
photoresist developers to etch Al. We also plan to finalize the characterization and theoretical 
description of JJs formed by superconducting leads attached to InAs/GaSb DQWs. 

We will continue the ongoing theory-experiment work to understand the role played by disorder 
in high quality super-semi heterostructures designed to realize, in the presence of an external 
magnetic field, topological superconducting states, with a focus to identify critical values of the 
disorder strength below which such states are robust. 
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Incompatibility between topological superconductivity and supercurrent injected from Nb.  

Stephan Kim, Shiming Lei, Leslie Schoop, Robert Cava and N. Phuan Ong,  Princeton 
University 

Keywords: Topological superconductivity, transition metal compounds, proximity effect, edge 
supercurrent 

Research Scope:  To date, the layered chalcogenide MoTe2 is the only Weyl semimetal that 
becomes a superconductor (Tc = 0.1 K). In its superconducting state, MoTe2 features an unusual 
edge supercurrent that was detected [1] by periodic edge oscillations of the critical current Ic as the 
magnetic field H is varied (this is caused by Little-Parks fluxoid quantization). We describe 
experiments that utilize this topologically protected edge supercurrent to “eavesdrop” on the 
supercurrent response in MoTe2 when an s-wave supercurrent is injected from Nb contacts. Figure 
1 shows the anomalous features observed [2]. First, as |H| approaches zero, the critical current 
function Ic(H) (boundary of black regions in Fig. 1a) displays a prominent and narrow “central 
peak” caused by proximitization of the bulk states by the s-wave Nb pairing potential. As H is 
cycled back and forth (green arrows), the central peak position leads the zero-crossing of H (instead 
of lags). We call this unusual behavior antihysteretic [2]. Concurrently, whenever |H| is reduced 
towards zero, the oscillations display very large phase noise. However, once H crosses 0, the noise 
is suppressed (Fig. 1b). These features reflect strong incompatibility between the injected 
supercurrent and the intrinsic pairing amplitude in the topological superconductor as well as the 
field-induced switching of the device gap function 𝚿𝚿�  between s-wave symmetry and the symmetry 
𝑭𝑭𝜶𝜶𝜶𝜶 intrinsic to pristine MoTe2.  

 

Fig. 1a (left panel) Color map of differential resistance 
dV/dI measured in a device with Nb contacts (inset). The 
dissipationless regions (black) display a narrow “central 
peak” which emerges near H = 0 in an antihysteretic 
pattern. At larger H, Ic(H) shows oscillations caused by 
fluxoid quantization, which are shown in an expanded 
view extending to large H (dense array of peaks) in Panel 
b. On the branch with increasing |H| (green arrow), the 
phase noise is suppressed. (Kim et al. [2]). 

b 
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Considerable insight [2] on the incompatibility is provided by correlating the phase-noise 
asymmetry with the behavior of Ic. Despite long-standing interest in how incompatible pairing 
potentials co-exist and compete to form Cooper pairs, investigators have lacked a way to probe the 
competition. Here, the existence of the topological edge supercurrent provides a window that 
unveils many unsuspected features. 

Recent Progress:  By exploring these features in 8 devices with layouts designed to systematically 
test inferences, we succeeded in associating features in the color map with supercurrent flowing 
either in the bulk (e.g. the central peak) or along the edges (periodic peaks in Fig. 1). Using these 
bulk- and edge-specific features as guides, we arrive at the following picture. On the inbound 
branch (|H| decreasing), edge-state pairing is initially incompatible with that in the bulk which 
leads to large phase noise in the edge oscillations, while the gap function Ψ�  adopts the 𝑭𝑭𝜶𝜶𝜶𝜶 
symmetry. The central peak emerges when |H| becomes too weak to suppress s-wave pairing in 
the bulk, causing the gap function Ψ�  to switch to s-wave symmetry (Fig. 1a). Close to H = 0, Ψ�  
switches back to 𝑭𝑭𝜶𝜶𝜶𝜶 symmetry when the vortices transition to a vortex solid. Finally, as H crosses 
to the positive branch, the vortex solid persists. Now, compatibility between pairing in the bulk 
and at the edges ensures the absence of phase noise as shown in Fig. 1b.  

Future Plans: The features uncovered provide the potential to explore the physics of competing 
pair condensates in great detail and to understand the relation between paired states in the bulk vs. 
the edge. We will adopt new device designs to obtain more information from the correlations and 
to test the inferences derived from them. 

The research was supported by DOE award DE-SC0017863. 
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Interface-Induced Superconductivity in Magnetic Topological Insulator-Iron Chalcogenide 
Heterostructures 
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Keywords: Topological insulators, interfacial superconductivity, thin film heterostructures, 
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Research Scope 

The current program is focusing on the molecular beam epitaxy (MBE) growth of 
(Bi,Sb)2Te3/FeTe and Cr-doped (Bi,Sb)2Te3/FeTe (i.e. QAH/FeTe) heterostructures, which we 
will then use to explore the topological interfacial superconductivity and Majorana physics 
towards topological quantum computations. 

Recent Progress 

In the first year of our project (09/01/2022 to 08/30/2023), we have published 3 high-profile papers, 
including one in Review of Modern Physics (#1 in Publications),  one in Physical Review 
Letters(#2 in Publications), and 1 in Nano Letters (#3 in Publications). Two more papers with 
primary DOE support are currently under review (#4 & #5 in Publications). In the following, we 
will focus on these two papers and discuss our recent research progress:  

The search for the chiral topological superconducting (TSC) phase has attracted a great deal of 
attention in the past decade because of both the elegant physics of the subject and its potential 
application in topological quantum computation. The chiral TSC phase has been proposed to be 
present in hybrid structures where a quantum anomalous Hall (QAH) insulator is proximally 
coupled to a conventional s-wave superconductor 1,2. A primary barrier to the growth of magnetic 
TI films/heterostructures with the QAH state 3 on s-wave superconductors (or vice versa) lies in 
the difficulty of achieving an atomically sharp interface due to a host of experimental challenges 
such as chemical reactivity and uncontrolled nucleation. Moreover, the superconductivity is 
usually suppressed and even disappears once a magnetic TI layer is grown on top, primarily owing 
to their contrasting spin orders4.  

Over the past year, we used molecular beam epitaxy (MBE) to synthesize (Bi,Sb)2Te3/FeTe 
heterostructures with an atomically sharp interface, in which the chemical potential of the ternary 
TI (Bi,Sb)2Te3 can be tuned by varying the Bi/Sb ratio. By performing in-vacuo angle-resolved 
photoemission spectroscopy (ARPES) and ex-situ electrical transport measurements, we find that 
the superconducting transition temperature and the upper critical magnetic field are suppressed 
when the chemical potential approaches the Dirac point. This strongly suggests a direct link 
between the interfacial superconductivity and the Dirac electrons of the TI layer.  We provide a 
scenario to understand the chemical potential dependence of interfacial superconductivity as the 
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complex competition between bicollinear antiferromagnetic order in the FeTe layer and the 
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction mediated by surface Dirac electrons of the 
TI layer5. This paper is now under review in Nature Communications. 

 

Fig. 1| Coexistence of ferromagnetism and superconductivity in Cr-doped (Bi, Sb)2Te3/FeTe heterostructures. a, 
Cross-sectional STEM image of the (8,50) heterostructures grown on heat-treated SrTiO3 (100) substrate. b, 
Temperature dependence of the sheet longitudinal resistance R of the (8,50) heterostructure. c, Magnetic field 0H 
dependence of the Hall resistance Ryx at T=10K (black), T=12K (red), and T=14K (blue). d, m dependence of the 
dI/dV spectra on the surface of the (m,38) heterostructure (setpoint: VB=+10mV, It=300pA, T =310 mK). e, m 
dependence of the superconducting gap D on the surface of the (m,38) heterostructure. The values of the 
superconducting gap D are determined by fitting the dI/dV spectra. The error bars are the results of the fitting 
process and spatial distribution. The dashed line is a guide to the eyes. f, Temperature dependence of the dI/dV 
spectra on the surface of the (8, 38) heterostructure (setpoint: VB=+10mV, It=300pA).  

Besides (Bi,Sb)2Te3/FeTe heterostructures, we also employed MBE to grow a ferromagnetic TI 
Cr-doped (Bi, Sb)2Te3 layer with the QAH state on the antiferromagnetic  FeTe layer. Our 
measurements reveal an atomically sharp interface in these Cr-doped (Bi, Sb)2Te3/FeTe 
heterostructures (Fig. 1a). By performing electrical transport, reflective magnetic circular 
dichroism (RMCD), magnetic force microscopy (MFM), scanning tunneling microscopy and 
spectroscopy (STM/S), and ARPES measurements, we demonstrated the trifecta occurrence of 
superconductivity, ferromagnetism, and topological band structure(Figs. 1b to 1g). Moreover, we 
found that the upper critical magnetic field of the interface-induced superconductivity is very high 
(>40 T) and isotropic at T =1.5 K, which may be responsible for the coexistence of 
superconductivity and ferromagnetism in these heterostructures. The QAH/FeTe heterostructures 
with robust interface-induced superconductivity and atomically sharp interfaces provide an ideal 
platform for the exploration of chiral TSC and Majorana physics and thus constitute an important 
step toward scalable topological quantum computation. This paper is now under review in Science. 
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Future Plans 

We will pursue the following projects: 

(1)  We will optimize the growth parameters for (Bi,Sb)2Te3/FeTe and Cr-doped (Bi,Sb)2Te3/FeTe 
(i.e. QAH/FeTe) heterostructures and explore the superconducting mechanisms in these two 
systems. 

(2) We will initiate the MBE growth of MnBi2Te4/FeTe and explore if the interface-induced 
superconductivity can also emerge in heterostructures formed by two antiferromagnetic materials. 

(3)  Based on (Bi,Sb)2Te3/FeTe and Cr-doped (Bi,Sb)2Te3/FeTe (i.e. QAH/FeTe) heterostructures, 
we will fabricate the Josephson junction devices and explore the topological interfacial 
superconductivity and Majorana physics. 
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Charge-transfer across van der Waals interfaces 

D.N Basov (Columbia University)  

Keywords: light-matter interfaces, van der Waals materials, graphene, scanning probe microscopy 

Research Scope 

The ability to control charge carrier density and electrostatic landscapes in 2D materials is a key 
enabling technology for tailoring material properties and quantum ground states at the nanoscale. 
For example, the generation of surface plasmon polaritons (SPPs) in graphene hinges on extrinsic 
sources of free carriers typically achieved by means of electrostatic gating. Alternatively, proximal 
high work function materials integrated in 2D heterostructures offer a reliable method for injecting 
free carriers into graphene (and other 2D materials) without external contacts. The PI has 
systematically investigated charge transfer across a variety of van der Waals interfaces including 
but not limited to: graphene-RuCl3, graphene-WOx, graphene-ZrOx, WSe2-RuCl3 and several 
others. The PI utilized multi-messenger optical nano-spectroscopy and nano-imaging to 
investigate a multitude of effects promoted by charge transfer across vdW interfaces.   

Recent Progress 

 The PI has investigated charge-transfer doping via the work-function mismatch between 
graphene and proximal transition-metal oxide (TMO) layers. This method has allowed the PI to 
implement ambipolar charge-transfer in vdW nanostructures. This study was published in Nature 
Materials in 2023 [Publication 1]. Specifically, our team has demonstrated the creation of 
WOx/graphene and ZrOx/graphene interfaces using oxidation-activated charge transfer (OCT). In 
our approach, charge-neutral graphene is first covered with transition-metal dichalcogenides 
(TMDs), including WSe2 and ZrSe2. Subsequent oxidization, using UV-ozone treatment, 
transforms these TMDs into TMOs: a high-work-function compound WOx promoting hole doping 
in a proximal graphene layer, and a low-work-function compound ZrOx for electron doping to 
produce p- and n-type charge-transfer plasmons, respectively (Fig. 1). To the best of our 
knowledge, the n-type charge transfer at the ZrOx/graphene interface is the first demonstration of 
electron-doping graphene via a van der Waals (vdW) charge-transfer interface.  

Our team has developed an electrostatic model that is suitable to predict and tailor the 
magnitude of OCT-induced charge transfer at vdW interfaces. This new design principle is broadly 
applicable to vdW heterostructures. Our detailed analysis of plasmon dispersion using nano-
infrared (nano-IR) imaging together with our electrostatic model verified the presence of charge 
transfer at both WOx/graphene and ZrOx/graphene interfaces with opposite signs of charge carriers. 
Specifically, our team has found that charge-transfer plasmons residing at these interfaces operate 
at the near-intrinsic limit of graphene and at previously unattainable exceptionally high carrier 
densities. Notably, these plasmonic devices also operate without the need for gating, allowing for 
the generation of a high carrier density without the risk of electrical breakdown. Our team has 
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further demonstrated that the charge transfer process produces laterally abrupt boundaries between 
electron-doped or hole-doped and charge-neutral regions by circumventing fabrication-related 
nanoscale disorder or blurred doping profiles due to electric field fringing. 

 

Figure 1. Charge-transfer plasmon polaritons at the graphene/TMO interface. Panel A: Schematic of WOx/graphene 
plasmonic devices. A subsequent UV-ozone treatment at room temperature converts the topmost monolayer of WSe2 
into WOx, resulting in the formation of charge-transfer plasmons at the WOx/graphene interface. Panel B: Gate-
dependent near-field images of graphene plasmons at the WOx/graphene (left) and ZrOx/graphene (right) interfaces. 
The contrasting gate dependence of the two interfaces verifies the ambipolar nature of SPPs. Panel C: Tunable charge 
transfer at the WOx/graphene and ZrOx/graphene interfaces achieved by inserting spacer layers. Adapted from Kim et 
al. Nature Materials 22, 838–843 (2023) 

WOx/graphene and ZrOx/graphene structures allowed us to implement plasmonic cavities 
with sharp features and designer doping profiles, which are essential for practical nano-scale opto-
electronic circuits. For example, our team has demonstrated the elusive plasmonic whispering-
gallery modes in suspended graphene/TMO heterostructures. Our team has also developed a 
comprehensive numerical model that accurately predicts the salient features of the plasmonic 
whispering-gallery modes observed in nano-IR imaging of our devices. The plasmonic signatures 
of low-loss whispering-gallery modes open pathways for tailored strong light-matter coupling in 
vdW materials integrated quantum cavities, plasmonic sensors, and cavity optomechanical 
systems. 

In parallel, the PI has conducted detailed studies of emergent nano-optical and electronic 
phenomena in graphene/α-RuCl3 heterostructures. Here, heterostructures illuminated with mid-IR 
light are observed to host three types of charge-transfer plasmon polaritons. The analysis of mid-
IR nanoscopy data reveals several remarkable properties of this graphene/α-RuCl3 heterostructure, 
including charge-transfer-induced carrier density in graphene (> 4 × 1013 cm-2). Finally, the PI 
observed an acute sensitivity of interfacial charge transfer on interlayer separation, providing 
another tuning knob for nanoscale electrostatic engineering in 2D. The magnitude and spatial 
dependence of interfacial charge transfer is solidly supported by DFT calculations. [Publication 
6].  
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Future Plans 

Nano-optical experiments carried out by the PI for the first generation of vdW charge transfer 
structures -RuCl3/graphene determined that the carrier density at that charge transfer interface 
can be as high as 4 × 1013 cm-2. The in-depth analysis of the SPPs in -RuCl3/graphene also 
suggests the emergence of the weak electronic response attributable to -RuCl3. Our future plans 
include the exploration of more complex multi-layer structures with “amplified”  charge transfer 
between monolayer graphene (G), bilayer graphene (BLG) and -RuCl3 (R) where the electronic 
response of -RuCl3 is likely to become enhanced. The PI has already fabricated and performed 
preliminary characterization for numerous trilayers. The PI will carry out SPP imaging at 
cryogenic temperature. At low T, the contribution of phonons to SPP losses is suppressed and the 
number of plasmonic fringes increases. This aspect of cryogenic SPPs enhances the fidelity of 
findings extracted from plasmonic data. Recent self-consistent Hartree-Fock calculations by Shi 
and MacDonald revealed the importance of the angular orientation between graphene and 
RuCl3 for the emergent physics at the graphene/-RuCl3 interface [arXiv:2305.1211]. The PI 
will systematically investigate this conjecture. Fabricating multiple structures with varied 
angular alignment of layers is a tedious task. The PI will circumvent this obstacle by employing 
structures with graphene in the form of an extended beam assembled on the surface of RuCl3, 
developed in the group of C.R. Dean (Columbia) and reported in Ref.[1]. Finally, recent 
advances in nano-THz spectroscopy and imaging implemented by the PI will allow him to 
visualize propagating magnon-polariton modes in vdW (anti)ferromagnets integrated in various 
multi-layer heterostructures.  
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Indirect excitons in heterostructures 
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Keywords: 2D exciton and light-matter phenomena, moiré physics, quantum wells, optical 
spectroscopy, spintronics 

Research Scope 

 A spatially indirect exciton (IX), also known as an interlayer exciton, is a bound pair of an 
electron and a hole confined in separated layers in a heterostructure.  

- Long lifetimes of IXs allow them to cool below the temperature of quantum degeneracy. This 
gives an opportunity to realize quantum excitonic systems.  

- Due to IX built-in dipole moment, IX energy is effectively controlled by voltage. This gives an 
opportunity to create tailored potential landscapes for IXs by voltage. 

- Long IX lifetimes allow them to travel over large distances. This gives an opportunity to study 
exciton transport by imaging spectroscopy.  

Due to these properties, IXs are explored as a platform for basic studies of cold excitons – cold  
bosons in semiconductor materials. The goal of this project is to explore IXs in GaAs 
heterostructures, which form the lowest-disorder platform for IXs, and in van der Waals 
heterostructures composed of atomically thin layers of transition-metal dichalcogenides (TMD), 
which are characterized by high IX binding energies and can bring the quantum IX phenomena to 
high temperatures. 

In this contribution, we present (1) the realization of ultacold neutral electron-hole plasma and 
finding of the Fermi edge singularity due to 
Cooper-pair-like excitons, (2) finding of the 
long-distance decay-less transport of IXs in 
TMD heterostructures, and (3) finding of the 
long-distance decay-less spin transport in TMD 
heterostructures. 

Recent Progress 

 1. Fermi edge singularity in neutral 
electron-hole system due to Cooper-pair-like 
excitons [1]. In neutral dense electron-hole (e-h) 
systems at low temperatures, theory predicted 
Cooper-pair-like excitons exist at the Fermi 

energy and form a BCS-like condensate. Optical excitations create e-h systems with the density 

 
Fig. 1. (a) Diagram showing Cooper-pair-

like excitons (oval) with electrons (e) and holes (h) at 
the Fermi energy in a neutral dense e-h system. (b) 
Diagram of the coupled quantum well heterostructure. 
Electrons and holes are confined in separated layers. 
This allows the realization of cold and dense e-h 
system. From [1]. 
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controlled via the excitation power. However, the 
intense optical excitations required to achieve high 
densities cause substantial heating that prevents the 
realization of simultaneously dense and cold e-h 
systems in conventional semiconductors. We 
found that the separation of electron and hole 
layers in coupled quantum well heterostructure 
(Fig. 1) enables the realization of a simultaneously 
dense and cold e-h system. We found a strong 
enhancement of photoluminescence intensity at the 
Fermi energy of the neutral dense ultracold e-h 
system that demonstrates the emergence of an 
excitonic Fermi edge singularity due to the 
formation of Cooper-pair-like excitons at the 
Fermi energy (Fig. 2). We found a crossover from 
the hydrogen-like excitons to the Cooper-pair-like 

excitons with increasing density, consistent with the theoretical prediction of a smooth transition 
(Fig. 2). 

       2. Long-distance decay-less transport of IXs in a van der Waals heterostructure [2]. Long 
lifetimes of IXs allow implementing both quantum exciton systems and long-range exciton 
transport. Van der Waals heterostructures composed of atomically thin layers of TMD offer the 
opportunity to explore IXs in moiré superlattices. The moiré IXs in TMD heterostructures form 
the materials platform for exploring the Bose-Hubbard physics and superfluid and insulating 
phases in periodic potentials. IX transport in TMD heterostructures was intensively studied and 

diffusive IX transport with 1/e decay 
distances d1/e up to 3 μm was realized in 
earlier works. We found in a MoSe2/WSe2 
heterostructure the IX long-range transport 
with d1/e exceeding 100 μm and diverging at 
the optical excitation resonant to spatially 
direct excitons (Fig. 3). The IX long-range 
transport vanishes at high temperatures. With 
increasing IX density, we found IX 
localization, then IX long-range transport, and 
then IX reentrant localization (Fig. 3). The 
results are in qualitative agreement with the 
Bose-Hubbard theory of bosons in periodic 
potentials predicting superfluid and insulating 
phases. 

 
Fig. 2. (a) PL spectra vs the laser excitation power Pex 
at T = 2 K. The e-h densities are n ≈ 11, 9, 7, 5, 4, 3, 
1, and 0.3 × 1010 cm−2 (top to bottom). The spectra 
show the crossover from hydrogen-like IXs at low n 
to an e-h plasma with the Fermi edge singularity due 
to Cooper-pair-like IXs at high n. (b) PL spectra vs 
temperature at Pex = 24 mW. The Fermi edge 
singularity vanishes at high temperatures. From [1]. 

 
Fig. 3. IX transport decay distance d1/e in MoSe2/WSe2 
heterostructure vs excitation power and temperature. The data 
with diverging d1/e are presented by cyan color. From [2]. 
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       3. Long-distance decay-less spin transport in IXs in a van der Waals heterostructure [3]. 
We explored IXs in TMD HS as spin transport carries. TMD heterostructures also offer coupling 
of spin and valley transport. Earlier studies led to the realization of spin transport with 1/e decay 

distances d 
s1/e up to a few µm in IXs in TMD HS. 

We found the long-distance spin transport with 
ds1/e exceeding 100 µm and diverging so spin 
currents show no decay in the heterostructure 
(Fig. 4). We found that the suppression of spin 
relaxation is caused by the suppression of IX 
scattering. This mechanism enables the long-
distance decay-less spin transport. With 
increasing IX density, we found spin 
localization, then long-distance spin transport, 
and then reentrant spin localization. This agrees 
with the Bose-Hubbard theory. 

 

Future Plans 

 GaAs heterostructures form the lowest-disorder platform for studying IXs. We plan to 
study the ultracold neutral dense e-h system realized in coupled quantum well heterostructures 
(Fig. 1) and explore the Cooper-pair-like excitons and BCS-like exciton condensation at high 
densities. In addition to photoluminescence measurements, we also plan to explore this system in 
absorption measurements, which allow accessing new collective states. 

             IXs in van der Waals heterostructures based on single-atomic-layers of TMD are 
characterized by high binding energies, significantly higher than in GaAs heterostructures. Due to 
this property, theoretical predictions indicate that TMD heterostructures can bring the IX quantum 
phenomena studied in GaAs heterostructures at low temperatures, such as condensation and 
superfluidity, to high temperatures. Furthermore, IXs in moiré superlattices provide the 
experimental realization of the 2D Bose-Hubbard model for bosons with repulsive dipolar 
interaction. We plan to explore quantum phenomena in cold exciton gases in TMD 
heterostructures. 
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Research Scope 
 This program aims to exploit extraordinary new scientific opportunities enabled by 
designing van der Waals (vdW) heterostructures that allow creation of novel functional materials 
with unprecedented flexibility and control. The key innovation here is that van der Waal bonded 
materials with different dimensionality and wide-ranging properties can be integrated together to 
form a new class of materials – vdW-bonded heterostructures (vdW heterostructures) - in which 
each constituent can be engineered separately. In this program, we will design and create novel 
vdW heterostructures composed of rich 0D, 1D, and 2D vdW units and their 3D assemblies. 
With such dimensionally diverse vdW heterostructure materials we will elucidate the moire 
superlattice effects and discover novel quantum phases; we will understand non-equilibrium 
quantum transport of novel energy, charge, spin, and valley excitations; and we will reveal and 
control quantum phenomena in heterostructures of different dimensionality. 

Recent Progress:  
We have made important progress in exploring a variety of novel quantum phenomena that can 
arise in van der Waals heterostructures. Here we highlight two studies. (1) Observation of energy 
wave of Dirac fluid in monolayer graphene. (2) Discovery of intralayer charge-transfer moire 
excitons in transition metal dichalcogenide (TMDC) superlattices. 

Observation of energy wave of Dirac fluid in monolayer graphene:  
Ultraclean graphene provides an attractive platform to explore Dirac fluid physics, where 
relativistic electrons and holes form a strongly interacting plasma. The electron-electron 
scattering can dominate over electron-impurity and electron-phonon scatterings in graphene over 
a substantial temperature range, and the many-body system can be well described by a 
relativistic hydrodynamic theory1. Such hydrodynamic Dirac fluid is predicted to host intriguing 
collection excitations that are governed by the strong electron-electron scattering and do not 
depend on the microscopic details of interactions. The most striking example is the energy wave, 
where heat propagates ballistic as a wave rather than through diffusion. This energy wave, also 
known as the electronic second sound, is analogous to the cosmic sound in high energy physics, 
which gives rise to the large-scale fluctuations observed in the cosmic microwave background 
radiation, a relic of the “big bang” creating the universe. Such cosmic sound is predicted to 
propagate at a universal speed of 𝑐𝑐/√𝐷𝐷, where D is the dimensionality. For Dirac electrons in 
graphene, the energy sound speed should have a value of 𝑉𝑉𝐹𝐹/√2.  
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In a collaborative study between Wang and Zettl, we observed for the first time the energy wave 
in ultraclean graphene2. Building 
upon the on-chip terahertz 
spectroscopy developed previously 
by our program3, we performed 
spatial-temporal terahertz imaging 
to directly probe the propagation 
of energy wave in graphene. 
Figure 1a shows a cross-section 
view of the graphene device. Fig. 
1b shows a top view of the whole 
device and an illustration of 
spatial-temporal imaging 
technique. A 532 nm femtosecond 
laser is focused to a narrow line 
with lateral width around 1 µm to 
create an ultrafast local thermal 
excitation of the electron system in 
graphene. In the hydrodynamic 
regime, this transient heat pulse 
can propagate as energy waves 
along the graphene channel (white 

arrow). When the energy wave reaches the waveguide nanogap, it can generate a transient 
electrical signal (i.e. a THz pulse) in the waveguide. Here the metallic nanogap in the waveguide 
acts as a THz nanoantenna that converts the local charge oscillation associated with the energy 
wave in weakly doped graphene to a strong THz electrical signal. This terahertz pulse will 
propagate along the waveguide and be detected by the GaAs photoconductive detector. By 
scanning the position of the line excitation and triggering the GaAs detector using a time-delayed 
pulse, we can measure the THz electrical signal 𝐸𝐸(𝑡𝑡, 𝑥𝑥) as a function of the pump position (x) 
and the time delay (t). This spatial-temporal mapping directly probes the propagation behavior of 
the energy wave.  

Figure 1c shows the spatial-temporal evolution of the measured THz signal at different electron 
densities. The graphene temperature is at 300 K in these measurements. A propagating energy 
wave is clearly observed in all carrier densities. At extremely low carrier density (n ~ 0.1×1011 
cm-2), the energy mode has a velocity close to 𝑉𝑉𝐹𝐹/√2 (red dash line in Figure 6a), where 𝑉𝑉𝐹𝐹 =
1 × 106 𝑚𝑚/𝑠𝑠7. This propagation speed is a defining signature of the energy wave in charge 
neutral Dirac liquid.  Our first observation of energy waves of Dirac fluid opens new 
opportunities to explore collective hydrodynamic excitations in low dimensional materials. 
 

 

Fig. 1: (a) The side view and (b) top view of an on-chip terahertz 
spectroscopy device for measuring the hydrodynamic energy wave in 
graphene. The local pump beam heats the Dirac fluid and launches the 
energy wave in graphene. The induced electron temperature increase in 
the graphene below the metal waveguide is probed by terahertz pulses 
generated by the probe beam. (c) Spatial-temporal imaging data reveal the 
demon propagation at various carrier densities for (a) n = 0.1×1011 cm-2. 
(b) n = 0.4×1011 cm-2. (c) n = 0.8×1011 cm-2. (d) n = 1.2×1011 cm-2. (e) n = 
1.9×1011 cm-2. Red dash line in panel a marks 𝑉𝑉𝐹𝐹/√2  (𝑉𝑉𝐹𝐹 = 106 m/s). 



 

106 
 

Elucidating the nature of moire excitons in WS2/WSe2 heterostructures:  
Excitonic physics in transition metal dichalcogenide (TMD) moiré superlattices have garnered 
great interest due to recent identification of multiple new resonances in the photoluminescence 
and absorption spectra. For example, in the WS2/WSe2 heterostructure, the WSe2 A exciton peak 
splits into multiple emergent peaks when the twist-angle between the layers is reduced to less 
than ~2° (Fig. 2a).4 The microscopic nature of the moiré excitons, however, has been a mystery 
because, so far, optical probes do not have the spatial resolution required to resolve the electron 
and hole positions of individual excitons states in the superlattice unit cell.  

In a collaborative study between Louie and Wang, we elucidate the nature of the moire 
exciton states of TMDC moire heterostructures5. Louie’s group developed a novel computational 
scheme to solve the large-scale Bethe-Salpeter equation of the entire moiré superlattice, which 

enables us to study for the 
first time the microscopic 
electron-hole distributions 
in different moiré exciton 
states. Combined with 
micro-reflection 
spectroscopy by Wang 
group, we establish the 
nature of moiré exciton 
resonances in rotationally 
aligned WS2/WSe2 
heterostructures. Our 
calculation reveals that 
different moiré excitons 
are modulated differently 
by the moiré superlattice 

and exhibit distinct characters. Notably, the lowest energy moiré resonance (peak I) is described 
by a Wannier-type exciton with a tightly bound electron and hole pair (Fig. 2b), while the highest 
energy moiré resonance (peak III) is characterized by an intralayer charge-transfer exciton with 
the electron and hole densities spatially separated in the moiré superlattice (Fig. 2c). To our 
knowledge, this is the first identification of an intralayer charge-transfer exciton in 2D materials. 
The different characters of the different moiré exciton resonances are confirmed experimentally 
through their dependences on the carrier doping and magnetic field in the moiré heterostructure.  

Our study shows that novel exciton states with highly unusual electron-hole correlations, 
including intralayer charge-transfer excitons, can be present in TMD moiré superlattices. They 
can give rise to intriguing electron-exciton interactions and can lead to new ways for electrical 
control of moiré excitons.  

 

Fig. 2 : (a) Multiple moire exciton peaks have been observed previously in the 
WS2/WSe2 moire heterostructure (ref. 4). We show that the different moire exciton 
have completely different microscopic structures. (b) Property of moire exciton 
resonance I. The red dot shows the hole position with the highest probability. The blue 
shade shows the corresponding electron distribution when the hole is at the red dot 
position. Peak I shows tightly a bound electron-hole pair, as in typical Wannier 
excitons. (b) Property of the moire exciton resonance III. The electrons are mostly 
localized at moire sites away from the hole position, corresponding to a new type in-
plane charge transfer exciton unique to the moire heterostructure.  

a b c
Peak I Peak III 



 

107 
 

 
Future Plans 
We propose to push the frontiers of vdW heterostructure research with unique and collaborative 
efforts of our team members. Specifically, we will design and create a new class of artificial 
quantum materials that are enabled by integrating 0D, 1D, and 2D vdW materials with widely 
varying properties into vdW heterostructures. Using these artificial quantum materials, we will 
advance vdW heterostructure research in three closely connected directions. 

(1) We aim to achieve systematic understanding of the atomic reconstruction, interlayer 
interaction, and electronic structure of moiré systems at a microscopic level by combining state-
of-the-art ab initio calculations, analytical theory of strong correlation, atomically precise 
structural characterization, and electrical/optical/x-ray spectroscopy characterizations.  

(2) Beyond new quantum phases in the ground state, we will characterize and control non-
equilibrium quantum transport of novel charge, spin, valley, and energy excitations in 2D vdW 
heterostructures. For example, we will further explore the propagation as well as focusing of the 
energy wave of the Dirac liquid and their response to magnetic fields, and we will investigate 
ultrafast dynamics of the different type of moire exciton states. 

(3) 0D, 1D, and hybrid-dimension vdW heterostructures can give rise to completely new 
quantum phenomena thanks to the quantum confinement and enhanced correlation. We will 
investigate novel quantum and topological properties of 0D vdW molecules and 1D vdW chains 
that are stabilized in carbon and boron nitride nanotubes.  
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Program Scope: Quantum materials are a fertile ground for discovery of new phases and 
phenomena with potential to advance energy, transportation, medical and information 
technologies. In these materials, quantum effects are intensified by the combination of 
frustration, strong interaction and low-dimensionality. Competing spin, orbital, and lattice 
interactions yield a multiplicity of nearly degenerate ground states and complex phase diagrams 
that can be challenging to characterize. The challenges and opportunities presented by this class 
of materials motivates the overarching goal of our Quantum Materials FWP: to understand, 
manipulate, and control interacting forms of order in condensed matter systems that arise through 
interactions shaped by quantum physics. The current research Quantum Materials FWP is 
organized into two themes.  

• Theme 1: Non-locality and coherence in magnetic quantum materials. The goal of this 
part of the program is to extend our understanding of spin dynamics in condensed matter 
to new regimes and classes of materials.  

• Theme II: Superconductivity and intertwined phases in strongly correlated quantum 
materials. The goal of this theme is to achieve a deeper understanding how different 
forms of order, such as nematic, spin and charge density phases, compete, coexist, or 
collaborate with superconductivity.  

Both themes are pursued by combining bulk crystal growth and thin-film heterostructure 
synthesis with advanced characterization that includes: spin- and time-resolved ARPES; a suite 
of optical probes spanning terahertz to visible wavelengths; X-ray and neutron scattering; 
transport, thermodynamic, and scanning microscopy probes; and theoretical modelling. 

Recent Progress  

In this abstract for our presentation at the ECMP Meeting we feature progress and future plans in 
Theme I. Harnessing electron spin is one of the central goals of condensed matter physics. A 
particularly exciting direction is the coupling of spin to charge and lattice degrees of freedom as 
a route to transduction in quantum systems. To this end, it is essential to understand and control 
the generation, propagation, and detection of spin information. Recent progress in magnetically 
ordered systems has shown promise in using propagating spin waves – collective excitations of 
the electron spins – to transport information over large distances (1). Increasingly, attention has 
focused on quasi-two-dimensional (2D) systems in which planar ferromagnetic order couples 
either ferro- or anti-ferromagnetically from layer to layer.  Of particular interest are systems in 
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which magnetocrystalline anisotropy favors alignment of spin parallel to the layers (2). 
Compared with easy-axis systems, such easy-plane magnets exhibit highly tunable spin 
dynamics and potentially a form of dissipationless spin transport known as spin superfluidity (3).  

We use temporal and spatially resolved optical techniques to probe the spin transport. In our 
pump/probe measurement scheme, the pump pulse excites a spin wavepacket whose propagation 
is detected by a time-delayed and spatially-separated probe pulse through the magneto-optic Kerr 
effect or optical birefringence. The range of wavevectors that comprise the spin wavepacket is 
determined by the Fourier transform of the real space excitation density, which is typically 
Gaussian.  Since the size of the focused laser spot is diffraction limited, the excited wavevectors 
are typically within the range of inverse micrometers. In this long wavelength regime, the 
propagation of spin is dominated by magnetic dipole interactions, drastically altering the 
properties that arise from short-ranged exchange interactions alone (4). Excitations in this regime 
are referred to as magnetostatic spin waves (MSWs) although they are fully dynamic; the term 
arises because their dispersion relations can be obtained within the magnetostatic approximation, 
∇ × 𝐻𝐻 = 0, which is valid because spin wave velocities are much smaller than the speed of light.   

Spin Wavepackets in the Kagome Ferromagnet Fe3Sn2: Propagation and Precursors: We 
chose the easy-plane kagome ferromagnet 𝐹𝐹𝑒𝑒3𝑆𝑆𝑛𝑛2 for our initial study of spin propagation 
because of its weak magnetocrystalline anisotropy (5).  Figures 1a and 1b show snapshots of 

magnetization maps measured 
at a pump-probe time delay of 
220 ps, showing clear 
evidence of anisotropic 
propagation. The anisotropic 
propagation we observe in 
𝐹𝐹𝑒𝑒3𝑆𝑆𝑛𝑛2 differs qualitatively 
from the isotropic group 
velocity predicted by Damon 
and Eshbach (4).  In the 
theoretical component our 
work, we show that anisotropy 
emerges when the DE 
formalism is extended to 
biaxial XY magnets in which 

there is a hard axis perpendicular to the plane and an easy axis within the plane. Fig. 1c shows 
the calculated spin wave frequency in the 𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦 plane for fixed 𝑘𝑘𝑧𝑧 = 1 𝜇𝜇−1.  Line cuts through 
this plane defined by 𝑘𝑘𝑥𝑥 = 0 (purple) and 𝑘𝑘𝑦𝑦 = 0 (orange) plotted in Fig. 1d show forward 
propagation along the 𝑦𝑦 direction and backward along 𝑥𝑥, with a saddle point at 𝒒𝒒 = 0. These 
predictions are unique to biaxial ferromagnets and are distinct from the uniaxial (DE) case, in 
which there are no forward propagating reciprocal modes.  

Figure 1: (a,b) Snapshot of spin wavepacket propagation at 207 ps after 
pump pulse showing two principal axes; (c,d) Theoretically predicted 
magnon dispersion; (e,f) Phase front trajectories for the two principal 
axes verifying the prediction of saddle point dispersion.  
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The prediction of a saddle dispersion relation was tested by measuring the trajectory of the spin 
wavepacket phase fronts as a function of pump/probe separation along the two principal axes of 
propagation. The results are presented in Figs. 1e, f as color plots in the time-separation plane. 
The slope of the lines of constant phase distinguishes forward vs. backward propagating modes. 
In agreement with our theoretical prediction for the biaxial ferromagnet, modes with wavevector 
perpendicular to 𝑴𝑴 are forward propagating, and backward propagating for wavevectors parallel 
to 𝑴𝑴. 

Universal spin wavepacket transport in van der Waals antiferromagnets: Two-dimensional 
van der Waals antiferromagnets are currently under intense investigation as platforms for the 
generation, propagation, and detection of spin information.  Recently, it was shown that in the 
insulating van der Waals (vdW) semiconductor, CrSBr, strong spin-exciton coupling enables 
readout of magnon density and propagation using photons of visible light (6). This exciting 
observation came with a puzzle:  photogenerated magnons were observed to propagate 103  
times faster than the velocity inferred from neutron scattering, leading to a conjecture that spin 
wavepackets are carried along by coupling to much faster elastic modes.  In our work, we 
showed, through a combination of theory and experiment, that the propagation mechanism is, 
instead, coupling via the long-range dipole-dipole interaction. This mechanism is an inevitable 
consequence of Maxwell’s equations, and as such, will dominate the propagation of spin at long 
wavelengths in the entire class of vdW magnets currently under intense investigation.  Moreover, 
identifying the mechanism of spin propagation provides a set of optimization rules, as well as 
caveats, that are essential for any future applications of these promising systems.  

The conclusion that dipole-dipole coupling is responsible for spin wave propagation in CrSBr is 
based on our discovery of salient features of the spin dynamics predicted by our theory of 

 

Figure 2: Three key features of magnon propagation in CrSBr that validate the dipole coupling mechanism. (a) Snapshots 
of spin wavepacket propagation in CrSBr showing isotropic group velocity; (b) Wavepacket amplitude measured with 
pump/probe overlap. The amplitude decays faster in thicker crystals because the group velocity is proportional to 
thickness; (c) The slope of the phase front trajectories verifies the prediction of negative group velocity. 
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magnetostatic modes in biaxial magnets: (1) near isotropy of spin wave propagation in the lower 
magnon band; (2) dependence of group velocity on sample thickness; (3) and the observation 
that the group and phase velocity of the spin wavepacket are opposite in sign. 

  

Future directions 

• Magnons is CrSBr as a probe of quantum materials: The extraordinary features of magnon 
propagation in CrSBr – large coherence length and sensitive readout via optics – can be used 
as probe of collective modes in metals, superconductors, and magnets. Fig. 3 shows two 
approaches in which materials under test are placed in contact with CrSBr: (left side) thin 
samples in which the group velocity is zero can be used to probe spin transport and 
damping;(right side) thick samples can be used as a platform to measure transmission of spin 
information. 

 
Figure 3: Projected use of magnons in CrSBr as a probe of spin dynamics in correlated metals, superconductors, 
and magnets. 

• Magnon propagation in noncolinear antiferromagnets: We have discovered that magnons can 
be optically generated and detected in 𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛2𝐴𝐴𝑠𝑠2, a fascinating system in which helical and 
antiferromagnetic order coexist (7).  As it appears that magnetocrystalline anisotropy is 
extremely weak in this system, we will investigate the possibility of propagation via 
Goldstone modes of the helix. 
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Research Scope 

In this grant period, we explore how the strong interactions between excitons and free 
carriers in atomically thin semiconductors can lead to giant nonlinear optical effects.   Realizing 
strong nonlinear optical responses is a long-standing goal of both fundamental and technological 
importance. Recently significant efforts have focused on exploring excitons in solids as a pathway 
to achieving nonlinearities even down to few-photon levels. However, a crucial tradeoff arises as 
strong light-matter interactions require large oscillator strength and a short radiative lifetime of the 
excitons, which limits their interaction strength and nonlinearity. Here we experimentally 
demonstrate strong nonlinear optical responses by exploiting the coupling between excitons and 
carriers in an atomically thin semiconductor of trilayer tungsten diselenide.1 By controlling the 
electric field and electrostatic doping of the trilayer, we observe the hybridization between 
intralayer and interlayer excitons along with the formation of Fermi polarons due to the 
interactions between excitons and free carriers. We find substantial optical nonlinearity can be 
achieved under both continuous wave and pulsed laser excitation, where the resonance of the hole-
doped Fermi polaron blueshifts by as much as ~10 meV. Intriguingly, we observe a remarkable 
asymmetry in the optical nonlinearity between electron and hole doping, which is tunable by the 
applied electric field. We attribute these features to the strong interactions between excitons and 
free charges with optically induced valley polarization. Our results establish that atomically thin 
heterostructures are a highly versatile platform for engineering nonlinear optical response with 
applications to classical and quantum optoelectronics and open avenues for exploring many-body 
physics in hybrid Fermionic-Bosonic systems.  

Recent Progress 

In our experiments, we fabricated dual-gated homotrilayer WSe2, first investigating their basic 
excitonic properties and then exploring their optical nonlinearity (Fig. 1a & b). As we apply 
electric field, we observe the photoluminescence (PL) of the intralayer momentum direct exciton 
XA, corresponding to the K-K transition, and the lower energy XI with a finite Stark shift, which 
are the momentum-indirect excitons at the band edge (Fig. 1c). Next, we measure the reflectance 
of the trilayer under an electric field (Fig. 1d). In addition to the intralayer XA excitons at 1.71 
eV, we observe an additional strong reflectance contrast at 1.78 eV (IXD), which exhibits a 
substantial Stark effect of almost 100 meV. The finite reflection contrast and linear Stark effect 
of IXI suggest that it corresponds to interlayer exciton at the direct K-K transition with larger 
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oscillator strength than those 
momentum-indirect excitons 
observed in PL. From the slope of 
the Stark effect, we estimate the 
electron-hole displacement to be 
1.35 𝑛𝑛𝑚𝑚. Interestingly, as the 
energy of IXD approaches that of the 
intralayer exciton XA under a higher 
electric field, we observe an 
apparent anti-crossing behavior of 
XA and IXD near the electric field of 
0.05 V/nm. The observed anti-
crossing can be fitted using a simple 
coupled oscillator model, from 
which we estimate a coupling 
strength of W = 10± 2 meV between 
XA and IXD. Lastly, we further 
characterize how electrostatic 
doping influences the optical 
response of the excitons while 
keeping the electric field at zero 
(Fig. 1e). With doping, the 
reflectance from neutral interlayer 
excitons diminishes as they lose 
their oscillator strength, while the 
charged intralayer excitons emerge, 
i.e., trions or Fermi polarons, which 
redshifts with increasing doping 
levels. 

Next, we study the system’s nonlinear optical response by measuring the trilayer’s reflectance 
spectra under different laser pumping. Figs. 2a-c show the reflectance spectra of the sample, 
probed with a broadband halogen lamp, while we excite the system with a 635nm continuous 
wave (CW) laser of different power. When the trilayers are electron-doped or intrinsic, optical 
pumping does not alter the reflectance spectra significantly. Intriguingly, however, in the hole-
doped regime, optical pumping leads to a dramatic blueshift of the exciton energies on the order 
of a few millielectronvolts under microwatts excitation (Fig. 2b). Fig. 2d shows the reflectance 
spectra change induced by the optical pumping, relative to the reflectance spectra without 
pumping, under symmetric gating where we vary the doping concentrations without applying an 
electric field. We observe a striking asymmetry between the electron and hole sides. Figure 2e 
shows how the reflectance contrast of the XA+ evolves as we increase the average power of the 

 

Fig. 1. Dual-gated WSe2 homotrilayer van der Waals 
heterostructure and their optical characteristics under gating 
at T = 4 K. a, a schematic of device where homotrilayer WSe2 is 
encapsulated with two hBN of 15~20 nm thick. b, an optical image 
of the homotrilayer WSe2 device (Scale bar: 5 𝜇𝜇𝑚𝑚). The trilayer 
region is indicated by the yellow dashed line. c, Photoluminescence 
map of the WSe2 trilayer with electric field. The bright emission 
with a stark shift from 1.5 to 1.58eV with electric field corresponds 
to the indirect exciton XI. The upper weaker emission at 1.7eV 
corresponds to the momentum direct K-K intralayer exciton XA. d, 
Reflectance spectra with electric field of the WSe2 trilayer. The 
high energy momentum direct K-K interlayer exciton shows a Stark 
shift of ~100 meV and hybridize with XA when they become energy 
degenerate around the electric field of 0.05 V/nm. e, Doping density 
dependent reflectance spectra of the WSe2 trilayer. With increasing 
doping concentration, the intralayer trion or Fermi polaron (XA

-

/XA
+) shifts toward lower energy. 
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resonant excitation laser. A blueshift of as much as 10 meV is induced under tens of microwatts 
of optical pumping.  

The observed large Stark effect and 
anti-crossing can be understood by 
examining the crystal and band 
structure of trilayer WSe2. In 
trilayers, each monolayer is rotated 
by 180 degrees with respect to the 
neighboring layer, resulting in 
alternating K and K’ points between 
layers (Figs. 3a, b). The sizeable 
spin-orbit coupling in the valence 
band dictates that the direct 
tunneling between the neighboring 
layers would be much weaker than 
that between the top and bottom 
layers across the middle layer. Such 
tunneling between the top and 
bottom layer leads to finite oscillator 
strength of interlayer K-K excitons 
IXD and their avoided crossing with 
intralayer excitons XA. 

We attribute the observed strong 
optical nonlinearity to the 
interactions between intralayer 
excitons and free carriers. In 
particular, excitons created by 
optical pumping can induce a valley 
population imbalance of resident carriers between K and Γ valleys, via mechanisms such as 
exciton-carriers scattering (Fig. 3c, d). Under zero electric field, the energy difference between K 
and Γ is rather small in trilayers, and Γ point is spin-degenerate2. As a result, holes at the Γ point 
could be efficiently scattered into the K valley by excitons such as XA and XI, via Coulombic and 
exchange interactions. This creates a net accumulation of valley population at both K and K’, 
which induces phase space filling and, consequently, the observed blueshift. Such a blueshift 
induced by exciton-charge interactions does not occur in the intrinsic regime because of the lack 
of free carriers. Meanwhile, free electrons will experience a much higher energetic barrier for 
population transfer into K valleys due to the much larger energy splitting of Q and K valleys in 
the conduction band. This explains the observed strong asymmetry of optical nonlinearity on the 
electron vs. hole side. Another possible mechanism for optically induced valley polarization 

 

Fig. 2. Nonlinearity in hole doped homotrilayer WSe2 
at T = 4 K . a, b, c, Reflectance contrast R/R0 of the trilayer under 
0 𝜇𝜇W, 10 𝜇𝜇W, 30 𝜇𝜇W CW (635nm) laser excitation with different 
doping levels, where R0 is the reflectance of a reference region near 
the trilayer region with bare hBN on SiO2 on the sample. d, Relative 
change in the sample reflectance induced by 30 𝜇𝜇W of CW laser 
pumping under different doping. The color map is obtained by 
normalizing the reflectance change induced by the CW excitation 
with respect to the reflectance without optical pumping,  ∆𝑅𝑅/𝑅𝑅 =
 
𝑅𝑅(30𝜇𝜇𝜇𝜇)

𝑅𝑅(𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)
− 1 . The color contrast (red at higher energy, blue at 

lower energy) refers to the peak blue shift. e, Peak shift of the XA
+ 

as a function of the pulsed laser excitation power (718-720nm, 
resonant with XA

+), at hole doping of 8 × 1012𝑐𝑐𝑚𝑚−2. 
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could be that the accumulation of XI 
excitons with finite dipole moments 
creates an effective displacement field 
across the trilayer by introducing a 
relative energy shift between K and Γ. 
In both proposed mechanisms, XI can 
play an important role in the exciton-
carrier interaction, which could 
underly the dynamics of the 
nonlinearity (Figs. 2d). Based on the 
lifetime of XI+ and the sample’s 
absorption at the laser excitation, we 
estimate the density of the XI+ to be at 
least ten times smaller than the 
resident carriers, but comparable to 
the required valley polarization to 
induce the observed blueshift by 
phase space filling, therefore 
consistent with our observations.  

Future Plans 

 We plan to explore how 
confining the holes and excitons in a 
moiré superlattice could further 
enhance the optical nonlinearity via 
quantum confinement. We also plan to 
further investigate the low carrier density regime, where the electron correlation effect becomes 
important and intricate interplay between optical nonlinearity and Wigner crystals could emerge. 
We also plan to explore the intriguing possibility of realizing distinct moiré lattice geometries in 
Γ vs. K valleys, such as Kagome, triangular, and honeycomb3. The optical control of the population 
at the Γ vs. K valleys may open new avenues for realizing dynamically tunable moiré and 
correlated systems. 

References 

1. L. Gu, L. Zhang, R. Ni, DS Wild, M. Xie, S. Park, H. Jang, K. Watanabe, T. Taniguchi, M. Hafezi, & Y. Zhou. 
Giant optical nonlinearity of Fermi polarons in atomically thin semiconductors. arXiv:2306.11199 (2023) 

2. H. C. P. Movva, T. Lovorn, B. Fallahazad, S. Larentis, K. Kim, T. Taniguchi, K. Watanabe, S. K. Banerjee, A. 
H. MacDonald, & E. Tutuc. Tunable Γ-K Valley Populations in Hole-Doped Trilayer WSe2. Phys. Rev. Lett. 120, 
107703 (2018). 

3. A., Mattia, & A. H. MacDonald. Γ valley transition metal dichalcogenide moiré bands. Proceedings of the 
National Academy of Sciences 118, e2021826118 (2021). 

 

Fig. 3. Electronic band structure of trilayer WSe2. a, 
The crystal structures of natural trilayer WSe2 dictates alternating 
K and K' valleys among neighboring layers. The strong spin-orbit 
coupling of holes leads to weak tunneling among neighboring 
layers but strong tunnelling between the top and bottom layer. b, 
The tunnelling of holes between top and bottom layer results in 
the hybridization of intralayer K-K excitons XA and interlayer K-
K excitons IXD. c, d, Band structures and carrier populations of 
hole-doped trilayer WSe2 in the absence of electric field. c, 
Optical excitation generates both momentum intralayer 𝑋𝑋𝐴𝐴+ and 
momentum indirect XI of higher population. Intralayer Fermi 
polaron 𝑋𝑋𝐴𝐴+ can interact with XI and the free holes in the system. 
d, Under strong optical excitation, the interaction between 
intralayer excitons and free charges can induce a population 
transfer of carriers from the Γ to the K valley. The energy 
difference between Γ and K is small. The additional free carriers 
in K valley leads to phase space filling and optically induced 
blueshift of 𝑋𝑋𝐴𝐴+. 
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Design, discovery and chemical synthesis of earth abundant magnetic nitrides 

 

Project PI: Sage Bauers, National Renewable Energy Laboratory 

 Keywords: ferromagnets, polycrystalline materials, materials discovery, metastability 

Research Scope 

Permanent magnets are required 
in vast quantities to deploy 
technologies related to energy 
conversion and electric mobility. 
New magnetic materials are 
required both to strengthen 
supply chains and to increase 
performance over current state of 
the art. Major materials advances 
in earth abundant materials 
suitable for permanent magnets 
have all but stopped in the past 
few decades.1 This program is discovering new magnetic nitrides, which we hypothesize hold 
untapped potential as a chemical family for permanent magnets. Nitrogen’s position on the 
periodic table imparts an intermediate electronegativity. This makes N more electron-withdrawing 
than the anions conventionally found in permanent magnets (B and C), affording both increased 
magnetic strength of >d5 ions and stronger structural distortions away from high symmetry 
structures at dilute concentrations, both necessary ingredients for high performance magnets. 
Conversely, N is not as anionic as O, so it is less likely to drive transition metals into high oxidation 
states or form rigid ionic structures favoring antiferromagnetic correlation through super exchange. 

We elect to pursue two approaches for discovering new magnetic nitrides. In the first approach, 
we draw inspiration from the strongest known ferromagnet, Fe16N2.2 While it is often described as 
an interstitial nitride based on cubic close packed (ccp) Fe, we instead view Fe16N2 through the 
lens of a vacancy-ordered double antiperovskite (VODAP). This establishes a slew of chemically 
intuitive spaces—other antiperovskites (APs)—to begin searching for new high-performance 
magnetic nitrides. For the second approach, we are employing high-throughput predictive 
workflows to identify altogether new nitride families that are rich in 3d metals. We previously 
developed similar complementary computational and experimental workflows to predict and 
synthesize new nitrides,3 which are being amended for high fidelity in magnetic chemistries. 

The primary reason that promising nitrides are underutilized for permanent magnet applications 
lies in their synthesis. Conventional metallurgical processing based on nucleation, gaseous 

Fig 1: This project pursues three research thrusts enabling designed 
magnetic materials. (i.) understanding how chemical substitutions in 
magnetic antiperovskite nitrides leads to different structural distortions 
and magnetic exchange interactions. (ii.) developing workflows to 
predict and prepare new families of metal-rich nitrides containing ferrous 
elements. (iii.) employing unconventional thermodynamic handles and 
synthetic control to prepare new magnetic materials. 
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diffusion, and high temperature sintering naturally precludes synthesis of materials with low or 
positive formation enthalpies and even operationally stable materials that cannot survive high-
temperature processing because of, for example, volatilized N2. To this end, we are developing 
new nitride synthesis approaches, which are in turn guided by high dimensional computational 
phase diagrams, to prepare new magnetic materials under gentle reaction conditions.  

Recent Progress 

Thrust 1: Chemical modifications in the AP family 

Inspired by reports of myriad magnetic properties in 
alloyed and off-stoichiometric derivatives of Mn3GeN, we 
have elected to first study APs in this system. While there 
are several reports on Mn3GeN dating back to the 1970’s, 
incomplete literature data leaves several questions 
regarding how compositional changes influence its 
properties. The initial hypothesis guiding this work is that 
the varying magnetism of nitride APs arises from a 
competition between local AFM moments in X6B 
octahedra and itinerant ferromagnetic (FM) moments from 

A site electrons (cf. Fig 1i), providing several avenues to 
control the net magnetic properties.  

We prepared Mn3GeN as bulk powders and subsequently 
studied how denitriding the AP induces change to the 
magnetic properties (Fig 2). We find AP Mn3GeN is a canted 
antiferromagnet (AFM) at room temperature with a small 
hysteresis. Prior reports on Mn3GeN noted the PM–AFM 
transition was concomitant with a structural distortion to 
tetragonal symmetry. Within our model, the tetragonal phase 
results from Mn6N octahedral rotations, likely disrupting the 

inter-octahedral superexchange interaction strength and thus favoring ferrimagnetic order. Similar 
disruptions might arise from intra-octahedral modifications, for example by denitriding. We note 
that this is conceptually similar to creating a VODAP from a stoichiometric perovskite (Fig 1i). 
Surprisingly, when Mn3GeN is gently denitrided to Mn3Ge, a new polymorph is formed in which 
the baseline AP metal lattice is almost entirely “locked” into place. The new phase is a hard FM 
with an impressive room temperature coercive field, HC, of 1 T and TC over 350 K (Fig 3). 

Thrust 2: Structural design of magnetic nitrides  

To expand the number of magnetic nitride candidates requires rational methods to predict stable 
new chemistries and structures. We’ve amended our prior nitride search algorithms,3 based on 
ionic substitution, to be suitable for magnetic materials with less ionic character, by making 

Fig 2: X-ray diffraction of Mn3GeN AP 
and Mn3Ge achieved by topotactic 
denitridation of the AP phase. 

 
Fig 3: M–H loops (300 K) collected 
from Mn3GeN AP (blue, canted AFM) 
and the new Mn3Ge phase (red, hard 
FM). 
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substitutions based on the structural prototypes atoms share. While our original algorithm only 
predicted 6 new stable ternary nitrides not containing alkaline metals or Zn—elements that are 
generally undesirable for magnetism because they help drive transition metals into high oxidation 
states in ternary nitrides—the updated approach yields 49 such candidates. Only 1 of the original 
6 compounds contained 2 transition metals: MnCoN2. For this reason, MnCoN2 is explored first. 

MnCoN2 was originally predicted in the R3m structure 
with Mn and Co tetrahedrally coordinated by nitrogen. 
However, subsequent calculations found several lower 
energy polymorphs with a ground state in the rocksalt-
derived α-NaFeO2 prototype. We synthesize MnCoN2 
using high-throughput thin film approaches. The ternary 
MnCoN2 material’s magnetism is significantly altered 
from the binaries. While MnN is AFM with TN = 650 K 
and CoN is paramagnetic, MnCoN2 displays AFM 
correlations with TN ≈ 15 K (Fig 4). MnCoN2 exhibits the 
face-centered cubic symmetry of a simple rocksalt 
structure, suggesting a significant degree of cation antisite 
disorder as is common in ternary nitrides. Both binaries also exhibit face-centered cubic (or nearly) 
symmetry (MnN is distorted rocksalt and CoN is zincblende), so more work is required to 
unequivocally determine the structure. Our proposal to answer these questions using X-ray 
absorption spectroscopy (XAS) at Brookhaven National Laboratory was recently awarded time.  

 Thrust 3: Designing metastable magnetic nitride 
synthesis by controlling chemical potentials 

Because of its chemical and predicted structural similarities 
to other nitrides our team has discovered, the first 
metastable magnetic material we studied was MnSnN2. 
MnSnN2 was predicted to be a magnetic semiconductor 
with a wurtzite (WZ)-derived crystal structure (Pna21), like 
chemically analogous AFM semiconductors MnSiN2 and 
MnGeN2. We used thin film approaches with high μN 
during synthesis to achieve the first experimental 
realization of metastable MnSnN2. The material exhibited 
sufficient cation anti-site disorder such that the diffraction 
signature is of simple WZ (P63/mc, Fig 5). Semiconducting 

properties of WZ-MnSnN2 are comparable to MnSiN2 and MnGeN2, but an AFM ordering 
transition is surprisingly not observed until ca. 10 K—over 400 K below MnSiN2 and MnGeN2.  

 To understand the origins of the TN discrepancy, we compared the magnetic ordering energy of 
atomically ordered and disordered MnSnN2 using Monte Carlo + DFT. Fig 6 shows the evolution 

 
Fig 4: Field-cooled (FC) and zero-field-
cooled (ZFC) magnetization of MnCoN2, 
which has starkly different magnetism 
than MnN and CoN binary compounds. 

Fig 5: Diffraction of various Mn-Sn-N 
compositions shows wurtzite is stable 
over a large phase-width. 
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of magnetic energy from cation-ordered and -disordered 
MnSnN2 as spins are computationally quenched. The 
disordered supercell remains in a paramagnetic state 
throughout the simulation, 

whereas the ordered atomic structure adopts magnetic order 
around 600 K, in relatively good agreement with experiments 
on ordered MnSiN2 and MnGeN2. Synthesizing MnGeN2 as 
thin films yields similar results to MnSnN2: cation disordered 
material and TN ≈ 25 K. Thus, in these wurtzite-based 
materials anti-site disorder appears to significantly frustrate 
magnetic order, which we propose can be an important 
design consideration—and tool—for both promoting and inhibiting magnetism in complex 
materials. 

Future Plans 

Thrust 1: we will continue investigating Mn3AN alloys (A = Al, Si, Ga, Ge) and continue 
denitridation studies to further test our exchange hypothesis against known compounds. We will 
also explore (3d)3PMN (3d = Fe, Co, Ni and PM = precious metal) APs, since their broad 
predicted stability and ferromagnetism affords low-hanging opportunities to study systematic 
changes to AP metal sites. We are particularly interested in learning how magnetic anisotropy 
can be instilled into APs with high magnetization by decorating a predominantly ferrous element 
matrix with 5d elements providing strong orbital momentum, together leading to a high 
performing material. 

Thrust 2: we will synthesize candidate metastable ferromagnetic materials predicted by our 
expanded substitution algorithms. For example, we predicted a series of Mn12M12N4 (M = Hf, 
Nb, Ta) compounds, which have a compelling structure (shown in Fig 1ii) comprising a ferrous 
matrix punctuated by M6N octahedra. Denitriding could lead to isolated M6N polyhedra akin to 
Fe16N2, but with heavy M elements that may help produce high coercivity through spin orbit 
coupling. Another family of predicted materials are (3d)8M16N4 (3d = Fe, Co, Ni and M = Ti, Nb, 
Hf), which have a similar structure but the 3d metals form isolated tetrahedra. 

Thrust 3: many predicted magnetic nitrides are barely above the thermodynamic ground state 
such that perturbation to the Gibbs energy by a field during synthesis could assist with their 
realization (Fig 1iii). Thus, we are building a custom furnace giving the ability to prepare 
materials in a 14 T field. Heat flow modeling of a manufacturable design is promising up to 1000 
K, and manufacturing is imminent. In addition, we are continuing work on soft synthesis 
approaches, such as topotactic denitridation, to provide routes to phases incompatible with 
ceramic synthesis. 

 

Fig 6: Monte Carlo + DFT 
comparison of magnetic ordering 
energy for cation-ordered and -
disordered MnSnN2. 
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Research Scope 

Interferometric measurements focused on direct observation of anyonic statistics in the fractional 
quantum Hall regime beyond the primary Laughlin state at ν=1/3. Current work is focused on 
ν=2/3, the particle-hole symmetric partner to ν=1/3, and ν=2/5, a principal daughter state of ν=1/3 
in the Halperin-Haldane hierarchy. Additional work extends our techniques to putative non-
Abelian fractional states, e.g., ν=5/2, in the N=1 Landau level. 

Recent Progress 

We have extended our experimental techniques to investigate edge mode transport and anyonic 
braiding statistics at the ν=2/3 and ν=2/5 fractional quantum Hall states. At ν=2/3 we first focused 
on transmission of edge modes through quantum point contacts. Unexpectedly we discovered a 
half-integer conductance plateau under small but finite source-drain bias. This intermediate plateau 
with G=0.5e2/h was found to be consistent with full reflection of a counterpropagating -1/3 edge 
mode. This novel structure was attributed to the sharp confinement potential in our screening well 
design. This result was published in Physical Review Letters in 2023 as an editor’s suggestion.  

  

Figure 1: a) schematic diagram of counterpropagating charged edge modes at ν=2/3. b) plot of conductance of 
individual QPCs at ν=2/3. With 50mV of bias, an intermediate plateau at G=0.5e2/h is observed, indicating a fully 
reflected -1/3 charge mode. 

At ν=2/5 we were able to demonstrate that Fabry-Perot interferometry may be extended to states 
with multiple edge modes to quantitatively investigate anyon braiding. A key aspect of this work 
was demonstration of independent interference of the inner and outer charge modes. Independent 
interference of both modes is a necessary requirement for analysis of fractional statistics for states 
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with complex multimode edge structure. At ν=2/5 we determine the anyon charge to be e*=e/5, 
where e is the fundamental charge of the electron, and the anyonic statistical phase to be -4π/5, 
consistent with theoretical expectations. This demonstration paves the way for interferometric 
measurements at ν=5/2. The work is currently under review at PRX and was the subject of a 
Journal Club for Condensed Matter Physics in June 2023 [1]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: a) Schematic of interference for 
the inner mode at ν= 2/5. b) Schematic of resonant 
tunneling when the bulk is compressible, and many 
quasiparticles are present inside the interferometer. 
c) Conductance for the inner mode at ν=2/5. There 
is a central region where a checkerboard-pattern 
forms with discrete jumps in the oscillation pattern 
indicative of anyonic statistics. d) Vertical cut of 
conductance (blue) in the incompressible regime. 
Since this cut intersects several of the discrete 
jumps in phase, the behavior is non-sinusoidal. On 
diagonal cuts parallel to (but in between) the 
discrete jumps in phase (red), the quasiparticle 
number is fixed, so the conductance oscillates 
sinusoidally due to the continuously varying 
Aharonov-Bohm phase. Red and blue dashed lines 
in c) in a indicate where each cut is taken. 

Figure 3: a) Conductance versus side 
gate voltage and magnetic field for the inner 
mode at   ν =2/5 (zoomed in view on the 
incompressible region with dashed lines 
indicating the positions of discrete jumps in 
phase. b) Phase extracted via Fourier transform 
versus magnetic field. Discrete steps in the 
phase correspond to the discrete jumps visible in 
a). The values of each phase jump (calculated 
from the difference of θ on each plateau 
between the jumps) is indicated in the table to 
the right of the plot. 
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Future Plans 

Our plans focus on new experiments at ν=5/2 to probe non-Abelian statistics. We are designing 
new heterostructures that provide sufficient screening to operate as interferometers but are also 
extremely low disorder, as needed for the fragile states in the N=1 Landau level. Our first 
generation of etched trench-gate devices are currently under test at low temperatures. We also 
have begun design of devices that interface different filling factors such as ν=3 and ν=5/2 or ν=2 
and ν=5/2. Conductance measurements in this configuration may expose the underlying 
topological order of the ν=5/2. 
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Research Scope 
 Our current research aims to understand and control properties derived from topologically 
protected phases, molecular arrangement and Moiré patterns in low dimensional materials that 
present a long-range magnetic order. Research efforts are organized into two thrusts. The first 
thrust focuses on layered ferromagnets such as VI3, but most importantly, on two-dimensional 
Dirac semimetals such as PtTe2 and PdTe2 that when substituted with a magnetic element like Cr, 
become high transition temperature ferromagnets (Tc up to 220 K). These materials have the 
important property of keeping the air-stability of their transition metal dichalcogenide (and 
topological) parent crystals. This effort intents to bring light on the intriguing interplay between 
magnetism and Dirac fermion physics in two dimensional materials but also, should provide details 
on the electronic structure of exfoliatable, metallic, air-stable ferromagnets. Additionally, this 
thrust has developed efforts to measure through specialized transport methods, quantum materials 
that are highly insulating and that present magnetically ordered ground states as well as more 
thrilling states such as spin liquids, which is the case of α-RuCl3.  

A second thrust of our research is centered on molecular solids made of C60 or metal-
Phthalocyanines (MPc). MPc are versatile planar molecules that can host almost any transition 
metal from the periodic table, some of which transform these molecules into magnetic building 
blocks that are fundamentally different from those studied in the first thrust of our research 
program. C60 and MPc can form thin films on two-dimensional materials where molecular 
arrangements and Moiré patterns may have a profound impact on their electronic structure. Such 
patterns may result from a periodical variation of the orientation of the molecules on the substrate 
or simply from the non-commensurability of the molecular thin film unit cell with the one of the 
substrate. We have performed preliminary studies of the arrangement of Cu-phthalocyanines 
(CuPc) on graphene finding encouraging results. We have also performed ARPES measurements 
on a thin film of KxC60 on hexagonal layered Bi2Se3, demonstrating the existence of a quantum 
phase transition induced by intercalation doping.  

 Recent Progress  
Polarization dependent photoemission as a probe of the magnetic ground state in the 
layered ferromagnet VI3  
VI3 is a van der Waals layered semiconductor that presents ferromagnetism with a magnetic state 
that is fundamentally different from the one in the first Cr reported layered ferromagnets [1]. There 
is yet no consensus on the exact mechanism responsible for a band gap in VI3. In this material, 
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crystal field effects split the vanadium d-orbitals into a lower t2g triplet and an upper eg doublet 
state. Trigonal distorsions cause an additional split of the t2g levels, leading to two possible 
scenarios for the ground state in VI3. A first scenario, where V d2 electrons fully occupy the lower 
energy level that resulted from the t2g level splitting. The second scenario where one of the Vd2 
electrons partially occupies the higher energy level that resulted from the t2g level splitting. This 
last one is at first sight a metallic state, however spin-orbit coupling can potentially split further 
the half-filled orbital that together with electronic correlations, leas to a Mott insulator. In this 
work, we made use of circularly polarized light to put in evidence through Angle Resolved 
Photoemission Spectroscopy ARPES, the preferred ground state in VI3, revealed by the circular 
dichroic signal of the valance band. Our data pointed to orbitals oriented in the out-of-plane 
direction, consistent with the second scenario. Our measurements put in evidence in an indirect 
way, the importance of spin–orbit coupling in VI3, which plays an essential role in the observed 
perpendicular magnetic anisotropy in this material, crucial for electronic applications. 

Electronic transport mechanisms in a thin crystal of the Kitaev candidate α-RuCl3 probed 
through guarded high impedance measurements 

Among the different materials that can 
host Kitaev physics, α-RuCl3 has played 
a starring role, bringing scientists a step 
closer to the thrilling ground states 
predicted in the frame of the Kitaev 
model, of interest for fault-tolerant 
topological quantum computing. α-
RuCl3, like other candidates for the 
experimental realization of the Kitaev 
model, is highly insulating, reducing the 
experimental probes available to study 
the ground states in these materials. In 
this work, we made use of a specialized 
technique to reach, through electronic 

transport measurements, temperatures where α-RuCl3 is highly insulating and becomes a zig-zag 
antiferromagnet, finding evidence of the transport mechanism ruling our thin crystals. Our 
experimental setup, equipped with a guard terminal, triaxial lines and a metallic sample shield, 
allows us to clearly identify different transport regimes in a wide range of temperatures and bias 
electric fields, as well as the localization length of the impurities in our samples. We found through 
electronic transport, clear evidence of a structural phase transition. Most importantly, we found 
that below 7K, the magnetic order temperature for α-RuCl3, the electronic transport mechanism in 
our device deviates from Efros Shklovskii variable range hopping. Our work demonstrates the 
possibility of reaching, through specialized high impedance measurements, the thrilling ground 
states predicted for α-RuCl3 in the frame of the Kitaev-Heisenberg model, at temperatures where 

Figure 1: Left: IV characteristics at different temperatures 
showing a structural phase transition in α-RuCl3 at ~160 K. 
The inset shows the change of the current across the device. 
Top Right: 100 x optical image of the measured device. 
Bottom right: Circuit schematic of the guarded setup with 
triax lines. 
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this material is highly insulating, and paves the way for the study of other insulating quantum 
materials.  

Coexistence of bulk type-II and surface Dirac cones in PtTe2 and PdTe2 probed 
through Angle Resolved Photoemission Spectroscopy (ARPES) 

PtTe2 and PdTe2 are among the transition metal 
dichalcogenides that were first predicted to recreate 
type-II Dirac fermions, exotic particles prohibited 
in free space [2]. These materials are layered and 
air-stable, which makes them suitable for different 
technological applications. Most importantly, they 
have the particularity of not only hosting type-II 
Dirac particles at the bulk but also topologically 
protected chiral states at the surface. In this work, 
we provide a careful characterization of the 
electronic structure of PtTe2 and PdTe2 through 
Angle Resolved Photoemission Spectroscopy 
ARPES and Density Functional Theory DFT 
calculations, stressing the important role played by 
the different symmetries associated to their 
crystallographic space group, discernible in our 
data. Space group P3�m1 has a primitive Bravais 

lattice with inversion symmetric three-fold rotation and mirror symmetry. This is can be identified 
in the ARPES measured band structure and DFT data, that fulfills Eσ(kx, ky, kz)=Eσ (-kx, -ky, -kz). 
Additionally, by using circularly polarized light, we show the different character of Dirac 
dispersions that derive from those symmetries. One, a type-II Dirac cone that lives in the bulk, 
formed by four bands, protected by the symmetries of the crystal and hosting exotic type-II Dirac 
fermions. The second, a surface state formed at the bandgap between two bands, topologically 
protected and hosting chiral Dirac fermions. Our work not only provides a useful reference for the 
characterization of other transition metal dichalcogenides with topological properties, but more 
generally, it illustrates the use of circular dichroism in ARPES for the distinction of states with 
dissimilar orbital and topological properties . 

Linearly dispersive bands at the onset of correlations in KxC60 films 
We have reported in the past the first observation of highly dispersive bands in thin film of 
fullerenes. Our finding, in collaboration with the Lanzara and Zettl groups at UC Berkeley, 
revealed that in a thin film of C60 molecules the electronic structure is not dominated by the 
electronic interactions within a single molecule. Instead, long range interactions between the 
molecules in a thin film have a profound effect shaping the electronic structure of this material [3]. 
Additionally, light polarization studies of the photoemission provided information on the orbital 
makeup of the C60 band manifolds [4]. In this work, we have analyzed the dependence of the 

Figure 2: Left: Circular polarization dependent 
photoemission for PtTe2 (a) and (b) show the 
dichroic signal for T-D-T and S-D-S respectively 
(near the type-II Dirac cone). (c) and (d) show the 
dichroic signal for the Dirac surface state. Dirac 
points are indicated with pointed lines. 
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photoemission of a C60 thin film upon doping with potassium, finding that KxC60 is ruled by 
fundamentally different physics depending on the K doping. Most importantly, we find that upon 
doping, the C60 thin film undergoes a Mott transition from a molecular insulator to a correlated 
metal, which challenges the commonly accepted band-filling picture as the explanation for K3C60 
metallicity, where superconductivity occurs. 

Future Plans 
Electronic transport in CuPc/graphene/hBN heterostructures: we have performed preliminary 
characterization of CuPc on graphene through transmission electron microscopy TEM and atomic 
force microscopy AFM finding an organized arrangement of the molecules on graphene. Our 
preliminary electronic transport measurements are encouraging, and show the possible effect of 
CuPc’s magnetic moment, leading to an asymmetry in the magnetoresistance of the device. 
Measurements on additional samples are currently in progress. We plan to use mesoscopic 
electronic transport techniques to bring light on important properties at the interface between 
graphene and the metallo-organic molecules, such as macroscopic magnetic moments, electronic 
correlations or enhanced spin-orbit coupling, a crucial ingredient for the design of quantum 
materials. 

Electronic transport in Cr alloys of PtTe2 and PdTe2: Taking advantage of the air stability and 
layered character of these materials, we will perform electronic transport experiments to probe the 
magnetic ordered states in the new families of layered ferromagnets CrxPt1-xTe2 and CrxPd1-xTe2 

through anomalous Hall effect. Nanofabrication techniques will allow us to assess the dependence 
of the electronic transport on the number of layers of CrxPt1-xTe2.  

ARPES studies of the air-stable layered ferromagnet CrxPt1-xTe2: A question of interest is the 
evolution of the characteristic topologically protected states for PtTe2 and PdTe2 as Cr is 
substituted in the Pt and Pd sites. It is well known that in type-II Dirac semimetals, three 
dimensional Dirac points are protected by time reversal T and inversion P symmetries. These Dirac 
points, made of energetically degenerate Weyl modes are stabilized at the same crystal momentum 
by a C3 rotational symmetry. To a first approximation, one would think that the introduction of a 
magnetic element such as Cr breaks time reversal symmetry, pulling apart the individual Weyl 
modes in momentum space [5].Our preliminary ARPES measurements show that instead of an 
antagonist role, Cr benefits the experimental reach of the type-II Dirac cone characteristic of the 
parent crystal, by introducing electron doping and bringing the type-II cone closer to the Fermi 
level. Our DFT calculations show the resilience of the tilted Dirac dispersion in the kz direction, 
characteristic of type-II excitations. Also, it looks like the topologically protected surface states 
characteristic of PtTe2, endure the Cr substitution. 
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Research Scope 

 Explore topological surface and bulk states in topological Dirac semimetal α-Sn thin films 
grown by sputtering, as well as the potential applications of those topological states in spintronic 
devices. 

Recent Progress 

 The spin-momentum locking of surface states in topological materials can produce a 
resistance that scales linearly with magnetic and electric fields.  Such a bilinear magneto-electric 
resistance (BMER) effect offers a new approach for information reading and field sensing 
applications, but the effects demonstrated so far are too weak or for low temperatures.  This 
presentation reports the first observation of BMER effects in topological Dirac semimetals; the 
BMER responses were measured at room temperature and were substantially stronger than those 
reported previously.  The experiments used topological Dirac semimetal α-Sn thin films grown on 

 

Second-harmonic resistance (R2ω) as a function of the magnetic field angle for a 4-nm-thick α-Sn film.  The 
circles show the data, the curves show sinusoidal fits, and the lines show linear fits.  The field strength H and the 
current amplitude I0 are indicated.  In (c), the red curve shows the fit in (a), and the black curve shows the fit in (b); 
the blue curve is the sum of the red and black curves.  In (d), ∆R2ω is the amplitude of the sinusoidal R2ω vs. angle 
response. 
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silicon substrates.  The films showed BMER responses that are 106 times larger than previously 
measured at room temperature and are also larger than those previously obtained at low 
temperatures.  These results represent a major advance toward realistic BMER applications.  
Significantly, the data also yield the first characterization of three-dimensional Fermi-level spin 
texture of topological surface states in α-Sn. 

Future Plans 

 Study how the BMER varies with the film thickness, the Fermi level, and temperature, 
aiming at maximizing the BMER effect. 
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Novel Mechanism for Heat Conduction by Spin-Phonon Hybridized Excitations in a Rare-
Earth Magnet  

Minhyea Lee, University of Colorado Boulder 
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Research Scope  

Bridging theoretical spin models for exotic quantum magnetism and real materials is a central 
objective in modern condensed matter physics. In real materials, the crystalline lattice plays a 
profound role, although its impact on magnetism is often overlooked. Leveraging intense 
magnetic fields and inherent magnetic anisotropies, we investigate generic contributions from the 
underlying lattice (phonons) that are not specific to particular systems in a range of 
unconventional quantum magnets. This, in turn, offers a suite of experimental probes for pinning 
down highly sought after entangled and unconventional magnetic states.  In recent work, we 
devised a simple description of heat conduction via hybridized quasiparticles formed by acoustic 
phonons and Zeeman-split spin-flip excitations.  Having established the rare-earth insulating 
magnets as an excellent model system for investigating phonon-spin coupling, studies of novel 
physical phenomena involving interactions between crystal electric field splitting and phonons 
are in progress. 

Recent Progress 

Quasi 2-dimensional rare-earth (RE) delafossites (AREX2, 
where A= alkali metal, RE = rare earth ions X=O, S, Se) have 
attracted great interest because of quantum spin-liquid-like 
signatures reported in neutron scattering 
experiments.  Compared to their 3d-electron counterparts, 4f 
RE magnets exhibit much smaller scales of crystal electric field 
(CEF) splitting, of which separations are often comparable to 
the Zeeman splitting under moderately high magnetic field [1], 
and hence offer an excellent playground to search for field-
induced magnetic phase transitions. We investigated thermal 
conductivity of CsYbSe2 under magnetic field and found highly 
non-monotonic field dependence [Fig. 1] that can be explained 
by new hybridized spectra of acoustic phonons and Zeeman-
split spin-flip excitations (SFEs). Such hybridization is enabled 
by the g-factor modulation resulting from distortion of the 
YbSe6 octahedron [See Fig. 1a].  Using the dispersion and 
group velocity of new excitations [Fig. 1b], we calculate 
thermal conductivity in the framework of the relaxation time approximation with Debye weight 
[2].  Our minimalistic model captures the key features of the magneto thermal conductivity in 

Figure 1 a. Phonon-induced 
distortion mediate the magnetoelastic 
coupling via g-factor modulation, which 
directly modulates Zeeman gap b. Acoustic 
phonon-SFE hybridized spectra and 
corresponding group velocity. c. Field 
dependence of the measured fractional 
thermal conductivity and calculated results 
using dispersion in b. 
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CsYbSe2.  Our model can be applied to any system with non-zero magnetoelastic coupling in the 
presence of Zeeman splitting and does not depend on the details of materials. Hence it can 
be utilized to understand field dependence of thermal conductivity in a wide range of quantum 
magnets. This result was submitted and is currently under revision.  

Future Plans  

Encouraged by experimentally identifying a new type of spin-phonon coupling, our near future 
plans are to involve searching  for the spectroscopic signatures of interactions between CEF 
spectra and other degrees of freedom, especially for spin exchange and spin-phonon interactions 
that can be related to thermal transport, magnetic susceptibility and heat capacity.  Recently we 
have performed infrared spectroscopy on CsErSe2 under magnetic field, as shown in Fig. 2. We 
find that the single-magnetic ion CEF calculation [3] agrees very well with the data, which offers 
a great insight: we place a particular focus on magnetic properties at the level-repulsion-free 
ground state energy crossing point in H || c configuration [green circle on Figure 2b]. At this 
crossing field, the ground state magnetization will change discontinuously (i.e. first-order like) 
and hence diverging magnetic susceptibility as a function of field. Knowing the system’s small 

spin exchange energy sale (Jex ~ 
0.5 K), the transition here is likely 
to be placed near a critical point 
with enhanced magnetic 
frustration, potentially leading to 
a field-induced quantum 
disordered state.  In order to 
examine this hypothesis, our 
investigations of the magnetic 
phase diagram of CsErSe2 with 
magnetic susceptibility and heat 
capacity at dilution refrigerator 
temperature (< 100 m K) are in 
progress.  
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Figure 2 CsErSe2 simulated single-ion CEF spectra as a function 
of applied field up to 18 T (red lines) overlaid with the Infra-red 
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Designing strong stability in non‐critical and rare‐earth‐lean magnetic materials 
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Research Scope 

 In support of a clean energy economy as well as a secure critical mineral and materials 
supply chain, there is great interest to develop strong rare-earth-free permanent magnets for use in 
advanced applications. This project seeks to delineate fundamental strategies and design 
principles, derived from tightly coordinated computational, theoretical, and experimental efforts 
to stabilize high magnetic anisotropy in non‐critical and rare‐earth‐lean ferromagnetic materials, 
in bulk form. This goal is approached by examining the nanometer‐scale crystal lattice condition 
as impacted by thermal, chemical, strain, and magnetic field energy contributions during synthesis 
and processing. Research is focused on two families of ferromagnetic materials that demonstrate 
particularly promising magnetic performance with reduced critical element content: i) chemically 
ordered TM‐X (TM = Mn, Fe, Ni; X = Al, Pd, Pt) compounds and ii) Sm(Fe,Co)12‐based materials. 
This extended abstract will focus in depth on recent scientific advances for activity i) above (TM-
X compounds); however, the publication list includes contributions from both activities i) and ii).  

Recent Progress 

Overview: Experimental progress and computational insight have been achieved towards 
obtaining ordered FeNi in industrially relevant timeframes and amounts. The chemically ordered 
form of FeNi, a meteoritic mineral known as tetrataenite, possesses a 
large magnetocrystalline anisotropy energy (MAE) that is a significant 
fraction of that of the best NdFeB supermagnets, yet contains no critical 
elements[1]. However, this compound is extraordinarily challenging to 
synthesize: extremely slow kinetics and unfavorable thermodynamic 
driving forces restrict its natural formation to only the most slowly 
cooled (~0.1 K/Myr) meteorites. Chemical order is achieved in 
equiatomic FeNi through a first-order nucleation-and-growth process, 
transforming the parent disordered fcc (A1) FeNi structure to the 
tetragonal ordered L10 (prototype AuCu-I)-type superlattice structure, 
Figure 1. The  magnitude of magnetocrystalline anisotropy energy K of 

Figure 1. Unit cell 
of L10-type FeNi 
(tetrataenite) with uniaxial 
magnetocrys-talline 
anisotropy along the 
superlattice ordering 
di i  
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L10 FeNi is determined in large part by the degree of lattice crystallographic order S[2] which can 
vary from unity (perfect sublattice order) to zero (completely randomly occupied alloy lattice). 
The goal to accelerate formation of tetrataenite through increasing thermodynamic driving forces 
and decreasing kinetic barriers is approached by augmenting thermal energy with magnetic and 
strain energies during processing, using a custom-built apparatus[3]. To this end, FeNi-based 
samples were annealed at mild temperatures under simultaneous magnetic- and stress-field 
conditions for a period of 6 weeks.  

Results: While detection of Fe-Ni superlattice chemical order is very challenging using 
standard X-ray and neutron diffraction methods, it can be clearly resolved, albeit with little 
information on spatial extent or distribution, using Mössbauer spectroscopy. To this end, processed 
specimens were examined with simultaneous conversion X-ray and backscattered γ-ray 57Fe 
Mössbauer spectroscopy (CXMS); additionally, meteorite-derived tetrataenite was also studied 
with CXMS to provide Mössbauer fitting 
parameters for data analysis. Results 
provided quantification of up to 22 vol% of 
the tetragonal tetrataenite phase in the 
magnetic- and strain-field-processed 
samples, with the remainder identified as the 
cubic disordered FeNi alloy[4]. In contrast, all 
precursor samples consist only of the cubic 
FeNi alloy; data are summarized in Figure 2. 
The L10 phase hyperfine magnetic field 
distributions obtained from the synthetic 
tetrataenite spectra are wider than that of the 
meteorite, indicating that the degree of 
induced chemical order is low. This 
conclusion is corroborated by the low 
measured magnetocrystalline anisotropy 
energy. Furnishing independent verifica-
tion of these results, transmission electron 
microscopy (TEM) and in-situ TEM 
experiments have also identified regions of 
atomic order in these processed 
specimens, Figure 3.  

Complementing and informing 
experimental efforts on magnetism and 
ordering in TM-X compounds, a first-
principles‐based holistic approach for 
modeling atomic ordering in rare‐earth‐free, multi‐component ferromagnetic alloys and associated 

??? 

L10 
A1 

Figure 2. Quantification of phase fractions in 
FeNi synthetic and natural materials. 

Figure 3. a) TEM image of annealed FeNi sample. 
b) SAED in the area circled in Fig 3a. 
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magnetocrystalline anisotropy energy was applied to unequivocally confirm that the state of the 
magnetic order has a profound impact on the nature of predicted chemical order. For example, it 
is noted that L10 atomic ordering of Fe and Ni, necessary for high MAE in FeNi and in elementally 
modified compounds Fe50Ni50‐yXy (X=Pt, Pd, Al, P), is only obtained when the materials are in 
their ferromagnetic state. These results confirm that annealing FeNi‐based samples in an applied 
magnetic field should promote desired chemical ordering by altering the magnetic state of the 
material, as was indeed experimentally validated. Most interestingly – and extremely relevant to 
the objectives of this program – often the addition of light, unconstrained elements (such as Al) 
provide the greatest MAE enhancement. In parallel, computational methods were applied to 
investigate intriguing disconnects between reported experimental and computational linkages 
between FeNi’s atomic order parameter S and resultant magnetocrystalline anisotropy energy K. 
This work confirms that decreasing long‐range order consistently decreases the predicted MAE 
(Figure 4 (left)), a result in agreement with experiment as well as with computational reports from 
other research groups, providing confidence in our method and approach. The computed uniaxial 
anisotropy constant K of L10-type FeNi is found to remain robust to high temperatures. Figure 4 
(right) depicts the computed increase in K as a function of order parameter S for two FeNi 
compositions. Also included in Figure 4 (right) is the reported anisotropy constant for a L10-type 
FeNi thin film of S = 0.60[5], represented by the green dot. Additionally, for the first time for this 
system, the dominant MAE coefficients K1 and K2 that contribute to the overall anisotropy energy 
K have been calculated for finite temperatures and imperfect chemical order. Discrepancies 
between computation and experiment for these investigations confirm the existence of factors 
contributing to MCA in ordered FeNi that are yet to be discovered.  

 

Figure 4. (left) Finite-temperature calculation of the magnetocrystalline anisotropy constant K and the 
magnetic moment M for equiatomic L10-type FeNi. (right) Magnetocrystalline anisotropy constant for two 
different com-positions of L10-type FeNi as a function of lattice order parameter S. It can be seen that the 
computed value of K is much smaller than the experimental value reported by Shima et al. [5] for a thin film 
form, represented by the green data marker.  
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Future Plans 

 Overall, these results shed light on the subtlety of magnetic anisotropy in this 
system and suggest routes for improving its hard magnetic properties during synthesis. Future 
efforts will seek to determine origins of these effects and how combined magnetic and strain 
energies alter the Fe-Ni thermodynamic landscape. It is recognized that magnitude of the magnetic 
field applied during the described thermal treatment step is much too small to produce an 
appreciable Zeeman energy; therefore some other factor(s) must be in play. Preliminarily it is 
contemplated that these external energies alter the structure and arrangement of the exchange-split 
3d bands and impact the electronic free energy of the system. Elucidation of the origins of these 
effects will suggest targeted refinements to the processing conditions of FeNi that will foster 
greater atomic order and increased magnetocrystalline anisotropy, leading to an enhanced 
magnetic energy product. Highlighted outcomes include postulated anisotropy contributions 
attributed to a nanocrystalline microstructure as well as the potential for realization of yet-larger 
magnetocrystalline anisotropy in well-ordered synthetic samples.  
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Magneto-optical Study of Correlated Electron Materials in High Magnetic Fields 

Principal Investigator: Dmitry Smirnov1; Co-PI: Zhigang Jiang 2  
1 National High Magnetic Field Laboratory, Tallahassee, FL 32310 
2 Georgia Institute of Technology, Atlanta, GA 30332 

Keywords: General: magnetism, topology, 2D exciton and light-matter phenomena, Material 
Forms: single crystals, 2D and layered crystals, thin film heterostructures, Material Classes: 
topological materials, transition metal compounds, antiferromagnets, semiconductors, 
Techniques: optical spectroscopy, transport 

Research Scope 
This program is aimed at studying electronic structure, low-energy excitations, and many-body 
effects in novel quantum materials via high-field magneto-optical spectroscopy. The current 
research is mostly focused on the spectroscopy of the exotic quantum states and excitations in 
quantum magnets. We also continue optical spectroscopy studies of Dirac and Weyl fermions in 
topological materials and excitonic states in atomically-thin van der Waals semiconductors. 

Recent Progress  
Disorder-Enriched Magnetic Excitations in a Heisenberg-Kitaev Quantum Magnet Na2Co2TeO6 
(Xiang et al. Phys. Rev. Lett. 131, 076701 (2023)) 

Kitaev-type quantum spin liquid (QSL) systems have become one of the central themes of today’s 
condensed matter physics as a potential platform for realization of exotic states with 
fractionalization of quantum spins into Majorana fermions, which is of particular interest to the 
quantum computing community. Because of the essential role of spin-orbit coupling (SOC), most 
of research on Kitaev QSL has been focused on candidate systems with heavy 4d or 5d ions, like 
the most studied case of α-RuCl3. Recent theoretical studies recognized another promising avenue, 
3d Co-based honeycomb-structure compounds with effective pseudospin 1/2 [1]. Among them, 
Co-based honeycomb Na2Co2TeO6 with antiferromagnetic (AFM) ordering below TN = 25 K has 
been recently proposed to host a magnetic-field induced quantum-spin disordered state within a 
complex temperature-field (T-B) phase diagram [2]. 

We have performed a systematic optical magneto-spectroscopy study of single-crystal 
Na2Co2TeO6 to probe the magnetic excitations in a broad magnetic field range at low temperatures. 
Our far-infrared absorption and electron spin resonance (ESR) experiments reveal a multitude of 
in-plane excitation modes across the AFM to spin-polarized (SP) magnetic phases (Fig.1). The 
measurements with polarized light provide strong evidence that the multiple high-field in-plane 
magnetic excitations are one-magnon in nature. This is in sharp contrast to the expectation for a 
pristine sample: the four Co atoms in the unit cell support a maximum of four magnon branches in 
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the SP state and practically only one dominant optically-active mode is expected. These 
expectations are satisfied for α-RuCl3, but apparently not for Na2Co2TeO6.  

These findings are explained within a microscopic theoretical model that takes into account 
intrinsic Na disorder (i.e. contributions from different possible Na occupancies). The model takes 
into account different unique possible Na occupancies, one of which is depicted in Fig. 1(b). At 
first consideration, one might expect disorder in the interlayer Na atoms to have little impact on 
the Co crystal fields. However, the SOC in 3d Co is relatively weak, which makes the local 
magnetic couplings strongly dependent on the relative locations of the Na atoms around each Co. 
The random couplings lead to a significant distribution of the excitation energies over several meV, 
which is compatible with the experimental observations. The nearest neighbor interactions are 
found to be considerably smaller than previous estimates as well as compared to dominant third 
neighbor interactions, which do not have bond-orientation dependence.  

Our results not only provide the new information on exotic magnetic excitations in Na2Co2TeO6 
and reveals a key role of Na-occupation disorder. In a more general context, our work outlines the 
fragility of spin-orbit moments in 3d Co-based honeycomb-structure materials and further 
emphasizes the necessity to consider disorder in the spin environment in the search for practicable 
materials potentially hosting Kitaev QSL states. 
Anomalous temperature evolution of the Dirac band in ZrTe5 across topological phase transition 
(Jiang et al. Phys. Rev. B 108, L041202 (2023) (Editors’ Suggestion Letter)) 

Zirconium pentatelluride (ZrTe5) is a van der Waals material with the layer stacking direction 
along the b axis of the crystal. The recent interest in ZrTe5 originates from the theoretical prediction 
of a room-temperature quantum spin Hall insulator phase in its monolayer limit and a three-
dimensional topological insulator (TI) phase in its bulk form. The prediction has sparked intensive 

Figure 2: (a) Average crystal structure of Na2Co2TeO6 with each Na site 2/3 occupied; Te and O atoms 
are omitted for clarity. (b) Representative structure showing Na-occupation disorder. (c) Honeycomb lattice of 
Co2+ ions with nearest neighbor X, Y, Z and third neighbor J3 bonds indicated. Crystallographic (a,a*,c) and 
cubic (x,y,z) coordinates are shown. (d)–(f) Normalized magneto-transmission measured on single-crystal 
Na2Co2TeO6 at T=5 K with 𝐵𝐵 ∥ 𝑎𝑎  (d), 𝐵𝐵 ∥ 𝑎𝑎∗ (e), and 𝐵𝐵 ∥ 𝑐𝑐 (f). Black circles are excitation modes extracted 
from the ESR spectra measured on Na2Co2TeO6 powder samples. 
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experimental investigations into both the electronic 
and topological properties of ZrTe5. However, 
different topological phases, i.e. weak or strong TIs 
(WTI or STI) and Dirac or Weyl semimetals, have 
all been reported in ZrTe5 from different 
experiments. Such a discrepancy may result from the 
sensitive dependence of the topological phase on the 
lattice constants. In addition, many theoretical 
calculations have predicted that volume expansion 
can result in a topological phase transition (TPT) in 
ZrTe5, featuring a band gap closure and then 
reopening across the TPT. These results invite 
controllable measurements across the TPT to 
reconcile the experimental observations. 

In our work, we examine the temperature evolution 
of the Dirac band in semiconducting ZrTe5 using 
magnetoinfrared spectroscopy, which can directly 
probe the band structures of different carriers with 
high accuracy by tracing their Landau level (LL) 
transitions. Specifically, we find that the band gap 
of ZrTe5 is temperature independent at low 
temperatures and increases with temperature at 
elevated temperatures (Fig. 2(a)). Although such an 
observation seems to support a WTI phase at all 
temperatures (Fig. 2(b)) and defy the previously reported TPT at an intermediate temperature in 
ZrTe5, we show that it is also possible to explain the observation by considering the effect of 
conduction-valence band mixing and band inversion with a STI phase at low temperatures (Fig. 
2(c)). The key to distinguishing these two scenarios is to identify the topological phase of ZrTe5 
at the base temperature. Based on our previous works [3,4], where we demonstrate a STI phase in 
ZrTe5 at low temperatures, we lean to the second scenario (Fig. 2(c)) as the plausible picture.  

Future Plans 
We will continue to apply high-field optical magneto-spectroscopy to probe and understand 
electronic states and low-energy excitations in novel quantum materials. One of the near-future 
goals is to complete the Raman spectroscopy study of Co crystal field excitations in Na2Co2TeO6 
and related systems. Other directions of ongoing or planned research and the systems of interest 
include quantum magnets with a honeycomblike spin lattice, for example, Ba2Ni(PO4)2 and 
Na3Co2SbO6. We will continue magneto-spectroscopy studies of optically excited states and 
many-body effects in atomically-thin 2D semiconductors with strong SOC and their parent van 
der Waals crystals. 

Figure 2: (a) Temperature dependence of 
the extracted Fermi velocities and band gaps of 
ZrTe5 from LL spectroscopy measurements. (b,c) 
Schematic drawings of the band structure 
evolution as a function of temperature for two 
possible scenarios that can describe our 
experimental results. 
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Geometry and frustration-induced phenomena in nanomagnet arrays 

Principal Investigator: Peter Schiffer, Yale University, New Haven, CT 06520 

Keywords: Magnetism, Topology, Nanostructures, Ferromagnets, Scanning Probe Microscopy 

 

Research Scope 

 This program encompasses studies of lithographically fabricated “artificial spin ice” 
arrays of nanometer-scale single-domain ferromagnetic islands in which the array geometry 
results in frustration of the interactions between the islands.    Artificial spin ice offers a wide 
range of opportunities for studying the mechanism by which nature accommodates frustration.  
Since the arrays are created lithographically, we can easily vary the array characteristics, 
including the geometry of the lattice, the nature of the moments, and the level and type of lattice 
disorder.  We can probe the local properties of the arrays by imaging individual moments, and 
we can also probe thousands of moments simultaneously, allowing us to gain insight into the 
collective properties of the system and observe novel phenomena that are not accessible in other 
systems [1].   

This research program focuses on the properties of these systems, probing the collective 
behavior of different geometries, and exploring arrays of more complex nanomagnet shapes. 
Specific thrusts include examinations of new lattice geometries, low-frequency dynamics of the 
moments, finite size effects in smaller arrays, and magnetic moments that are not simple dipoles. 
The research program uses permalloy as the ferromagnetic material, taking advantage of its well-
understood magnetic properties and low magnetocrystalline anisotropy. 

Recent Progress 

The past two years of this program have included several projects, exploring a wide range of 
physics within different artificial spin ice systems [2-9].  All work has been done in close 
collaboration with the groups of Chris Leighton at the University of Minnesota and Cristiano 
Nisoli at Los Alamos National Laboratory, as well as a collaboration with the group of Scott 
Crooker at Los Alamos National Laboratory.  Much of the work has also involved x-ray 
magnetic circular dichroism – photoemission electron microscopy (XMCD-PEEM) data-taking 
at the Advanced Light Source. In this abstract, we describe three of the recent projects: 
topologically complex thermally excited strings in the Santa Fe ice lattice, collective behavior of 
a new magnetic object with six possible moment states, and entropy-driven ordering in Tetris ice.   
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Topological Kinetic Crossover in Santa Fe Ice: Artificial spin ice arrays can be designed so that 
the frustration arises from the location of the excitations among the vertices, leading to a range of 
exotic behavior.   We have studied one such vertex-frustrated lattice, dubbed Santa Fe Ice.   Our 
previous work demonstrated that the disordered magnetic state is naturally described within a 
framework of thermally activated emergent strings [4]. Our new results demonstrate a crossover 
temperature between two kinetic regimes, visible from real-space XMCD-PEEM data [8]. At 
high temperature, all types of string motions are observed.  Below the crossover, however, the 
kinetics is almost entirely limited to topologically trivial moves of the strings, and the system 
cannot explore the full phase space of magnetic moment configurations.  Because of the 
topological nature of strings, the entirety of the possible configurations of the system can be 
partitioned into topological sectors, each one pertaining to specific configurations. These sectors 
are the so-called ‘homotopy classes” for the strings, an important mathematical construct in the 
study of topology. Above our crossover temperature, the system can cut between these homotopy 
classes.  Below the crossover temperature, however, changes to string topology are suppressed.   
Despite still fluctuating thermally, the system thus tends to stay in a specific sector, or homotopy 
class.  These results explicitly demonstrate how system topology can break ergodicity, an 
underlying assumption of thermodynamics.  

Left: XMCD-PEEM image of Santa Fe Ice moments, where 
the black and white colors indicate the moment directions. 
Below:  Illustration and taxonomy of various string motions, 
where the strings are formed of local magnetic excitations. 
Island moments are shown as arrows, and the flipped 
moments as solid arrows. (Top) Trivial string motions. 
(Bottom) Nontrivial string motions. The tables list the 
motions illustrated.   
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Collective behavior of magnetic tripods: Previous studies of artificial spin ice have focused on 
stadium-shaped islands or nanowires whose magnetization can be described by Ising-like binary 
moments.   A few studies have looked at effective XY and quadrupolar moments by altering the 
island shape – but always staying within paradigms of types of moments that have been studied 
in atomic magnetic systems. In our group’s recent work, we created a new object, a magnetic 
tripod, that has three-fold symmetry with six possible magnetic states [9].   We explore its 
collective behavior by realizing interacting triangular arrays of these objects which individually 
map well onto theoretical models for Potts or clock states.   To our knowledge there has been no 
prior experimental realization of a 6-state object of this nature, and certainly no realization of 
interacting arrays of such objects. After thermalizing these arrays, which we have named “ 
magnetic tripod ice”, we demonstrate collective ferromagnetic behavior that has qualitative 
differences with the well-studied kagome ice system of similar geometry. We thus demonstrate 
the importance of the tripod moment as an emergent variable. 

Entropically-induced ordering in Tetris ice: Long-range ordering is generally understood to 
occur at low energies to optimize the energetics of interactions among the constituents of a 
system. As a system lowers its energy, it also lowers its entropy, and ordered systems generally 
have zero residual entropy. By contrast, “entropy-driven” order can occur under very special 
circumstances, where increasing entropy in one aspect of a system can lead to ordering in 
another.  We have found such entropy-induced ordering in vertex-frustrated tetris artificial spin 

a. Scanning electron microscopy image of 
nanomagnet array with tetris ice structure. b. 
Schematic showing the two stripes of 
nanomagnet islands (ordered and disordered 
in blue and grey, respectively). c. XMCD-
PEEM image of the nanomagnet array from 
the Advanced Light Source. The islands that 
have a magnetization component along 
(opposite to) the X-ray direction yield black 
(white) contrast. d. Magnetic moment 
configuration map corresponding to (c). 

SEM and MFM images 
of magnetic tripod ice. 
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ice [6].  In this system, one subset of magnetic moments orders globally, driven by maximizing 
entropy in the other subset.  We demonstrate these results via synchrotron-based x-ray circular 
magnetic dichroism photoemission electron microscopy measurements of the moments in a tetris 
array. Monte Carlo simulations confirm that ordering is driven by entropic effects rather than 
energetics. 

Future Plans 

 Our immediate future plans are to study the physics of other lattices of magnetic tripods, 
which should reveal interesting physics associated with the objects’ unusual symmetry.   We also 
are looking at the low frequency dynamics of artificial spin ice through various time-dependent 
measurements.  Finally, we are continuing investigations of novel topological effects in these 
systems. 
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Broken Symmetries for Control of Electrically-Generated Spin Currents and Torques 

Dan Ralph, Cornell University 

Keywords: spintronics, thin film heterostructures, ferromagnets, antiferromagnets 

Research Scope 

 The focus of this project is to understand 
mechanisms for controlling the direction of the spin 
polarization within electrically-generated spin 
currents. Strategies for coupling electric fields and spin 
currents are of both fundamental interest (e.g., they can 
arise from spin Berry curvature in topological 
materials) and practical interest because such spin 
currents can exert spin-transfer torques to drive 
efficient magnetic switching in magnetic memory 
technologies.  Previous studies of electrically-induced 
spin currents have focused on samples made from 
high-symmetry heavy metals or topological insulators, 
in which the direction of spin polarization is constrained by symmetry to lie strictly in-plane and 
perpendicular to the applied electric field. This “conventional” orientation can drive efficient 
magnetic switching for samples with in-plane magnetic anisotropy, but it is inefficient for 
switching nanoscale samples with perpendicular magnetic anisotropy (PMA) that are required for 
high-density magnetic memory applications. For switching of nanoscale PMA samples, an 
important goal of the spintronics field is to generate unconventional spin currents that flow in the 
out-of-plane direction with a strong component of spin polarization perpendicular to the plane 
(Fig. 1). This orientation enables such spin currents to apply out-of-plane torques that should be 
far more efficient for switching PMA samples – by a factor of approximately 100 – compared to 
in-plane torques. The generation of electrically-induced spin currents with this type of 
unconventional direction of spin polarization requires spin-source materials with reduced 
symmetry, which can be achieved in principal by, e.g., using materials with low crystalline 
symmetry, ferromagnetic order, or antiferromagnetic order. 

Recent Progress 

 I will report measurements of electrically-induced spin currents generated by two rutile 
materials with tetragonal crystal symmetry, IrO2 and RuO2 (references 1, 2).  When these materials 
are grown in thin films for which the growth direction is along one of the crystal axes (e.g., a (001) 
or (100) orientation), by symmetry the electrically-generated spin polarization is constrained to 
point in only the conventional direction, in plane and perpendicular to the electric field.  However, 
by implementing a growth direction tilted away from a crystal axis (e.g., a (101) or (111) 
orientation), this symmetry constraint is relaxed for a tetragonal material, and in theory other 

 

Fig. 1.  Goal: Spin-source layers in which an 
electric field generates an upward-flowing spin 
current with a strong out-of-plane component 
of spin polarization. 
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components of spin polarization can be produced in either or both the out-of-plane direction and 
an unconventional in-plane direction (parallel to the electric field).  IrO2 and RuO2 have the same 
crystal structures but IrO2 is non-magnetic while RuO2 is a collinear antiferromagnet with a Néel 
vector along the [001] axis.  The comparison between the two materials therefore allows a 
comparison of the spin currents generated with and without the additional lowering of symmetry 
provided by antiferromagnetic order.  We find that appropriately-tilted IrO2 films can produce 
unconventional spin-polarizations in both the in-plane and out-of-plane directions, consistent with 
the constraints allowed by symmetry, but the out-of-plane spin component is about a factor of 10 
weaker than predicted by density functional theory calculations. Appropriately-tilted 
antiferromagnetic RuO2 films can produce a considerably stronger component of out-of-plane 
spins, with a spin-vector orientation closely parallel to the antiferromagnetic Néel vector.  This 
suggests that the mechanism of spin-current generation in RuO2 is not spin-orbit coupling, but a 
recently-proposed mechanism related to a spin-split band structure induced by the 
antiferromagnetic order in RuO2.3 

 The experiments for both IrO2 and RuO2 consist of growing single-crystal films on 
differently-oriented TiO2 substrates to control the film growth direction, then capping with a 
magnetic permalloy layer and fabrication of test samples.  Electric fields are applied in the sample 
plane to induce spin currents, which are measured quantitatively by detecting the magnetic 
deflection of the permalloy layer when it absorbs the spin current.  This magnetic deflection is 
quantified electrically using two separate methods developed under previous funding, spin-torque 
ferromagnetic resonance (ST-FMR) and the 2nd-harmonic Hall technique.  Measurements as a 
function of changing the direction of an in-plane magnetic field allow a determination of all vector 
components of the spin polarization for the spin current that is incident from the spin source layer 
into the permalloy. 

 Measurements on IrO2 were performed in collaboration with the group of Chang-Beom 
Eom and Mark Rzchowski at the 
Univ. of Wisconsin, with theory 
help from the group of Evgeny 
Tsymbal at the Univ. of Nebraska.1  
We studied three growth 
orientations of the IrO2: (001), 
(110), and (111).  As shown in Fig. 
2, the symmetry constraints for 
these orientations are that (001) 
films should produce a spin 
polarization pointing only in the 
conventional (x) direction, (110) 
films may produce both x and y 
components, and (111) films 

 

Fig. 2.  Depictions of the (001), (110), and (111) surfaces of IrO2, 
and the different components of electrically-generated spin currents 
allowed by symmetry constraints. 
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should allow x, y, and z components.  Theoretical predictions for the magnitudes of the spin 
currents can be made by calculating the components of the spin Hall conductivity tensor for a 
single orientation, and then performing a rotation operation appropriate for a film growth direction. 

 The results of the IrO2 measurements were qualitatively consistent with the theoretical 
predictions.  All spin components that were forbidden by theory were indeed found to be zero to 
measurement accuracy, and the components allowed by symmetry were measured to be nonzero.  
The dependence on the angle of in-plane magnetic field for the signals due to each of the 
components of spin current was also in agreement with theory. In regard to quantitative 
comparisons, the conventional (y) spin components for all three crystal orientations were in 
reasonable agreement with predictions, as were the unconventional in-plane (x) component for the 
(110) and (111) films.  However, the unconventional component of primary interest, the out-of-
plane (z) spin polarization was small, corresponding to a spin current density per unit electric field 
of just 18 (ℏ/2𝑒𝑒)(Ωcm)-1 compared to a predicted value of 200 (ℏ/2𝑒𝑒)(Ωcm)-1.  This experiment 
therefore confirms the primary hypothesis of the project that the orientation of electrically-induced 
spin currents can be manipulated simply by controlling the growth direction of a non-cubic crystal, 
but quantitative agreement with theory is lacking so far.   

 The experiment on RuO2 was performed in collaboration with the groups Darrell Schlom 
and David Muller at Cornell, and once again with the theory group of Evgeny Tsymbal at the Univ. 
of Nebraska.2  In this case, we compared (001)-oriented films (for which only spin currents with 
conventional (x) orientation are allowed) to (101) films.  We found that the (101)-oriented films 
produced out-of-plane spin polarizations as large a 70 (ℏ/2𝑒𝑒)(Ωcm)-1, much stronger than for 
IrO2.  (Ref. 2 also presented data for (101)-oriented IrO2 with no measurable out-of-plane-oriented 
spin current.)  Furthermore, by comparing the in-plane and out-of-plane spin currents, we found 
that the angle of the electrically-induced spin 
polarization was closely aligned to the Néel 
vector of the RuO2.  This suggests that the 
antiferromagnetism in RuO2 is central to this 
result, and furthermore the result is in 
agreement with a recently-proposed 
mechanism for producing electrically-
generated spin currents based on momentum-
dependent spin-splitting in the band structure of 
RuO2, depicted schematically in Fig. 3.   Within 
the rutile structure of RuO2, the oxygen atoms 
coordinating the Ru atoms with up spins are 
rotated by 90 degrees relative to the oxygen 
atoms coordinating the Ru atoms with down 
spins.  This leads to non-spherical Fermi 
surfaces in which the states occupied by up 

 

Fig. 3. Illustration of spin-current generation by the 
spin-splitter mechanism in RuO2. 
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electrons are rotated by 90 degrees relative to the states with down electrons (Fig. 3(a)).  When an 
electric field is applied to shift the Fermi surfaces, this naturally leads to strong electrically-induced 
spin currents.  For example, in Fig. 3(b), an electric field along [010] produced more spins pointing 
out of the page moving upward in the figure (along [1�10]) and more spin pointing into the page 
moving downward in the figure.  The result is a strong spin current flowing transverse to the 
applied electric field with a spin orientation parallel to the Néel vector.  This spin current arises 
from exchange and inter-atomic coordination interactions rather than spin-orbit interactions.  
Because exchange and coordination interactions are generally stronger than spin-orbit interactions, 
this mechanism is exciting as a potential strategy for producing even stronger electric-field induced 
torques on magnets compared to the spin-orbit torques that have been the focus within the 
spintronics field for the past decade.  

 The out-of-plane spin current we measured in RuO2 was approximately a factor of 50 
smaller than the prediction for a sample of RuO2 with a single antiferromagnetic domain.  This is 
not surprising because the domain formation in our samples is uncontrolled, and a mix of 
differently-oriented domains can give cancelling contributions to the out-of-plane-oriented spin 
current.  A challenge for the future is to characterize and control the domain configuration to favor 
one of the two possible domain configurations over the other, and see if this allows a large 
enhancement of the net electrically-generated spin current. 

Future Plans 

 We are working toward measurements of additional orientations of IrO2 and RuO2 to check 
whether the results for all different orientations are fully consistent with simple matrix rotations of 
a single spin Hall conductivity tensor.  We will also see if we can adjust the balance of oppositely-
oriented antiferromagnet domains in RuO2 by a combination of injecting spin current and 
annealing.  We have new measurements underway of electrically-generated spin-currents 
produced by other low-symmetry crystals, to establish a basis for a more systematic comparison 
with theory. These include the delafossites PdCoO2 (nonmagnetic) and PdCrO2 
(antiferromagnetic), and the pyrochlore Bi2Ir2O7 (nonmagnetic). 
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Research Scope 

Magnons, the quanta of collective spin excitations in magnetically ordered media, have 
emerged as an exciting candidate for quantum information processing and quantum transduction.  
Magnons exhibit unique features for microwave quantum engineering, i.e., ultra-small wavelength 
down to the nanometer scale and the potential for non-reciprocity, which are highly desired for 
nm-sized quantum gates and noise-isolated qubit operations with on-chip integration.  Although 
quantum operations of magnons have been demonstrated in bulk magnets, the quantum property 
of propagating magnons in magnetic films remains a fundamental challenge in both physics and 
materials science and is key for building magnon-based quantum information devices. 

Our main objective is the development of a materials strategy for realizing hybrid 
magnonic quantum systems around magnetic materials that can be integrated into on-chip quantum 
systems.  We will optimize magnon-photon coupling and test our main hypothesis that reduced 
magnetic damping is key, since it directly determines magnon coherence.  We will pursue a 
multipronged approach based on investigating low-damping metallic alloys and developing new 
synthesis approaches for low-damping magnetic insulators.  Furthermore, we aim to utilize a 
unique advantages of magnetic systems, namely their inherently non-reciprocal dynamics.  We 
will address this objective by proper engineering of hybrid magnon systems through geometric 
constraints as well as interfacial symmetry breaking, which both can tune chiral interactions.  
Lastly, we will integrate these new material systems in prototypical quantum information systems 
with superconducting qubits with the goal to demonstrate new quantum coherent functionality. 

The main program scope is nonreciprocal magnon propagation for noise isolation in quantum 
information systems.  This program will overcome three major challenges: 1) low-damping (down 
to 10-4) magnetic thin film and device platforms to provide efficient coherent magnonic operations, 
2) magnon nonreciprocity with sufficient isolation for coherent magnon-qubit transduction at mK 
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temperatures, and 3) developing quantum modalities that maintain state-of-the-art coherence in 
the presence of magnetic fields and may be integrated with magnetic devices. 

Recent Progress 

Towards the objective of optimizing damping, we focus on two material systems; thin films 
of amorphous transition metal alloys and yttrium iron garnet.  The first one has the advantage of 
large magnetization allowing very strong coupling to microwave photons, while the second system 
has very low damping, which is hard to maintain for epitaxial thin films at sub-K temperatures.  
For the amorphous transition metal alloys we focused on whether amorphization of Co25Fe75 via 
doping with boron can result in a reduction of damping.  We observed a transition to an amorphous 
phase at around 6% B concentration, which coincides with a reduction of magnetic damping.  We 
complemented these experimental results 
with first-principles calculations of 
amorphous alloys, which suggests a possible 
increase of the electronic density of states 
upon doping.  Therefore, the experimentally 
observed reduced damping is most likely due 
to reduced magnetic anisotropy or decreased 
electronic scattering times. 

For the epitaxial Y3Fe5O12 (YIG) thin 
films we explored the detailed interfacial 
structure with permalloy (Ni80Fe20, Py) films 
using aberration-corrected scanning 
transmission electron microscopy (STEM) 
(see Fig. 1), in order to understand the 
experimentally observed antiferromagnetic 
interfacial exchange coupling.  These 
experimental results were accompanied by 
first-principles simulations to investigate at 
the atomic level how Ni interdiffusion at the interface can possibly change electronic and magnetic 
properties and their influence on magnetic damping.  These simulations provide predictions about 
the energetically favored Ni defect position, which we are currently testing experimentally. 

Towards the objective of utilizing non-reciprocal spin-wave transduction we investigated 
the chiral coupling of a ground-signal-ground microwave antenna to magnons in the underlying 
ferromagnetic films.  Using a simple model we established that the chiral selectivity is optimized, 
when the wavelengths of the excited spin waves match the thickness of the ferromagnetic layer.  
Indeed, experimental measurements show pronounced non-reciprocities up to 30 dB with a single 
transmission band in a broad frequency range, see Fig. 2 [8].  Furthermore, we investigated 
whether several different non-reciprocal phenomena can interfere constructively.  Toward this end 

 

Fig. 1:  Atomic-resolution STEM images for YIG/Py (a) 
with ion-milling and (b) without ion-milling. The 
corresponding line profile intensity (c) and (d) shows the 
different interface. The scale bar is 1 nm in (a) and (b). 
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we performed micromagnetic simulations, which indicate that non-reciprocities due to exchange 
bias as well as dipolar coupling in synthetic antiferromagnets can interfere constructively with 
dipolar-chiral coupling from suitable microwave antennae. 

Lastly, towards new functionality, we 
successfully demonstrated time-domain 
manipulation of hybrid magnonic states in a 
chip-embedded magnon-superconducting-
resonator hybrid circuit.  We experimentally 
show the programming and gating of the 
hybrid states of two remotely coupled YIG 
spheres on a superconducting circuit with 
multiple microwave pulses and detecting their 
states independently using a pair of vertical 
microwave antennas, see Fig. 3.  This is the 
first demonstration of time-domain control of 
remotely coupled magnonic resonators and is 
a significant advance towards magnon-
magnon entanglement with coherent magnon 
interference.  Coherent Rabi-like magnon 
excitation oscillations between the two 
remote YIG spheres were observed with a 30-MHz magnon-magnon coupling strength and a 
magnon T1 of 161.5±3.4 ns and T2 of 168.9±9.1 ns at an operating frequency of 5 GHz.  This is 
a record magnon coherence and dephasing time in cavity magnonics at cryogenic temperature.  
With coherent microwave pulses, a complete cancellation of hybrid magnonic excitations with an 
anti-phase magnon drive was achieved.  Additionally, parametric amplification of microwave 
input > 20 dB was demonstrated, by pumping 
the hybrid magnon modes into nonlinear 
states. This demonstrates a realistic hybrid 
magnonic system for building circuit 
integrated distributed quantum magnonic 
modules for quantum magnon operations and 
remote magnon entanglement. 

In addition, we are developing field-
compatible Josephson circuits made from 
thin Al with hybrid magnon devices.  We 
acquired preliminary data from a device that 
combines a nonlinear Josephson circuit 
including a SNAIL (Superconducting 
Nonlinear Asymmetric Inductive eLement) 

 

Fig. 2: (a) Optical image of a YIG delay line.  (b) 
micromagnetic simulation of the chiral magnetic field of 
the antenna and magnon dynamic magnetizations for 
opposite propagation directions.  (c) and (d) Broadband 
non-reciprocal microwave transmission with constant 
isolation of at least 30 dB.  Adapted from Ref. 8. 

 

Fig. 3:  (a), (b) Coherent coupling of two remote YIG 
spheres mediated by a superconducting resonator.  (c), (d) 
Full constructive and destructive magnon interference 
with two microwave pulse excitations. 



 

162 
 

that is coupled to a cavity-magnon system.  We have shown that the Josephson circuit can be 
operated in an in-plane magnetic field of 300 mT, sufficient to match the Kittel mode of YIG to 
the few-GHz cavity resonances.  This device will demonstrate parametrically time-controlled, 
quantum-limited magnons and superconducting qubit interactions.  

Future Plans 

We will characterize the magnetic damping over a wide temperature range down to the mK 
regime to identify the materials best suited for exploring single magnon physics.  In parallel, we 
have developed designs for field-tolerant superconducting quantum devices, which we plan to 
validate experimentally.  In order to emphasize the non-reciprocity of magnons in quantum 
information, we will integrate superconducting resonators with magnetic thin films, such as CoFeB 
and YIG, to achieve coherent excitation of short-wavelength propagating magnons and their strong 
coupling with microwave photons.  We will fabricate superconducting resonators with sub-micron 
antennas to couple with short-wavelength propagating magnons.  Using our previous 
demonstration of nonreciprocal magnon excitation and transduction, this will allow for 
unidirectional quantum state transfer mediated by propagating magnons.  In addition to this we 
will use non-linear effects and three-wave mixing for fast dynamic control of the coupling between 
magnon and superconducting resonator modes.  Lastly, to pursue magnon-qubit interactions for 
real quantum magnonics, we will couple our hybrid magnonic circuits to a superconducting qubit 
with our set-up dilution fridges for quantum microwave experiments. The qubit will be operated 
in the continuous-wave (CW) condition with ultralow-power, where the excited number of 
photon/magnon quanta is suppressed down to the single quantum limit. The resolution of the 
quantized magnon state will be reflected by the discretized resonance states of the qubits that 
reflects different excited numbers of magnon/photon quanta. We will explore the field-dependent 
operation of superconducting qubits. 

In addition, we plan to cultivate time-domain coherent magnon operations with our 
signature remote magnon-magnon coupled superconducting circuit in the following directions: (1) 
to explore multi-pulse interference control of magnon states, which is inspired by the diffraction 
of light through a multi-slit grating; (2) to achieve time-domain gating of magnon-magnon 
interaction in order to achieve dynamic control of magnon states; (3) to further explore the 
potential of magnon-based parametric amplification of microwaves. Direction (1) is to fully 
cultivate the limit of coherent magnon interaction by increasing the number of magnon pulses. 
Direction (2) is the prerequisite for any practical gating application of quantum magnonics in 
quantum computing. Direction (3) is to cultivate the nonlinearity in superconducting kinetic 
inductance and magnon-photon interaction for single-magnon or single-photon operations.  The 
goal is to explore new protocols for coherent magnon operations with multiple magnon nodes and 
create entanglement with the help of magnon interactions and control. 

Towards the integration of quantum devices with magnon modes, we will investigate the 
performance of thin-Al devices coupled to magnons in magnetic field.  Of particular interest is the 
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degree of coherence that can be achieved when operating in parameter regimes that are required 
for coupling magnon modes to microwave resonators.  Because Al devices are hard to operate in 
magnetic fields, we will additionally pursue the development of quantum devices based on field-
compatible superconductors that have intrinsic nonlinearity based on kinetic inductance.  We will 
investigate Al-free devices that can act as sources of quantum states and quantum-limited couplers.  
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1. Research Scope 
The overall scope of this research project is to investigate the spin as well as topological 

properties of a certain class of antiferromagnetic materials referred to as Kagome antiferromagnets. 
These materials have been found to exhibit fascinating properties in electron transport including 
the anomalous Hall, topological Hall, and anomalous Nernst effects [1,2,3]. Such materials include 
manganese-tin (Mn3Sn), iron-tin (Fe3Sn2 and FeSn), and others. Our research approach is to 
fabricate thin films using molecular beam epitaxy (MBE) and then study the films using scanning 
tunneling microscopy (STM) and ultimately spin-polarized scanning tunneling microscopy (SP-
STM). The instrumentation we employ in this project includes two MBE/STM labs. The goal of 
each lab is to independently grow by MBE the selected or desired films on suitable substrates and 
then transfer directly through UHV into adjoining STM analysis chambers. The idea is to avoid 
inadvertent exposure to ambient atmosphere and thus explore pristine surfaces. The sample grown 
by MBE must first be explored using an array of additional equipment for the initial 
characterization, prior to the STM studies. Since we recently began growing these Kagome 
antiferromagnets, until now the work has not yet included STM measurements, but that is the next 
step for our project. 

2. Recent Progress 
Progress on the molecular beam epitaxial growth of Mn3Sn 
Our initial studies of the MBE growth of Mn3Sn in summer 2020 were aimed at answering the 
question ‘can we achieve a crystalline or semi-crystalline, well-ordered, and epitaxially well-
oriented film?’ We began simply by co-depositing Mn and Sn onto a c-plane sapphire (0001) 
substrate at a Mn:Sn flux ratio of 3.1:1. We were lucky in that our first set of films showed 
primarily a c-oriented crystalline structure in x-ray diffraction along with some other smaller peaks 
in the 2θ spectrum. The film was produced at an elevated temperature of 524 +/- 5 °C, and the 
reflection high energy electron diffraction showed a clear diffraction pattern only after cooling 
down and waiting for about one day. The Mn3Sn RHEED streak spacings were contracted 
compared to sapphire, revealing the larger Mn3Sn lattice constant to within a small difference from 
accepted values (see Fig. 1). Rutherford backscattering showed a slight Mn-deficiency (Mn:Sn = 
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2.47:1) for the measured film, while the transmission 
electron microscopy revealed a mound-like, 
discontiguous film with voids down to the substrate [4]. 

We also investigated MBE growth at different 
temperatures while increasing the Mn:Sn flux ratio up to 
3.3:1. Although this time RBS gave us a ratio of 3.3:1 
(matching the flux ratio), depositing at a lower substrate 
temperature (453 +/- 5 °C) we discovered surprisingly 
that the film crystal structure changed to [1120] (a-plane) 
orientation, c-axis in-plane (see Fig. 2). 

Amazing was that the RHEED streak spacing hardly 
changed relative to the sapphire (0001) substrate. 

Calculating 
the lattice 
constant from 

the RHEED streak spacings, we obtained a value along 
sapphire’s a-axis close to the expected value for the b-
value of Mn3Sn but a value along sapphire’s b-axis 
compressed by more than 9% compared to the c-value 
of Mn3Sn. To understand the unexpected results, we 
turned to theoretical calculations via our project theory 
collaborators. First-principles calculations helped us to 
find models for the possible film structures, and we 
discovered a model which agrees extremely well with 
our experimental observations [5]. 

Still, the film that we grew with a-plane 
orientation was found to be discontiguous although 
considerably smoother compared to the c-plane 
oriented film. To attempt to solve this problem, we 
tried a new growth trick. The idea was based on 
work published in 1996 in Science where it was 
reported that atomically smooth and contiguous 
silver films could be grown on GaAs (110) cleaved 

 

Fig. 1 c-plane results: Line profiles of the 
RHEED patterns for annealed Al2O3 and Mn3Sn 
in both (a) [1120]S and (b) [1100]S directions. The 
red arrows indicate Kikuchi lines. [4] 

Fig. 2 a-plane results: (a) lattice image 
showing the c-plane standing upright. 
Numbers in the image were calculated after 
calibration using the sapphire lattice; (b) 
model corresponding to the lattice image 
shown in (a); (c) lattice image at the 
interface between sapphire and Mn3Sn. [5] 
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surfaces (overcoming the usual growth kinetics which lead to highly rough Ag films) by employing 
a 2-step growth procedure: 1. depositing 1.5 nm of Ag at a cryogenic temperature, followed by 2. 
warming up to room temperature (anneal step) [6]. In our Mn3Sn case, we deposited a seed layer 
(about 3 nm) of Mn + Sn at room temperature and waited overnight. The results were stupendous, 
with a highly crystalline layer emerging the next day. We then deposited a thicker layer on top of 
this template layer, also at room temperature, and examined the results using RHEED and XRD. 
The results show greatly improved crystalline orientation for these 2-step films along with atomic 
force microscopy which shows a smooth contiguous film. We have also explored annealing the 
film to higher temperatures to gain better crystallinity, and the results for that are encouraging [7]. 
Progress towards scanning tunneling microscopy of Mn3Sn 

Our most important goal is to explore the surfaces of the Kagome lattices using STM and spin-
polarized STM at low temperatures and under applied magnetic fields. We are steadily progressing 
towards this goal. We have 2 MBE/STM systems where these studies are very soon to be possible 
(see Fig. 3). Note that all our STM systems include home-built scan heads including all the internal 
electronic wiring to accommodate the MBE sample holders. An important part of the students’ 
training is in learning STM construction. Both STM systems in the 2 separate labs are currently 
undergoing developments and modifications. Lab 1 is nearly to the test phase for our variable low-
temperature (20-300 K) low-field (0-1T, in-plane or out-of-plane) STM. Lab 2 is close to testing 
our variable ultra-low-temperature (1.5-300 K), 
high-field (0-4.5T) STM. 

What has been achieved with both low-
temperature STM developments is quite amazing 
and significant and includes for Lab 1’s STM: a) 
completed construction and receipt of the OFHC 
gold-coated copper bundles for STM cooling and 
temperature control; b) design and construction 
of an OFHC gold-coated heat shield which can be 
raised and lowered to enable sample transfer and 
tip-sample approach; c) near completion of all 
STM electrical wiring; d) final connections to the 
various vacuum feedthroughs; and e) readying 
for connection to our new RHK R10 electronics. 
And for Lab 2’s STM, the progress includes: a) 
de-coupling the scan head from the 4.2 K 
magnet cryostat to allow the temperature to be controlled at the tip of an ultra-low-temperature 
flow cryostat (1.5-300 K); b) re-designing and re-building the STM scanner with better rigidity; c) 
adding a temperature sensor; and d) connecting the STM to our RHK R9plus electronics. 

At the same time, in Lab 1 we continue to use our fully operational room-temperature STM. 
This RT-STM system has steadily worked to give good results for many years. 

Fig. 3 Schematic design of variable low-temperature STM and 
variable ultra-low-temperature STM systems for 
investigations of spin-polarized surfaces under temperature 
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3. Future Plans 
We are now poised for investigation of these Kagome lattice materials using ultra-low variable-

temperature and low variable-temperature STM under applied magnetic fields. The MBE growth 
of the Mn3Sn material has been achieved already on sapphire substrates, and publication are 
happening for that already. The progress with custom, home-built STM constructions is extremely 
good, and in all likelihood, we will be performing low-temperature STM studies by the end of 
2023. The goals include to observe the Kagome spin lattice using spin-polarized STM on both the 
a-plane and the c-plane surfaces. The unusual non-collinear spin structures will be ideally explored 
using this method with both spin and spatial resolution at the atomic scale. By utilizing the applied 
magnetic field, we can manipulate the spin orientation of the tip and thus we can adjust the spin 
sensitivity to the surface along different directions. Beyond this will be the capacity to vary the 
temperature from 2 K to 300 K, allowing us to look at phase transitions and temperature-dependent 
field effects. 
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Research Scope 
 Fe5-xGeTe2 is a promising two-dimensional (2D) van der Waals (vdW) magnet for practical 

applications, given its remarkable magnetic properties. These include Curie temperatures above 

room temperature, and topological spin textures – TST (both merons and skyrmions), responsible 

for a pronounced anomalous Hall effect (AHE) and its topological counterpart (THE), which can 

be harvested for spintronics. Here, we show that both the AHE and THE can be amplified 

considerably by just adjusting the thickness of exfoliated Fe5-xGeTe2, with THE becoming 

observable even in zero magnetic field. Using a complementary suite of techniques, including 

electronic transport, Lorentz transmission electron microscopy, and micromagnetic simulations, 

we reveal the emergence of substantial coercive fields upon exfoliation, which are absent in the 

bulk, implying thickness-dependent magnetic interactions that affect the TST. We detected a 

‘magic’ thickness t ~30 nm where the formation of TST is maximized, inducing large magnitudes 

for the topological charge density (∼6.45 x 1020 cm-2), and the concomitant anomalous (𝜌𝜌𝑥𝑥𝑦𝑦
A,max ≅ 

22.6 µΩ cm) and topological (𝜌𝜌𝑥𝑥𝑦𝑦
u,T ≅ 15 µΩ cm) Hall resistivities at T ~ 120 K. These values for 

𝜌𝜌𝑥𝑥𝑦𝑦
A,max and 𝜌𝜌𝑥𝑥𝑦𝑦

u,T are higher than those found in magnetic topological insulators and, so far, the 

largest reported for 2D magnets. The hitherto unobserved THE under zero magnetic field could 

provide a platform for the writing and electrical detection of TST aiming at energy-efficient 

devices based on vdW ferromagnets.   

Recent Progress 
The study of magnetism in the two-dimensional (2D) limit has been pivotal for the development 

of critical phenomena and strongly correlated phases in ultrathin compounds1. Magnetism in van 

der Waals (vdW) like compounds has seen a remarkable recent resurgence due to the advent of 

layered magnetic compounds displaying a magnetic ground state even when exfoliated down to 

the monolayer limit2. Among known vdW layered magnets, the metallic ferromagnets belonging 

to the Fen-xGeTe2 family, and its doped variants, display the highest known Curie temperatures 

(Tc). Despite being centrosymmetric, implying a priori the absence of the Dzyaloshinskii–Moriya 

interaction, these compounds are prone to display topological spin textures, such as skyrmions and 
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merons3 and complex domain boundaries between stripe domains.   Topological spin textures such 

as skyrmions, are vortex-like nanometric spin textures that carry an integer topological number, or 

topological charge, describing how many times the magnetic moments composing it wrap around 

a sphere. In contrast, merons are characterized by a half integer topological charge. Such textures 

are characterized by a finite value of the scalar field spin chirality, 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑆𝑆𝚤𝚤���⃗ ∙ �𝑆𝑆𝚥𝚥���⃗ × 𝑆𝑆𝑖𝑖����⃗ �, which is 

a fictitious magnetic field that bends the electronic orbits, generating the so-called topological Hall 

effect (THE)4.  In fact, we have recently shown that spin chirality also leads to an unconventional 

(topological) Hall like response even in a configuration that lacks Lorentz force3,5.   

We evaluatee the unconventional THE (𝜌𝜌𝑥𝑥𝑦𝑦
u,T ) and AHE (𝜌𝜌𝑥𝑥𝑦𝑦A ) responses of Fe5-xGeTe2 as a 

function of both the crystal thickness t within 12 nm ≤ t ≤ 65 nm and temperature. For fields 

parallel to electrical currents flowing along a planar direction, we find a coercive field 𝜇𝜇0𝐻𝐻𝑐𝑐𝑎𝑎𝑎𝑎 > 10 

𝜇𝜇0𝐻𝐻𝑐𝑐𝑐𝑐, where 𝜇𝜇0𝐻𝐻𝑐𝑐𝑎𝑎𝑎𝑎 and 𝜇𝜇0𝐻𝐻𝑐𝑐𝑐𝑐 are the coercive fields seen in the THE and AHE responses for 𝜇𝜇0𝐻𝐻 

parallel to the ab-plane and the c-axis, respectively. This implies a rotation of the magnetic hard 

axis of Fe5-xGeTe2 upon exfoliation, from the c-axis towards the ab-plane, in contrast to what is 

observed for bulk samples. Experimentally, we find that this reorientation leads to a very large 

enhancement of both 𝜌𝜌𝑥𝑥𝑦𝑦A  and 𝜌𝜌𝑥𝑥𝑦𝑦
u,T, with both quantities peaking at a thickness t ≅ 30 nm.  Our 

micromagnetic simulations indicate that there is a maximum in the topological charge density 

around this thickness, located between the complete spin homogeneity of very thin films due to an 

exchange-dominated regime, and the spin inhomogeneity intrinsic to thick films, dominated by the 

dipolar interactions. We also observe the emergence of a very pronounced hysteresis in the THE, 

particularly in a temperature range where hysteresis remains completely absent in the longitudinal 

magnetoresistivity. This implies that the hysteresis observed at higher temperatures is not 

dominated by the movement and pinning of ferromagnetic domain walls. Instead, we argued that 

remnant chiral spin textures provide a Hall-like signal even after the external magnetic field is 

suppressed. This is supported by both our Lorentz transmission electron microscopy (LTEM) 

measurements that reveal remnant skyrmions upon magnetic field removal, and our micromagnetic 

simulations indicating that the maximum meron density, and, hence, topological charge-density, 

peaks at µ0H = 0 T.  The ensemble of our observations is consistent with intrinsic anomalous and 

topological Hall responses modulated by the evolution of the spin textures as a function of 

thickness, temperature, and magnetic field. They also point to the possibility of writing remnant 
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topological spin textures with a magnetic field and electrically detecting them via a topological 

Hall voltage. This exposes the potential of Fe5-xGeTe2 for the development of magnetic memory 

elements and spintronics in general. 

 
Fig. 1| Anomalous Hall response 𝝆𝝆𝒙𝒙𝒙𝒙𝐀𝐀  and micromagnetic simulations. a-f, 𝜌𝜌𝑥𝑥𝑦𝑦A  as function of µ0H applied along 
the c-axis for six temperatures, 2, 40, 80, 120, 160 and 200 K, respectively. Magenta, red, blue, and green traces 
correspond to crystal thicknesses of 12, 15, 30 and 65 nm, respectively. Note the increased loop squareness with the 
increase of the coercive field 𝜇𝜇0𝐻𝐻𝑐𝑐𝑐𝑐 as T is lowered, and the increase in the AHE response as the number of layers, n, 
decreases. The maximum values occurred for an Fe5-xGeTe2 crystal of 30 nm thickness. g, Snapshot of the 
magnetization domains obtained via micromagnetic simulations at zero field and 0 K, including domains with their 
magnetization oriented within the conducting planes and domains with the magnetization oriented perpendicular to 
the planes. Several domain walls meet at a planar spin vortex that contains a meron at its center.  The application of a 
transverse magnetic field stabilizes skyrmions in domains characterized by an out-of-plane magnetization 
component35. h, Calculated topological charge density associated with domain structure shown in g. i, Topological 
charge density as a function of sample thickness, showing a maximum for 15 nm ≤ t ≤ 25 nm, nearly in agreement 
with the t-dependence of 𝜌𝜌𝑥𝑥𝑦𝑦A (𝑡𝑡). The slight fluctuation in the values of the topological charge (blue dots) are due to 
several realizations (~10 times) of the random spin seeds that were subsequently averaged for each thickness. The red 
line is a simple fit to an order-3 polynomial.  Inset: magnified image of a simulated magnetic skyrmion. 
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Future Plans 
 Currently, we are finalizing a thorough study on Fe3GaTe2 (Tc ~ 380 K) grown by us via 
chemical vapor transport, indicating enormous anomalous and topological Hall responses. Our 
goals are to understand the mechanism leading to the “writing” of spin textures and its evolution 
as a function of temperature, particularly above room T. We will use imaging techniques coupled 
to transport and transvers electric fields, to explore our ability to manipulate and move this spin 
textures. 

 
Fig. 2| Coercivity as a function of magnetic field orientation and emergence of the unconventional THE. a-b, 
Raw Hall resistivity ρxy as a function of the angle θ  between µ0H and the c-axis of a t = 15 nm thick Fe5-xGeTe2 
crystal. We observed an increase by more than one order of magnitude in the coercive field Hc as 𝜇𝜇0𝐻𝐻 is rotated 
towards the ab-plane. c, Raw ρxy measured from a Ni-doped Fe5-xGeTe2 crystal (composition (Fe0.85Ni0.15)5-xGeTe2) of 
thickness t = 18 nm. Note the similar values of the saturating anomalous Hall response with respect to the value for 
the t = 15 nm thick Fe5-xGeTe2 crystal. In contrast, (Fe0.85Ni0.15)5-xGeTe2 displays one order of magnitude larger values 
for 𝜇𝜇0𝐻𝐻𝑐𝑐𝑐𝑐, probably due to the disorder inherent to its alloy character.  d, Coercive fields, 𝜇𝜇0𝐻𝐻𝑐𝑐, as a function of the 
angle θ  between 𝜇𝜇0𝐻𝐻 and the interlayer c-axis for both (Fe0.85Ni0.15)5-xGeTe2 (t = 18 nm, black markers) and Fe5-

xGeTe2 (t = 15 nm, red markers) at T = 2 Κ. For both compounds, Hc increases rapidly as θ  surpasses 70o, but for both 
samples it displays similar values around θ = 90o. e, f, and g, Unconventional THE response 𝜌𝜌𝑥𝑥𝑦𝑦

u,T resulting from an 
unconventional measurement geometry, namely magnetic field parallel to the electrical current using a Hall geometry 
for the voltage leads, and for three temperatures T = 120 K, 160 K, and 200 K, respectively. We note extremely large 
coercive fields 𝜇𝜇0𝐻𝐻𝑐𝑐𝑎𝑎𝑎𝑎 (indicated by red arrows) that are over one order of magnitude larger than 𝜇𝜇0𝐻𝐻𝑐𝑐𝑐𝑐 at the same 
temperatures, and the broad peak in 𝜌𝜌𝑥𝑥𝑦𝑦

u,T for fields beyond 𝜇𝜇0𝐻𝐻𝑐𝑐𝑎𝑎𝑎𝑎.  
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Research Scope 

 The overarching goal of this project is to realize the non-volatile electric-field control of spin 
transport across interfaces [1] and in spin-orbit coupled materials, which is crucial for the operations 
in spin-based circuitry. Particularly, this project exploits non-volatile control using interfaces with 
ferroelectrics in both spin-polarized charge current and in non-magnetic spin-orbit coupled materials, 
especially the recently discovered molecular ferroelectrics that have large polarizations and small 
switching fields. The specific aims are 1: elucidate the effect of polarization on the spin transport 
through the ferromagnet/molecular ferroelectrics interfaces; 2: gain fundamental understanding on 
the effect of polarization on the charge/spin conversion in spin-orbit coupled materials at the 
interfaces with molecular ferroelectrics. 3: characterize spin transport in crystalline molecular 
ferroelectrics. 

Recent Progress 

Previously, we have demonstrated the ferroelectric control of spin-polarized charge current 
in a magnetic tunneling junction, using proton-transfer type molecular ferroelectrics as the 
tunneling barrier, employing the electrostatic effect (energy landscape change) due to the 
polarization reversal [2]. To study the effect of polar interface on spin/charge conversion in spin-
orbit coupled materials, we investigated the spin transport, including the spin Hall effect (SHE), 
inverse spin Hall effect (ISHE), and the spin-Hall Hanle effects (SHHEs) of Pt thin films grown 
on various polar and non-polar insulators. Our results show that SHHEs offer a self-contained way 
to extract spin-transport properties such as spin Hall angle θSH, spin diffusion length λs, spin 

 
Figure 1. (a) Schematic of the spin Hall Hanle effects (SHHEs) in a Pt/insulator heterostructure. Applied 
magnetic field causes precession of spin polarization during the diffusion from the interface and manifests in 
the magnetoresistance and the Hall effect. (b) Measured change of longitudinal resistivity normalized with the 
zero-field resistivity. Bx, By, and Bz are the magnetic field along the x, y, and z directions, respectively. (c) 
Measured transverse Hall resistivity normalized with the zero-field longitudinal resistivity. 
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relaxation time τs. [3] Comparison between SHHEs at polar and non-polar interfaces suggests great 
potential of controlling spin/charge conversion using ferroelectric polarization.  

SHE and the ISHE have been widely used for both the generation and detection of pure 
spin current. On the other hand, it is difficult to probe SHE and ISHE as bulk effects in heavy 
metals using magneto-transport, because the modulation by a magnetic field is limited by the short 
timescale of momentum relaxation. In contrast, at the boundary of the heavy metals, the spin 
accumulation and diffusion (spin-current reflection) may be more effectively manipulated by a 
magnetic field via spin precession according to the Hanle effect [Fig. 1(a)], because it is the spin 
relaxation that determines the timescale of the process. Dyakonov predicted a longitudinal 
effect  [4], which was later observed in Pt and β-phase Ta thin films and named Hanle 
magnetoresistance. On the other hand, spin precession is also expected to rotate the spin 
polarization and generate a transverse charge current corresponding to a Hall effect. However, this 
Hanle Hall effect has not been experimentally demonstrated and often overlooked. 

To resolve the puzzle of missing Hanle Hall effect, we deposit Pt thin films on Al2O3 
substrates using pulsed laser deposition to enhance τs for reaching the strong-precession condition. 
We observed non-quadratic and non-linear field dependence for the longitudinal 
(magnetoresistance) and the transverse (Hall) effects respectively, indicating the strong precession 
condition. The dual effects, which we refer to as the spin-Hall Hanle effects (SHHEs), can be fit 
using the same set of parameters (θSH, λs, and τs), suggesting that SHHE can be reliably employed 
in extracting the spin transport properties without complications from the magnetic interfaces, such 
as spin memory loss  [5] and proximity-induced magnetism. 

Figure 1(b) shows the change of longitudinal resistivity ∆ρL=ρL-ρL0 normalized with 
respect to the zero-field value ρL0 in a 5.2-nm-thick Pt film, where Bx, By and Bz represent the 
magnetic field applied along the x, y, and z direction respectively. Overall, ∆ρL increases with the 
magnetic field, consistent with the expectation from the SHHE. As illustrated in Fig. 1(a), the 
longitudinal charge current (𝑞𝑞𝑥𝑥) in the Pt film generates a spin current (𝑞𝑞𝑧𝑧𝑦𝑦, polarization along 𝑦𝑦�, 
current flow along �̂�𝑧) via SHE toward the Pt/Al2O3 interface. The reflected spin current (𝑞𝑞𝑧𝑧𝑦𝑦𝑅𝑅  ) 
generates a longitudinal charge current 𝑞𝑞𝑥𝑥𝑅𝑅 via the ISHE before the spin polarization relaxes. The 
Hanle effect may be observed when an external magnetic field causes the precession of the spin 
polarization of resulting in 𝑞𝑞𝑧𝑧𝑥𝑥𝑅𝑅  and transverse charge current 𝑞𝑞𝑦𝑦𝑅𝑅. In addition, 𝑞𝑞𝑥𝑥𝑅𝑅 will be reduced, 
which increases the longitudinal resistivity, as observed in Fig. 1(b).  

The anisotropy in Fig. 1(b) also agrees with SHHE in that ∆ρL(By)/ρL0 is smaller than 
∆ρL(Bx)/ρL0 and ∆ρL(Bz)/ρL0 while the latter two are similar. When the magnetic field is parallel to 
the initial polarization direction (𝑦𝑦�) of 𝑞𝑞𝑧𝑧𝑦𝑦, no spin precession is caused by the external magnetic 
field and the SHHE does not contribute to ∆ρL(By)/ρL0. Hence the difference ∆ρL(Bz)-∆ρL(By) is 
attributed to the longitudinal SHHE. Figure 1(b) also reveals the strong-precession behavior of the 
longitudinal SHHE that was not observed before. A numeric simulation shows that, at low field 
(weak precession), the longitudinal SHHE is quadratic (∝Bz2); at high field (strong precession), 
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the effect saturates when the precession angle is so large that 𝑞𝑞𝑥𝑥𝑅𝑅 vanishes, consistent with the 
reduced slope of ∆ρL(Bx)/ρL0 and ∆ρL(Bz)/ρL0 at high field in Fig. 1(b).  

Figure 1(c) shows the normalized transverse resistivity ρT/ρL0, which has non-trivial field 
dependence only in Bz. In addition, ρT(Bz)/ρL0 exhibits a non-linear relation with a large slope at 
low field and a smaller slope at high field. As illustrated in Fig. 1(a), with Bz, the spin precession 
leads to non-zero 𝑞𝑞𝑧𝑧𝑥𝑥𝑅𝑅 , which generates a non-zero 𝑞𝑞𝑦𝑦𝑅𝑅 (Hall signal) via ISHE. At low field (weak 
precession), the effect is linear (∝Bz). At high field (strong precession), the transverse effect is 
expected to vanish because the projection of 𝑞𝑞𝑦𝑦𝑅𝑅 cancels due to the large precession angle. This 
overall nonlinear effect is consistent with the observation in Fig. 1(c). 

A scaling rule pointed out by Dyakonov [4] needs to be considered to extract the spin 
transport parameters. Considering the spin-precession nature, the SHHEs are expected to scale 

with the spin precession time 𝜏𝜏𝑠𝑠∗ defined as 1
𝜏𝜏𝑠𝑠∗

= 1
𝜏𝜏𝑠𝑠
�1 + �2𝜆𝜆𝑠𝑠

𝑑𝑑
�
2
�  [4]. Indeed, numerical simulation 

shows that the field dependence “scaled” with 𝜏𝜏𝑠𝑠∗ of SHHE maintains roughly the same curve shape 
despite that the value of d/λs changes over orders of magnitude. Therefore, one needs to estimate 
λs from the thickness dependence of SHHE, which can then be used to extract 𝜏𝜏𝑠𝑠 (out of τ𝑠𝑠∗) and 
θSH. We then measured the thickness dependence of SHHE in the epitaxial Pt films. The 
experimental ∆ρL,SHHE/ρL0 is calculated as [∆ρL(Bz) - ∆ρL(By)]/ρL0. Figure 2(a) shows the thickness 
dependence of experimental ∆ρL,SHHE/ρL0 at 4 T field. Meanwhile, the experimental ∆ρT,SHHE/ρL0 

is calculated by subtracting the linear contribution from ρT(Bz)/ρL0; the result at 1 T field is 
displayed in Fig. 2(a). Fitting the thickness dependence of both longitudinal and transverse SHHE 
leads to λs=1.63 ± 0.26 nm. The λs values are comparable to the value reported in polycrystalline 
Pt/sapphire at 300 K and single crystalline Pt/Fe/MgO. 

 With the estimation of λs, we fit the field dependence of SHHE and derive the value of 
θSH, τs. Figure 2(b) and 2(c) shows fittings of both longitudinal and transverse SHHE signals from 
three different Pt/Al2O3 films. For each film, same set of parameters (θSH, λs, τs) have been used 

 
Figure 2. (a) Longitudinal and transverse SHHE measured at 4 T and 1 T respectively, as a function of Pt 
thickness. (b) Measured longitudinal SHHE (symbols) as the difference between the magnetoresistance in Bz 
and that in By. (c) Measured transverse SHHE (symbols) as the measured Hall effect with the linear background 
subtracted. The data are shifted vertically in both (b) and (c) for clarity. The lines in (b) and (c) are fit of the 
data. For each Pt film thickness, the fit uses the same set of parameters. 
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to fit both longitudinal and transverse SHHE. We found that θSH and τs are 0.022±0.006 and 
1.8±0.9 ps, respectively in our Pt thin films. One salient difference between this work and previous 
work is that the spin relaxation time τs is roughly one order of magnitude longer in the epitaxial Pt 
films used in this work, which is critical for reaching the strong-precession condition of SHHE. 

Furthermore, we studied SHHEs with a Pt/h-LuFeO3 interface, where h-LuFeO3 is 
ferroelectric with polarization about 10 𝜇𝜇𝜇𝜇/cm2. Figure 3(a) shows the thickness dependence of 
the Hanle Hall effect ρT(Bz) slope. By fitting the slope, we found the spin diffusion length as λs = 
0.9 ± 0.2 nm. Figure 3(b) and (c) show the MR (i.e., field dependence of ρL) and the Hall effect 
(i.e., field dependence of ρT) in Pt (5.4 nm)/h-LuFeO3 and in Pt (5.2 nm)/Al2O3  [3]. Remarkably, 
we found that the magnitude of both MR and Hall effect are much larger in Pt(5.4 nm)/h-LuFeO3 

than that in Pt(5.2 nm)/Al2O3, implying that the spin Hall angle θSH is substantially larger in the 
Pt/h-LuFeO3. 
Future Plans 

1. Comprehensive study on the Pt interface with isomorphic ferroelectric materials, i.e., 
hexagonal ferrites and manganites. 

2. Study the effect of polarization switching on the Pt/ferroelectric interface. 
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Figure 3. (a) Thickness dependence of the low-field slope of the Hall effect for Pt/h-LuFeO3. The fitting reveals 
a spin diffusion length λs = 0.9 ± 0.2 nm. Measured transverse Hall resistivity normalized with the zero-field 
longitudinal resistivity. Field dependence of the normalized longitudinal resistivity (magnetoresistance) (b) and 
transverse resistivity (Hall effect) (c) of a Pt (5.4 nm)/h-LuFeO3 and a Pt (5.2 nm)/Al2O3 samples.  
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Research Scope: 
The goal of this DOE research project is to investigate fast spin-orbit torque (SOT) switching of 
antiferromagnets (AFM) enabled by their interface with heavy metals (HM) or topological 
insulators (TI) driven by electrical pulses with duration down to 0.3 nanosecond.  Compared to 
ferromagnets (FM), AFMs offer numerous advantages such as low damping loss, robustness 
against stray magnetic field, ultrafast picosecond speed, terahertz dynamics, and abundancy for 
spintronics.  Recent breakthroughs in electrical switching of AFMs have led to the emergence of 
antiferromagnetic spintronics as one of the most exciting frontiers in condensed matter physics.  
SOT has become the preferred choice for controlling both FMs and AFMs with high scalability 
and novel functionalities.  Given the infancy of the new field of antiferromagnetic spintronics, the 
electrical switching of AFMs at fast time scales (~ns) has been essentially unexplored, which is 
needed for the understanding of ultrafast AFM spin dynamics and the development of high-speed 
AFM spintronic devices.  This project has the following aims to uncover the fast switching 
behaviors of AFM spins and the underlying mechanisms: (1) achieve spin-orbit torque switching 
of AFM insulators (e.g., Fe2O3 and NiO) and semiconductor (MnTe) enabled by an adjacent TI 
layer (e.g., Bi2Se3); (2) probe electrical switching in HM/AFM and TI/AFM bilayers using pulses 
with duration ranging from quasi-DC to 0.3 ns and understand the time-energy scales of fast AFM 
switching.  

This research project focuses on AFM insulators and semiconductor with high Néel 
temperatures and moderate anisotropies, which ensure AFM stability and allow for electrical 
switching at room temperature.  TIs can provide high charge-to-spin conversion efficiency and 
giant SOT due to the surface spin-momentum locking.  This project will demonstrate electrical 
switching of AFMs by an adjacent TI with high charge-to-spin conversion efficiency. 
 
Recent Progress 

• Third Harmonic characterization of Spin/Magnetic Interactions in Antiferromagnetic 
Heterostructures 
Lock-in detection technique has been widely used to investigate current-induced spin torque 

contributions in HM/FM systems by measuring the first and second harmonic voltages.1 Supported 
primarily by this DOE grant, we reported, for the first time, harmonic measurements in HM/AFM 
bilayer Pt/α-Fe2O3.2  As compared to HM/FM bilayers where spin torques only contribute to the 
second harmonic signals, our results show that for HM/AFMs, the damping-like SOT, as well as 
the magnetoelastic effect, appear in the third harmonic response.  Our theoretical modeling, 
together with the temperature-dependent harmonic measurements, indicate that magnetoelastic 
effect could have an important contribution to current-induced AFM switching. 
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We used Pt(5 nm)/α-Fe2O3(30 nm) 
bilayers patterned into a 5 μm wide Hall cross 
(Fig. 1a) for the harmonic measurement with 
a 4 mA ac current at 17 Hz while the first 
(1ω), second (2ω), and third (3ω) harmonic 
voltages are recorded by a lock-in amplifier. 
Figure 1b schematically illustrates the two 
spin sublattices 𝒎𝒎𝐀𝐀(𝐁𝐁) of α-Fe2O3 with the in-
plane magnetic field applied at an angle 𝜑𝜑H 
relative to the x axis.  We define the unit 
vector of Néel order 𝒏𝒏 = 𝒎𝒎𝐀𝐀−𝒎𝒎𝐁𝐁

|𝒎𝒎𝐀𝐀−𝒎𝒎𝐁𝐁|
 and net 

magnetization 𝒎𝒎 = 𝒎𝒎𝐀𝐀 + 𝒎𝒎𝐁𝐁  (Fig. 1c).  
Figure 1d shows the 𝜑𝜑H-dependence of first 
harmonic voltage 𝑉𝑉1ω.  Based on the theory of 
spin Hall magnetoresistance (SMR), when the 
current is applied along the x direction, the 
generated spin current with spin polarization 
σ is along the y direction.  Depending on the 
relative angle between σ and n, the 
transverse voltage 𝑉𝑉1ω ∝ 𝑛𝑛𝑥𝑥𝑛𝑛𝑦𝑦.  For our α-
Fe2O3 films, the spin-flop transition occurs 
at the critical field of <1 T, where the Néel 
order is perpendicular to the magnetic field.  
Then,  

𝑉𝑉1ω = −𝑉𝑉TSMR sin 2𝜑𝜑H. (1) 
Such transvers SMR (TSMR) has been 
demonstrated in many Pt/AFM bilayer 
systems.  Fitting the angular-dependent 𝑉𝑉1ω 
curves in Fig. 1d with Eq. (1), we extract 𝑉𝑉TSMR for each value of the magnetic field, as shown in 
Fig. 1e.  𝑉𝑉TSMR saturates near µ0H = 1 T, indicating single domain AFM state at µ0H > 1 T.  

In addition to the first harmonic signals, we simultaneously measure the second and third 
harmonic voltages.  For 𝑉𝑉2ω, our modeling shows that it consists of two components, the field-like 
(FL) SOT and the spin Seebeck effect (SSE), which can be written as, 

𝑉𝑉2ω = 𝑉𝑉2ω
FL + 𝑉𝑉2ω

SSE = 𝑉𝑉TSMR
𝐻𝐻FL
𝐻𝐻

cos(2𝜑𝜑H) cos𝜑𝜑H + 𝑉𝑉SSE cos𝜑𝜑H,  (2) 

where 𝐻𝐻FL is the effective field of filed-like torque and 𝑉𝑉SSE is the SSE voltage.  Figure 2a shows 
the in-plane angular dependent 𝑉𝑉2ω at different magnetic fields from 1 to 14 T.  Each curve in Fig. 
2a is fitted by Eq. (2), such as those shown in Fig. 2b for µ0H = 5 T.  We extract the magnitudes 
of these two contributions at different magnetic fields as shown in Figs. 2c and 2d.  We find the 
differences between AFMs and their FM counterparts. For FMs, the SSE saturates when the total 
magnetization is aligned with the magnetic field, while the SSE in Pt/α-Fe2O3 linearly increases 
with H because when H exceeds the spin-flop field, the net magnetization in α-Fe2O3 is 𝒎𝒎 = 𝜒𝜒⊥𝑯𝑯, 
resulting in 𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆 ∝ 𝒎𝒎 ∝ 𝑯𝑯.  The SSE in AFMs originates from the tilting-induced net magnetic 

Figure 1. Schematics of a, a Pt/α-Fe2O3 Hall cross, b, 
two spin sublattices 𝒎𝒎𝐀𝐀(𝐁𝐁), and c, unit vector of Néel 
order 𝒏𝒏 and net magnetization 𝒎𝒎 of α-Fe2O3 in the 
presence of an in-plane magnetic field H within a 
spherical coordinate system with polar angle 𝜃𝜃  and 
azimuthal angle 𝜑𝜑 for each of the vectors. d, In-plane 
angular dependence of first harmonic Hall voltage 𝑉𝑉1ω 
for a Pt(5 nm)/α-Fe2O3(30 nm) bilayer at different 
magnetic fields from 0.3 to 14 T and T = 300 K. e, 
Field dependence of transverse spin Hall 
magnetoresistance voltage 𝑉𝑉TSMR. 
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moment which is in parallel to the external field.  

For the field-like torque shown in Fig. 2d, 𝑉𝑉2ω
FL first increases with field at µ0H < 1 T and then 

decreases at higher fields.  The inset of Fig. 2d gives the 1/μ0𝐻𝐻 dependence of 𝑉𝑉2ω
FL, which clearly 

shows that the 1/H dependence as predicted by Eq. (2) is valid at high fields.  From the fitting, we 
obtain 𝐻𝐻FL = 35 Oe, which is consistent with previous reports, while the Oersted field contribution 
in our Hall cross is only ~5 Oe.  

In our modeling of the harmonic signals for Pt/α-Fe2O3, a striking difference as compared with 
FMs is that the damping-like (DL) torque contribution does not appear in the second harmonic, 
but in the third harmonic voltage.  A detailed study of the third harmonic voltage reveals that there 
are three terms in 𝑉𝑉3ω,  

𝑉𝑉3ω = 𝑉𝑉3ω
DL + 𝑉𝑉3ω

ME + 𝑉𝑉3ω
ΔR 

= 𝑉𝑉TSMR(− 𝐻𝐻ex𝐻𝐻DL2

4𝐻𝐻(𝐻𝐻+𝐻𝐻DM)(𝐻𝐻K+𝐻𝐻DM(𝐻𝐻+𝐻𝐻DM2𝐻𝐻ex
))

+ 𝐻𝐻ex𝐻𝐻ME
4𝐻𝐻(𝐻𝐻+𝐻𝐻DM)

) sin 4𝜑𝜑H + 1
8
Δ𝑉𝑉TSMR sin 2𝜑𝜑H, (3) 

where 𝑉𝑉3ω
DL, 𝑉𝑉3ω

ME, and 𝑉𝑉3ω
ΔR are the damping-

like torque, magnetoelastic (ME) effect, and 
change of the resistivity ( ΔR ) term, 
respectively.  𝐻𝐻ex, 𝐻𝐻DM, 𝐻𝐻K, 𝐻𝐻DL, and 𝐻𝐻ME 
are the exchange field, DMI effective field, 
easy-plane anisotropy field, damping-like 
torque effective field, and ME-induced 
effective easy-axis anisotropic field along x, 
respectively.  𝑉𝑉3ω

ΔR  originates from the 
change of Pt resistivity due to the applied 
current.  Equation (3) reveals why damping-
like torque and ME only appear in the third 
harmonic voltage as 𝐻𝐻DL2  and 𝐻𝐻ME ∝  𝐸𝐸2 , 
whereas in FMs, linear dependence of 𝐻𝐻DL 
appears in the second harmonic voltage.  

Figure 3a shows the angular 
dependence of 𝑉𝑉3ω at different fields, which 
is fitted by Eq. (3).  Figures 3b and 3c show 
the fitting of 𝑉𝑉3ω  for 0.3 and 10 T, 
respectively.  At 0.3 T, the 𝑉𝑉3ω

DL  and 𝑉𝑉3ω
ME 

contribution with a sin 4𝜑𝜑H dependence is 
comparable to the 𝑉𝑉3ω

ΔR term with a sin 2𝜑𝜑H 
dependence.  However, at 10 T, 𝑉𝑉3ω

ΔR 
dominates the third harmonic voltage.  
Since 𝑉𝑉3ω

DL and 𝑉𝑉3ω
ME have the same angular 

dependence, they are combined as 𝑉𝑉3ω
DL+ME, which shows a quick decay as the field increases. 

To better understand the contribution from 𝑉𝑉3ω
DL  and 𝑉𝑉3ω

ME , we make the same harmonic 
measurement at lower temperatures.  We find that 𝑉𝑉3ω

DL+ME decreases at lower temperatures and 
basically vanishes at 100 K.  The effective anisotropic field of the magnetoelastic effect 𝐻𝐻ME is 

Figure 2. Second harmonic results. a, In-plane 
angular dependence of second harmonic Hall voltage 
𝑉𝑉2ω at different fields for a Pt(5 nm)/α-Fe2O3(30 nm) 
bilayer at 300 K. b, Angular dependence of 𝑉𝑉2ω at 5 T 
with fitted contributions from the field-like torque and 
spin Seebeck effect. Field dependencies of c, 𝑉𝑉2ω

SSEand 
d, 𝑉𝑉2ω

FL where the inset shows the corresponding 1/H 
plots and linear fitting. 𝑉𝑉2ω

SSE  exhibits a linear 
dependence of field. 𝑉𝑉2ω

FL shows a 1/H dependence at 
µ0H > 1 T. 
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induced by thermoelastic stress Δσ.  We 
use the finite-element simulation to 
estimate Δσ  in our Hall cross at the 
corresponding temperatures, from which 
𝐻𝐻ME is obtained.  We estimate that 𝐻𝐻ME 
in our experiment is ~0.1 Oe at 300 K, 
while the damping-like torque effective 
field 𝐻𝐻DL  has the order of 1 Oe.  One 
notes that this is an order of magnitude 
smaller than 𝐻𝐻FL, which may be related to 
the insulating nature of Fe2O3.  

As harmonic measurements have 
been used in many FMs, we show that 
they also serve as a powerful tool in 
investigating current-induced effects in 
HM/AFM systems. We find that 𝑉𝑉2ω

FL and 
𝑉𝑉2ω
SSE  have similar in-plane angular 

dependence as those in FMs because the 
current-induced FL torque and SSE act 
similarly on AFMs as on FMs.  The third 
harmonic voltage shows the key 
difference between AFMs and FMs where both DL torque and ME terms play an important role 
for AFMs.  This work was funded primarily by this DOE grant and published in Nature 
Communications in June 2022. 
 
Future Plans 

In the coming year, we will be focusing on further DC and pulse electrical measurements of 
AFM films and structures, including Pt/α-Fe2O3 bilayers, MnTe films, and Pt/MnTe bilayers to 
gain deeper understanding of the spin interactions and electrical switching of antiferromagnetic 
heterostructures. In addition, we will investigate AFM films grown on piezoelectric single-crystal 
substrates (such as PMNT) for magnetoelectric control of AFM spins and domains using electrical 
and MOKE imaging techniques.  
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Figure 3. Third harmonic results. a, In-plane angular 
dependence of third harmonic Hall voltage 𝑉𝑉3ω  at 
different fields for a Pt(5 nm)/α-Fe2O3(30 nm) bilayer at 
300 K. Angular dependencies of 𝑉𝑉3ω at b, 0.3 T and c, 10 
T with fitted contributions from the change of Pt 
resistivity (∆R), damping-like torque and the 
magnetoelastic effect. 
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Current Driven Switching of the Neel Vector 

Fernando Ajejas1, Felipe Torres2, 3, Ali C. Basaran1, Pavel Salev1, and Ivan K. Schuller1 
1 University of California, San Diego, 2 Universidad de Chile, 3 Centro de Nanociencia y 
Nanotecnología (CEDENNA), Chile.  
 
Keywords: spintronics/magnonics, thin film heterostructures, antiferromagnets, 
magnetotransport, magnetic imaging 

Research Scope 

 Modifying and controlling electrically the properties of antiferromagnets (AFM) is an 
interesting basic research problem and a promising avenue for the development of novel spintronic 
technologies.1 A specific implementation of this this task can take advantage of the proximity 
effect between different magnetic materials.  In particular we are developing devices in which the 
spin configuration of AFM insulators is modified by pure spin currents generated in adjacent heavy 
metal (HM) layers.2 We designed a trilayer, HM|AFM|FM heterostructure, where the top 
ferromagnetic (FM) layer is exchange coupled3 to the AFM layer and thus can be used to monitor 
the changes in the AFM spin configuration. Magneto-optical Kerr effect and magneto-transport 
can be used to probe the FM hysteresis loops as a function of temperature (T) and applied current 
(I) which directly reflects the AFM spin configuration. The use of insulating AFMs allows us to 
rule out potential delirious effects which arise from the use of conducting AFMs.   

Recent Progress 

 We have synthesized a HM (Pt, W, 
Au)/AFM (FeF2)/FM(Ni) heterostructure 
to study the effect of spin current generated 
in the HM on the magnetic state of the 
AFM.4 We showed that the exchange bias 
(HEB) and coercivity (Hc) due to the bulk 
AFM spins at the AFM|FM interface can 
be strongly modified by the current applied 
to the HM layer [Fig. 1]. We showed that 
this is due to the spin-orbit torque 
generated at the HM|AFM interface that 
reaches the AFM|FM interface, modifying 
the amplitude and sign of HEB. We found a 
critical current beyond which the effects 
on the HEB and Hc are irreversible. The 
AFM blocking temperature is shifted and 
the Néel vector is switched once a critical 
current is overcome. Temperature-
dependent control experiments using 
normal metals (NM) in NM|AFM|FM and without AFM in HM|FM confirmed that the effect is 
produced by the HM-induced spin orbit torque and is not caused by thermal heating, Oersted field, 
or other potentially spurious effects. 
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Future Plans 

 We will study the experimental systematics by investigating different insulating AFMs, 
different ferromagnets and by adding ion beam induced modification in the different layer of the 
heterostructures. We will also develop models based on microscopic theories to explain and predict 
the systematic behavior as a function of blocking temperature, orientation of the Neel vector, and 
angular dependence of the spin current.    
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Title: Correlated States of Two-dimensional Electron Systems in AlAs Quantum Wells 
Principal Investigator: M. Shayegan, Department of Electrical & Computer Engineering, 
Princeton University, Princeton, NJ, 08544 
Keywords: spintronics/valleytronics, topology-quantum Hall, quantum wells, semiconductors, 
magnetotransport. 
Research Scope 

Two-dimensional (2D) carrier systems confined to modulation-doped semiconductor hetero-
structures provide a nearly ideal testing ground for exploring new physical phenomena.  At low 
temperatures and in the presence of a strong magnetic field, these systems exhibit fascinating, 
often unexpected, many-body states, arising from the strong electron-electron interaction.  

Much of the work on clean 2D systems has been performed on 2D electrons in a remotely-
doped GaAs quantum well. The goal of this project is to study the physics of 2D electrons confined 
to a remotely-doped AlAs quantum well. The 2D electrons in AlAs have parameters that are very 
different from those of the commonly-studied, GaAs 2D electrons: they have a much larger, 
anisotropic effective mass, a much larger effective Landé g-factor, and they occupy multiple 
conduction band valleys. Moreover, through varying the AlAs quantum well width, and also by 
applying uniaxial, in-plane strain, one can control the electron occupation in the different valleys. 
Demonstration of such control in AlAs quantum wells provided the first example of using the 
valley degree of freedom to change the electronic properties of an electron system and to make a 
functional device, and paved the way for the emerging field of “valleytronics.”  

We have had a very recent breakthrough in making AlAs quantum well samples with 
unprecedented quality. Through a systematic purification of the Al source material, we were able 
to optimize the growth conditions for AlAs quantum wells, and broke the world record (by a factor 
of eight) for the mobility of 2D electrons confined to these wells. The extremely high quality of 
these new samples, combined with the tunable valley degree of freedom, renders the AlAs 2D 
electron system a unique platform for studies of interaction-induced phenomena. Exploring such 
phenomena is the main goal of this research. For example, what role does the valley/spin degrees 
of freedom and effective mass anisotropy play in the competition between different correlated 
phases at high magnetic fields, namely the fractional quantum Hall liquid state and broken-
symmetry states such as the Wigner crystal and stripe phases?  

Moreover, the effective mass of electrons is about seven times larger in AlAs compared to 
GaAs, effectively making the AlAs 2D electrons much more dilute and therefore more interacting, 
even in the absence of a magnetic field. The parameter rs, defined as the ratio of the Coulomb to 
kinetic (Fermi) energy, can indeed reach ~50 in our new AlAs samples (at a density of ~1x1010 
cm-2) while still maintaining high enough quality to exhibit quantum Hall effect. These are prime 
samples to potentially exhibit the long-anticipated (since 1929) Bloch/Stoner spin and/or valley 
ferromagnetism of itinerant electrons. 

In our project we study AlAs quantum well structures grown via state-of-the-art molecular 
beam epitaxy (MBE), and use low-temperature magneto-transport measurements to explore their 
novel physics. For sample fabrication, we collaborate closely with Dr. Loren Pfeiffer at Princeton 
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University who is a world expert in MBE, and Prof. Roland Winkler at the Univ. of Northern 
Illinois, who has expertise in calculating the energy band structure and Landau levels in various 
2D systems.  

Recent Progress 

In a seminal work in 1929 Felix Bloch predicted that as the electron density is lowered in 
an ensemble of electrons, the exchange energy gained by aligning the electron spins should exceed 
the enhancement in the kinetic (Fermi) energy, leading to a (Bloch) ferromagnetic transition. At 
even lower densities, another transition to a (Wigner) solid, an ordered array of electrons, should 
occur. Experimental access to these regimes, however, has been limited because of the absence of 
a material platform that supports an electron system with very high quality (low disorder) and low 
density simultaneously.  

 In our study we explored the ground states of interacting electrons in an exceptionally 
clean, 2D electron system confined to a modulation-doped AlAs quantum well. We observe 
spontaneous ferromagnetism, for both the spin and valley degrees of freedom, followed by a 
transition to an anisotropic Wigner solid, in dilute, interacting, AlAs 2D electron systems [1-3]. 
Our findings, are highlighted in Fig. 1. The large electron effective mass in this system allows us 
to reach very large values of the interaction parameter rs, defined as the ratio of the Coulomb 
energy to kinetic (Fermi) energy. As we lower the electron density via back-gate bias, we find a 
sequence of exotic phases and transitions: (i) a paramagnetic phase at large densities, n > 6.0 x 
1010 cm-2 (rs < 21), (ii) a spontaneous transition to a valley-polarized phase when n is lowered 
below 6.0 x 1010 cm-2 (rs > 21), (iii) a transition to a ferromagnetic state at n = 2.0 x 1010 cm-2 (rs > 
35), and (iv) finally a phase with strongly nonlinear current-voltage characteristics, suggestive of 
a pinned Wigner solid, when 
n < 1.8 x 1010 cm-2 (rs > 38).  

 

 

Fig. 1 Summary of various man-body states of AlAs 2D electrons observed in our studies. (From Ref. [3]) 
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A very exciting surprise in our study has been that, before the 2D electron system makes 
the transition to a fully-spin-polarized state at rs ~ 35, it reveals a sudden “valley-polarization” 
transition at higher densities (rs ~ 21) [2]. The data, as summarized in Fig. 1(c), indicate a sudden 
anisotropy in resistances measured along [100] and [010] directions. Note that this transition is 
akin to the spin-polarization transition, except that here we see a transition in the valley degree of 
freedom. It is also noteworthy that the phenomenon and data demonstrate a quintessential example 
of a “valleytronic” field-effect type device: as we tune the density with a gate, we see a large 
change in the conductance of the device resulting from a change in the valley occupation. 

 

 

Fig. 2  Signatures of an anisotropic, pinned Wigner solid.  Temperature dependence of the differential resistance 
(dV/dI) vs. applied dc voltage (Vdc) at (a) n = 1.2 x 1010 cm-2, and (b) n = 1.7 x 1010 cm-2, measured along [100] and 
[010] crystallographic directions. (c) Critical temperature (Tc), below which the I-V characteristic becomes nonlinear, 
plotted vs electron density. The data suggest a drop in Tc with increasing density, extrapolating to 0 K as the onset 
density for the pinned Wigner solid formation (n = 1.80 x 1010 cm-2) is reached. The dashed curve is a guide to the eye. 
The inset displays schematically an anisotropic WS; the shaded regions represent the electron charge distribution with 
anisotropic Bohr radii, reflecting the anisotropic electron effective mass. (From Ref. [3]. 
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Another noteworthy observation is that the 2D electron system at the lowest densities 
exhibits strongly non-linear current-voltage (I-V) characteristic, consistent with a pinned Wigner 
solid state [3] (see Fig. 2). Remarkably, this non-linear behavior is strongly anisotropic, with the 
current threshold for conduction along [010] being much larger than along [100], as seen in Figs. 
2(a,b), suggesting the formation of an anisotropic Wigner solid. Our results stirred a bit of 
excitement, and our paper was featured in commentaries [3]. 

Our results and conclusions have been resoundingly confirmed in very recent theoretical 
quantum Monte Carlo calculations [4]. The calculated “phase diagram” presented in Fig. 1 of Ref. 
[4] shows that in a 2D system where the electrons have an anisotropic effective mass, such as our 
electron system in an AlAs quantum well, the mass anisotropy can indeed lead to the different 
phases we observe, including the spontaneously valley-polarized phase. The order in which we 
observe the different phases is also captured by the phase diagram of Ref. [4], although the rs 
values at which the transitions take place do not agree with the experimental data quantitatively. 

  

Future plans  

We plan to continue our studies of 2D electrons in AlAs quantum wells. One problem of 
interest is the role of finite (non-zero) electron layer thickness. The non-zero thickness leads to a 
softening of the inter-electron Coulomb interaction, and can cause significant changes in the rs 

values at which different transitions and phases are experimentally observed. We plan to fabricate, 
via molecular beam epitaxy, AlAs samples with different quantum well widths, and study their 
phases as a function of density, or equivalently, rs. 

Another interesting venue is to explore the evolution of the even-denominator fractional 
quantum Hall state at filling factor v = ½.  Very recently, we observed a glimpse of such a state in 
an AlAs quantum well tilted magnetic fields [5]. This is very exciting as the quasi-particle 
excitations of the even-denominator fractional quantum Hall states are expected to obey non-
Abelian statistics. We plan to focus further effort on this topic, e.g., design, fabricate, and study 
new samples that would exhibit the v = ½ state without the need for parallel magnetic fields.  

 
References 
1. Md. S. Hossain, K. A. Villegas-Rosales, M. K. Ma, Y. J. Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin, and 

M. Shayegan, Observation of Spontaneous Ferromagnetism in a Two-Dimensional Electron System, Proc. 
National Acad. Sciences (PNAS) 117, 32244 (2020). 
See Commentary: Kyung-Su Kim and Steven A. Kivelson, Discovery of an Insulating Ferromagnetic Phase of 
Electrons in Two Dimensions, PNAS 118 (2) e2023964118 (2021). 

2. Md. S. Hossain, M. K. Ma, K. A. Villegas-Rosales, Y. J. Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin, and 
M. Shayegan, Spontaneous Valley Polarization of Itinerant Electrons, Phys. Rev. Lett. 127, 116601 (2021). 



 

192 
 

3. Md. S. Hossain, M. K. Ma, K. A. Villegas-Rosales, Y. J. Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin, M. 
Shayegan, R. Winkler, Anisotropic Two-dimensional, Disordered Wigner Solid, Phys. Rev. Lett. 129, 036601 
(2022). See Featured in Physics: Squeezing a Wigner Solid, by Allison Gasparini, Physics 15, s93 (2022). And 
Commentary Evidence of a new type of disordered quantum Wigner Solid, by Ingrid Fadelli (Phys.org) on 
August 3, 2022; https://phys.org/news/2022-08-evidence-disordered-quantum-wigner-solid.html 

4. Agnes Valenti, Vladimir Calvera, Steven A. Kivelson, Erez Berg, Sebastian D. Huber, Nematic metal in a multi-
valley electron gas: Variational Monte Carlo analysis and application to AlAs, pre-print (2023); 
arXiv:2307.15119. 

5. Md. Shafayat Hossain, Meng K. Ma, Y. J. Chung, S.K. Singh, A. Gupta, K. W. West, K. W. Baldwin, L. N. 
Pfeiffer, R. Winkler, and M. Shayegan, Valley-tunable even-denominator fractional quantum Hall state in the 
lowest Landau level of an anisotropic system, Phys. Rev. Lett. 130, 126301 (2023). [Editor’s Suggestion] 

Ten Selected publications acknowledging DOE support; since September 2021:  

1. Md. S. Hossain, M. K. Ma, K. A. Villegas-Rosales, Y. J. Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin, 
and M. Shayegan, “Spontaneous Valley Polarization of Itinerant Electrons,” Phys. Rev. Lett. 127, 116601 
(2021).  

2. Yoon Jang Chung, D. Graf, L. W. Engel, K. A. Villegas Rosales, P. T. Madathil,K.  W. Baldwin, K. W. West, 
L. N. Pfeiffer, and M. Shayegan, “Correlated States of 2D Electrons near the Landau Level Filling ν = 1/7,” 
Phys. Rev. Lett. 128, 026802 (2022). 

3. Md. S. Hossain, M. K. Ma, K. A. Villegas-Rosales, Y. J. Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin, M. 
Shayegan, R. Winkler, “Anisotropic Two-dimensional, Disordered Wigner Solid,” Phys. Rev. Lett. 129, 036601 
(2022). 
Featured in Physics: “Squeezing a Wigner Solid,” by Allison Gasparini, Physics 15, s93 (2022). 

        https://physics.aps.org/articles/pdf/10.1103/Physics.15.s93 

Commentary “Evidence of a new type of disordered quantum Wigner Solid” by Ingrid Fadelli (Phys.org) on 
August 3, 2022; https://phys.org/news/2022-08-evidence-disordered-quantum-wigner-solid.html 

4. Yoon Jang Chung, A. Gupta, K. W. Baldwin, K. W. West, M. Shayegan, and L. N. Pfeiffer “Understanding 
limits to mobility in ultra-high-mobility GaAs two-dimensional electron systems: The quest for 100 million 
cm2/Vs and beyond,” Phys. Rev. B 106, 075134 (2022). 

5. Chengyu Wang, A. Gupta, S. K. Singh, Y. J. Chung, L. N. Pfeiffer, K. W. West, K.   W. Baldwin, R. Winkler, 
and M. Shayegan, “Even-denominator fractional quantum Hall state at filling factor ν = ¾,” Phys. Rev. Lett. 
129, 156801 (2022).  
[Editor’s Suggestion] Also, Featured in Physics: “An Exotic Fractional Quantum Hall State,” by Rachel 
Berkowitz, Physics 15, s134 (2022).    

6. Meng Ma, Chengyu Wang, Y. J. Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin, R. Winkler, and M. 
Shayegan, “Robust Quantum Hall Ferromagnetism near a Gate-tuned v = 1 Landau Level Crossing,” Phys. Rev. 
Lett. 129, 196801 (2022). 

7. Md. Shafayat Hossain, Meng K. Ma, Y. J. Chung, S. K. Singh, A. Gupta, K. W. West, K. W. Baldwin, L. N. 
Pfeiffer, R. Winkler, and M. Shayegan, “Fractional quantum Hall valley ferromagnetism in the extreme quantum 
limit,” Phys. Rev. B 106 (Letters), L201303 (2022). 

8. Md. Shafayat Hossain, Meng K. Ma, Y. J. Chung, S.K. Singh, A. Gupta, K. W. West, K. W. Baldwin, L. N. 
Pfeiffer, R. Winkler, and M. Shayegan, “Valley-tunable even-denominator fractional quantum Hall state in the 
lowest Landau level of an anisotropic system,” Phys. Rev. Lett. 130, 126301 (2023). [Editor’s Suggestion] 

9. P. T. Madathil, K. A. Villegas Rosales, C. T. Tai, Y. J. Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin, and 
M. Shayegan, “Experiments on Delocalization and Universality of the Fractional Quantum Hall Plateau-to-
Plateau Transitions,” Phys. Rev. Lett. 130, 226503 (2023). 

10. Chengyu Wang, A. Gupta, Y. J. Chung, L. N. Pfeiffer, K. W. West, K. W. Baldwin, R. Winkler, and M. 
Shayegan, “Highly-Anisotropic Fractional Quantum Hall State at Even-Denominator Filling Factor ν = 3/2, 
Phys. Rev. Lett. 131, 056302 (2023). 

https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fphys.org%2Fnews%2F2022-08-evidence-disordered-quantum-wigner-solid.html&data=05%7C01%7Cshayegan%40princeton.edu%7C7a8864ec31bb44cfe37a08da7560e72d%7C2ff601167431425db5af077d7791bda4%7C0%7C0%7C637951356304983092%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=F48NV6exnt7uD4CHIwVjyyTTCu4kIfrUtDPhKVZZv4s%3D&reserved=0
https://physics.aps.org/articles/pdf/10.1103/Physics.15.s93
https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fphys.org%2Fnews%2F2022-08-evidence-disordered-quantum-wigner-solid.html&data=05%7C01%7Cshayegan%40princeton.edu%7C7a8864ec31bb44cfe37a08da7560e72d%7C2ff601167431425db5af077d7791bda4%7C0%7C0%7C637951356304983092%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=F48NV6exnt7uD4CHIwVjyyTTCu4kIfrUtDPhKVZZv4s%3D&reserved=0


 

193 
 

Quantum Fluctuations in Narrow Band Systems – Thrust 1 

Filip Ronning, Eric Bauer, Michihiro Hirata, Priscila Rosa, Allen Scheie, and Sean Thomas 
(Los Alamos National Lab)  

Keywords: Magnetism, Topology, f-electron materials, Single crystals, Non-Fermi liquid 
behavior and charge dynamics 

Research Scope 

 Coherence and topologically protected modes in quantum matter arise from highly 
entangled spin, charge, lattice, and orbital degrees of freedom. Narrow band systems, whose 
renormalized electronic bandwidth is comparable to other relevant energy scales in the material, 
inherently have strong interactions and a proliferation of quantum fluctuations. 4f- and especially 
5f-materials possess strong Coulomb repulsion, large spin-orbit coupling, and multiple competing 
energy scales, which generate coherent narrow bands and topologically non-trivial states of matter. 
This complexity provides a rich environment for discovering new states of matter, as well as 
providing ideal representatives that enable the understanding of quantum matter that arises across 
the periodic table more generally. In thrust 1 we address how quantum fluctuations renormalize 
excitations in topologically trivial and non-trivial matter and will develop conceptual frameworks 
for understanding and controlling the consequences of quantum fluctuations in classes of 
electronically correlated systems. Currently, we are focusing on the role of magnetic frustration in 
renormalizing the electronic structure and generating instabilities towards new states of matter.  

Recent Progress 

 Localized electrons such as d- and f-electrons possess strong quantum fluctuations as they 
interact with a sea of conduction electrons. At high temperatures scattering off these localized 
electrons is incoherent. Below a crossover scale known as the Kondo coherence scale the electronic 
structure acquires momentum dependence due to the coherent scattering from a lattice of these 
localized moments. Understanding the resulting narrow band renormalized electronic structure is 
key to unlocking the power of quantum materials. Using resonant inelastic X-ray scattering (RIXS) 
we have demonstrated how the bare electronic structure with eV energy scales is renormalized in 
the spin-orbit coupled J=5/2 and J=7/2 derived bands of the mixed valent material CePd3 to a low 
energy electronic structure with an 11 meV bandwidth [1]. This work revealed the local character 
of the electronic renormalization in developing a lattice coherent low temperature electronic 
structure. CePd3, however, is a mixed valent material far from magnetic instabilities. An open 
question is whether this local renormalization process persists in lower dimensional materials 
and/or systems with low temperature electronic instabilities. In support of this effort we have 
synthesized and characterized a quasi-1D compound, YbFe5P3, which appears to be in close 
proximity to a quantum critical point [2]. We have also begun spectroscopic investigation into 
CeRhSn and CeRhIn, two isostructural compounds where the cerium atoms occupy a distorted 
Kagome lattice. Both compounds are mixed valent materials, but the former is simultaneously 
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proximate to a quantum critical point. Our optical spectroscopy measurements show that the 
energy scale over which the electronic structure is renormalized is similar in both compounds, but 
the magnitude of spectral weight transfer is much stronger in the CeRhSn compound. We interpret 
this as evidence for anisotropic hybridization, which is significantly more pronounced in CeRhSn, 
and could explain the persistence of local moments to low energies.  

We have also continued our exploration of clean narrow band gap materials, which are candidate 
correlated topological insulators due to the simultaneous presence of strong spin-orbit coupling 
and strong Coulomb interactions of the f-electrons. We performed thermopower measurements 
under pressure on SmB6, which illustrated that the topologically protected surface state in this 
material is endowed with strong electronic correlations present in the bulk of the material [3]. 
Continuing our study of Eu5In2Sb6, which illustrates colossal magnetoresistance, we showed that 
this candidate axion insulator also has a colossal piezoresistance [4], and through electron spin 
resonance measurements identified signatures of magnetic polarons controlling this physics, which 
shows a remarkable sensitivity to strain.  

Future Plans 

Our work on mixed valent CePd3 demonstrated that inter-site correlations are insignificant 
for the coherent renormalized electronic structure for an isotropic material far from a magnetic 
instability. In the future we wish to determine the universality of this result by performing 
measurements on reduced dimensional and geometrically frustrated compounds such as CeIr3B2, 
CeCo2Ga8, and CeTX (T = Rh, Pd; X = Sn, In). We will perform inelastic neutron scattering, optical 
spectroscopy, nuclear magnetic resonance, and La dilution studies to probe the momentum and 
energy dependence of the electronic renormalization to a coherent Kondo lattice due to the 
quantum fluctuations of the Ce f-electrons.  

We recently reported our discovery of KU2Te6 – a trivial insulator with a narrow band gap 
of 130 meV [5]. A crystal field analysis demonstrated that the uranium 5f-electrons are localized 
in a non-magnetic ground state singlet.  We will continue our materials exploration of layered 
narrow band gap 5f-materials with an eye towards observing strongly correlated topological 
materials. One such example will be to compare and contrast UAgBi2 with CeAgBi2 to understand 
the role of the more extended 5f-wavefunctions in uranium-based compounds relative to their 4f-
cousins. Meanwhile, to determine the origin of the anomalous metal-insulator transition we found 
in R3Cd2As6 (R=rare earth) crystals we will perform high resolution single crystal x-ray, 
transmission electron microscopy, nuclear quadrupole resonance, and magneto optical Kerr effect 
measurements.  
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Research Scope 

An enduring aim of our FWP has been to discover and understand the nature, causes and 
consequences of emergent behavior in quantum materials, especially in relation to the occurrence 
of superconductivity. We incorporate synthesis, measurement and theory. Current efforts focus on 
(a) the occurrence and properties of CDW order in several families of quasi-two-dimensional 
compounds, including rare earth tritellurides and Kagome metals exhibiting electronic states with 
non-trivial topology; (b) the inter-relation of nematicity and superconductivity, in Fe-based 
superconductors and related materials; and (c) a more general investigation of the inter-relation of 
a variety of competing, coexisting and intertwined multi-component electronic orders (including 
in materials such as UTe2, Sr2RuO4 etc., and in appropriate physical models). A pervasive recent 
emphasis has been the use of symmetry-breaking strain as a probe of, and tuning parameter for, a 
variety of emergent electronic phases.  

Recent Progress 

During this ECMP PIs meeting, we will present some of our work on charge density wave 
materials. We give a short overview of other key results below.  

1. Charge density wave order 

Our efforts have focused on two key areas: the possibility of emergent symmetries close to 
strain-tuned CDW bicritical points [1,7], and break-down of ‘simple’ transport in the vicinity of 
CDW phase transitions [9]. Additional work has explored the possibility of broken time reversal 
symmetry in CsV3Sb5 [4], the effects of disorder arising from intercalation in PdxErTe3 [3], and 
nano-scale phase-slip domain walls in NbTe4 [5].  

1.1 Emergent symmetry near a CDW bicritical point: Symmetry plays a key role in determining 
the physical properties of materials. By Neumann’s principle, the properties of a material remain 
invariant under the symmetry operations of the space group to which the material belongs. 
Continuous phase transitions are often associated with a spontaneous reduction in symmetry. Much 
less common are examples where proximity to a continuous phase transition can lead to an increase 
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in symmetry. Here, we find signatures of an emergent tetragonal symmetry close to a charge 
density wave (CDW) bicritical point in a fundamentally orthorhombic material, ErTe3, for which 
two distinct CDW phase transitions are tuned via anisotropic strain [1]. ErTe3 belongs to the 
orthorhombic space group Cmcm (no 63). The structure comprises bilayers of almost-square 
tellurium nets, which are separated along the b-axis by ErTe ‘block’ layers. At room temperature, 
the a and c lattice parameters are almost equal, a = 0.999c, and moreover, it is possible to tune the 
material from a > c to a < c using externally applied anisotropic strain. However, despite the near 
equivalence of the in-plane lattice parameters, the presence of a glide plane between the tellurium 
bilayers makes the material fundamentally orthorhombic. Thus, even when the material is strain-
tuned to a point where the in-plane lattice parameters are exactly equal (a = c), the system does not 
possess a 4-fold rotational symmetry and hence can never be truly tetragonal. Nevertheless, as we 
find here, the presence of a strain-tuned CDW bicritical point in ErTe3, which occurs at a critical 
strain where a ≠ c, yields signatures of an emergent tetragonal symmetry associated with the critical 
fluctuations [1].   Remarkably, a thorough treatment of the fluctuations, which we develop in a 
separate article (submitted), reveals that under certain circumstances, this emergent symmetry 
becomes increasingly precise upon approach to criticality.  

1.2 Breakdown of Wiedemann-Franz law and kinetic approximation near a charge density wave 
phase transition: Electrical and thermal transport measurements provide important information 
about electronic structure and scattering processes in complex quantum materials. When transport 
is dominated by weakly interacting elementary excitations, the kinetic approximation holds and 
thermal conductivity can be expressed as the sum of electronic and phononic contributions, κ ≈ κel 
+ κph. Furthermore, for quasi-elastic scattering processes κel is related to electrical conductivity by 
the Wiedemann-Franz (WF) law, i.e. κel/σ = L0T, where L0 is a universal constant. However, where 
a charge density wave transition takes place as a result of strong interactions the kinetic 
approximation may break down together with the WF law. Indeed, in an initial publication we 
examined the thermal diffusivity near the primary CDW transition in ErTe3, concluding that the 
WF law does indeed break down. Here we report more detailed studies of two, a priori dissimilar 
CDW transitions, that of ErTe3 with TCDW≈270K [9] and a Kagome-system CsV3Sb5 with 
TCDW≈94K. In both cases and for each sample reported we measured the specific heat, thermal 
conductivity, resistivity and thermal diffusivity and compared the data to the above equations. We 
interpret our results as a breakdown of both the kinetic approximation and the WF law in the 
temperature regime near the phase transition. In fact, in both cases, well above the transition and 
below ~20 to 30 K from the transition, both the kinetic approximation and the WF law are satisfied 
again. We propose that these results point to a very strong electron-phonon coupling in the vicinity 
of the CDW transition, irrespective of its microscopic origin, suggesting a new state of matter that 
carries the entropy, which could be thought of as electron-phonon ‘soup’ (article in preparation).  
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2. Novel physics in Fe-based superconductors 

All three PIs also contributed to three separate but inter-related ongoing studies which reveal new 
and unanticipated physics in the prototypical Fe-based superconductors Ba(Fe1-xCox)2As2 and  
Ba(Fe1-xCux)2As2.   

2.1 Additional phase transitions beneath the superconducting ‘dome’ in a prototypical Fe-based 
superconductor: The phase diagrams of the Fe-based superconductors have been well-established 
for quite some time, or at least this was widely believed to be the case. We reveal evidence for an 
unanticipated additional phase transition inside the superconducting state in the prototypical 
material Ba(Fe1-xCox)2As2, based on extremely sensitive adiabatic elastocaloric effect 
measurements. The results point towards the possible onset of a multicomponent superconducting 
state for which the required degeneracy between the two components is not a strict requirement of 
symmetry. Proximity to the nematic phase transition (the effect happens near optimal doping, 
where the nematic phase boundary intersects Tc) possibly implies an important role for nematic 
order and/or fluctuations in inducing this new state.  

2.2 Signatures of broken time reversal symmetry in the superconducting state of Ba(Fe1-xCox)2As2: 
Motivated by the above observation, we systematically investigated the Kerr response across the 
phase diagram of Ba(Fe1-xCox)2As2. We find ubiquitous signatures of broken time reversal 
symmetry several K below Tc for all superconducting compositions. Tentatively ascribed to vortex 
physics, the signatures have several remarkable properties. For example, we could follow the 
critical state of the vortex state by following the remanent magnetization measured via the Kerr 
effect at the center of the sample. Furthermore, we developed a simple phenomenology of the Kerr 
effect in the vortex state of a time-reversal symmetry breaking superconductor, which follows our 
previous studies of such state in UTe2.  

2.3 Dramatic effect of disorder on the nematic and superconducting states in Ba(Fe1-xCux)2As2: 
While Co-doped BaFe2As2 harbors a robust superconducting ‘dome’ with a maximum Tc of 25K, 
Cu-doping has always been a bit of a mystery, yielding only a 1K superconductor, possibly close 
to the implied antiferromagnetic quantum critical point. Here we reveal the profound effect that 
disorder has on the nematic phase transition in this material system, in contrast to a much weaker 
effect in Co-doped BaFe2As2. While for low dopant concentrations, the two families behave 
essentially identically, for compositions close to the antiferromagnetic quantum critical point long 
range nematic order (i.e. macroscopic orthorhombicity) appears to be suppressed for Cu-doped 
BaFe2As2. Our combined study, involving several thermodynamic and transport probes, as well as 
an extensive x-ray diffraction study performed at the APS, reveal a signature difference between 
the two materials, which could possibly also be associated with the presence/absence of 
superconductivity.   
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Future Plans 

1. Novel experiments using strain. Building on our expertise, we are developing two new sets of 
measurements, driven by a joint post-doc collectively mentored/directed by the PIs. The first of 
these is to incorporate in-situ tunable strain into Kerr effect measurements, with the aim of probing 
the character (symmetry) of proposed multicomponent superconducting states in a number of 
different materials. The second general direction is to extend notions of strain tuning beyond linear 
response in a formal/rigorous way, in particular focusing on ways in which non-linear strain effects 
and their coupling to specific forms of ‘hidden order’ can be realized and fully symmetry-
decomposed.   

2. Density wave order. Current/ongoing research forms the thesis work of three of our students. 
Several natural follow-on lines of inquiry suggest themselves, including extension to other 
unidirectional orthorhombic CDW systems; the effect of CDW domain population (and possibly 
motion/dynamics) on sliding CDW dynamics under varying strain conditions; the application of 
strain techniques to hexagonal systems (for which the two doublet Eg representations provide new 
challenges and opportunities relative to tetragonal and orthorhombic systems); and the study of 
thermal diffusivity and deviations from the WD law in other related density wave materials.    

3. Fe-based superconductors. We continue to test the presence of a possible multicomponent state 
inside the superconducting dome of representative ‘122’ compounds, as well as other closely 
related materials. We will also further explore the character of the short range nematic correlations 
present in Cu-doped BaFe2As2. Complex diffuse scattering observed at the APS for higher 
concentrations requires considerable analysis, but we hope will provide deeper understanding of 
the evolution of the short-range correlations, which will be compared with experiments that 
directly probe the nematic susceptibility. In addition, preliminary dark field x-ray microscopy 
images obtained in collaboration with Z. Islam just before the APS shut down will take extensive 
effort to fully analyze, but (significantly) seem to show novel periodic modulation of the nematic 
domains for underdoped compositions, which will be explored in greater detail.   

4. Other materials. During FY23 we began a series of exploratory elastocaloric effect 
measurements of the prototypical quantum-critical material CePd2Si2. Our initial observations are 
sufficiently promising for us to continue this line of inquiry, from which we anticipate obtaining a 
clearer understanding of the range over which quantum critical fluctuations are present (our 
measurements directly probe a Gruneissen ‘ratio’ in a single measurement; thus are extremely 
sensitive to this quantity, which follows certain universal power laws in the quantum critical 
regime). These observations are sufficiently exciting that we are already beginning to plan a series 
of related materials for which strain might even be able to fully traverse a quantum phase transition.     
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The Ground State of Geometrically Frustrated Magnets 
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Research Scope 

Geometrically frustrated (GF) magnets undergo spin freezing at temperatures far below the mean-
field estimate [1]. Such a suppression of ordering has made these materials candidates for the so-
called quantum spin liquid, a theoretically predicted fully quantum-coherent state that can admit 
anyon excitations with their attendant 
quantum computing potential [2]. I will 
show that the response of GF magnets to 
disorder, as shown in Fig. 1, has two 
inescapable implications for the pure 
systems. 

First, the ground state of (3D) GF magnets 
mediates long-range interactions between 
defects. The most likely candidate for this 
interaction is the entropic interaction that 
results from the “eminuscent” state, a state 
well-described by the Coulomb 
representation [3]. The resulting spin glass 
freezing observed in GF magnets occurs 
among defect-induced quasispins, and does 
not described the intrinsic state. In other 
words, spin glass is a spectator state of the 
intrinsic GF ground state. 

Second, the pure GF material possesses a previously unidentified, intrinsic, “hidden” energy scale 
at which the short-range order which produces the eminuscent state becomes established on 
cooling. This energy scale and its short-range order has already been characterized in a number of 
GF magnets. As shown in Fig. 2, for example, elastic short-range neutron scattering is seen in all 
relevant systems for which data exist. Data like these, considered along with the known entropy 
loss, construct a picture of the GF ground state in which virtually all of the spins are fully polarized, 
but in random directions beyond the nearest neighbor length scale. The resulting random internal 
field is not anticipated by theories of quantum spin liquids. We believe that, if a coherent quantum 
many-body state is to ensue in such systems, then it will be defined by the response of Goldstone-
like local excitations that represent a small fraction of the full spin spectral weight. 

 

Fig 1. Left: Magnetic susceptibility for a conventional spin 
glass, (Eu,Sr)S vs temperature for different Eu 
concentrations. Right: Susceptibility of a geometrically 
frustrated spin glass, (Ni,Zn)Ga2S4 vs temperature for 
different Ni concentrations. From ref. 3.  
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Recent Progress 

I will present recent results on 
Fe2TiO5 that demonstrate the 
interplay of spin glass physics and 
the nature of the geometrically 
frustrated ground state and that 
motivated the subject discussed 
here [4]. The quasispin in this 
system is not a vacancy, but rather a 
surfboard-shaped correlation region 
of Fe3+ ion. The exceedingly 
unusual anisotropic spin glass 
freezing observed in Fe2TiO5 is 
likely the result of a van der Waals-
type interaction but in a magnetic 
context. I will also show results on 
specific heat of systems that exhibit 
the two-step loss of entropy that 
makes the ground state in 
geometrically frustrated systems 
unlikely to support a quantum 
coherent state. The low temperature 
field dependent specific heat is 
consistent with expectations of the 
Coulomb representation. 

Future Plans 

We will extend the above concepts 
to a survey of thermal and transport 
properties of the rare-earth gallium 
garnets. This compound series 
possess the hyperkagome lattice of corner-sharing triangles in 3D and should be a good 
complement to the rare-earth titanate pyrochlores. 

We will also characterize the eminuscent state using its most readily defined order parameter, the 
“entropic susceptibility”, given by 𝑃𝑃𝑠𝑠 ∝ −∫ (𝜕𝜕(𝜇𝜇/𝑇𝑇)/𝜕𝜕𝜕𝜕)𝑑𝑑𝑇𝑇0

𝑇𝑇𝑐𝑐𝑐𝑐
, where 𝑇𝑇𝑐𝑐𝑐𝑐 ≈ 𝑇𝑇∗ is the crossover 

temperature that signals SRO.  

 

Fig. 2.  Susceptibility at the spin glass freezing temperature (grey 
lines) and short wavelength neutron scattering (black dots) for GF 
magnets, showing the development of short-range order 
accompanying the SG state. 
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Unusual ring-like magnons in novel class of Weyl magnets discovered.  
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Research Scope 
 Here we present the first in-depth investigation of magnetic ordering and magnon 
excitations in the synthetic lattice of [111]-oriented Y2Ir2O7 pyrochlore iridate. This compound 
belongs to a broad class of intermediately correlated electron systems known for their intricate 
interplay between spin and orbital degrees entwined with the frustrated Kagome and triangle 
motifs. A strong spin-orbit coupling matching electronic bandwidth and Hubbard U are defining 
features of these crystals.  
Recent Progress 
 Our results combine state-of-the-art experimental techniques, XRMS and RIXS, and 
theoretical modeling to elucidate the unusual behavior of 
magnons in this complex quantum system. The 
experimental findings reveal the emergence of 
unconventional magnons in thin films of Y2Ir2O7. These 
gapped magnon modes exhibit surprising spectral features. 
Specifically, RIXS data reveal the presence of essentially 
non-dispersive magnetic excitations that persist above the 
Neel transition temperature into the thermal cooperative 
paramagnetic phase. Those results along with the muon spin 
resonance data imply that across the Neel transition, non-
local ring-like magnetic excitations are bound to the features 
of Kagome geometry decorated with non-collinear all-in-all-
out spins. At the same time, the conventional linear spin wave theory shows difficulty in capturing 
this complex behavior.  
In addition, discovering a spin gap rules out the alternatively proposed XY ground state and the 
associated order-by-disorder in pyrochlore iridates. These experimental findings advance our 
understanding of the strong spin-orbit interaction in the artificial weekly correlated materials with 
complex magnetic interactions, topological fermions, and geometric frustration. 
Future Plans 
Based on our recent development of a new synthesis method (so-called hybrid solid state epitaxy 
or hSPE)  for pyrochlores with  5d electrons like Ir, Re, and Os,  we will continue the growth of a 
series of new synthetic Kagome lattices and their interfaces with Kagome superconductors and 
quantum spin liquids systems. Simultaneously, new synchrotron-based collaborative experiments 
at the DOE facilities (ALS and   NSLS II)  have been planned for Fall 2023-2024. 
References 
 The manuscript has been submitted for publication in the Physical Review Letters. 

Figure 3.  All-in-all-out (AIAO) spins on 
Kagome-triangular lattice along with the 
geometry of RIXS experiment 



 

206 
 

Probing electronic and topological properties in 2D atomic crystals and their heterostuctures 
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Research Scope We study atomically thin crystals and their heterostructures using scanning 
tunneling microscopy and spectroscopy (STM, STS), planar tunneling, transport and magneto-
transport. The scope and outcomes of our current research include:  proximity induced charge 
density wave in graphene TaS2 heterostructures; observation of a strong self-alignment  
mechanism between magic angle bilayer graphene and hBN leading to broken sublattice symmetry 
and to the emergence of Chern insulators; observation of alternating light and heavy fermions as a 
function of band filling in magic angle twisted bilayer graphene; observation of superconductivity 
and superconductor-insulator transition in twisted trilayer graphene. 

Recent Progress 

Quantum-breakdown of superconductivity in Twisted Trilayer Graphene 

The discovery of superconductivity in twisted 
graphene layers has made it possible to revisit and 
address long standing open questions about the 
nature of 2D superconductivity and about the 
superconducting to insulating transition in 2D. 
Using transport and magneto-transport 
measurements we studied the emergence of 
superconductivity in mirror-symmetric twisted 
trilayer graphene and its dependence on carrier 
density, temperature and magnetic field. We showed 
that on a temperature versus carrier density phase 
diagram the superconducting phase forms a dome 
with optimal doping at a filling of 2.25 electrons per 
moiré cell. Our findings include: (i) observation of a 
magnetically driven superconductor to insulator 
transition at ~400mT. The transition occurs at a 
sheet resistance, 6.54kΩ, that coincides with the 
quantum pair resistance h/(2e2), consistent with the 
formation of the theoretically proposed Bose 
insulator phase. The 2D Bose insulator is an intermediate phase between superconductivity and a 
Fermi insulator characterized by localized Cooper pairs coexisting with itinerant vortices. (ii) From 
scaling analysis of the magnetic field and temperature dependence of the resistivity we obtained a 

Figure 1. Top left: Frauenhofer oscillations 
provide evidence of superconducting phase 
coherence. Top right: resistance map plotted on 
the band-filling versus driving-current phase 
diagram shows the Superconducting dome (dark 
blue). Bottom left: Temperature dependence of 
resistance versus field curves shows SI transition 
at 400mT. Bottom right: Data collapse using 
critical scaling analysis shows a scaling 
exponent of 3/2.  
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critical scaling exponent, zν=3/2, which places trilayer graphene in the same universality class 
as High Tc superconductors. (iii) using Ahrenius analysis of the temperature and magnetic field 
dependence of the resistivity we discovered that the vortex pinning barriers are more than an order 
of magnitude lower than in any other material, making graphene the cleanest known 
superconductor.   

 Moiré Potential, Lattice Relaxation 
and Layer Polarization in Marginally 
Twisted MoS2 Bilayers. Twisted 
heterostructures of semiconducting transition-
metal dichalcogenides (TMDs) offer 
unprecedented control over their electronic and 
optical properties via the spatial modulation of 
interlayer interactions and structural 
reconstruction. In this work we study the twist 
angle dependence of the electronic properties in 
twisted MoS2 bilayers using STM and STS. We find that the moiré pattern is dominated by lattice 
reconstruction for small angles (<2°), leading to large triangular domains with rhombohedral 
stacking. Local spectroscopy measurements reveal a strong alternating moiré-potential,100–200 
meV, providing a direct signature of the vertical electric polarization intrinsic to rhombohedral 
stacked TMDs, which we directly 
demonstrated using spectroscopy maps and 
ambient piezoresponse measurements. Our 
results provide a microscopic perspective of 
this new class of interfacial ferroelectrics and 
offer a pathway for designing ferroelectric 
heterostructures.  

Observation of Charge Density Wave 
Proximity Effect in Graphene on 1T-TaS2 
The proximity-effect, a phenomenon whereby 
materials in close contact appropriate each 
other’s electronic-properties, is widely used in 
nano-scale devices to induce electron-
correlations at heterostructure interfaces. 
Commonly observed proximity-induced 
correlation-effects include superconductivity, 
magnetism, and spin-orbit interactions. Thus 
far, however, proximity induced charge 
density waves (CDW) have not been explored, primarily because of screening in 3D metals and 

Figure 2. Left: STM image of the moiré lattice structure 
of Parallel-stacked (twist angle near 0°) twisted MoS2. 
Right top: schematic side-view of measurement setup. 
Right bottom: atomic registrations in the top and bottom 
MoS2 monolayers. X, M represent S and Mo atoms 

  

 Figure 3. (a) Schematics of measurement setup. (b, 
left) Star-of-David (red) in TaS2. (b,right) CDW  
phases of TaS2 as a function of temperature. (c) 
Schematics of graphene on TaS2. (d) STM 
topography and its 2D FFT(inset) showing 
proximity induced CDW in graphene. (e) STM 
topography and its 2D FFT(inset) of bulk TaS2  
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defect scattering at interfaces. These drawbacks are mitigated in 2D atomic heterostructures where 
scattering is minimized due to the crystalline interfaces. We studied the appearance of a 

 CDW in graphene deposited on a 1T-TaS2 (TaS2) crystal. Using STM and STS to probe the 
interface between graphene and the TaS2 crystal, together with theoretical-modeling, we 
demonstrated the existence of a proximity induced CDW within graphene induced by the 
commensurate CDW in the underlying TaS2. Furthermore, we observed that graphene modifies the 
band structure at the surface of TaS2, by providing mid-gap carriers and reducing the strength of 
electron correlations there. Using first-principle theoretical modeling we demonstrated that the 
mechanism underlying the proximity induced CDW is described by short range exchange 
interactions that are distinctly different from previously observed proximity effects. 

Imaging Self-Aligned Moiré Crystals and Quasicrystals 
in Twisted-Graphene hBN Heterostructures. We studied 
the super-moiré structures created by placing twisted 
bilayer-graphene on hexagonal-Boron-Nitride using 
STM and theoretical modeling. These  structures 
display a rich palette of readily observed moiré crystals 
and quasicrystals.  We showed that these structures can 
be classified in a phase diagram comprising lines of 
commensurate moiré crystals embedded in a sea of 
moiré quasicrystals. The 1:1  commensurate moiré 
crystal is particularly interesting because its electronic 
properties are controlled by a topologically non-trivial 
band leading to the emergence of a Chern insulator and 
to the appearance of an anomalous quantum Hall effect 
(AQHE) at a band filling of 3 electrons per moiré cell.  
Remarkably we find that the 1:1 commensurate moiré crystal which should only exist at a single 
point on this phase-diagram rendering it practically undetectable, is much more common than 
previously believed. We found that there exists a self-alignment mechanism, which enables the 
1:1 commensurate crystal to exist as far as 20% away from the rigid lattice commensuration-point. 
This provides direct evidence that a self-alignment mechanism may be responsible for the 
observation of the anomalous QHE in this system. We show that the self-alignment is driven by 
the competition between the van der Waals energy gain and the elastic energy cost of attaining the 
preferred stacking configuration.  Our study reveals self-alignment as a previously neglected but 
fundamental property of twisted multilayer systems. Self-alignment reduces the sensitivity to twist 
angle disorder created during device fabrication and vastly increases the chances of achieving 
samples with desired global properties.  Outside of the lines containing the self-aligned moiré 
crystals we observe a host of 2D quasicrystal.  Quasicrystals are rarely found in nature, and their 
theoretically predicted correlated phases and topological properties remain largely unverified.  Our 

Figure 4. STM topography and FFT of 
double moiré patterns formed by 
superposing twisted graphene on hBN. (a,b) 
moiré quasicrystal; (c,d) Moiré crystal with 
moiré-of-moiré superstructure. (e,f) 1:1 
aligned moiré crystal.  
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findings provide a new platform for creating and tuning 2D quasicrystals and for exploring their 
fascinating electronic properties.  

Spectroscopic evidence for Landau 
degeneracy and massive quasiparticles in 
magic-angle twisted bilayer graphene  

The flat band in magic-angle twisted bilayer 
graphene (MA-TBG) is soft and malleable, 
resulting in strong reconstruction as a function of 
band filling which leads to the emergence of 
correlated electron phases at integer filling per 
moiré cell. Earlier measurements using a single 
electron transistor technique interpreted the 
doping dependence of the inverse compressibility 
in terms of massless Dirac fermions arising from a 
conical band. However, recent theoretical work 
indicates that in the strong coupling limit relevant 
to this system, the band minimum is at the center 
of the Brillouin zone and is parabolic, resulting in 
massive rather than massless quasiparticles1-3. Using planar tunneling spectroscopy (Fig. 5a) we 
measured the doping dependence of the differential conductance,𝑑𝑑𝐸𝐸 𝑑𝑑𝑉𝑉𝑎𝑎⁄ , and of 𝑑𝑑𝐸𝐸 𝑑𝑑𝑉𝑉𝑔𝑔⁄ ∝
𝑑𝑑𝜇𝜇 𝑑𝑑n⁄   as a function of energy, carrier density and magnetic field, in MA-TBG samples. Here I 
is the tunneling current, Vb and Vg are the bias and gate voltages which control the energy and 
carrier density respectively, µ is the chemical potential, and 𝑑𝑑𝜇𝜇 𝑑𝑑n⁄  is the inverse 
compressibility. In the presence of a magnetic field, we observe the Landau level sequence 
emanating from the charge neutrality point (CNP) (Fig. 5b) , from which we obtain a finite 
effective mass m*~0.17me. Away from the CNP, where Landau levels are not easily discernible, 

we obtain  the filling dependence of the effective mass 𝑚𝑚∗ = 𝜋𝜋2ℏ2

2𝜋𝜋
(𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

)−1 from the inverse 
compressibility (Fig. 4c,d). We find that doping dependence of our measured m* closely tracks 
the theoretical predictions, indicating that the heavy fermion model is a good starting point for 
understanding correlated phenomena in MA-TBG.  

Future Plans 

The symmetry of the superconducting wave function in graphene is one of the most important 
outstanding questions in the field and crucial for understanding the mechanism of 
superconductivity. To address this question we will use two experimental setups. i) a home built 
300mK STM which is in the final stages of testing. We will use superconducting tips to enhance 
sensitivity so as to enable us to observe Andreev bound states and the shape of the superconducting 
gap.  ii) Planar tunneling geometry with a superconducting top electrode acting as a tip. The 

Figure 5. a) schematics of planar tunneling setup 
b) Field and doping dependence of differential 
conductance showing Landau levels emanating 
from the CNP. c) Inverse compressibility map as a 
function of temperature and filling. D) doping 
dependence of reduced effective mass extracted 
from inverse compressibility and Landau levels.  

a b 

c d 
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advantage of the setup is insensitivity to vibrations making it possible to use an existing dilution 
refrigerator equipped with a large magnetic field. The downside is lack of scanning ability.  
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Nanostructure Studies of Correlated Quantum Materials - Shot noise in a strange metal 
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Research Scope 

 This research program focuses on experiments that examine the emergent excitations that 
carry spin and charge in strongly correlated quantum materials.  Nanostructure techniques 
originally developed for weakly interacting semiconductors and conventional metals can enable 
measurements that give microscopic insight into the emergent many-body excitations and quantum 
processes in quantum materials.  Current research is concentrating on two open questions in such 
materials, the nature of current-carrying excitations in non-Fermi “strange metals”, and the 
excitations responsible for angular momentum transport in strongly correlated insulators.   

 Ordinary metals are described by Landau Fermi liquid theory, in which the low energy 
excitations of the electronic system are long-lived quasiparticles (charge |e|, spin ½) that strongly 
resemble the electrons and holes used to describe the excitations of the non-interacting Fermi gas.  
The spectral function of the quasiparticles is sharply peaked as a function of energy, and the 
electrical resistivity of such metals varies as ρ0 + AT2 at low temperatures thanks to Umklapp 
scattering and electron-electron interactions, and the specific heat varies as T.  In contrast, several 
material systems are strange metals1, in which the low temperature resistivity varies as ρ0 + AT 
and there are logarithmic corrections to the specific heat.  In strange metals, the inferred e-e 
scattering rate scales linearly in T, and scattering measurements reveal a very broad “incoherent” 
continuum rather than sharp electronic excitations2, calling into question the applicability of the 
quasiparticle picture.  Strange metallicity is often associated with quantum critical fluctuations 
above some quantum critical point.  The example most relevant to the present research is the 
quantum critical strange metal YbRh2Si2, which exhibits non-Fermi liquid strange metal properties 
below a Kondo energy scale of about 25 K, near a magnetically driven quantum phase transition 
between two different Fermi liquid phases with heavy quasiparticles (low-field, small Fermi 
surface, Yb antiferromagnetically ordered vs. high field, large Fermi surface, paramagnet). 

We are using charge shot noise to probe this strange metal, employing devices fabricated 
from epitaxial films of YbRh2Si2 grown on Ge substrates by our collaborators (Dr. Prof. Silke 
Paschen at TU Wien) 3.  Charge shot noise is the current fluctuations in a driven conductor due to 
the transport of charge by discrete carriers.  For carriers of charge e with arrivals governed by 
Poisson statistics, the current noise per unit bandwidth is SI,e = 2eI coth (eV/2kBT) A2/Hz, where I 
is the DC bias current.  The Fano factor is the ratio of measured current noise to the Poissonian 
expectation, F ≡ SI/SI,e.  In a diffusive constriction, the expected Fano factors predicted in weakly 
interacting Fermi liquids for weak and strong e-e scattering are 1/3 and √3/4, respectively, though 
the latter has never been observed unambiguously.  Shot noise can be suppressed in long 
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constrictions by electron-phonon scattering, though there are measurements that can be performed 
to quantify the importance of this effect. Present experiments have examined shot noise in 
YbRh2Si2 nanowires and quantified the importance of electron-phonon scattering in this system.  
No broadly accepted, rigorous theoretical calculation exists for the shot noise in a strange metal, 
though the present work has stimulated theoretical efforts in this direction.  Additional experiments 
in this effort are fabricating and measuring nanowires from two other important materials: 
Sr3Ru2O7 (collaborator Prof. Tae Won Noh at Seoul National University) a different field-tunable 
quantum critical strange metal4, and YbAl3 (collaborator Prof. Kyle Shen at Cornell), a strongly 
interacting heavy fermion Fermi liquid.   

In magnetic insulators, angular momentum may be transported in the absence of charge 
transport via exchange processes and spin-carrying excitations.  For insulators with long-range 
magnetic order, the relevant excitations are magnons, quantized spin waves which each carry ℏ of 
angular momentum.  Thanks to the inverse spin Hall effect (ISHE), electrical detection is possible 
of magnons carrying appropriately directed spin.  Interfacial exchange between the magnetic 
insulator and a strong spin-orbit coupled (SOC) metal can transfer angular momentum from 
magnons to the spin of the SOC metal conduction electrons, leading to an ISHE voltage.  The spin 
Seebeck effect, in which a spin current is driven by a thermal gradient, may then be measured 
electrically this way5.  Present investigations are examining the spin Seebeck response in three 
correlated materials:  VO2 (an unusual paramagnet, from Prof. Ivan Schuller at UCSD); V2O3 (a 
Mott insulator with an antiferromagnetic ground state, also from Prof. Schuller); and La2CuO4 
(LCO, a Mott insulator with an antiferromagnetic ground state, from Dr. Ivan Bozovic at 
Brookhaven).   

Recent Progress 

 We have measured charge shot noise in YbRh2Si2 nanowires fabricated from epitaxial thin 
films using a custom-built probe for a Quantum Design PPMS cryostat down to 3 K, well into the 
strange metal regime.  In multiple devices, we have found that the shot noise is greatly reduced 
from the values expected for Fermi liquids, in contrast to noise measured in gold nanowires of 
similar dimensions, as shown in Fig. 1.  By measuring tens of microns-long nanowires, we have 
quantified the phenomenological electron-phonon coupling parameter in this material, Γ ≈ 9 × 109 
K-3m-2, comparable to the value found (and confirmed by our own measurements) for Au, 5 × 109 
K-3m-2.  These measurements show that electron-phonon scattering cannot be responsible for the 
suppression of shot noise in the YbRh2Si2 nanowires.  These shot noise measurements are 
consistent with a lack of conventional quasiparticles in this strange metal.  A complete lack of shot 
noise would be expected for charge transported by a continuous fluid, equivalent to a spectral 
function for electronic excitations that is completely featureless.  This work has generated 
considerable theoretical interest.   

In parallel with the experiments, we have worked with the group of Prof. Qimiao Si as they 
have performed a detailed theoretical analysis of the expected Fano factor for constrictions made 
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from a strongly interacting Fermi liquid (that is, with a strongly renormalized quasiparticle weight 
in the spectral function).  That work (arxiv:2211.11735) shows that for any nonzero quasiparticle 
weight, the expected Fano factor for strong e-e scattering should be √3/4, unlike what is seen in 
our experiments.   

Current experiments in 
this direction are focusing on 
fabrication and 
characterization of nanowires 
based on two other materials.  
For Sr3Ru2O7, this material 
has a quantum critical strange 
metal regime at high fields 
(∼ 8 T) and would be an 
excellent possible test for 
universality of the strange metal 
shot noise response measured 
thus far.  So far, nanowires made 
from this material have suffered from significant 1/f noise that obscures any shot noise signature, 
but changes in fabrication protocol are continuing in the hopes of circumventing this.  At the same 
time, we have been fabricating nanowires from YbAl3 films, a heavy fermion Fermi liquid, with 
the intent of testing for the F=√3/4 expectation of noise in a strongly renormalized quasiparticle 
system. 

In spin transport, we found 
nonlocal spin Seebeck response in 
devices fabricated on VO2 films 
(collaborator Prof. Ivan Schuller at 
UCSD), as shown in Fig. 2a.  
Building on this work, we 
performed local spin Seebeck 
measurements on VO2 films, 
finding a very large response that 
grows as temperature is decreased 
(Fig. 2b).  These results are very 
surprising, as VO2 is expected to be a 
spin Peierls-like system, lacking long 
range order and magnons to transport 
spin.  Experiments are ongoing in 
devices fabricated on films of V2O3, which also show a pronounced spin Seebeck response with a 

Figure 1. Comparison of shot noise in YbRh2Si2 nanowire 
(panel A) and a gold nanowire of similar dimensions (panel B). The noise 
in the  non-Fermi liquid strange metal YbRh2Si2 nanowire is suppressed 
far below the expected level for either strongly interacting or weakly 
interacting Fermi liquids. This is the first measurement of shot noise in a 
strange metal and indicates that charge is not carried by discrete 
quasiparticles in this system. 

Figure 2. Spin Seebeck response in VO2.  (A) Nonlocal 
spin Seebeck measurement approach, with laterally displaced Pt 
wires for heating and ISHE detection of spin current.  A signal is 
found that increases with decreasing temperature.  (B) Local spin 
Seebeck measurement in vertical configuration.  Again, a large SSE 
response is found, growing as T is decreased.  The nature of the 
spin carrying excitations is currently unknown in this system.   
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temperature dependence similar to that of another known antiferromagnet, MnF2.  We are in the 
process of beginning measurements on LCO films as well. 

Future Plans 

 In the shot noise measurements, we have sent completed, already measured devices to our 
collaborators in Vienna who are attempting dilution refrigerator temperature measurements on the 
YbRh2Si2 nanowires.  The goal of these lower temperature experiments is to perform shot noise 
measurements as a function of magnetic field tuning into and out of the quantum critical strange 
metal regime.  That is also the goal of the Sr3Ru2O7 experiments, if we can mitigate the 1/f noise 
issue associated with those samples.  We will measure shot noise and electron-phonon coupling 
strength in YbAl3 nanowires as well, as an attempt to observe shot noise in a Fermi liquid that has 
strong e-e scattering and quasiparticle weight renormalization.  Given the opportunity, we also 
intend to fabricate nanowire devices for shot noise from Sr2RuO4, another strongly correlated 
material known to exhibit non-Fermi liquid response at higher temperatures but an apparent Fermi 
liquid ground state, as an interesting point of comparison. 

We will continue to examine spin Seebeck response in VO2 films of different thicknesses 
and preparations, to better constrain the possible mechanism of spin transport in its correlated 
insulating state.  Similarly, we will expand upon our initial measurements in V2O3 to test for 
nonlocal spin Seebeck response and a quantitative understanding in terms of its known 
antiferromagnetic structure.   
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Emergent Quasiparticles in Graphene Heterostructure 

Philip Kim, Department of Physics, Harvard University 

Keywords: topology-quantum Hall, 2D and layered crystals, graphene, transport, 
magnetotransport, nanofabrication and 2D assembly 

Research Scope 

2-dimensional (2D) electronic systems realized in graphene-based van der Waals (vdW) atomic 
stacks have been a major material platform for realizing engineered quantum systems to study 
correlated many-body physical phenomena. The strong interaction between charged carriers 
promotes the unusual appearance of quasiparticles. In this project, we carry out a new set of 
experiments to explore novel physical effects associated with strong correlations occurring in 
graphene vdW heterostructures. Firstly, we are trying to probe the exchange statistics of abelian 
and non-abelian anyons in fractional quantum Hall (FQH) regimes using a locally-gated Fabry-
Perot electron cavity. We also study the Andreev coupling of anyonic quasiparticles in FQH states 
hybridized with superconducting nanostructures. Novel device structures based on double-layer 
graphene heterostructures will also enable us to search for exotic pairing states between FQH states 
across vdW gaps. Additionally, we are developing experimental methodology such as radio-
frequency (RF) wave reflectometry to probe quantum capacitance and kinetic inductance in 
correlated states. Finally, we extend our study of mesoscale quantum thermoelectric measurement 
to probe the transport entropy of non-Abelian anyons in even denominator FQH states that appear 
in bilayer graphene. 

Recent Progress 

Demonstration of crossed Andreev reflection in the FQH state. 
Superconductivity and the FQH effect are two important scientific phenomena that stem from the 
interaction of electrons, each representing a unique, extreme state of matter. Superconductivity is 
a result of the pairing of electrons due to an attractive interaction, which gives rise to a quantum 
state that exhibits perfect conductance at the macroscopic level. This state, in which the charge 
carriers are Cooper pairs with twice the electron charge, is stabilized at low temperatures and low 
magnetic fields. On the other hand, the FQH effect develops from repulsive interactions, creating 
a collective state that conducts exclusively along its edges and has carriers with a fraction of the 
electron charge, making it distinct from other states. This state requires both low temperatures and 
ultra-pure materials, as well as intense magnetic fields, which are in direct contrast to the 
conditions for superconductivity.  

The motivation for combining these two extreme states of matter is the possibility of 
parafermions, which are believed to occur in a system where superconductivity and the FQH effect 
coexist [1]. This combination forms a novel form of topological superconductor that offers unique 



 

217 
 

advantages over previous versions. 
Majorana fermions, an example of 
emergent quasiparticles based on 
proximitized systems, are expected 
to be the building blocks of 
advanced, fault-tolerant qubits in 
topological superconductor 
experiments. However, Majorana 
qubits have a significant limitation 
known as non-universality, meaning 
they cannot perform some quantum 
computability tasks [2]. To 
overcome this, unprotected qubit 
realizations must be included, which 
sacrifices fault-tolerance, in order to 
achieve universality. For a 
topological quantum computer to 
reach its full potential, universality must be achieved. This is where parafermions come into play, 
as they are able to provide this universality. 

With the DOE/BES support, we construct high-quality graphene-based van der Waals 
devices with narrow superconducting niobium nitride (NbN) electrodes in which 
superconductivity and a robust FQH state coexist. We find a possible signature for crossed 
Andreev reflection (CAR) across the superconductor separating two FQH edges. Our observed 
CAR probabilities in the particle-like fractional fillings are markedly higher than those in the 
integer and hole-conjugate fractional fillings and depend strongly on temperature and magnetic 
field, unlike the other fillings. Further, we find a filling-independent CAR probability in integer 
fillings, which we attribute to spin-orbit coupling in NbN, allowing for Andreev reflection between 
spin-polarized edges. These results provide a route to realize novel topological superconducting 
phases in FQH-superconductor hybrid devices based on graphene and NbN.  

Correlated electronic states in tunable flat bands in twisted multilayer graphene 

Creating moire superlattices by twisting and stacking two layers of Van der Waals materials has 
proven to be an efficient method for promoting interaction effects and inducing exotic phases of 
matter. Following the discovery of superconductivity and correlated insulators in magic-angle  
twisted bilayer graphene (MA-TBG) [3], various two-dimensional materials have been utilized to 
create two-layer twisted systems and numerous novel phases. Reducing the energy bandwidth of 
electrons in a lattice below the energy of long-range Coulomb interaction promotes correlation 
effects in this method. Further tuning of the electronic properties of vdW moire superlattices is 
possible by modifying the interlayer coupling or band structure of constituent layers [4]. We 
investigated the emergence of electronic states in various forms of twisted multilayer graphene 

Fig. 1. The device and crossed Andreev reflection (CAR) in 
a FQH state. a, False color SEM image a typical device 
including a NbN superconductor <100 nm in width and ∼1 μm 
in length (blue). b, probability of crossed Andreev reflection 
pCAR and Rxx (normalized for different ν) as a function of filling 
and magnetic field B. c, CAR signal RCAR and Rxx at B = 9 T 
from b. Small Rxx indicates negligible bulk conductance. 



 

218 
 

with varying twist angles, including twisted double bilayer graphene (TDBG) and twisted 
quadrilayer graphene (TQG). Our research showed a flat band can be manipulated using electric 
fields perpendicular to the twist angle. Several correlated behaviors were observed, such as spin-
polarized correlated insulators (illustrated in Fig. 2a) in TDBG and superconductivity and 
spontaneous flavor polarization in TQG (as shown in Fig. 2b). 

Electronic thermal transport measurement in low-dimensional materials 
Thermal transport plays a key role in the study of matter. From the first observation of Wiedemann 
and Franz, which linked heat and electronic transport, to recent experiments on topological 
materials, thermal transport has remained a discriminating predictor of material properties. 
Transport of heat is also crucial to modern technology, as limited heat dissipation in nanoscale 
systems is one of the primary obstacles to increasing processor performance. The recent 
introduction of low-dimensional materials has posed a problem for thermal measurement. These 
materials have strong electron interactions and topological effects that are expected to enhance 
exotic states of matter with novel applications in quantum sensing, computing, and energy 
harvesting. Existing methods for measuring heat transport are dominated by phonons, and the 
contribution of electrons has remained inaccessible. We developed fully electronic thermal 
transport measurement for low-dimensional materials like 2D van der Waals monolayers and 1D 
nanotubes by measuring thermal Johnson noise. Our new measurement approach isolates nonlocal 

Fig. 2. Electronic transport measured in twisted multilayer graphene. a., Left panel shows a schematic 
of  TDBG with a twist angle θ. Middle two panels display longitudinal resistivity and Hall resistance of the 
TDBG device around half-filling at T = 1.5 K and under perpendicular magnetic field B⊥ = 1 T. The right 
panel shows illustration of electron orders for different regimes. The left half (right half) of the cartoon 
represents the band of spin down (up) electrons. b., Left panel shows a schematic of 4 layer twisted graphene 
layer (TQG) with an alternating twist angle θ. Middle two panels display experimental phase diagram of 
normalized subtracted Hall filling density and longitudinal resistance as a function of flat banding filling (νflat) 
and displacement field. The right panel shows the zoomed in phase diagram taken at B = 40 mT. 
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voltage fluctuations induced 
by electronic thermal 
transport. We show that 
graphene serves as an 
exceptional electronic 
thermometer that interfaces 
with van der Waals materials. 
We demonstrate outstanding 
sensitivity by measuring 
electronic thermal transport in 
a 1D carbon nanotube (NT), 
even in the quantum dot 
regime at low temperature (Fi 
g. 3). Signatures of interaction 
effects, not previously 
predicted, point to new 
insights that our technique is 
now able to reveal. Our results 
show that we can investigate 
low dimensional thermal 
transport with unprecedented 
sensitivity to electronic 
phenomena. Our method also allows the study of electronic heat transport in nanoscale devices, 
such as nanowires and molecular junctions.  
Future Plans  

We plan to investigate the following topics: 
• Demonstration of quantum Hall interferometry in the FQH regime of graphene   
• Andreev coupling of anyonic quasiparticles in FQH states  
• Search for exotic pairing in double bilayer graphene FQH states 
• RF reflectometry measurement for quantum capacitance and kinetic inductance 
• Thermoelectric and transport entropy measurement in even denominator FQH states 
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Fig. 3. Electronic thermal conductance of carbon NTs. a, Schematic of 
the device in which two graphene thermometers are bridged by a carbon 
NT (left). Composite optical and scanning electron microscopy image of 
the device (right). Scale bar, 1 μm. White arrows indicate the location of 
the NT. b, Two-point electrical and thermal conductance of a small-
bandgap NT in Device 1 at different temperatures (top panels). The 
corresponding Lorenz ratio LNT/L0 is shown (dark green) in the lower 
panels, together with the electrical conductance shown in the respective 
upper panel (dotted light blue) to allow explicit comparison with LNT/L0.  
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Research Scope 
  The study of the quantum phases with topological order has permeated contemporary 
condensed matter physics. Most of the topological phases are single-particle in origin. Topological 
insulators and semiconductor-superconductor hybrid structures are examples of such systems. 
There is, however, a second group of topological phases that form because of strong electron-
electron interactions. Materials with flat electronic bands naturally support these phases, since in 
these materials the kinetic energy is quenched. These flatband systems are currently under intense 
scrutiny, partly because of their rich physics and partly because of the hope that the interaction 
supported quantum entanglement stabilizes more intricate topological order. Topological phases 
in flatband systems hold the promise for applications in quantum memories and qubits, especially 
the ones that will be immune to noise.  
 

Landau bands realized in the two-dimensional electron gas exposed to static magnetic 
fields are naturally flat and support an astonishingly large number of phases. Phases at half-filled 
bands are in particular very interesting and possess mysterious properties. One such phase at half 
filling is the paired fractional quantum Hall state forming due to p-wave pairing of composite 
fermions, the emergent particles of the fractional quantum Hall regime. The excitations of this 
paired state are thought to obey non-Abelian statistics. Another remarkable phase at half filling is 
the electronic nematic phase, an anisotropic phase that develops in otherwise isotropic samples. 
Beyond half-filling, the two-dimensional electron gas hosts a very large number of isotropic solids. 
Competition of topological phases with these traditional Landau phases will impact any 
application of the topological degree of freedom.  

 
We seek to understand and control various aspects of flatband physics in the two-

dimensional electron gas in GaAs/AlGaAs heterostructures in phases realized in the fractional 
quantum Hall regime. This system has a very rich history. Indeed, fractional quantum Hall states 
and a state that can be described as a p-wave superconductor were discovered in this system. This 
system continues to have an extremely high quality, due to progress in the growth technology it 
keeps improving, and it continues to exhibit new physics, even when it is compared to graphene. 
Its flat bands and high quality assure that the electron gas in GaAs/AlGaAs continues to exhibit 
novel phenomena. 
 
Recent Progress 
 Several of our results make use of the most recent advance in molecular beam epitaxy 
technology [a]. The mobility of the two-dimensional electron gas in these new GaAs/AlGaAs 
heterostructures increased by more than a factor of 3 at densities less than 1x1011/cm2 as compared 
to that of earlier generation of samples. In addition, we employ state of the art cryogenic techniques 
to cool this system to temperatures as low as 5 mK. 

Pairing and nematicity in the fractional quantum Hall regime.  
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It has been known for some time that the paired 
fractional quantum Hall states compete with 
anisotropic phases called the quantum Hall nematic. 
We discovered earlier that when driven by hydrostatic 
pressure, there is a quantum phase transition from the 
ν=5/2 fractional quantum Hall state to the nematic. The 
diagram of this transition is shown in Fig.1. A puzzling 
aspect of our work is that in the more than three-decade 
long history of the ν=5/2 fractional quantum Hall state, 
during which experiments were performed at ambient 
pressure, a transition to the nematic was not seen prior 
to our experiments. This leaves one with the question 
what is the role of the pressure in inducing the observed 
phase transition? 

  A difficulty we had to overcome is the disentangling of pressure effects from 
density effects that occurred concomitantly.  We conducted further experiments on the system and 
found a similar quantum phase transition at ν=7/2. We were thus able to demonstrate that this 
phase transition occurs in both spin branches of the so called second Landau level. A careful 
analysis of dependence of our data in terms of the Landau level mixing parameter κ and width of 
the quantum well w/lB seen in Fig.2 revealed that the transition is driven by tuning of the electron-
electron interactions, specifically the short-range part of this interaction [1]. As a final test, we 
were able to engineer a sample which had the right 
parameters for observing the nematic at ambient 
pressures. Tuning of the short-range part of the 
electron-electron interaction is possible in many two-
dimensional materials and it presents an interesting 
pathway to manipulate the ground state of the system.  

Finally, we emphasize that the transition can 
be understood as occurring between a p-wave 
superconductor and a nematic. Our results highlight 
the close connection between exotic 
superconductivity and nematicity and offer the insight 
that such a transition can be induced by tuning the short-
range part of the electron-electron interactions. 

Novel aspects of the interplay of single-electron localization and of collective localization in 
the topological regime.  

The ν =1 integer quantum Hall state may be considered the first topological state. It was 
understood early on that Anderson-type of electron localization played a central role in the 
formation of the plateau. These ideas later led to understanding of the scaling for the plateau-to-
plateau transition and the construction of the global phase diagram of the quantum Hall effect.  

Fig.2 The ν=5/2 fractional quantum Hall 
state and the nematic in the w/lB-κ space. 

Fig.1 Quantum criticality at the filling factor 
ν=5/2. 
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As the disorder level was reduced, it was understood 
that a second type of localization may also be present along the 
integer quantum Hall plateau. This second mechanism of 
localization is provided by the pinning of a collective phase, 
such as the Wigner solid. Even though evidence for the two 
distinct types of localization (Anderson-type single electron 
localization and pinning of the Wigner solid) was observed in 
various experiments, these two types of localization was not 
reported in widely employed magnetotransport measurements. 

Our recent work has shown that in the newest 
generation of the highest mobility samples these two regions 
can be clearly distinguished [b]. Transport data is shown in 
Fig.3. Even though we do not fully understand why earlier 
samples did not exhibit these regimes, the new observations 
open up the possibility of new studies. We studied the electrical 
breakdown of the ν=1 plateau in the two different localization 
regimes [5]. We also investigated the temperature-dependent 
behavior on the plateau [7]. We found that the 
magnetoresistance is activated in both localization regimes. As 
shown in Fig.4, the activation energy Ea has local maxima in 
the center of the Anderson insulator and Wigner solid, but it 
has conspicuous minima at the boundary between the two 
phases. 

Advances in cryogenics: thermometry and sample cooling to the lowest dilution refrigerator 
temperatures.  

Dilution refrigerators, widely used in the study of topological and quantum materials, 
routinely reach temperatures near 5 mK. However, 
measuring temperature at the low end of this scale 
continues to be fraught with difficulties. For 
example, it is well-known that the commonly used 
RuOx thermometers lose their sensitivity below 
about 25 mK. It is often assumed that the cause of 
loss of sensitivity is spurious rf radiation.  

We have shown that rf filtering of the 
measurement wires does not necessarily solve this 
problem [4]. Indeed, when the measurement wires 
run through vacuum between the thermometer and 
the rf filter, the loss of sensitivity persists. However, 
then the rf filter is organically included in the 
thermometer’s construction, as shown in Fig.5, and thermalization of the thermometer is recovered 
to the lowest temperatures. Furthermore, based on estimations of the magnitude of rf power, we 
concluded the source of this power is the black body radiation inside the vacuum can of the 
refrigerator. This discovery will impact not only thermometry, but also the cooling technology of 
samples to the low mK range. 

Fig.3 The Anderson insulator and the 
Wigner solid on the ν=1 plateau in 
transport measurements. 

Fig.4 An unusual dependence of the 
activation energy Ea on the filling factor ν. 

Fig.5 Construction and characteristics of a well-
filtered RuOx thermometer that has an in-situ rf 
filter. We demonstrated that this thermometer 
operates down to 5 mK.  
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Future Plans 

 Recent developments in the growth technology of the GaAs system yielded samples of 
extremely high mobility. These advances are bound to result in new discoveries and will support 
the study of known states under an expanded parameter space. 
 

The existence of the quantum critical point in the paired-to-nematic transition impacts work 
and possible applications of non-Abelian fractional quantum Hall states. At the same time, lessons 
learned on this system open up numerous questions relevant not just for the electron gas, but also 
in other strongly correlated materials. We are currently working with our sample growers on new 
samples that will allow tuning this transition by gating, rather than by pressure. This avenue of 
inquiry will allow us to approach the critical point in a more controlled way and to obtain high 
quality data amenable for fitting to theory.  

 
This approach will also allow us to investigate the strange metal properties of the Fermi 

sea near the critical point. We already know that the Fermi sea in this region is non-trivial. Above 
the critical point, the Fermi sea is ordinary as it is constitutes by electrons. However, below the 
critical pressure the Fermi sea is formed of emergent particles of the fractional quantum Hall effect, 
the composite fermions, whereas above it by electrons. It thus will be interesting to investigate 
details of this strange metal with unknown properties. 

 
One of the most exciting consequences of the quantum critical point is the enhanced critical 

fluctuations of the order parameter and gauge fields near it. These enhanced fluctuations will 
undoubtedly induce novel effects. We will look for such effects associated with fluctuations. We 
also plan thermodynamic measurements of the paired fractional quantum Hall state. Such 
investigations are part of our long-term effort aimed at exploring unconventional collective 
behavior in topological systems and it is expected to lead to new insight of the behavior of related 
strongly correlated materials.  
 

References 

a. Yoon Jang Chung, K. A. Villegas Rosales, K. W. Baldwin, P. T. Madathil, K. W. 
West, M. Shayegan, and L. N. Pfeiffer, “Ultra-high-quality two-dimensional electron 
systems“, Nature Materials 20, 632–637 (2021) 

b. S. Myers, H. Huang, L.N. Pfeiffer, K.W. Baldwin, and G.A. Csathy, “Magnetotransport 
patterns of collective localization near ν = 1 in a high-mobility two-dimensional electron 
gas”, Phys. Rev. B 104, 045311 (2021). 
  

https://www.nature.com/articles/s41563-021-00942-3#auth-Yoon_Jang-Chung-Aff1
https://www.nature.com/articles/s41563-021-00942-3#auth-K__A_-Villegas_Rosales-Aff1
https://www.nature.com/articles/s41563-021-00942-3#auth-K__W_-Baldwin-Aff1
https://www.nature.com/articles/s41563-021-00942-3#auth-P__T_-Madathil-Aff1
https://www.nature.com/articles/s41563-021-00942-3#auth-K__W_-West-Aff1
https://www.nature.com/articles/s41563-021-00942-3#auth-K__W_-West-Aff1
https://www.nature.com/articles/s41563-021-00942-3#auth-M_-Shayegan-Aff1
https://www.nature.com/articles/s41563-021-00942-3#auth-L__N_-Pfeiffer-Aff1
https://www.nature.com/nmat


 

225 
 

Publications  

1. K.A. Schreiber and G.A. Csathy, “Competition of Pairing and Nematicity in the Two-
dimensional Electron Gas”, Annual Review of Condensed Matter Physics 11, 17 
(2020) G.A. Csathy, chapter 5 entitled “Exploring Quantum Hall Physics at Ultra-Low 
Temperatures and at High Pressures” in the book Fractional Quantum Hall Effects – 
New Developments, edited by B.I. Halperin and J.K. Jain, World Scientific Publishing 
Co. (2020)  
 

2. E. Kleinbaum, H. Li, N. Deng, G.C. Gardner, M.J. Manfra, and G.A. Csathy, “Disorder 
broadening of even-denominator fractional quantum Hall states in the presence of a 
short-range alloy potential”, Phys. Rev. B 102, 035140 (2020) 

 
3. D. Ro, “Multielectron bubble phases”, PhD Thesis (2020) 

 
4. S.A. Myers, H. Li, and G.A. Csathy, “A Ruthenium Oxide Thermometer for the Full 

Range of Dilution Refrigerator Temperatures”, Cryogenics 119, 103367 (2021) 
 

5. Haoyun Huang, S.A. Myers, L.N. Pfeiffer, K.W. West, K.W. Baldwin, and G.A. 
Csathy, “Breakdown of the 𝜈𝜈 = 1 integer quantum Hall effect in the single particle and 
collective localization regimes”, Solid State Communications 353, 114876 (2022) 

 
6. S.A. Myers, “Transport signatures and energy scales of the collective insulator 

forming near integer quantum Hall plateaus”, PhD Thesis (2022) 
 

7. S.A. Myers, Haoyun Huang, W. Hussain, L.N. Pfeiffer, K.W. West, and G.A. Csathy, 
“Anomalous thermal activation in the Breakdown of the 𝜈𝜈 = 1 integer quantum Hall 
effect in the single electron and collective localization regimes of the integer quantum 
Hall plateau”, manuscript submitted (2023) 

  



 

226 
 

Time, Momentum, and Energy Resolved Pump-Probe Tunneling Spectroscopy  

H. M. Yoo1 , M. Korkusinski2 , D. Miravet3 , K. W. Baldwin2 , K. West2 , L. Pfeiffer2 , P. 
Hawrylak3 , and R. C. Ashoori1  

 

1Department of Physics, Massachusetts Institute of Technology 
2Emerging Technologies Division, National Research Council of Canada, Ottawa 
3Department of Physics, University of Ottawa 
4Department of Electrical Engineering, Princeton University 

Keywords General: topology-quantum Hall, Material Forms: Quantum Wells and Thin Film 
Heterostructures, Material Classes: Semiconductors, Techniques: Contactless Tunneling 

Research Scope 

 Our project seeks to advance the use of two tunneling spectroscopies, contactless pulsed 
capacitance spectroscopy (CPTS), and momentum and energy resolved tunneling spectroscopy 
(MERTS)[1] in semiconductor quantum Hall systems. We are working to use CPTS, MERTS, and 
capacitance spectroscopy to examine phases of the 2D electronic system in high magnetic field 
(such as Wigner Crystal[2] and stripe and bubble phases) and unusual fractional quantum Hall 
states. We have used the methods to study the spin-polarizations over the broad phase diagram of 
the 2D system in magnetic field[3] and to study the exciton condensate phase.[4] 

Recent Progress 

 Spectroscopy of nonequilibrium systems can uncover intricate relaxation mechanisms and 
exotic many-body interactions that are hidden in strongly correlated materials. Experimenters have 
extensively used pump-probe methods in ultra-fast optics for studying nonequilibrium phenomena 
in bulk materials. However, there remains a significant challenge in applying these spectroscopies 
to two-dimensional (2D) materials at low temperatures, home to a variety of intriguing correlated 
electronic phases such as superconducting and magnetic states. 

In this work,[5] we have developed a time, momentum, and energy resolved pump-probe tunneling 
spectroscopy (Tr-MERTS) that allows high-energy resolution imaging of nonequilibrium states in 
a 2D electronic system in a strong applied magnetic field and at ultra-low temperatures. Tr-
MERTS employs short-duty cycle RF pulses and easily functions in the millikelvin temperature 
range which has been inaccessible to previous pump-probe spectroscopy. In addition, electrical 
pulses utilized in Tr-MERTS are easily tunable and permit precise control of pumping electron 
densities. Finally, since the pumping energy can be tuned by the height of an applied pulse, 
electrons can be pumped into a specific energy state even for a system with equidistant energy 
levels. 
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Using Tr-MERTS, we visualize the time-
dependent change of tunneling spectra in a wide 
range of filling factors, temperatures, and magnetic 
fields, all of which can tune the ground-state 
properties and hence the relaxation dynamics of 
excited electrons. We observe a substantially 
slowed-down relaxation process of spin-polarized 
electrons with lifetimes up to tens of microseconds 
when the system forms a ferromagnetic ground 
state. Furthermore, by precisely tuning the 
pumping electron density, we discover an 
unexpected splitting in the nonequilibrium energy 
spectrum in the vicinity of a ferromagnetic state. 
An exact diagonalization study of the system 
suggests that the splitting arises from a maximally 
spin-polarized higher energy state, distinct from a 
conventional equilibrium skyrmion. Furthermore, 
we observe time-dependent relaxation of the splitting, which we attribute to single-flipped spins 
forming topological spin textures. These results demonstrate the potential broad applicability of 
Tr-MERTS for exploring the nonequilibrium physics in Landau levels and other flat-band systems 
realized in emerging 2D materials. 

Future Plans 

We are working to use these and related novel capacitance methods on a variety of TMD systems. 
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a, Tr-MERTS spectra measured as a function of 
time delay time (t). b, A momentum cut of the 
spectrum measured as a function of pumping 
density (npump). c, t dependence of a nonequilibrium 
splitting. 
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Optically Addressable Molecular Color Center Thin Films on Monolayer Graphene 

PI James Rondinelli | Northwestern University 
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Co-PI: Danna Freedman | Massachusetts Institute of Technology 
Co-PI Mark Hersam | Northwestern University 

Co-PI Jeffrey Long | UC Berkeley 
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Keywords: Molecular Approach to quantum information, quantum sensing, molecular qubits, 2D 
materials 

Research Scope 

Our team is employing chemical synthesis to create designer sensors, targeted for magnetic and 
electric field sensing of specific analytes. The initial focus of the proposal will be to design and 
modify molecular quantum sensors for integration with material targets. Our scientific approach 
exploits a feedback cycle involving the synthesis and measurement of quantum properties of 
materials with precise molecular design. Here, we will 
modulate charge, surface compatibility, read-out, and 
sensitivity through chemical synthesis (Freedman, 
Long, Wasielewski). We then will interrogate the 
coherence properties of these molecules (Awschalom, 
Wasielewski). Molecular design criteria will be 
established based on these outputs guided by 
computation (Rondinelli). In the final project phase, 
candidate molecular sensors will be tested in several 
proof-of-concept applications, where quantum sensors 
will be positioned in close proximity to state-of-the-art 
quantum materials using deposition, chemical tethering, 
and intercalation (Hersam, Long). Sensor information 
will be read out primarily with optically detected 
magnetic resonance (ODMR) (Awschalom, 
Wasielewski). Experimental design and sensing 
interpretations will be guided by electronic structure theory computations (Rondinelli). Key 
applications include sensing the orientation of the magnetic field in 2D magnets with high spatial 
precision, sensing the electric field of ferroelectrics and conductive metal–organic frameworks, 
and the high-risk target of combining magnetic and electric field sensors to search for quasiparticle 
excitations such as spinons.  

 

Figure 1 | Tunable optically addressable quantum 
sensors (center) offer integration with and 
nanoscale characterization of quantum materials 
such as 2D magnetic materials and ferroelectrics, 
1D spin chains, biomaterials and single-molecule 
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Recent Progress (related to slide) 

In previously published work, Freedman and Awschalom established Cr(IV)(o-tolyl)4 as the first 
optically addressable molecular qubit.3 Over the past year, Hersam explored co-deposition of 
Cr(o-tolyl)4 and its spin-silent analog Sn(o-tolyl)4 that acts as the host matrix to ensure isolated 
molecular qubits in a spin-dilute environment. When these molecules are co-deposited on SiO2/Si 
substrates, they quickly form thick disordered islands, which are suboptimal for quantum sensing. 
In contrast, when these molecules are co-deposited on monolayer graphene substrates, smooth 
terraced films with consistent 1 nm steps are observed with atomic force microscopy. In addition, 
X-ray diffraction shows that the molecular films are highly oriented in the (110) out-of-plane 
direction. DFT calculations confirm that the (110) orientation of Sn(o-tolyl)4 on graphene is the 
lowest energy configuration (Rondinelli). The changes in the excited state energies and electronic 
structure in the film geometries were also computed.  

The 
molecular qubits 
remain optically 
active and 

microwave 
addressable 

following thermal 
deposition into 
highly order thin 
films. In particular, 

off-resonant 
photoluminescence 

(PL) measurements 
at 4 K show that the 
molecular qubit 
film on graphene 
possesses a sharp 
zero-phonon line 
(ZPL) with 

linewidth 
comparable to that 
of the molecular 
single crystal. The 
optical lifetime Topt 

(8.3 μs) for the molecular qubit film is also comparable to the molecular single crystal (3 μs) 
(Awschalom). In addition, continuous wave electron paramagnetic resonance (CW-EPR) and 
pulse-EPR show that the molecular qubit thin films are microwave addressable (Freedman). From 
CW-EPR, the molecular qubit film on graphene has strong angular dependence with respect to the 
magnetic field direction as expected for a highly-oriented film. Using pulse-EPR, the spin-lattice 
relaxation time T1 and coherence time Tm were found to be 241±7 μs and 550±10 ns at 6 K, 
respectively. Notably, T1 (241 μs) is much longer than Topt (8 μs) as is required for optically 
initializing the qubit state.  
While the critical quantum sensing properties of the molecular qubits are preserved in thin-film 
form, some differences are also observed. For example, from X-ray diffraction, the molecular qubit 

Figure 2 | (a) Schematic of a Sn(o-tolyl)4 molecular qubit thin film in the (110) orientation on 
monolayer graphene. (b) X-ray diffraction (XRD) for a Sn(o-tolyl)4 film on graphene shown in 
blue and simulated XRD pattern for Sn(o-tolyl)4 shown in black. The (110) orientation is clearly 
dominant in the experimental data. (c) Atomic force microscope image of a Sn(o-tolyl)4 film on 
graphene shows terraced growth with ~1 nm molecular steps (scale bar = 1 μm). 
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films are found to be strained such that the molecular crystal lattice spacing in the (110) direction 
is elongated. Correspondingly, PL shows that the ZPL is shifted from 1025 nm to 1012 nm, and 
CW-EPR analysis reveals shifts in the ground state spin energy levels. DFT calculations by 
Rondinelli performed calculations to explain the subtle changes in the wavelength of the ZPL of 
the molecular crystal and thin film forms of Cr(o-tolyl)4. Rondinelli found that changes in the 
excited state energy occur from a decrease in the molecules point group from S4 to C1, as 
experimental EPR results showing an increase in the E parameter suggested a change in the 
molecules symmetry. Rondinelli confirmed that these effects can be attributed to strain and 
changes in the local symmetry of Cr(o-tolyl)4. These changes in the spin and optical properties of 
molecular qubits in the thin film environment suggest that surface engineering can be utilized to 
tune the properties of molecular qubits. Ongoing work is focused on demonstrating that optical 
addressability is retained in the molecular qubit films through optical spin-initialization and 
optically detected magnetic resonance (ODMR) (Awschalom).  
 

Future Plans 

Here, we propose using molecules developed by Freedman and Awschalom to not only seed the 
ALD and hence achieve CrI3 ambient stability, but also sense magnetic fields in proximity to 
CrI3 by optically reading out molecular color sensors, as recently shown by Freedman and 
Awschalom. Initially, Hersam will explore different methods of depositing these molecules on 

CrI3 including gas-phase 
and solution-phase 
deposition in a controlled 
atmosphere glove box. If 
the molecular qubits do not 
effectively seed ALD 
growth, then PTCDA will 
be deposited on top of the 
molecular qubit layer as a 
seeding layer. Importantly, 
our controlled atmosphere 

glove boxes are directly interfaced with an ALD chamber and a thermal evaporation chamber, so 
all processing can occur without ambient exposure. In addition, by incorporating a spacer 
between the molecular qubit sensor and CrI3, such as atomically thin hBN layers, we can 
spatially map the magnetic field with a vertical resolution at the sub-nanometer scale. 

  

Figure 3 | Theory demonstrates potential for molecular color centers 
measuring the magnetic field of CrI3 
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functional theory  

(i) Research Scope 

The overarching goal of this program is to develop routes to realize a three-dimensional 
topological superconducting (3D TSC) state by identifying its precursor phases. It is theoretically 
proposed that the critical fluctuations of certain inversion symmetry breaking electronic phases1 
can mediate Cooper pairing in odd-parity channels and lead to topological superconductivity2. 
Therefore, 3D TSCs may potentially emerge upon suppressing these ordered phases to a critical 
point with external perturbations such as pressure or even light. We seek to test this hypothesis 
by deploying a suite of equilibrium and time-resolved optical probes operating under extreme 
conditions of high pressure and intense optical stimulation to identify and to characterize the 
predicted precursor phases in candidate materials.  

(ii) Recent Progress  

Under ambient conditions, elemental tellurium (Te) is a semiconductor with an inversion 
symmetry broken crystal structure composed of chiral chains of Te atoms oriented along the c-
axis (Fig. 1A). Upon application of hydrostatic pressure, Te undergoes a semiconductor-to-metal 
transition and a series of different structural phase transitions, some of which are accompanied 
by the emergence of superconductivity at low temperature3. It has also been predicted that the 
metallic band structure at certain pressures may be topologically non-trivial. Therefore, Te is an 
intriguing candidate for hosting a 3D TSC. Since the pressure range where the highest 
superconducting critical temperature is reached is near 35 GPa, we first explored the possibility 
of controlling the crystallographic and electronic structures of Te using light.  

Our study focused on a mechanism known as a light-induced inverse-Peierls distortion. The 
Peierls instability is a spontaneous symmetry-lowering lattice deformation that lifts the 
degeneracy of electronic states at the Fermi level in order to lower the overall system energy. 
Impulsive excitation by an intense laser pulse offers a potential out-of-equilibrium pathway to 
induce an inverse-Peierls transition. By optically de-populating states near the Fermi level, the 
energy increase due to the lattice distortion is no longer balanced by the energy decrease due to 
the lifting of band degeneracy. This triggers a sudden change in the potential energy surface of 
the lattice, generating a restoring force that drives coherent atomic motion reversing the Peierls 
distortion.  

mailto:dhsieh@caltech.edu
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Elemental Te is a prototypical Peierls-distorted system whose band structure features Weyl 
nodes – topologically stable crossing points between non-degenerate bands in a crystal. The 
evolution from a Peierls distorted to non-distorted structure is parameterized by the chain radius 
x (measured in units of the inter-chain distance). By performing a combination of time-dependent 
density functional theory (DFT) calculations and ultrafast time-resolved optical second harmonic 
generation (SHG) polarimetry measurements, we showed that x transiently increases following 
impulsive optical excitation (Fig. 1B, C), amounting to a reversal of the Peierls distortion. By 
raising the transient value of x through increasing the excitation fluence, we discovered that Te 
undergoes a three-state switch from a Weyl semiconductor (x = 0.269) to a Weyl metal (x = 
0.283), and finally to a Dirac metal (x = 0.333) once the Peierls distortion is completely reversed 
(Fig. 1A)4.    

 

Proof-of-principle experiments using ultrashort light pulses to create or annihilate Weyl nodes in 
situ were previously demonstrated in Dirac and type-II Weyl semimetal materials via 
impulsively driven lattice symmetry changes. However, such efforts focused on binary switching 
between semi-metallic states with and without Weyl nodes. Our results demonstrate the 
possibility of multi-state-switching. Moreover, they suggest that Peierls distorted systems are a 
fertile playground for exploring the interplay of ultrafast band topology control and ultrafast 
insulator-to-metal transitions, two hitherto separate areas of research.  

Fig 1: (A) Unit cell of Te from side and top views. Red arrows point along the Peierls distortion phonon 
coordinate x. Phase diagram as a function of x determined from DFT calculations (WS: Weyl semiconductor; 
WM: Weyl metal; DM: Dirac metal). (B) Time-dependent DFT calculated spatio-temporal trajectories of the 
potential energy at different excitation fluences showing different metastable x values. (C) Instantaneous SHG 
polarimetry pattern (bottom) measured after optical pumping. The static pattern (grey) is overlaid. 
Differential SHG intensity transient (top) acquired at the angle of maximum intensity in the polarimetry 
pattern, showing temporal stabilization of a metastable value of x.  
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(iii) Future Plans 

Previous work from our group reported evidence of a 3D inversion breaking electronic liquid 
crystalline phase below a temperature Tc = 200 K in Cd2Re2O75, a possible precursor to a 3D 
TSC. The technique used was optical SHG polarimetry, which probes electronic transitions at 
high energies in the visible spectral range. Probing electronic transitions at energies in the mid-
infrared range may provide more insight into the nature of the low-energy instability across Tc. 
However, this energy range is technically more challenging for SHG measurements.  

Recently, we have been working towards probing the photogalvanic effect (PGE) from 
Cd2Re2O7 – a second-order nonlinear optical process that rectifies light to a DC current – that is 
readily measured using low energy incident light. In our experiment, mid-infrared light from a 
high-power CO2 laser (10.6 µm wavelength) impinges on a Cd2Re2O7 crystal. The DC electrical 
current generated through the PGE is then detected using metal contacts deposited onto the 
surface. Figure 2A shows an optical micrograph of a typical Cd2Re2O7 device. The positioning of 
the contacts was guided by optical SHG microscopy measurements (Fig. 1B) to ensure that the 
contacts reside within a single crystallographic domain. By tracking the magnitude of the 
photocurrent as a function of the incident linear polarization, we observed clear modulations 
indicative of a linear PGE (Fig. 1C). For the remainder of this award, we plan to complete both 
linear and circular PGE measurements as a function of temperature to understand the detailed 
symmetries of the electronic phase below Tc.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: (A) Microscope image of the Cd2Re2O7 photogalvanic effect device used in our 
measurements. (B) Zoom-in near the contacts overlaid with an optical second harmonic 
generation image, verifying lead placement on a single crystallographic stripe domain. (C) 
Photocurrent amplitude as a function of incident light polarization, which is controlled by a half 
waveplate (HWP), acquired at T = 106 K.  
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Research Scope 

This project investigates the fundamental nature of quantum correlated topological materials by 
torque magnetometry in intense magnetic fields. The proposal aims to answer this question: does 
strong electronic interaction lead to novel topological quantum states? In particular, our proposal 
will address the following three questions: (a). Does strong electronic correlation help make a 
topological material? (b). Do topological insulators stay insulating or become semimetals under 
magnetic fields? (c). Does strong electronic correlation lead to new electronic and magnetic states? 
These questions test the hypothesis that, in quantum material, the strong electronic interaction 
creates unique topological quantum states. 

This proposal aims to use advanced experimental torque magnetometry techniques to give 
conclusive evidence of the novel electronic and magnetic states in quantum correlated topological 
materials. Our research starts with magnetic torque and conductivity measurements in intense 
magnetic fields to explore the magnetic response of quantum correlated topological material. The 
material candidates include the following material families and their representative crystals: (1) 
mixed valence insulators: YbB12, (2) noncentrosymmetric Weyl/Kondo insulators and semimetals: 
Ce3Bi4(Pt1-xPdx)3, (3) transition metal mixed valence insulator FeSb2, (4) spin-orbit-coupled 
transition metal oxides: Cd2Re2O7, and (5) Kondo exhaustion insulator: YbIr3Si7.  
We hope to carry out the following tasks on these quantum correlated topological material 
candidates: (1). Detecting quantum oscillations of the bulk and the surface states in quantum 
correlated topological materials; (2). Revealing the origin of quantum oscillations in quantum 
correlated topological materials; (3). Searching for novel electronic and magnetic ground states in 
quantum correlated topological materials; (4). Resolving current-driven-magnetizations under 
magnetic fields in quantum correlated topological materials. 
Recent Progress 

(a). Resonant torque differential magnetometry with high frequency quartz oscillators (Review of 
Scientific Instruments 2022, Ref. [1]) 

Sensitive magnetometry has been a powerful probe for investigating quantum materials. Extreme 
conditions, such as sub-kelvin cryogenic temperatures and ultrahigh magnetic fields, demand 
further durability for sensitive magnetometry. However, significant mechanical vibrations and 
rapid magnetic field changes give enormous challenges to conventional magnetometry. This article 
presents a possible solution to this problem by developing a new magnetometry technique using 
high-frequency quartz oscillators. The technique takes advantage of the symmetry and geometry 
of mechanical vibration configurations of standard commercially available MHz quartz oscillators, 
and the setup keeps the high-quality factor resonance with the sample mounted on the oscillator. 
We further demonstrate the sensitivity of the technique using bismuth single crystals and a 
Fe0.25TaS2 ferromagnetic material. Quantum oscillations are observed in the magnetometry 



 

239 
 

response below 1 T, and the detected oscillation frequency is shown to come from the electron 
pockets of the bismuth. 

(b). Hall Anomaly, Quantum Oscillations and Possible Lifshitz Transitions in Kondo Insulator 
YbB12: Evidence for Unconventional Charge Transport (Physical Review X, 2022, Ref. [2]) 

Recently, magnetic quantum oscillations and 
metallic low- temperature thermal conductivity have 
been observed in the Kondo insulator YbB12, whose 
resistivity is a few orders of magnitude higher than 
those of conventional metals. As yet, these unusual 
observations are not fully understood. Here we 
present a detailed investigation of the behavior of 
YbB12 under intense magnetic fields using both 
transport and torque magnetometry measurements. 
Our results support a novel two-fluid scenario in 
YbB12: A Fermi-liquid-like fluid of charge-neutral 
quasiparticles coexists with charge carriers that 
remain in a non-metallic state. The former 
experience successive Lifshitz transitions and 
develop Landau quantization in applied magnetic 
fields, while scattering between both fluids allows 
the Shubnikov–de Haas effect to be observed in the 
electrical transport. The verification of this two-
fluid scenario by the data in the current work 
strongly suggests that YbB12 represents a new phase 
of matter.  

(c). Magnetic field effects on the quantum spin 
liquid behaviors of NaYbS2 (Quantum Frontiers, 
2022, Ref. [3]) 

Spin-orbit coupling is an important ingredient to 
regulate the many-body physics, especially for 
many spin liquid candidate materials such as rare-
earth magnets and Kitaev materials. The rare-earth 
chalcogenides NbYbCh2 (Ch = O, S, Se) is a 
congenital frustrating system to exhibit the intrinsic landmark of spin liquid by eliminating both 
the site disorders between Na+ and Yb3+ ions with the big ionic size difference and the 
Dzyaloshinskii-Moriya interaction with the perfect triangular lattice of the Yb3+ ions. The 
temperature versus magnetic-field phase diagram is established by magnetization, specific heat, 
and neutron-scattering measurements. Notably, the neutron diffraction spectra and the 
magnetization curve might provide microscopic evidence for a series of spin configurations for in-
plane fields, which include the disordered spin liquid state, 120° antiferromagnet, and one-half 
magnetization state. Furthermore, the ground state is suggested to be a gapless spin liquid from 
inelastic neutron scattering, and the magnetic field adjusts the spin orbit coupling. Therefore, the 
strong spin-orbit coupling in the frustrated quantum magnet substantially enriches low-energy spin 

Figure 1. A comparison of the Hall effect, 
magnetic torque, and electrical resistivity, confirms 
the transitions at the same magnetic fields and the 
quantum oscillations in the Kondo insulator YbB

12
. 

Taken from Ref. [2]. 
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physics. This rare-earth family could offer a good platform for exploring the quantum spin liquid 
ground state and quantum magnetic transitions. 

(d). Magnetic Breakdown and Spin-zero Effect in Quantum Oscillations in Kagome Metal CsV3 
Sb5 (Communications Materials, under review) 

Magnetic fields shift electron energies via the Zeeman effect, with the proportionality given by the 
Lande g−factor. Conventional metals show that the g-factor may be enhanced for small electron 
orbits in the order of the inverse of the effective mass, a triumph of single-particle theory for 
massive Dirac bands. However, it is not clear how the Zeeman effect changes for correlated and 
topological quantum states. In the recently discovered Kagome metal CsV3Sb5, we determined the 
g-factor using spin-zeros in the magnetic quantum oscillations. The g-factor deduced is around an 
order of magnitude larger than the inverse of the effective mass. This large enhancement is visible 
only in magnetic breakdown orbits between conventional and concentrated Berry curvature Fermi 
pockets that host large orbital moments. Such Berry-curvature-generated large orbital moments 
are almost always concealed by the other effects; here, magnetic breakdown orbits due to 
proximity to a conventional Fermi-surface section allow them to be very visibly manifested in the 
magnetic quantum oscillations. Our results provide a unique example of the interplay between 
electronic correlations and more conventional electronic bands in quantum materials. 

(e). Large Oscillatory Thermal Hall Effect in Kagome Metals (Nature Physics, under review) 

The thermal Hall effect recently provided intriguing probes to the ground state of exotic quantum 
matters. These observations of a transverse effect without the Lorentz force lead to the debate on 
the origins of fermions versus bosons. The recent report of quantum oscillations (QOs) in Kitaev 
spin liquid points to a possible resolution. The Landau level quantization would most likely capture 
only the fermionic thermal transport effect. However, the quantum QOs in the thermal Hall effect 
are generally hard to detect. In this work, we report the observation of a large oscillatory thermal 
Hall effect of correlated Kagome metals. We detect a 180-degree phase change of the oscillation 
and demonstrate the phase flip as an essential feature for QOs in the thermal transport properties. 
More importantly, the oscillation amplitude of the thermal Hall effect is more profound than those 
in the longitudinal channel and electrical Hall effect. This result presents the oscillatory thermal 
Hall effect as a powerful probe to the correlated quantum materials. 

(f). Quantum Oscillations Evidence for Topological Bands in Kagome Metal ScV6Sn6 (Physical 
Review B, under review) 

Metals with kagome lattice provide bulk materials to host both the flat-band and Dirac electronic 
dispersions. A new family of kagome metals is recently discovered in AV6Sn6. However, there is 
no direct evidence supporting the Dirac electronic structures of this material. In the manuscript, 
we solve the problem by resolving the quantum oscillations in both electrical transport and 
magnetization in ScV6Sn6. The revealed orbits are consistent with the electronic band structure 
models. Furthermore, the Berry phase of a dominating orbit is revealed to be around π, providing 
direct evidence for the topological band structure. Our results demonstrate a rich physics and shed 
light on the correlated topological ground state of this kagome metal.  
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Future Plans 

(a). Develop a current-driven-magnetization technique for quantum materials. 
We aim to invent a new experimental technique to detect the current-driven-magnetization for 
quantum materials. Current-driven magnetization provides direct access to Berry curvature dipole, 
the critical quantity underlying the intrinsic nonlinear Hall effect, and other responses. Driving the 
sample with electrical currents leads to a displaced Fermi surface in momentum space with 
asymmetric electron distribution. For example, in Weyl Semimetals with Berry curvature dipole, 
the charge current will generate a measurable spin/orbital magnetization that is intimately related 
to the nonlinear Hall effect. 
 
(b). Resolving the quantum oscillations in magnetization using resonant torque differential 
magnetometry for pulsed magnetic fields up to 65 T and 100 T. 
The quantum oscillation pattern in the ultrahigh magnetic field has only been observed in the 
conduction channels. For a different comparison, we would need to resolve the oscillations in 
magnetization (the dHvA effect) using sensitive torque differential magnetometry [8] under pulsed 
magnets. Quantum oscillations in magnetic susceptibility create small oscillatory forces. 
Therefore, the magnetic force acting on a sample glued to a resonating cantilever will shift the 
resonating frequencies or broaden the resonance.  We choose to use quartz tuning forks for the 
resonating cantilevers. Our preliminary experiment succeeded in running 192 kHz tuning forks to 
detect the M-H hysteresis loop of underdoped YBa2Cu3O6.56 (YBCO).  A tuning fork is glued to 
the heavy block (“qPlus” mode named for Atomic Force Microscopy), and a small AC voltage is 
applied to drive it to resonance. As the impedance changes, the resonance is observed in the current 
of the device. 

The technical challenge still exists to resolve the quantum oscillations when the resonant frequency 
is too low and the frequency resolution in sliding FFT is about 10 Hz. And this resolution is still 
too large to determine quantum oscillations. To solve the problem, we have tested a range of quartz 
resonators with resonance frequencies in the 1.5-4 MHz range. In addition, we have built a current-
voltage converter to detect excitation signals. Moreover, the tuning fork resonance is significantly 
damped by liquid Helium 3 when we tried to cool down samples to 0.4 K. This cold temperature 
is needed to resolve the dHvA effect for many materials. Therefore, we will build vacuum cells 
for tuning forks. 
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Research Scope 

 This program studies topological phases and charge transport properties in chiral materials 
and unconventional superconductors. A unique feature of chiral materials is that their low-energy 
quasi-particles possess an additional quantum number that goes by the name of handedness or 
chirality. The powerful notion of chirality underpins a wide palette of new and useful phenomena 
that may be utilized to construct a new type of qubit using chiral fermions in Dirac/Weyl 
semimetals, chiral edge current in graphene or topological insulators.1 To this end, the program 
aims at providing the basic understanding of topological phase transition and chiral current under 
various stimulus. Unconventional superconductivity arises in superconductors hosting, for 
examples, Majorana zero mode, or order parameter with a non-zero angular momentum. To this 
end, the focus of the program is to look for the exotic states of matter, including pair density waves 
and topological superconductors. Our approach has been developed through synthesizing chiral 
materials and unconventional superconductors in both single crystals and thin film forms, and 
subsequently characterizing them using a range of techniques including transport, electron and 
optical spectroscopy. Experimental activities are strongly coupled with theory and computation 
efforts, providing new strategies for designing robust electronic materials for energy applications 
and quantum computing. 

Recent Progress 

Ultrafast Melting of Superconductivity in Fe-superconductors explored by tr-ARPES – The 
superconducting iron chalcogenides bring together superconductivity, topology, and magnetism in 
a single material. Superconductivity and topology offer the possibility of topological 
superconductivity, which in turn presents a platform for hosting Majorana fermions that are 
building blocks for topological quantum computing technology. Topological superconductivity 
has unconventional paring mechanism. One way to probe the pairing mechanism in 
superconductors is through optical pumping, whereby one pulse of light excites the material, and 
a subsequent pulse helps explore the properties of that excited state by time-resolved ARPES. We 
applied such techniques to an iron-chalcogenide superconductor, FeSe0.45Te0.55, as shown in Fig. 
1 (a) and (b) below and above Tc respectively. We observed that following the initial decay, the 
system enters a metastable state in which the superconductivity disappears for timescales greater 
than 100 ps. Similar nonequilibrium behavior following photoexcitation has been observed in 
previous studies, but the relationship to superconductivity was unclear. Here, we clarify this 
understanding by modifying the experimental capabilities to allow for higher energy resolution, 
thereby gaining insight into the low-energy excitations. We identify, for the first time, the coherent 
peak associated with superconductivity and the associated energy gap, properties that were not 
evident in earlier studies. We found the filling of the superconducting gap occurring before the 
reduction of the superconducting peak, Fig. 1 (c) and (d), signaling the melting of 
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superconductivity on ultrafast timescales. We hypothesize that the orbital fluctuations directly 
caused by the pump-induced electronic redistribution are linked to double-stripe magnetic 
correlations known to compete with superconductivity. A better theoretical understanding of the 
precise electronic excitations and relaxation pathways would be crucial in understanding the 
mechanism of superconductivity in the iron-based superconductors.2  

Infrared Nano-Imaging of Dirac Magnetoexcitons in Graphene – Two-dimensional (2D) electron 
systems in strong magnetic fields are expected to exhibit quantized Hall conductivity, chiral edge 
currents, and distinctively collective modes referred to as magnetoplasmons and magnetoexcitons. 
Generating these propagating collective modes in charge-neutral samples and imaging them at 
their native nanometer length scales have thus far been experimentally elusive tasks. In this study, 
we visualize propagating magnetoexcition polaritons at their native length scales and report their 
magnetic-field-tunable dispersion in near-charge-neutral graphene. Our work is enabled by 
innovations in cryogenic near-field optical microscopy techniques that allow for the nano-imaging 
of the near-field responses of 2D materials under magnetic fields up to 7 Tesla. This novel nano 
magneto-optics approach represents a new paradigm for exploring and manipulating 
magnetopolaritons in specimens with low carrier doping via harnessing high magnetic fields. Fig. 
2. show direct image of quantum Hall chiral edge currents due to the infrared Dirac 
magnetoexcitons (DiMEs) and controlled by the external magnetic field.3  

 

Fig. 1 Photoinduced changes to 
the k-integrated band structure 
of FeSe0.45Te0.55 below (a) and 
above (b) Tc. Red and blue lines 
indicate an intensity increase 
and decrease, respectively. (c) 
Energy distribution curves at 
various delay times. (d) 
Intensity dynamics just above 
and below EF out to long delay 
times. The data were averaged 
over a 7-meV energy range. For 
clarity, the data below EF were 
offset and normalized to match 
the change above EF.2 
 

Fig. 2 Near-field scattering 
(a) and photocurrent (b) 
images of hBN encapsulated 
monolayer graphene as the 
magnetic field is tuned from 
0 to 7 T. As the DiME is 
brought into resonance at 7 
T, the graphene sheet 
becomes brighter (a), and an 
enhanced chiral edge current 
becomes apparent in (b), 
with the maximum current 
occurring at ±7 T.3 
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Robust and tunable Weyl phases in ZrTe5 by infrared phonons – We used first-principles and 
effective Hamiltonian methods to study the effect of lattice distortions corresponding to the Raman 
and infrared phonon modes in ZrTe5, a layered topological material close to the phase boundary 
between the strong and weak topological insulating (TI) phase. We found that all three types of 
zone-center infrared optical phonon modes can drive the system from the TI to a Weyl semimetal 
by breaking the global inversion symmetry. Fig. 3(a) shows the ground state band structure of the 
system around the Γ point. The system is initially in a 
strong TI phase, which is seen from the inversion of 
the band character in the figure. When the lattice is 
distorted corresponding to infrared optical phonon 
modes (the strength of such distortion is denoted by 
lattice distortion Q), after some critical value of lattice 
distortion, we get gapless phase with a pair of Weyl 
points (WPs), shown in Fig. 3(b). The Weyl phases are 
robust over a large value of lattice distortion Q, with 
distinct surface states (Fermi arc states). When the 
Weyl phase finally gaps out, the gapped phase is in a 
non-inverted regime (Weak TI). As shown in Fig. 3(c), 
we find that the critical value of lattice distortion 
necessary for the creation of a pair of Weyl points can 
be drastically reduced if our initial state is a Dirac 
semimetal (DSM) phase instead of a gapped TI phase. 
In the presence of the IR phonon mode distortion, one 
needs large value of Q to enter the Weyl regime 
(indicated by non-zero momentum transfer) but if one 
applies such IR distortion for the gapless Dirac phase, 
we immediately get Weyl phase.  Such gapless Dirac 
phase can be obtained from Ag Raman phonon mode.4  

Anomalous Hall effect at the Lifshitz transition in ZrTe5 – ZrTe5 is a topological semimetal. The 
presence of a temperature-induced Lifshitz transition, in which the Fermi level goes from the 
conduction band to the valence band with increasing temperature, provides unique opportunities 
to study the interplay between Fermi-surface topology, dynamics of Dirac fermions, and Berry 

 

Fig. 3 (a), (b) Evolution of the band structure 
of ZrTe5 around Γ point with an IR mode 
lattice distortion Q=0 as a TI (a) and 
Q=1.5 showing Weyl points (WPs) (b). (c) 
Distance between the WPs when pumping 
from TI (blue) or DSM (red) phase. (d) Berry 
curvature dipole moment as a function of 
chemical potential for TI and WSM phases.4 

 

 

Fig. 4 (a) Temperature dependence of the longitudinal resistivity of ZrTe5 along the a-axis. The resistivity 
peak at T = Tp marks the temperature-induced Lifshitz transition. (b) The ARPES of the dispersion near the 
Γ point. The 70- and 150-K data were divided by the Fermi-Dirac function to make the data near the Fermi 
level clearer. (c, d) Longitudinal and transverse magnetoresistivity across the Lifshitz transition.5 
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curvature in one system. In a combined experimental and theoretical study, we show that a low-
energy model can be used to understand the complicated Hall response and large anomalous Hall 
effect observed in ZrTe5 over a wide range of temperature and magnetic field, as shown in Fig. 4 
(d). We found that the Berry curvature induced anomalous Hall contribution dominates the Hall 
response in a narrow temperature window around the Lifshitz transition, away from which the 
orbital contribution dominates. Moreover, our results indicate that a topological phase transition 
coexists with the Lifshitz transition. Our model provides a unifying framework to understand the 
Hall effect in semimetals with large Zeeman splitting and nontrivial topology.5  

Future Plans 

Relationship between topology, strain, and transport properties in chiral materials and 
unconventional superconductors is a key research direction of this program. To this end, we 
will properly engineer, characterize, and understand strain-induced pseudo-magnetic fields 
and associated topological states in quantum materials. We will explore how pseudo-
magnetic fields behave differently from real magnetic fields in topological materials. In 
addition, dynamic methods of topological controls using various coherent phonons will be 
investigated. 

Interplay of topological orders, magnetism, and superconductivity is a planned study focused 
on the design, growth, and characterization of time reversal symmetry breaking topological 
materials and candidates for bulk topological superconductors. Our theoretical/computational 
effort will provide guiding principles for the selection of the most interesting material 
systems for crystal and thin film growth. A coordinated experimental effort is planned using 
combined ARPES + STM + IR/THz spectroscopy approach for investigating real space 
magnetic orders, momentum space topological orders and superconductivity in a range of 
quantum materials.  

Ultrafast control of topological phase transitions is another planned study to exploit the 
unprecedented chiral response in topological materials to both internal and ex-ternal stimuli 
at vastly different time scales from steady-state to ultrafast. We aimed at using this response 
to design new materials and establish new topological control principles. To this end, we will 
characterize the photo-excited states and topological currents under various external and 
internal stimuli using combined time-resolved- (tr-) IR/THz and tr-ARPES, complemented 
by studies using time-dependent density function theory and dynamic method. 
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Research Scope 

Excitonic insulators (EIs), which emerge in semiconductors with the electron-hole binding 
energy exceeding the band gap, are expected to host a suite of Bosonic phases of matter such as 
superfluids and supersolids. Coulomb-coupled electron-hole double layers built on two-
dimensional semiconductors realize continuously tunable EIs. Although thermodynamic studies 
on double layer EIs have revealed the emergence of strongly correlated dipolar excitons, the 
transport of these excitons in the strong correlation regime remains elusive to date.  

Recent Progress 

We have demonstrated dipolar exciton transport in a double layer EI contacted by excitonic 
electrodes. Perfect Coulomb drag is observed in that a charge current in the electron layer 
induces an equal but opposite drag current in the hole layer. Correspondingly, the drag resistance 
diverges with decreasing temperature due to the thermally activated charge transport in the EI. 
With increasing exciton density beyond the Mott density, the drag resistance further shows an 
insulator-to-metal transition induced by the dissociation of excitons. The EI charge gap on the 
insulating side vanishes continuously towards the transition critical point while the metallic side 
shows a Fermi liquid drag with diverging effective mass at the Mott density. Our results open the 
door for the realization of excitonic circuitry and superfluidity.  

Future Plans 

Fabrication of multi-exciton-contact devices for demonstration of exciton superfluidity in both 
continuum systems and moiré lattices. 
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Research Scope 

Correlated quantum materials with collective emergent behavior, such as quantum transport, 
superconductivity, and exotic magnetism, are expected to form the basis for next-generation 
energy and information technologies. Magnetism underlies many of the most interesting emergent 
behaviors, and its understanding is built upon careful experimental studies of magnetic order and 
interactions in high-quality crystals. The overarching goal of this project is to advance our 
understanding of correlated quantum materials through discovery, development, and investigation 
of model materials that exhibit magnetic order, topological order, and collective phenomena. 
Specifically, we aim to understand how structure and symmetry dictate magnetism and excitations 
in cleavable magnetic materials, to control topological states in materials with intrinsic magnetism, 
and to unlock emergent correlations in materials with flat bands. These goals are addressed by 
synthesis of high-quality crystals and investigation of their physical properties using electrical and 
thermal transport, specific heat, magnetization, and crystallographic measurements. The most 
interesting materials are pursued through collaborations involving theory, neutron scattering, angle 
resolved photoemission spectroscopy, and scanning tunneling microscopy. This research directly 
addresses the ability to control and exploit quantum mechanical behaviors targeting novel 
functionality, which is a priority research direction in the BES Basic Research Needs workshop 
report on Quantum Materials. 

Recent Progress 

Here we highlight progress made recently in cleavable magnetic materials and flat-band metals. 

Cleavable magnetic materials. Research on cleavable van der Waals layered materials is driven 
by interests in the fundamental study of magnetism in low dimensions, adding functionality to 
novel devices, and potential applications in microelectronics and quantum information science. 
Fe5GeTe2 and related phases play key roles in this field, since they are metallic, ferromagnetic, 
and have magnetic ordering temperatures near room temperature. As part of our ongoing study of 
these complex and important 2D materials, we recently examined the effects of substituting arsenic 
for germanium as a route to tuning the magnetic properties without directly disturbing the magnetic 
sublattices [1]. Of particular interest is the sublattice of Fe1 atoms, which are closely bonded to 
the Ge atoms and remains magnetically disordered in Fe5GeTe2 to temperatures well below the 
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bulk Curie temperature. 
This is seen in 
magnetization data in 
Figure 1 for y = 0, which 
shows magnetic order of 
most of the moments near 
300 K and subsequent 
order of the Fe1 moments 
at the kink near 100 K. 
Tuning the crystal and 
electronic structure with 
only 2.5% As (y = 0.025 
curve in Figure 1) 
quenches the magnetic 

fluctuations on the Fe1 site. As a result, the Fe1 moments order along with the other magnetic 
sublattices, and the Curie temperature of the compound is slightly increased. This work also led to 
the discovery of the new compound Fe4.8AsTe2, a van der Waals layered antiferromagnet with a 
Néel temperature of 46 K, and overall highlights the importance of chemical tuning to control the 
electronic and magnetic properties of these important materials.      

Kagome metals and flat band systems. Continued and broad interest in kagome lattice compounds 
is motivated by their strongly frustrated magnetic lattice and more recently by related 
frustration/interference effects in their electronic properties. Over the last few years, CoSn (Figure 
2) and related phases arose as model systems to study these effects and related ground states. 
Recently, we used the calculated electronic 
structure of non-magnetic CoSn to design a route 
to realizing a correlated ground state in this 
material [2]. A large peak in the density of states, 
associated with flat bands from the kagome 
lattice of Co atoms, is just below the Fermi level 
in CoSn. Based on simple electron counting, we 
used In substitution to lower the Fermi level into 
the flat band region and discovered the 
emergence of long range antiferromagnetic order 
in CoSn1-xInx for x larger than about 0.3 (Figure 
2). The Néel temperature reaches a maximum of 
32 K for x = 0.4, the highest In content achieved 
in the study. Angle resolved photoemission 
spectroscopy confirmed that In substitution 
moved the Fermi level to coincide with the flat 

Figure 1. (left) Fe5GeTe2 contains magnetic Fe (dark red) slabs separated into 
2D layers by Te atoms (white). (right) Magnetization measurements show that 
replacing increasing amounts of Ge (blue) with As (green) first strengthens the 
ferromagnetic alignment of the magnetic moments on Fe then pushes the 
compound into a competing antiferromagnetic phase. 

  

Figure 2. CoSn contains a kagome net of cobalt 
atoms (blue balls in upper left) that produces flat 
electronic bands. Replacing some of the tin with 
indium moves the Fermi energy into the flat bands 
and magnetic order emerges (lower right). Crystals 
grown for this study are shown on a mm grid in the 
upper right. 
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bands. This is also supported by electronic 
structure calculations, which showed the Fermi 
level in the flat band region and a fourfold 
increase in the density of states at the Fermi level 
in CoSn0.67In0.33. This was also confirmed with 
low temperature heat capacity measurements, 
which showed an increase in the Sommerfeld 
coefficient of more than a factor of five for 
CoSn0.6In0.4. Long range magnetic order was 
observed using neutron diffraction and 
magnetization measurements. The results show 
that the ordered moments lie in the plane of the 
kagome layers and give an A-type 
antiferromagnetic structure as the simplest model 
consistent with our data. This work shows a clear 
example of magnetism emerging from kagome 
flat bands in bulk crystals. Remarkably, we 
achieved this by substituting a non-magnetic 
element into a non-magnetic compound.  

Other efforts on kagome materials have focused 
on the 166 family of compounds, and in particular 
ScV6Sn6 [3]. This is a large family of compounds 
structurally related to CoSn and adopting the 
HfFe6Ge6 structure type. We chose to study the 
Sc compound in part to avoid rare earth 
magnetism masking more subtle signatures 
associated with the kagome lattice. Crystals of 
this new compound were grown, and x-ray and 
neutron diffraction identified a structural phase 
transition below room temperature (Figure 3). The kagome net is distorted at the transition, and 
this is illustrated in Figure 3, in which the distortions are exaggerated to be easily seen. However, 
the primary atomic displacements occur out of the kagome plane and are associated with other 
elements in the structure. Effects of the distortion are seen in the magnetic and transport properties, 
shown in Figure 3. These measurements indicate a first order transition. 

This phase transition has features similar to those seen in CsV3Sb5 and associated with a charge 
density wave. But very recently we have identified the driving force for the distortion to be closely 
related to the crystal structure itself [4]. This work also revealed an unusual correspondence 
between physical pressure and chemical pressure, which provides insight to understand the 
relationship between the crystal structure and the phase transition. Mechanical compression 

 

Figure 3. Evidence of a charge-density-wave-like 
transition in the kagome metal ScV6Sn6 is seen in x-
ray diffraction (top), magnetic susceptibility, and 
resistivity (middle). An exaggerated representation 
of the distortion of the kagome net of V atoms that 
occurs at the transition is shown at the top right. 
(bottom) Replacing smaller Sc (blue) with a larger 
atom (purple) quenches rattling-like displacements 
and suppresses the associated structural distortion.  
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(positive physical pressure) suppresses the structural transition in ScV6Sn6. Interestingly, we found 
that replacing some of the Sc with a larger element like Y (negative chemical pressure) also 
suppresses the transition. A careful look at the crystal structure revealed the link between these 
observations and the structural distortion. The structure contains chains of Sc and Sn atoms 
threaded through the kagome layers of V (Figure 3). The small size of Sc means the atoms in these 
chains are free to “rattle” along the chain direction. The freezing of these rattling motions results 
in the observed structural distortion at low temperature. Compressing the crystal or replacing Sc 
with a larger atom suppresses the rattling motion and the related low temperature distortion along 
with it. Identifying the underlying cause of this phase transition may help us understand similar 
transitions in other materials, including related kagome metal compounds.  

Future Plans 

Ongoing and future work on quasi-2D magnetic materials is moving toward mixed anion systems, 
with a particular emphasis on insulating antiferromagnets. Such systems offer a route to spintronic 
applications associated with magnon-driven effects, and understanding how to tune the magnetic 
properties is key to such future efforts to control the magnons in these materials. In the area of 
topological materials, we continue to study systems where magnetism and electronic topology are 
anticipated to be strongly intertwined. A particular emphasis is given to understanding how 
chemical substitutions can manipulate the magnetic order and anisotropy. This work is progressing 
in systems related to EuCuP, which is a member of a growing family of candidate topologically 
materials. For flat-band and kagome systems, we will continue to explore instabilities and 
emergent behaviors in HfFe6Ge6 family. Tuning the interaction strength between the kagome 
network can be achieved by altering bond distances, and integrating smaller atoms (e.g. silicides, 
borides) into the neighboring sublattices provides a means to develop wholly new systems while 
simultaneously tuning interaction energetics within the kagome network.  
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Research Scope 

Magnetic quantum materials promise to deliver new functionalities based on phenomena such as 
topological and spin-polarized transport, quantum-critical behavior, and unconventional 
superconductivity. Magnetism not only lies at the root of many of these fundamental phenomena, 
but it also provides a unique way to directly manipulate electronic charge carriers by controlling 
magnetic phases and excitations. We approach the overarching challenge to understand and exploit 
the close relationship between electronic charge and spin degrees-of-freedom in quantum materials 
by focusing on two research thrusts: (1) flat electronic bands in itinerant magnets which offer 
great tunability due to the proximity between various correlation-driven quantum phases; and (2) 
magnetism in topological materials where the magnetism controls the emergence of unique 
topologically-protected optical and transport phenomena. These thrusts share common challenges 
to understand fundamental issues of magnetism, including the development of itinerant 
magnetism, magnetic frustration, and the coupling between local moments and charge carriers. 
Our comprehensive research program combines the synthesis and discovery of novel magnetic 
quantum materials, the experimental characterization of their structural, magnetic, thermal, and 
electronic-transport properties, the determination of magnetic structure and excitations using 
neutron scattering techniques, and theoretical approaches that employ first-principles electronic-
structure calculations, mean-field and linear spin-wave theory, atomistic spin-dynamics 
simulations, and analytical methods. 

Recent Progress 

In this meeting, we will present our recent progress in Thrust 2 that focuses on understanding 
magnetic phenomena in topological insulators. Our main result is that magnetic defects introduce 
competing ferromagnetic (FM) and antiferromagnetic (AFM) interactions in both dilute and 
intrinsic magnetic topological insulators.  This competition can limit the effectiveness of how 
magnetic order couples to charge carriers, but it also provides a route for modifying the magnetic 
ground state through defect control.  

Topological insulators (TIs) host Dirac-like surface electronic bands that are protected by time-
reversal symmetry.  The introduction of long-range magnetic order breaks time-reversal symmetry 
and generates a two-dimensional Chern insulator where gapped Dirac bands host dissipationless 
and spin-momentum locked edge states. A key experimental signature of a Chern insulator is the 
quantum anomalous Hall effect (QAHE).   
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One successful materials route develops magnetic TIs by introducing FM long-range order via the 
substitution of dilute concentrations of magnetic ions (such as Cr and V) into known TIs in the 
Bi2Se3 family.  This has led to observation of the QAHE, although limited to temperatures well 
below the FM ordering temperature (TC).  The random nature of magnetic substitution and 
associated magnetic inhomogeneities has been hypothesized to introduce fundamental limitations 
to the onset-temperature of the QAHE. However, the magnetic interactions in the dilute case and 
why the QAHE is suppressed still remain poorly 
understood. One may even question how long-range 
magnetic interactions, necessary for FM order in 
dilute systems, can be mediated without a high 
density of conduction electrons. 

To address these questions, we have synthesized 
single-crystal and polycrystalline samples of Mn-
substituted magnetic TIs in the Bi2Te3 and SnTe 
families for detailed experimental studies. 
Magnetization, transport, x-ray diffraction, 
transmission electron microscopy, and wavelength-
dispersive spectroscopy measurements are all 
consistent with randomly substituted Mn ions at the 
targeted concentrations.  

For low Mn concentrations that do not support long-range FM order, inelastic neutron scattering 
measurements on (Sb0.97Mn0.03)2Te3 and (Sn0.95Mn0.05)Te reveal competing FM and AFM 
exchange interactions [1,2]. In both materials, strong AFM exchange leads to the formation of Mn-
Mn spin dimers with a singlet ground state. The dimers are easily identified by their characteristic 
magnetic excitation spectrum. More detailed analysis of the momentum dependence of the 
scattering indicates that the dimers are formed via linear Mn-Te-Mn bonds among next-nearest-
neighbor Mn ions, consistent with the Goodenough-Kanamori superexchange rule. In both 
materials, short-ranged and quasielastic FM spin correlations are observed, as expected for a 
paramagnetic fluctuations that occur close to FM order.  The energy scale of these FM interactions 
are much smaller than the AFM dimer exchange. First-principles calculations were conducted to 
investigate the pairwise Mn-Mn magnetic interactions in various defect configurations for both 
materials, revealing the miscroscopic origin of the mangetic interaction as well as validating and 
enhancing the experimental data interpretation. In (Sb0.97Mn0.03)2Te3, by combining experiments 
and calculations, we identify that the exchange pathways responsible for the key FM interactions 
occur within the Sb/Mn layers and across the van der Waals gap between Sb2Te3 layers.  

Our most recent studies are investigating the magnetic excitations in single-crystals and powders 
of (Sn0.9Mn0.1)Te at higher Mn concentrations where long-range FM ordering occurs at TC = 12 K. 
Two key observations are; (1) a FM resonance mode is observed that is associated the long-range 

 

Figure. (a) Interlayer magnetic interactions in 
pristine antiferromagnetic MnBi2Te4. (b) New 
interlayer magnetic interactions in the presence 
of anti-site magnetic defects (colored ellipses) 
generate magnetic phase competition. 
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FM order, and (2) the AFM dimers persist in the FM-ordered state. Based on these results, we 
propose a two-component model for the magnetism, where strongly bound AFM dimer singlets 
interact weakly with a random framework of Mn spins that order via long-range magnetic 
interactions.  This scenario outlines serious limitations in the development of robust FM order in 
dilute magnetic TIs. 

These limitations have motivated the search for intrinsic magnetic TIs without substitutional 
disorder, leading to the discovery of the MnBi2Te4 family of AFM-TIs where quantized Hall 
conduction has been observed in applied magnetic fields.  Also, the AFM order allows optical and 
electrodynamic responses to be augmented by topological magnetoelectric (axion) coupling.  We 
have discovered long-range and competing magnetic interactions in the AFM-TI MnBi2Te4 using 
inelastic neutron scattering [3,4].  By employing a linear response method and incorporating the 
effects of electron correlations within Mn-3d electrons, we have calculated the dynamical 
transverse spin susceptibility and found it compares well with the measured spin-excitation spectra 
in MnBi2Te4. Through joint analysis of neutron and magnetization data, we find complex sources 
of magnetic anisotropy which include both single-ion anisotropy and anisotropic exchange. Since 
anisotropy significantly affects the magnetic ordering and, consequently, the material’s symmetry, 
this information is relevant for understanding the development of topological axion and Chern 
phases in bulk and thin-film MnBi2Te4 in applied magnetic fields. 

The intrinsic magnetic TIs are subject to chemical disorder in the form of anti-site mixing between 
Mn and Bi/Sb layers. The resultant magnetic defects have a strong AFM coupling to the main Mn 
layer (see Figure) leading to defect-induced ferrimagnetism with a compensated net magnetization. 
We found evidence for magnetic defect modes in MnSb2Te4 using inelastic neutron scattering and 
are able to characterize the nature of this coupling [5]. Surprisingly, the defect-induced FM and 
AFM interactions are the same as those found in the dilute Mn-doped Sb2Te3 materials [1,3] which 
establishes universal and transferable magnetic interactions within the broader family of Sb2Te3-
MnSb2Te4 magnetic TIs (see Figure).   

In summary, we have discovered that the magnetic interactions in what seem to be two distinct 
magnetic TI families, dilute and intrinsic, are closely related and can be understood within a 
unified picture. Morever, this research program has established that the magnetic ground states in 
magnetic TIs can be controlled by magnetic defects. 

Future Plans 

In the context of dilute magnetic TIs, there are two outstanding issues that we will address.  The 
first is to obtain a better understanding of the long-range magnetic interactions that are responsible 
for FM order.  We have evidence for collective FM magnon-like excitations in single crystals of 
Mn-doped SnTe.  Analysis of these data will provide evidence neede to establish the range and 
strength of the pairwise magnetic interactions.  The second issue concerns the generalization of 
these results to Cr- or V-doped dilute magnetic TIs, where the QAHE has been experimentally 
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observed. We hypothesize that singlet dimer formation will be found in all of these materials, and 
so we will pursue single crystal growth, characterization, and neutron-scattering experiments to 
prove this hypothesis. These experiments will be performed in parallel with first-principles 
calculations.  A systematic ab-initio investigation of how magnetic interactions evolve with the 
continuous filling of 3d orbitals as dopants go from V to Mn can help determine the orbital 
pathways of magnetic interactions. More generally, our results demonstrate how the combined 
power of modern neutron sources and ab-initio electronic structure calculations enable a detailed 
understanding of dilute magnetic systems and we are currently planning to study the role of 
magnetic defects in other quantum materials.  

For the intrinsic magnetic TIs, we are analyzing inelastic neutron scattering data on MnSb2Te4 
single crystals where the magnetic spectrum is dominated by antisite Mn defects.  These data can  
provide information about the interaction strength and range of defect-induced interactions, but 
their analysis requires numerical spin-dynamics simulations that account for chemical disorder.  
We are also studying the magnetic excitations in the MnBi4Te7 member, which is a magnetic TI 
with a large non-magnetic Bi2Te3 block that separates magnetic MnBi2Te4 layer blocks. Such 
"bulk-2D" systems provide a unique platform to explore the dimensional crossover of magnetism 
using inelastic neutron scattering, which is unparalleled in probing magnetic interactions in bulk 
systems.  
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Research Scope 
The order-disorder transition at a quantum phase transition intertwines the static and dynamical 
response of the material changing state, introducing new universality classes, amplifying the 
effects of disorder, and etching in high relief the role of quantum fluctuations. There are ample 
questions remaining about the character of such transitions and the nature of the competing 
quantum states. There are also opportunities to drive quantum materials out of equilibrium, with 
the possibility of new types of correlated and coherent order, and new ways to access the dynamical 
evolution of ground and excited states. We seek here to probe the critical modes at a quantum 
phase transition in both pure and disordered magnets, to quench the systems across their quantum 
critical points to reveal the means by which order grows, and to characterize avalanche domain 
wall dynamics in ferromagnets in the quantum tunneling regime. Moreover, by tuning the disorder 
and the quantum tunneling probability, it should be possible to study the competition between 
quantum entanglement and random field effects. We hope to elucidate the fundamental quantum 
physics as well as addressing the question of how best to use complex systems, such as magnetic 
solids with electronic and nuclear spin degrees of freedom, to process quantum information.  

Recent Progress  
(A) Quantum Barkhausen Noise. Although magnetism at the microscopic scale has been 
understood as a quantum phenomenon for nearly a century, macroscopic magnetic objects like 
domain walls are usually treated classically. There is good reason for this: in a conductor, the 
dissipative coupling to electrons rapidly suppresses domain wall tunneling, and even in an 
insulator, the coupling to phonons, paramagnetic impurities, and nuclear spins is enough to render 
the wall motion classical, except at microscopic scales. These mechanisms also suppress “chiral 
tunneling” between opposite chiralities for a given wall; for a Bloch wall, the chirality is simply 
the sense in which the magnetization winds in passing between the states on either side of the wall.  
 
It is difficult to observe the dynamics of individual domain walls except in restricted geometries. 
More typically, one sees evidence of collective motion, either by imaging walls before and after 
this motion has occurred, or by measurements of the dynamic susceptibility or of the Barkhausen 
noise in the bulk magnet. The latter shows up in inductive measurements, arising from rapid jumps 
in the magnetization caused by the depinning of walls and their subsequent motion. Since the 
discovery of Barkhausen noise in 1919, a vast corpus of experimental work has accumulated, 
characterizing the influence on the noise of disorder, different magnetic interactions, and the 
proximity to phase transitions. However, all of this work has been done on thermally-activated 
wall motion – there have been no investigations of quantum Barkhausen noise, in which domain 
wall tunneling, rather than thermal excitation over barriers, dominates.  

Our present work explores the quantum regime. Just as in the classical regime, inter-wall 
interactions, mediated by dipolar interactions, lead to collective wall dynamics and avalanche 
processes under the right conditions.  
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The choice of the right experimental system is critical.  The domain wall structure needs to be 
simple and, to see quantum behavior, the crossover between classical thermal activation and 
quantum tunneling needs to be at sufficiently high temperature. An ideal system is the Ising 
magnet, LiHoxY1-xF4, which has atomically sharp domain walls with uniaxial spin symmetry and 
in which strong crystal fields give an effective ground state doublet separated from the first excited 
state by a gap of 9.4 K. Moreover, the application of a transverse field introduces tunable quantum 
tunneling and random field pinning in the presence of disorder. 

We plot in Fig. 1 two-dimensional histograms of Barkhausen event duration and area for 
temperatures at 15% and 95% of the Curie temperature (90 mK and 580 mK). The Barkhausen 
events we analyze correspond to changes in the magnetization of the largest and most strongly-
pinned domains. The events separate into two distinguishable classes at low fields: one class that 
we label as “independent” that approximately spans a power-law with an exponent of ≈ 1.1 (close 
to the power of 1 indicative of avalanches) over approximately one decade of duration, and the 
second that we designate “cooperative” (highlighted by the red oval in Fig. 1a) that appears as an 
approximately Gaussian cluster over a more limited range of durations with higher areas for any 
given duration than events in the “independent” class. Furthermore, while the frequency of the 
“independent” events decreases only modestly with transverse field, the “cooperative” events are 
suppressed almost completely with a 200 Oe transverse field. We have plotted one sample event 
in each class in Fig. 1b, both marked by arrows on the 2D histograms in Fig. 1a, with the 
“cooperative” event in red and the “independent” event in orange.  

   

The event statistics show 
the same temperature 

independence, 
demonstrating that 
within these 

experimental 
parameters, the sample is 
deep within the quantum 
regime, where the 
dynamics are governed 
by quantum tunneling, 
rather than thermal 

activation, of spins. Given that both activation 
mechanisms are due to quantum tunneling (rather than one 
being quantum and the other thermal), it is not 
immediately obvious how there could be two different 
tunneling mechanisms, why they would have such 
dramatically different transverse field dependence, or how 
such a small 200 Oe field could suppress markedly either 
class of events.  

Fig. 1: Classes of events.     
a 2D histograms of event 
area (y-axis, V·sec) vs event 
duration (x-axis, sec) for 
low/high temperatures and 
transverse fields. b Sample 
events of each class: 
“independent” event in 
orange, and “cooperative” 
event in red as indicated by 
the colored arrows in a.  

 



 

262 
 

Given this challenge, we have gone beyond the theoretical picture of a single independent wall 
tunneling and consider the interaction between walls. In so doing, we recover a phenomenological 
model, illustrated in Fig. 2, in which the two different activation mechanisms correspond, on one 
hand, to walls tunneling independently of each other and, on the other, to cooperative tunneling of 
pairs of walls. Co-tunneling of domain walls is strongly affected by the application of an external 
transverse field much smaller than the fields required to induce single-spin tunneling.  

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Our work (Publication 1), venturing into the quantum regime, suggests that similar quantum effects 
should be observable in other systems where long-range interactions between microscopic degrees 
of freedom can cause correlated activation of macroscopic avalanches.  

(B) Quantum Interference from Superposed Lattices. We have explored Shubnikov-de Haas (SdH) 
quantum oscillations of elemental Chromium in the spin density wave (SDW) ground state, with 
the motivation to work outside of the paradigm of three- (and two-) dimensional band structure. 
The electronic structure in the SDW state of Cr is determined by two sets of superposed reciprocal 
lattices – the lattice and the antiferromagnetic order. The incommensurate relationship between 
the two sets of lattices leads to a fractal-like electronic band structure in the 3D space. As the SDW 
state is a result of electron correlation, the precise band structure relies on gaps opening in the 
Fermi surface, which cannot be precisely calculated theoretically or computationally. This research 
thus relies heavily on both experimental exploration and qualitative theoretical considerations.  

a b 

c d 

𝐻𝐻⊥ = 0 
 

𝐻𝐻⊥ = 200 Oe 

Fig. 2: Domain wall configurations (a,c) with corresponding interaction potentials (b,d). Vertical grey 
arrows designate bulk magnetization direction within a domain along the Ising axis, while the red/blue 
arrows designate the transverse polarizations within a Bloch wall. The green curved arrows designate 
the demagnetization fields. The tunneling potentials are a function of the radii of the two interacting 
plaquettes, R1 and R2, which interact through the dipolar interaction. a shows staggered polarizations of 
the domain walls at zero transverse field with corresponding attractive interaction in b causing R1 and 
R2 to grow together (as indicated by the tunneling paths shown in white). c shows all walls polarized in 
the same direction due to the transverse field, with corresponding repulsive interaction in d, causing 
plaquettes to grow independently from one another (as indicated by the tunneling paths shown in white). 
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Our discovery reveals that phases of SdH oscillations can be of opposite sign (or equivalently, a 
pi-phase shift) when the current is running perpendicular versus parallel to the wave vector of the 
superlattice structure. This opposite phase behavior is contrasted by the same phase behavior of 
normal SdH orbits observed in both resistivity and conductivity channels. We deduce that this 
opposite phase behavior happens only for orbits built from both sets of reciprocal lattices and is 
attributed to quantum interference effects. This opposite phase behavior cannot be explained by 
either conventional SdH behavior or Berry phase arguments for Dirac orbits. Rather, we present 
(Publication 2) a qualitative model, including both elements of incoherent semi-classical transport 
and coherent quantum oscillations, to explain this new type of quantum transport phenomenon. 
Importantly, we believe that the underlying mechanism involving open and closed orbits on the 
Fermi surface can be engineered for many different materials of quantum and topological interest.  

Future Plans 
1. The avalanche domain wall dynamics that we measure (Publication 1) involve domains 
consisting ~1015 spins. Cryogenic amplifiers do not permit greater sensitivity.  We hope to extend 
our Barkhausen noise measurements to capture tunneling of the smaller domains that constitutes 
most of the ferromagnetic hysteresis loop by developing appropriate SQUID amplifier techniques.  

2. We propose to investigate the effects of disorder on the quantum phase transition in the Ising 
magnet in transverse field, LiHoxY1-xF4. The critical exponents and scaling of the critical field in 
the quantum limit are different in the presence of disorder due to the introduction of local random 
fields. We plan to employ microwave spectroscopy to reveal the nature of the soft mode at the 
quantum phase transition as well as the critical excitations with increasing amounts of disorder. 
We recently detected the electronuclear soft mode in the pure system using microwave 
spectroscopy (Publication 5). It is unlikely to survive, but how and how much disorder, as 
represented by the random substitution of non-magnetic Yttrium for magnetic Holmium, is 
necessary to suppress the divergence is unknown.  

3. The ability of a longitudinal magnetic field to permit soft mode absorption at finite frequency 
at the quantum phase transition (Publication 5) should open the door to quantum quench 
experiments, where we expect a microwave field to be able to tune the critical transverse field that 
separates paramagnet from quantum ferromagnet. A quantum quench is the rapid tuning of a 
quantum parameter, such as magnetic field, that drives a material out of equilibrium and creates 
excitations, e.g., quasiparticles, vortices, and magnetic domain walls. An area of particular focus 
and potential impact involves measuring quenches across a phase transition, which is believed to 
give rise to universal behavior irrespective of microscopic material details. The Kibble-Zurek 
effect predicts that the density of excitations created during a quench scales as a power-law that 
depends on the critical exponents associated with the phase transition and the dimensionality. We 
will test these predictions in the model quantum ferromagnet, LiHoxY1-xF4, with varying amounts 
of disorder. 

Publications 
1. “Quantum Barkhausen Noise Induced by Domain Wall Co-Tunneling,” C. Simon, D.M. Silevitch, P.C.E. Stamp, 
and T.F. Rosenbaum, manuscript submitted. 
2. “Quantum Interference in Superposed Lattices,” Y. Feng, Y. Wang, T.F. Rosenbaum, P.B. Littlewood, and H. 
Chen, manuscript submitted. 
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Berry curvature engineering in superconductors 

Badih Antoine Assaf, Yi-Ting Hsu, Xiaolong Liu, Xinyu Liu, 

Keywords: Superconductivity, magnetotransport, molecular beam epitaxy, scanning tunneling 
microscopy. 

Research Scope 

This project aims to identify and tune experimental signatures of Berry curvature and inversion 
symmetry breaking (ISB) in superconductors. ISB is induced and tuned following three strategies: 
(i) by chemically tuning a ferroelectric distortion in Ge1-xInxTe, (ii) by varying the thickness of 
NbSe2, (iii) by synthesizing interfaces of superconductors and semiconductors that host Rashba 
splitting.  Signatures of Berry curvatures and ISB that we seek to identify include the anomalous 
Nernst effect, particle-hole asymmetry in the differential conductance, and tunneling evidence of 
mixed (s,p)-wave pairing. 

 

Figure 1. Proposed methods to tune ISB in 3D Ge1-xInxTe and 2D NbSe2 

Recent Progress 

GeTe and SnTe are known crystallize in a distorted rocksalt structure, which causes intrinsic ISB 
in the bulk. They are ideal to search for superconductivity with ISB, since alloying them with InTe, 
yields superconductivity with Tc exceeding 1.5K. But, alloying SnTe with InTe was seen to 
suppress the crystalline distortion, restoring a pristine cubic rocksalt structure.  [1,2] We show 
potential evidence that ISB is more robust in thin films, and could coexist with superconductivity. 

We find preliminary evidence of an enhanced upper critical field in thin Sn0.7In0.3Te films grown 
by MBE. Despite prior knowledge that 100nm-Sn0.7In0.3Te has a cubic crystal structure that has 
inversion symmetry and Hc2<2T, we find that in 8nm-Sn0.7In0.3Te, Hc2>3T at 2K (Fig. 2(a,b) when 
the field is applied in the film plane. The extrapolation of the Hc2 versus temperature to T=0, yields 
a large Hc2(0) exceeding the Pauli limit (inset of Fig. 2(b)). This is not the case for 100nm films, 
grown under the same conditions, on the same substrate Fig. 2(c). We are carrying out additional 
measurements below 1K to determine if Hc2(T→0) indeed exceeds the Pauli limit. This thickness 
dependence of Hc2 could be a consequence of inversion symmetry breaking caused by the substrate 
(Fig. 1(c)). It can also be due to intrinsic spontaneous ISB (Fig. 1(a)), stabilized in thin films, as 
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seen in prior studies of SnTe. [3] Scanning tunneling microscopy will further allow us to image 
the sample surface and search for evidence of the distorted rocksalt structure. 

 

Figure 2. (a) Resistance versus magnetic field of an 8nm Sn0.7In0.3Te film. (b) Hc2 versus T extracting from the data 
shown in (a). Red: field applied out-of-plane. Black: field applied in-plane. The thin solid line is a fit using 𝐻𝐻𝑐𝑐2(𝑇𝑇) =

𝐻𝐻𝑐𝑐2(0) �1 − 𝑇𝑇
𝑇𝑇𝑐𝑐
�
𝛾𝛾

. The grey represents the Pauli limit 1.85Tc. (c) In-plane upper critical as a function of temperature 

for the 8nm film compared to a 100nm film from  [1] 

The low temperature scanning tunneling microscopy and spectroscopy system to be used has been 
in operation and good working order. As shown in Fig. 3, we have been able to prepare and 
visualize at the atomic scale a variety of materials including FeSe0.45Te0.55, FeSe, UTe2, CsV3Sb5, 
and Cu(111), as well as clear signatures of quasiparticle interference. The next challenge that we 
will tackle, is the successful transfer of films grown in MBE for this project, into the STM. 

 

Figure 3. A series of atomically resolved surfaces of FeSe0.45Te0.55, FeSe, UTe2, CsV3Sb5, and Cu(111) using low 
temperature scanning tunneling microscopy. The bottom right panel demonstrates clear extraction of the electron-like 
Sb pocket dispersion in CsV3Sb5 through quasiparticle interference imaging. 
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Future Plans 

 The findings on thin (Sn,In)Te motivate using this material to develop a device that we will 
use to measure the Nernst effect in the superconducting state and to search for signatures of 
particle-hole asymmetry in the different conductance using scanning tunneling spectroscopy, in 
the presence of ISB. A theoretical formalism of the Nernst effect caused by Berry curvature in ISB 
superconductors is also being developed. In parallel we will develop the synthesis of (Ge,In)Te, 
where the ferroelectric distortion is chemically tunable and expected to survive in the 
superconducting phase [4]. 
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Synthesis and Characterization of 2D Weyl Semimetals in Epitaxial Bismuthene   

Guang Bian, University of Missouri  

Keywords:  

topology-quantum Hall, thin film heterostructures, topological materials, ARPES, molecular beam 
epitaxy 

Research Scope 

 2D Weyl semimetal is a topological matter with topologically protected boundary states-
Fermi string edge states [1]. It is also a solid-state realization of Weyl fermion states in 2D space 
with exotic topological features such as chiral anomaly and charge fractionalization. We aim to 
explore spin-valley locking, topological quantum criticality, and nonlinear electromagnetic 
properties of 2D Weyl fermion states. 

Recent Progress 

 We synthesized monolayer bismuthene on SnS(Se) substrate and discovered 2D Weyl 
fermion states therein using techniques of MBE, ARPES and STM [1]. The linear band dispersion 
and canted spin texture of 2D Weyl fermion states were experimentally confirmed by our spin-
resolved ARPES experiments. 

 

 

 

 

 

 

 

 

 

Future Plans 

 We will test various material combinations for realizing 2D Weyl fermion states and 
investigate the electromagnetic properties of 2D Weyl fermion states using in- and ex-situ transport 
methods. 

Experimental results taken from epitaxial monolayer bismuthene 
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In-Situ Cryo 4D STEM of Layered Correlated Materials 

Judy J. Cha, Department of Materials Science and Engineering, Cornell University   
Eun-Ah Kim, Department of Physics, Cornell University 
 
Keywords: Charge density waves, 4D scanning transmission electron microscopy, machine 
learning, 2D and layered crystals, metal-insulator transitions  

Research Scope 
We combine cryogenic 4D scanning transmission electron microscopy (4D STEM), in situ 
transport measurements, and unsupervised machine learning to understand microscopically the 
phase transitions of charge density waves (CDWs) in layered transition metal chalcogenides at the 
nanoscale in real space. The microscopic understanding gained from the proposed research will be 
important for the device application of these layered materials as the CDW phase transitions of 
these materials show metal to insulator transitions useful for non-volatile memory and 
neuromorphic computing at atomic thickness. 

Recent Progress 
We have successfully carried out in situ 4D STEM experiments on 1T-TaS2 flakes at variable 
cryogenic temperatures and studied the metal to insulator phase transitions and concurrent nearly 
commensurate (NC) to commensurate (C) CDW phase changes, induced by the application of 
voltage pulses. 

 

Figure 1 | TaS2 structure and temperature dependent CDW behavior. Atomic structure of 1T-
TaS2 in cross-section (a) and plan-view (b). In b, the local CDW distortion is shown, which forms 
a Star-of-David structure. c. Illustration of the C, NC, and IC CDW phases, which exhibit different 
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orderings of the stars. Associated electron diffraction patterns are shown. For the C phase 
diffraction pattern, the Bragg vector a* is shown, as well as two first order CDW Q vectors (solid 
line) and one 2nd order CDW vector (dotted line). The studied device imaged optically (d) and with 
STEM high angle annular dark field imaging (e). In the center of the STEM image is a through-
hole in the SiNx membrane, which allows for electron diffraction measurements. f. Temperature 
dependence of the TaS2 resistance, CDW angle φ, CDW wavevector magnitude k, and the domain 
size DNC. The shaded regions represent the standard error. The inset shows the temperature 
derivatives of the resistance and DNC. For the inset, the x-axis units are temperature (K).  
 
1T-TaS2 exhibits an insulating C CDW phase and a metallic NC CDW phase below and above 200 
K, respectively1-3. The phase transition can be driven by voltage pulses, promising for non-volatile 
memory applications and neuromorphic computing down to atomic thickness2-4 (Figure 1).  

Our main finding is that the voltage pulse-induced phase change in TaS2 flakes is driven by Joule 
heating and the pulse-induced ‘hidden’ state is either the NC or incommensurate (IC) CDW phase. 
We believe our findings explain conflicting reports on the pulse-induced metal to insulator phase 
change of TaS2 flakes for voltage pulses up to nanosecond time regime2,4,5. Figure 2 shows the 
steady-state biasing to observe the CDW switching in TaS2, where the temperature of the flake 
rises suddenly at the onset of the CDW switching voltage. A series of steady-state and pulsing 
experiments show clearly that the CDW switching and concurrent insulator-metal transition is 
driven by Joule heating, rather than purely field-driven5.  

 

Figure 2 | Steady-state biasing and CDW switching. A. Current vs time during triangular voltage 
ramps with the maximum voltage ranging from 0.1 V to 1.2 V. The maximum voltage is reached 
at 10 s. Inset: example voltage profile, the x-axis is time (s). The color legend in a applies to b, c, 
and e as well. B. The measured CDW domain size DNC during the voltage ramps. The insets show 
diffraction snapshots acquired during the 0.8 V ramp. C. Flake strain during the voltage ramps. D. 
Maximum flake temperature for voltage ramps from 0.1 to 0.8 V, calculated from the strain shown 
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in c. For the 0.8 V datapoint, we show the temperature immediately prior to the C to NC transition. 
T0 is 110 K, ε is the strain, α is the effective coefficient of thermal expansion, and R is the flake 
resistance. E. Measured temperature of the SiNx membrane during voltage ramps. The 
thermometer consists of a Pt coil encompassing the flake, pictured in the inset. Scale bar is 50 μm. 
 
Figure 3 shows the pulsing experiments, where we demonstrate that the previously unknown, 
field-induced metallic state is a NC or IC CDW phase, depending on the degree of Joule heating 
induced by the voltage pulses. 

 

Figure 3 | Pulse induced CDW and resistive switching. a. Vtotal / Vflake during electric pulsing. 
Twenty consecutive pulses were performed in total, starting at 2.0 V and increasing by 0.4 V up 
to 9.6 V, with roughly 5 mins recovery time in between pulses. A representative set is shown here. 
b. Time-resolved CDW domain size DNC and device resistance during pulsing. The scale bar shows 
1 second. The measurement time resolutions are 300 μs for the CDW analysis and 12 ms for the 
device resistance. The diffraction data for the 9.6 V pulse is shown in Supplementary Video 5. c. 
Comparison of the CDW domain size DNC (black) and the flake resistance (red) immediately after 
pulsing. 
 
Further, we show that the boundaries between NC-CDW domains, known as discommensurations, 
are pinned at layer stacking disorders, i.e., dislocations, of TaS2 flakes. This observation was 
uniquely enabled by in situ cryo 4D STEM maps where we followed the nucleation of the 
discommensurations during the CDW switching and found a one-to-one correlation between the 
networks of discommensurations and basal dislocations of TaS2 flakes (Figure 4). Our finding 
represents the first realization of the direct link between the microstructure defects and electronic 
structures in TaS2. 
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Figure 4 | Real-space CDW imaging during bias. a. Virtual STEM image which sums all the 
Bragg peak intensities. The dark lines are basal dislocations. The inset is an optical image of this 
flake. b. Maps of the CDW DNC as a function of applied bias. The insets show cropped diffraction 
patterns, extracted from local regions of 3 x 3 pixels. For the post-bias dataset (right most image), 
the top diffraction pattern is extracted from a dislocation, and the bottom diffraction pattern is 
extracted from a non-defective region.   

Future Plans 

 We are summarizing our findings in a manuscript, which we will submit in the Fall this 
year. We have also carried out a series of in situ 4D STEM experiments as a function of 
temperature during the CDW switching of TaS2 flakes. Unsupervised machine learning algorithms 
are being applied to analyze the large data (~ terabyte and 5-dimensional datasets).  

We are also fabricating nanobeams of TaS2 using the electron beam in STEM as a nanoscale 
milling source. We will examine the stability of the C and NC CDWs in these nanobeam structures. 
Our hypothesis is that these CDW phases become unstable and disappear when the width of the 
TaS2 flake is smaller than a critical nucleus size of the CDW domains. 
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Epitaxially-Imposed Control of Chiral Transport Phenomena  

Matthew Brahlek, Oak Ridge National Laboratory  

Keywords: Topology, Magnetism, Topological Superconductivity, Molecular Beam Epitaxy, 
Thin Film Heterostructures 

Research Scope 

 The key research scope of this project is to create new heterostructured material paradigms 
to interrogate and discover new chiral phenomena. This includes chiral transport phenomena found 
in topological materials as well as emergent properties that can only be achieved in high-quality, 
well-designed interfaces synthesized by molecular beam epitaxy. We aim to probe these properties 
using advanced characterizations techniques including low temperature transport and spectroscopy 
to better understand the fundamental electronic properties as well as diffraction/reflectivity 
techniques (neutrons/x-rays) to link the observed phenomena to the underlying structures and 
designer defects.  

Recent Progress 

 This is a new project so there are not any publications. However, we have initial data 
showing promising routes to address the Research Scope. Preliminary x-ray diffraction imaging 
(in figure on the right) has shown that we can create novel in-plane superlattices of the topological 
insulator Bi2Se3 with precisely created dislocation networks. We aim to extend this to the magnetic 
topological insulator MnBi2Te4 to explore emergent 1D 
quantized chiral edge states that may arise at the 
boundaries. We also have stabilized high-quality new thin 
film systems that exhibit unusual spin-momentum locking 
(altermagnet candidate MnTe) that can be integrated with 
superconductors to realize new exotic superconducting 
states. 

Future Plans 

 An excite direction is centered around 
understanding how the topological and magnetic 
properties are modified at the precisely engineered 
dislocations boundaries. In particular, how do these local 
structures evolve with thickness, are the local electronic 
states modified near these boundaries and give rise to new 
topological states? We also aim to seek to understand the 
basic properties of thin film altermagnetic candidates by 
revealing their novel spin-moment locking and 

(left) Spatially resolved x-ray 
diffraction reveals in-plane superlattices 
composed of highly-order 1D dislocation 
arrays in topological insulator (TI) Bi2Se3. 
(right) Can these be extended to magnetic TIs 
and used to gain a new level of control over 
1D quantized edge states? 
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understanding how they can be utilized at epitaxial interfaces to give rise to new phases of matter, 
e.g. novel superconductors.  

Publications  
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Macroscopic quantum states in antiferromagnets:  
Bose-Einstein condensation of anti-ferro-magnons 
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light scattering, microwave spectroscopy 

Research Scope 

Bosons are particles of integer spin that support the formation of the fundamental 
macroscopic quantum object – Bose-Einstein condensate (BEC). It manifests itself in the 
spontaneous establishment of a macroscopic coherent state in an incoherent multiparticle system. 
The original theoretical predictions of the BEC phenomenon in an ideal atomic gas were done by 
A. Einstein and S.N. Bose in 1924, but the necessary experimental conditions for its observation 
were created only in 1995. Since then, BEC became a hot topic in experimental physics. 
Nowadays, BECs were experimentally observed in a variety of different systems, including real 
particles such as ultra-cold gases as well as quasiparticles like exciton-polaritons, photons, as well 
as in magnon systems of ferrimagnets, quantum magnets, and liquid 3He. The BEC has already 
found its first applications in the field of quantum computing, making further investigations of this 
fascinating phenomenon necessary. 

This proposal aims to realize a comprehensive study of anti-ferro-magnons’ BEC (at 
microwave frequencies ranging from GHz to THz) and related phenomena in a range of 
antiferromagnetic (AFM) materials in a wide range of temperatures from ambient to the quantum 
limit. The range of materials for investigations includes but is not limited to KMnF3, KNixMn1-xF3, 
NiO, and synthetic AFMs like Fe/Cu/Fe and Fe/Cr/Fe multilayers.  

Recent Progress (preliminary results) 

A newly discovered method of rapid cooling to achieve the BEC of magnons [1] in 
ferrimagnets is very universal and is applicable to any system of particles or quasiparticles. In a 
solid body, each quasi-particle system interacts with the phonon bath and these two systems stay 
in equilibrium in a quasi-stationary state. An instant (or close to instant) reduction in the phonon 
temperature results in a large excess of quasi-particles when compared to the equilibrium state at 
the new temperature. This kind of injection is incoherent and injects bosons over the entire energy 
spectrum. The consequent redistribution of the quasiparticles due to the multi-particle and particle-
phonon scattering processes results in an increase in the chemical potential μ required for the BEC. 
The spectrum of anti-ferro-magnons in a classical fully-compensated AFM is in essence exchange-
dominated and its properties could be derived using the same Holstein-Primakoff approach 
developed for ferromagnets. This similarity of the quantum representation of the problem gives 
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one the ability to apply analogous approaches for calculating the dynamics of anti-ferro-magnons. 
Also, it allows us to assume that the four-magnon scattering could be considered as one of the 
main mechanisms of nonlinear magnon scattering in AFMs. Of course, there are other scattering 
processes like three-magnon scattering and Cherenkov radiation, which will also contribute to the 
thermalization process, increasing its efficiency. Using the model developed in [1], we predict that 
BEC of anti-ferro-magnons could be achieved in low-anisotropy as well as synthetic AFMs. For 
the case of low-frequency AFMs, the rapid cooling model predicts, that the best conditions for 
observation of anti-ferro-magnon BEC could be achieved at low temperatures. A combination of 
decreased heat capacity with increased thermal conductivities of substrate materials (e.g., for MgO 
thermal conductivity at 3 K is practically the same as at 300 K), results in cooling rates not worth 
than those at room temperature. But the main improvement from the reduced temperature is a 
strong decrease in the magnon quantity required to achieve BEC. This results in a strikingly 
effective condensation, requiring a very small temperature change, even in the case of large Gilbert 
damping (with values of even up to 10-2). The results of modeling performed for a low-frequency 
AFM are shown in the figure. Note also that in the case of low temperatures, the process appears 

to be so effective that we can use realistic rates of temperature change in this simplified model, 
which was not possible in the original work performed at room temperature [1]. Therefore, the 
experimental realization of anti-ferro-magnons’ BEC in the studied AFMs at low temperatures we 
consider as an easy to achieve experimental effort. At the same time, due to a simplified case of 
exchange spectrum with the global minimum located at zero wavevector, observation of BEC 
could be done using not only Brillouin light scattering but also conventional microwave 
techniques. The signal from a microwave antenna could be amplified and analyzed by a spectrum 

 

Results of modeling of BEC formation under rapid cooling at low temperatures. The time evolution of the 
temperature of the phonon system is shown by black line and the quasi-particle population at the lowest energy 
state is represented by magenta line. The inset shows the quasi-particle density as a function of frequency at 
250 ns when BEC is achieved. 
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analyzer, providing the frequency resolution down to one Hertz, which will allow us to ultimately 
answer the question about the coherency of the obtained BEC state. 

Future Plans 

The main scientific objectives of this 3-year proposal are: 

1) Realization of AFM BEC through rapid cooling using a broad range of micro-structured 
AFMs with various Neel temperatures (TN). BEC experiments will be carried out at low-
temperature (KMnF3 and KNixMn1-xF3) as well as at RT NiO. 
2) Realization of microwave-pumped anti-ferro-magnetic BEC employing AFMs like KMnF3 
and KNixMn1-xF3 that exhibit AF resonances in tens of GHz below TN. 
3) Realization of magnon BEC in synthetic AFMs such as Fe/Cu/Fe and Fe/Cr/Fe through 
both parametric microwave pumping and rapid cooling techniques. 
4) Observation of macroscopic quantum phenomena in AFMs: BEC supercurrents, 
Bogoliubov waves, magnon Josephson effect, and second sound. 
 

Besides the four listed above scientific aims, the important objective of this proposal is to 
build significant research and educational capacity at UCCS to explore the quantum properties of 
magnetic systems that will allow to enhance quantum workforce development in DOE. 

The proposed aims are going to be realized using a combination of various state-of-the-art 
fabrication and measurement techniques. The samples will be grown using molecular beam epitaxy 
and nanostructured using electron beam lithography and reactive ion etching. The AFM BEC will 
be detected using time-, space-, and wavevector-resolved Brillouin light scattering and 
microscopy, and microwave spectroscopy. To perform these measurements in a wide range of 
temperatures, the team will build a cryostat capable of reaching temperatures of 3 K together with 
optical and microwave access. Measurements of AFM dynamics in the single-quanta limit will be 
performed at ANL in the dilution 3He-4He fridge. 

The outcomes of the proposal are offering breakthroughs in fundamental aspects of physics 
as well as applied material science. The first outcome is the experimental demonstration of 
fundamentally different from earlier achieved ways to create anti-ferro-magnonic BEC. The 
second one is to provide important insights into the properties of AFMs at low and ultra-low 
temperatures. Moreover, all the experimental efforts will serve the higher purpose to build the 
significant research capacity to explore quantum properties of matter at UCCS to provide research-
backed education for training the new generation of the quantum workforce. 
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  Research Scope 

Two-dimensional MXenes are a class of two-dimensional inorganic compounds with the chemical 
formula Mn+1XnTx, where M denotes an early transition metal, X indicates carbon, nitrogen or 
both, T is a surface termination group and n is an integer. MXenes are formed from selectively 
etching the A-layer from the three-dimensional ceramic MAX phase, which has the general 
formula, Mn+1AXn, where A is a Group IIIA or IVA element. We synthesized Ti3C2TX MXene 
from Ti3AlC2 using a milder LiF/HCl solution and investigated its magnetic, optical, and 
electrochemical properties. The magnetic property of the resulting Ti3C2TX MXene was analyzed 
using a superconducting quantum interference device (SQUID)1. The electrochemical 
performances of Ti3C2Tx MXene electrode were evaluated by cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) measurements. We also used the Ti3C2Tx MXene 
as a charge transport layer to study the charge transport properties in organic solar cells. We used 
poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b0]dithiophene))-alt-(5,5-
(10,30-di-2-thienyl-50,70-bis(2 ethylhexyl)benxo[ 10,20-c:40,50-c0]dithiophene-4,8-
dione))](PBDB-T):3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]-dithiophene (ITIC) 
blend as an active layer and studied the impact of charge transport layer on morphology, charge 
transfer and charge transport of this blend using optical spectroscopy and atomic force microscopy 
(AFM)2-3. 

Recent Progress 

The extent of aluminum removal from Ti3AlC2 was controlled by 
performing two separate syntheses, one at ambient temperature 
(batch 1) and another at an elevated temperature for a longer 
reaction time (batch 2) and the extent of etching was determined 
by using X-ray diffraction (XRD).  The (104) peak at 39° is 
vanishingly small as compared to Ti3AlC2 and Ti3C2Tx Batch 1 
samples indicating that Ti3AlC2 is transformed to Ti3C2Tx MXene 
with less unreacted MAX phase in Batch 2 compared to Batch 1 

Figure 1. XRD patterns of Ti3AlC2 
and Ti3C2Tx MXenes. 
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(Figure 1).  We observed a paramagnetic-antiferromagnetic (PM-AFM) phase transition in 
samples generated by both synthesis techniques that occurs at different Néel temperatures, 
indicating that the aluminum content mediates the magnetic transition (Figure 2). Figure 3a 
presents the CV curves of the sample at various scan rates in the potential range of 0.1 V to 0.55 
V. The CV curves consists of a pair of strong and symmetric redox peaks. The increase in scan 
rate provides the shifting of anodic and cathodic peaks towards positive and negative potential 
slides, respectively. According to the EIS plot, Ti3C2Tx MXene reveals higher charge transfer 
process across the electrode/electrolyte interface (Figure 3b). These promising results indicate the 
excellent electrode material for next generation energy storage devices.  

 
Figure 2. Magnetization versus temperature at 1000 Oe for (a)Ti3AlC2, (b) LiF/HCl etched Ti3C2Tx Batch 1 and 
(c) Batch 2 samples. 
 
Morphology of PBDB:ITIC on 
poly (3,4-ethylene 
dioxythiophene): 
poly(styrenesulfonate) 
(PEDOT:PSS) charge transport 
layer shows root mean square 
(RMS) roughness of 15.7 nm and 
maximum height of 101 nm 
(Figure 4a) whereas PBDB:ITIC 
prepared on MXene layer has 
shown the RMS roughness 6.2 nm and maximum particle size up to 72.4 nm (Figure 4b). Our 
results indicate that the charge transport layer underneath the active layer impacts the 
nanomorphology of PBDB-T:ITIC blend. This difference in morphology can cause differences 
in the performance of these solar cells. The current sensing atomic force microscopy (CSAFM) 
image showed a maximum current of 2.48 pA (Figure 5a) for PBDB-T:ITIC blend on 
PEDOT:PSS whereas it is at a level of 45 pA (Figure 2b) for PBDB-T:ITIC blend on MXene 
indicating that higher current is observed with MXene interface. This study will provide 
important information about the enhancement of current in MXene-based organic solar cells. 

We used photoluminescence quenching and ultrafast femtosecond pump probe spectroscopy 
(Figure 3) to measure charge transfer and charge extraction in polymer blends using MXenes 
and PEDOT:PSS.  Longer lifetime of ground state bleaching (Figure 6a) and high 
photoluminescence quenching (Figure 6b) by MXenes suggest great potential of this material 

 

 
              Figure 3.  (a) CV and (b) EIS of Ti3C2Tx MXene. 
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over benchmark PEDOT:PSS as a charge transport layer. This is further supported by the results 
of AFM measurement (Figure 5) where higher current is observed with MXene interface.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Atomic force microscopy topography image of (a) PBDB-T:ITIC film on PEDOT:PSS  (b) 
PBDB-T:ITIC film on MXene. 

 
Figure 5. Current sensing atomic force microscopy image of (a) PBDB-T:ITIC film on PEDOT:PSS  (b) 
PBDB-T:ITIC film on MXene. 

 
 
Figure 6 (a) Ground bleaching dynamics (a) and the photoluminescence quenching (b) of PBDB:ITIC 
blend in MXene and PEDOT:PSS layer 

 

 

b a 
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Future Plans 

 For the coming year, we are planning to work on the following projects. 
1. We will study the effect of gamma radiation in magnetic and transport properties of Mxenes. 
2. We will investigate the Impact of stoichiochemistry, dimensionality and surface 
functionalization in magnetic behavior of MXenes. 
3. We will synthesize porous Mxene nanostructure using block copolymer as template and 
structure directing agent and study the electrochemical properties.  
4. We will investigate the impact of surface functionalization on electronic and optical properties 
of Mxenes. 
 5.  We will study the energy transfer process in MXene quantum dots for ratiometric 
fluorescence detection. 
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Program Scope 

 Increasing the participation of women in physics is critical to addressing U.S. workforce 
needs in STEM. In 2020 only 25% of undergraduate physics degrees were earned by women, and 
over the last two decades this percentage has essentially plateaued. Nearly 75% of undergraduate 
women in a national sample reported experiencing sexual harassment in a physics environment; 
moreover, women who belong to multiple marginalized groups – such as women of color and 
those in the LGBTQ+ community, experience additional challenges due to negative climates and 
reduced access to mentors and peers who can 
relate to their experiences. The Conferences 
for Undergraduate Women in Physics 
(CUWiP) are a collaborative effort of 
physicists from around the country who 
organize about a dozen regional conferences 
annually with support from the American 
Physical Society (APS). The total number of 
participants has been close to 2,000 in recent 
years.  By comparison, about 2,100 women 
graduate with a bachelor’s degree in physics 
each year in the U.S (see Figure 1). The 
conferences provide an opportunity for women and gender minorities to hear inspirational talks by 
women and gender minority physicists; 
participate in workshops and panel discussions 
on summer research, graduate school, and 
physics careers; learn about issues facing women and gender minorities and strategies to help them 
thrive; and develop networks and informal mentoring relationships. 

The goals of this project are to: 

1. Deliver programming that strengthens identity and career choice in physics, 
2. Establish community spaces that foster a sense of belonging, and 
3. Support leadership development and sense of agency among participants 

We will do this by organizing conferences for 2,000 participants annually for the next three years 
and providing support for conference organizers to plan events with effective and fully inclusive 

Figure 1:  The number of US female physics 
degrees and the US CUWiP attendance since 2006 
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programming. In addition, we will encourage participants to be active in local Women in Physics 
(WiP) groups, offer virtual programming throughout the year, and provide opportunities for 
leadership experience and skills development in building a community led by and for women and 
gender minorities in physics (a specific focus on the inclusion of gender minorities being signified 
by the “+” in CUWiP+). 

Recent Progress 

A return to in-person conferences following the pandemic took place across 14 sites located across 
the US on January 20 - 22, 2023. An aligned conference also took place in Canada, although no 
federal funds were used to support the activities outside of the United States. CUWiP was once 
again organized by 14 institutions with local organizing committees with guidance from the project 
National Organizing Committee (NOC-L). CUWiP also increased communication and networking 
opportunities for participants by creating a Women & Gender Minorities in Physics community as 
part of APS Engage, a social media networking tool.  

The total number of US conference participants in 2023 was 1880, as compared to 1307 in 2022, 
1139 in 2021 and 1806 in 2020 (the last time an in-person conference was held). Additionally, 
access was provided to 40 participants from all over the globe through a virtual conference held 
on February 11 - 12, 2023. Despite lower numbers in 2021 and 2022, due primarily to the 
conferences having to be converted to a virtual format during the pandemic, attendance in 2023 
was comparable to 2020 which is an encouraging sign that the conference may continue to grow 
as we return to the in-person format.  

Though the pandemic adversely affected conference attendance, it also afforded an opportunity to 
explore a non-synchronous, virtual format for the conferences. Advantages of this format include 
being able to offer year-round programming that could be accessed by individuals all around the 
world, who are not able to travel to the synchronous in-person event annually. Several program 
components were implemented to support the goals of professional development, networking, and 
contributing to the physics community. Leveraging the national scale of the virtual conference, a 
virtual lab tour of the Princeton Plasma Physics Laboratory (PPPL) and General Atomics (GA) 
was held at the virtual conference. Speakers and panelists were selected to bring experience from 
diverse areas of physics; session topics were chosen so that they would be inclusive to students 
with a variety of experiences and identities, including LGBTQ+, underrepresented ethnic and 
racial groups, and students with disabilities. The conference also featured presentations on a broad 
range of topics in science and technology both in academia and in industry. Attendees outside of 
the US (Canada and participants around the world) were able to live stream the keynote address 
by Nadya Mason. 

A formal assessment of the project, which was conducted via pre- and post-conference surveys 
with 558 matched responses, revealed that participants show strong intentions to complete 
undergraduate degrees, build a sense of community among during the conference, have strong 
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interest in physics, and appear to be recovering from the anxiety that COVID ushered in. There 
were some negative shifts observed related to perceived competence and imposter syndrome; we 
will continue to closely monitor these metrics and implement recommendations by evaluators to 
create more of an emphasis on the positive aspects of a life in physics in conference programming. 

Future Plans 

Future plans include organizing the 2024 CUWiP+ at fourteen sites around the US: 

• Boston College & Wellesley College 
• City University of New York, Graduate Center 
• Clemson University 
• Georgia Institute of Technology 
• Missouri University of Science & Technology 
• Montana State University 
• Stanford University & SLAC National Accelerator Laboratory 
• Tulane University 
• United States Military Academy, West Point 
• University of Arizona 
• University of Michigan, Ann Arbor 
• University of Pennsylvania 
• University of San Diego 
• West Virginia University 

We are further seeking to leverage points of connection with the Heising Simons funded 
Advancing Graduate Leadership (AGL) program, an APS initiative to provide professional skills 
development and leadership training to graduate women and gender minorities in physics. 
Graduate women and gender minorities who have received training and mentoring through the 
AGL program will participate in CUWiP+ conferences as mentors, panelists, and advisors. Doing 
so will not only give the AGL participants an opportunity to put their training into practice, but 
also will provide opportunities for near-peer mentoring between undergraduate CUWiP+ attendees 
and graduate mentors, which also contributes to higher rates of persistence. 

Furthermore, we will implement an online virtual community, comprised of CUWiP+ attendees 
and AGL participants, which will allow both groups to interact throughout the year. We will 
broadcast select talks from the 2024 CUWiP+ so that high-quality content will reach a broader 
audience than attendees of a single conference. We will also provide points of contact (e.g. virtual 
coffee hours) between undergraduate participants and speakers as well as undergraduates and 
graduate mentors. We will also continue working with external evaluators to measure the impacts 
of the Conferences on attendees; we will also track participation in the online virtual community 
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to measure whether there is continued engagement with individual members as they transition 
between undergraduate and graduate physics programs.  

Publications  
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Update on the activities of the National Academy of Sciences Condensed Matter and 
Materials Research Committee 
 
Colleen N. Hartman, National Academy of Sciences 

Keywords: Condensed matter; Materials Research, moiré physics, NASEM 

Research Scope 

 The Condensed Matter and Material Research Committee (CMMRC) plays an active role 
within the condensed matter and materials research communities by serving as a conduit for 
interactions between these communities and the federal government and monitoring the 
health of and identifying critical new developments in these fields. Among the mechanisms that 
CMMRC can use to fulfill its charge are (1) organizing topical workshops around topical areas 
chosen in coordination with the sponsors and drafting workshop proceedings that summarize 
the presentations and ensuing discussions; (2) working with sponsoring agencies to propose 
workshops, other special forums such as meetings of experts, and report-generating ad hoc 
studies that relate to condensed matter and materials research, where needed; (3) providing 
long-term stewardship of reports that CMMRC helped to develop and that impact the 
condensed matter and materials research communities; (4) interacting with the professional 
societies and FACA committees for condensed matter and materials research; and (5) serving as 
a resource and providing expert advice to other standing committees in the BPA and other 
National Academies boards in the development of National Academies’ activities that impact 
the condensed matter and materials research fields. 

The primary responsibilities of the CMMRC Committee are to (1) monitor and assess the 
areas of condensed matter and materials research sciences, (2) identify and discuss issues of 
concern to the condensed matter and materials research communities, mainly connected with 
developments that impact research opportunities, and (3) guide federal agencies regarding their 
associated programs. 
Recent Progress 

One of the significant challenges in materials science has been developing materials that could 
survive and function in extreme environments, such as the high-radiation environments found in 
a fission or fusion reactor or the ultra-high temperature experienced by a hypervelocity vessel or 
a spacecraft traveling through Earth's atmosphere on its return to the planet's surface. To address 
this challenge, a 2-day workshop titled Materials in Extreme Environments: New Monitoring 
Tools and Data-Driven Approaches was held on October 5-6, 2022, at the National Academies of 
Sciences, Engineering, and Medicine. The workshop brought together an international collection 
of experts on testing and measuring materials in extreme environments and discovering and 
developing new materials. 

The workshop proceedings recapped the presentations and discussions that took place during the 
two days of the workshop. What was unique about the workshop was how it brought together 
two different sets of tools to understand the behavior of materials in extreme environments. The 
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first set comprised various microscopes and other monitoring tools that could be used to 
characterize these materials, while the second consisted of new data analytics tools, such as 
machine learning capabilities. By combining observational tools with data analytics tools, it was 
possible to characterize the behavior of materials in extreme environments much more quickly 
and in greater detail than had been possible in the past. One particular focus of the workshop was 
how combining monitoring tools and data analytics could be applied better to understand 
materials processing approaches such as three-dimensional printing. It was noted that the 
workshop was structured so that the first day focused mainly on materials processing and 
manufacturing, while the second was primarily devoted to materials testing. 

Future Plans 

 The Spring 2024 workshop planning is in full swing for the Quantum Coherent Networks 
Workshop. This public workshop will present a high-level authoritative view of quantum-coherent 
networks for physical scientists and policymakers seeking a general grasp of the subject and its 
potential.  The workshop bridges AMO and condensed matter/materials science areas. In the 
coming weeks, a call for experts to serve on the planning committee will be issued, and community 
members are encouraged to apply. CMMRC members will meet in the fall to hear updates from 
DOE and NSF and break out into groups to discuss possible meeting topics for the follow-on 
workshop. This meeting will be Livestreamed and questions from the interested public will be 
taken.  

Publications 

National Academies of Sciences, Engineering, and Medicine, Frontiers in Data Analytics and Monitoring Tools for 
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National Academies of Sciences, Engineering, and Medicine, Frontiers in Synthetic Moiré Quantum Matter A 
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National Academies of Sciences, Engineering, and Medicine, Frontiers in Memristive Materials for Neuromorphic 
Processing Applications: A Workshop (2021) 
 

National Academies of Sciences, Engineering, and Medicine, Frontiers in Synthetic Moiré Quantum Matter A 
Workshop (2022) 
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Keywords: moiré physics, 2D and layered crystals, semiconductors, transport, optical 
spectroscopy. 

Research Scope 

 The scope of this research program is to develop two-dimensional (2D) moiré materials as 
a quantum simulator to implement model Hamiltonians and their phase diagrams and dynamics. 
Specifically, we aim to (i) develop homogeneous moiré materials with controllable superlattice 
potential for quantum simulation; (ii) develop methods for continuous tuning of moiré parameters, 
including length and energy scales, and charge density; (iii) experimentally map the equilibrium 
quantum phase diagram of model many-body Hamiltonians such as the Hubbard models and 
compare with theory; and (iv) develop methods to dynamically control the many-body 
Hamiltonians and investigate non-equilibrium quantum dynamics. 

Recent Progress 

Band-structure engineering by forming moiré superlattices has been predicted to realize 
topological flat bands [1]. Our team has continued to build our strengths on the growth of high 
quality bulk crystals of semiconducting transition metal dichalcogenides (TMDs) and fabrication 
of moiré heterostructures and the development of techniques for forming contacts to TMD 
materials. These structures and devices have enabled us to realize a generalized Kane-Mele model 
in 60º-aligned MoTe2/WSe2 hetero-bilayers and demonstrated, as an initial result, a quantized Hall 
conductance in the absence of an external magnetic field when the moiré lattice is filled with one 
hole per unit cell [2]. More recently, we have observed thermodynamic evidence that small twist 
angle MoTe2 bilayers support topological flat bands with appropriate band geometry to favor 
fractional Chern insulators at zero magnetic field [3]. 

We have also realized the Kondo lattice Hamiltonian in TMD moiré materials. The Kondo 
lattice, describing a matrix of local magnetic moments coupled via spin-exchange interactions to 
itinerant conduction electrons, is a prototype of strongly correlated quantum matter. Traditionally, 
Kondo lattices are realized in intermetallic compounds containing lanthanide or actinide. The 
complex electronic structure and limited tunability of both the electron density and exchange 
interactions in these bulk materials pose significant challenges to study Kondo lattice physics. The 
high tenability of the moiré materials opens new opportunities. 
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It has been shown previously that a Mott insulator with local magnetic moments can be 
realized in TMD moiré materials at half filling of the moiré band. The strong electronic interactions 
open a Mott gap with a fully filled Hubbard band. Our idea is to couple itinerant electrons to the 
lattice of local moments via the exchange interaction to realize the Kondo lattice. Figure 1a shows 
our original proposal based on three layer moiré superlattices at the interface between a WX2 
homobilayer and MoX2 monolayer (X = S, Se). Under appropriate gating conditions, the interface 
WX2 layer forms a triangular lattice of local moments that couple to itinerant electrons in the other 
WX2 layer via a gate-tunable Kondo exchange interaction. Using a parton mean-field approach, 
we identify a range of twist angles which support a gate-tuned quantum phase transition between 
a heavy Fermi liquid with large anomalous Hall conductance and a chiral spin liquid coexisting 
with a light Fermi liquid and describe experimental signatures to distinguish among competing 
theoretical scenarios (Fig. 1b). 

 
Figure 1 | Realization of a gate-controllable Kondo lattice. a, Left panel: schematic of a TMD trilayer Kondo lattice 
system proposed theoretically. The two active TMD layers (blue and red) experience moiré modulation potentials with 
different strengths so that one layer has flat bands and one has dispersive bands. Right panel: top shows a Kondo 
lattice and bottom shows a control experiment, in which the flat band is filled with two electrons, local moments and 
Kondo lattice are not present. b, Parton mean-field phase diagram as a function of the moiré band filling factor ν and 
the external displacement field D. KI: Kondo insulator; AH: anomalous Hall phase. c, Temperature dependence of the 
resistance of an AB-stacked MoTe2/WSe2 bilayer. Black (𝜈𝜈 = 1 + x, Kondo) and red (𝜈𝜈 = 2 + x, control experiment) 
correspond to the two schematics in a. A peak is observed for the Kondo lattice case at the Kondo temperature scale 
T*. The low temperature part of dependence is described by AT2, where coefficient A1/2 is proportional to the effective 
mass in the Fermi liquid theory. d, Doping dependence of A1/2 shows 10-20 times enhancement for the Kondo lattice 
case. e, Hall density as a function of magnetic field. The abrupt drop of the Hall density by 1 around 6 T is a 
manifestation of destruction of the Kondo singlet by the Zeeman effect. At the low fields, the charge carrier is a heavy 
fermion with a large Fermi surface. At high field, it is alight fermion with a small Fermi surface. f, The Kondo 
temperature can be continuously tuned by conduction electron density.  
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In the experiment, we realize a Kondo lattice in AB-stacked MoTe2/WSe2 moiré bilayers, 
in which the two TMD layers experience different moiré potentials. The band in MoTe2 is 
relatively flat and the band in WSe2 is relatively dispersive. The MoTe2 layer is tuned to a Mott 
insulating state, supporting a triangular moiré lattice of local moments, and the WSe2 layer is doped 
with itinerant conduction carriers. We observe heavy fermions with a large Fermi surface below 
the Kondo temperature (Fig. 1c,d). We also observe destruction of the heavy fermions by an 
external magnetic field with an abrupt decrease of the Fermi surface size and quasiparticle mass 
(Fig. 1e). We further demonstrate widely and continuously gate-tunable Kondo temperatures 
through the itinerant carrier density (Fig. 1f). Our study opens the possibility of in-situ access to 
the rich phase diagram of the Kondo lattice problem with exotic quantum criticalities in a single 
device.  
 

Future Plans 

 We will continue the lines of on-going work, including the development of homogeneous 
moiré samples and devices and experimental techniques to probe the transport and thermodynamic 
properties of embedded samples. The combined theoretical and experimental efforts will 
particularly focus on the study of many-body quantum phenomena from strong electronic 
correlation and topology.  
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Dynamics of Electron Interactions in Superconductors and Other Novel Materials 

Dan Dessau, University of Colorado Boulder 

Keywords: Superconductivity, Non-Fermi Liquid Behavior and Charge Dynamics, ARPES, Cu-
based superconductors, Topological Materials.  

Research Scope 

 The goal of our project is to perform experimental studies of the electronic structure, 
electronic interactions and pairing in novel superconductors, and other novel materials, particularly 
topological and magnetic topological materials. We primarily utilize high-resolution angle-
resolved photoemission (ARPES), pairing this with our own electronic structure calculations and 
with analysis of transport and other data.  

Recent Progress 

 Though we have made good progress in both novel superconductors and magnetic 
topological materials, here we only discuss superconducting materials, or those materials believed 
to be near a superconducting instability.   

Ni-based superconducting family – Pr4Ni3O8. 
The discovery of superconductivity in planar 
nickelates raises the question of how the 
electronic structure and correlations of Ni1+ 
compounds compare to those of the Cu2+ 
cuprate superconductors. We perfomed an 
ARPES study of the trilayer nickelate 
Pr4Ni3O8 (structure shown in Fig 1b), 
revealing a Fermi surface resembling that of 
the hole-doped cuprates but with critical 
differences. Specifically, the main portions of 
the Fermi surface are extremely similar to that 
of the bilayer cuprates (Fig 1a), with an 
additional piece that can accommodate 
additional hole doping. We find that the 
electronic correlations are about twice as 
strong in the nickelates as in the cuprates – for 
example the effective masses are ~ twice that 
of the cuprates (Fig 1d). We also find that the 
correlations are almost k-independent, 
indicating that they originate from a local 
effect, likely the Mott interaction, whereas 
cuprate interactions are somewhat less local. 
Nevertheless, the nickelates still demonstrate 
the strange-metal behavior in the electron scattering rates, which is also apparent in the measured 

 

Fig 1 (a) Hole Fermi surface showing cuprate-like 
features (b) Pr4Ni3O8 structure. (c) left: self-energy 
follows marginal Fermi liquid behavior; right: 
approximately T-linear resistivity (d) nickelate mass 
enhancement twice that of cuprates, potentially a 
signature of greater Mott character. From [1], 
performed with the Mitchell group. 
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resistivity (both shown in Fig 1c). Understanding the similarities and differences between these 
two families of strongly correlated superconductors is an important challenge. This work was done 
with the Mitchell group [1].  
 
Ni-based superconducting family – Ba1-xSrxNi2As2.  BaNi2As2 is a structural analogue of the 
pnictide superconductor BaFe2As2, which like the iron-based superconductors, hosts a variety of 
ordered phases including charge-density waves (CDW), electronic nematicity, and 
superconductivity. Upon isovalent Sr substitution on 
the Ba site, the charge and nematic orders are 
suppressed, followed by a six-fold enhancement of 
the super- conducting transition temperature (Tc). To 
understand the mechanisms responsible for 
enhancement of Tc, we performed high-resolution 
ARPES measurements of the Ba1−xSrxNi2As2 series, 
which agree well with our density functional theory 
(DFT) calculations throughout the substitution 
range. Analysis of our ARPES-validated DFT results 
indicates an electronic structure phase transition 
which we associate with the enhancement of nematic 
fluctuations, revealing unexpected connections to 
the iron-pnictide superconductors. This gives 
credence to a scenario in which nematic fluctuations 
drive an enhanced Tc.  Work performed in 
collaboration with the Paglione group, and presently 
under review [2]. 

Cuprate Superconductors. In conventional s-
wave superconductors, the shape of the Cooper 
pairs is commonly known to be isotropic. 
However, in high temperature superconductor 
cuprates, the d-wave gap symmetry naturally 
forms an anisotropic Cooper pair length scale. 
Here we use Angle-Resolved Photoemission 
Spectroscopy on a wide range of doping levels of 
Bi2Sr2CaCu2O8+x. For example, Fig 3 a-g shows 
a cut through the antinodal regime deep into the 
SC state, showing dramatically renormalized 
states that are gapped by the superconducting 
pairing.  Utilizing new highly-constrained 
methods we developed that enable us to fit this 
data (Figs 3 h-n) as well as many cuts throughout the zone we are able to experimentally extract, 

 

Fig 2. Evolution of Electronic Structure in 
Nematic Superconductor Ba1−xSrxNi2As2, in 
collaboration with the Paglione group, under 
review [2]).  

 

Fig 3. Hyper-local Cooper pairs in the antinodal 
direction of cuprate superconductors as obtained from 
ARPES. (a) – (g) Antinodal ARPES data from many 
different doping levels of Bi2Sr2CaCu2O8+x measured 
in the SC state. [3] 
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for the first time, the shape of the Cooper pairs in a d-wave superconductor, shown to have a 
clover-like shape (Fig 3 o,p). Moreover, we find the pair length scale to be extremely short at the 
antinodal region where the pairing strength is maximized, with a length scale that is of the order 
of the in-plane lattice constant. This ultrashort pair length scale is ~ constant over a wide range of 
doping, which indicates that it is a fundamental characteristic of the pairing in cuprates. Work is 
ready for submission [3]. 

Other cuprate work of ours focussed on fitting electrical resistivity data as a function of 
temperature and for a wide range of dopings, sp as to extract power-law scattering rates and the 
temperature scales at which these scattering rates hold.  This has lead to important new details in 
the doping phase diagram of the cuprate superconductors [4].   

Pb-apatite framework as a generator of 
novel flat-band CuO based physics. A 
great amount of interest in the past few 
weeks has been focused on 
CuPb9(PO4)6O (Cu-doped lead apatite, 
aka LK-99), which was proposed to host 
room temperature superconductivity.  A 
few weeks in, it now seems extremely 
unlikely that this compound actually 
hosts superconductivity.  Nevertheless, 
our electronic structure calculations 
indicate that the electronic structure of 
this compound is very interesting, with 
the presence of CuO-based flat bands at 
the Fermi level if the original symmetry 
of the state can be maintained, i.e. if 
Jahn-Teller-style lattice distortions do 
not break the symmetry (Figs 4a,b).  
Following these observations, we 
proposed a new “road map” for 
obtaining new types of highly correlated electron physics, by placing Cu or Ni atoms in a 
framework of other atoms, as shown in Fig 4c-f.   Therefore, finding an appropriate host structure 
for minimizing hybridization between the Cu (or Ni) and O while allowing them to still weakly 
interact should be a promising route for finding new interesting electronic phenomena, including 
high temperature superconductivity.  From [5].  

Magnetic topological materials -  MnBi2Te4 and CuMnAs. While we don’t have space in this 
abstract to discuss these results, we have published two papers on important magnetic topological 
materials.  See the extended publication list.  

 

Fig 4. Calculated electronic structure of Cu-doped Pb-Apatite. 
(a) With the structure constrained to the nominally-observed 
P3 symmetry, the system has flat Cu-O bands at EF that can 
support exotic physics. (b) With the constraints removed the 
system will tend to open gaps at EF. (c)-(f) A “road map” for 
generating such flat band states by doping Ni or Cu into a 
general framework, with the final goal being high temperature 
superconductivity.  From [5].  
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Future plans. The landscape of novel superconductivity is as exciting and deep as ever, and ARPES 
has continued to advance in its ability to probe the most fundamental aspects of the electronic band 
structure, correlations, and pairing.  Therefore, the future for ARPES of novel superconductors, 
especially when linked to increasingly sophisticated electronic structure calculations that can 
include the electronic correlations, is very bright.  
As an example we show a nearly-completed 
study of ours on the Fe-based superconductor 
YFe2Ge2. Heat capacity measurements on this 
material indicate a very large Sommerfeld 
coefficient, or mass enhancement. Our ARPES 
data (Fig 5) shows the nature of the greatly 
enhanced band masses and electronic 
correlations. In particular, we show that the “γ” 
band has an effective mass that is 40 times that 
of a free electron, which is the largest ever seen 
in an Fe-based superconductor. While our DFT-
level electronic structure calculations are unable 
to account for the experimental data, our QSGW 
calculations, which explicitly include electronic correlations, do a superb job, as shown by the 
green lines in Fig 5b.  

We plan to continue to advance the state-of-the art of ARPES, coupled with the best electronic 
structure calculations, with the aim to unravel the nature and origins of novel superconductivity. 
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Fig 5. Flat bands at EF in unconventional 
superconductor YFe2Ge2.  Our ARPES data and 
QSGW-level electronic structure calculations (green 
lines panel b) show that this is the most strongly-
correlated Fe-based superconductor [in progress]. 
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Digital Synthesis: A pathway to novel states of condensed matter 

Anand Bhattacharya, Dillon Fong, Samuel Jiang  (Argonne National Laboratory) 

Self-identify keywords to describe your project: superconductivity, magnetism, spintronics, 
thin film heterostructures, transition metal compounds, molecular beam epitaxy, 
magnetotransport, scanning electron microscopy, x-ray scattering, spin transport. 

Research Scope 

In our program, we seek to create, explore and understand novel states of condensed matter and 
new functionalities that emerge at interfaces between different materials. These include collective 
states like interfacial magnetism and superconductivity, and interfacial topological states that may 
have relevance for spintronics and topological superconductivity. We seek to realize these states 
in materials synthesized with atomic layer-by-layer control using molecular beam epitaxy and 
related techniques. Thus, a significant part of our research is devoted to understanding growth 
processes that lead to these interfacial states and to improve our synthesis approaches. In the 
research presented here, we will focus on the formation of electron gases at the surfaces/interfaces 
of two perovskite oxides SrTiO3 and KTaO3, both ‘quantum paraelectrics’. In SrTiO3 the 
interfacial electron gas is superconducting for all known orientations – the [001], [110] and [111], 
with similar Tc’s of approximately 0.2 – 0.3K. On the other hand, in KTaO3, the superconductivity 
is highly orientation selective, with the [111] interface having a maximum Tc of 2.2 K, the [110] 
interface with maximum Tc of  ~ 1 K, while the [001] interface does not superconduct [Liu et al., 
Science 2021]. We have developed a theoretical model that explains this contrast [Liu et al., Nat. 
Comm. 2023]. Despite the striking similarities between dielectric properties of SrTiO3 and KTaO3, 
the striking orientation selectivity in KTaO3 raises questions about its origin – these include the 
different spin-orbit couplings, and chemical/structural origins of the electron gas formation. In 
recent work, using a combined in-situ x-ray and ARPES study of SrTiO3 films during growth, we 
unveiled a novel mechanism for the origin of two-dimensional electron gas formation in [001] 
oriented SrTiO3, namely the formation of a TiO2 double layer at the surface [Yan et al., Adv. Mater. 
2022]. In our presentation (poster) we will explore these aspects in some detail. 

Recent Progress  

Orientation selective superconductivity in KTaO3 interfaces and its origins: The mechanism 
for Cooper pairs to form in unconventional superconductors is often elusive because experimental 
signatures that connect to a specific pairing mechanism are rare. KTaO3 is a quantum paraelectric 
and whose interfaces can become superconducting on doping with electrons [Liu et al., Science 
2021]. We observe distinct dependences of the superconducting transition temperature Tc on 
carrier density n2D for electron gases formed at KTaO3 (111), (001) and (110) interfaces. For the 
(111) interface, a remarkable linear dependence of Tc on n2D is observed over a range of nearly 
one order of magnitude. Further, our study of the dependence of superconductivity on gate electric 
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fields reveals the role of the interface in 
mediating superconductivity. We find that the 
extreme sensitivity of superconductivity to 
crystallographic orientation can be explained by 
pairing via inter-orbital interactions induced by 
an inversion-breaking transverse optical (TO1) 
phonon  and quantum confinement. These TO1 
phonons soften at low temperatures leading to a 
diverging dielectric constant and ‘quantum 
paralectric’ properties, and typically do not 
couple to electrons at the Fermi surface. The 
inter-orbital interaction makes this possible. The 
calculated dependence of Tc on n2D using our 
proposed mechanism is also consistent with 
experimental findings. Our study may shed light 
on the pairing mechanism in other 
superconducting quantum paraelectrics and 
polar materials [Liu et al., Nat. Comm. 2023]. 

Origin of the 2D Electron Gas at the SrTiO3 surface: Bulk SrTiO3 is a well-known band 
insulator and the most common substrate used in the field of complex oxide heterostructures. Its 
surface and interface with other oxides, however, have demonstrated a variety of remarkable 
behaviors distinct from those expected. In this work, using a suite of in situ techniques to monitor 
both the atomic and electronic structures of the 
SrTiO3 (001) surface prior to and during growth, 
the disappearance and re-appearance of a 2D 
electron gas (2DEG) is observed after the 
completion of each SrO and TiO2 monolayer, 
respectively. The 2DEG is identified with the 
TiO2 double layer present at the initial SrTiO3 
surface, which gives rise to a surface potential and 
mobile electrons due to vacancies within the TiO2-

x adlayer. Much like the electronic reconstruction 
discovered in other systems, two atomic planes are 
required, here supplied by the double layer. The 
combined in situ scattering/spectroscopy findings 
resolve a number of longstanding issues 
associated with complex oxide interfaces, 
facilitating the employment of atomic-scale defect 
engineering in oxide electronics [Yan et al., Adv. 
Mater. 2022]. 

 

Fig. 1. The ratio of the resistance Rs/RN vs. temperature 
measured for (a) KTO (111) samples (b) and KTO (001), 
(110) samples, with varying n2D. The direction of the 
arrow indicates the increase of n2D. c, d n2D dependence 
of Tc for KTO (111) samples shown in (a) and KTO 
(001), (110) samples shown in (b), respectively. 

 

 

Fig. 2. Combined ARPES band maps and x-ray 
crystal truncation rods of SrTiO3 (001) surfaces with 
(a) TiO2 and (b) SrO terminations. 
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Future Plans 

Understanding the structural and chemical origins of the 2D electron gas at interfaces of 
KTaO3: Given our investigations  SrTiO3 interfaces and our findings in interfacial 2DEGs in 
KTaO3, it is a logical progression to study the process of 2DEG formation at KTaO3 surfaces in 
detail. In particular, we’d like to understand the following: (i) How diffusion processes for oxygen 
vacancies differ between KTaO3 and SrTiO3, and how does that influence electron gas formation 
(ii) Determine how the different orientations of KTaO3 differ in the manner in which the electron 
gas forms. (iii) The degree to which inversion symmetry breaking near the interface leads to polar 
distortions at different interfaces, and determine its consequences for electronic structure. 

With the impending upgrade of the APS to a more coherent source, it will be possible to investigate 
the dynamics of thin film growth processes, shining new light on the behavior of adatoms and 2D 
island nucleation during epitaxial growth. 1  We will conduct similar in situ X-ray photon 
correlation spectroscopy (XPCS) studies during the growth/reduction of different complex oxides 
including KTaO3 and exploit the ability to transfer samples directly between the MBE system and 
a nearby angle-resolved photoemission system to measure the accompanying electronic structure.  

Ongoing studies of interfacial superconductivity in KTaO3: Our theoretical work (with Mike 
Norman) suggests several paths to tune superconductivity and probe its underlying mechanism. 
We have several ongoing/planned experiments to elucidate and perhaps also exploit the 
superconducting state found at KTaO3 interfaces. These include: (i) Studies of the kinetic 
inductance of the superconducting electron gas at different interfaces of KTaO3. (ii) Tunneling 
spectroscopy of the superconducting state in KTaO3 2DEGs in different orientations (iii) Creating 
novel electronic states in patterned 2DEGs  and nano-wires made out of KTaO3. (iv) THz 
spectroscopy of the two-dimensional interfacial states in KTaO3 (with Haidan Wen). (v) 
Consequences of spin-momentum locking in KTaO3 interfacial 2DEGs.  

Reduction of Nd0.8Sr0.2NiO3: The synthesis of 
epitaxial Sr-doped nickelates by pulsed laser 
deposition and the subsequent topotactic reduction 
procedure are the key processes essential to 
achieving superconductivity in nickelate 
heterostructures. Topotactic reduction, however, is a 
complex process involving breakdown of the hydride 
molecule, diffusion of the hydrogen throughout the 
oxide, and removal of particular ions from the 
octahedral framework of the perovskite to achieve 
the square-planar structure. Here, we will employ in 
situ synchrotron X-ray scattering to monitor the 
topotactic reduction process for Nd0.8Sr0.2NiO3 films 
grown on SrTiO3 (001) substrates.  

 

Fig. 3. Schematic of the reduction reaction for 
nickelate heterostructures illustrating different 
paths for the transformation and the change in 
crystal symmetry.  
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Charge-spin conversion in thin films of A15 
compounds: The A15 family of compounds such as 
Ta3Sb and Ti3Pt have been predicted to have large 
intrinsic spin Hall conductivities because of the large 
spin Berry curvature of its electronic band structure, 
making them attractive for spintronic applications.2  
Due to the bulk superconductivity, the A15 
superconductors are also promising candidates for the 
realization of topological superconductivity and 
Majorana fermions.3 We have synthesized thin films 
of A15 phase Ta3Sb  by sputter deposition and using 
second-harmonic Hall measurements we have 
established that the material has very large spin-orbit 
torque and spin Hall conductivity. 4   We are also 
exploring the possible existence of unconventional 
superconductivity in mesoscale rings of A15 
compounds.  
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Fig. 4 X-ray diffraction pattern of a sputter-deposited 
Ta3Sb thin film showing all the expected 
crystallographic peaks. Inset: Crystal structure of A15-
type Ta3Sb. (arXiv 2308.03220) 
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Research Scope 

 Emerging Materials pursues experimental studies of quantum materials, particularly 
correlated electron oxides, topological matter, and quantum magnetism. We specialize in 
designing and then growing target quantum materials—usually as single crystals—characterizing 
their magnetic, electrical, and thermodynamic properties, and leveraging synchrotron X-ray and 
neutron scattering techniques to investigate their vibrational, structural, and magnetostructural 
characteristics. An organizing principle of our research is the study of materials that either break 
or are poised to break degeneracies in structural, electronic, or magnetic degrees of freedom. Along 
these lines, our research divides into three focus areas: (1) charge disproportionation and self-
organization in correlated oxides. Here, we study stripes, charge and spin density waves, and 
charge order, with an eye towards understanding how these forms of order emerge, behave, and 
respond, and how they relate to superconductivity; (2) degeneracy breaking and chirality in 
topological and superconducting systems. Here, we explore materials whose properties derive 
from either real- or k-space topology, such as magnetic textures or Weyl nodes.  (3) lifting spin 
degeneracies in quantum magnets. 
Here, we probe the interplay between 
geometrical frustration, competing and 
frustrated exchange interactions, and 
randomness in magnets. 

Recent Progress 

Competing Stripes and Metallic 
States: We have concentrated on 
nickelate materials to understand the 
formation and consequences of charge 
and spin stripes, as well as charge 
density waves (CDWs) and spin 
density waves (SDWs) in strongly 
correlated transition metal oxides. We 
identified the square-planar trilayer 
nickelate system, R4Ni3O8, as a 
platform for investigating the 
evolution from a correlated metal 
(Pr4Ni3O8) to a spin- and charge stripe 

 

Fig. 1: Competing phases in (Pr1-xLax)4Ni3O8. (a) schematic 
phase boundary indicating T=0 metal-insulator transition; (b) 
normalized resistivity vs. temperature; (c) single crystals X-ray 
diffraction for an x=0.7 specimen in the insulating phase showing 
superlattice spots; (d) experimental phase diagram. 
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insulator (La4Ni3O8) [1]. We grew single crystals of (Pr1-xLax)4Ni3O8, and then combined 
thermodynamic, transport, magnetic, and synchrotron X-ray single crystal diffraction 
measurements to locate the T=0 metal-insulator transition at x ≈ 0.45. As both the transport data 
and the phase diagram show, this is a sharp, first-order-like transition both in T, and x (Fig. 1(b,d)). 
X-ray diffraction (Fig. 1(c)) shows the superlattice for an x=0.7 with in-plane q=(1/3,1/3), 
confirming the persistence of the charge stripe phase found in the x=1.0 endmember. Remarkably, 
the correlation length in the NiO2 planes seems unaffected by the substitution. Rather than a 
continuous, second-order-like process that might have harbored a quantum critical point, our 
findings collectively favor a percolation scenario (i.e., electronically inhomogeneous) for the 
transition. One would predict in this case that vestigial signatures of the charge- and spin-stripe 
phase should persist into the metallic region of the phase diagram. 

Fermi surface ‘building blocks’ in the Kagome superconductor CsV3Sb5: The recently 
discovered Kagome lattice compounds AV3Sb5 (CVS, A = K, Rb, Cs) offer a complex interplay 
of superconductivity, charge density wave 
(CDW) order and non-trivial topology of the 
electronic band structure. We performed 
quantum oscillation measurements in pulsed 
magnetic fields up to 86 T, using the tunnel diode 
technique [2]. The high-field data reveal a 
sequence of magnetic breakdown orbits that 
allowed us to construct a model for the folded 
Fermi surface of CsV3Sb5, shown in Fig. 2(a,b) 
The dominant features are large triangular Fermi 
surface sheets that cover almost half the folded 
Brillouin zone, highlighted in magenta (ϖ band 
with a frequency of 1943 T) and green (ξ2 band 
at 804 T). These orbits act as “building blocks” 
that combine one-by-one to form a series of 
approximately equally spaced frequencies that 
dominate the high-field oscillation spectrum 
shown in Fig. 2(c). In addition to charting this 
folded Fermi surface, we have extracted the 
Berry phases of the electron orbits from Landau 
level fan diagrams near the quantum limit 
without the need for extrapolations, thereby 
unambiguously establishing the non-trivial 
topological character of several electron bands in 
this Kagome lattice superconductor. 

 

Fig. 2: (a) Schematic of the 2x2 reconstructed Fermi 
surface of CsV3Sb5 for kz = ±π/c in repeated zones. 
Capital letters refer to Brillouin zone points (b) 
Enlarged schematic of the ξ2 and ϖ orbits. (c) High-
frequency section of the oscillation spectrum at 1.5 
K on a log field scale. The κ orbit corresponds to the 
sum of the ξ2 and ϖ orbits, while the τ orbit 
represents two basic triangular ϖ units. 
Correspondingly, ℜ, ℘, and X contain 3, 4 and 5 
triangular building blocks. ∂ is the sum of ξ2 and τ. 
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Surfing on geometrically frustrated magnets: Fe2TiO5, 
in which Fe3+ spins lie on double corrugated chains with 
frustrated exchange interactions (Fig 3(a)), exhibits an 
anisotropic spin-glass transition. This anisotropy is 
unexpected given the notionally L=0 outer shell (3d5) 
configuration of Fe2+. Collaborating with Art Ramirez 
at UC-Santa Cruz and Stephan Rosenkranz at Argonne, 
we undertook a campaign to understand the unusual 
magnetism in this compound. First, we discovered via 
neutron diffraction that nanoscale antiferromagnetic 
spin clusters, whose elliptical shape inspired the 
nickname “surfboards,” emerge during cooling, leading 
to non-Curie Weiss like susceptibility [3]. We proposed 
that transverse fluctuations of surfboard magnetization 
promote the uniaxial freezing, expressing a magnetic 
van der Waals-like interaction. Turning to inelastic 
neutron scattering, we observed an overdamped zero-
energy mode associated with the spin freezing on THz 
timescales, but we also unexpectedly found remanent 
fluctuating correlations below Tg, probably a 
consequence of disorder in the system [4]. Finally, we 
investigated the effect of introducing magnetic 
vacancies via Ga substitution on the Fe3+ sites [5]. Our 
idea here was to modulate both disorder and relative 
exchange interactions through the magnetic vacancy 
concentration. We grew a large, Ga-doped single crystal 
that was used for neutron diffraction measurements 
(Fig. 3(b)). This study revealed that as the vacancy 
concentration is initially increased, the surfboards 
remain, but they shrink in size, while Tg drops in 
concert, corroborating changes in the heat capacity and 
magnetic susceptibility.  

Other Accomplishments: Mapped Fermi surface of Pr4Ni3O8 confirming similarity to overdoped 
cuprates; identified magnetization-driven Lifshitz transition in YMn6Sn6; characterized 
superconducting behavior in eight-fold degenerate Ta3Sb; measured and modeled 
antiferromagnetic order and spin dynamics in Tb2Ir3Ga9; explored the gap structure of the 
topological superconductor candidate Ti3Sb. 

 

 

 

Fig. 3: Neutron diffuse scattering in 
Fe2TiO5 (a) Crystal structure of Fe2TiO5. 
Larger spheres represent Fe/Ti atoms. 
Small spheres represent oxygen atoms. A 
“surfboard” region is highlighted; within 
this region the red and blue denote ordered 
spins parallel and antiparallel to the a-axis. 
(b) Neutron diffraction data. The intense 
“blobs” near the center are modeled in real 
space as surfboards.  
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Future Plans 

Charge disproportionation and self-organization in correlated oxides: We will use nickel oxides 
as a platform to probe nematicity and its evolution from correlated metals in pristine stripe phases, 
and to pursue contrarian routes to superconductivity in bulk nickelates. We will also explore new 
views on electron-phonon instabilities in charge separated perovskite superconductors.  

Degeneracy breaking and chirality in topological and superconducting systems: We will probe 
the effects of symmetry breaking and chirality on topological electronic behaviors coupled to 
magnetism in novel Kagome lattice systems, deterministically control degenerate Weyl nodes 
using symmetry-breaking fields, test predictions for controlling Berry phase and anomalous Hall 
effects in perovskite oxides, and sculpt artificial structures from bulk crystals designed to manifest 
non-reciprocal transport in chiral domain states with an eye toward chiral superconductivity.  

Lifting spin degeneracies in quantum magnets: We will synthesize new families of spin chain 
systems based on rare square planar Ni2+ structures to understand their spin states, short- and long-
range magnetic ordering, and possible Haldane spin-gap physics; and we will study short-range 
magnetic order in a family of pentagonal lattices with controllable exchange pathways to test 
models of hidden energy scales in frustrated magnets. 
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Research Scope 

 The scope of this project is to advance the understanding of the nature of low dimensional 
magnetism in correlated quantum materials via the measurement of the single-particle spectral 
function through angle-resolved photoemission spectroscopy (ARPES). With advanced 
understanding, we also aim to explore the control and tuning of the magnetism. We have been 
primarily targeting two material families, the van der Waals (vdW) ferromagnets and the kagome 
magnets. The vdW magnets are a class of materials that exhibit long range magnetic order even 
down to the 2D limit. They provide a rich platform for probing low dimensional magnetism and 
are also known to be highly susceptible to tuning due to the vdW nature. Amongst the vdW 
magnets, we have been exploring both the semiconducting members Cr2Ge2Te6 and Cr2Si2Te6, as 
well as the metallic family FenGeTe2 (n=3, 5). The kagome system is a structural family consisting 
of corner-sharing triangles that exhibit geometric frustration. Analogous to the magnetic 
frustration on kagome insulators, when realized in the metallic regime, the geometric frustration 
on a kagome lattice leads to a destructive interference of the electronic wavefunction such that the 
kinetic energy is quenched, leading to flat electronic bands in addition to dispersive bands that 
exhibit singularities including Van Hove Singularities (VHSs) and Dirac crossings. The large 
density of states associated with the flat bands as well as the VHSs could lead to electronic 
instabilities that result in emergent electronic orders. In recent years, a wide range of correlated 
phases have been reported in kagome metals, including magnetism, charge density wave, 
nematicity, and superconductivity. We have been focusing on metallic kagome systems that 
exhibit magnetism, in particular hexagonal FeGe, with the goal of deepen understanding of the 
origin of magnetism as well as its interaction with the other electronic orders associated with the 
kagome lattice. 

Recent Progress 

1. van der Waals ferromagnets 

The Cr2Ge2Te6 system is electrically insulating and exhibits a Curie temperature TC of 65 K. We 
have recently found a clear response of the electronic structure to a dimensional crossover in the 
form of two distinct temperature scales marking onsets of modifications in the electronic structure. 
Combined with neutron scattering, density functional theory calculations, and Monte Carlo 
simulations, we find that the electronic system can be consistently understood to respond 
sequentially to the distinct temperatures at which in-plane and out-of-plane spin correlations 
exceed a characteristic length scale. Our findings reveal the sensitivity of the orbital-selective 
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electronic structure for probing the dynamical evolution of local moment correlations in vdW 
insulating magnets [1]. 

The FenGeTe2 (n=3, 5) (FGT) systems, in contrast, are metallic and exhibit a combination of local 
moments and itinerant magnetism. The 312 members (Fe3GeTe2 and Fe3GaTe2) are isostructural 
yet exhibit Curie temperatures differing by a factor of ~1.5, with the Ga version having a TC of 
360K and the Ge version having a TC of 220K. Through detailed temperature dependence of the 
electronic structure of these two systems across their respective TCs, we find the modifications to 
the electronic structure to deviate strongly from a Stoner-type itinerant magnetism, and instead 
evidences a large contribution from local moments [2]. 

The 512 member of the FGT system is even more 
interesting. Building off from our previous ARPES 
measurements of the 512 system in the past two 
years, we have finally come to a consistent 
understanding of the dichotomy of the electronic 
structure of this system after a comprehensive 
collaboration with scanning tunneling microscopy 
(STM), density functional theory (DFT), second 
harmonic generation (SHG), synchrotron-based X-
Ray diffraction (XRD), and theoretical model [3]. 
We find an electronic phase switching between a 
magnetic Dirac nodal line phase and a topological 
flat band phase in Fe5−δGeTe2 using thermal 
annealing and quenching. We demonstrate that the 
switching of electronic properties is associated with 
a crystal symmetry change driven by an Fe site 
ordering that is modified in the thermal annealing 
process. With random occupancy of the Fe sites, 
inversion symmetry is globally preserved, leading 
to the observation of magnetic Dirac nodal lines. 
When the Fe site occupancy orders, inversion 
symmetry is broken and the Dirac degeneracy is 
lifted (Fig. 1). Moreover, the ordered Fe sites form a 
clover sublattice that is protected by chiral symmetry 
and harbors geometric frustration, resulting in 
topological flat bands. We further demonstrate that 
this switching is non-volatile and reversibly 
controlled via thermal annealing and quenching. Our 
work not only reveals a rich variety of quantum phases emergent in 2D van der Waals 
ferromagnets, but also uncovers the potential of utilizing site occupancy as a novel degree of 

Figure 4 Electronic switching in Fe5GeTe2. 
(a) Two stable phases exist in Fe5GeTe2, one with 
50% random occupation of Fe(1) site (site-
disordered) and the other with up-down-down 
occupation of Fe(1) sites (site-ordered). The two 
phases can be reversibly switched via a thermal 
process. (b), (c) Measured Fermi surfaces of site-
disordered and site-ordered phases, respectively. 
(d)-(e) Band dispersions for the two phases. Adapted 
from Ref. [3].  
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freedom for tuning symmetry and therefore topology in quantum materials for the realization of 
exotic emergent phases.  

2. Magnetism in Kagome Lattices 

In the past year, we have also expanded our 
material platforms to kagome magnets. In 
particular, we have extensively explored the 
kagome magnet FeGe. Made of corner sharing 
triangles in 2D, kagome lattice materials are hosts 
of a plethora of correlated electronic phases 
including exotic magnetism, charge density wave 
(CDW), nematicity and superconductivity. One of 
the most intensely studied order in the past few 
years is a 2x2 CDW order, which has been 
theoretically predicted to occur in kagome lattices 
due to the nesting of VHSs in the band structure. In 
the past year, we discovered the presence of such a 
CDW order in a magnetic kagome lattice, FeGe 
[4]. Through comprehensive study via ARPES, 
neutron scattering, magnetotransport, STM, we 
come to understand that the magnetic order of the 
Fe moments helps to bring to the chemical 
potential the VHSs to enable such a CDW order 
[5].  

Future Plans 

1. van der Waals ferromagnets 

Having established the switchable electronic phases in Fe5GeTe2, our goal for next year is two-
fold. First, we plan to use temperature dependence measurements to probe the microscopic origin 
of the magnetism in the distinct electronic phases. In our preliminary data, we observe very distinct 
behaviors of the electronic structures in the two electronic phases. In the phase with random Fe 
occupation, we observe a very sudden coherence-incoherence transition at 100K. In the phase with 
ordered Fe vacancies, we observe no such transition, but instead observe the merging together of 
two spin-polarized flat bands across TC—the only compound amongst the FGT family that exhibits 
such indication that itinerant electrons contribute to magnetism. The distinct behavior of the 
electronic structure for these otherwise iso-stoichiometric phases suggest that the Fe(1) site 
ordering plays a crucial role in dictating the magnetic order in FGT. The second goal for this 
material is to explore laser heating to switch between the two electronic phases. This can be carried 
out by the combination of micro-ARPES and a laser source with a small beamspot. The motivation 

Figure 5 Magnetic kagome FeGe. (a) Lattice 
structure of kagome FeGe and the A-type AFM order of 
the Fe sites. (b) Schematic of the effect of the A-type 
AFM order on the kagome tight binding band structure: 
band splitting into the spin majority and spin minority 
states within each ferromagnetic layer. (c) Measured 
Fermi surfaces across the CDW transition. The green 
and blue lines mark the Fermi pockets formed by the 
VHSs. (d) 3D electronic structure showing the VHS at 
M and Dirac points at K points of the Brillouin zone. 
Adapted from Ref. [5]. 
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is that the key distinction of the two types of crystal structure is that of inversion symmetry, which 
can directly affect the formation of skyrmions and other spin textures, with potentials for 
spintronics applications. 

2. Magnetism in Kagome lattices 

Very recently, it was reported that with post-growth annealing, the phase transitions in FeGe can 
be substantially modified. In one extreme, the CDW order can be completely suppressed while in 
the other extreme the CDW order can be tuned to a long-range order. This surprisingly strong and 
effective tunability of the CDW order provides an opportunity to understand the origin of the CDW 
order in kagome magnets. One of our immediate goals is to compare the electronic structure, the 
lattice structure, and the magnetic order of kagome FeGe processed under different annealing 
conditions.  

In a parallel direction, we plan to work on the magnetic kagome systems in thin film form. We 
have recently established molecular beam epitaxy capability in our lab connected in vacuo to our 
ARPES system. We plan to carry out the study of the effect of magnetic order on the electronic 
structure in magnetic kagome thin films and work on growing FeGe in thin film form. In contrast 
to bulk FeGe crystals where attempts at doping have been largely unsuccessful, doping or chemical 
substitution in epitaxial thin film form could be easier. If successful, this would allow us to gain a 
tuning knob for perturbing the magnetism and CDW order in FeGe. 
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Research Scope 
The overarching goal of our project is to address the grand challenge of “metallizing 

quantum magnets”, where emergent electronic phenomena are induced as quantum mechanical 
consequences of exotic spin states and excitations in insulating magnets. Our approach in this 
investigation focuses on (i) materials synthesis by both single crystal and epitaxial growth, and 
(ii) transport characterizations complemented by other necessary analysis. The specific directions 
include (i) synthesizing geometrically frustrated quantum magnets with strong quantum spin 
fluctuations and topological magnons, (ii) exploring the electronic response to these collective 
spin dynamics with various external controls; (iii) materials discovery of new quantum magnets 
in forms of crystals, films, and heterostructures.    
Recent Progress 
Anomalous Proximatized Transport in Metal/Quantum Magnet Heterostructure. We finished the 
magnetoresistance (MR) studies of Bi2Ir2O7/Dy2Ti2O7 (BIO/DTO) heterostructures in which the 
BIO film was epitaxially deposited directly on the DTO single crystal. We observed that the 
spin-ice rule-breaking transition in insulating DTO leads to an MR anomaly in the conducting 
BIO. This MR feature of BIO faithfully tracks this field-induced transition of DTO as a function 
of the field direction and temperature. Since this transition corresponds to magnetic monopole 
condensation, these results demonstrate a novel heteroepitaxial approach for electronically 
probing the transition between exotic insulating spin states, laying out a blueprint for the 
metallization of frustrated quantum magnets by proximitized transport. Our work was published 
in Nature Communications (NC 14, 1404 (2023)) and selected as the Editor’s highlight. 

By leveraging with this new approach, we replaced DTO with Yb2Ti2O7 (YbTO) in the 
heterostructure such that the carriers in BIO are influenced by quantum spin ice physics instead 
of classical spin ice. The heavy interests on quantum spin ice root in the underlying strong 
quantum spin fluctuations (QSFs). First, the quantum fluctuations are highly correlated and 
entangled, involving tunneling between distinct collective spin states with nearly degenerate 
energies. Such quantum dynamics is beyond the conventional picture of spin-wave excitations. 
The exotic magnetic phases of quantum spin liquids (QSL) [1] are prominent examples, where 
QSFs completely suppress conventional magnetic orders to facilitate topological orders [2]. 
Second, such magnetic systems promise future applications in quantum devices as the tunneling 
mechanism bypasses the energy barrier necessary for reorienting the magnetic moments in 
conventional spintronics [3]. However, most of the known quantum magnets with strong QSFs 
are good insulators and thus incompatible with the electronic integrated-circuit technology. Our 
approach demonstrated in the BIO/DTO heterostructure provides a solution to “electronically” 
probe and harness the quantum effects of insulating quantum magnets. 
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We constructed a heterostructure of a metallic BIO film epitaxially deposited on an 
YbTO single crystal (Fig. 1(a)). We found strong proximity effects between the electric transport 
in BIO and the quantum magnetism in YbTO, supported by the scaling behaviors of the 
resistance and its sensitivity to the anisotropic QSFs. In particular, the observed 1/T dependence 
(Fig. 1(b)) and large negative 1/√𝐵𝐵 magnetoresistance (Fig. 1(c)) in the low-temperature regime 
do not conform to the expectation based on electrons scattering by coherent spin waves, but point 
to the decisive role of QSFs. The MR also shows a clear response to the QSFs of the field-

induced magnetic phase transitions (Fig. 1(d, e)). Compared with the MR anomaly due to the 
field-induced transition in BIO/DTO, the MR response here in BIO/YbTO is much stronger and 
covers a much wider field range, capturing the distinction between classical spin system and 
quantum spin system. The MR response here also persists to relatively high temperatures, 
capturing the so-called reentrance behavior of YbTO which has been believed to be a signature 
of QSFs due to proximity to a quantum spin liquid phase. To our knowledge, this is the first time 
to report such anomalous transport behavior through the mechanism of QSFs scattering of 
electrons at the interface. Our study thus further demonstrates the heteroepitaxial approach for 
realizing strong coupling between the electronic transport and the QSFs, opening up exciting 
possibilities for future proximitized transport studies of insulating quantum magnetism. The 
manuscript of this work has been submitted for peer-review. 
Pyrochlore heterostructures of topological magnonic states We continued our efforts to 
synthesize the heterostructure built on single crystals of pyrochlore Lu2V2O7 (LVO), which is a 
ferromagnet with topological magnon bands [4]. So far, we have successfully grown high-quality 
single crystals of LVO. We have tested the BIO thin film growth on LVO but found that the 
growth condition of the BIO film may affect the level of oxygen in the LVO crystal and degrade 
the oxidation state of the V4+ ions. Instead, we found that it is possible to grow Bi2Ru2O7 (BRO), 
another nonmagnetic pyrochlore metal, on LVO. Our preliminary results show that the growth of 
BRO can be done under reducing gas atmosphere to preserve the LVO properties. Next step is to 
optimize the condition for depositing BRO on top of LVO to achieve high quality 
heterostructure. 

Figure 1 (a) Schematic diagram of the 
BIO/YbTO heterostructure. (b) 1/T dependence 
of the resistivity for BIO/YbTO and BIO/YTO at 
zero field. Here, BIO/YTO is a reference 
heterostructure with BIO film deposited on 
Y2Ti2O7 crystal, which is nonmagnetic. (c) 1/ √𝐵𝐵 
dependence of the resistivity of BIO/YbTO at 
0.03 K. Magnetic field (B) was applied along 
[001] axis. (d) Angle dependence of the 
resistivity of BIO/YbTO at 0.03 K with several 
selected fields. (e) Angle dependence of the 
normalized resistivity of BIO/YbTO at several 
temperatures with B = 0.75 T. 
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Spatial spin modulation due to competing anisotropy in Sr2IrO4 tuned by in situ B2g strain We 
finished the in situ strain studies on Sr2IrO4. In this work, we demonstrate that competing 
anisotropy of B1g and B2g symmetry leads to an emergent magnetic modulation consisting of 12 

IrO2 planes in Sr2IrO4. In particular, we applied shear 
strain to distort the ab-plane of Sr2IrO4 and induce B2g 
anisotropy that is orthogonal to the spontaneous B1g 
anisotropy (Fig. 2(a)). Surprisingly, this leads to 
translational symmetry-breaking along the c-axis, and the 
emergence of a tri-quadrupole-layer (TQL) state (Fig. 2(b, 
c)). The induced anisotropy not only has an orthogonal 
symmetry but is also at the quartic order, which is higher 
than the spontaneous one and has not been observed 
before. These characters are crucial in stabilizing new 
emergent states in the mechanism of competing 
anisotropy. More interestingly, the TQL state can be well 
captured in transport measurement of elasto-
magnetoresistance, indicating the remarkable sensitivity 
of the charge carriers to the magnetic competition despite 
the Mott insulating state. Our tuning of magnetic 
anisotropy of different irreducible point group 
representations adds to the  list of recently found 
controllable rotational symmetry-breaking phases in 
quantum materials, such as electronic nematicity, 
quadrupolar order, and unconventional superconductivity. 

Our work was published in Physical Review Letters (PRL 129, 027203(1-7) (2022)). 
Continuum spin excitations in an ordered antiferromagnet For a magnetic insulator, it is 
intriguing to ask whether its localized magnetic moments can show magnetic continuum 
alongside spin waves in a spin-ordered state, while the common sense is that these two features 
are incompatible. Meanwhile, if such system indeed exists, its magnetic properties should be 
easily tuned by external driving forces like magnetic field due to its delicate ordered state. The 
answer to this question has become a new direction to search for QSLs. 

               During our efforts to search for epitaxy-compatible quantum magnets, we successfully 
grew high quality of single crystals K2Ni2(SO4)3, which is a langbeinite with two sets of spin-1 
Ni2+-trillium lattice interconnecting in three-dimensional (3D) space. Although it orders around 
1.0 K, our inelastic neutron scattering measurement on single crystals clearly shows a dominant 
excitation continuum (Fig. 3), which exhibits a distinct temperature-dependent behavior from 
that of spin waves, and is rooted in strong quantum spin fluctuations. Further using the self-
consistent-gaussian- approximation method, we determined the fourth- and fifth-nearest neighbor 
exchange interactions are dominant. These two bonds together form a unique three-dimensional 

Figure 2 (a) schematic showing 
symmetry-breaking of a tetragonal 
material by spontaneous magnetic 
anisotropy and competition with shear-
induced anisotropy. (b) phase diagram 
of Sr2IrO4 under tunable in-situ shear 
strain and magnetic field. (c) 
schematic of the TQL spin 
modulation. 
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network of corner-sharing tetrahedra, which we name as “hyper-trillium” lattice. Our results 
provide direct evidence for the existence of QSL features in K2Ni2(SO4)3 and highlight the 
potential for the hyper-trillium lattice to host frustrated quantum magnetism. The manuscript of 
this work (arXiv:2303.16384) has been submitted for peer-review. 
Future Plans 
 We will move forward on the directions we have embarked on and continue leveraging 
our 

capabilities of synthesizing and characterizing novel materials. In particular, our main focus will 
be (i) exploiting the BIO/YbTO heterostructure to investigate the debated role of site disorder in 
affecting the QSFs and the long-range order in YbTO; (ii) identifying other metallic films that 
would exhibit the QSF-driven proximatized transport behaviors in a heterostructure with YbTO; 
(iii) examining the proximatized transport behaviors in other QSL candidates, such as Tb2Ti2O7; 
(iv) exploring proximatized transport behaviors driven by topological properties of the insulating 
magnets, such as Lu2V2O7 which is known to host the topological magnons excitations; (v) 
synthesis of other frustrated magnets to explore the possibility of new heterostructures. We also 
plan establish micro-fabrication capability to make devices on our heterostructures, which is 
crucial for measuring Hall effect and other delicate transport properties at ultralow temperatures. 
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Figure 3 (a)-(c) Constant energy 
slices of the (H, H, L) plane at 
0.1 K for K2Ni2(SO4)3. (d)-(f) 
Energy dependence of the 
magnetic continuum along high-
symmetric directions [dashed 
lines in (a)]. The right triangles 
indicate in (d) energy positions 
where the slices in (a)-(c) were 
taken. (g) Single crystal array 
used in the neutron scattering 
experiment. 

(g) 



 

318 
 

Publications  

1. L. Xiang, R. Dhakal, M. Ozerov, Y. Jiang, B. S. Mou, A. Ozarowski, Q. Huang, H. D. Zhou, J. Fang, S. M. 
Winter, Z. Jiang, and D. Smirnov, Disorder-enriched magnetic excitations in a Heisenberg-Kitaev quantum 
magnet Na2Co2TeO6, Physical Review Letters 131, 076701(1-6) (2023). 

2. Y. Jiang, T. Zhao, L. Zhang, Q. Chen, H. D. Zhou, M. Ozerov, D. Smirnov, and Z. Jiang, Revealing 
temperature evolution of the Dirac band in ZrTe5 via magnetoinfrared spectroscopy, Physical Review B 108, 
L041202(1-7) (2023). 

3. H. Zhang, C. K. Xing, K. Noordhoek, Z. Liu, T. Zhao, L. Horak, Q. Haung, L. Hao, J. Yang, S. Pandey, E. 
Dagotto, Z. Jiang, J. H. Chu, Y. Xin, E. S. Choi, H. D. Zhou, and J. Liu, Anomalous magnetoresistance by 
breaking ice rule in Bi2Ir2O7/Dy2Ti2O7 heterostructure, Nature Communications 14, 1014(1-7) (2023). 

4. S. Pandey, H. Zhang, J. Yang, A. F. May, J. Sanchez, Z. Liu, J. H. Chu, J. W. Kim, P. J. Ryan, H. D. Zhou, 
and J. Liu, Controllable emergent spatial spin modulation in Sr2IrO4 by in situ shear strain, Physical Review 
Letters 129, 027203(1-7) (2022). 

5. Z. Morgan, H. D. Zhou, B. C. Chakoumakos, and F. Ye, rmc-discord: reverse Monte Carlo refinement of 
diffuse scattering and correlated disorder from single crystals, Journal of Applied Crystallography 54, 1867-
1885 (2021). 

6. J. Wang, Y. Jiang, T. Zhao, Z. Dun, A. L. Miettinen, X. Wu, M. Mourigal, H. D. Zhou, W. Pan, D. Smirnow, 
and Z. Jiang, Magneto-transport evidence for strong topological insulator phase in ZrTe5, Nature 
Communications 12, 6758(1-7) (2021). 

7. N. Li, R. R. Neumann, S. K. Guang, Q. Huang, J. Liu, K. Xia, X. Y. Yue, Y. Sun, Y. Y. Wang, Q. J. Li, Y. 
Jiang, J. Fang, J. Jiang, X. Zhao, A. Mook, J. Henk, I. Mertig, H. D. Zhou, and X. F. Sun, Magnon-phonon 
driven thermal hall effect in a Heisenberg-Kitaev antiferromagnet, arXiv:2201.11396. 

8. W. Yao, Q. Huang, T. Xie, A. Podlesnyak, A. Brassington, C. Xing, R. S. D. Mudiyanselage, W. Xie, S. 
Zhang, M. Lee, V. S. Zapf, X. Bai, D. A. Tennant, J. Liu, and H. D. Zhou, Continuous spin excitations in the 
three-dimensional frustrated magnet K2Ni2(SO4)3, arXiv:2303.16384. 

 

 



 

319 
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Research Scope 

 Here we explore the valley index manipulation with the spin tuning ability from 2D 
magnet-semiconductor heterostructures (e.g., CrI3 and 1L WSe2).   Magnetic insulating crystals 
provide spin filtering and realize vertical spin-polarized injection into the 2D semiconductor, 
which can be read out via spin-valley coupled electroluminescence (EL) in monolayer transition 
metal dichalcogenide (TMD). We investigated the magnetic field dependence of the EL to 
elucidate the correlation between the spin polarization of the magnetic layer and EL helicity. 
Through our measurements, we also identify the critical role of a thin dielectric tunneling layer in 
preserving the interlayer spin injection polarization.  

Recent Progress 

 Figure 1a shows the currently investigated device structure and a typical device microscope 
image.  The top gate voltage tunes the WSe2 doping, and a vertical bias electric field can tune the 
band alignment and drive carrier injection through the interlayer interface. 

When applying a bias voltage between the WSe2 and CrI3 layers, holes can tunnel through the 
magnetic insulating layer CrI3 and thin hBN layer into the n-doped WSe2 and give rise to EL 
signals. The relative band alignment between these two materials is extracted through the separate 
gate and bias voltage dependence of the EL spectra.  

As shown in Fig. b, the EL helicity follows the net magnetization of the CrI3 layer. Notably, in the 
CrI3 AFM state (-0.6 T to 0.6T), EL helicity remains zero. This contrasts the previously studied 
case of photo-excited charge transfer from TMD to the CrI3 layer, where only the topmost CrI3 
layer magnetization determines the spin-polarized charge transfer process(1). With the addition of 
hBN tunneling barrier in this project, the spin transfer is no longer solely determined by the 

Figure 1. (a) Schematics of the device structure. 
The insulating hBN is < 3nm in thickness. WSe2 is 
monolayer, and CrI3 is bilayer.  (b) The left panel: WSe2 
EL helicity as a function of the out-of-plane magnetic 
field. Right panel: Magnetic circular dichroism of the 
bilayer CrI3 layer. The step changes in EL helicity 
correspond the layer spin-flip transition of the CrI3 layer. 
The measurement is taken at 4K.    



 

320 
 

distorted band alignment between the TMD and the topmost magnetic layer but relies on the net 
magnetization of the 2D magnetic layer.  

The measured EL helicity at the CrI3 FM state is comparable to the degree of valley polarization 
measured from the circularly polarized photoluminescence with near-resonant excitation 
conditions, which indicates a high degree of spin polarization preservation in the charge injection 
process. The less-than-unity emission helicity can be attributed to the rapid exciton valley 
exchange rate, which also gives rise to depolarization in the valley-polarized 
photoluminescence(2).    

In comparison, we have also fabricated an EL device CrI3/WSe2, that is otherwise identical but 
without the hBN insulating layer. While the EL signal can be observed under similar bias and gate 
voltage conditions, they don’t show observable helicity as a function of the magnetic field. This 
contrast demonstrates that the hBN layer can effectively reduce the conductance mismatch(3) 
during the spin transfer process, therefore significantly increasing the degree of spin polarization.  

Our measurements provide the first example of spin light emitting diode (LED) that is completely 
based on 2D crystals. The results also provide insights into key device parameters to maintain a 
high degree of spin polarization transfer within 2D heterostructures.  

Future Plans 

 One immediate goal is to investigate the electrical tunability in such spin LED structures. 
The spin-flip transition field in bilayer CrI3 has been shown to be susceptible to both an out-of-
plane electrical field and doping differences. By further constructing gating and electrode layers, 
we aim to simultaneously modulate the CrI3 magnetization to switch the helicity of the EL signals.     

In the long term, we will use the established high degree of spin-polarization injection to probe the 
non-equilibrium spin dynamics in 2D magnets through optical excitation of valley-spin polarized 
carriers in TMD layers, which corresponds to a reverse process of the spin injection presented in 
the recent progress. The spin torque motions due to the pulsed spin currents will be investigated 
as a function of in-plane and out-of-plane magnetic fields with time-resolved Magneto-optic Kerr 
effect (tr-MOKE). This project will include different types of 2D magnetic crystals to study the 
impacts of different magnetic anisotropy and exchange interactions.    
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High temperature quantum valley Hall effect 
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Research Scope 

 Edge states born out of non-trivial bulk topology are excellent platforms to explore the 
fundamental physics of low dimensions and develop ballistic quantum electronics elements that 
may be useful in quantum information science and engineering. Helical edge states associated with 
the quantum spin Hall effect and quantum valley Hall effect are particularly valuable because their 
presence does not require a magnetic field. However, owing to material challenges, achieving a 
robust resistance quantization, the hallmark of a topological edge state, has proven to be difficult 
for helical edge states.   

Recent Progress 

 As a manifestation of the quantum valley Hall effect, bilayer graphene supports valley-
momentum locked kink states at the line junction of two oppositely gapped bulk regions created 
by lithography. In prior works, we demonstrated the 
existence of the kink states [1] and the operations of a 
topological valley valve and tunable electron beam splitter 
[2]. In this work, we improved on the device quality to 
achieve precisely quantized resistance plateaus to within 1% 
of h/4e2 at zero magnetic field. Most remarkably, the 
quantum valley hall effect persists to high temperatures of 
tens of Kelvin, with the plateau resistance drops by 
approximately 1% at 12 K and 3% at ~50 K. The quantization 
is also robust over a large dc bias range of tens of mV. We 
demonstrate operation of an in situ programmable 
topological switch with an on/off ratio of 200. These results 
are a significant step forward in advancing the understanding 
and applications of topological edge states.   

Future Plans 

  Future plans include coupling the kink states with superconductors using Josephson 
junction devices and exploring the evolution of the kink states from helical to chiral edge states in 
a magnetic field.  

References 

 

Figure 1: Experimental signatures of 
quantum valley Hall effect: two-
terminal resistance quantized to h/4e2 at 
zero magnetic field and its temperature 
dependence. Huang et al, submitted.   
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Research Scope 

 This research program lays the scientific foundation for the rational bottom-up design, 
isolation, and investigation of symmetry protected topological (SPT) electron spin qubits 
embedded in graphene nanoribbons and their integration with atomically precise low dimensional 
logic architectures that hold the key to unlocking scalable quantum materials for next-generation 
computing and sensing. Our effort will reveal the fundamental correlations between real space 
molecular architecture, local spin densities, energy dispersion and level alignments that underpin 
key operational parameters of SPT qubits and will benchmark their intrinsic performance against 
established molecular and solid-state devices. Long decoherence times, sharp energy transitions, 
and highly tunable exchange interactions between entangled states all represent critical device 
parameters that can be tuned with atomic precision through a scalable bottom-up manufacturing 
technique. Access to topologically engineered molecular qubits is guided at every stage by theory 
and validated by experiment at the ensemble and single molecule level. Our research activities not 
only push the boundaries of quantum materials design and synthesis but innovate spin-sensitive 
scanning probe microscopy tools that provide an unprecedented level of detail from the direct 
observation of quantum structures and dynamic processes at the scale of a single atom. While our 
proposed research activities represent hypothesis-driven fundamental scientific investigations, we 
embrace a comprehensive materials design approach that delivers technological solutions that can 
be translated into smart manufacturing. 

Recent Progress 

 (1) Engineering Robust Metallic Zero-Mode States in Olympicene Graphene 
Nanoribbons:1 Metallic graphene nanoribbons (GNRs) represent a critical component in the 
toolbox of low-dimensional functional materials technology serving as 1D interconnects capable 
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of both electronic and quantum information transport. The structural constraints imposed by on-
surface bottom-up GNR synthesis protocols along with the limited control over orientation and 
sequence of asymmetric monomer building blocks during the radical step-growth polymerization 
has plagued the design and assembly of metallic GNRs. Here we report the regioregular synthesis 
of GNRs hosting robust metallic states by embedding a symmetric zero-mode superlattice along 
the backbone of a GNR. Tight-binding electronic structure models predict a strong nearest-
neighbor electron hopping interaction between adjacent zero-mode states resulting in a dispersive 
metallic band. First principles DFT-LDA calculations confirm this prediction and the robust, 
metallic zero-mode band of olympicene GNRs (oGNRs) is experimentally corroborated by 
scanning tunneling spectroscopy. 

 (2) Fermi Level Engineering of Nitrogen Core-Doped Armchair Graphene Nanoribbons:2 
Substitutional heteroatom doping of bottom-up engineered 1D graphene nanoribbons (GNRs) is a 
versatile tool for realizing low-dimensional functional materials for nanoelectronics and sensing. 
Previous efforts have largely relied on replacing C–H groups lining the edges of GNRs with 
trigonal planar N-atoms. This type of atomically-precise doping however only results in a modest 
realignment of the valence band (VB) and conduction band (CB) energies. Here we report the 
design, bottom-up synthesis, and spectroscopic characterization of nitrogen core-doped 5-atom-
wide armchair-GNRs (N2-5-AGNRs) that yield much greater energy-level shifting of the GNR 
electronic structure. Here the substitution of C-atoms with N-atoms along the backbone of the 
GNR introduces a single surplus π-electron per dopant that populates electronic states associated 
with previously unoccupied bands. First principles DFT-LDA calculations confirm that a sizeable 
shift in Fermi energy (~1.0 eV) is accompanied by a broad reconfiguration of the band structure, 
including the opening of a new band gap and the transition from a direct to an indirect 
semiconducting bandgap. Scanning tunneling spectroscopy (STS) lift-off charge transport 
experiments corroborate the theoretical results and reveal the relationship between substitutional 
heteroatom doping, Fermi level shifting, electronic band structure, and topological engineering for 
this new N-doped GNR. 

 (3) Controlled Catalyst Transfer Polymerization in Graphene Nanoribbon Synthesis:3 
Exercising direct control over the unusual electronic structures arising from quantum confinement 
effects in graphene nanoribbons (GNRs) is intimately linked to geometric boundary conditions 
imposed by the structure of the ribbon. Besides composition and position of substitutional dopant 
atoms, the symmetry of the unit cell, width, length, and termination of a GNR govern its electronic 
structure. Here we present a rational design that integrates each of these interdependent variables 
within a modular bottom-up synthesis. Our hybrid chemical approach relies on a catalyst transfer 
polymerization (CTP) that establishes uniform control over length, width, and end-groups. 
Complemented by a surface-assisted cyclodehydrogenation step, uniquely enabled by matrix-
assisted direct (MAD) transfer protocols, geometry and functional handles encoded in a polymer 
template are faithfully mapped onto the structure of the corresponding GNR. Bond-resolved 
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scanning tunnelling microscopy (BRSTM) and spectroscopy (STS) validate the robust correlation 
between polymer template design and GNR electronic structure. 

 (4) Five-Membered Rings Create Off-Zero Modes in Nanographene:4 The low-energy 
electronic structure of nanographenes is known to be tunable through zero-energy π-electron states 
typically referred to as zero-modes. Customizable electronic and magnetic structures have been 
engineered by coupling zero-modes through exchange and hybridization interactions. The 
manipulation of the absolute energy of such states, however, has not yet received significant 
attention. We find that attaching a five-membered ring to a zigzag edge hosting a zero-mode 
perturbs the energy of that mode and turns it into an off-zero mode: a localized state with distinctive 
electron-accepting character. Whereas the end states of typical 7-atom-wide armchair graphene 
nanoribbons (7-AGNRs) lose their electrons when physisorbed on Au(111) (due to its high work 
function), converting them to off-zero modes by introducing cyclopentadienyl five-membered 
rings allows them to retain their single-electron occupation. This approach enables the magnetic 
properties of 7-AGNR end states to be explored using scanning tunneling microscopy (STM) on a 
gold substrate. Off-zero mode end states coupled across short nanoribbons transition from a closed 
shell (nonmagnetic) configuration for n ≤ 4 to an open shell (paramagnetic) configuration for n ≥ 
5 repeating anthracene units. 

 (5) Topological Engineering of Molecular Quantum Dots in Nanographenes: Topological 
phases in laterally-confined low-dimensional nanographenes have emerged as versatile design 
tools used to imbue otherwise unremarkable materials with exotic band structures ranging from 
topological semiconductors, quantum dots, to intrinsically metallic bands. The periodic boundary 
conditions that come to define the topology of a given lattice have thus far prevented the translation 
of this technology to the zero-dimensional (0D) domain of small molecular structures. Here, we 
describe the synthesis of a discrete polycyclic aromatic hydrocarbon (PAH) featuring two localized 
zero modes (ZMs) formed by the topological junction interface between a trivial and non-trivial 
phase within a single molecule. First-principles density functional theory calculations predict a 
strong hybridization between adjacent ZMs that gives rise to an exceptionally small topologically 
protected HOMO-LUMO gap. Scanning tunneling microscopy and spectroscopy corroborate the 
molecular structure of 9/7/9-double quantum dots and reveal an experimental quasi-particle gap of 
0.16 eV corresponding to a small molecule long-wavelength infra-red (LWIR) absorber. The 
access to topologically engineered ultra-low bandgap nanographenes paves the way toward the 
realization IR sensitized photovoltaics and LWIR detectors based on carbon nanotechnology. 

Future Plans 

 Phase two (year 2) of this continuing program will see the tuning of the exchange coupling 
between symmetry protected topological states by structural design and/or doping to access the 
weakly coupled regime of two interacting S =1/2 SPT quantum dots by modulation the exchange 
coupling t and the on-site energy U. We will use ensemble-based ESR and advanced single 
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molecule STM ESR techniques to explore energy transitions, decoherence lifetimes τdec, and 
exchange interactions J in molecularly defined SPT qubits. 
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Research Scope 

 Dimensionality has emerged as an important tuning handle in the study of correlated 
materials, especially heavy fermion materials.1 Traditional platforms for reducing dimensionality 
in intermetallic heavy fermion materials rely on crystal structure engineering or epitaxial growth,2 
but the study of such materials at the two-dimensional (2D) limit remains challenging. To this end, 
van der Waals (vdW) materials that can be mechanically exfoliated represent ideal candidates for 
studying heavy fermions at the monolayer limit; such materials would additionally enable 
exploration of the Kondo lattice phase space using tuning handles developed for other 2D 
materials, including electrostatic and electrochemical gating, strain, and twist angle.3 To date, 
however, there are no examples of a vdW metal hosting Kondo lattice physics. We have identified 
the antiferromagnetic van der Waals metal, CeSiI, as a host of two-dimensional heavy fermions.4 
Using a combination of thermodynamic and spectroscopic measurements, we find evidence for an 
enhancement in the electron effective mass and for strong hybridization between conduction and 
4f electrons persisting well above the Néel temperature TN = 7.5 K. Angle-resolved photoemission 
spectroscopy (ARPES) and magnetotransport measurements additionally reveal signatures of a 
quasi-2D electronic structure arising from the vdW crystal structure. The weak interactions 
between vdW layers enables mechanical exfoliation of CeSiI to the ultra-thin limit, where we 
observe quantitative changes in the magnetotransport behavior arising from reduced 
dimensionality. In totality, these results demonstrate CeSiI as a new platform for studying Kondo 
lattice physics at the 2D limit. 

Recent Progress 

 The crystal structure of CeSiI consists of an intermetallic [CeSi]+ core, featuring a nearly 
planar honeycomb layer of Si sandwiched between two triangular layers of Ce, and iodide capping 
layers that define the vdW gap.4 This material was identified on the basis of its Zintl-Klemm 
formalism, (Ce3+)(Si−)(I−)(e−), where the presence of a free electron implies metallic character and 
the possibility of strong Kondo coupling. Heat capacity measurements reveal a substantial 
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enhancement in the Sommerfeld coefficient 
compared to the non-magnetic, isostructural 
compound LaSiI, and bulk transport 
measurements reveal a downturn in the 
resistivity below T* ~ 50 K, associated with 
the transition from incoherent Kondo 
scattering at high temperature to coherent 
heavy Bloch states at low temperature.  

 Scanning tunneling spectroscopy 
(STS) and ARPES measurements provide 
further evidence for Kondo coupling 
persisting to high-temperature in CeSiI. STS 
measurements reveal a temperature-
dependent, Fano-like feature near the Fermi 
energy that is not observed for LaSiI. 
Similarly, while ARPES measurements 
reveal nearly identical dispersive bands for 
both CeSiI and LaSiI, spectra for CeSiI 
additionally reveal flat bands at and below 
the Fermi energy associated with Ce 4f resonances. Below ~80 K, we observe signatures of a 
hybridization gap at the intersection of flat and dispersive bands in CeSiI, consistent with the 
single-ion Kondo temperature TK = 78 K extracted from STS measurements.  

 The quasi-2D electronic structure of CeSiI, derived from its layered vdW crystal structure, 
was probed by ARPES and magnetotransport measurements. While the Fermi surface of CeSiI, as 
probed by ARPES, is complex and contains multiple electron and hole pockets in the Κ� − Γ� −
Μ�  plane, it is largely unchanged in the kz direction, indicative of a quasi-2D electronic structure. 
Magnetotransport measurements in bulk CeSiI additionally reveal Shubnikov–de Haas oscillations 
at high magnetic fields. Angle-dependent measurement of these oscillations reveal that they remain 
in phase with increasing amplitude as the field is tilted away from the crystallographic stacking 
axis, providing additional evidence for a quasi-2D Fermi surface. 

 The vdW crystal structure of CeSiI enables us to routinely obtain micron-scale, few-layer 
flakes via mechanical exfoliation. Transport measurements on a fifteen-layer flake retain 
signatures of Kondo lattice physics and are qualitatively similar to measurements on bulk flakes. 
In contrast, measurements on a four-layer flake reveal changes in field-induced magnetic 
transitions, suggestive of changes in the Kondo coupling induced by reduced dimensionality. 
While the air sensitivity of CeSiI makes measurements on even thinner flakes challenging, these 
initial results near the 2D limit imply that it may be possible to tune the Kondo lattice ground state 

 

(Top left) Crystal structure of CeSiI, highlighting the van 
der Waals gap in the layered structure. (Top right) 
Temperature and magnetic field dependence of resistivity 
revealing signatures of Kondo coupling and magnetic 
ordering. (Bottom left) STM topographic image showing 
standing wave oscillations around a lattice defect. (Bottom 
right) Quasiparticle interference of CeSiI revealing nodal 
hybridization. 
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of CeSiI through exfoliation alone and illustrate that CeSiI represents a tunable, vdW platform for 
the study of Kondo physics in two dimensions. 

 In our exploration of the effects of reduced dimensionality on the electronic structure of 
CeSiI, we have additionally uncovered signatures of momentum-dependent electron masses 
arising from highly anisotropic electronic interactions. Specifically, quasiparticle interference 
(QPI) measurements on cleaved surfaces of bulk CeSiI reveal that the Fermi surface is 
characterized by discrete spots with high spectral intensity. Through comparison with 
measurements on isostructural LaSiI, we demonstrate that these QPI patterns can be explained by 
nodal heavy fermion hybridization in the 2D planes, highlighting the possibility to observe new 
emergent phenomena derived from the anisotropic electronic and crystalline structure of CeSiI. 

Future Plans 

 Having established CeSiI as a host of two-dimensional heavy fermions, our ongoing work 
is focused on tuning its Kondo physics in the bulk and at the 2D limit. The ternary composition of 
CeSiI enables modulation of its properties via substitution at its three different lattice sites; for 
example, substitution of La for Ce allows us to weaken the Kondo coupling and to study single-
ion Kondo physics at the dilute Ce limit, whereas substitution on the Si or I site may enable electron 
and hole doping or generation of chemical pressure. By accessing the quantum critical point 
through chemical substitution, we will be able to directly study the effects of dimensionality in the 
quantum critical regime.  

 Further, we will explore the ability to use techniques developed for other 2D materials to 
tune the ground state of CeSiI. In particular, current efforts are focused on improving existing 
methods for the handling of extremely air-sensitive 2D materials, which will enable us to probe 
the properties of CeSiI at the monolayer limit. We will then explore the ability to tune Kondo 
coupling via ionic gating, strain, van der Waals charge transfer, and heterostructure engineering, 
which will be probed via transport in addition to spectroscopic methods.  

 Finally, we will attempt to better understand the magnetic structure of CeSiI. A recent 
neutron investigation identified an incommensurate antiferromagnetic structure at zero magnetic 
field, but the detailed magnetic structure could not be resolved.5 CeSiI displays two field-induced 
metamagnetic transitions below 5 T, and the absence of magnetic saturation up to 9 T may imply 
additional magnetic transitions at even higher fields. Understanding the ground state magnetic 
structure, as well as the evolution of the magnetic structure under applied fields, may provide a 
route to new exotic phenomena. For example, one possible magnetic ground state is a cycloidal 
structure in which an electric polarization becomes symmetry allowed, potentially enabling CeSiI 
to act as a heavy fermion multiferroic. 
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Research Scope 

Recently we have demonstrated, for the first time, an unambiguous coupling between 
ferroelectricity and superconductivity in a single material, bilayer Td-MoTe2 [1]. This material 
presents the first opportunity to study the fundamental mechanism underpinning how the internal 
polarization can coexist with superconductivity. Previous attempts to study the interplay between 
ferroelectricity and superconductivity (SC) have used ferroelectric (FE) perovskite oxides. 
However, disorder in the oxides leads to spatially separated polar and superconducting regions that 
vary with temperature and doping and creates a complex energy landscape, making it difficult to 
connect theory with experiment. Our discovery of the coexistence of superconductivity and 
ferroelectricity in a transition metal chalcogenide is made possible by the unique mechanism of 
ferroelectricity in bilayer Td-MoTe2, whereby flipping of the sign of polarization in an out-of-plane 
electric field can be achieved even at high carrier densities. The ferroelectric switching occurs via 
interlayer sliding ferroelectricity. We show that for dual-gated devices of bilayer Td-MoTe2 at low 
temperatures, where sliding ferroelectricity and SC are both present, sweeping electric field in 
forward and reverse bias directions results in a hysteretic transition to and from the 
superconducting state. The superconducting transition coincides with flipping of the polarization, 
indicating an interplay between ferroelectricity and SC. We have proposed a Fermi surface nesting 
model to explain the hysteretic behavior of SC with FE switching. Currently, we are exploring the 
impacts of FE switching on the symmetry of the superconducting state, the electronic band 
structure, and the in-plane magnetotransport properties. In the future, we will expand our 
understanding of the interplay between FE and SC by studying the electron-phonon coupling and 
the effect of interlayer interactions on the internal polarization.   

Recent Progress 

Bilayer MoTe2 has a noncentrosymmetric crystal structure, giving rise to an out-of-plane, 
interlayer dipole moment. Concomitant with the weak van der Waals bonding between layers, 
electric fields can couple to this dipole moment and an interlayer sliding process will ensue until 
polarization is switched, known as sliding ferroelectricity (SFE). The SFE process in MoTe2 is 
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akin to flipping the flake over, so that the 
resulting internal polarization after interlayer 
sliding has occurred is the same magnitude as 
the starting state, but opposite in sign [2] (see 
Fig. 1a). Our previous results on bilayer MoTe2 
indicated that it is a superconductor with a 
superconducting critical temperature of 2.5 K 
[3]. Given that bilayer MoTe2 is predicted to 
exhibit SFE and is a superconductor, we 
investigated bilayer MoTe2 in an effort to 
understand the interplay between FE and SC we 
investigated bilayer MoTe2 using a dual gate 
geometry. As shown in Fig. 1b, bilayer MoTe2 

is encapsulated in hexagonal boron nitride (BN), 
which serves as dielectric layers for applying out-
of-plane electric fields and tuning the carrier 
density. Upon cooling below 60 K we observe a 

hysteresis emerging in the resistance as a function of the displacement field, which we attribute to 
the switching of polarization as MoTe2 transits along the SFE transition pathway. In the same 
geometry, we also observe a drop in resistance down to zero at 2.5 K (Fig. 1d) as expected, proving 
that this system is a viable playground for exploring the interplay of SFE and SC.   

 By further cooling bilayer MoTe2 into the superconducting state, we can observe a clear 
indication of the coupling of SFE switching and SC by examining the out-of-plane electric field 
response, as shown in Fig. 2a. Starting from D<-2 V/nm (blue curve) with the bilayer in Td state I, 
both the displacement field and the MoTe2 polarization point in the same direction. On decreasing 
the magnitude of the displacement field and then flipping its sign, SC emerges gradually - resulting 
in a drop of the bilayer MoTe2 
resistance to zero. Bilayer MoTe2 
remains superconducting until the out-
of-plane electric field switches the 
crystal to Td state II, at which point the 
polarization sign flips and bilayer 
MoTe2 transitions to the normal state. 
The behavior on the downward sweep 
(red curve, Fig. 2a) of displacement 
field is similar, displaying a hysteresis 
which we expect is from SFE. Given the observed hysteresis, the interplay between SFE and SC 
can be used to produce a superconducting switch driven by electric field, as illustrated in Fig. 2b. 
We show that a positive (negative) electric field pulse of appropriate intensity can drive a transition 

Fig. 1: a, Transition pathway for SFE. b, Schematic for 
bilayer Td-MoTe2 device. c, Hysteretic behavior of the 
longitudinal resistance (Rxx) with ferroelectric switching 
when applying an out-of-plane electric field. d, 
Superconducting transition with temperature.  

Fig. 2: a, Hysteretic behavior of SC with FE switching. b, Stability 
of the superconducting and normal state upon switching polarization 
directions.  
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to the superconducting (normal) state. Once switching from one state to another has been 
established, the resistance of bilayer MoTe2 remains fixed indefinitely.  

 To explore the interplay between SFE switching and SC more carefully, we performed 
displacement field sweeps at different temperatures, summarized in Fig. 3a, for the two sweep 
directions. For the forward direction (left panel, Fig. 3a), as the displacement field is lowered from 
a high absolute value to a low value, a superconducting transition emerges at low temperatures. 
On continuing to sweep the displacement field through zero, Tc continues to increase until the 
displacement field switches the polarization, at which point SC is lost. In both sweep directions, 
the maximum Tc is therefore seen just before a switching event. This continuous tuning of Tc prior 
to switching shows that the mechanism for the superconducting state is intimately tied to the 
internal electric field of the sample. The observed FE and SC behaviors described above are also 
density dependent. To understand the region of ferroelectricity in the carrier doping versus 
displacement field phase diagram, we have performed sweeps of the displacement field, similar to 
Fig. 2a, at various doping levels, both in the superconducting state and in the normal state. Taking 
the difference in resistance (ΔRxx) between the forward and backward displacement field sweep 
directions. From these diagrams we can identify when hysteretic switching is observed in bilayer 
MoTe2. The results in the normal state (T = 8 K) and in the superconducting state (T = 1.5 K) are 
shown in Fig. 2b and 2c, respectively. In the normal state, we observe that the hysteretic switching 
in our samples is limited to a doping range of Δn = ±2×1013 cm-2. We also observe that the 
hysteretic superconductivity occurs in parts of the phase diagram that are close to the boundary 
where field-driven superconductivity intersects with the normal state ferroelectric behavior. This 
phenomenology suggests that it is the total internal electric field in the sample that controls 
superconductivity: the polarization of bilayer MoTe2, when flipped, can turn the superconducting 

phase on or off if bilayer MoTe2 is sufficiently close to the field-driven superconducting transition.  

Fig. 3: a, Temperature evolution of the coupled ferroelectric and superconducting behavior at 𝛥𝛥n = 1.5×1013 cm-2. An 
increase in Tc is observed just before FE switching. The internal polarization is marked with arrows on top. b, 𝛥𝛥Rxx 
between displacement field sweep directions showing regions of ferroelectricity at 8 K and its evolution with doping. 
c, At 1.5 K, highlighting the regions of SC. The largest difference in resistance occurs at dopings with hysteretic 
superconductivity. The magenta dashed line represents the hysteretic region in the normal state. The black dashed line 
represents the boundary of the field-driven superconductivity. 
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Supported by theory, we surmise that the coupling between SFE and SC is driven by a 
Fermi surface nesting picture, where nesting between electron and hole pockets is enhanced, via 
an increase in hole carrier density from charge transfer between layers, as bilayer MoTe2 
approaches the point at which polarization switches. However, multiple mechanisms can lead to 
changes in the superconductivity as strong electric fields, required for flipping the polarization, are 
applied and carrier densities are tuned, obscuring contributions from interlayer charge transfer: 1) 
the strong electric fields can shift the bands of the electronic band structure near the Fermi level 
and change the relative carrier densities in each layer – inducing SC. 2) The weak interlayer 
bonding that allows for SFE can change with electric field and carrier doping [4], causing structural 
phase transitions which can change Tc [5]. Changes to interlayer bonding can also lead to stacking 
disorder, creating regions of differing polarization – affecting the evolution of FE domains and its 
interplay with SC, and smearing out any related phonon modes. 3) The frequencies of soft phonon 
modes associated with the SFE transition could change with electric field and thus change the 
pairing strength of Cooper pairs. 

 

Future Plans 

To resolve these complexities, we plan to:  (1) Study the effects of ferroelectricity on the electronic 
transport properties of superconductivity in detail using magnetotransport measurements, initially 
in few-layer Td-MoTe2 encapsulated in BN (as in Fig. 1b) and later extend these same efforts to 
other Td-structured superconductors (TDSCs). Measurements of the superconducting transition, 
both by resistance and tunneling current, as a function of magnetic field angle (in- and out-of-
plane) will allow us to extrapolate how FE impacts the symmetry of the superconducting order 
parameter and extract the spin-orbit coupling strength and orientation of the TdSC. Experimental 
results will be compared to the density functional theory calculated electronic band structure that 
includes interactions with an electric field, allowing us to create a feedback loop between theory 
and experiment and improve understanding of how electronic contributions to SC evolve through 
the SFE transition pathway. We will also measure the polarization directly, using a graphene layer, 
throughout the FE switching process. Investigating TdSC heterostructures via Raman 
spectroscopy and second-harmonic generation with temperature and electric field will reveal 
additional changes in crystal symmetry, allow us to verify the existence of polar phonon modes 
associated with SFE, and evaluate whether changes in superconducting behavior are related to 
changes in ionic fluctuations from these polar phonon modes. (2) Reveal the interplay between 
interlayer coupling, SC, and ferroelectricity via hydrostatic pressure. Changes to the interlayer 
coupling, i.e., interlayer charge transfer and orbital interactions, can have profound consequences 
on SFE. Increasing the interlayer coupling could increase the amount of charge transfer and lock 
the polarization in one direction, allowing for independent tuning of the electric field without 
polarization flipping across all carrier densities, enabling us to disentangle Rashba effects from 
those of interlayer charge transfer caused by SFE. Increased interlayer coupling may also lead to 
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a phase transition from a non-centrosymmetric Td structure to a centrosymmetric T’ structure, 
quenching SFE at all temperatures. We will change interlayer coupling by applying hydrostatic 
pressure to induce substantial changes to the interlayer distance in few-layer TdSCs. We will 
perform measurements of the doping-, electric field-, and magnetic-field dependent phase 
diagrams with applied hydrostatic pressure to determine the resulting the spin-orbit coupling and 
spin texture, coherence length, and any additional changes to the superconducting transport 
behavior. We will also calculate the hydrostatic pressure-dependent electronic band structure and 
density of states of few-layer TdSCs using many-body perturbation theory and including spin-orbit 
coupling. Comparing the differences in the values of various parameters measured and calculated 
in (2) to those of (1) will close the feedback loop and be used to guide further experiments to 
accurately determine the mechanism for hysteretic superconductivity in ferroelectric 2D TdSCs.  
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Research Scope 

 Moiré superlattice, formed by twisting two two-dimensional (2D) atomic crystals, emerges 
as one of the most powerful venues to design new physical properties of 2D material systems. 
While it has achieved tremendous success in controlling the charge degree of freedom (DoF) and 
realizing a wealth of novel quantum electronic phases, the potential and the power of moiré 
superlattice in modifying the spin DoF and engineering the magnetic phases have remained much 
less explored. Very recently, the moiré engineering of magnetism becomes experimentally feasible 
thanks to the recent discoveries of and progresses in 2D magnetism in atomically thin crystals. In 
the proposed project, we identify this unique opportunity brought by 2D magnetic atomic crystals 
and moiré superlattice to experimentally explore moiré magnetism in hetero/homo-structures of 
2D magnetic atomic crystals. We aim at realizing, understanding, and controlling nontrivial 
magnetic orders and collective magnetic excitations in moiré magnets, through developing ultra- 
sensitive symmetry-resolved and ultrafast time-resolved nonlinear optical spectroscopy and 
microscopy, in addition to using conventional linear optics. Specifically, we will undertake three 
major tasks – (i) realizing noncollinear spin textures in moiré magnetic superlattices, and 
investigating its coupling to moiré crystalline structures; (ii) accessing topological and correlated 
magnetic excitations in moiré magnetic superlattices, and exploring their dependencies on the 
external magnetic field; and (iii) controlling moiré magnetic orders and collective excitations with 
ultrafast optical excitations, and researching the impact of optical field characteristics on the 
transient or metastable magnetic orders and excitations. The success of this project will not only 
provide a promising route to design and engineer 2D magnetism for future microelectronics and 
quantum electronics, but also a new set of symmetry-, time-, and spatial-resolved nonlinear optical 
techniques for investigating static, dynamic, and even out-of-equilibrium properties of symmetry-
breaking phases in 2D. 

Recent Progress 

 The Zhao group pioneers in the study of moiré magnetism, using twisted double bilayer 
CrI3 as a material platform. CrI3 is a van der Waals (vdW) layered magnetic materials, whose 
interlayer magnetic exchange coupling is proven to depend on the interlayer stacking geometry – 
ferromagnetic (FM) interlayer exchange coupling for the rhombohedral (R) stacking and 
antiferromagnetic (AFM) for the monoclinic (M) one. Bilayer CrI3 is a layered AFM with zero 
total magnetization. Twisted double bilayer CrI3 contains two bilayer CrI3 with uniform AFM 
interlayer coupling within each bilayer and moiré modulated interlayer exchange coupling at the 
interface between the two bilayers. The key progresses are listed as follows: 
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• We managed to fabricate high-quality moiré superlattices of twisted double bilayer CrI31,2,3. In 
collaboration with Prof. Robert Hovden’s group, we imaged the moiré superlattices with both 
selected are electron diffraction (SAED) and dark-field transmission electron microscopy (DF-
TEM). The presence of moiré superlattices is confirmed by the superlattice peaks in the SAED 
pattern, and the high quality of moiré superlattices is revealed by the real-space DF-TEM 
image. Please see Figure R1 below for both data sets. 

Figure R1 Moiré superlattices imaged by SAED and DF-TEM. (a) SAED pattern for a twisted double 
bilayer CrI3, with a twist angle measured to be 𝛼𝛼 = 1.4 ± 0.1𝑜𝑜. Dark and light blue circles highlight the Bragg and 
moiré superlattice peaks. (b) DF-TEM images for individual pairs of Bragg-moiré superlattice peaks. (c) A composite 
DF-TEM image made of summing up the three images in (b), showing the high-quality of moiré superlattices. 

Figure R2 Magneto-Raman spectroscopy of twisted double bilayer CrI3. (a-e) False color map of 
magnetic field dependent Raman spectroscopy for four-layer, 0.5o, 1.1o, 5.0o twisted double bilayer, and bilayer 
CrI3. (f-j) Magnetic field dependence of fitted Raman mode intensities in (a-e).  
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• We performed magneto-Raman spectroscopy of twisted double bilayer CrI32, at very small 
twist angle α = 0.5𝑜𝑜, intermediate angle, 1.1𝑜𝑜, and very large angle 5𝑜𝑜. We found that while 
the small and large twist angle samples are dominated by features of natural bilayer and four-
layer CrI3 (i.e., a linear superposition of bilayer and four-layer data can fit the data of 0.5𝑜𝑜 and 
5𝑜𝑜  samples), the intermediate twist angle sample is in stark contrast to them by showing 
multiple features that are absent in bilayer and four-layer samples. This suggests the 
uniqueness of magnetism in the intermediate twist angle samples (Figure R2). 

• We performed magnetic circular dichroism (MCD) of twisted double bilayer CrI33, with a 
careful twist angle dependence. Our analysis separates the collinear and noncollinear spin 
contributions to MCD. An unexpected net magnetization and a noncollinear spin texture 
emerge in a wide twist angle range, 0.5o – 5.0o and peaks at 1.1o. Both features are not present 
in bilayer or four-layer, or any homogenous stacking of two bilayer CrI3 (Figure R3).  

Future Plans 

  Towards the goals of this project, we have the following three plans for the coming year, 
with the first two on the scientific aspect and the third one from the technical perspective. 

• First, we plan to work on the H-stacked twisted double bilayer CrI3, i.e., twist angle around 
180o. Because of the 3-fold, rather than the 6-fold, rotational symmetry of CrI3 layers, there is 
clear distinctions between R-stacked (~ 0o) and H-stacked (~ 180o) twisted double bilayer CrI3. 
From the first principle calculations 4, the moiré interlayer exchange potential is drastically 
different between R-stacked and H-stacked cases, and suggests a more stable moiré magnetic 

Figure R3 Magnetic circular dichroism of twisted double bilayer CrI3. (a) Normalized MCD data 
and fits under out-of-plane magnetic field sweeping from +2T to -2T and back to +2T, for four-layer, 0.5o, 1.1o, 
2o, 5o, 10o twisted double bilayer, and bilayer CrI3 (top panel) and the separated collinear (middle panel) and 
noncollinear (bottom panel) contributions. (b-f) Twist angle dependence of fitted parameters, showing 1.1o being 
the special twist angle that maximize the moiré impact. 
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superlattice for the H-stacked case. We have fabricated H-stacked twisted double bilayer CrI3 
with a twist angle of 181o and examined with SAED and DF-TEM measurements, showing a 
higher moiré superlattice quality than the R-stacked counterpart (i.e., 1o twist angle). Further 
optical spectroscopy measurements will be performed in this system with a careful twist angle 
dependence study.  

• Second, we plan to investigate the moiré magnons of both R-stacked and H-stacked twisted 
double bilayer CrI3. Recently, we have finished a careful study of layer-number dependent 
magnons in natural few-layer CrI3, which sets the foundation for the study of moiré magnons 
in the twisted double bilayer CrI3. In addition, the research on the magnetic ground states in R-
stacked and H-stacked twisted double bilayer CrI3 also provides the essential piece of 
information for the study of moiré magnons. Magneto-Raman spectroscopy and time-resolved 
optical spectroscopy will be used for this study, with a particular focus on 1o and 181o twist 
angles.  

• Third, we plan to use magnetic second and third harmonic generation (MS/THG) rotation 
anisotropy (RA) to directly couple to the complex spin textures in twisted double bilayer CrI3 
and resolve their full point symmetry evolutions across the magnetic phase transitions, upon 
varying the temperature and the external magnetic field. Currently, we have achieved the sub-
photon counting detection sensitivity for both SHG and THG and will practice them on this 
challenging systems of twisted double bilayer CrI3.  

In addition to these major research activities from the Zhao group, we further plan to 
collaborate with Prof. Rita C. Du’s group at Georgia Institute of Technology to perform scanning 
and wide-field NV magnetometry measurements on twisted double trilayer CrI3 of the H-stacked 
case, based on our recent successful collaboration on the R-stacked geometry5. 
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Ultrafast Control of Topological Transport in Quantum Materials  

James McIver, Columbia University in the City of New York 

Keywords: light-matter phenomena, topology, 2D and layered crystals, transition metal 
compounds, ultrafast optoelectronics 

Research Scope 

This new research program will deliver pathways to on-demand topological transport in bulk 
quantum materials using femtosecond pulses of light. Experimental protocols will be developed to 
create and control novel non-equilibrium topological states. The ultrafast transport dynamics of 
these states will be directly captured using a chip-scale optoelectronic device architecture. The 
results will further our understanding of out-of-equilibrium topological phenomena in solids and 
enable transformative functionalities in next-generation, energy efficient technologies.  

Figure 1. Pathways to controlling topological transport in quantum materials: (a) The creation of photon-dressed 
Floquet states and (b) the optical generation of coherent phonons can manipulate electronic topology. c) Femtosecond 
optoelectronic circuitry captures ultrafast topological transport responses on their characteristic timescales. 

This research program encompasses two thrusts. In the first, coherent light-matter interaction will 
be used to design topological transport responses via the creation of photon-dressed Floquet states. 
Novel bi-chromatic driving schemes in which specific material symmetries can be broken or 
restored to induce topological transport responses will be developed [1]. This new set of driving 
protocols will be used to engineer ultrafast magnetotransport phenomena with no equilibrium 
counterparts, in an effort to perfect tools for controlling material topology with light [2]. The 
overarching goal of this thrust will be accomplished by the achievement of three well-defined sub-
goals. Thrust 1-1 will realize a Floquet-Weyl semimetal state by breaking time-reversal symmetry 
with circularly polarized light. Thrust 1-2 will develop bi-chromatic optical drives with highly 
manipulable polarizations to program a variety of other broken symmetry Floquet states and 
characterize their induced transport properties. Thrust 1-3 will probe the emergence of 
topologically protected axial transport predicted to occur when Floquet states are induced in the 
presence of a magnetic field.  

The second research thrust will develop routes to creating metastable changes in material topology 
by targeting specific coherent phonons. The goal is to drive materials through distinct topological 
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phases, each with their own unique transport signature, using strongly driven displacive phonons 
to change the structure of the crystal lattice, either transiently or permanently. Thrust 2-1 will 
investigate the ultrafast transport signatures of phonon-Berry curvature coupling upon the 
excitation of coherent phonons in topological materials (see recent progress, Figure 2). Thrust 2-
2 will extend this work to dynamically steer semimetals between different topological phases and 
capture their transport transients by selectively exciting shear modes with symmetry-matching 
polarization states. Thrust 2-3 will discover phononic pathways to induce persistent and reversibly 
switchable topological metastability and capture the transport properties of these hidden phases 
(see recent progress, Figure 3). 

Recent Progress  

Although funding for this project has yet to commence, 
my group has promising preliminary results on two of 
the proposed goals in Thrust 2.  

Thrust 2-1: Signatures of direct coupling between 
phonon oscillations induced by ultrafast optical 
excitation and quantum geometric transport have been 
observed. Figure 2 shows the measurement of light-
induced changes in the nonlinear Hall effect in thick 
exfoliated flakes of MoTe2 (a Type-II Weyl semimetal) 
under optical excitation conditions known to drive an 
inter-layer shear phonon. Oscillations in the nonlinear 
Hall effect are observed at ~200 GHz, which is the 
known frequency of the interlayer shear mode.  

Preliminary interpretation: the nonlinear Hall effect is 
proportional to the magnitude of the Berry curvature 
dipole, which is related to the separation and tilt of the 
Weyl nodes in k-space. As the phonon oscillates, the 
separation between Weyl node pairs are known to 
oscillate [3,4], which is the possible source of the 
coherent oscillations observed in the nonlinear Hall effect 
signal.  

Thrust 2-3: While characterizing the coupling between coherent phonon dynamics and the 
nonlinear Hall effect, my group discovered that Td-MoTe2 undergoes a persistently metastable 
phase transition, whereby the nonlinear Hall effect disappears after photoexciting the material 
strongly enough. Following guidance from theory collaborators, it was found that, depending on 
the pulse polarization and wavelength, single groups of pulses (10 pulses per group) can either 

Figure 2a) Schematic of Weyl node 
oscillations induced by coherent phonons in 
MoTe2. b) Measurement of the time-resolved 
changes in the nonlinear Hall effect as the 
coherent interlayer shear mode oscillates.  
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destroy or revive the nonlinear Hall 
effect, without appreciably changing the 
overall sample resistance. Upon thermal 
cycling, the metastable, non-topological 
phase remains (i.e. the nonlinear Hall 
signal is still absent in this metastable 
phase). This is shown in Figure 3: the 
nonlinear Hall effect can be destroyed and 
revived with pulses of femtosecond light, 
showing that ultrafast, permanent 
switching of topological transport 
observables is indeed possible. The 
photo-induced phase transitions observed 
here were stable over long timescales (at 
least days).  

Taken together, these preliminary results show that coherently excited phonons may be a reliable 
route to switch between different topological allotropes of layered quantum materials. Given that 
the mechanism for inducing single-pulse, light-induced phase transitions is not known, more work 
needs to be done to understand this structural distortion mechanism, and to what extent it can be 
controlled. This is elaborated on in the future plans for Thrust 2-3 below.  

Future Plans 

Thrust 1: Technical development of bi-chromatic, multi-symmetry breaking pulses of light will 
commence at the start of the funding period. This light-source development is required to 
achieve the aims in Thrust 1-2 and 1-3. Once the development is completed, my group will 
execute Thrust 1-1 and 1-2, as they are similar experiments that can be performed on the same 
sample. Namely, the light-induced changes to the longitudinal and (nonlinear) Hall 
conductivities will be characterized in a nodal-line semimetal as a function of different light-
induced broken symmetries, including time-reversal (Thrust 1-1) and inversion (Thrust 1-2). 
Together, both experiments will fulfill my plan to demonstrate that materials can be tuned 
coherently through multiple Floquet-engineered topological states by tailoring the photonic field 
used to drive the material out of equilibrium.   

Following these experimental achievements, my group will create and capture coherent, out-of-
equilibrium topological magnetotransport responses in the same class of materials. It is predicted 
that in a magnetic field, changes to the out-of-plane conductivity will couple with a strong 
magnetic field to create an axial vector potential that will drive a new type of topological 
transport [2]. It is within my group’s capabilities to measure this response and it is planned to do 
so upon the completion of the other objectives in Thrust 1. 

Figure 3: By driving the lattice with laser pulses possessing 
different properties (polarization/wavelength etc.) the 
topological phase of the material can be switched, as shown by 
monitoring the nonlinear Hall effect.  
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Thrust 2: The key deliverables of Thrust 2 have begun to germinate (see Recent Progress). As 
this program grows, my group will continue to build on this success to understand exactly how to 
use coherent phonons to control material topology, either transiently (Thrusts 2-1 and 2-2) or 
permanently (Thrust 2-3). In the former case, light-induced changes to the nonlinear Hall effect 
will be monitored under strong optical driving to characterize and understand the coupling 
between coherent phonons and topological transport. My hope is to drive WTe2 and/or ZrTe5 
through a transient topological phase change, monitored by the ultrafast destruction and recovery 
of ultrafast nonlinear Hall currents. 

In Thrust 2-3, my group will expand on our preliminary data and deliver roads to femtosecond 
switching of persistent metastable topological phases. A persistent, switchable metastability in a 
topological transport observable has already been demonstrated. However, how this switching 
mechanism functions, and to what degree it can be controlled, will next be explored. With 
collaborative support from theory colleagues, this metastable switching will be characterized, 
pulse-by-pulse, as a function of laser wavelength and polarization state. This will seed the 
development of new coherent phonon engineering protocols to control material properties with 
switching times comparable to single femtosecond pulses of light.  
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Heterogeneous Integration of 2D-3D Materials for Energy Efficient Electronics 
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Research Scope 

The integration of 2D and 3D materials has emerged as a promising avenue to develop innovative 
technological solutions with enhanced performance and reduced energy consumption in the 
semiconductor industry. Through this project, we aim to understand the interface science and 
materials synthesis, and to integrate multi-dimensional materials to form 2D-3D, 2D-2D, and 0D-
2D heterostructures. Our goal is to develop in-depth understanding of how these interfaces works 
that will help us to develop design rules that governs the functionality of the devices and will 
enable fabrication of devices with unprecedented properties that can be applied in a wide range of 
functional applications. Specifically, our research is focused on the following areas: 
(i) Integration of two-dimensional (2D) semiconductor transition metal dichalcogenides (TMDs) 
with diamond (3D) with high thermal conductivity and carrier mobility. This integration is 
expected to produce new phenomena with enhanced properties. 
(ii) Integration of 2D-2D and 2D-infrared (IR) absorbing polymer (3D) with 0D quantum dots 
(QDs) of TMDs to develop photosensor and optoelectronic applications in a broader spectral 
range, particularly to push the limit to the IR sensing technology. 
(iii) Our interest to explore the fundamental physics at the interface of different heterogeneous 
materials system using computational DFT study. We will investigate the charge transfer 
phenomena at the interface as a function of defects, lattice mismatch, contact effect on 2D-2D, 
2D-3D and metal contacts etc. 
(iv) Phonon transport properties will be explored at different 2D-2D and 2D-3D interfaces to 
explore the thermal transport properties of such hetero integrated systems.  
 
Recent Progress: 

We recently got the grant awarded in August 2023. Given below are some of the preliminary 
results from the earlier work, which is the basis for the new proposed work: 
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Enhanced rectification in n-MoS2/p-CVD 
Diamond heterostructure: A wafer scale of high 
quality amorphous diamond films were grown 
using CVD technique on a Si/SiO2 wafer. 
Several exfoliated MoS2 flakes were transferred 
on the diamond film in ambient conditions and 
2-contact devices were fabricated as shown in 
the Figure-1.  We demonstrated the diamond (p-
type)/MoS2 (n-type) can create heterostructure 
p-n junctions with high current rectification 
ratio and operating at large current density (>103 A.cm-2).  
 

High responsivity NIR photosensor in MoS2/Polymer hybrid integrated structure:   
Developing high responsivity thin film photosensor working at broad spectral range, particularly 
NIR to IR wavelength is one of the great interest and challenge. We recently explored the 
photoconductivity of MoS2 and NIR absorbing DPPTT polymer hybrid heterostructure materials 
which shows extremely high photoconductivity at NIR region, from l = 800 nm to 1050 nm. 
Figure-2 (c) shows the photoresponsivity of pristine MoS2 phototransistor (Pradhan et al. 
Nanoscale (2020) 12, 22904) which provide high photoresponse in the visible wavelength of the 
solar spectrum and it fails to show responsivity above or NIR wavelength due to the band edge 
absorption. On the other hand, when the surface of such visible sensitivity 2D systems (MoS2) 
passivated with the NIR absorbing polymer, the hybrid device (MoS2/DPPTT polymer) yields 

 
Figure-1: n-MoS2/p-type CVD Diamond 
heterostructure shows enhanced rectification current. 
Fabricated device is shown on the right. (Ref. 1)   

 
Figure-2: (a) and (b) Shows 2D MoS2/DPPTT Polymer hybrid heterostructure assemble device with 
measurement scheme. (c) depicts the photoresponsivity of pristine MoS2 phototransistor. (d) and (e) 
display the photocurrent and responsivity of MoS2/DPPTT polymer hybrid device operate from visible 
800 nm to NIR 1050 nm of incident light wavelength. (Ref. 2) 
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much more sensitivity and extend photoresponse capability to the NIR region. Figure 2 (d) shows 
the photocurrent measured from the MoS2/DPPTT polymer device shows high photocurrent ~20 
nA at incident wavelength of 1050 nm in the NIR region. The extracted photoresoonsivity from 
the same polymer/2D hybrid integrated device shows high responsivity, R~100 A/W where 
pristine MoS2 does not show any responsivity due to the band edge absorption. 
 
Future Plans: 

We have plan to explore the interface physics in diverse members of layered van der Waals materials with 
2D-3D, 2D-2D and 2D-0D hetero integrated materials in close collaboration among the DOE EPSCoR 
family of Jackson State University (JSU), University of Mississippi (UM), and Argonne National 
Laboratory (ANL). Our immediate plans in the project are, Year-1: (i) to grow the high-quality diamond 
film and 0D, 2D materials such as transition metal dichalcogenides using CVD and CVT system, (ii) 
integrate some of these 2D materials with varying electronic properties such as n-type MoS2, p-type WSe2 
and ambipolar crystals with 3D diamond film and (iii) explore the various electronic and optical properties 
to understand the interface charge transfer dynamics in hetero integrated devices. Simultaneously, exploring 
the computation technique to simulate the charge transfer mechanism between different 0D, 2D and 3D 
(diamond) systems. Year-2: (i) We plan extend the synthesis more 2D materials family and explore the 
intrinsic interface properties. Emphasis will be given to 0D-2D-3D multi-layered integrated system for 
optoelectronic properties and ambipolar/diamond heterostructure for high power, energy efficient 
electronic applications. Role of different contact materials and their interface charge transfer mechanism 
will be studied to understand the charge transfer properties where the applications for energy efficient 
electronics could be enhanced. A phonon transport studies will be theoretical explored to understand the 
thermal transport behavior of these hetero integrated systems, which is one of the crucial parameters to 
develop energy efficient electronics.  
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Exciton Dynamics in 2D WSe2 Samples 

Birol Ozturk, Morgan State University 

Can Ataca, University of Maryland Baltimore County 

Keywords: 2D exciton and light-matter phenomena  

Research Scope 

 The nitrogen-vacancy (NV) color center defect in diamond has been widely used in 
quantum sensing experiments. Defects in two-dimensional (2D) transition metal dichalcogenides 
(TMDs) semiconductors are relatively less characterized and not well understood compared to 
defects in diamond. As wide band- gap semiconductors, 2D TMDs are potentially a host for defect 
energy states within the band-gap and rigorous characterization of defect properties will lead to 
their utilization in a wide range of quantum devices and applications. 

Recent Progress 

 In this preliminary study, we performed structural and optical characterization of 
mechanically exfoliated and Chemical Vapor Deposition (CVD) grown WSe2 samples. We have 
observed band-gap emission in the photoluminescence (PL) spectra from monolayer WSe2 
samples at room temperature. We extensively 
investigated the optical properties of defect states 
in these WSe2 samples at cryogenic temperatures 
and observed shifting of excitonic peaks to higher 
energies with decreasing temperature. Intensities 
of excitonic PL peaks did not increase uniformly 
with increasing excitation laser power, where dark 
exciton intensities increased more compared to 
free excitonic PL peaks. Excitonic peaks from 
exfoliated WSe2 monolayer samples shifted to 
lower energies compared to CVD grown samples 
due to substrate effects.  

Future Plans 

 We plan to collect PL spectra from the WSe2 and other 2D semiconductor samples with a 
high resolution spectrometer to better identify the exitonic peaks. We plan to perform optically 
detected magnetic resonance (ODMR) measurements to verify the possibility of using PL spectra 
from defects in these 2D semiconductors in quantum sensing experiments. We will also perform 
computational simulations to determine the quantum properties of defects in 2D semiconductors, 
including zero field splitting frequencies and Debye-Weller factors. 

Comparison of PL spectra from exfoliated and CVD 
WSe2 samples at different temperatures. 
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Incommensurate Interfaces in Intercalated Quantum Materials 

Joe Checkelsky, MIT 

Keywords: 2D and layered crystals, single crystals, transport 

Research Scope 

The objective of this study is to realize new types of incommensurate interfaces in bulk crystals 
with equilibrium (via direct synthesis) and nonequilibrium (post-synthesis) intercalated structures. 
The goals are to realize new behavior in terms of materials and devices that support modulated 
magnetism, topology, superconductivity, multiferroic behavior, and other emergent phenomena.  
The efforts involve materials synthesis, structural and electrical characterization, and modeling of 
physical properties.  Discoveries herein could offer new platforms for energy saving technology 
based on incommensurate interfaces. 

Recent Progress 

Incommensurate materials are systems which lack true crystalline periodicity and have long been 
a subject of study in condensed matter physics (1).  Realized in structural, magnetic, and charge 
density modulation systems, such materials extend the notion of crystallinity and are potential 
platforms for exotic phases of quantum beyond conventional solids.  These systems have been 
revisited after recent advances in van der Waals (vdW) heterostructures, which have demonstrated 
the capability of incommensurate structures to support correlated electronic phases (2).  Realizing 
such potential in bulk crystal systems offers opportunities for scalability and new methods of 
structural control.   

The transition metal 
dichalcogenides (TMDs) have 
played a key role in the recent 
developments in vdW 
heterostructures.  We have recently 
investigated these materials in the 
bulk form via synthesis of layered 
variants which in the synthesis 
process combine TMD layers with 
spacer layers (see Fig. 1) (3).  These 
materials are bulk materials grown 
by a chloride catalyzed reaction and 
produce single crystals of half 
millimeter lateral size.  In our initial 
report (3), the materials was found 
to have a spacer layer which had 

Fig. 1 – Transmission electron microscope image of layered TMD 
system (from (3)). 
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exactly three times the lattice constant of the TMD layer, yielding a commensurate structure with 
a zone-folded band structure.  Recent efforts have focused on the further synthesis of natural van 
der Waals (vdW) super lattices with structural modulation.  These are potentially material in which 
electronic transport of high mobility conducting layers is modulated by structural deformation, 
representing a natural crystal analog of vdW heterostructure with incommensurate structure.  
These are a natural foil to ex-situ intercalation and may represent an approach to modulating more 
complex “parent” electronic structures (see below).   

In terms of simulating the 
electronic properties of these 
materials, significant insight is 
provided by the modulation of the 
2D layer electronic structure with 
the symmetry of the spacer layer 
(see Fig. 2).  The zone folding that 
occurs in these materials can lead 
to changes in the hierarchy of 
bands, leading to changes in e.g. 
the importance of different types of 
spin-orbit effects at the Fermi 
surface.  A current question of 
interest is to what extend the 
emergent electronic behavior of these systems is determined by the TMD versus the spacer layer- 
it is therefore of significant interest to realize different spacer layers with the same TMD.  
Furthermore, the chemical combability of different layer types and the ability to control the 
stacking structure (in terms of number of layers and relative orientation) is also being investigated.  

In terms of ex-situ preparation of 
incommensurate structures, we have 
investigated molecular intercalation into 
graphite and other layered systems.  In 
contrast to the majority of prior graphite 
intercalation compound (GIC) studies 
(4), we have employed a two-step 
intercalation procedure that minimizes 
unwanted chemical reactions. The 
Raman spectroscopy in Fig. 3(b) shows 
that no discernible chemical disorder is 
introduced in the oxidation process (as 
suggested by the absence of the D band 
which often appears in such systems).  In 

Fig. 2 – Depiction of modulation of TMD layer with spacer potential. 

Fig. 3 – Raman spectroscopy of synthesized GIC compound 
compared to pristine graphite.  
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comparison with the GICs explored extensively in prior literature, this allows charge-neutral 
organic species to be intercalated.  This is a key consideration as intercalation can act to either 
decouple or more strongly couple layers depending the chemical interaction between the 
intercalant and the active layer in addition to the geometry (e.g. size) of the intercalant.  In the case 
of minimal charge transfer, a natural expectation is a relatively decoupling of the conducting layers 
that leads to stronger quasi-2D behavior.   

In terms the lateral structure 
formed by the intercalants, 
we have performed 
scattering experiments 
including synchrotron Wide 
angle X-ray scattering (see 
Fig. 4).  A series of 
structural changes are 
observed upon lowering 
temperature.  An 
outstanding challenge is to 
control the distribution and 
homogeneity of such a 
superlattice on a macroscopic scale.  With a refined structural model, a key goal is to develop an 
understanding of the modulated electronic structure of these systems.  This follows previous work 
in superlattice systems based on transition metal dichalcogenide systems with crystalline 
intergrown layers (3).  

To experimentally probe the resulting 
electronic structure, one well-established 
method is via quantum oscillations.  As in 
other GICs, there are pronounced quantum 
oscillations observed in the form of 
Shubnikov-de Haas and de Haas-Van 
Alphen effects in these compounds.  Here, 
we have focused on improving material 
quality with the aim of being able to resolve 
quantum oscillations at high temperature, 
including potentially across the ordering 
transitions of the intercalants. As shown in 
Fig. 5, the quantum oscillations of the 
lightest mass bands can be resolved above 
100 K.  By employing techniques with 
improvised sensitivity and higher magnetic fields, a key goal is to map the electronic structure of 

Fig. 4 – Synchrotron wide-angle X-ray scattering of GIC. 

Fig. 5 – Amplitude of quantum oscillations as a function of 
temperature of GIC fit for effective mass. 
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these GICs across the ordering transitions.  This would allow for a direct probe of the evolution of 
the Fermi surfaces in these systems and an examination of the development of long-range order of 
the intercalants on the overall electronic properties of these materials.  Thermodynamic 
measurements of these materials are also of significant interest to map structural phase transitions 
that may occur, including for different intercalants with varying degrees of charge transfer and size 
of intercalant.  Finally, the role of chiral intercalants has recently been discussed in the literature 
and may allow additional degrees of freedom to be introduced in the material design of intercalated 
systems.   

Future Plans 

For as-grown materials, developing an understanding of which TMDs are most amenable to these 
structural forms is a key target.  Significant insight can be provided by the study of misfit systems 
(5); we plan to build on this large body of literature in this development.  In terms of physical 
phenomena, finding active layers which connect to e.g. frustrated magnetism or excitonic behavior 
would potentially enable scalable platforms for such phenomena recently explored in the literature 
for few-layer vdW heterostructures. This could potentially open the study of such systems to tools 
that require macroscopic samples (e.g. neutron scattering).  For post-synthesis intercalation, 
developing methods to improve the range of coherence of GICs and improving their electronic 
quality is a focus for future work.  Additionally, extending these studies to other layered hosts 
including the TMDs is of significant interest.   
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Criteria and impact of electronic growth modes of metals on MoS2  

Timothy E. Kidd, Pavel V. Lukashev, Paul M. Shand, Andrew J. Stollenwerk 

Keywords: 2D and layered crystals, nanostructures, transition metal compounds, scanning 
tunneling microscopy, magnetotransport 

Research Scope 

 From an applications perspective, the ability to form high quality metallic contacts is 
crucial to integrating 2D semiconductors like MoS2 into a device configuration. The general 
challenge is that the van der Waals surface of these materials is quite inert, which inhibits strong 
bonding and epitaxial growth. Furthermore, the lattice mismatch typically exceeds 8%, which 
leads to significant strain for most growth processes. In this research project, we explore the 
physics found at the interface between metals and layered semiconductors to determine optical 
growth processes to harness their potential applications. 

In this work, have explored different combinations of meal and layered semiconductors to 
determine the properties essential for forming useful metallic contacts for devices. In varying the 
combinations of layered substrates and deposited metals, we are able to explore film growth modes 
with respect to properties including surface diffusion, bonding energies, lattice mismatch, and 
surface free energy. Our initial work focused on the noble metals, based on our discovery of 
electronic growth in the Au/MoS2 system.1 This electronic growth mode, also seen in other noble 
metals, led to the self-assembly of quantized features correlated to the Fermi surface topography 
of the metal. Furthermore, these films had an abrupt interface with no determinantal signatures of 
strain from the large (~8%) lattice mismatch. As we explored other systems, we have developed a 
better understanding of the microscopic origins of this quantized electronic growth and also 
discovered new phenomena with potential in the area of spintronics and catalysis.  

Recent Progress 

 In the past two years, we have discovered three distinct growth modes for metals on 
semiconducting layered dichalcogenide substrates. The noble metals Au, Ag, and Cu all exhibit 
very similar features at nanometer scale coverages. In each system, the metals form features with 
quantized heights correlated to their electronic structure, abrupt interfaces, and have surfaces that 
are atomically flat. These metals all share very similar Fermi surface topographies and lattice 
constants. The largest difference in their microscopic properties is Au bonds directly above the 
sulfur atoms at the surface for sulfur based dichalcogenide substrates, while in all other cases these 
metals bond in the hollow site surrounded by three sulfur atoms. For comparison, we examined 
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MoS2, WS2, MoSe2, and WSe2 substrates 
using density functional theory calculations. 
For each system, the calculations show the 
difference in binding energy for nearby sites 
is quite small, indicated easy diffusion of 
metal ions on the dichalcogenide surface 
even at room temperature.2 This was 
especially true for the Au/MoS2 system (Fig. 
1), which exhibited the strongest electronic 
growth, with quantized heights seen up to a 
film thickness of 7 nm. Additionally, in the 
Au/MoS2 system, deposition above 8 nm 
thickness resulted in atomically flat films 
with a high degree of uniformity.3 As an 
optimal system, we further probed the 

details of the Au/MoS2 interface.  

To explore the robustness of the Au/MoS2 system and its potential for device applications, we 
explored the use of sputtering for film growth. In our studies of fundamental properties, we deposit 
the metals on freshly exfoliated surfaces using molecular beam epitaxy in ultra-high vacuum 
chambers on single crystal substrates. To test the impact of disorder, we instead used a sputtered 
MoS2 film on a standard, unprocessed, 
silicon wafer as our substrate for Au 
deposition. Upon this film, we sputtered 
gold films of various thickness to explore 
surface roughness. The silicon wafers with 
native oxide had a surface roughness of 
roughly 200 pm as measured by atomic 
force microscopy. The optimal MoS2 film 
thickness was found to be 2 molecular 
layers, with surface roughness slightly less 
than the silicon wafer. Sputtering Au onto 
this MoS2 film resulted in even flater 
surface morphologies. While these films 
did not display the single crystal 
characteristics found using single crystal 
substrates, the lowest measured surface 
roughness was found to be 72 nm (Fig. 2), 
which is quite near the resolution lmit of our 
microscope. As for the samples grown on 
single crystals, these ultra-flat surfaces were 

Figure 1. Density functional theory calculations of the 
binding energy of an Au atom on various layered 
semiconductor substrates. 

Figure 2. Topography measurements of Au films deposited 
onto a 2 monolayer MoS2 film. The horizontal scale bar in 
each image is 500 nm. The RMS surface roughness is 
indicated within each image. Au film thicknesses are a) 2.9 
nm Gold. b) 7.8 nm Gold. c) 12 nm Gold. d) 15 nm Gold. 
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only found for Au films thicker than the quantization limit of 7 nm. This indicates that even for 
growth under such relatively crude conditions, electronic growth modes could have a significant 
impact.  

We also explored deposition using Ni, Co, Pd, and Pt. In Pd and Pt, there were some signs of 
limited electronic growth,4 but only for isolated nanostructures. These metals, as compared to Au, 
Ag, and Cu, have significantly stronger binding energies to the substrate and very different Fermi 
surface topographies. Of interest was the fact the size of the nanostructures remained unchanged 
over a range of deposition coverages. Rather than aggregate to form plateaus or larger structures, 
the surface was simply populated with more nanostructures at higher coverages. Given their use 
in catalysis, these systems could find use in applications requiring size uniformity and high surface 
areas.  

The Ni and Co films appeared exactly as one might expect for metals deposited on an inert system. 
These systems followed a standard Volmer-Weber growth pattern forming irregular clusters. 
However, their magnetic properties were quite interesting. We determined that there is an 
anomalous magneto-transport effect in these films at room temperature5 and significant 
hybridization between the metal film and semiconducting substrate.6 In measuring magnetization, 
we have been able to link the magnetotransport behavior to the formation of a spin glass at the 
interface. For example, at low temperatures the Ni/MoS2 system behaves as a normal 
ferromagnetic film with standard magnetotransport through the interface. However, near room 
temperature, this system shows significant time dependent properties as a spin glass and a 
significant anisotropy in magnetotransport. This asymmetry shows some variation between 
samples, and so we expect some strong dependence on the initial film formation that we have not 
yet determined.  

Future Plans 

 We have determined three areas of interest: magnetic interfaces, electronic growth, and 
nanostructured catalysts. We have also seen that at least some interesting properties can persist 
even within highly disordered systems such as the sputtered MoS2 substrates. One general avenue 
of research will be to explore the impact of finite layer substrates. In the next year, we will be 
bringing a thin film growth system online which will be able to deposit ordered single and finite 
layer dichalcogenide materials as well as heterojunctions to further explore dimensional 
confinement. We anticipate this will not only enable integration to standard device specifications 
but also explore hybridization effects and their impact on truly 2D materials.  

 We are also introducing research into the potential for the Au/MoS2 system as a substrate 
for science in surface enhanced Raman spectroscopy and self-assembled organic molayers with 
thiol anchors. Using temperature and deposition coverage as parameters, surface roughness can be 
tuned very finely, which should complement research in these areas. In the magnetic films, we will 
be performing cross-sectional transmission electron microscopy with collaborators at Ames 
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laboratory to better understand the interface structure and control the magnetoresistance 
anisotropy. In the area of nanostructures (Pd, Pt, Ag, Cu, Au) we will use the microprobe system 
at Brookhaven Laboratory to test catalytic potential as a function of size, density, and substrate.  
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Exploring Chirality-Spin Interplay Enabled by the Inorganic Chiral Nanostructures 

Min Ouyang, University of Maryland- College Park 

Keywords: spins, nanostructures, light-matter phenomena, scanning probe microscopy, chirality 

Research Scope 

 The interplay between chirality and spin in inorganic solids has important implications in 
understanding and controlling fundamental magnetism with emerging applications in various 
fields, including Spintronics. The overall scope of this project is to develop a new class of inorganic 
nanostructures that can possess well-defined structural chirality and can be utilized as a foundation 
to explore various chirality entangled phenomena in condensed matters, and to characterize, 
understand inorganic chirality and explore intrinsic spin-chirality coupling. This project has 
adopted a multi-pronged experimental approach to achieve our goals by combining novel optical- 
atomic force microscopy (AFM) and low-temperature femtosecond optical spectroscopy with 
chemically synthesized chiral inorganic nanostructures. Knowledges as well as materials 
advancement and characterization of chiral inorganic nanostructures may enable new technology 
of such as next generation of magnetic storage and quantum information processing by using 
structural chirality. 

Recent Progress 

 During the grant period (2022-2024), we have achieved substantial progresses in materials 
development of colloidal chiral nanostructures, characterization of chirality at the nanoscale and 
intrinsic spin-chirality coupling, with a few selected results highlighted below: 

• Tuning geometric chirality in chiral metallic and their hybrid nanostructures by controlled crystal 
symmetry breaking. 

While organic chiral molecules containing cyclic or dihedral point groups and their induced 
chirality-dependent phenomena have been extensively studied, exploration of inorganic chiral 
solids has been limited due to their structural complexity with involvement of many atoms as well 
as lack of understanding of underlying chiral mechanisms. We have developed a facile and general 
bottom-up synthetic strategy for achieving chiral metal (e.g., Au, Pd) nanostructures with different 
morphology and fine chirality control (Figure 1)1. The underlying chiral mechanism enabled by 
the chiral boundary morphology is proposed and substantiated by theoretical modeling and finite 
element method (FEM) simulation. These colloidal chiral metal nanostructures have manifested 
robust chirality that can be further used as building blocks towards formation of more complex 
chiral nanostructures. During the grant period, we have also achieved a new class of chiral hybrid 
metal-semiconductor nanostructures that can allow integration of chirality with other properties 
and functionalities2. Our achievement of chiral metal and their hybrid nanostructures have paved 
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the way to engineer nanoscale inorganic chirality and thus investigate various chirality entangled 
effects with new technological applications. 

• Emerging experimental approach towards chirality and chiral electromagnetic field imaging with 
nanoscale spatial resolution. 

Characterization of structural chirality in condensed matter systems has been extremely 
challenging. Typical characterization technical is based on far- field optical spectroscopy, i.e., 
circular dichroism (CD) spectroscopy by measuring different absorptions of chiral objects between 
left- and right- 
circularly polarized 
light. Nevertheless, due 
to the fundamental 
optical diffraction limit, 
spatial resolution of CD 
is in the range of 
micron-meters. We 
have developed a novel 
experimental tool to 
enable direct optical chirality imaging by combining the AFM with chiral photothermal effect 
(unpublished). Enabled by this newly developed technique, we have demonstrated during the 
current grant period a spatial resolution of chiral imaging down to 10 nm. This technique has been 
applied to investigate and understand chirality of our synthesized chiral Au nanocubes with one 
example presented in the Figure 2. 

  

Figure 1. (A) Induced structural chirality by the broken crystal symmetry. (B) Typical TEM images of S- and 
R- chiral Au nanocubes. Scale bar, 10nm. (C) The CD (left) and absorption (right) spectroscopy of S- (red curve) and 
R- (blue curve) chiral Au nanocubes. 

A B 

C 

Figure 2. Topographic (A), near- field absorption (B) and chiral (C) images 
that are acquired simultaneously on a chiral Au nanocubes by our newly developed 
optical-AFM technique.  (B) and (C) were acquired at 633 nm. Scale bar, 100 nm 

A B C 



 

360 
 

• Exploring chirality-dependent spin polarizations in the chiral metal-semiconductor hybrid 
nanostructures. 

During the grant period, we have utilized chiral Au-CdS hybrid nanostructures as a model system 
to investigate spin-chirality coupling at the low 
temperature (4K). We have employed time-
resolved Faraday rotation (TRFR) 
femtosecond spectroscopy to explore spin 
dynamics of achiral semiconductor (CdS), 
when being coupled to a localized chiral 
plasmonic field originated from the Au core 
nanoparticles3. We have performed a series of 
control measurements by comparing chiral and 
achiral Au-CdS nanostructures, and we have 
observed that while for achiral Au-CdS 
nanostructures spin excitation with linearly 
polarized excitation in TRFR measurements 
has led to null TRFR signals because the spin-
up and spin-down excitons are cancelled out, a 
clear chirality-dependent TRFR oscillation has 
been unambiguously observed from the left- 
handed and right-handed chiral Au-CdS core-
shell nanostructures under the excitation of 
linearly polarized light. This observation has 
provided the firs evidence of chiral light-matter interactions through interfacial coupling, which is 
fundamentally different from the chirality-induced spin polarization observed in organic 
molecules. 

Future Plans 

 We will continue our achievements in both growth and characterizations of chiral 
nanoscale condensed matter systems and optical chirality-entangled spin measurements, with 
particular focus on understanding chirality mechanism and chirality-spin coupling. More 
specifically, we will optimize our newly developed nanoscale chirality imaging and combine with 
theoretical simulation to elucidate chirality imaging mechanism (Figure 2). We will also continue 
our chirality-spin measurements on the chiral Au-CdS nanostructures by tuning its structural 
parameters (e.g., semiconductor shell thickness and chiral core size) and investigate systematically 
structure-spin property relationship to elucidate the underlying mechanism of results presented in 
Figure 3. The outcome of this new study should enable unexplored nanoscale spin physics and 
magnetism, and open up new horizons of spin control beyond the conventional semiconductors 
Spintronics. 

Figure 3. (A) TEM image of chiral Au-CdS 
hybrid nanostructure (left) and high- resolution image 
(right) showing single crystalline semiconductor shells. 
(B) The TRFR spectra of left- and right- handed hybrid 
nanostructures.  

A 
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Probing the origins of Chirality Induced Spin Selectivity via transport measurements 
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Keywords: Spintronics, nanostructures, hybrid organic inorganic perovskites, semiconductors, 
magnetotransport 

Research Scope 

Chirality induced spin selectivity (CISS) generates spin polarization in electron currents passing 
through a chiral molecule. Since its discovery almost two decades ago, CISS has been 
experimentally observed in a number of spectroscopic and tunneling magnetoresistance 
measurements. The theoretical foundations of CISS however, remain a subject of intense debate: 
helicity, chirality, substrate effects, interface effects, inelastic scattering processes, and many-body 
effects have all been highlighted as the critical factor governing CISS. One reason for this lack of 
consensus is that most CISS materials are delicate molecular systems that display spin filtering 
behavior under exacting conditions. This limits the types of geometries these systems can be 
integrated into for experimental enquiry. Our proposal, premised on the recent discovery the 
CISS system (Methylbenzylammonium)2Pb1-xSnxI4, aims to provide key experimental insights 
needed to consolidate the theoretical foundations of CISS. The key properties of this system that 
make it fundamentally different from other CISS systems and ideal for integration into flexible 
transport platforms are its semiconducting nature and its ability to be spun coated into oriented 
thin films. We will develop processes to integrate (MBA)2Pb1-xSnxI4 into a variety of transport 
measurement geometries and characterize charge and spin transport in these systems. The 
objectives of the proposed experiments are to measure critical parameters for CISS systems 
including spin-orbit coupling strength, prevalence of spin-flip scattering, and interaction with 
other spin orders such as superconductivity.   

Recent Progress 

We have made Hall-bar devices and measured in-plane transport. 
The conductivity values match expectations. Magnetization 
measurements in a SQUID-MPMS system confirm the absence of 
ferromagnetism (figure 1).  

Future Plans 

(MBA)2Pb1-xSnxI4 is semiconducting, highly tunable, and solution 
processable. We will capitalize on these unique features to make 
Hall bars, multi-terminal measurement platforms, and 
superconducting hybrids with (MBA)2Pb1-xSnxI4. Temperature dependent magnetoresistance 
measurements in such geometries have been the workhorse of experimental Condensed Matter 
Physics and have elucidated phenomena ranging from superconductivity to topological insulators. 
We will apply this powerful toolkit to CISS systems. For example, measurements of non-local spin 

Figure 1: Magnetic moment of 
a 50 nm thick (R-MBA)2SnI4 
film at 300 K. 
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transport on Hall bars will allow us to experimentally determine spin-orbit coupling strength, 
which is the major source of controversy in understanding CISS. Measurements of spin currents 
with ferromagnetic leads in various orientations will allow us to experimentally determine spin 
transport efficiency.  Finally, measurements of supercurrents in superconductor-ferromagnet-CISS 
hybrids will enable us to examine theoretical predictions of triplet superconductivity in CISS-
superconductor hybrids. 
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Intervalley coherence and spin orbit coupling in rhombohedral trilayer graphene 
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Research Scope 

 Our program seeks to understand the interplay between magnetism and superconductivity 
in correlated two dimensional materials using scanned probe microscopy based on nanoscale 
superconducting quantum interference devices.  Our sensors are nanoscale SQUIDs fabricated at 
the apex of a quartz tube, and can be made as small as 30nm in diameter; moreover, they boast 
flux sensitivities near the quantum limit enabling, in principle, single spin detection.  We have 
built two working instruments operating at 300mK and 1.5K, respectively, and are working on a 
20mK machine to bring this technique to bear on a wide range of heterostructures over a large 
range of temperatures and magnetic fields. Under this phase of the program, our science focus is 
on rhombohedral multilayer graphene, which we previously discovered hosts superconducting and 
magnetic states similar to `magic-angle’ graphene but without disorder induced by inhomogenous 
stacking 

Recent Progress 

 Rhombohedral graphene multilayers show a cascade of magnetic and superconducting 
states when electrostatically doped through a gate-tuned van Hove singularity[1-4].  
Rhombohedral graphene provides a highly reproducible and nearly disorder free platform to 
explore the emergence of superconductivity in a strongly interacting electron system, and a wide 
range of contrasting theoretical proposals have emerged to describe the interplay of correlated 
electron phenomena.  However, a lack of experimental constraints on the emergent orders, and 
precise microscopic Hamiltonian has stymied theoretical progress.    

In our recent progress, we used local magnetometry combined with electronic 
compressibility measurements to reveal a quarter-metal phase with a single fermi surface 
characterized by in-plane spin polarization but a vanishing out-of-plane orbital moment in 
rhombohedral trilayer graphene.  We identify this new phase with an inter-valley coherent (IVC) 
phase with real-space charge density wave order. The inter-valley coherent phase competes with 
valley imbalanced (VI) orbital ferromagnets, in which electrons condense preferentially into one 
of the two inequivalent momentum space valleys.  Remarkably, the competition between IVC and 
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VI phases is highly sensitive to intrinsic 
spin-orbit coupling, which suppresses the 
in-plane spin susceptibility of the VI phases 
and leads to distinct new correlated phases 
with hybrid VI-IVC character.    

Figure panel A shows the inverse 
compressibility 𝜅𝜅 for hole doping in the 
vicinity of the `quarter metal' phase 
previously identified to have a single Fermi 
surface by Zhou et al [1]. In the current 
work, we have improved both 
thermalization ad sensitivity to allow us to 
resolve more phases in the same type of 
sample. Several features associated with 
phase transitions are visible in panel A, 
which is measured under an applied magnetic field of 𝐵𝐵∥= 0.5T to polarize the electron spins into 
the plane. The transitions fall into two categories.  First order transitions are marked by a negative 
dip in compressibility, and are associated with a change in isospin order. Steps in 𝜅𝜅, in contrast, 
are associated with Lifshitz transitions where the fermi surface topology changes.  

Panel B shows our proposed assignment of spin- and valley orders to the parameter space 
spanned in panel A. We identify four distinct regimes of isospin polarization.  At the lowest values 
of 𝑛𝑛𝑒𝑒 D, the system is in a paramagnetic phase with full isospin symmetry (Sym). At the highest 
values of 𝑛𝑛𝑒𝑒, the system is a spin-imbalanced (SI) ferromagnet, with identical, spin-polarized fermi 
surfaces in the two valleys.  Spin-triplet superconductivity was reported at the extreme low-|𝑛𝑛𝑒𝑒| 
end of this ̀ half-metal' SI phase. At high D and intermediate 𝑛𝑛𝑒𝑒, we identify two competing phases, 
both of which are spin polarized. In the valley imbalanced (VI) phase, the ground state conserves 
particle number in each of the two valleys but the net valley polarization is finite—the fermi 
surfaces in the contrasting valleys have different sizes. In the intervalley coherent (IVC) phase, in 
contrast, valley charge is not conserved, and fermi surfaces have k-dependent valley polarization 
resulting from the hybridization of the two valleys.  Within each of these distinct isospin 
polarization regimes, Lifshitz transitions separate regions with simple (s), disjoint (d), or annular 
(a) topology of the Fermi sea.  

While we do not elaborate on it in this abstract, our paper (in preparation) shows how the 
IVC/VI boundary directly reveals the presence of intrinsic spin orbit coupling. Notably, the value 
of 370 mK is non-negligible when compared to the energy differences between different magnetic 
states—expected to be in the few Kelvin range—and considerably larger than superconducting 
pairing energy inferred from the transition temperature. Crucially, the existence of spin orbit 
coupling lowers the symmetry of the single-particle Hamiltonian, making a number of new ground 

Intervalley coherent quarter metal in rhombohedral 
trilayer graphene.  A, Inverse compressibility, 𝜅𝜅 = 𝜕𝜕𝜇𝜇/𝜕𝜕𝑛𝑛𝑒𝑒 as a 
function of carrier density 𝑛𝑛𝑒𝑒 and applied displacement field D at T 
\approx 20mK and 𝐵𝐵∥ = 5𝑇𝑇. B,  Schematic phase diagram. Sym is a 
symmetric state; VI and IVC, are quarter metals with a single fermi 
surface; SI is a spin polarized, valley unpolarized state with two 
fermi surfaces. Dashed lines indicate Lifshitz transitions between 
disjointed (d), simple (s) and annular (a) fermi surfaces as marked 
by lower case labels. There is a superconducting pocket (SC2) at the 
boundary between the IVC and SI phases as marked.  
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states more likely.  For example, the competition between spin orbit coupling and ferromangetic 
Hund's coupling naturally gives rise to spin polarized but valley-imbalanced half metals.   
However, theoretical treatments to date have typically neglected the effects of intrinsic spin orbit 
coupling entirely.  It is likely that finite spin orbit coupling plays a key role in the physics of low-
temperature interacting electron phases present in twisted and rhombohedral graphene systems. 
Indeed, a number of previous reports in Bernal bilayer and twisted double bilayer are consistent 
with finite spin-orbit coupling.  

Future Plans 

WSe2 support plays an important role in encouraging superconducting behavior; for 
example, in Bernal bilayer graphene is increases Tc by an order of magnitude [4].  This effect has 
remained enigmatic but is presumably tied to the enhanced spin orbit coupling. Having revealed 
the effects of intrinsic spin orbit coupling in the current reporting period, in the next award period 
plan to use nanoSQUID on tip microscopy and capacitance to directly probe the effects of induced 
spin orbit coupling in WSe2-supported rhombohedral trilayer.  Transport measurements, we 
believe, may reveal significantly enhanced Tc.   
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Research Scope 

The broad scope of this work under the QIS program involves theoretical, materials development, 
and measurement methods towards the creation of topological systems capable of supporting 
topological qubits in transition metal dichalcogenide (TMD) materials. Successes include: 
theoretical predicting the occurrence of a flat band in small angle twisted WSe2 hosting an 
interaction driven Haldane and Mott insulators;[1] using theory to develop of a recipe for creating 
topological bands in AB stacked TMD bilayers;[2] study of the band structure driven 
thermoelectric response of ZrTe5[3], a transition metal dichalcogenide that may host topologically 
nontrivial ground states; and observation of ferroelectric properties and moiré structure in 
rhombohedral stacked TMDs.[4] 

Recent Progress 

We have worked in two realms to broaden the scope of potentially topological materials. In one 
effort, we have focused on growing TMDs with potentially topological properties, while in the 
other we have worked on creating new “twistronic” materials functionality by creating layer-by-
layer stacks with a twist between the layers. In this regard, the Jarillo-Herrero group and the Fu 
groups (with primary funding from our QIS grant) produced a breakthrough in ferroelectricity in 
twisted TMD layers.[4] Ultrathin semiconducting transition metal dichalcogenides (TMDs) such 
as MoSe2 hold promise for next generation electric and optoelectronic devices thanks to their 
extremely rich properties such as thickness dependent band gap, strong Coulomb interactions and 
spin-valley locking. These properties are further enriched by employing unique degrees of freedom 
in van der Waals (vdW) heterostructures with non-equilibrium stacking configurations. For 
example, varieties of emergent phenomena such as interlayer excitons, moiré excitons, and 
correlated insulating states have been recently discovered in heterobilayers of TMDs. Jarillo-
Herrero and Fu discovered a new emergent property in semiconducting rhombohedral-stacked 
bilayer TMDs: ferroelectricity. The exfoliated bilayer TMD is non-ferroelectric because the 
adjacent layers are stacked antiparallel to each other. 
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We have adopted pulsed electronic methods (initially used for pulsed capacitance measurements) 
to study ferroelectricity and ferroelectric switching rates in bilayer rhombohedral stacked hBN 
structures. Figure 1 shows the basics of the measurement technique and data. We investigated 
switching kinetics over 10 orders of magnitude in time: from 1 ns to 10 s for up to down 
polarization switching and from 1 ns to 5 s for down to up polarization switching. We employed 
different measurement configurations for three different time scales: Above 1 ms, we used the 
Function Generator DS345 (Stanford Research Systems) through the DC port of the bias tee. 
Between 10 ns and 10 µs, we used the Data Timing Generator DTG5274 (Tektronix) via the RF 
port of the bias tee (See Fig. S1). Below 10 ns, we utilized the DTG5274 with an additional 16 dB 
attenuator and the amplifier Model 5865 (Picosecond Pulse Labs) through the RF port of the bias 
tee to apply a voltage pulse greater than 2.5 V. 

 

We observed that the critical voltage for polarization switching increases as the pulse width 
decreases. Meanwhile, we can still achieve polarization switching with a pulse width as short as 1 
ns for both up-to-down and down-to-up polarization transitions. We note that the switching speed 
of 1 ns is only limited by the instrumentation, and further investigation is required to examine the 
ultimate switching speed. The rapid switching observed at the nanosecond scale rivals the state-

  

 
Figure 1: a) Schematic of the side view of the ferroelectric field-effect transistor. b) Illustration of the 
measurement procedure for the results shown in (d). c) Resistance of monolayer graphene Rxx as a function of the 
back gate voltage. The red and blue curves correspond to forward and backward scans, respectively. The inset 
shows the enlarged view at the ferroelectric switching voltages. d) Resistance of monolayer graphene Rxx 
measured at VB = 0.21 V after the application of negative voltage pulse of Vpulse V and tpulse ns. The inset shows 
the enlarged view from 1ns to 10ns. 

a b 

c d 
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of-the-art values for FeFET devices, suggesting potential applications in nonvolatile devices 
operating in the GHz frequency range. 

Future Plans 

If the polarization switching occurs via the domain wall motion of a single domain, the domain 
wall speed is as high as 1000 m/s, by dividing the device size of around 1 μm by the pulse width 
of 1 ns. This is close to the speed of shear phonon modes, which is theoretically predicted to be 
the physical limitation of the domain wall motion. Real-space imaging will be invaluable for 
understanding the dynamics of ferroelectric switching in sliding ferroelectricity from both 
fundamental and application perspectives. 
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