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Foreword 

This book contains abstracts for presentations made at the 2017 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 fostered 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 covers a broad range of research activities 

supporting experimental research with the goal to fundamentally understand of the relationships 

between intrinsic electronic structure and the properties of complex materials. The program 

focus is largely on systems whose static and dynamic behavior derives from strong electron 

correlation effects, competing or coherent quantum interactions, effects of interfaces, defects, 

anisotropy and reduced dimensionality. Scientific themes include superconductivity, magnetism, 

low dimensional electron systems, and nanoscale systems. The program also supports studies of 

materials under extreme conditions such as ultra-low temperatures and ultra-high magnetic 

fields. In the last few years the program has increased support for research in the areas of 

quantum materials, spin physics, topological materials, materials far from equilibrium and highly 

anisotropic materials to provide new insights into the evolution of correlated electron behavior in 

condensed matter systems. Improving understanding of the electronic behavior of complex 

materials on the atomic, nano and mesoscopic scales is relevant to the DOE mission, as these 

materials offer enhanced properties potentially leading to dramatic improvements in wide-

ranging technologies needed for efficient energy generation, conversion, storage, delivery, and 

use. 

 

The meeting was organized into nine oral and two poster sessions covering the range of activities 

supported by the program.  Co-chairs were introduced for the first time in the meeting and I 

express my appreciation to John Mitchell and Judy Cha for their invaluable help in organizing 

the meeting. One session featuring a panel discussion was also introduced, with this year’s topic 

entitled, “Opportunities in ECMP Basic Research for Next Generation Quantum Systems and 

Devices”. We thank all the participants for their investment of time and for their willingness 

to share their ideas with each other and with BES. We also want to gratefully acknowledge 

the excellent support provided by Ms. Linda Severs of the Oak Ridge Institute for Science and 

Education and by Ms. Teresa Crockett of BES, for their efforts in organizing the meeting. 

 

Dr. Michael (Mick) Pechan 

Program Manager, Condensed Matter and Materials Physics 

Division of Materials Sciences and Engineering 
Basic Energy Sciences 
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Spontaneous and Field-Induced Symmetry Breaking in Low Dimensional Nanostructures 

 

PI: Chun Ning (Jeanie) Lau 

co-PI: Marc Bockrath 

Department of Physics and Astronomy, University of California, Riverside, CA 92521 

Department of Physics, The Ohio State University, Columbus, OH 43210 

 

Program Scope 

 Electron-electron interactions can strongly modify the qualitative properties of low-

dimensional materials. For example, one-dimensional (1D) systems exhibit Luttinger liquid 

behavior instead of Fermi liquid behavior, while two-dimensional (2D) systems exhibit the 

fractional quantum Hall effect. The goal of our current grant is to investigate and understand 

strongly correlated electron behavior using few-layer graphene, which has emerged as archetypal 

2D nanostructures. This research program explore 3 key areas:  

(1). exploiting the instability of few-layer graphene to the formation of a correlated electron 

ground state[1-3] [4-6], due to the many competing symmetries. In particular, we will investigate 

the intrinsic gapped state and the related filling factor ν=0 quantum Hall states at the charge 

neutrality point, by mapping their phase diagram and phase transitions as a function of electric 

field, perpendicular and parallel magnetic fields, charge density, disorder and temperature. Many 

of the phases are topological with quantized conductance.  

(2). the emergence of novel phenomena when it is in the proximity of other materials, such as the 

Hofstadter butterfly physics and topological bands in aligned BN/graphene superlattices[7-9], and 

inducing superconductivity via ionic liquid gating of suspended samples that allow ion 

accumulation on both surfaces.  

(3). realizing topological superconductivity with Majorana excitations, which is predicted to 

appear in superconductor-contacted graphene[10]. This project combines both of the above 

directions, as it takes advantage of graphene’s tunable magnetic orders in the ν=0 state – the 

crossover from antiferromagnetic to magnetic states is expected to accompany a transition from 

gapless to gapped Majorana excitations. 

  We will perform low temperature transport and nanoelectromechanical measurements, 

using ultra-clean devices that are either suspended or encapsulated by hexagonal BN. Taken 

together, these experiments will provide a comprehensive investigation of how electron-electron 

interactions affect the properties of these exciting materials, and how topological modes can 

emerge and be tuned in these systems. Successful implementation of the proposed experiments 

will be a major step forward in our fundamental knowledge of electron correlation and many-

body physics in materials, which is important for physics, material science, engineering and 

energy science. 

3



Recent Progress  

In the past two years, we have made significant progress in our studies of ultra-clean low 

dimensional nanostructures, focusing on ultra-clean graphene devices that are either suspended 

or supported on hexagonal BN substrates. Some of the works are highlighted below.  

1. Fractional Quantum Hall Effect in BLG 

 Owing to the spin, valley, and orbital symmetries, the lowest Landau level in BLG 

exhibits multicomponent quantum Hall (QH) ferromagnetism. Using transport spectroscopy, we 

investigate the energy gaps of integer and fractional QH states in BLG with controlled layer 

polarization. The state at filling factor =1 has two distinct phases: a layer polarized state that 

has a larger energy gap and is stabilized by high electric field, and a hitherto unobserved 

interlayer coherent state with a smaller gap that is stabilized by large magnetic field. In contrast, 

the =2/3 QH state and a feature at =1/2 are only resolved at finite electric field and large 

magnetic field (Fig. 2). These results underscore the importance of controlling layer polarization 

in understanding the competing symmetries in the unusual QH system of BLG. This work is 

published in Physical Review Letters. 

2. Tunable Symmetries of Integer and Fractional Quantum Hall Phases in Multi-Dirac-Band 

Heterostructures  

 The co-presence of multiple Dirac bands in few-layer graphene leads to a rich phase 

diagram in the quantum Hall regime. Here we map the phase diagram of BN-encapsulated ABA-

stacked trilayer graphene as a function charge density n, magnetic field B and interlayer 

displacement field E, and observe transitions among states with different spin, valley, orbital 

and parity polarizations. Such rich pattern arises from crossings between Landau levels from 

different subbands, which reflect the evolving symmetries that are tunable in situ. At E=0, we 

observe fractional quantum Hall (FQH) states at filling factors 2/3 and -11/3. Unlike those in 

bilayer graphene, these FQH states are destabilized by a small interlayer potential that hybridizes 

the different Dirac bands. This work is published by Physical Review Letters. 

Fig. 1. Data from a bilayer graphene. (a). Measured LL gap (B) for the =1 state at out-of-plane electric field 

E =0 (blue) and E =-20mV/nm and -40mV/nm (red) respectively. The states have very different slopes at 

zero and finite electric field. (b). . The fractional QH state =2/3 is visible as a vertical white stripe. 

(c). Landau level gap of =2/3 state vs B.  

(a) (b) (c) 
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3. Gate-Tunable Landau Level Filling and Spectroscopy in Coupled Massive and Massless 

Electron Systems  

 An interacting electron system’s quasiparticle spectrum strongly influences its behavior. 

Here we study the interaction between coupled two-dimensional electron systems with different 

spectra where one is massive and the other massless, realized using a graphene monolayer 

(massless spectrum) in contact with a graphene bilayer (massive spectrum). We incorporate this 

system into a dual-gated transistor geometry and study its properties using transport 

measurements. Because of their close proximity, the interlayer interactions are strong, and the 

disparate spectra produce unique and novel behavior. As a result of the interlayer interactions, 

the monolayer’s Dirac spectrum causes its capacitance to become nonlinear. Moreover, in a 

magnetic field we are able to perform spectroscopy on the Landau levels in the system, 

measuring the Fermi velocity in the monolayer and the effective mass in the bilayer. The value 

obtained for the mass is larger than that obtained for an isolated layer, suggesting that the 

interlayer interaction renormalizes the parameters of the band structure (Fig. 5). Finally, our 

work enables quantitative measurement of the band structure of layered systems, which may be 

applicable to the many novel systems under investigation such as topological insulators or other 

two-dimensional materials. This work published by Physical Review Letters. 

 

Future Plans 

 Apart from the general direction outlined in the first section, our immediate plans for the 

next year include  

 the integer and fractional quantum Hall states in few-layer graphene, 

 the phase diagram of trilayer and tetralayer graphene at the charge neutrality point 

 transport of Cooper pairs in the filling factor =0 state 

  

 

  

(c) 

Fig. 2. (a) Rxx(Vbg, Vtg) at B=8T. The red dashed line connects crossing point features for which the 

monolayer charge is constant, while the blue dashed line connects features where the bilayer charge is 

constant. (b) Rxx(Vbg, B), at out-of-plane displacement field D=0. The arrow indicates a LL crossing point. 

(c) The gate voltage of the crossing points from a is plotted for several values of . The Fermi velocities 

obtained from the fits are 1.2, 1, 0.9, 0.9x106 m/s for =4, 8, 12 and 16, respectively.   
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Correlated Quasiparticles in Graphene 

Philip Kim, Department of Physics, Harvard University 

Program Scope 

Coulomb interactions between charge carriers in graphene often lead to exotic electronic states. A 

notable example of such systems is the Dirac fluid, which can be realized near the neutrality point 

where strong electron-electron interactions and electron-hole symmetry can decouple heat current 

from charge flow, blurring the existence of quasiparticles. Here, the thermally excited electron-

hole plasma reveals hydrodynamics of quasi-relativistic fermions, which is an ideal candidate to 

show this exciting and exotic phenomenon. Under quantizing magnetic fields, strong Coulomb 

interaction can also lead to spontaneous symmetry breaking in the internal quantum degrees of 

freedom of correlated quasiparticles. Finally, creating a hybrid system of a superconductor (SC) 

and quantum Hall (QH) states can also create strongly-correlated quasiparticles in the mesoscopic 

sized graphene samples by proximity-induced superconductivity near the SC electrodes. In this 

project, we investigate the fundamental physics of correlated electronic systems realized in these 

three different ways. Our major proposed tasks are: (i) realization of controlled quantum Hall edge 

states using split local back gates for selective depletion; (ii) probing electronic thermal transport 

to investigate magneto-hydrodynamics; (iii) measurement of entropy in spontaneous symmetry-

broken graphene quantum Hall ferromagnetism; (iv) exploration of superfluid magneto exciton 

condensation in double layers; (v) proximitizing quantum Hall edges for creation of non-Abelian 

quasiparticles; and, (vi) proximitizing bulk quantum Hall states for topological superconductivity.  

Recent Progress  

Dirac fluid and the breakdown of the Wiedemann-Franz law 

in graphene:We fabricated extremely clean graphene samples 

where electron-electron scattering is the dominant 

interaction, thus driving the system into the hydrodynamic 

transport regime. We used very sensitive Johnson noise 

thermometry, developed in the previous funding period [1] to 

measure the electronic contribution to thermal conductivity, 

and demonstrated a complete breakdown of the WF law (Fig. 

1) at a finite temperature at the CNP.  This is direct evidence 

for quasi-relativistic hydrodynamic flow of the quantum 

electronic fluid in graphene. Our results imply that electrons 

at the graphene’s CNP is a nearly perfect fluid with extremely 

low viscosity. Our demonstration of an experimentally 

realizable Dirac fluid in graphene opens the way for follow 

up studies of strongly interacting relativistic many-body 

systems. Beyond a diverging thermal conductivity and an 

Fig. 1. Thermal conductivity as a 

function of  gate voltage (A) and bath 

temperature (B), compared to the 

electrical conductivity (blue lines) 

converted to corresponding thermal 

conductivity by the  Wiedemann-

Franz law.  

7



ultra-low viscosity, other peculiar 

phenomena are expected to arise in this 

strongly correlated quasi-relativistic 

plasma. The massless nature of the 

Dirac fermions is expected to result in a 

small kinematic viscosity, which may 

lead to hydrodynamic instability. 

Observable hydrodynamic effects have 

also been predicted to extend into the 

Fermi liquid regime [2].  

Specular Andreev reflection in bilayer 

graphene: We demonstrate an extremely 

clean van der Waals interface between 

bilayer graphene (BLG) and the quasi 2-

dimensional superconductor NbSe2 

(Fig. 2A). Utilizing the vdW interfaces, 

we realize a superconductor and 

graphene interface, where the Fermi energy of normal channel can be smaller than the 

superconducting energy gap. In this unusual limit, the holes are expected to be reflected specularly 

at the superconductor-graphene interface due to the onset of intervalley- interband Andreev 

processes. We measure the conductance across the graphene-NbSe2 interface searching a 

suppression when the Fermi energy is tuned to values smaller than the superconducting gap by 

gate voltage, a hallmark for the transition between intraband retro- and interband specular- 

Andreev reflections. In this experiment, we performed measurements of gate modulated Andreev 

reflections across the low disorder van der Waals interface formed between graphene and the 

superconducting NbSe2. Indeed, we find that the conductance across the graphene-superconductor 

interface exhibits a characteristic suppression when the Fermi energy is tuned to values smaller 

than the superconducting gap, a hallmark for the transition between intraband retro-and interband 

specular- Andreev reflections (Fig. 2B). Our observation of gate tunable transitions between retro 

intraband and specular interband Andreev reflections opens a new route for future experiments 

that could employ gate control of the reflection angles, which can be continuously and 

independently altered with gate and bias voltages. Most importantly our finding helps to draw a 

general picture of the exact physical processes underlying Andreev reflection.  

Crossed Andreev reflection and proximitizing quantum Hall edge states: For this experiment, we 

fabricated highly transparent NbN superconducting electrodes on a hexagonal boron nitride (hBN) 

encapsulated graphene sample (Fig. 3A). If the superconducting electrode is narrower than the 

superconducting coherence length, the incoming electron is correlated to the outgoing hole along 

the chiral edge state by the Andreev process across the SC electrode [3]. In order to realize this 

crossed Andreev conversion (CAC), it is necessary to fabricate highly transparent and nanometer-

scale superconducting junctions to the QH system. In this experiment, we report the observation 

Fig. 2. (A) Top: color-enhanced optical image of the hBN/BLG 

device before the transfer of the NbSe2 flake (marking its final 

position). Bottom right: sketch of the final device on top of a 

300nm SiO2/Si back gate. (B) Experimental (top) and 

theoretical (bottom) normalized differential conductance colour 

maps as a function of normal and superconductor boundary, 

bias voltage Vns and the Fermi energy Ef of graphene which can 

be tuned by gate voltage to the charge neutrality point.  
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of CAC in a graphene QH system contacted with a 

nanostructured NbN superconducting electrode. The 

chemical potential of the edge states across the SC 

electrode exhibits a sign reversal, providing direct 

evidence of CAC. The result is a hallmark of crossed 

Andreev conversion and constitutes direct evidence 

of coupling of counter propagating quantum Hall 

edge states via Cooper pairing. This hybrid SC/QH 

system can be a novel route to create isolated non-

Abelian anyonic zero modes in resonance with the 

chiral QH edge.  

Quantized Hall drag and magneto exciton 

condensation in bilayer graphene; Using the strong 

Coulomb interaction across the atomically thin hBN 

separation layer, we realize the magneto-exciton 

BEC in bilayer graphene double layers whose 

transition temperature is an order of magnitude 

higher than that in GaAs quantum wells. Driving 

current through one graphene layer generates a 

quantized Hall voltage in the other layer, signifying 

coherent superfluid exciton transport. The wide-range tunability of densities and displacement 

fields enables exploration of a rich phase diagram of BEC across Landau levels with different 

filling factors and internal quantum degrees of freedom. The observed robust exciton superfluidity 

opens up opportunities to investigate various quantum phases of the exciton BEC and design novel 

electronic devices based on dissipationless transport. 

Future Plans 

To extend our success beyond our ongoing work, we propose a set of new research aims to explore 

novel physical phenomena stemming from the Correlated Quasiparticles in Graphene. In this 

renewal project, we set the following ambitious, yet experimentally feasible research goals to 

probe the emergent phenomena in the Dirac fermionic system: 

• Engineering graphene edge depletion and gate geometry to improve controlled quantum Hall 

edge state formation 

• Investigating electronic thermal transport measurement and magnetic hydrodynamics 

• Developing measurement technique for measuring entropy and thermal conductance in quantum 

Hall ferromagnetism in bilayer graphene 

• Exploring superfluid magneto exciton condensation in double layers 

Fig. 3. (A) False color scanning electron 

microscopy (SEM) image of the device with 

measurement configurations. (B) The filling 

fraction () dependence of the downstream edge 

resistance (RD)  
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•  Investigation of proximitized quantum Hall edges to create and control non-Abelian 

quasiparticles 

• Studying proximitized superconducting orders competing with the quantum Hall states in order 

to create topological superconductivity 
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Polaritons in van der Waals materials  

 

D.N. Basov, Columbia University  

 

Program Scope 

Our program is focused on the fundamental physics of graphene and other van der Waals 

materials. The emphasis of the proposed research is on the investigation of novel optical and 

electronic effects of hBN, graphene and their heterostructures. The PI implemented a novel 

approach to inquire into the electronic properties of complex materials based on nano-

spectroscopy and nano-imaging of hybrid light matter modes referred to as polaritons [1].   

 Recent Progress  

Experimental work carried out with DOE support over the last two years has resulted in 10 peer-

reviewed articles published in Science1, Nature Materials2, Nature Nanotechnology3, Nature 

Photonics4,  Physical Review Letters5 , Nano Letters6 ,7 ,8 , Physical Review B9  , and Nature 

Communications10. 

 

Figure 1. Polaritons in van der Waals (vdW) materials. Polaritons (hybrid light-matter 
oscillations) can originate from various physical phenomena: conduction electrons in graphene 
and topological insulators (surface plasmon polaritons), infrared-active phonons in boron nitride 
(phonon polaritons), excitons in dichalcogenide materials (exciton polaritons), superfluidity in 
FeSe- and Cu-based superconductors with high critical temperature Tc (Cooper-pair polaritons), 
magnetic resonances (magnon polaritons). All of these polaritons are supported by the family of 

vdW materials. The matter oscillation component results in negative permittivity (B <0) of the 
polaritonic material, giving rise to optical-field confinement at the interface with a positive-

permittivity (A>0) environment. vdW polaritons exhibit strong confinement, as defined by the 

ratio of incident light wavelength 0 to polariton wavelength p. Adapted from Ref.[1]. 
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Focus area 1: physics of polaritons in graphene, boron nitride and other two-dimensional van 

der Waals materials. Publications [1,3,4,10]. Surface plasmon polaritons can be regarded as 

coupled oscillations of electron density and electromagnetic field. Yet there exist many other 

varieties of polaritons, including those formed by atomic vibrations in polar insulators, excitons 

in semiconductors, Cooper pairs in superconductors, and spin resonances in (anti) ferromagnets 

(Fig.1). Together, they span a broad region of the electromagnetic spectrum, ranging from 

microwave to ultraviolet wavelengths[1]. The PI has systematically investigated polaritons in 

two-dimensional materials; infrared nano-imaging has played a central role in these studies. 

Experimental observations augmented with modeling in collaboration with Prof. M.Fogler, have 

led to significant outcomes. This research established polaritonic imaging as a method of choice 

for investigating the physics of materials supporting polaritonic waves. Essentially, polaritonic 

imaging experiments carried out with broad-band tunable light sources constitute a new form of 

spectroscopy.  Relevant information is contained in the dispersion of polaritonic modes, and can 

be directly extracted from near field nano-imaging of propagating polaritonic waves.  

Focus area 2: intrinsic properties of graphene/hBN interfaces. Publications [2,4]. The PI has 

systematically investigated the interaction of nearly-matching hexagonal lattices of graphene and 

hBN, which results in a quasiperiodic moiré superlattice. The PI utilized polaritonic imaging 

methods to probe the dynamical response of the moiré graphene. The analysis of nano-IR data 

showed that the Dirac mini-bands produce two distinct contributions to the plasmonic response 

of the moire superlattice in graphene. This novel character of collective modes established by the 

PI is likely to be generic to other forms of moiré-forming superlattices, including van der Waals 

heterostructures. In a separate series of experiments [10], the PI has demonstrated that hyperbolic 

polaritons of hBN can be effectively modulated in a van der Waals heterostructure composed of 

monolayer graphene on h-BN. Tunability originates from the hybridization of surface plasmon 

polaritons in graphene with hyperbolic phonon polaritons in h-BN. The hyperbolic plasmon–

phonon polaritons possess the combined virtues of surface plasmon polaritons in graphene and 

hyperbolic phonon polaritons in h-BN.  

Future Plans 

Currently on-going experiments exploit the unique capabilities of scanning plasmon 

interferometry to investigate previously unexplored physics of high-mobility electron liquid in 

high-mobility graphene. Specific research directions: 

i) Intrinsic electrodynamics of two-dimensional electron liquid in graphene that has remained 

elusive but is now within the experimental reach, due to the availability of high mobility 

graphene/hBN samples and the advent of technology allowing nano-optical 

experimentation at cryogenic temperatures;  

ii) Topological phenomena in bilayer graphene. Using plasmonic nano-imaging, the PI will 

investigate the electronic response associated with nano-scale stacking domains in bilayer 

samples, which are expected to show a rich variety of novel electronic properties governed 

by non-trivial topology and the electronic structure associated with the domain walls;  
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iii) Properties of graphene/hBN interfaces that will be continuously tuned in reconfigurable 

devices will enable in-operando modification of the electronic and photonic phenomena by 

moire superlattice patterns.  
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Project Title: Quantum Electronic Phenomena and Structures 
 

Wei Pan, Sandia National Laboratories 
 

Program Scope 

The purpose of this project is to discover and to understand emergent quantum phenomena and 

states-of-matter in novel materials and nanostructures that are governed by the laws of quantum 

mechanics. The project includes research on quantum transport and ultrafast optical studies in low 

dimensional electron systems, and high quality materials synthesis. We will investigate new 

electron physics emerging at the nano and mesoscopic scales that occurs due to strong electron-

electron and electron-disorder interactions. We will further explore quantum properties in 

topological materials where the spin-orbit coupling is strong. These research topics are at the 

frontier of condensed matter physics and will yield new discoveries and understanding of emergent 

quantum matter and behaviors. 

The proposed research activities are categorized in two synergistically integrated areas: 

quantum transport in structured semiconductors and quantum properties in topological materials. 

Quantum transport and ultrafast optical measurements will be carried out to probe exotic quantum 

electronic properties and topological phase transitions in topological nanostructures. 

Computational modeling approaches will be developed to simulate non-equilibrium quantum 

transport in architectures composed of topological nanostructures, building on our established 

extensive experience in developing and implementing quantum transport approaches. Finally, the 

impact of disorder on topological states in quantum matters will be studied. We emphasize here 

the cutting-edge, highly integrated multidisciplinary approach involving high quality material 

growth, precise device fabrication, ultra-low temperature quantum transport measurement, and 

theoretical investigations and simulations. 
 

Recent Progress  

Berry phase of composite fermions (CFs) in HIGFETs 

The interest in CFs [1-3] was recently reinvigorated in part 

from the realization of the significance of particle-hole symmetry 

[4-18]. Many of these studies predict a Berry phase of the 

composite Fermi liquid at =1/2. These predictions are a 

significant new development, as this possibility has been 

overlooked in the past. Thus, an experimental detection of the 

Berry phase of CFs points towards the novel topological 

properties of CFs. Here, we present our results from examining 

the Berry phase of CFs via Shubnikov-de Haas (SdH) oscillations.   

Experimentally, a  Berry phase can be demonstrated by a 

non-zero intercept of -1/2 in the Landau level fan diagram [19,20]. 

In the proposals using a Dirac model to treat CFs at finite densities 

[7-12] and considering CFs as neutral particles carrying vorticity 

[14] the CF density, nv = eB/2h, is proportional to the external 

magnetic (B) field. Only at =1/2 does nv equal the underlying electron density (ne). In 

conventional SdH measurements at a fixed ne, both the CF density and its effective B field change 

with the varying external B field [14]. Thus, it is not possible to obtain a coherent Berry phase in 

SdH measurements for a fixed ne. In order to reveal the Berry phase of CFs, one needs to measure 

SdH oscillations at a fixed B field (or fixed CF density) while varying electron density (or CF 

 
Fig. 1 (a) SdH oscillations of CFs 

as a function of electron density ne. 

(b) CF pseudo-Landau level filling 

factor n vs 1/𝐵𝑛
∗.   
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effective B field). The samples we used to measure the density-dependent SdH oscillations are 

specially designed heterojunction insulated-gate field-effect transistors (HIGFETs), in which the 

electron density can be tuned over a large range. The growth structure of a HIGFET and its unique, 

relevant aspects can be found in Ref. [21].  

To look for signatures of the predicted Berry phase, we have measured density-dependent SdH 

oscillations in xx, around =1/2 at various B fields in HIGFETs, as shown in Fig. 1a under a fixed 

B field of 10 Tesla (T). A series of well-defined FQHE states is observable as a function of electron 

density. In our analysis we first locate the densities corresponding to the FQHE states at the xx 

minima of the SdH oscillations. For the CFs at the  = n/(2n+1), n = ±1, ±2, ±3… sequence of 

FQHE states, the effective magnetic field Bn* = B – 2hne/e. In Fig. 1b, we plot the CF Landau 

level index n from the Jain sequence of FQHE states (n is chosen to be negative for the CF sequence 

for  > 1/2). An intercept of -1/2 at 1/Bn* = 0 is clearly seen in Fig. 1b. This result establishes the 

Berry phase of  for the CFs at  = 1/2, and can be understood within the framework of the recently 

proposed theoretical studies of CFs at the half-filled Landau level [7-12,14]. It follows that the 

experimental detection of the Berry phase of CFs in 2D electrons points towards the novel 

topological properties of CFs, which was not previously realized. 
 

Terahertz Magneto-Optical Spectroscopy of Structured Semiconductors 

We have developed the capability to do terahertz (THz) magneto-optical spectroscopy at 

temperatures as low as 1.3 K and in magnetic fields up to 8 T, using an amplified Ti:sapphire laser 

system producing 6 mJ, 50 femtosecond pulses at 800 nm (1.55 eV) to generate and detect THz 

pulses in ZnTe [22]. Recently, we have modified our system to optically photoexcite samples and 

measure the photoinduced changes in the transmitted THz pulse (optical-pump, THz-probe 

(OPTP) spectroscopy) in a magnetic field. We 

plan to further improve our system to generate 

intense THz pulses (fields >25 kV/cm) at the 

sample position in the magnet [23]. These 

changes will enable us to examine topological 

electron dynamics in previously unexplored 

regimes, revealing a wide range of novel physical 

phenomena.  

Using our improved OPTP system, 

preliminary B-field-dependent experiments on a 

2DEG reveal that optical photoexcitation induces changes in the conductivity at the cyclotron 

frequency c, as expected (Fig. 2). Moreover, we also observed an unexpected photoinduced 

conductivity change at 1.1 THz and at a higher frequency that is nearly twice c. This unexpected 

conductivity change at ~2c decays more rapidly than that at c and depends on the excitation 

fluence and applied magnetic field. We believe that these additional photoinduced changes in the 

conductivity are due to internal hydrogen-like transitions of ionized donor atoms in the GaAs 

buffer layers within the 2DEG heterostructure. The capability to do OPTP in a high magnetic field 

is fairly unique worldwide and will enable us to perform a wide range of novel experiments, for 

example, in artificial graphene systems.    
 

Future Plans 

CFs Hall conductivity as a function of e-e interactions    

In the large density or small rs (rs is the electron potential energy to kinetic energy ratio) limit, 

particle-hole symmetry (PHS) is preserved. As the 2D electron density is reduced, e-e interactions 

 
Fig. 2. Photoinduced change in the THz field at t=5 

picoseconds vs. frequency and B field. The arrows show 

the linear change with field at c as well as unexpected 

photoinduced changes at ~1.1THz and ~2c. 
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and thus the Landau level mixing effect become stronger, eventually breaking PHS and causing 

the CFs to become Schrodinger-like particles. This phase transition can be revealed by examining 

the CF Hall conductivity (xy) at =1/2 as a function of electron density. In the limit of weak e-e 

interactions, xy  1/2 [4], in units of e2/h. On the other hand, in the limit of strong e-e interactions 

or large Landau level mixing, xy is expected to deviate from 1/2.  

To examine this transition, we will carry out precision measurements of the magneto-resistivity 

xx and Hall resistivity xy in high quality HIGFETs. xy is then calculated via the formula xy = 

xy/(xx
2+xy

2). In these measurements, the B field will be fixed while sweeping the electron 

density. To facilitate determining the position of the 1/2 state, temperature (T) dependent 

measurements will be carried out. It is expected that the traces for different temperatures will cross 

exactly at =1/2. A phase diagram of xy as a function of electron density (or rs) will be constructed. 

This should allow us to study the topological phase transition induced by interaction effects.  

Optical measurements will be carried out to further examine this transition at 0.3K. Non-

contact measurements of the B field and density-dependent conductivity at THz frequencies will 

be done in our THz magneto-optical spectroscopy system. By tracking the dependence of the 

cyclotron frequency and xy on electron density at a fixed B field, we should gain additional insight 

into the topological phase transition of CFs. We can also measure photo-induced conductivity 

changes with femtosecond time resolution; by varying the excitation intensity, we will modify the 

transient non-equilibrium electron density and track the resulting changes in xy with femtosecond 

time resolution, enabling us to shed new light on the timescale over which electron-electron 

correlations develop in these systems. 
 

Impact of disorder on the linear density dependence of CF conductivity  

While studying the Berry phase of CFs in HIGFETs, we made a surprising observation 

regarding the linear density dependence of the CF conductivity [21]. This result differs from the 

conductivity of Schrödinger electrons at B = 0 T, where a ne
2 density dependence is normally 

observed. At present, the origin of this striking linear density dependence at  = 1/2 is not known. 

We plan to carry out the following experiments to gain a deeper understanding of the transport 

mechanisms governing the CF conductivity that may give rise to a linear density dependence. 

Based on the microscopic model in the Halperin-Lee-Read theory [3], the scattering of CFs is due 

to long-range gauge field fluctuations that are related to the modulation doping in a quantum well 

structure. In order to understand the impact of this long range potential fluctuation, we plan to 

study the CF conductivity in alloy disordered HIGFETs, where a controlled amount of random Al 

disorder can be introduced into the nearly ideal GaAs 2DEG in undoped heterostructures of AlxGa1-

xAs/Al0.3Ga0.7As with x < 3%.  The 2DEG is capacitively induced by applying a gate voltage to a 

HIGFET nanofabricated out of a heterostructure, and is free of long-range potential fluctuations 

from modulation doping impurities.  Instead, disorder in the 2DEG is predominantly from the 

neutral Al alloy impurities, which is short-range on atomic size scales, with a 1.1 eV scattering 

potential [24].  The sample, being highly uniform, can remain conducting for densities down to 

≤1x109/cm2. We will examine how this short-range disorder affects CFs, in particular whether the 

linear density dependence still exists. This should allow us to study how long-range and short-

range disorder fluctuations affect the CF conductivity. In addition, by tuning the density in alloy 

disordered HIGFETs, the interplay between e-e interactions and e-disorder interactions will also 

be studied. Finally, THz magneto-optical measurements will enable us to directly measure * in 

the time domain, allowing us to determine whether it depends linearly on n or varies with n1/2. 
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Transient Studies of Nonequilibrium Transport in Two-Dimensional Semiconductors 

 

Principal Investigator: Jonathan Bird, University at Buffalo, jbird@buffalo.edu 

 

Program Scope 

 The overarching objective of this research is to apply time-dependent measurement tech-

niques to investigate aspects of nonequilibrium transport in two-dimensional (2D) semiconduc-

tors. This work builds on progress made by the PI during the prior period of DOE support, utiliz-

ing nanosecond-duration electrical pulsing to reveal novel aspects of quantum transport in differ-

ent mesoscopic devices. In comparison to conventional DC measurements, transient studies pro-

vide a time-resolved picture of carrier relaxation mechanisms, allowing many of the fundamental 

interactions that govern transport to be revealed. In the current period of support, the 2D semi-

conductor of interest is graphene, and transient pulsing is utilized in order to investigate several 

important aspects of its transport: 1. The search for negative differential conductance in gra-

phene. 2. Probing fundamental relaxation processes in graphene in real time. 

 This research program yields significant impact in terms of our understanding of the fun-

damental condensed-matter physics of 2D semiconductors. Work on the search for negative dif-

ferential conductance may open up a new field of experimental research, on the manifestations of 

high-field instabilities in 2D materials. It may also drive the development of new solid-state te-

rahertz sources, which exploit the large drift velocities inherent to graphene to realize terahertz-

frequency oscillators based on the driven motion of high-field domains. Additionally, the transi-

ent investigations of energy relaxation and dephasing in graphene yield important fundamental 

insight into the microscopic processes responsible for these processes. 

Recent Progress  

 This project was initiated in November 2016, and in the intervening ten months we have 

made progress on a number of inter-related issues as we now describe below. 

1. Nonlinear Differential Conductance of Graphene in the Presence of Quantum Corrections 

In this work, we have been exploring the manner in which the nonlinear differential con-

ductance of graphene is modified in the presence of quantum corrections to the conduction, most 

notably weak localization and electron-electron interactions. In our most recently published work 

[1], we have demonstrated the presence of a zero-bias anomaly in graphene that arises from these 

quantum-transport phenomena. Since the presence of this anomaly obscures the contributions to 

the resistivity due to other mechanisms, such as electron-impurity and electron-phonon scatter-
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ing, we have developed a technique of “differential-conductance mapping” to suppress the influ-

ence of quantum corrections and to allow the study of the underlying classical resistivity terms. 

 Accompanying our experimental efforts, we have worked with Prof. Jonas Fransson of 

Uppsala University to develop a theoretical picture of the nonlinear suppression of the quantum 

corrections in graphene. In spite of all the work that has been done in recent decades, to under-

stand the manner in which quantum corrections are manifested in the linear conduction of 

mesoscopic systems, we were surprised to find that the nonlinear counterpart of this problem had 

really attracted very little attention. In our theoretical study [2], we explore the manner in which 

the quantum correction due to weak localization is suppressed in weakly-disordered graphene, 

when it is subjected to the application of a non-zero voltage. Using a nonequilibrium Green func-

tion approach, we address the scattering generated by the disorder up to the level of the maximal-

ly crossed diagrams, capturing the interference among different, impurity-defined, Feynman 

paths. Our calculations of the charge current, and of the resulting differential conductance, reveal 

the logarithmic divergence typical of weak localization in linear transport. The main finding of 

our study is that the applied voltage suppresses the weak localization contribution in graphene, in 

a manner that is dependent upon the temperature (T). The latter parameter sets an effective scale 

(kBT/e), below which the applied voltage has little noticeable effect on the localization correc-

tion. Once this threshold is exceeded, however, the suppression of localization is manifested di-

rectly as a logarithmic increase of the conductance. This behavior can be discussed in terms of a 

“self-averaging” of diffusing electron waves, which arises as they undergo multiple scattering 

events within the graphene layer. Our results appear consistent with prior experimental observa-

tions of the low-temperature differential conductance of mesoscopic graphene, and with our own 

more recent [1] observations. 

2. Transient Investigations of Nonlinear Transport in Encapsulated Graphene/BN Devices 

In this work, we have been extending our recent investigations of high field velocity satu-

ration in graphene-on-SiO2 devices [3,4], to explore the transient transport of hot carriers in gra-

phene channels, fully encapsulated in hexagonal boron nitride. This work involves a collabora-

tion with the group of Prof. Nobuyuki Aoki of Chiba University and is motivated by the potential 

of demonstrating negative differential conductance in this system. An example of one of the de-

vices that we have studied is indicated in Fig. 1. In this optical micrograph, we clearly see the 

coplanar waveguides that provide (at left and right) the input and output signal lines of the de-

vice. The long, narrow structure shown at the center of the image is a 1-µm wide finger gate that 

controls the carrier concentration in a graphene channel. This channel is fully encapsulated by 

BN, which may be identified as the two irregularly-shaped flake structures at the center of the 

image. In our experiments, we apply a scheme of repetitive pulsing, using transient pulses as 

short as just a few nanoseconds, as we have discussed previously for graphene-on-SiO2 devices 

[3,4]. 
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Fig. 1. Optical micrograph of a fabricated graphene/BN RF transistor. For further details please refer to the text 

above. 

 Our initial investigations of the transient transport in the hybrid graphene/BN devices in-

dicate that this transport is essentially free of the influence of defect related carrier trapping, a 

phenomenon that plagues graphene-on-SiO2 devices [3,4]. At the same time, we have also found 

that the influence of Joule heating is significantly suppressed in these devices. Using the top-gate 

to vary the carrier density in the graphene layer, we observe a transition from current saturation 

to linear I-V curves as the charge neutrality point is approached from either the conduction or va-

lence bands. At present, we are working with Prof. Jong Han of the University at Buffalo to ana-

lyze this transition in terms of strong nonequilibrium carrier generation by Landau-Zener tunnel-

ing. 

 

Future Plans 

 In future work we are planning to extend our current investigations on nonlinear transient 

transport in hybrid graphene/BN devices. Further studies, performed on additional devices with 

varying channel length, are required to confirm our recent observations in these structures. We 

are also interested in extending our measurements to explore nonequilibrium carrier processes in 

transistion metal dichalcogenides, such as MoS2 and WS2, in which the very different bandstruc-

ture from graphene may lead to novel possibilities for transferred-electron effects (e.g. the Gunn 

effect). 
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Novel Temperature Limited Spectroscopy of Quantum Hall Systems 

Raymond Ashoori, MIT (Principal Investigator) 

Program Scope: 

The “single-particle spectral function” obtained from techniques such as 

photoemission or tunneling spectroscopy is among the most fundamental quantities in 

theories of highly interacting systems, answering the question, “at which energies and 

momenta can electrons be added to (or removed from) the system?” Such spectra have 

provided central insights into phenomena such as superconductivity and Mott insulators. 

While scanning tunneling microscopy and other tunneling methods have provided partial 

spectral information, until now only angle-resolved photoemission spectroscopy 

(ARPES) has permitted a comprehensive determination of the spectral function of 

materials in both momentum and energy. However, both STM and ARPES operate only 

on metallic electronic systems at the material surface, and ARPES cannot work in the 

presence of applied magnetic fields. This excludes ARPES and STM from studying 

systems underneath surfaces such as the two-dimensional electron system 2DES in 

semiconductors, host to the remarkable quantum Hall effects (1985 and 1998 Nobel 

Prizes). The 2DES continues to produce fascinating results as scientists discover new 

ways in which electrons that strongly repel one another correlate their motions to 

minimize the energy of this repulsion, creating a plethora of new quantum states of 

matter. This proposal describes the development and use of two means for determining 

the spectral function inside of semiconductors and other material, each involving the 

application of hundreds of thousands of short electrical pulses to induce and track, via 

charge measurements, the motion of electrons across a tunnel barrier. 

The first method not provide momentum resolution but yields extremely high 

resolution in energy (limited only by sample temperature). Recently, the use this pulsed 

capacitive tunneling spectroscopy with microvolt resolution and in a dilution refrigerator 

cooled to 8 mK led to the discovery of sharp resonance for tunneling into the 2D 

electronic system. Detailed study of the behavior of this resonance revealed that it 

originates from the vibrations of a long-range ordered electronic “Wigner Crystal”. We 

aim to extend this method to study other novel states of the 2D electronic system such as 

“stripe” and “bubble” phases by resolving the effects of their vibrations on tunneling 

spectra. The work also includes a broad study of intriguing quantum Hall states for new 

spectral features such as might arise from spin textures or fractionally charged 

quasiparticles. We are also working to use the pulsed tunneling method at the single 

electron level in a study of ultra-clean quantum dots. 

The second method is called “Momentum and Energy Resolved Tunneling 

Spectroscopy” (MERTS). MERTS determines the full electronic spectral function of 

2DES in both momentum and energy. It provides a direct high-resolution and high-

fidelity probe of the dispersion and dynamics of the interacting 2D electron system. By 

ensuring the system of interest remains under equilibrium conditions, the technique can 

uncover delicate signatures of many-body effects involving electron-phonon interactions, 

plasmons, polarons, and has demonstrated a novel phonon analog of the vacuum Rabi 

splitting in atomic systems. Moreover, MERTS has the potential to reveal detailed 

crystallographic information on ordering of electrons in novel states such as the stripe 

and bubble phases described above. 
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Recent Progress: Momentum and Energy Resolved Tunneling Spectroscopy 

 

We have succeeded at a long-standing goal, to produce a version of tunneling 

spectroscopy that yields a full determination of the momentum and energy resolved 

spectral function, with spectra comparable to those produced by angle resolved 

photoemission spectroscopy (ARPES). In contrast with ARPES, our momentum and 

energy resolved tunneling spectroscopy (MERTS) works underneath surfaces and even 

deep inside materials, it can work on systems that are electrically insulating and even in 

systems with zero electron density, and it can function for 2D systems in high 

perpendicular magnetic fields.1 MERTS has comparable energy and momentum 

resolution (and momentum reach) to laser-based ARPES systems,2,3 a capability that is 

critical for investigation of the subtle e-e interaction effects near the Fermi level.  

 

Figure 1 | Schematics of tunneling device and principles of energy-momentum 

selection process. A The tunneling structure used in the experiment. Two GaAs QWs 

(width of 20 nm each) are separated by a Al0.8Ga0.2As potential barrier (6 nm). Electrons 

in the left (probe) QW with nearly zero planar momentum probe electronic states in the 

right (target) QW. B The injection of an electron packet probes empty available states in 

the target layer. Diagram for explaining the momentum selection mechanism. The in-

plane field creates a momentum boost in the tunneling process to displace the zero planar 

momentum into 𝑘𝑓𝑖𝑛𝑎𝑙 = 𝑒𝐵𝑑𝑡/ℏ in the bottom QW. C Measured spectra with B|| along 

the crystallographic axis of [100] and [010] of GaAs. Multiple unoccupied QW subbands 

are visible. 

 

In MERTS, we generate a collimated packet of electrons with precisely-defined energy 

and momentum from an adjacent 2D quantum well, and we use tunneling to inject the 

electrons into the unoccupied quantum states of the target 2D system to measure the 

target 2D system’s spectral function. Electrons from this collimated beam can tunnel into 

the target 2D electron system only when unoccupied states are available with the same 

energy and momentum, resulting in E-k selectivity. The tunneling current reflects the 

spectral function for adding a particle into the 2D system. For high E-k resolution, we 

prepare electrons with a very small Fermi surface in the probe layer (containing a very 

A 
B

 

C 
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low density of electrons  𝑛 = 3 × 1010 𝑐𝑚−2 with 𝐸𝐹 ≈ 1 𝑚𝑒𝑉  and 𝑘𝐹 = 0.004 Å−1 ; 

these numbers set the resolution of the technique) at 𝐸 = 0 and 𝑘 = 0 (𝛤-point in the 

GaAs conduction band minimum), and translate the momentum of the packet using a 

magnetic field 𝐵∥  applied perpendicular to the tunneling direction giving electrons a 

momentum shift of  𝛥𝑘𝑥,𝑦 =
𝑒𝐵∥𝑑𝑡

ℏ
 in the tunneling process.  Here, 𝛥𝑘𝑥,𝑦  is the 

momentum translation of the tunneling electrons, and 𝑑𝑡 is the tunneling distance (Fig. 

1A). In previous studies4 double quantum well experiments involving large Fermi 

surfaces in both the probe and target wells, the tunneling measurements involved 

complicated convolutions of two systems and electrical conductivity through both layers, 

making it unfeasible to obtain direct spectral information. In MERTS we instead achieve 

full momentum and energy resolution by adapting our pulsed tunneling method5,6  that 

requires no direct electrical contact to the system of 2 quantum wells and does not rely on 

conductivity of the 2D systems. The method functions even if either or both of the 2D 

systems are electrically insulating. The pulsed tunneling has important elements that 

contributed to the success of MERTS by allowing us to (i) maintain the small Fermi 

surface of source electrons (probe layer) into nearly a single point and (ii) to eliminate 

lateral transport in either layer to ensure uniform tunneling at all points in the plane. 

 

The results shown in Figure 1C are actual data – not a schematic drawing or a simulation. 

MERTS allows us to probe the high-energy spectrum of systems at very low temperature 

equilibrium. We achieve this by using short pulses with long wait times between pulses. 

MERTS has uncovered delicate signatures of many-body effects involving electron-

phonon interactions, plasmons, polarons, and has demonstrated a novel phonon analog of 

the vacuum Rabi splitting in atomic systems. We are working to apply MERTS to 

explore a number of features in quantum Hall systems such as stripe and bubble phases 

and the Wigner crystals that we observed in previous non-momentum resolved tunneling 

studies.7 

 

Future Plans: 

 

The chief objectives of our work under this DOE proposal are: 

 

1) To advance the use of our pulsed tunneling and MERTS techniques and develop 

them as a method for use in a wider range of quantum Hall systems. 

2) To use pulsed tunneling and MERTS to examine spatially ordered structure 

within the 2D electronic system. We will perform crystallographic measurements 

on the Wigner Crystal and stripe and bubble phases. 

3) To find the magnetoplasmon mode of the Wigner Crystal and use it as a means of 

studying the Wigner Crystal and other ordered structure when the magnetophonon 

mode is obscured by the magnetic field induced Coulomb gap. 

4) To perform pulsed tunneling and MERTS in AlAs quantum wells and explore the 

effects of valley pseudospin for novel ordered states and for valley skyrmions. 
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Program 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.  

Examples include the fractional quantum Hall liquid, the Wigner solid, and the newly discovered 

striped and bubble phases in the higher Landau levels.   

Much of the work on the clean 2D systems has been performed on 2D electrons confined to a 

remotely-doped GaAs quantum well. The goal of this project is to study the materials science 

and physics of 2D holes confined to such wells. Compared to the 2D electrons in GaAs, the 2D 

holes possess a more complex energy band structure which not only depends on the quantum 

well width and 2D hole density, but it can also be tuned via perpendicular electric field (gate 

bias), parallel magnetic field, and strain. These characteristics add new twists and allow for 

insight into fundamental phenomena in confined, low-disorder carrier systems.   

In our project we study 2D hole samples which are grown via state-of-the-art molecular beam 

epitaxy, and use low-temperature magneto-transport measurements to explore their novel 

physics. Among the problems we are addressing are the shapes of Fermi contours of 2D holes 

and of flux-hole composite fermions as a function of parameters such as parallel magnetic field 

and/or strain. Also of interest are the fractional quantum Hall states, including the state at the 

even-denominator filling ν = ½, in 2D hole systems confined to wide GaAs quantum wells. In 

our work, we collaborate closely with Prof. Roland Winkler (Univ. of Northern Illinois), who is 

an expert in calculating the energy band structure and Landau levels in 2D hole systems, and Dr. 

Loren Pfeiffer who is a world expert in molecular beam epitaxy. 

Recent Progress 

A hallmark of the GaAs 2D holes is their complex band structure. Thanks to the spin-orbit 

interaction, the 2D hole bands are often split at finite values of wave vector (k) and also become 

anisotropic as k grows in different in-plane directions. One goal of our proposed research is to 

quantitatively probe these dispersions, both experimentally and theoretically. Experimental 

determination of the 2D hole dispersions has long been a subject of interest. It continues to be a 

subject of active research, thanks partly to the interest in spintronic devices and also the 

possibility that holes in confined structures might have a long spin coherence time (because of 

the lack of overlap of holes’ p-type wave function with the nuclei) and be useful in quantum 

computing. Here we describe our recent rets in two areas, demonstrating how the complex band 

structure of 2D holes can in fact be utilized to learn exciting new physics. 
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A. Observation of an unusual, anisotropic Wigner crystal phase at Landau level filling 

factor ν = ½ in hole systems confined to wide GaAs quantum wells:  

In 2D hole systems confined to wide GaAs quantum wells, where the heavy- and light-hole states 

are close in energy, there is a very unusual crossing of the lowest two Landau levels as the 

sample is tilted in a magnetic field. The crossing leads to a weakening or disappearance of the 

commonly seen odd-denominator fractional quantum Hall states in the filling range 1/3 ≤ ν ≤ 2/3. 

But, surprisingly, a new fractional quantum Hall state at the even-denominator filling ν = 1/2 

comes to life at the crossing in samples with appropriate parameters (quantum well-width and 

density). In our recent work, we discovered yet another new correlated phase of 2D hole systems 

in slightly wider quantum wells near this crossing [10]. The phase is manifested by an 

anisotropic insulating behavior at low temperatures which appears in a large range of low 

Landau level fillings 1/3 < ν < 2/3 when the sample is tilted in magnetic field to an intermediate 

angle (see Fig. 1). The parallel field component (B||) leads to a crossing of the lowest two Landau 

levels, and an elongated hole wave function in the direction of B||. Under these conditions, the in-

plane resistance exhibits an insulating behavior, with the resistance along B|| about 10 times 

smaller than the resistance perpendicular to B||. We interpreted this anisotropic insulating phase 

as a two-component, striped Wigner crystal. 

B.  Transference of Fermi Contour Anisotropy to Composite Fermions:  

There has been a surge of recent interest in the role of anisotropy in interaction-induced 

phenomena in 2D charged carrier systems. A fundamental question is how an anisotropy in the 

energy-band structure of the carriers at zero magnetic field affects the properties of the 

interacting particles at high fields, in particular of the composite fermions (CFs) and the 

fractional quantum Hall states. In our latest work we demonstrated tunable anisotropy for holes 

and hole-flux CFs confined to GaAs quantum wells, via applying in situ in-plane strain and 

measuring their Fermi wave vector anisotropy through geometric resonance measurements. For 

 

Fig. 1. (a) Conceptual rendition of an anisotropic (striped) Wigner crystal.  (b) The charge distribution 

(red) and potential (black), from calculating the Schroedinger and Poisson’s equations self-consistently 

at B = 0. (c) Experimental geometry: Rxx and Ryy denote the longitudinal magnetoresistance measured 

along and perpendicular to the parallel magnetic field (B||), respectively. (d) Schematic diagram, 

showing the crossing of the lowest two Landau levels at θ ≃ 35° near ν = 1. (e) Magnetoresistance traces 

measured at tilt angle θ ≃ 35° for a 2D hole system with density p = 1.28 × 1011 cm-2 and confined to a 

40-nm-wide GaAs quantum well. Note the factor of 50 change in the scale for Rxx and Ryy for B > 8 T. 

We observe an anisotropic insulating phase in a large filling factor range, from ~2/3 to ~1/3; note also 

the competition with fractional quantum Hall states at several fillings.  (After Ref. 10) 
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strains on the order of 10−4 we observed 

significant deformations of the shapes of 

the Fermi contours for both holes and 

CFs. The measured Fermi contour 

anisotropy for CFs at high magnetic field 

(αCF) is less than the anisotropy of their 

low-field hole (fermion) counterparts 

(αF), and closely follows a simple relation 

αCF = (αF)1/2. The energy gap measured 

for the ν = 2/3 fractional quantum Hall 

state, on the other hand, is nearly 

unaffected by the Fermi contour 

anisotropy up to αF ~3.3, the highest 

anisotropy achieved in our experiments. 

These are fascinating results, and are 

finding verification in numerical 

calculations. 

Future plans  

We plan to perform experiments on a 

novel bilayer hole system that allows us 

to directly probe the Wigner solid phase 

of 2D holes and its impact on a nearby 

layer containing hole-flux CFs. This will 

entail measuring the magneto-resistance 

of a bilayer hole system where one layer 

has a very low density and is in the 

Wigner crystal regime ( ≪ 1), while the 

other (“probe”) layer is near  = 1/2 and 

hosts a sea of composite fermions. The 

data should exhibit commensurability 

features in the magneto-resistance of the 

composite fermion layer, induced by the 

periodic potential of Wigner crystal holes in the other layer. We can use such data to probe the 

symmetry of the Wigner crystal, its lattice constant, and melting.  
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Fig. 2. (a) Calculated Fermi contours of GaAs holes at 

density p = 1.8 × 1011 cm−2 as a function of strain ε 

along the [1bar10] direction. Solid and dashed contours 

represent two spin-split subbands; the green circle 

with radius k0 = (2πp)1/2 shows a spin-degenerate, 

circular Fermi contour at the same density. (b) 

Schematic of the experimental setup showing a thinned 

GaAs wafer glued on a piezo-actuator. A strain gauge 

mounted underneath measures the strain along 

[1bar10]. (c) Sample fabricated to an L-shaped Hall bar 

has regions with electron-beam resist gratings on the 

surface. Thick arrows indicate the deformation of the 

crystal when a positive voltage VP is applied to the 

piezo. The resulting deformed cyclotron orbits are 

shown in black; note that these are rotated by 90° with 

respect to the Fermi contours in reciprocal space. The 

shapes of the orbits and therefore the Fermi contours 

are determined via commensurability oscillations 

measurements.  
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Program Scope 

 

The development and the study of materials with the least possible disorder has been at the heart 

of contemporary condensed matter research. Among these materials GaAs/AlGaAs 

heterostructures have historically been important as they host the cleanest two-dimensional 

electron gases as measured by the record high mean free paths as high as 0.3 mm. Advances in 

the MBE technology have played a pivotal role in reaching the exquisite quality in this material 

system. As the quality of the system improved often times new correlated electron ground states 

have been observed. The discovery of such new ground states has strongly impacted our 

understanding of correlated electron physics. 

 

Recently it was suggested that this system may support unusual ground states which harbor 

exotic particles with special topological properties.  Specifically, some ground states are thought 

to behave as p-type superconductors and to support Abelian and non-Abelian quasiparticles of 

various kinds [a]. Prime examples of such unusual ground states in the two-dimensional lectron 

gas are the fractional quantum Hall states at the quantum numbers 5/2 and 12/5. These ground 

states are not only of fundamental interest as they may manifest behavior not seen in any other 

physical system, but also may find technological utility in fault-tolerant schemes for quantum 

computation [b].  These exotic states are, however, fragile and hence they develop only under 

special conditions. 

 

At Purdue University we pursue an experimental program targeting outstanding questions 

concerning the collective behavior of the correlated electronic ground states of the two-

dimensional electron gas. Our primary focus is the study of the fractional quantum Hall states 

and exotic electronic solids.  The goal of our program is to use state-of-the-art growth and 

incisive experimental measurement techniques to generate new insight into the nature of the 

exotic correlated states.   

 

Recent Progress 

 

Tuning the exotic states with hydrostatic pressure. One current focus 

of Csathy’s research is the development of novel, incisive techniques 

probing the two-dimensional electron gas. Historically the most popular 

measurement technique used in investigations of this system is electronic 

transport. However, over the last decade or so it became increasingly 

clear that the probing of the new topologically ordered states requires 

more sophisticated techniques. Measurement of these systems at high 

hydrostatic pressures is one such techniques currently being used in 

Csathy’s lab. At pressures of the order of 10,000 atmospheres one can 

tune many relevant quantities which are expected to impact numerous 

ground states.  

Fig. 1: Schematic of a 

pressure cell which 

generates 25 kbar at 

12 mK and 10T. 
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While exploring the high pressure regime, we have recently discovered an unexpected phase 

transition from the =5/2 fractional quantum Hall state to an electronic nematic phase. While 

both of these ground states were known to develop in our system, the nematic phase so far has 

only developed at the quantum number =9/2 and other higher values. The stabilization of the 

nematic phase we observed at =5/2 

came as a surprise. The most 

interesting feature of this transition 

from the fractional state to the 

nematic phase is that these two phases 

belong to fundamentally distinct 

classes of phases: the former is a 

topologically ordered phase while the 

latter is a traditional broken symmetry 

phase. The phase transition we found 

is thus a very interesting example of 

rare phase transitions between a 

topological and traditional broken 

symmetry phases. 

 

A particularly interesting aspect of our work is that the =5/2 fractional quantum Hall state can 

be thought of as a topological superconductor. This is because the state forms as a result of the 

Cooper-like pairing of the composite fermions and the edge of the sample supports topological 

edge states. Owing to the spin-polarized nature of the =5/2 fractional quantum Hall state, the 

superconducting pairing symmetry is thought to be of p-type. Our observations can therefore be 

interpreted as a result of a competition of topological superconductivity and nematicity. We 

are hopeful that, due to the simplicity and cleanliness of our system we can learn new physics 

with potential insight on the competition of superconductivity and nematicity in other systems, 

such as the high temperature superconductors, transition metal dichalcogenides, and He-3. 

 

Isotropic to Nematic to Smectic Phase Transitions at Half-filling 

In Manfra’s laboratory direct isotropic to nematic to smectic phase transitions in a half-filled 

Landau level has been observed for the first time.  At half-filling in high Landau levels theory 

has long predicted a series of possible ground states in which various spatial symmetries are 

broken.  As temperature is decreased the electron system is expected to evolve from an isotropic 

Fermi liquid, into an ordered nematic phase that breaks rotational symmetry but preserves 

translational symmetry, then into a smectic phase that breaks both rotational and translational 

symmetry in one direction, and finally into a fully crystalline state.  To date the existing data in 

GaAs has been most consistent with nematic order without evidence for smectic order, 

presumably limited by residual disorder and elevated temperature. Recently in an extremely high 

quality sample and at very low temperature we have recently observed three novel transport 

phenomena that indicate a change in symmetry beyond the nematic phase: a non-monotonic 

temperature dependence of sample resistance Rxx, dramatic onset of large time-dependent 

fluctuations in Rxx, and a sharp feature in differential resistance reminiscent of depinning.  Taken 

together, these data suggest that smectic order prevails in the cleanest electron gases at lowest 

accessible temperatures. 

 

In Fig. 3 we display three signatures of smectic ordering at =9/2. In panel (a) non-monotonic 

temperature dependence of the resistance along the hard direction, Rxx, is clearly evident below 

T=50mK.  In panel (b) highly non-linear behavior in the differential resistance is observed and in 

panel (c) the onset of large scale temporal fluctuations in Rxx can be seen below 50 mK. 

Figure 2: The evolution of the ground state at =5/2 from a 

fractional quantum Hall state, to a Fermi liquid, to a nematic 

phase is shown with an increasing value of the pressure. Data 

are taken at ~12 mK. The signature of the nematic phase is a 

strong resistance anisotropy near =5/2. 
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Fig. 3: (a) non-monotonic resistance vs. temperature at =9/2.  (b) non-linear I-V characteristics 

suggest depinning of charge-density-wave state (the smectic phase).  (c) onset of noise at lowest 

temperatures at =9/2. 

 

Our data strongly indicate that exquisite new correlated electron motion continues to be 

uncovered as we continue to improve the quality of the GaAs system.  Such novel behaviors 

continue to be the focus of the Csathy and Manfra collaborative growth and transport program. 

 

Future Plans. Encouraged by our recent results, we will continue to study pressure effects and 

the nematic-smectic transition in the GaAs system. Specifically, we seek to elucidate the role 

played by the pressure in the observed topological-to-nematic phase transition. Furthermore, we 

plan to investigate the spin polarization effects in the exotic ground states. Such investigations 

are part of our long term effort aimed at exploring unconventional collective behavior in low-

dimensional systems. In addition, we will continue our effort in studying disorder effects by 

expanding the energy gap measurements for new types of well-controlled disorder, such as 

charged disorder. We expect that disorder-specific information will guide us in further 

improvements of the growth process and may lead to new insight of the behavior of these 

systems.  
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Program Title: Engineering topological superconductivity towards braiding Majorana 

excitations 

Principle Investigator: Leonid P. Rokhinson  

Mailing Address: Department of Physics, Purdue University, West Lafayette, IN 47906  

E-mail: leonid@purdue.edu  

 

Program Scope 

The goal of the program is to develop systems which support excitations with non-Abelian 

statistics and to study properties of these new unconventional states of matter. In such matter 

some quantum numbers of a many-particle condensate are encoded in the topology of the state 

and protected from small local perturbations. These protected degrees of freedom can be used to 

encode quantum information and are the basis of fault-tolerant topological quantum computer 

proposals, which presents a robust alternative to the conventional quantum computation where 

decoherence poses the major technological challenge. 

 

With DOE support we explored different systems where topologically non-trivial phases can be 

realized and, most importantly, exchange statistics of non-Abelian excitations can be probed 

experimentally. The major objective of the proposed research was to develop quasi-one 

dimensional structures where non-Abelian statistics of topological excitations can be tested, and 

we proposed experiments to demonstrate a x gate with a rotating magnetic field. Over the last 

year we made a substantial progress toward that goal. In parallel, we also studied 

superconductivity in topological insulator nanoribbons and looked for the signatures of 

topologically non-trivial superconductivity. Finally, we developed a new system where helical 

states with fractional charge excitations can be formed. These helical channels are precursors of 

a new class of topological superconductors where higher order non-Abelian excitations, such as 

parafermions, may be realized.  

 

Recent Progress 

A. Development of quasi-one dimensional topological superconductors.  

One of the biggest challenges in accomplishing the main objective of the proposed research was 

inadequate quality of the available InSb material. Recently we started collaboration with Prof. 

Shabani from NYU who have grown several outstanding wafers for our project. The material is 

InAs capped with epitaxial layer of Al.  Results of material characterization are shown in Fig. 1. 

The high quality of the material revealed in well defined weak localization dip at 𝐵 = 0and well 

pronounced quantum oscillations in high magnetic fields. Epitaxially grown layer of aluminum 

has high superconducting transition temperature 𝑇𝑐 = 1.5  K. We developed fabrication of 

Josephson junction where electron density and critical current can be controlled by electrostatic 

gates, Fig. 1c shows an AFM image of a typical device where two JJs form a SQUID. At zero 

gate voltage superconductivity is induced in InAs from Al at low T, Fig 1e. Negative voltages 

deplete carriers and reduce critical currents, with pinch-off gate voltages in the range of -2 - -4 V 
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depending on the distance between Al leads. Recently measured current-phase relation of a JJs 

shows a high degree of anharmonicity, an indication of ballistic transport in our JJs. After 

finishing the preliminary material and device characterization we will start working on the 

devices along the lines of the original proposal. 

B. Formation of helical channels in the fractional quantum Hall regime: development of a 

parafermion-supporting platform.  

The original goal of the research was to develop a platform where Majorana excitations can be 

realized and manipulated. Recently we established a collaboration with Prof. Shabani from NYU 

who is growing outstandingly good material for our experiments. From the quantum information 

perspective, however, the Hilbert space available for Majorana fermions (MF) is rather restricted 

and MFs-based quantum gates have to be complemented by two operations outside the protected 

topological state or be approximated by a ``distillation code" with a huge overhead. Parafermions 

- fractional MFs - have denser rotation group and their braiding enables two-qubit entangling 

gates. The holy grail of topological quantum computing will be a system which supports so-

 

 

Figure 1. (a) Weak localization dip at 𝐵 = 0 and (b) Shubnikov-de Haas oscillations measured in high 

mobility shallow InAs 2D gas. (c) Examples of SQUID devices fabricated from InAs/Al 

heterostructures, light areas are Al, darker islands have Al removed and InAs is etched in yet darker 

areas. Completed devices have isolation layer and electrostatic gates (not shown). (d) epitaxial Al has 

very high 𝑇𝑐 = 1.5 K. (e)  induced superconductivity in InAs and gate control of critical current. (f) 

Critical current oscillations as a function of flux in an asymmetric SQUID device. Current-phase 

relation indicate ballistic transport.  
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called Fibonacci fermions with 

universal braiding statistics, where 

universal quantum computations 

will become possible entirely within 

the topologically protected 

subspace. It has been shown that 

due to the sparse symmetry group, 

factorization of a 128-bit prime 

number will be 109-operations 

intensive with MFs, while it will 

take only 103 braiding operations 

with Fibonacci fermions.  Over the 

last year our laboratory together 

with Loren Pfeiffer from Princeton 

University developed GaAs 

heterostructures where 1D helical 

channels with fractionalized charge 

excitation can be realized, these 

channels being precursors of 

topological superconductors with 

parafermionic excitations.  

Helical channels are commonly associated with quantum spin Hall effect or two-dimensional 

topological insulators, where strong spin-orbit interactions introduce bulk band inversion and 

topologically protected helical modes are confined to the edges.  In conventional quantum Hall 

setting the bulk is also gapped but topologically protected edge modes are chiral due to the 

broken time-reversal symmetry. However, we realized that an ability to gate-control quantum 

Hall ferromagnetic transitions should allow formation of synthetic helical edge channels. In Fig. 

1 the concept is visualized for the filling factor  𝜈 = 2/3 FQHE state. The 𝜈 = 2/3 state can be 

viewed as a 𝑝 = 2 integer quantum Hall state for composite fermions (CFs), composite particles 

consisting of an electron with two flux quanta attached. A filling factor for electrons and CFs are 

related via 𝜈 = 𝑝/(2𝑝 ± 1)  transformation, where ±  corresponds to the electron spin being 

parallel or antiparallel to the field direction. Energy levels for electrons and CFs have very 

different magnetic field dependences, and CF energy levels |0 ↓ ⟩  and |1 ↑⟩ cross at high field 

𝐵∗ = 3.4 T as shown in Fig. 1. Provided that 𝐵∗ can be controlled electrostatically, two counter-

propagating edge channels with fractional charge excitations (a helical domain wall) should be 

formed at the boundary, Fig. 2. Coupled to a s-wave superconductor such system should support 

parafermionic excitations. 

 

 

 

Figure 2. Left: Schematic spectrum of composite fermions, at 

B = 3.4 T there is an unpolarized-polarized transition for the 

filling factor 𝜈 = 2/3. Right: formation of a helical channel 

with fractionalized charge excitations from CF edge states. 

Polarization of the  𝜈 = 2/3 state is controlled by a gate 

(yellow), which creates two counter-propagating CF edge 

channels at the boundary. These channels have 𝑒∗ = 1/3𝑒 

low energy charge excitations. Parafermions should be 

formed at the boundary of s-wave superconducting contacts 

(green) and the helical channel. 
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The major progress for this part 

of the project during the last 

year was development of 

devices where a single helical 

domain wall (hDW) in the 

fractional quantum Hall effect 

regime can be investigated. 

Some number of wafers has 

been grown and we uccesfully 

demonstrated gate control of 

ferromagnetic transition at 𝜈 =

2/3 , see Fig. 3. Isolation of a 

single domain wall requires 

complicate 14 layers of 

lithography and takes 2-3 weeks to fabricate. Some aspects of such device has not been studied 

before, for example it was not known whether QHE, especially fragile fractional QHE states, 

will be formed in point contacts formed by ohmic contacts (usually point contacts are formed by 

electrostatic gates, which results in a very different confining potential profile and Fermi energy 

pinning). We found that indeed it is possible to tune contact formation conditions to obtain 

insulating states in FQHE regime between contacts as close as 2 𝜇m with resistance > MΩ. We 

confirmed that QHFm transition can be observed in both large areas and inside point contacts. 

The level of control is shown in Fig. 3c, were we demonstrate formation of a helical domain wall 

in a point contact. In that device we were able to see and tune QHFm transition on both sides of 

the point contact independently and to clearly identify 4 configurations ↑↑, ↑↓, ↓↑, and ↓↓.   

Future Plans 

For InAs-based devices our plans for the next year include (i) demonstration of ballistic devices 

(CPR), (ii) fabrication and characterization of QD charge sensors, (iii) Fabrication and 

characterization of lithographical nanowires (iv) work toward demonstration of Majorana 

braiding. For parafermion-development platform our goal is to characterize transport in 

helical channels and develop high transparency superconducting contacts to these structures. 

Publications 

George Simion, Tzu-ging Lin, John D. Watson, Michael J. Manfra, Gabor A. Csathy, Yuli 

Lyanda-Geller, and Leonid P. Rokhinson, "Theory of topological excitations and metal-insulator 

transition in reentrant integer quantum Hall effect" under review at PRL (2017); 

arXiv:1705.05233 

 

Figure 3: Left: Gate control of a ferromagnetic transition at 𝜈 = 2/3 

Dashed line marks the transition between ↑↓ 𝑎𝑛𝑑 ↑↑  spin 

configurations. Right: full control of spin polarization and formation 

of helical channels in a point contact device. 
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NV-centers in diamond for non-invasive optical sensing and quantum spin studies 

R. Prozorov, N. M. Nusran, V. Mkhitaryan, Kyuil Cho, M. A. Tanatar, M. Tringides, M. 

Hupalo, J. Wang, Y. Lee, Liqin Ke, D. Vaknin, Ames Laboratory, Ames, Iowa 50011 

Program Scope 

Magnetic NanoSystems: Making, Measuring, Modeling, Manipulation. 

The scientific goal of this program is to study the effects of geometric confinement on electronic 

and magnetic properties, excitations, currents and coherence in quantum materials. Advanced 

experimental probes, such as NV-centers in diamond optical magnetic field sensor and spin - 

polarized scanning tunneling spectroscopy are used to obtain spatially – resolved maps of 

magnetic and electronic degrees of freedom, while x-ray magnetic circular dichroism and ultra-

fast optical spectroscopies provide information on element - specific local moment and non-

equilibrium charge and spin dynamics. Theoretical analysis of the collected data is used in  the 

numerical calculations of spin - resolved electronic structure and simulation of quantum spin 

dynamics to obtain a fundamental  understanding of quantum magnetism in the systems of 

interest at the microscopic level. 

Recent Progress  

Here we focus only on one aspect of our program – 

successful development of the novel sensing 

technique based on the nitrogen – vacancy (NV) - 

centers in diamond whose optical fluorescence 

levels are highly dependent  on local magnetic 

fields. Other types of sensing (e.g., temperature or 

local NMR) are also possible. This technique is 

still under active development in several research 

labs worldwide. Each has its own “flavor” and 

unique in one aspect or another. For the description 

of the physical principles behind this technique, 

please see Refs. [1-3]. In this FWP, the NV – 

centers in diamond are used to probe local 

magnetic fields. Separately, they are used as a well 

– defined system to study spin coherence and spin 

dynamics. During past three years, we built 

functional NV - centers laboratory from ground up, 

implemented optical readout algorithms and data 

analysis. As a first step, we have successfully 

implemented magneto-sensing aspect, while 

quantum spin studies are planned for the near 

future. The magneto-sensing itself can be realized 

in two ways – with the ensembles of NV - centers 

randomly distributed in diamond crystal, as shown 

schematically in Figure 1, or as a scanning setup 

with the single NV-center in nano-diamond that is 

places at the end of an AFM tip. The former has larger signal to noise ratio, but lacks the spatial 

resolution of the latter, which can be better than 50 nm. The sensitivity in either approach is 
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Figure 1: ODMR Zeeman splitting proportional 

to the local magnetic field on top (solid circles) 

and bottom (open squares) surfaces of optical – 

grade diamond slab containing randomly 

distributed NV centers. Confocal optics is used 

to focus in about 0.5 m in diameter volume. 

Magnetic iron oxide nanoparticles were 

deposited on diamond surface. At each 

temperature the sample was cooled in a 1 kG 

external field after which the field was turned 

off. The dashed line shows bulk measurements 

of the frozen solution of the same nanoparticles 

with Quantum Design MPMS. 
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about 50 T/Hz in DC mode and three orders of magnitude better in the more advanced AC 

mode. The sensing can be further improved by using novel quantum control methods (advanced 

microwave pulsed sequences, etc.). The low-temperature ensemble magneto - sensing is already 

operational with several research projects on the way, and the scanning sensing is nearing its 

critical phase where we fabricate diamond nano-pillars containing NV centers. This work is done 

at the Center for Nanoscale Materials at Argonne National Laboratory.  

The nitrogen-vacancy (NV) center is a point defect in the diamond lattice that has a spin triplet, 

S=1, ground state. When excited to a higher energy level by a 532 nm green laser from the mS=0 

spin projection ground state, the relaxation back to mS=0 proceeds through spin - conserving 

cyclic transitions emitting red photons. However, if excited from mS=1 levels, the NV center 

mostly relaxes via the meta-stable (dark) states back to mS=0 resulting a lesser red fluorescence 

rate. This spin - dependent fluorescence allows for optical detection of the magnetic resonance 

(ODMR) by sweeping frequency of low-intensity microwave radiation. When the frequency 

matches the energy difference between mS=0 levels and mS=1 levels, the fluorescence rate is 

minimal. Finally, the mS=1 levels are Zeeman – split in a magnetic field resulting in a double – 

dip ODMR spectrum. 

Figure 1 shows an example of sensing magnetic field produced by a dilute ensemble of iron 

oxide nanoparticles deposited directly on the diamond plate surface. By focusing either on the 

surface close or far from the nanoparticles layer using confocal optics, the measured ODMR 

changes when the sample is cooled below 50 K signifying so-called blocking transition of these 

superparamagnetic particles. This observation is very important, as it will allow studying 

collective effects in magnetic nanoparticle ensembles, separating them from the behavior of a 

single nanoparticle as  high-resolution sensing 

mode becomes  available. 

Figure 2 demonstrates spatially – resolved imaging 

of a magnetic field across a superconducting sample. 

In a conventional Meissner effect, weak magnetic 

field is expected to be expelled from the sample, but 

many superconductors show quite different 

behavior. We studied several classes of 

superconducting materials and observed behavior 

ranging from expulsion to paramagnetic Meissner 

effect [4,5]. In Fig.2, stoichiometric iron-pnictide 

CaKFe4As4 is shown not to expel magnetic field at all, 

confirming its anomalous nature described 

previously by our group [6].  

By focusing precisely near the edge of a well – 

shaped sample (as determined from SEM imaging) 

we can measure magnetic field at which Abrikosov 

vortices begin penetrating the sample. This field is 

related to the first critical field, which in turn 

depends on one of the fundamental parameters 

describing superconductors, - London penetration 

depth, which is notoriously difficult to measure 

precisely. Figure 3 (a) shows measurements of 

ODMR Zeeman splitting in Ba(Fe1-xCox)2As2 
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Figure 2: Spatially – resolved ODMR splitting 

as function of distance across the edge of a 

superconducting crystal of CaKFe4As4 (P. C. 

Canfield group). Open symbols correspond to 

the flux penetration after cooling in zero field 

and applying 100 Oe magnetic field at 5 K. 

(Near the edge the field is too large due to 

demagnetization). Full symbols show 

anomalous Meissner effect where magnetic 

field is not expelled at all upon field cooling. 
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crystal near optimal composition.  

The signal is measured as a function of applied 

external magnetic field in several locations inside 

the sample near the edge and then averaged. At 

approximately Hp~13.2 Oe the signal starts to 

increase signaling penetration of vortices into the 

interior. The values of Hp obtained using this 

procedure in samples of different cobalt 

concentration, x, are converted into the first critical 

field, Hc1, from which the London penetration 

depth can be calculated directly. Figure 3(b) 

shows interesting direct correlation between 

superconducting transition temperature (left axis) 

and the values of the first critical field (right axis). 

Future Plans 

Technical: In the nearest future, we will start 

using single NV scanning mode to spatially resolve 

magnetism at the nanoscale. A prototype NV-

functionalized diamond pillar is shown in Fig.4. 

We will develop non-invasive optical magnetic 

sensing with novel protocols for enhanced 

sensitivity. Potential directions for achieving increased sensitivity 

include: employing dynamic-decoupling protocols to improve the NV 

spin coherence, and suppressing background fluorescence and/or 

continuous resonant driving of NV metastable states to enhance the 

signal contrast. In addition, we will attempt to develop/employ pulsed-

ESR protocols on NV centers to study fluctuating local magnetic 

environments in various materials. Develop Rabi spectroscopy with NV 

centers to achieve vector magnetometry of EM fields. This will have a 

broad range of applications including MW technologies and 

metamaterials. Specific examples include systematic study of micron-

scale electromagnetic resonators and superconducting split-ring 

resonators. 

Science:  Advanced NV sensing will be used to map vector magnetic 

field and infer spin distribution in magnetic nanoislands and nanoparticles as function of the 

number of layers, capping and wetting layer, lateral size, etc. This information will be used to 

study correlation between atomic and magnetic structures comparing bulk and nanoscale objects, 

collective effects, and superparamagnetic blocking. We will determine current density 

distributions in superconductors and topological matter focusing on the effects of geometric 

confinement. We will hopefully prove experimentally spin-locked nature of non-dissipative 

currents in topological insulators. We will study fundamental properties of superconductors, such 

as first critical field, critical current density and vortex behavior as function of sample size, down 

to the nanoscale where exotic effects, such as parity – dependent gap, self-organization and 

paramagnetism are expected at the nanoscale. Study magnetic topological excitations such as 

skyrmions, magnetic domains, Abrikosov vortices comparing behavior of these excitations in 

 

Figure 4: Prototype 

of a diamond pillar 

with NV centers at the 

tip. 
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Figure 3: (a) Measurements of the first 

penetration field in single crystal of Ba(Fe1-

xCox)2As2 (P. C. Canfield group) when external 

field is applied at 4.2 K. (b) Correlation between 

first critical field (right axis) and 

superconducting transition temperature (left 

axis) as function of cobalt content, x. 
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bulk and nanoscale systems.  We will study the role of defects in these systems. Explore 

unconventional superconductivity driven by spin/magnetic/nematic fluctuations in the 3D -> 2D 

crossover regime (from bulk to monolayer films).  We will elucidate and exploit spin coherence 

in materials lacking spin-orbit (SO) coupling, thus featuring long spin coherence times. While 

such materials provide suitable environment for spintronics purposes, the spin read-out by the 

traditional means (e.g., Faraday or Kerr rotation) appears to be challenging. Inclusion of NV 

centers is promising for providing the spin read-out, rendering these materials appealing for 

potential spintronics applications.  Develop and explore ensembles of NV centers for collectively 

enhanced spontaneous emission (superradiance) behavior. One of the interests in superradiance 

study lies in its close connection with the physics of laser emission. Potential applications 

include magnetic field-controlled NV lasing and ultra-precise NV ensemble laser sensors, 

providing nanoscale resolution owing to the enhanced read-out signal contrast.   
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PROGRAM SCOPE 

The overarching goal of our research is to understand, and ultimately control, emergent 

behavior in strongly correlated quantum materials. Our research combines synthesis, 

measurement and theory to coherently address questions at the heart of these issues. We use 

cutting edge, often unique, experimental probes to uncover novel forms of electronic order in a 

variety of complex materials. Our theoretical work provides a framework to understand the rich 

variety of possible ordered states, and guides our ongoing measurements and synthesis efforts. 

Big questions that we collectively address include: 

 What are the rules and organizing principles governing emergent behavior in quantum 

materials, particularly quantum critical points and their proximate phases.  Examples include: 

o What are origins of pseudogap phases and what are their possible relations to quantum 

critical behavior? 

o Why so often a superconducting dome emerges around a quantum critical point? 

o What is the nature of the coexisting and competing phases in high temperature 

superconductors, and how do they determine/limit the maximum critical temperature? 

o How does disorder affect quantum phase transitions in strongly correlated materials? 

o How do we understand electrical and thermal transport in the quantum critical regime? 

 Do we need a new set of paradigms to define metallic behavior?  

o How do we understand metals that emerge from “failed superconductors”? 

o Why some strongly correlated metals exhibit hydrodynamic transport? 

o What is the origin of “bad metals” where quasi-particles are no longer well-defined? 

Our research addresses these challenging questions in the context of a range of complex quantum 

materials and artificial structures. 

RECENT PROGRESS 

1. The Superconductor-Insulator Transition and its proximate phases 

The conventional picture of possible ground states in a two-dimensional electron gas (2DEG) 

system, at zero temperature and in the presence of disorder, allows only superconducting or 

insulating phases (and in magnetic field also quantum Hall liquid phases). Tuning the disorder 

and/or magnetic field between superconducting and insulating ground states -- the so called 

superconductor-insulator transition (SIT) -- has received acute attention because they led to 
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exploration of new ground states and appear to be broadly relevant to other quantum phase 

transitions (QPTs) and unsolved puzzles such as unconventional superconductivity in the high-

Tc cuprates. In particular, detailed experimental studies of disordered superconducting thin-films 

near the magnetic-field tuned superconductor-insulator transition (SIT) have revealed several 

unexpected new ground states for films that otherwise superconduct at zero magnetic field. First, 

in weakly disordered films (with normal state resistivity small compared to the quantum of 

resistance, the superconducting state gives way to an anomalous metallic phase with a resistivity 

that extrapolates to a non-zero value as the temperature tends to zero [paper accepted to Science 

Advances. See point (2) below for further discussion]. Second, for highly disordered 

superconducting films with normal state resistance close to the quantum of resistance a direct 

SIT occurs at a field Hc, giving way to a boson-dominated insulator. In new experiments, where 

the longitudinal resistance is supplemented with Hall resistance data, additional striking results 

were obtained. These include:  1) the resistivity tensor at criticality approaches the universal 

value expected at a point of vortex-particle self-duality, 2) the critical exponents governing the 

quantum critical behavior appear to be the same as those observed at both the integer and 

fractional quantum Hall to Insulator transitions, and 3) the insulating phase proximate to the SIT 

appears to be a Hall insulator where in the limit of T0, the longitudinal resistance tends to 

infinity while the Hall resistance is finite, approaching a simple value of ~H/nec [PNAS 113, 

280-285 (2016)]. These new results shade light on the nature of the SIT and bare important 

consequences to other QPT in two-dimensional systems. 

2. Critical Review of Anomalous Metals - Failed Superconductors   

A fundamental disjunction between theoretical prejudice and experimental reality concerns 

the existence of metallic ground states of a wide variety of two-dimensional electronic systems.  

Specifically, (in collaboration with B. Spivak) we have assembled and critically analyzed the 

experimental evidence of the existence of a new regime, which we call the ``anomalous metal 

regime,'' in a diverse 2D superconducting systems driven through a quantum superconductor to 

metal transition (QSMT) by tuning a physical parameter such as magnetic field, the gate voltage 

in the case of systems with a MOSFET geometry, or, in some cases, the degree of disorder. The 

principle phenomenological observation is that in such systems, as a function of decreasing 

temperature, the resistivity first drops as if the systems were approaching a superconducting 

ground state, but then saturates at low temperatures to a value that can be many orders of 

magnitude smaller than the Drude value.  The anomalous metal typically exhibits a giant positive 

magneto-resistance and, where it has been tested, a Hall resistance that is orders of magnitude 

smaller than its classical (Drude) value. Thus in a sense it can be considered as a ``failed 

superconductor. '' This behavior is observed in a relatively broad range of parameters.  We 

moreover exhibit, by controlled theoretical solution of a model of superconducting grains 

embedded in a metallic matrix, that such anomalous metallic behavior can occur in a well 

defined quantum critical domain in the neighborhood of a QSMT.  However, we also argue that 

the robustness and ubiquitous nature of the observed phenomena are difficult to reconcile with 

any existing theoretical treatment [a review paper in preparation]. 
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2. Current-phase relations in exotic Josephson-junctions 

To control and characterize individual modes in junctions is long-standing challenge in 

mesoscopic superconductivity. This challenge is especially timely due to the great interest in 

exotic junctions for quantum computation. We measured the “current-phase relation” (CPR), the 

key defining property of any junction, of many superconducting rings interrupted by individual 

InAs nanowire junctions. We showed that the CPRs of these junctions are skewed, indicated 

high-quality transmission. Furthermore, they can be tuned, which is important for the control of 

Majorana modes. Many theorists have proposed using the CPR to dynamically read out the state 

of the Majorana mode, and this work represents a significant step towards that goal. (Nature 

Physics, appeared online on August 14, 2017). 

4. Progress in the study of nematicity in strongly correlated materials 

 Our collaborative study, which involves synthesis, measurement and theory. First we used 

differential elastoresistance measurements [Rev. Sci. Instrum. 88, 043901 (2017)] from five 

optimally doped iron-based superconductors to show that divergent nematic susceptibility 

appears to be a generic feature in the optimal doping regime of these materials. This observation 

motivates consideration of the effects of nematic fluctuations on the superconducting pairing 

interaction in this family of compounds and possibly beyond [Science 352, 958 (2016)].  

In addition, we identify appropriate transverse fields to tune an Ising nematic quantum 

critical transition, and predict appropriate materials to realize such an effect. This is motivated by 

the growing evidence that nematic quantum criticality might be an important organizing 

principle affecting several families of high temperature superconductors. Specifically we identify 

4f ferroquadrupole order as a realization of Ising nematic order, providing new avenues to study 

nematic quantum phase transitions in metallic systems. Finally we introduce the notion of using 

shear strain as a powerful new tuning parameter, providing a new means to access a metallic 

QCP in the absence of a magnetic field. (arXiv:1704.07841). 

FUTURE PLANS 

For FY18-20, we plan to add a critical study of metallic transport beyond the standard 

momentum-relaxation Boltzmann transport, in addition to the focus on broken symmetry phases 

and quantum phase transitions in strongly correlated materials.  

The design and implementation of new types of experiment that probe the (often subtle) 

types of emergent order in complex materials will continue to be a major emphasis of our 

program. We previously highlighted the ability to exert anisotropic strain (which acts as an 

“ordering field” on electronic nematic fluctuations) in our transport, optical and scanning SQUID 

measurements, and the use of polar Kerr effect for time-reversal symmetry breaking tests.  We 

recently added two new optic-based instruments, a photogalvanic instrument, where light with 

specific polarization induce directional current which in turn help determine the symmetry of the 

underlying electronic system. A new photothermal microscope is used in thermal diffusivity 

measurements, which are performed on micrometer-scale spots, hence allow for precise 

determination of transport anisotropy.  
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Novel and unconventional superconductors: quantum criticality and possible field-induced 

superconducting states 

Luis Balicas – Physics Department and National High Magnetic Laboratory, FSU 

Program Scope 

  In this program, we proposed a comprehensive effort to unveil the physical 

properties of a series of unconventional superconductors. For some of these compounds such as 

the Fe based or the heavy fermion superconductors, e.g. CeCu2Ge2, the concept of quantum 

criticality or the existence of quantum fluctuations associated with the suppression of an order 

parameter, is believed to be relevant for the superconducting pairing mechanism. Other 

compounds such as URu2Si2 were claimed to display an exotic superconducting gap wave-

function with possible point nodes, around which the nodal quasiparticles’s Berry phase would 

seem to display topological properties leading to a “Weyl superconductor”. New Pd and 

chalcogenide based superconductors such as Nb2PdxS5, which are characterized by a complex 

electronic structure at the Fermi level, are found to display, depending on their electronic 

anisotropy, incredibly high superconducting upper critical fields suggesting the possibility an 

unconventional pairing symmetry. Finally, in the Fe based superconductors, such as in 

BaFe2(As1-xPx)2 and for some values of x, superconductivity coexists with a magnetic state 

raising the possibility of a time reversal symmetry broken  superconducting state. The goal of 

our program is to unveil, and to characterize novel and unconventional (in the sense of 

unconventional electronic topology) superconductors, its relation to quantum criticality, and 

explore possible field-induced superconducting states. 

Recent Progress - Bulk Fermi surfaces of the Weyl-type-II semi-metallic candidates -

MoTe2 and WP2 (abstract title) 

 The electronic structure of semi-metallic transition-metal dichalcogenides, such as WTe2, 

orthorhombic -MoTe2 [1], and WP2 [2], are claimed to contain pairs of Weyl points or linearly 

touching electron and hole pockets 

associated with a non-trivial Chern 

number [1-3]. For this reason, these 

compounds were recently claimed to 

conform to a new class, deemed type-

II, of Weyl semi-metallic systems. A 

series of angle resolved photoemission 

experiments (ARPES) claim a broad 

agreement with these predictions 

detecting, for example, topological 

Fermi arcs at the surface of the 

dichalcogenides crystals. We 

synthesized single-crystals of semi-

 

Fig.1. Left: Original band structure and Fermi surface (FS) of -

MoTe2 based on its crystal structure. Red square indicates 

location of Weyl type II points. Right: resulting Fermi surface 

which is composed by several concentric electron (magenta) and 

hole pockets (blue). 
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metallic MoTe2, through a Te flux method, and of WP2, via chemical vapor transport, to validate 

these predictions through measurements of their bulk Fermi surface (FS) via quantum oscillatory 

phenomena. For -MoTe2 we find that the superconducting transition temperature depends on 

disorder as quantified by the ratio between the room- and low-temperature resistivities, 

suggesting the possibility of an unconventional superconducting pairing symmetry. Similarly to 

WTe2, the magnetoresistivity of -MoTe2 does not saturate at high magnetic fields and can easily 

surpass 106 %. WP2 exhibits a very low residual resistivity, i.e. 0  10 ncm, which leads to 

perhaps the largest non-saturating magneto-resistivity reported for any compound, i.e. 2.5 x 107 

% at 35 T.  For -MoTe2, the analysis of 

the de Haas-van Alphen (dHvA) signal 

superimposed onto the magnetic torque, 

indicates that the geometry of its FS is 

markedly distinct from the calculated 

one. A direct comparison between the 

previous ARPES studies and density-

functional-theory (DFT) calculations 

reveals a disagreement in the position of 

the valence bands relative to the Fermi 

level F. Here, we show that a shift of the 

DFT valence bands relative to F, in 

order to match the ARPES observations, and of the DFT electron bands to explain some of the 

observed dHvA frequencies, leads to a good agreement between the calculations and the angular 

dependence of the FS cross-sectional areas observed experimentally [4]. However, this relative 

displacement between electron- sand hole-bands eliminates their crossings and, therefore, the 

Weyl type-II points predicted for -MoTe2. For WP2 we find that the angular dependence of the 

SdH frequencies is in excellent agreement with the first-principle calculations when the electron- 

and hole-bands are shifted by 30 meV with respect to the Fermi level [5]. This relative shift 

between bands could also suppress the predicted Weyl type II points in this compound. Here, we 

will not have time to discuss our recent results on Dirac type II and Dirac nodal line systems. 

Future Plans 

 Currently, we are working to improve the sample quality of our URu2Si2 samples with 

goal of exploring its anomalous transport properties, such as Hall, thermal Hall and Nernst 

effects, in the mixed state, in an attempt to unveil its possible superconducting Weyl character. 

The same can be said about the hidden order, preliminary results, in samples of good but not of 

excellent quality, reveal anomalous effects such as a negative longitudinal magnetoresistivity, 

akin to the one observed in Weyl semi-metallic systems and ascribed to the Axial anomaly 

among Weyl points of opposite chirality. Disorder seems to weaken its possible topological 

properties, like the magnitude of the Nernst effect which is intrinsically associated to the Berry 

phase of the charge carriers. We are also exploring the electronic properties of the proposed 

 

Fig. 2. Left: Band structure that would agree with reported 

ARPES data and our observed angular dependence of the de 

Haas van Alphen effect. The displacement of the bands 

suppresses the Weyl type II points. Right: resulting Fermi 

surface. 
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Dirac type II semimetal PdTe2 which displays superconductivity and whose structure is related to 

the NbxPdy(S,Se)z superconducting compounds previously studied by us. Our preliminary studies 

indicate a good agreement between the geometry of its experimental Fermi surface, as 

determined via de Haas van Alphen effect, and the calculated one. This indicates that its overall 

calculated band structure is correct and that these compounds indeed are Dirac type II 

semimetals. It remains to be clarified if the Dirac point affects carriers at the Fermi level 

providing, for example, topological protection.  Our preliminary study suggests the possibility of 

non-trivial Berry phases for the (Pd,Pt)Te2 system, which could affect the aforementioned 

superconducting state. Concerning its superconducting properties, it does not display very high 

upper critical fields which point to an unconventional statte . Currently, we are exploring a 

number of systems displaying non-trivial topology, via doping or intercalation, with the intent of 

stabilizing superconductivity 
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Emerging Materials 

Principal Investigator: John F. Mitchell (ANL); Co-PIs: D. Phelan (ANL), H. Zheng (ANL) 

Program Scope 

How do the remarkable properties of matter emerge from complex correlations of the atomic or 

electronic constituents, and how can we control these properties? How do we understand the 

critical roles of heterogeneity and disorder in materials that lie beyond the ideal? Emerging 

Materials pursues answers to these two questions by exploring the structure and behavior of 

quantum matter systems, those materials for which quantum mechanical effects lead to 

unexpected, remarkable properties. Currently, we focus on three exemplar areas of quantum 

materials science: topological quantum matter, electron correlation and spin-orbit coupling in 

oxides (including iridates), and random electric fields in disordered matter. Emerging 

Materials is well-positioned to lead the way in these focus topics.  In particular, we are at the 

forefront of high-pressure floating zone crystal growth, which is opening new possibilities in 

oxide physics. Likewise, our recent advances in interpreting 3D mapping of diffuse scattering 

(collaborating with Argonne’s Neutron and X-ray Scattering program) promise to give us a 

prominent role in the study of disorder and random fields. In these focus areas, our program 

deliverables are knowledge of the basic phenomenology of complex quantum states, 

understanding of how to manipulate these states or how to create new ones, and the novel, 

pedigreed samples that allow not only us, but also members of the broader condensed matter 

community to build on our work to create new frameworks for understanding quantum matter.  

 Recent Progress  

Charge and Spin Stripes in Trilayer Nickelates Many 

mixed-valent TMOs adopt insulating ‘charge-ordered’ 

states, frequently with some variety of charge stripe,1 

found in cobaltites, cuprates, nickelates, and 

manganites. The case of nickelates plays a prominent 

role in charge-stripe physics, since mixed-valent 

Ni2+/Ni3+ compounds such as La2-xSrxNiO4 (formally 

Ni2.33+) are structurally and electronically related to 

high-Tc cuprates. In this vein, Greenblatt and others 

synthesized powders of anion-deficient Ni1+/Ni2+ 

Ruddlesden-Popper (R-P) phases Rn+1NinO2n+2 (R=La, 

n=2; R=La, Pr, Nd, n=3) with a rigorously square 

planar Ni-O environment, Fig 1a.2 La4Ni3O8 (La-438) 

undergoes a metal-insulator (MIT) phase transition on 

cooling through 105 K that has been attributed to a 

spin-density wave (SDW)3 or to a spin-state driven 

MIT transition.4 Unfortunately, a lack of single crystals 

to date has hampered definitive experimental 

understanding of this system. Using our high pressure 

floating-zone furnace, we successfully prepared crystals of the formally Ni1.33+ La and Pr 

members of the 438 family. Using single crystal synchrotron and neutron diffraction, we found 

previously unidentified, weak superlattice reflections indicative of a three-fold periodic charge 

and spin stripe ground state in this 1/3-hole doped nickelate (Fig. 1c,d), agreeing exactly with 

 

Fig. 1 (a) T' crystal structure of La4Ni3O8 

showing square planar coordination of Ni. 

(b) Resistive transition at Ts ~105 K. (c) hk0 

plane below Ts showing superlattice 

reflections (left); simulated diffraction 

pattern (middle) using stacked charge stripe 

model (right). (d) neutron scattering shows 

expected spin-derived superlattice. 
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that for 1/3-hole doped single-layer nickelates. Unlike these latter materials, however, charge 

stripes in La-438 stack in an eclipsed fashion within the trilayer, contradicting simple Coulomb 

repulsion arguments. With collaborator M. Norman we established that the stacked charge stripe 

pattern is the ground state of La-438 and has predicted the form of the lattice distortion that 

opens a gap at the fermi level.5 We have also shown that the holes in the La-438 system are 

highly x2-y2 polarized, comparable to that found in cuprate superconductors. Even more 

intriguing, the Pr-438 system shows similar levels of orbital polarization, but remains metallic to 

below 2 K.9 These findings suggest that Pr-438, which in cuprate parlance would be overdoped, 

is perhaps the most faithful representative among the many high-Tc superconductor analogs. 

Topological Matter ‘Extreme magnetoresistance’ (XMR), has been reported in a number of 

structurally simple binary semimetals, including tetragonal Weyl typified by semimetals NbP.6 

XMR is characterized by a tremendous (~105 %) increase in resistance in relatively modest (few 

T) magnetic fields. Two prevailing explanations have been posited for XMR: (a) topological 

protection that is lifted by magnetic field and (b) nearly perfect compensation of electron and 

hole volumes. We observed XMR in specimens of YSb grown in our laboratories and 

collaborated with the Shen group at Stanford 

to probe the band structure via ARPES for 

signs of a nontrivial topological electronic 

band structure. As shown in Fig 2, YSb has a 

straightforward ARPES spectrum that agrees 

well with DFT calculations but shows no 

features expected of topologically protected 

states. Using the measured fermi surface, we 

estimated the electron and hole volumes, 

yielding an e/h = 0.8, significantly deviating 

from the near-perfect compensation required 

by the second model. By incorporating this 

e/h ratio as a fitting parameter into a standard 

two-band model for the MR, we showed 

excellent agreement both to the absolute 

magnitude and to the field dependence of our 

magnetoresistance data (Fig. 2d). The key 

outcome of this fitting, however, is the need for a considerable imbalance between electron and 

hole mobility (e/h~300), implicating a third interpretation for the origin of XMR in these 

semimetals in the case of moderate but incomplete carrier compensation.  

Local ordering in relaxor ferroelectrics Together with the ANL Neutron and X-ray Scattering 

program, we have made use of recent advances in instrumentation that allow for efficient 

measurement of large volumes of diffuse x-ray (via continuous rotation) and neutron scattering 

(using the new instrument Corelli at the SNS) to survey the different forms of local order that 

occur in a collection of crystals that span the entire phase diagram of the model relaxor system  

(1-x)PbMg1/3Nb2/3O3-xPbTiO3 (PMN-xPT). We have identified four distinct forms, and by 

studying their compositional dependence, we have unambiguously resolved the coupling of each 

of the diffuse scattering signatures to the dielectric and electromechanical properties (Fig. 3).  In 

particular, we uncovered a distinct correlation between ferroic diffuse scattering and 

piezoelectricity, which has important implications for the design of advanced piezoelectrics.  

 

Fig. 2  XMR in YSb. (a) Calculated (top) and 

measured (bottom) band structure of YSb. (b) 

Calculated fermi surface showing hole pockets at X 

and electron pocket at  (c) Estimates of electron and 

hole volumes from measured fermi surface (d) Two-

band fit (solid line) to MR data (points).  
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Moreover, our observations strongly connect ‘relaxor’ 

behavior to a competition between antiferrodistortive and 

ferroic order and inform the nature of the ground-state in 

relaxors which has long been controversial. 

Future Plans 

The influence of topology on itinerant electrons and spins: 

we will probe how real- and momentum-space Berry phases 

in semi-metals are connected and how this reciprocity can 

influence transport in spin textures and vice-versa. This 

would offer a novel approach for studying the mechanism 

of controlling mesoscale phenomena by atomic level effects 

and vice versa. 

The interplay of electron correlation and spin-orbit 

coupling: we will take a fresh look at the electronic 

structure of iridates with the objective of isolating putative 

Jahn-Teller modes as a function of SOC, and we will study 

low-dimensional correlated nickelates, exploring 

dimensionality, doping, and disorder in single crystals we 

will grow via high-pO2 zone methods. 

The impact of random fields on long-range structure: we 

will develop an empirical foundation for random field 

models that extend beyond the RFIM, exploring static 

aspects of chemically-driven quenched disorder.  
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Dynamics of electronic interactions in superconductors and related materials 

Dan Dessau, University of Colorado Boulder 

 

Program Scope 

 We perform experimental studies of the dynamics of electronic interactions in high 

temperature superconductors (cuprates and pnictides), related transition metal oxides (nickelates, 

iridates, and ruthenates), and topological phases of matter.  We primarily utilize high-resolution 

angle-resolved photoemission (ARPES).   We have a large number of collaborators to supply us 

with unique bulk and thin-film single crystal materials of these samples, theoretical collaborators 

using both density functional and field-theoretical tools, and excellent access to both synchrotron 

radiation facilities as well as our own unique in-house laser-based ARPES setup.   

 

 Recent Progress  

 Here we focus on our recent 

ARPES experiments on trilayer 

Nickelates [1]. Layered nickelates have 

the potential for exotic physics similar to 

high TC superconducting cuprates as 

they have similar crystal structures and 

these transition metals are neighbors in 

the periodic table. Previous studies on 

these materials were limited because of 

the lack of single crystalline materials, 

though the Mitchell group from Argonne 

has recently overcome this limitation via 

the use of a novel high-pressure floating-

zone growth furnace. 

Utilizing these newly available 

crystals, we have performed the first 

ARPES measurements on trilayer 

nickelates, initially studying the so-

called 4-3-10 compound La4Ni3O10. We 

have revealed its electronic structure and 

correlations, finding strong resemblances 

to the cuprates as well as a few key 

differences.  

 

Fig 1 a) ARPES Fermi map of La4Ni3O10. b) Schematic 

of the data of panel a, including a labeling of the three 

key bands (). c) Our calculation of the electronic 

structure of the same compound, including a color-

coding of the orbital weight of the key bands according 

to  whether they are principally dx2-y2 symmetry or d3z2-

r2 symmetry. The  band with predominant dx2-y2 

symmetry is very similar to the band in cuprates that 

dominates cuprate physics. 
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We find a large hole-like Fermi surface that closely resembles the Fermi surface of 

optimally hole-doped cuprates ( band, see figure 1b, redrawn from the raw data of figure 1a)), 

including its dx2-y2 orbital character (figure 1c for theory, but also including polarization ARPES 

data not shown here), hole filling level, and strength of electronic correlations (mass 

enhancement, that we directly extract from the data).  However, in contrast to cuprates, 

La4Ni3O10 has some extra 

bands, most noticeably 

one of principally d3z2-r2 

orbital character ( band 

of figure 1a) that is 

massive and is extremely 

near the Fermi energy 

(see the hatched regions 

of figure 1b and 1c).  

Figure 2 shows 

some details of the low 

energy (near-EF) spectral 

features, which are most 

important for the physical 

properties such as 

transport and possible 

superconductivity. Panel 

a shows the data from the 

cuprate-like  band 

measured at low 

temperature and at 4 

different places on the Fermi surface. No gapping or pseudogapping is observed, in contrast to 

this band in the cuprates which does gap.  In contrast, panel c shows the  band of the nickelate 

does gap at low temperatures, with this gap going away above ~ 140K. This temperature regime 

matches a change in the electrical resistivity (figure 1c), indicating a likely connection to this 

physics, though many more measurements should be carried out to better elucidate these 

connections and the underlying physics. 

It is not yet understood why the -band supports gaps, pseuodgaps, and 

superconductivity in the cuprates but not in this family of the nickelates. The single-layer 

nickelates have been shown to support pseudogaps [2], but this is achieved by a large amount of 

doping that brings in disorder that is presumably damaging to any potential superconductivity. 

Other, related members of the nickelates may be better candidates. 

 

 

Fig 2. a) Near-EF ARPES spectra at T=30K from 4 locations along the a 

Fermi surface (see panel b). No gapping or pseudogapping is observed 

anywhere along this Fermi surface. c) Near-EF ARPES spectra from the 

 band (panel c), which shows a clear gapping at low temperatures 

(below T~ 140K) but not above 140K. d) Resistivity as a function of 

temperature, showing a transition near 140K. 
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Future Plans 

 The nickelates represent many new opportunities for research in correlated electron 

systems, and we plan to continue working with the Mitchell group from Argonne to study these 

materials.  High among these plans is to study the so-called 4-3-8 compounds, which are similar 

to the 4-3-10 samples discussed above but with two fewer oxygen atoms per unit cell. Compared 

to the 4-3-10 compounds that have close to a d8 average electron count, the 4-3-8 compound 

have an average electron count close to d9 and so are expected to be more similar to the cuprates 

(especially the electron-doped ones).  On the other hand, the 4-3-8 compounds are more brittle 

and more challenging to cleave and get excellent quality ARPES data from.  We also hope to 

study bilayer nickelates if they become available as high quality crystals. One direction we will 

explore for obtain high quality ARPES on small or more-difficult-to-cleave crystals is to use the 

new microARPES and nanoARPES capabilities that are coming on-line at the ALS, Berkeley. 

 In addition to continued work on nickelates, we are continuing to make excellent progress 

on cuprate superconductors, using our recently developed tools for obtaining the electronic 

structure in the presence of strong self-energy /interaction effects and heterogeneity effects. Here 

we are focusing on understanding the transition from the non-superconducting pre-pairing and 

pseudogap states into the superconducting state, considering especially the impact of the rapidly 

evolving self-energy effects with temperature. 

 Other ongoing projects include studies of strong spin-orbit coupled systems, including 

some doped ruthenates and iridates and some topological materials, including those that show 

“XMR” or extreme magnetoresistance. 
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Electron Spectroscopy 

Peter D. Johnson, Chris Homes, Tonica Valla 

Condensed Matter Physics and Materials Science Department, Brookhaven National Lab. 

Program Scope 

 The focus of the electron spectroscopy program at BNL is the exploration of the electronic structure and 

electrodynamics of topological insulators (TI) and strongly correlated electron systems, with particular 

attention to emergent phenomena, using the complementary techniques of angle-resolved photoemission 

(ARPES) and optical spectroscopy.  ARPES provides direct access to the electronic structure and to the 

self-energy effects reflecting the many-body interactions in a system.  Optical conductivity measurements 

provide access to free-carrier and superfluid densities, relaxation rates, and infrared-active lattice modes.  

Both techniques are sensitive to the emergence of gaps in the spectral function including for instance 

charge density wave (CDW) and superconducting gaps. 

A central goal of this program is to understand how the competing degrees of freedom lead to the 

complex phase diagrams and how the latter define the macroscopic properties.  Studies of the TI and 

strongly correlated systems are extended to other low-dimensional materials and heavier transition-metal 

oxides (TMO) in which both the correlation and spin-orbit coupling energies are comparable to band 

energies.   In these materials, the effects of strong spin-orbit coupling and correlations can lead to a 

myriad of different phases and phenomena.  In addition, interaction of topological materials with 

materials displaying other ground states, in particular with magnetism and superconductivity, will be 

studied, as the proximity effect is predicted to produce exotic new phenomena, such as Majorana 

Fermions.[1]  The latter could potentially see application in devices associated with quantum computing.  

In order to carry out these studies, instrumentation has been developed for both ARPES and optical 

reflectance studies featuring lab-based light sources as well as instrumentation for future beamlines at 

NSLS II.   

 Recent Progress  

The two key research areas of high Tc superconductivity and topological insulators have recently 

converged in studies of FeTe0.5Se0.5 (FTS) where it has been reported that this Fe-based high Tc 

superconductor supports a topological surface state at the center of the Brillouin zone.[2-4]  Such 

an observation generates considerable interest because it suggests that as the system enters the 

superconducting state, topological superconductivity in the surface region provides an 

environment for hosting zero energy bound states or Majorana Fermions (MF).[1]  The latter 

particles, long sought-after in high energy particle physics, represent Fermions that are their own 

anti-particles.  Aside from the fundamental interest in such exotic particles, they may have 

application as especially robust components for quantum computing.  In our own previous 

studies of the FTS system we pointed to the role of spin-orbit coupling in lifting the degeneracy 

of the bands at the center of the zone and its potential role in the observed nematicity in these 

systems.[5]  Those studies carried out at higher photon energies and lower energy and 

momentum resolution confirmed the role of spin-orbit interactions in lifting the degeneracy but 

67



did not provide clear evidence of any 

topological state.  More recently we have 

studied the system again using high-

resolution laser based ARPES with 

variable light polarization, including both 

linear and circularly polarized incident 

light.  As indicated in the figure we 

confirm the presence of a Dirac cone with 

helical spin structure as expected for a 

topological surface state.  These 

experimental studies are compared with 

theoretical studies that, unlike the 

previous studies, take account of the 

disordered local magnetic effects related to the paramagnetism observed in this system.  

Including magnetic contributions in the theoretical description of the normal state removes the 

necessity of arbitrarily adjusting the chemical potential as the calculated electronic band structure 

moves naturally into alignment with the experimental observations.  However with the 

realignment of the band structure, the discussion of the nature of the band gap supporting the 

topological surface state changes.   

Future Plans 

The Lab based activities in the Interdisciplinary Science Building (ISB) at BNL include new capabilities 

in the use of laser sources, which are proving particularly important for very high resolution studies at the 

center of the Brillouin zone.  We are also developing new capabilities in pump-probe techniques.  Lab 

based facilities also include spectrometers allowing a variety of optical conductivity studies.  These lab 

based capabilities will be complimented in the very near future through the use of new capabilities at 

NSLS II.  The new photoemission facility at the Electron-spectro Microscopy beamline will have 

focusing capabilities in the one micron range.  New infra-red capabilities at NSLS II will allow optical 

conductivity studies in high magnetic fields and under high pressure.  

A major new addition to the program will be the operation of the new OASIS instrument.  This new 

capability brings together Molecular Beam Epitaxy (MBE FWP) with the spectroscopic probes, ARPES 

and Spectroscopic Imagining Scanning Tunneling Spectroscopy (SISTM FWP).  OASIS, which is 

anticipated to come on line in the very near future, is an essential capability that will expand the studies of 

strongly correlated materials including the high Tc superconductors beyond the easily cleavable materials 

currently studied.  It will also be critical in expanding the group’s program into the studies of interaction 

of topological matter with superconductivity and magnetism in artificial hetero-structures.  It is intended 

that all of the ARPES instrumentation, including that associated with OASIS, the laser based activities 

and the beamlines at NSLS II will be made compatible through the use of a Universal Sample Holder 

(USH).  The optical conductivity systems will also be adapted to use this same USH.  This will open up 

each MBE grown sample to a range of different experimental studies.   

The Dirac cone at the center of the Brillouin zone of FTS 
 
as 

seen using circularly polarized light.  The Dirac point is 

located at approximately 5.0 meV below the chemical 

potential.  In a) the incident light is left circularly polarized; 

and in b) right circularly polarized. 
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Program Scope 

 The Magnetic Films Group creates, explores and derives new insights into novel 

fundamental physics and new materials related to magnetic phenomena.  Towards this end we 

synthesize a variety of thin film heterostructures and more complex lithographically patterned 

device concepts with the goal to understand and control their physical properties.  We focus 

especially on emerging new phenomena associated with the competition between spatial and 

magnetic length scales, as well as proximity effects.  Our vision is to understand the ultimate 

limits of miniaturization and prepare magnetic materials with designed functionalities.  Thus we 

tailor properties via systematic control of preparation conditions and manipulate dimensionalities 

and geometric confinement by thin film deposition via sputtering and electron-beam evaporation 

combined with advanced patterning and templating techniques.  Additional complexity comes 

from coupled heterostructures, which integrate ferromagnets, antiferromagnets, superconductors, 

and insulators.  Cutting-edge characterizations include the use of neutron-, synchrotron-, and 

electron-scattering and microscopy at DOE user facilities, as well as sophisticated in-house 

magnetotransport measurements, low-temperature high-magnetic-field magnetic force 

microscopy, broadband ferromagnetic resonance, and spatially resolved Brillouin light scattering 

microscopy.  This infrastructure enables us to comprehensively investigate magnetization 

dynamics, magneto-transport phenomena, and interfacial coupling effects.  These new 

phenomena push the boundaries of fundamental understanding of nanostructured magnetic 

materials and underlie novel applications ranging from information technologies to energy 

conversion. 

 

 Recent Progress  

 For this presentation we will focus on our recent work on investigating high-frequency 

dynamics in magnetic metamaterials.  Magnetic metamaterials have tailored magnetic properties 

due to their artificial structure or geometric constraints.  Examples are magnonic crystals or 

artificial spin ice systems.  Artificial spin-ice systems are lithographically defined nanomagnets 

that mimic effects of frustration, which are characterized by competing interactions that cannot 

all be simultaneously minimized.  This gives rise to highly degenerate magnetic configuration, 

which in turn result in magnonic crystals with reprogrammable energy-landscapes for magnon 

propagation.  Thus these systems offer unique possibilities in magnon spintronics, since they 

enable to tailor the magnonic properties by design.   

 We recently succeeded in measuring the high-frequency response of a metallic artificial 

square spin-ice lattice made of Ni80Fe20 [27].  The nano-scaled bar magnets were patterned using 

electron beam lithography and measured using broadband ferromagnetic resonance spectroscopy. 

We observed a rich mode spectrum over the full frequency/field range and find an excellent 

qualitative agreement to a semianalytical model.  We furthermore find indications that it might 

be possible to determine the spin-ice state by resonance experiments.  These results are a first 

step towards the understanding of artificial geometrically frustrated magnetic systems in the 

GHz-regime. 
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 We also explored the possibility to detect and drive spin dynamics in rectangular 

Ni80Fe20/Pt antidote lattices, by spin pumping and inverse spin Hall effect [30], as well as spin 

torque ferromagnetic resonance.  We find that the dynamics is determined by the design of the 

lattice.  The results, confirmed by micromagnetic simulations, have direct implications on the 

development of engineered magnonics applications and devices. 

 

Future Plans 

 Our previous experiments provide a good starting point to extend the investigation of 

artificial spin-ice systems beyond the past focus on the statistics of topological defects and the 

quasi-static evolution of magnetization states, and towards the connection between high-

frequency dynamics and distribution of topological defects.  Micromagnetic simulations already 

indicated that certain dynamic modes will only propagate along defect Dirac strings, which 

opens up exciting possibilities for guided energy and information flow in these magnonic 

systems.  This means that a controlled manipulation of the topological defects in spin ice systems 

may enable fundamentally new ways of information processing with magnetization dynamics.  

For this purpose we will use artificial spin ice systems integrated with co-planar waveguides, 

which will allow direct optical access to the sample.  Using Brillouin light scattering microscopy, 

it is then possible to acquire the local dynamic spectra and directly correlate them with existing 

topological defects.  Indeed, preliminary measurements show significant inhomogeneities of the 

magnetization dynamics in these systems.  We also will expand our studies to other materials 

with low magnetic damping, such as Co25Fe75 or yttrium iron garnet.  The later will present 

challenges for creating sufficient dipolar coupling due to its low magnetization, which we will 

overcome with our new lithographic technique.[11,34]  Furthermore, we will prepare artificial 

spin ice systems from bilayers of magnetic materials with different damping and magnetization, 

which enables new ways of tailoring frustration and thereby magnetization switching and 

dynamics.  Lastly, we will locally manipulate magnetization either via integrated small-scale 

microwave antennas or through spin transfer torques by adding Pt to selective elements of the 

artificial spin ice.  This allows defining arbitrary defect structures and enables a detailed test of 

the theoretical predictions of their dynamic behavior.  Furthermore, it will be interesting to study 

the switching of an individual element and the onset of avalanches and spin-wave excitations. 
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Program Title: Quantum Order and Disorder in Magnetic Materials 

Principal Investigator: Thomas F. Rosenbaum, California Institute of Technology 
 

Program Scope 

Disorder, competing interactions, and geometrical frustration on the mesoscopic scale can have 

profound macroscopic consequences, leading to materials with novel electronic, optical, and 

magnetic properties. Inhomogeneous quantum systems are particularly appealing in this context 

because they have a proclivity for stable self-organization on scales from nanometers to microns, 

and can exhibit pronounced fluctuations away from equilibrium. With the right choice of 

materials, there are manifest opportunities for tailoring the macroscopic response and for 

garnering insights into fundamental quantum properties such as coherence and entanglement. We 

seek here to explore and exploit model, disordered and geometrically frustrated magnets where 

coherent spin clusters stably detach themselves from their surroundings, leading to extreme 

sensitivity to finite frequency excitations and the ability to encode information. We take 

advantage of the ability to tune quantum tunneling with a “knob” in the laboratory, a field 

applied transverse to the ordering axis of magnetic dipoles. We propose to drive the systems into 

the nonlinear regime to parse tunneling pathways, decoherence from the thermodynamic spin 

bath, and the underlying structure of the complex free energy landscape. Moreover, by tuning the 

spin concentration along with the tunneling probability, it should be possible to study the 

competition between quantum entanglement and random field effects. As one passes from the 

quantum to the classical limit, clear implications develop for magnetic storage architectures. 

Finally, extensions from quantum ferromagnets to quantum antiferromagnets promise new 

physics as well as tests of universality. A combination of ac susceptometry, dc magnetometry, 

Barkhausen noise measurements, non-linear Fano experiments, optical spectroscopy, and neutron 

diffraction as functions of temperature, magnetic field, frequency, excitation amplitude, dipole 

concentration, and disorder should address issues of stability, overlap, coherence, and control.  

 

Recent Progress 

(A) Tunable Quantum Dynamics in a Disordered Magnet: Localization in quantum systems 

remains both fundamental to science as well as to technology. It is a venerable subject, starting 

with the work of Anderson – whose name is associated with disorder-induced localization – and 

Mott, whose Mott localization transition is due to repulsion between electrons. The combined 

problem of many-body localization persists to this day, and recently has acquired practical 

relevance for systems of quantum devices. A notable example is the “D-wave” processor, which 

attempts to implement adiabatic quantum computation, but may be limited as a matter of 

principle by localization effects.  

 

To control these long-lived and independent states, it is necessary to know how they interact with 

each other and with the outside world. Minimizing the interactions between coherent localized 

states and a continuum of states in the broader environment is an important goal for realizing an 

effective quantum computer. However, these environmental couplings are by definition weak 

compared to the transitions among the states contributing to the spectrum for a particular 

localizing environment, making it difficult to study them directly. Recently, it has been posited 

that many weak couplings of this sort can be probed by pumping the system into a nonlinear 

response regime, saturating the discrete transition associated with the coherent state, and using 

the emergence of a Fano resonance to characterize the interactions with the continuum states. In 
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this work and as illustrated in Fig. 1, we use a magnetic adaptation of the Fano resonance 

technique to examine the coupling between coherent spin clusters quantum-mechanically 

isolated from the spin bath generated by other clusters of varying sizes.  

 

 
 

 

Our work differs from the experiments in quantum optics in that we are examining emergent 

degrees of freedom in a (magnetic) many-body system rather than single-particle states in atoms 

and semiconductor quantum dots. At the same time, it represents a major advance over our own 

previous DOE-supported activity on hole-burning in the same magnetic system in that we 

uncover a remarkably simple phenomenology, including the discovery of a zero-crossing for the 

Fano effect, as a function of non-linear drive amplitude and quantum mixing via a transverse 

field (Fig. 2). 

 

 
 

 

(B) Crackling Noise in the Quantum Limit: Domain motion creates Barkhausen noise in the 

magnetization of a ferromagnet. This type of crackling noise, which emerges as a varying 

longitudinal field traces out a ferromagnet’s hysteresis loop, provides a statistical measure of the 

size and energy distribution of magnetic avalanches. In principle, Barkhausen noise can arise 
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Fig. 1: Spin configuration and transition 

pathways in pumped LiHo0.045Y0.955F4.  

(a) Tightly-bound spin clusters embedded 

in a dilute spin bath. Closely-separated 

spins form a tightly bound cluster which 

can be magnetized in a nonlinear response 

regime by a strong ac pump field. (b) 

Schematic of cluster excitation pathways. 

Clusters of different sizes have different 

energy gaps, so choice of pump frequency 

acts as a size selector. Direct interactions 

between excited clusters and off-resonance 

clusters give rise to Fano resonances. 

Fig. 2: Linear absorption as a function of transverse field at T = 0.11 K for a 202 Hz pump (a,b) Measured 

imaginary and real susceptibilities (points) and fits to a Fano resonance as a function of transverse field for a fixed 

0.3 Oe pump. Transverse field-induced quantum tunneling tunes the resonant behavior without a corresponding 

increase in decoherence. (c) Normalized absorption as a function of frequency and transverse field. The zero-

crossing at Ht ~ 3.5 kOe corresponds to a local minimum in the dissipation and a decoupling from the spin bath. 
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from both thermal excitation of magnetic domains as well as quantum tunneling of the domains 

at sufficiently low temperatures. As illustrated in Fig. 3, we have been able to measure 

Barkhausen noise down to T = 0.080 K in the disordered, dipolar-coupled, Ising ferromagnet, 

LiHo0.65Y0.35F4, with a Curie temperature of 0.98 K.  

  
 

 

It is not possible yet to definitively ascribe a quantum origin to the lowest temperature noise 

features, but we should be able to distinguish classical and quantum effects through the 

application of a transverse magnetic field. At small magnitudes, a transverse magnetic field 

primarily creates a site-random magnetic field that pins the domain walls, creating barriers to 

motion that increase with random field amplitude. The rising barrier height decreases the 

probability of reversal at a given applied field, and the pinning potential effectively can be 

increased or decreased on demand and, importantly, in a temperature-independent manner. As 

the magnitude of the transverse field is increased, one crosses into a quantum speedup regime, 

where the primary effect of the transverse field is to increase the tunneling probability of the 

domain walls by creating an admixture of “up” and “down” Ising spins. This effect is most 

pronounced at the lowest temperatures. 

   

Future Plans 

Quantum Coherence and Quenches: Via hole burning, we have demonstrated localization of 

excitations among interacting magnetic dipoles. For strong coupling to the heat bath, previous 

work has shown a trend towards spin freezing at low temperatures, and the current work shows 

no spectral hole burning in this strong coupling limit, corresponding to delocalized excitations. 

Reducing the coupling to the bath induces a transition to a spin liquid state where the excitations 

are localized to a very high degree, with a Q~105 for the spectral hole. The small mixing between 

excited states of different spin clusters leads to a Fano effect, whose phenomenology for this 

complex system is remarkably simple, with a vanishing Fano parameter q coinciding with an 

inflection point in the ac magnetization induced by the drive field responsible for the hole-
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Fig. 3: Hysteresis loop (up and down branches) and Barkhausen noise in LiHo0.65Y0.35F4 at T = 0.080K. 
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burning. The ability to tune the interactions between the spin clusters and the background spin 

bath, and in particular the appearance of a dissipation-free state at the point where q vanishes, 

suggests a new avenue for creating long-lived quantum states with minimal decoherence and 

environmental coupling. We will map out the full phase space of transverse field, longitudinal 

pump field, frequency, and temperature to elucidate the conditions for maximal coherence.  Of 

special interest are the transverse fields, such as 3.5 kOe (see Fig. 2), corresponding to level 

crossings in the electro-nuclear hyperfine levels of the Ho dipoles. The experiments will harness 

hole-burning for characterizing many-body localization, and also reveal how nonlinear quantum 

dynamics can lead to emergent two-level systems. 

 

Finally, we plan preliminary experiments on quantum quenches. 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.  Over the past 

decade, intense interest has converged on how the quench rate and material parameters, such as 

inter-particle interactions, determine the density and character of excitations created during the 

quench, and how equilibrium is eventually established. Understanding quantum quench 

dynamics is of practical and fundamental importance. For example, future quantum annealers 

used to solve combinatorial optimization problems will rely on a quantum material maintaining 

equilibrium during a slow quantum quench. In other cases, enhancing disequilibrium during and 

after a quench may improve device performance. 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, Li(Ho,Y)F4, with varying amounts of disorder. 
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Topological materials with complex long-range order. 

Principle Investigator: James Analytis 

Department of Physics, University of California, Berkeley, California 94720, USA 

Program Scope 

 This program is focused on the study of strongly frustrated magnetic systems, particularly 

materials where Coulomb, kinetic and spin orbit energy scales conspire to give exotic exchange 

interactions. The current scope of the program can be summarized as follows. 

 Using pressure and magnetic field to tune the ground state of Kitaev materials. 

Frustrated magnets have a rich array of possible ground states to choose from. A key 

question is whether we can couple to the appropriate energy scale to tune between these 

ground states. Magnetic field can be used to couple to the Zeeman response of local 

moments and take advantage of large g-factor anisotropies. Pressure can be used to tune 

the bond angles and distances between magnetic ions, with dramatic effects on the 

exchange energy.  

 Using ultra-sensitive magnetic measurements to understand the nature of intertwinded 

ground states. Many of the state in frustrated systems are extremely subtle, forming 

hidden orders that are intertwined with the known ones. By focusing on ultra-low noise 

magnetic measurements, we reveal the magnetic signatures of these hidden states. 

 Using Resonant Inelastic X-ray Scattering techniques to understand magnon band 

structure. Resonant Inelastic X-ray techniques have come to the for as the preeminent 

tools for the determination of excitations in correlated systems. We utilize these tools to 

determine the magnon dispersion of Kitaev candidate materials. 

 Understanding the symmetry and thermodynamic response of states borne from 

magnetic frustration. By developing symmetry-sensitive thermodynamic techniques, we 

determine the existence and symmetry of hidden ordered states, as well as their thermal 

conductivity properties. 

 Recent Progress   

Background. In the honeycomb iridates A2IrO3 (A is the alkali), an exotic kind of anisotropic 

exchange emerges which maps these structures onto a remarkable theoretical model pioneered by 

Kitaev [1]. The layered honeycomb structure is composed of octahedrally coordinated Ir4+, 

bonded together along O2 edges.  The exchange pathway between spin-1/2 Ir, across these bonds 

is predicted to be highly anisotropic due to the spin-orbit coupling [2]. This material has three 

known polytypes, identified for the first time in our recent work [3].  

(1) Field induced intertwined states.  In our early work we discovered a thermodynamic 

transition at low temperatures as a function of field, and speculated that this may be an indication 
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of a possible Kitaev quantum phase transition [3]. In our current work, we have performed 

extensive investigation using detailed thermodynamic and scattering measurements.  

 

Figure 1: Field, energy and temperature dependence of the commensurate order q= (0, 0, 0). Field dependence of the 
scattering intensity taken at T = 5 K and E = 11.215 keV around: (a) the structurally allowed (2m, 0, 14n + 2m) peaks (e.g. (0, 0, 
20)) which show a linear dependence and, (b) the symmetry disallowed peaks (2m, 0, 12n ± 2 + 6m) (e.g (0, 0, 10)) which show a 
quadratic dependence to the applied field. A kink was again observed at μ0H ∗  = 2.8 T. The energy dependence for the allowed 
peaks is shown in the inset (c) with a dip at the absorption edge E = 11.215 keV. The main panel (c) shows the difference 
between the intensity at μ0H = 0, 4 T which can be attributed to a magnetic contribution. (d) Energy dependence of the 
magnetic peak (2m,0,12n±2+6m) taken at μ0H = 0,4T. (e) (0, 0, 10) and (0, 0, 20) peaks widths (a lower bound on the correlation 
length) remain constant under the applied field, suggesting there is no macroscopic phase separation. (f) Temperature 
dependence of the integrated intensities for the (0, 0, 10) at applied fields above and below H∗ . Above H∗  the onset of the FIZZ 

state is continuous, while below H∗  this onset is cut off by the incommensurate order. The Gaussian fit to the integrated RMXS 
intensity gives the χ2 uncertainty shown by the error bars in e) and f). (g) Possible basis vectors describing the magnetic order 
of β-Li2IrO3, where F corresponds to ferromagnetic order, A to Ne ́el order, C to stripy order and G to zig-zag order. 

In this project we reveal evidence for nearly degenerate broken symmetry states in β-Li2IrO3, a 

signature of the underlying magnetic frustration. This compound is the simplest of the 3D har- 

monic honeycomb structures, composed of interwoven networks of hexagonal chains 

propagating in the a ± b directions. Importantly, Kitaev exchange along the c−axis bonds should 

couple spins pointing in the b−axis, making the b−axis magnetically special, and thus we focus 

on the response of the system to an applied field in this direction. We find that in this 

configuration, a relatively small field can induce a strongly correlated state with ‘zig-zag’ broken 

symmetry at the expense of the incommensurate order, providing evidence for strong 

correlations and a possible familial connection between different Mott-Kitaev systems. 

In Fig. 1a,b we plot the field response of the scattering intensity at two kinds of reciprocal space 

points as a function of applied field, one belonging to structurally allowed (2m, 0, 4n+2m) peaks 

and the other to structurally forbidden (2m, 0, 12n±2+6m) peaks, where n, m are two arbitrary 

integers. The appearance of structurally forbidden peaks immediately suggests that there is an 

additional q = 0 broken symmetry induced by the field. Fig. 1g we show the q = 0 broken 

symmetry states that could describe ΨV, denoted using the conventional nomenclature [4]. The 

symmetries of the state consistent with the primary features of the data above H∗  are two-fold: 

G-type (zig-zag) broken symmetry and F -type order. Our observations are completely consistent 

with the Landau theory of second order phase transitions - the combined effect of magnetic field 
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and crystal symmetry is to act as a ‘field’ on ΨV, so that the observed zig-zag pattern is linearly 

coupled to magnetic field (leading to an intensity IV that is quadratic in field, as seen in Fig. 1b). 

(2) Pressure-induced quantum spin liquid state. 

Honeycomb iridates such as γ -Li2IrO3 are argued to 

realize Kitaev spin-anisotropic magnetic exchange, 

along with Heisenberg and possibly other couplings. 

While systems with pure Kitaev interactions are 

candidates to realize a quantum spin-liquid ground 

state, in γ-Li2IrO3 it has been shown that the presence 

of competing magnetic interactions leads to an 

incommensurate spiral spin order at ambient pressure 

below 38 K. We study the pressure sensitivity of this 

magnetically ordered state in single crystals of γ-

Li2IrO3 using resonant x-ray scattering (RXS) under 

applied hydrostatic pressures of up to 3.0 GPa. RXS 

is a direct probe of electronic order, and we observe 

the abrupt disappearance of the q = (0.57, 0, 0) spiral 

order at a critical pressure Pc = 1.4 GPa with no 

accompanying change in the symmetry of the lattice. 

In this work we use RXS to track the evolution of the 

γ -Li2IrO3 incommensurate spiral order with applied 

hydrostatic pressure, and observe the suppression of 

this magnetic phase. While we find no discontinuity 

in the lattice structure or an associated change in 

symmetry to the highest pressures measured, we observe an abrupt disappearance of the spiral 

Bragg peak at a critical pressure Pc = 1.4GPa. This disappearance signals the transition to a 

distinct electronic ground state.  

Figure 2A shows the pressure evolution of the spiral order peak amplitude, tracking its position 

along the (H 0 0) axis as the pressure increases. We present a schematic pressure-temperature 

phase diagram for γ-Li2IrO3 in Fig. 2B; the dark region indicates the observed extent of the 

spiral magnetic order, and the shaded region represents the simplest associated phase boundary. 

Ongoing studies of this material indicate paramagnetic behavior with rapidly emerging magnetic 

anisotropy favoring the b (easy) axis direction at ambient pressure. As T approaches 0 K, Pc 

likely continues to represent a sharp phase boundary between the spiral magnetic order and the 

as-yet undetermined high- pressure electronic phase; the sharp disappearance could signal a first-

order quantum phase transition. 

Future Plans 

Figure 2: (a) Magnetic Bragg peak intensity versus 
applied pressure for two samples. The intensity for 
sample 1 disappears abruptly at Pc = 1.4 GPa; no 
magnetic is observed at 2.0 GPa for sample 2. (b) 
Schematic pressure-temperature magnetic phase 
diagram for γ-Li2IrO3; the dark region indicates the 
extent of direct studies of the spiral-order phase to 
date. No discontinuous change in the lattice (space 
group Cccm) is observed to 3.0 GPa. 
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(1) Low-noise magnetic measurements of hidden ordered states. Preliminary studies has show 

evidence for new high temperature phase that have hitherto been undetected. Our observations 

strongly suggest that the phase structure of Kitaev iridates is much richer than previously 

supposed. Consequently, the low energy Hamiltonian of these materials will have to be 

reconsidered, with broad implications to our understanding of these systems. 

(2) Resonant Inelastic X-ray Scattering studies. Our recent measurement using state-of-the-art 

RIXS tools at the Advanced Photon Source have been able to resolve features in the magnon 

dispersion down to a few milli-electron Volts. In these tour de force experiments, we have shown 

that the incommensurate magnetic phases have extraordinarily large magnon group velocities. 

(3) Doping studies. While carriers are difficult to dope into these systems in general, we have had 

recent success in hole doping these systems, leading to a dramatic suppression of the 

incommensurate magnetic transition. However, a new transition arises in its wake, whose 

properties are highly unusual. 
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Emergent collective phenomena in artificial spin ice 

 

Principal Investigator:  Peter Schiffer, University of Illinois at Urbana-Champaign, 

Urbana, IL (pschiffe@illinois.edu) 

Co-Investigator:  Nitin Samarth, Pennsylvania State University, University Park, PA 

 

Program 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 magnetostatic interactions between the islands.    These systems are 

analogs to a class of magnetic materials in which the lattice geometry frustrates interactions 

between individual atomic moments, and in which a wide range of novel physical phenomena 

have been observed.  The advantage to studying lithographically fabricated samples is that they 

are both designable and resolvable: i.e., we can control all aspects of the array geometry, and we 

can also observe how individual elements of the arrays behave. In previous work, we have 

designed frustrated lattices, controlled the strength of interactions by changing the spacing of the 

islands, demonstrated that the island magnetic moment orientation is controlled by the inter-

island interactions, and studied how these systems behave when they are thermalized by either 

raising the temperature to near the Curie temperature of the constituent material, or by inducing 

fluctuations at much lower temperatures by selection of moment size.  Current work is focusing 

on exploiting these thermalization techniques and also understanding the nature of electrical 

transport in connected artificial spin ice structures. 

Recent Progress  

The past two years of this program have focused on several projects within the scope described 

above.  All work has been done in close collaboration with the groups of Chris Leighton at the 

University of Minnesota, Cristiano Nisoli at Los Alamos National Laboratory, and Gia-Wei 

Chern at the University of Virginia.  We also have published two short summary articles for 

broad readership, covering aspects of recent progress in the field [1,2] 

Thermal annealing of artificial spin ice:  Because of the large magnetic energy scales of the 

ferromagnetic islands in artificial spin ice, workers in the field were originally unable to find a 

technique to thermally anneal artificial spin ice into desired thermodynamic ensembles.  We have 

now demonstrated a method for thermalizing artificial spin ice arrays by heating them to near the 

Curie temperature of the constituent material. This effectively allows us to reach the ground state 

of square ice and see charge ordering in kagome ice.  We also have used this technique to make 

the first study of a vertex-frustrated system, the so-called “shakti lattice”, a structure that does 
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not directly correspond to any known natural magnetic material.  We are now taking this method 

in two new directions.  First we are studying the annealing process in detail with the goal of 

optimizing it, i.e., making sure that the process leads to the lowest energy state for the permalloy 

systems we are studying.  Second, we have devised a system in which the annealing can be 

performed in the presence of a magnetic field.  This allows us to explore the field-dependent 

phase diagram of a novel lattice that has emerged as a good model for different sorts of 

collective behavior. 

Thermal fluctuations in artificial spin ice:  To explore thermal behavior in these systems, we 

have used photoemission electron microscopy with x-ray magnetic circular dichroism contrast 

(XMCD-PEEM).  This imaging technique shows black/white contrast on the islands (which 

indicates whether the island magnetization has a positive or negative projection on the 

polarization of the incident x-rays) allowing the experiments to unambiguously identify the exact 

microstate of an array.  The advantage of PEEM is that it can be employed with very thin islands 

whose moments are extremely soft and would be unmeasurable with a magnetic force 

microscope (MFM).  Such thin islands can be grown such that their moments fluctuate thermally 

at room temperature but then freeze into a static configuration upon cooling.  While these studies 

require access to a synchrotron facility, they allow the examination of moment fluctuations in 

artificial spin ice by comparing successive images.  In collaboration with Andreas Scholl at 

LBNL, we have employed this technique to study another vertex-frustrated lattice unavailable in 

nature, the “tetris” lattice (figure 1).   This lattice shows quasi-one dimensional behavior that 

maps onto a one-dimensional Ising model, and through a temperature-dependent study, we can 

see the development of thermal fluctuations associated with the vertex frustration [3].  We are 

now applying this technique to other lattice systems, including the shakti lattice, where we find 

that excitations are topologically protected by the vertex frustration. 

 

Figure  1  The tetris lattice.  Right: SEM image of artificial spin ice in the tetris lattice (scale bar is 1 micron).  

Left:  color-coded image showing the different quasi one-dimensional structures within the lattice. 
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Transport studies of connected artificial spin ice structures:  We are examining the electrical 

transport properties of connected artificial spin ice networks (figure 2), and we have completed 

studies of both the hexagonal and brickwork geometries [4,5].  Our data showed clear evidence 

of magnetic switching among the wires, both in the longitudinal and transverse 

magnetoresistance that we attribute largely to planar hall effects and anisotropic 

magnetoresistance.  Working with our theorist collaborators, we then developed novel methods 

of modeling that reproduces and can explain virtually all of the features of the system (figure 3) 

and can be can be broadly applied to other ferromagnetic nanostructures [4]. One of our findings 

is that the vertices of these structures, although a small fraction of the system, play a critical role 

in their overall transport properties.  

Figure 2. SEM and MFM images of hexagonal connected artificial spin ice network for electrical 

magnetotransport studies.  The black and white dots on the MFM image correspond to effective magnetic 

charges at the lattice vertices, and the scale bar corresponds to 50 microns. 

Figure 3.  Experimental transverse magnetoresistance data (top) and simulations (bottom) for 

hexagonal connected artificial spin ice for a small range of the field angle θ near a symmetry 

direction.  Note the close agreement, which can be attributed to including the influence of the 

vertex regions of the structure. 
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MOKE studies of perpendicular anisotropy arrays:  Using submicron, spatially resolved Kerr 

imaging in an external magnetic field for islands with perpendicular magnetic anisotropy, we 

map out the evolution of island arrays during hysteresis loops. Resolving and tracking individual 

islands across four different lattice types and a range of interisland spacings, we can extract the 

individual switching fields of every island. This allows us to calculate global array parameters 

throughout the switching process, such as magnetization, nearest neighbor moment correlation, 

and switching field distributions. The switching field distribution is of particular interest, as it 

incorporates both island-island interactions and quenched disorder in island geometry. Our 

results indicate that disorder in these arrays is primarily a single-island property and provides a 

methodology by which to quantify such disorder [6]. We are also able to observe run-to-run 

deviations in the microstates that occur as the entire array magnetization evolves through a 

hysteresis loop. This affords us a unique perspective on how changes in the switching field of 

each island determine how these arrays undergo switching processes.  

Future Plans 

 Future plans for this research program include the completion of the studies we have 

initiated that are discussed above.  We are particularly interested in looking at thermal effects in 

transport studies and in examining new and exotic lattices with our thermalization techniques. 
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Spintronics based on topological insulators 
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Newark, DE 19716 

Program Scope 

The major goals of the project are: (1) fabrication of topological insulator/ferromagnetic 

(TI/FM) heterostructures and investigation of current driven spin-orbital torques (SOT) in TI/FM 

to distinguish the contributions from TI surface state, spin Hall effect, and Rashba effect; (2) 

computational search and design of optimal TI/FM heterostructures; (3) SOT induced spin 

dynamic in TI/FM heterostructures; and (4) develop TI/FM with perpendicular magnetic 

anisotropy (PMA). 

 

Recent Progress  

Fabrication of TI/FM with clean interface is a challenging task since the TI layer is 

grown in MBE and FM layer is grown in magnetron sputtering.   Typically, a cap Se layer is 

grown on TI layer and the Se layer is subsequently removed at high temperature and high 

vacuum in a sputtering system.  By coordinating the TI film growth to be immediately before the 

FM deposition, we are able to fabricate TI/FM structures with extremely clean interfaces without 

the need for Se capping layers.  This is only possible because our Bi2Se3 films are exceptionally 

stable under exposure to air and because the MBE growth and FM deposition tools are both 

available at UD. 

We first investigated the current induced damping-like torque, named as spin orbit torque 

(SOT), and field-like toque, named as spin orbit field (SOF) in Bi2Se3/NiFe bilayer structures.  

One of the representative results is shown in Figure 1, the temperature dependence of (a) the 
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Figure 1, the temperature dependence of (a) the effective field of SOF (Hf) and  (b) the effective field of 

SOT (Ht)  for Bi2Se3(10nm) /NiFe(4nm) bilayer structures.  The results are normalized to the current density J 

through the sample.  
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effective field of SOF (Hf) and  (b) the effective field of SOT (Ht)  for Bi2Se3(10nm) /NiFe(4nm) 

bilayer structures.  The results are normalized to the current density J through the sample. .  From 

Figure 1, the temperature dependence of (a) the effective field of SOF (Hf) and  (b) the effective 

field of SOT (Ht)  for Bi2Se3(10nm) /NiFe(4nm) bilayer structures.  The results are normalized to 

the current density J through the sample. , one finds that (1) the SOT effect is larger than SOF 

and (2) both effects decrease with decreasing temperatures.   There are three potentials 

contributions to SOF and SOT:  (1) TI surface state (TSS) which in generally gives rise to Hf > 

Ht .  The effect weakly depends on the temperature; (2) Rashba effect which also leads to Hf > Ht 

but the effect is decreasing with decreasing temperature; (3) spin Hall effect (SHE) which 

usually has Hf < Ht and decrease with decreasing temperature since the bulk conductivity in TI is 

decreasing.     By analyzing the results Figure 1, the temperature dependence of (a) the effective 

field of SOF (Hf) and  (b) the effective field of SOT (Ht)  for Bi2Se3(10nm) /NiFe(4nm) bilayer 

structures.  The results are normalized to the current density J through the sample. , we have 

observed significantly contributions from SHE, although we cannot completely rule out the 

contributions from TSS.   

As we are puzzled by the results why we were not observing the strong effect from TSS, 

our theoretical effort has made a major breakthrough and shed light to this issue.   Through 

unique theoretical and computational first-principles tools we developed, we revealed strong 

proximity band structure and spin textures on both sides of TI/FM interface.  This novel 

topological matter is generated by quantum-mechanical hybridization of wave functions within 

nanometer thickness layers of (ferromagnetic or normal) metals in contact with topological 

insulators and, therefore, it cannot be replicated by searching for bulk material or their doping by 

impurities.  We unveiled for the first time striking new physical insight into real physical systems.  

Our findings dramatically change the interpretation of a surprisingly large number of 

experiments conducted in spin-orbitronics and topological spintronics where a ferromagnetic 

metallic layer is brought into direct contact with a normal layer made of heavy metals (such as 

Pt, W and Ta), topological insulator, Weyl semimetal (such as WTe2) or transition metal 

dichalcogenide (such as MoS2).   In all of these systems, strongly spin-orbit-coupled wave 

functions “leak out” from the normal layer side into the ferromagnetic layer side, to substantially 

modify energy-momentum dispersion of electrons within the ferromagnet and introduce complex 

spin-textures (giving rise to nonequilibrium spin density when current is passed) that otherwise 

do not exist in isolated ferromagnetic layer.  
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This theoretical study immediately points out that Co would be a better FM for TI.  In 

addition, according to our striking new insight, “applied current shunted through the metallic 

magnet” is actually favorable effect, as long as nanoscale thickness ferromagnet deposited on the 

top of topological insulator is permeated by spin textures.  Guided by the theoretical predictions, 

we started to investigate Bi2Se3/Co bilyaers.   The preliminary results are shown in Figure 2, The 

temperature dependence of (a) in-plane effective field, i.e. Hf, (b) out-of-plane effective field (Ht) 

and the ratio of Hf/Ht ..  Several features immediately point to the strong contributions from TI 

surface state (TSS): (1) the value of Ht (out of plane field) decrease dramatically at low 

temperature.  This is because the bulk of Bi2Se3 is becoming insulating which effectively 

minimize SHE.  (2) Hf weakly depends on the temperature.  Above about 50K, the trend is due to 

the possible Rashba effect and TSS.  

Below 50K, the increasing of Hf with 

decreasing temperature clearly 

indicates the strong TSS contribution.    

Finally, we are making progress 

towards the fabrication of electrical 

pump- optical probe time-resolved 

Magneto-Optical Kerr Effect 

(TRMOKE) to investigate SOF and 

SOT.  The schematic of system is 

shown in Figure 3  The schematic of 

the TRMOKE system., the 81134A 

pulse pattern generator is synchronized 

with the mode-locked Mira laser pulse 

in 76 MHz and apply ultrafast pulse 

current (with ~50 ps rising edge) 

through the sample along Y axis 

(perpendicular to the table, parallel to the sample surface).  
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Figure 2, The temperature dependence of (a) in-plane effective field, i.e. Hf, (b) out-of-plane effective 

field (Ht) and the ratio of Hf/Ht . 

Figure 3  The schematic of the TRMOKE system. 
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By scanning the delay time in between the laser pulse and current pulse, the oscillation of 

the TR-MOKE signal can be observed. Error! Reference source not found. shows a 

preliminary result of the time-scan MOKE signal from a Pt(3nm)/FeNi(3nm) and 

Ta(3)/CoFeB/(2)/Ti(2) bilayers.  The electrical pulse introduces SOT which tilts the 

magnetization out of the film plane, resulting in polar MOKE signal.  We are currently 

developing algorithms to extract dynamic and static spin Hall angle as well as other important 

parameters.  The successful development of TR-MOKE is critical to investigate switching 

behaviors.   

 
 

 

 

Future Plans  

(1) We will perform quantitative analysis of the contributions from the SHE, Rashba effect 

and TI surface state using the temperature dependence of spin-orbit torques.  

(2) We will try to understand the band structure and spin textures in hybridized TI/FM 

interface at nanometer scale. Our theoretical calculation indicates the Dirac cone at the 

Bi2Se3/Co interface is hybridized with evanescent wave functions injected by three 

monolayers of Co, which is very different from the bulk metal. The tunneling anisotropic 

magnetoresistance (TAMR) measurement can serve as a sensitive probe of spin texture at 

the TI/Co interface. 

(3) We will develop TI/FM with perpendicular anisotropy.  FM layers include Tm3Fe5O12 

(TmIG) or TbFeCo.   While we already had some success in growing TmIG and TbFeCo 

with PMA, integration with TIs will be challenging.  
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Figure 4 The time resolved MOKE signal from (a) Pt(3nm)/Py(3nm) and (b) 

Ta(3nm)/CoFeB(2nm) samples under an electrical pulse with pulse width of 6 ns. 
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Search for 3D Topological Superconductors using Laser-Based Spectroscopy           

Principal Investigator: David Hsieh                                                                                                        
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Pasadena, CA 91125                                                                                                                                                                 

E-mail: dhsieh@caltech.edu 

(i) Program Scope 

The goal of this research program is to experimentally identify three-dimensional topological 

superconductors (3D TSCs) and possible precursor phases of 3D TSCs in bulk crystals using 

laser-based spectroscopic techniques. It has been theoretically proposed that 3D TSCs may 

emerge upon suppressing certain odd-parity electronically ordered phases1,2, in analogy to the 

situation in copper- and iron-based superconductors where even-parity superconductivity is 

proposed to emerge upon suppressing an even-parity electronic nematic liquid crystalline 

order3,4. This suggests that rather than searching exclusively among known superconductors for a 

3D TSC, one can search among materials that exhibit the requisite odd-parity “parent" electronic 

orders and attempt to suppress them via some external tuning parameter to induce a 3D TSC 

phase. Recently a new class of parity-breaking electronic liquid crystals (PB-ELC) has been 

predicted to exist in correlated metals with strong spin-orbit coupling5, which are candidates for 

such 3D TSC parent phases. A major component of this program is to develop techniques to 

identify these PB-ELCs and to devise strategies to drive them into 3D TSC phases.     

(ii) Recent Progress  

Development of a high speed RA-SHG technique    

Unlike all previously reported examples of electronic liquid crystals6, PB-ELCs are characterized 

by a spontaneously spin-split 3D Fermi surface that breaks the inversion symmetry of the 

underlying lattice. Rotational anisotropy second harmonic generation (RA-SHG) experiments are 

particularly well-suited to detecting PB-ELC order for several reasons: (a) the leading-order 

electric-dipole contribution to SHG, which is described by a third-rank susceptibility tensor 

relating the incident electric field to the nonlinear polarization induced at twice the incident 

frequency via the equation 𝑃𝑖(2𝜔) = 𝜒𝑖𝑗𝑘𝐸𝑗(𝜔)𝐸𝑘(𝜔), is only allowed if inversion symmetry is 

broken; (b) RA measurements allow the full structure of 𝜒𝑖𝑗𝑘 to be resolved, which can in turn be 

used to determine the PB-ELC point group; (c) they can be performed in a spatially-resolved 

manner that removes the need for externally applied domain alignment fields. We developed a 

technique to perform high precision RA-SHG measurements7, which uses an array of fast 

mechanically spinning optical components to generate a rotating scattering plane (Fig. 1). The 

SHG light reflected at different scattering plane angles  are then projected onto a circular locus 

of points on a 2D CCD camera. In this way, full RA-SHG patterns can be collected much faster 

than characteristic laser power fluctuation timescales, which allows for high symmetry 

refinement precision and also accommodates many types of sample environment.            
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Signatures of a PB-ELC phase identified using RA-SHG    

It has recently been proposed that the strongly spin-orbit coupled metallic pyrochlore Cd2Re2O7 

hosts a PB-ELC phase at low temperature5. The order parameter of this phase could have the 

symmetries of either the odd-parity Eu or T2u irreducible representation of the high temperature 

octahedral point group of Cd2Re2O7. Previous work has shown that Cd2Re2O7 undergoes an 

inversion breaking structural phase transition with Eu symmetry below a temperature Ts ~ 200 K 

that breaks three-fold rotational symmetry about the cubic 〈111〉 axis while preserving mirror 

symmetry about the (11̅0) plane. However, no detection of any accompanying electronic order 

has been reported. To investigate this possibility, we performed spatially-resolved single domain 

RA-SHG measurements on the (111) surface of a Cd2Re2O7 single crystal8. At temperatures T > 

Ts we observed an RA-SHG pattern with six-fold rotational symmetry consistent with a (111) 

surface dominated SHG response (Fig. 2a), which is expected because the bulk is inversion 

symmetric at high temperatures. At T < Ts we observed a dramatic increase in the SHG intensity 

consistent with bulk inversion symmetry breaking. However, the RA patterns revealed that in 

addition to a dominant bulk 𝜒𝑖𝑗𝑘 tensor with Eu symmetry, there is also a weaker bulk 𝜒𝑖𝑗𝑘 tensor 

of ostensible electronic origin with T2u symmetry (Fig. 2b). By measuring the temperature 

dependence of the two 𝜒𝑖𝑗𝑘 tensors, which couple linearly to the Eu and T2u order parameters, we 

found a critical exponent 𝛽 = 1/2 for the 𝑇2𝑢 order parameter and 𝛽 = 1 for the 𝐸𝑢 order 

parameter, consistent with a mean field prediction for a primary and secondary order parameter 

respectively. This suggests that a PB-ELC order with T2u symmetry drives the transition at Ts.    

Fig. 1 Schematic of the RA-SHG apparatus (see Ref.[7] for details). The incoming and outgoing polarizations can 

be selected to be either S or P polarized to access different elements of the 𝜒𝑖𝑗𝑘  tensor. An example of raw data 

collected from an (001) oriented GaAs film in 20 seconds is shown below, together with a polar plot of SHG 

intensity versus 𝜙 extracted by radially integrating the raw data over the region bounded by the white dashed 

lines. The 4-fold rotational symmetry of the GaAs structure is clearly resolved.  
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An improper displacive transition established using coherent phonon spectroscopy 

Based on our RA-SHG data on Cd2Re2O7, it was deduced that the electronic T2u order induces 

the Eu structural distortion as a secondary order parameter8. This mechanism does not require the 

Eu phonon to soften near Ts. However for many years, the leading hypothesis was that the 

transition is driven by the freezing of a soft zone-centered phonon mode with Eu symmetry9, 

which requires the natural frequency of the Eu phonon to monotonically approach zero near Ts. 

To resolve this debate, we carried out time-resolved coherent phonon spectroscopy 

measurements. Our experiments establish that the Eu phonon does not soften, but exhibits an 

anomalous lifetime broadening near Ts that explains the previous spurious signatures of phonon 

softening. Using a combination of time-resolved thermometry and time-dependent Landau 

theory, we show that this phenomenon is generic for materials with a linear coupling between 

primary and secondary order parameters of different symmetry, and should be found in many 

other electronic systems beyond PB-ELCs.    

(iii) Future Plans 

The electronic phase discovered in Cd2Re2O7 is known as a “multipolar nematic” and is only one 

of several proposed forms of PB-ELC ordering5. We plan to apply our RA-SHG technique to 

search for these forms in other spin-orbit coupled correlated metals in the 5d transition metal 

Fig. 2 (left column) Raw RA-SHG images acquired at temperatures (a) above and (b) below Ts. Concentric white 

circles show the radial integration region used to generate the RA patterns (middle column). The RA patterns are 

fit to the squared magnitude of a sum of surface, bulk Eu and bulk T2u polarization P(2) terms (black curve). The 

magnitude of each component of the fit is illustrated in the right column, where filled (unfilled) petals denote a 

positive (negative) sign for the polarization (see Ref.[8] for details). Note the vertical (11̅0) mirror plane is 

broken by the T2u term. 
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oxide family such as LiOsO3. We will also track the evolution of the PB-ELC order parameter as 

a function of externally applied hydrostatic pressure in effort to suppress the PB-ELC order and 

search for new emergent phases (e.g. 3D TSC) near the quantum critical point.  

In addition to our work on PB-ELC phases, we are developing an ultra-low temperature and 

ultra-high energy resolution laser-based angle-resolved photoemission spectroscopy instrument, 

which will be used to directly search for the presence or absence of Majorana surface states in 

candidate 3D TSCs such as CuxBi2Se3. 

(iv) References 

1. Kozii, V. & Fu, L. Odd-parity superconductivity in the vicinity of inversion symmetry 

breaking in spin-orbit-coupled systems. Phys. Rev. Lett. 115, 207002 (2015). 

2. Wang, Y., Cho, G. Y., Hughes, T. L. & Fradkin, E. Topological superconducting phases from 

inversion symmetry breaking order in spin-orbit-coupled systems. Phys. Rev. B 93, 134512 

(2016). 

3. Keimer, B., Kivelson, S. A., Norman, M. R., Uchida, S. & Zaanen, J. From quantum matter to 

high-temperature superconductivity in copper oxides. Nature 518, 179–186 (2015). 

4. Fernandes, R. M., Chubukov, A. V. & Schmalian, J. What drives nematic order in iron-based 

superconductors? Nat. Phys. 10, 97–104 (2014). 

5. Fu, L. Parity-breaking phases of spin-orbit-coupled metals with gyrotropic, ferroelectric, and 

multipolar orders. Phys. Rev. Lett. 115, 026401 (2015). 

6. Fradkin, E., Kivelson, S. A., Lawler, M. J., Eisenstein, J. P. & Mackenzie, A. P. Nematic 

Fermi fluids in condensed matter physics. Annu. Rev. Condens. Matter Phys. 1, 153–178 

(2010). 

7. See Ref.[4] of section (v). 

8. See Ref.[2] of section (v). 

9. A. Sergienko, I. & H. Curnoe, S. Structural order parameter in the pyrochlore superconductor 

Cd2Re2O7. J. Phys. Soc. Jpn. 72, 1607–1610 (2003). 

 

(v) Publications Acknowledging DOE Support 

1. J. W. Harter, D. M. Kennes, H. Chu, A. de la Torre, Z. Y. Zhao, J.-Q. Yan, D. G. Mandrus, A. 

J. Millis & D. Hsieh. Evidence of an improper displacive phase transition in Cd2Re2O7 via 

time-resolved coherent phonon spectroscopy. Submitted (2017). 

2. J. W. Harter, Z. Y. Zhao, J.-Q. Yan, D. G. Mandrus & D. Hsieh. A parity-breaking electronic 

nematic phase transition in the spin-orbit coupled metal Cd2Re2O7. Science 356, 295 (2017). 

3. J. W. Harter, H. Chu, S. Jiang, N. Ni & D. Hsieh. Nonlinear and time-resolved optical study 

of the 112-type iron-based superconductor parent Ca1-xLaxFeAs2 across its structural phase 

transition. Phys. Rev. B 93, 104506 (2016).  

4. J. W. Harter, L. Niu, A. J. Woss & D. Hsieh. High-speed measurement of rotational 

anisotropy nonlinear optical harmonic generation using position-sensitive detection. Optics 

Letters 40, 4671 (2015). 
 

102



Study of Topological Superconductivity in Nanoscale Structures 
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Project scope 

 

The goal of the program is to synthesize and characterize topological superconductivity in 

topological insulator thin films and nanotubes using proximity effect with relatively high Tc s-

wave superconductors. Topological insulators are a new type of state of matter which are insulating 

in bulk, but conducting on surfaces with many exotic physical properties. Topological surface 

states are chiral states following Dirac dispersion and display unique phenomena, such as spin-

momentum locking and the suppression of non-magnetic backscattering. Topological states can 

also occur in superconductors, making them topological superconductors (TSCs).  TSCs may be 

achieved in TIs either through doping or through coupling with an s-wave superconductor. Since 

the topological surface states are gapless with spin-momentum locking, the TSC surface states will 

have helical-Cooper pairs. This unique feature gives rise to a wide range of exotic physics, 

including the possibility of hosting Majorana Fermions.  

 

This project aims to induce topological superconductivity using both thin films and 

nanotubes. We have studied epitaxial Bi2Se3 on NbSe2 single crystals using Point Contact 

Spectroscopy (PCS) and combined with Angle Resolved Photoemission Spectroscopy (ARPES) 

through collaborations.   Although there were anomalies reported in the electron tunneling spectra 

before, all were observed at very low temperatures and undistinguishable between the conventional 

proximity induced superconductivity through the bulk, gaped surface states (trivial) due to top and 

bottom surface hybridization, and the gapless (nontrivial) surface states. We conducted transport 

measurements using samples already characterized by ARPES to demonstrate the 2D chiral 

superconducting gap. We also synthesized Bi2Se3 nanotubes to maximize the surface to volume 

ratio with a goal to reduce the bulk contribution to the conduction. There are also other unique 

exotic properties in nanoscale structures due to the confinement effect of the topological phase. 

For example, quasi-one dimensional nanotubes are possible systems to host Majorana fermions. 

The main measurement approaches are using low temperature transport, electron tunneling and 

Josephson effects [1-6]. 

 

Recent Progress 

 

Robustness of topological surface states against strong disorder in Bi2Te3 nanotubes. We 

have successfully synthesized and studied for the first time Bi2Te3 TI nanotubes grown using a 

solution phase method with a goal of increasing the surface to bulk volume ratio of TIs. Transport 

measurement results in TIs are often controversial and hindered by the bulk conduction. We were 
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able to fabricate the nanotubes with extremely insulating bulk at low temperatures due to disorder 

so that the bulk conductions were suppressed.60 The bulk conductance follows Mott’s variable 

range hopping and the surface states dominates the conduction at low temperatures below about 

50 K. The conductance value is very close to e2/h, one channel of quantum conductance. We have 

observed the magnetoresistance quantum oscillations as a function of the magnetic field along the 

axis of the nanotubes with a period of h/e, determined by the cross-sectional area of the outer 

surface. When a TI is confined in quasi 1D, a gap will be induced due to quantum confinement. 

When a magnetic field is applied along the 1D direction, the surface encloses odd multiples of 

half flux quanta, the surface states will become gapless due to a surface curvature induced Berry 

phase. Therefore, the conductance oscillate between the trivial and non-trivial states with 

increasing field, resulted in conductance oscillation. Even though the bulk has extremely short 

localization length, the surface states show long phase coherence length as demonstrated by the 

quantum oscillations. Numerical simulations conducted by Prof. C.X. Liu and Prof. Jainendra Jain 

at Penn State showed that the topological surface states will have substantially longer localization 

length than that of other non-topological states in nanowire geometries. This observation addressed 

a particular fundamental aspect of the topological surface states, i.e. their robustness to time-

reversal invariant disorder and thus providing a direct confirmation of the inherently topological 

character of surface states. The results also demonstrated a viable route for revealing the properties 

of topological states by suppressing the bulk conduction using disorder. 

Fig. 1 shows the TEM and SEM images of a Bi2Te3 nanotube and conductance oscillations with magnetic field. 

The nanotube diameter is about 125 nm and the width ~10 nm and length ~10 m. 

Anomalous resistance increase in Bi2Te3 nanotube when in contact with Nb we have tried to 

induce superconductivity into Bi2Te3 nanotubes with Nb contacts or combination of Nb and Au 

contacts (patterned by e-beam lithography). To our biggest surprise, we observed a sudden increase 

of the nanotube resistance when the Nb became superconducting. The anomalous resistance 
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increase disappears when the applied magnetic field reaches the Hc2 of Nb, indicating that the 

effect is solely related to the superconducting transition of Nb.  

 

Point contact spectroscopy in NbSe2/Bi2Se3 bi-layers. We studied the proximity-effect induced 

superconductivity in epitaxial Bi2Se3 films on NbSe2 using a point contact spectroscopy (PCS) 

method at low temperatures down to 40 mK. Our previous ARPES measurements revealed a 2D 

chiral superconducting energy gap. We conducted PCS measurement and extended the 

measurement to larger thickness than the ARPES measurements for samples without 

hybridization down to 40 mK to study the transport response of the TSC gap. For a 16 QL Bi2Se3, 

the bulk gap near the surface is ~ 159 μeV, while the surface states gap (induced by the proximity 

induced bulk superconductivity) is ~ 120 μeV at 40 mK. The gap ratio is about the same for 

different thickness, suggesting the same superconducting coupling strength between the surface 

state and the bulk. 

 

SD electron gases on (111) orientation transition metal oxide Recent theories have 

predicted possible topological insulator states and other intriguing phenomena in (111)‐oriented 

perovskites where bilayers of transition metal ions form honeycomb lattices. We have created 

electron gases at the surfaces of insulating (111)‐ , (110)‐, and (001) oriented SrTiO3  single crystals 

or using amorphous cover layer. We obtained fully metallic behavior and high mobility. 

Anisotropic magnetoresistance measurement showed that it gave a nearly 6‐fold, 2‐fold and 4-

fold symmetry for the (111), (110), and (001) surfaces.  

Future Plans 

 This project will end by Dec. 20 2017. We will study the induced superconductivity in 

Bi2Te3 nanotubes for different nanotube diameter size using Nb and other superconducting contact 

leads. We will try to synthesize samples with different diameter and wall width so that a study the 

size effect will allow us to understand the quasi 1D to 2D behavior in TI and TSC so that the origin 

of the effect can be revealed. 
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Superconducting In-doped SnTe Topological Crystalline Insulator Nanowires 

 

Judy J. Cha, Mechanical Engineering and Materials Science, Yale University 

 

Program Scope 

 The scope of the project is to synthesize In-doped SnTe nanowires that superconduct and 

exhibit transport signatures that can verify the predicted topological superconductivity.  Tin 

telluride, SnTe, is a topological crystalline insulator that possesses Dirac-dispersive, spin-

polarized surface states on {100}, {110}, and {111} surfaces of the crystal[1, 2].  The surface 

states are protected by the crystal symmetry.  Making SnTe superconducting is predicted to 

induce topological superconductivity.  Superconductivity in In-doped SnTe bulk crystals has 

been studied in detail[3-5].  Unconventional superconductivity signatures have been observed in 

In-doped SnTe bulk crystals[6].  In one-dimensional nanowire geometry, Majorana modes are 

predicted at the ends of the nanowires[7].  The project thus aims to synthesize In-doped SnTe 

nanowires and probe its superconductivity.   

 Recent Progress  

 We grew In-doped SnTe 

nanoplates, nanoribbons, and nanowires 

via chemical vapor deposition (CVD) 

where the distinction between different 

morphologies is loosely determined by 

the width of the nanostructures (Figure 

1)[8].  Structures with widths up to 300 

nm are classified as nanowires.  The 

indium doping concentration ranges 

between 4% and 6%, measured by energy 

dispersive X-ray (EDX) spectroscopy. 

 Superconducting behaviors of all 

three structures (nanoplates, nanoribbons, 

and nanowires) were measured to show 

subtle differences between structures 

(Figure 2).  For nanoplates, a robust 

superconductivity with sharp superconducting transition is observed with the Tc of ~ 2.1 K.  For 

nanoribbons, multiple Tc’s are observed with a gradual transition to the superconducting phase.  

For nanowires, the resistance saturates at a finite value, instead of reaching zero.  The current-

a

b c

Figure 1. (a) In-doped SnTe nanowire, nanoribbon, and 

nanoplate. (b) Concentrations of In were measured by 

energy dispersive X-ray spectroscopy (EDX). (c) The 

cubic crystal structure is preserved after In doping.  
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voltage (I-V) curves and the differential resistances of the three devices were measured at T = 

0.35 K (Figure 3).  For the nanowire device, the I-V curve is nonlinear, but there is no 

supercurrent.    Temperature and magnetic field dependence of the nanowire I-V characteristics 

confirms that the non-linearity is due to the onset of superconducting-like correlations. 

  

  
 

 The suppressed superconducting behavior of the nanowire device is attributed to the 

crystal quality of the nanowire.  Other factors, such as quantum phase slips[9], effects of the 

contacts, thermal fluctuations in nanowires, have been ruled out based on the rather large size 

and low resistance value of the nanowires, four terminal device geometry, and the absence of 

hysteresis in the I-V characteristics with forward and reverse current sweeps[10].  For the crystal 

quality of the nanowires, two factors are identified to degrade the superconducting 

characteristics: spatial inhomogeneity of indium dopants and possible incorporation of gold 

impurities.  Gold impurities are possible because gold nanoparticles are used as metal catalysts to 

promote growth of nanowires during the CVD growth.  For silicon nanowires using gold metal 

catalysts, gold impurities have been observed inside the nanowires[11]. Indium doping 

inhomogeneity was directly observed by using low voltage surface sensitive scanning electron 

microscopy (SEM) imaging operated at the acceleration voltage of 1 keV.  On the surface of a 

 10 μm

5 μm 

2 μm 

(a) Nanoplate

(b)Nanoribbon

(c) Nanowire

Figure 2. Superconducting transitions of In-doped 

SnTe nanoplate (a), nanoribbon (b), and nanowire 

(c).  Unlike the sharp transition observed for the 

nanoplate, superconducting transitions of the 

nanoribbon and nanowire are gradual.  For the 

nanowire, the resistance saturates to R ~ 55 Ω. 

 

Figure 3. I-V characteristics of the 

nanostructures: (left) I-V curves and (right) 

differential resistances as a function of Ibias.  (a) 

nanoplate, (b) nanoribbon, and (c) nanowire.  For 

the nanoribbon and nanowire, the differential 

resistances show an extra spike or a broad peak.  
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microcrystal, bright regions are observed, 

which contain high concentrations of 

indium, confirmed by EDX (Figure 4).   

 For nanoplates and nanoribbons, 

similar indium doping inhomogeneity can 

be expected, as growth conditions are 

identical for all three structures.  We 

hypothesize that the reduced dimension of 

the nanowires compared to the other two 

morphologies enhances the relative 

effects of defects, such as indium dopant 

inhomogeneity, more in transport 

measurements of the nanowires. 

Future Plans 

 Our results highlight the importance of crystal quality for the superconducting behaviors 

of In-doped SnTe nanowires.  Our future plans are to improve the indium dopant inhomogeneity 

and to understand how defects arise during synthesis.   

 To improve the inhomogeneity of indium dopants, we will use In-doped SnTe bulk 

crystals as source material instead of mixing InTe and SnTe powders together.  Due to the 

dissimilar vapor pressures and sublimation temperatures, a mixture of InTe and SnTe powders 

may not create conditions that can promote uniform doping of indium into SnTe nanowires.  The 

use of In-doped SnTe bulk crystals, which we will check the uniformity of indium dopants 

before nanowire growth, is 

expected to result in more 

uniform distribution of 

indium dopants in the 

nanowires. 

 We have observed 

dislocation-driven surface 

defects in SnTe 

microcrystals and 

nanostructures (Figure 5).  

These surface defects have 

not been carefully reported, 

although quite common in 

CVD grown samples.  Fast 

cooling of the CVD growth 
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Figure 4. (a) SEM image of an In-doped SnTe microcrystal 

shows bright regions on the surface.  (b) SEM-EDX 

spectra of a bright region show a higher concentration of 

indium, indicating indium inhomogeneity. 

 

Figure 5. Square surface pits observed in SnTe microcrystal (a), nanoplate 

(b), and nanowire (c).  (d, e) Surface pits observed in In-doped SnTe.  (f) 

Crystal structure of SnTe. (g) Plan view illustrations of pit “a” and “c,” with 

corresponding SEM images in (h) and (i).  Scale bar = 500 nm. 
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eliminates surface defects.  However, open cores stemming from dislocations persist. CVD 

growth conditions will be varied to find out how the growth kinetics induces formation of 

dislocations.    
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Project Scope 
Topological insulator (TI) materials are distinguished from ordinary insulators by the so-called Z2 

topological invariants associated with the bulk band structure [1]. Several intriguing and potentially 

technologically useful properties make the TI states of particular interest beyond fundamental curiosities. 

In particular, TIs possess a surface state with a Dirac electronic dispersion similar to graphene, topologically 

protected against localization by time-reversal-invariant (i.e. non-magnetic) disorder.  Spin and momentum 

are perfectly coupled in the chiral TI surface state, leading to novel magnetoelectric effects and much 

potential for advanced applications [2,3]. Furthermore, the realization of a condensed-matter version of 

Majorana quasipaticles, fermions that are their own anti-particle [4], has driven an entire field of interest in 

coupling TI states with superconductivity. First shown by Kitaev in the context of spinless px + ipy 

superconducting quantum wire [5], the possibility of localizing Majorana fermions at the boundaries of a 

topological superconductor – for instance at the edges of a wire or inside a vortex core – has great potential 

in realizing the next generation of fault-tolerant quantum computation [6]. Large families of new 

topological materials are waiting to be discovered in small-gap semiconductor systems and semimetals with 

high-Z elements [7], and true materials exploration is the only route to finding them. We have identified a 

new family of superconducting topological insulator compounds in the ternary half-Heusler system that not 

only show promise to realize TI states in stable, stoichiometric materials, but also to combine non-trivial 

topologies of both electron band structure and odd-parity superconducting states to produce a truly new 

realm of topological materials.  

 

A non-trivial band structure that 

exhibits band ordering analogous to 

that of the known 2D and 3D TI 

materials was predicted in a variety 

of 18-electron half-Heusler 

compounds using first principles 

calculations [8,9]. The band 

structures of these compounds are 

very sensitive to the 

electronegativity difference of the 

constituents, resulting in 

semiconducting band gaps that can 

vary from zero (LaPtBi) to 4 eV 

(LiMgN) [8]. A subset of these 

compounds possess an inverted band 

structure, with the top of an s-type orbital-derived valence band lying below a p-type conduction band, with 

both centered at the high-symmetry  point and with no other bands crossing the Fermi level elsewhere in 

the Brillouin zone. Because such a band inversion changes the parity of the wavefunction, it provides the 

proper condition for the TI state, yielding a handy indicator of the potential for specific compounds to be 

TIs. This can be quantified by calculating the band structure and measuring the degree of band inversion; 

in the half-Heuslers, a sensitive tuning of band inversion is possible due to the tunable lattice constants 

[8,9]. With the ability to tune the energy gap and set the desired band inversion by appropriate choice of 

compound with appropriate hybridization strength (i.e., lattice constant) and magnitude of spin-orbit 

coupling  (i.e., nuclear charge), the half Heusler family shows much promise for realizing the next 

generation of TI materials. 

 
Figure 1: High-spin Cooper pairing in spin-3/2 systems. 
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Superconductors are among the most fascinating systems for realizing topological states, either via a 

proximity effect, or intrinsically via an odd-parity, time-reversal-invariant pairing state. Alongside the usual 

signature supercurrents arising from Cooper pair coherence, a direct analogy exists between 

superconductors and insulators: since the Bogoliubov-de Gennes (BdG) Hamiltonian for the quasiparticles 

of a superconductor is essentially analogous to that of a band insulator, one can consider the interesting 

possibility of TI surface states arising due to a superconducting “band gap”. Similar to TI systems, a 

topological superconductor (TSC) thus has a fully gapped bulk band structure and gapless surface Andreev 

bound states. Thus the search for TSCs in materials with strong band inversion is a promising direction. In 

the case of time-reversal-invariant (centrosymmetric) systems, a material is a TSC if it is an odd-parity, 

fully gapped superconductor and its Fermi surface encloses an odd number of time-reversal-invariant 

momenta in the Brillouin zone [10].  

Superconductors without inversion symmetry, or 

non-centrosymmetric superconductors, promise a 

much more robust route to realizing TSC states. 

With inversion symmetry being one of two key 

symmetries for Cooper pairing (time reversal 

being the other), its absence has profound 

implications on the formation of Cooper pairs. 

With a non-trivial topology of the Bogoliubov 

quasiparticle wavefunction resulting in protected 

zero-energy boundary states analogous to those of 

TI systems, the promise of TSC in NC 

superconductors is very strong. With strong band 

inversion, the RPtBi and RPdBi ternary half-

Heusler compounds are candidate TI systems as 

explained above. Furthermore, the situation in 

these compounds is further enriched by the j=3/2 

total angular momentum index of the states in the 

8 electronic band near the chemical potential. 

This arises from the strong atomic spin-orbit coupling of the s=1/2 spin and the l=1 orbital angular momenta 

in the p atomic states of Bi. The high crystal symmetry and the relatively simple band structure con- spire 

to preserve the j=3/2 character of the low-energy electronic states, permitting Cooper pairs with angular 

momentum beyond the usual spin-singlet or spin-triplet states. In particular, as demonstrated schematically 

in Figure 1, high angular momentum even- and odd-parity pairing components with quintet (J=2) and septet 

(J=3) states are possible through the pairing combinations of j=1/2 and j=3/2 quasiparticles, permitting a 

solid-state analogue of the high-spin super uidity discussed in the context of fermionic cold atomic gases 

[11,12]. Such an unprecedented exotic pairing state arises from new j=3/2 interactions that do not appear 

for the spin-1/2 case, allowing new opportunities for topological superconducting states. 

 
Recent Progress 
After completing a thorough study of the palladium-based rare earth-bismuthide (RPdBi) half-Heusler 

family, synthesizing high-quality crystalline specimens and fully characterizing their normal, 

superconducting and magnetic states, we are continuing to explore the interplay of topology, 

superconductivity and magnetism that this system presents. We synthesized the series of heavy-R 

compounds, including Sm, Gd, Tb, Dy, Ho, Er, Tm magnetic rare earths as well as Y and Lu non-magnetic 

elements. Electrical resistivity and magnetic susceptibility measurements of the RPdBi series has been 

performed down to 20 mK temperatures, revealing an interesting progression of superconducting phase 

transitions that evolves with rare earth species. We have found that superconductivity exists in most of 

these compounds, with a maximum transition Tc = 1.6 K found in the non-magnetic Y- and Lu-based 

compounds, and is systematically suppressed with increasing strength of magnetism from the magnetic rare 

 

Figure 2:  Phase diagram of RPdBi series, indicating evolution of 

superconducting (SC) and antiferromagnetic (AFM) ground states as a 

function of magnetic de Gennes factor. The plotted Tc is scaled by a 

factor of 10, and solid lines are guides to the eye. [Nakajima et al, 

Science Advances (2015)]  
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earth species. Neutron scattering experiments performed in collaboration with Dr. Jeff Lynn at NIST 

Gaithersburg have confirmed long-ranged antiferromagnetic order, which presents a representative scan of 

magnetic peaks in DyPdBi (TN=3.5 K) and the AFM order parameter in TbPdBi (TN=4.9 K). The R local 

moment sublattice leads to long-range antiferromagnetic (AFM) order in R=Sm, Gd, Tb, and Dy, as 

evidenced by abrupt drops in susceptibility. Low-temperature specific heat measurements confirm the 

thermodynamic AFM transitions, and reveal low-temperature ordering in HoPdBi and ErPdBi at 1.9 K and 

1.0 K respectively. Furthermore, superconductivity coexists with long-range magnetic order as shown in 

Figure 2, as determined by neutron scattering experiments on TbPdBi, DyPdBi and HoPdBi, which all 

undergo antiferromagnetic ordering transitions before entering a superconducting state at a lower 

temperature. This presents two rather interesting aspects that warrant further investigation: coexistence of 

superconductivity with potential spin-triplet non-trivial topology along with a new type of proposed 

topological insulator system, the antiferromagnetic topological insulator. Besides the exotic collective 

modes, antiferromagnetism breaks time reversal and translational symmetries but preserves the 

combination of both symmetries, leading to a new, as yet unrealized type of topological system. This work  

appeared in Science Advances in June 2015. 

 

We have pursued a joint experimental and 

theoretical effort to focus on understanding the 

topological superconducting state of the non-

centrosymmetric material YPtBi [13], a clean limit 

superconductor with an extremely small electronic 

density of states at the Fermi level corresponding to 

a tiny carrier density n = 2x1018 cm-3. The value of 

Tc = 0.8 K in YPtBi cannot be explained within the 

BCS theory framework due to the low carrier 

density [14]. Experimentally, a collaboration with 

Prof. Ruslan Prozorov at Ames National Lab 

continues to investigate the superconducting state 

of this material as well as related compounds such 

as the RPdBi (R=rare earth) and RPtSb-based 

compounds that contain superconducting ground 

states. The temperature variation of the London 

penetration depth was measured in single crystals 

of YPtBi by means of a tunnel diode resonator 

technique with temperatures down to 50 mK, 

yielding a very interesting linear temperature 

dependence that is indicative of the presence of line 

nodes in the superconducting energy gap of YPtBi 

with moderate impurity scattering. Theoretically, 

we have investigated the consequences of this 

result in collaboration with Prof. Daniel Agterberg at UM Wisconsin and Prof. Philip Brydon at Otago New 

Zealand. Their theoretical work, in collaboration with a postdoctoral fellow supported by this grant (Limin 

Wang) has led to a new understanding of the superconductivity in this system as arising from a spin-3/2 

band structure, which is the first time such physics has been considered theoretically for a superconductor 

(previously only cold atomic gases and superfluid phases of helium) and also the first time it may be 

experimentally realized in any condensed matter state.  

 

With a linear temperature dependence of the London penetration depth (Figure 3), we have inferred the 

existence of line nodes in the superconducting order parameter of YPtBi, implying the necessity of a mixed-

parity Cooper pairing model with high total angular momentum, consistent with a high-spin fermionic 

superfluid state. Together with our collaborators, we have proposed a k·p model of the j = 3=2 fermions to 

 
 

Figure 3:  Evidence for line nodes and spin-3/2 singlet-septet mixed 

parity pairing model of YPtBi, with London penetration depth (top) 

and superconducting gap model (bottom) for the spin split Fermi 

surfaces. [H, Kim et al, arXiv:1603.03375v4 (2017)]  
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explain how a dominant J = 3 septet pairing state is the simplest solution that naturally produces nodes in 

the mixed even-odd parity gap of this system. As shown in Figure 3, the gap structure resulting from this 

mixed singlet-septet state displays ring-shape line nodes on one of the spin-split Fermi surfaces, and is a 

natural generalization of the theory of j=1/2 noncentrosymmetric superconductors. The theoretical model 

is now published in Phys. Rev. Lett. [15], and the experimental report is currently being reviewed for 

publication. Also, several theoretical works have been prompted by our experimental results [15-21]. 

 

Future Plans 
We continue to explore the exotic normal and superconducting state properties of this family of compounds 

to understand the nature of the normal and superconducting states, using our full arsenal of probes in 

combination with a systematic growth program aimed at comparing properties of the RPtBi and RPdBi 

series, including chemical doping in order to achieve the charge neutrality point, and disorder studies. Most 

interesting, tuning spin orbit coupling via elemental substitution may be a powerful method of both studying 

and controlling the parity of the superconducting state and the topology of the half-Heusler series. 
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Nanostructure Studies of Strongly Correlated Materials 

 

Douglas Natelson, Dept. of Physics and Astronomy, Rice University 

 

Program Scope 

Strongly correlated materials exhibit rich phenomenology due to competing ordered 

states, including superconductivity, metal-insulator transitions, and magnetic ordering.  This 

program employs nanostructure techniques, traditionally applied to conventional metal and 

semiconductor systems, to examine open questions in correlated materials.  The program is 

presently focused on systems in which Fermi liquid (FL) theory, with low energy excitations 

well described as long-lived, weakly interacting quasiparticles, is suspected to be violated.  In 

bad metals, the electronic mean free path inferred from simple transport is unphysically small, 

comparable to the lattice spacing.  In strange metals such as the normal state of the optimally 

doped cuprate superconductors, the resistivity scales unconventionally with T, implying unusual 

scattering mechanisms or poor definition of quasiparticles.  In both bad and strange metals, the 

nature and degree of collectiveness of the low energy electronic excitations remains unclear. 

Electronic transport on the mesoscopic scale has proven to be an excellent tool for 

understanding the low energy properties of metals and semiconductors.  In the conventional FL 

picture, as T approaches zero, quasiparticles remain well-defined and their quantum coherence 

persists for longer time (and spatial) scales, predicted to diverge at T = 0.  This results in 

quantum interference corrections to semiclassical conduction[1, 2], such as weak localization 

magnetoresistance, magnetic field-dependent and time-dependent universal conductance 

fluctuations (UCF), and Aharonov-Bohm magnetoconductance oscillations in mesoscopic rings.  

The theories for quantitative analysis of these effects assume “good” metallicity –kFl >> 1, where 

kF is the Fermi wavevector and l is the electronic mean free path.  We are examining transport on 

similar scales in bad metals and strange metals on similar scales at low temperatures.  Even if the 

lowest energy charge-carrying excitations are not well modeled as simple quasiparticles, as T 

decreases there should be some quantum coherence effects that manifest.   

The second set of experiments uses tunneling shot noise spectroscopy to examine charge-

carrying excitations in strange metals.  Shot noise is a consequence of the quantization of charge, 

and is frequency independent out to a high frequency cutoff set by the electronic transit time and 

energy scale of transmission variation (hundreds of GHz for tunnel junctions).  For independent 

electrons at T = 0, the spectral density of current fluctuations is SI = 2eI A2/Hz, where e is the 

charge and I is the average current.  In situations where the electrons are not independent, SI = F 

2eI, where F is the Fano factor[3].  Pairing or bunching of electrons can enhance F above 1, 

while inelastic processes or charge renormalization can suppress F.  Present experiments are 

looking at shot noise in tunneling between normal metals and strange metals, as well as shot 

noise in tunneling between strange metals.  Specifically, we are attempting to examine tunneling 

between cuprate superconductors in the normal state, and between normal metals and YRh2Si2, a 

heavy fermion compound that exhibits strange metallicity in the quantum critical regime[4].   

 

Recent Progress 

In addition to some nice work on nanostructures exhibiting quantum magnetism, in the 

last two years, we have made progress in both looking for mesoscopic effects in non-Fermi 

liquids and in initial shot noise spectroscopy measurements of correlated materials.  In previous 

periods we had demonstrated that atomic hydrogen intercalative doping of VO2 suppresses the 
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low temperature insulating state, and 

stabilize a correlated metallic state down to 

cryogenic temperatures[5-7].  This 

stabilization results from the alteration of the 

occupancy of the V 3d orbitals due to H-O 

charge transfer, as well as strain of the 

lattice[8].  The resulting bad metal state has 

a resistivity typically ~ 1 m-cm, exceeding 

the Mott-Ioffe-Regel limit, with a very flat 

temperature dependence and without any 

clear signs of impending strong localization.   

We have examined electronic 

transport in three forms of this material:  Single-crystal nanowires, plate-like single crystals, and 

in (rutile) c-directed epitaxial films on rutile TiO2, with intercalative doping performed via timed 

exposure to atomic hydrogen produced via hot filament.  Hydrogen doping leads to a strong 

decrease in the Hall coefficient, consistent with electronic doping as expected; however, 

interpreting the Hall coefficient in terms of single-band transport gives an unphysically large 

carrier density even in the undoped high temperature metallic state.  Multiband transport is 

clearly at work in this material.   

In all three platforms, we observed a positive magnetoresistance (MR) that grew with 

decreasing temperature below about 20 K.  The doped epi films showed an emergent negative 

MR peak at 4 K and below. In functional form and magnitude, these phenomena are reminiscent 

of weak (anti)localization (WL/WAL), the quantum correction that involves interference of 

quasiparticles traversing loop-like trajectories.  The MR is approximately isotropic in magnetic 

field direction, suggesting that the samples are quasi-3d with respect to these localization 

processes.  In WL/WAL this would imply a 

coherence length ~10-20 nm, also roughly 

consistent with the MR field scale.  However, 

the theoretical expressions for WL/WAL 

assume kFl >> 1; while it is possible to fit the 

data with those functional forms, any 

parameters extracted from such fits must then 

be viewed skeptically.   These results have 

been published in J. Phys. Condens. Matt., 

and we hope that this work spurs greater 

interest in the theoretical community about the 

issue of quantum corrections to conduction in non-Fermi liquids.  

Through collaboration with Prof. Susanne Stemmer at UCSB, we also performed 

experiments designed to compare transport down to the sub-micron scale in oxide quantum 

wells.  At the interface between SrTiO3 (STO) and other insulating perovskite oxides, interfacial 

charge transfer can lead to the formation of a high-density two-dimensional electron gas.  When 

a STO layer is embedded between layers of SmTiO3 (SmTO), the resulting conductive quantum 

well is conductive, and depending on STO layer thickness, has a temperature-dependent 

resistance that can be FL (thicker layers) or non-FL-like (thinner layers).   In magnetotransport 

measurements on Hall bar-style devices etched from such quantum wells, we did not observe 

systematic differences between nominally FL and NFL structures.  However, we did find a 

Fig. 2.  Etched SmTiO3/SrTiO3/SmTiO3 quantum 

wells show voltage fluctuations that grow at low 

T even with no applied current. 

(a)	 (b)	

Fig. 1.  (a) H doping stabilizes a bad metal HxVO2 

down to cryogenic temperatures.  (b) Weak 

localization-like magnetoresistance in HxVO2 film. 
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striking effect, time-dependent low-frequency (1/f-like) voltage fluctuations that grew as T  0.  

These fluctuations had no clear dependence on magnetic field, and were suppressed in larger-

area contacts.  While superficially resembling mesoscopic time-dependent UCF, and correlating 

with observations of magnetic field-dependent UCF in both device sets, these voltage 

fluctuations persisted even in the absence of an external driving current.   The growth of 

fluctuations as T is lowered rules out Johnson-Nyquist noise as a mechanism. 

Fluctuating voltages in the absence of a current could also originate from time-varying 

fluctuations of the thermopower of the electron gas.  The idea is that time-varying two-level 

defects produced by the etching process used to define the Hall bar structure can alter the local 

thermopower by an amount that grows with decreasing temperature; ensemble averaging over 

different regions then explains suppressed fluctuations in larger area contacts.  Control 

experiments in related structures fabricated without the etching step show no such fluctuations.  

These results have been published in ACS Nano, and we hope they spur further theoretical and 

experimental investigations of mesoscopic effects in such oxide materials.  

We have also been measuring shot noise in preparation 

for examining such effects in strange metals as described 

above.  We have constructed a rf noise measurement probe for 

insertion into our Quantum Design PPMS cryostat, and used 

this probe and our broadband rf lock-in technique to examine, 

as proof of concept, the shot noise in conventional tunnel 

junctions based on Au/monolayer hBN/Au. This work has been 

published in Appl. Phys. Lett., and shows conventional noise 

response in these junctions as a function of bias from room 

temperature down to cryogenic temperatures.     

At the same time, we have made measurements in two 

types of devices incorporating strange or bad metals.  In 

collaboration with Prof. Shane Cybart and Prof. Robert Dynes, 

we performed transport and shot noise measurements on planar 

tunnel junctions in YBCO films, with the junctions fabricated 

by them using helium ion beam processing.  While we had 

some early encouraging data, subsequent iterations using 

device fabrication runs found very little noise.  We are moving away from this approach because 

of concerns that etching-induced disorder[9] may make it difficult to measure intrinsic tunneling 

response in these planar structures.  Our new approach is described below.  Using hBN as a 

tunneling barrier, we have also made preliminary measurements of tunneling shot noise between 

a normal metal (Au) and a bad metal, HxVO2.  As shown in the figure, those first measurements 

show rather unusual features, with a definite asymmetry depending on whether electrons are 

injected into or withdrawn from the bad metal. 

 

Future Plans 

In the coming period our primary focus will be the shot noise measurements described 

above, in three platforms.  First and foremost, we have begun collaborating with Dr. Ivan 

Bozovic at Brookhaven National Laboratory, with Mr. Panpan Zhou the now-senior student on 

the project, spending two months at BNL working to grow and pattern vertical tunneling 

structures based on LaxSr1-xCuO2 (LSCO).  These structures are based on tunneling junctions 

previously employed[10] to examine the relationship between cuprate superconductivity and 

Fig. 3.  Shot noise in 

Au/hBN/Au tunnel junction at 

various temperatures. 
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antiferromagnetism.   The insulating layer in these structures is one unit cell thick undoped 

La2CuO4.  We will examine the tunneling response and the tunneling shot noise in three sets of 

these junctions prepared with different doping levels, ranging from optimally doped (x = 0.15) to 

underdoped (x = 0.08).  The measurements will take place from well into the normal state (room 

temperature) down through the onset of the pseudogap phase in the underdoped material, to the 

superconducting state.   We will also look for any variation as a function of external magnetic 

field, though this is unlikely to be a relevant perturbation at this temperature range. The data will 

be analyzed and compared with normal metal tunneling structures.   

Second, we will continue applying our capability of using monolayer hBN as a tunnel 

barrier to perform shot noise spectroscopy measurements on junctions between a gold top 

contact and an epitaxial thin film of YbRh2Si2 grown by our collaborator, Prof. Silke Bühler-

Paschen.  We have films available, and have developed a means of depositing monolayer hBN 

with an integrated Au top electrode.  These studies offer a chance to observe shot noise in 

tunneling in and out of a quantum critical heavy fermion metal, providing a window on how the 

incoherence of charge dynamics in the quantum critical regime affects charge injection or 

removal.  An advantage of this system is its tunability with temperature – well above 20 K the 

expectation is that the system will likely have conventional metal properties – and magnetic field 

– with the quantum critical regime[11] “centered” on a field of about 0.7 T.  The ability to 

compare noise data in different electronic regimes in a single device is appealing. 

Third, we will follow up on the intriguing tunneling noise experiments in the HxVO2 

system.  In addition to doped nanowire-based devices, we will continue our collaboration with 

Prof. Darrell Schlom at Cornell to examine tunneling shot noise in the high temperature, 

correlated metallic phase of undoped VO2 films.   
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Program Scope 

The overarching goal of this project is on understanding, controlling, and ultimately designing 

epitaxial complex oxide thin films and heterostructures to obtain novel functionalities. Our 

specific objectives are to create such functionalities in complex oxides by epitaxial stabilization, 

to control order parameters, e.g. spin, electron, charge, and lattice, in interfacial oxides to 

achieve novel functionalities, and to probe the growth and functionality dynamically to provide 

foundational insight required for the design of new functional materials. A variety of in situ and 

ex situ characterization techniques are employed to unveil detailed information on 

crystallographic orientation and structure, electronic and ionic transport, and various 

functionalities, such as magnetism, ferroelectricity, and superconductivity. In addition, a 

combination of microstructural imaging and local spectroscopy, neutron scattering, optical and 

soft x-ray spectroscopy, and theory play key roles in all aspects of this work. Thus, the outcome 

of this work will result in enhanced understanding of interfacial behaviors and properties of 

complex oxides, providing unprecedented guidance in the design of technologically relevant 

materials for energy conversion and storage.  

 Recent Progress  

The research has been focused on the discovery of new materials and phenomena arising from 

well-controlled, functionally cross-coupled interfaces. In particular, we have focused on the 

development of 5d based heterostructures to explore strong spin-orbit coupling (SOC) and 

interfacial charge transfer. Understanding interfacial magnetic coupling in ferroic 

heterostructures using neutron scattering has been 

also one of the main focus areas. Selected research 

highlights are listed as follows:  

Anomalous Hall effect discovered in a quantum 

oxide heterostructure: The anomalous Hall effect 

was discovered in heterostructures composed of 

alternating layers of 3d antiferromagnetic insulator 

and 5d paramagnetic metal, which exhibit no such 

behavior in the bulk. [Nichols 2016] Artificial 

quantum oxide heterostructures composed of the 

antiferromagnetic insulator SrMnO3 and the 

paramagnetic metal SrIrO3 were grown by pulsed laser 

epitaxy on SrTiO3 substrates. Polarized neutron 

reflectometry (Fig .1) and soft x-ray absorption 

spectroscopy have uncovered that there exists 

interfacial charge transfer, creating ferromagnetically 

ordered spins at the interface of the 3d–5d oxide 

quantum heterostructure [Okamoto 2017]. As 
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Figure 1. (Left) Graph shows neutron spin up 

and spin down scattering length density from a 

SrMnO3/SrIrO3 3d/5d superlattice on a SrTiO3 

substrate, indicating ferromagnetically ordered 

spins. (Right) Schematic of the quantum 

heterostructure with the induced magnetization 

represented by white arrows, while the 

anomalous Hall effect is illustrated on the top 

layer. 
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ferromagnetism and the anomalous Hall effect, which produces an extraordinary large Hall 

coefficient, are absent from either parent compound, their emergence in the superlattices 

provides the first experimental evidence of strong coupling at the interface of 3d and 5d oxides. 

This work demonstrates that strong SOC is instrumental in defining novel properties arising from 

atomically precise 3d–5d interfaces, and that the low-dimensional effect together with the precise 

controllability of interfacial magnetism is an important factor to be considered in developing 

novel quantum materials.  

 

Neurons unveil interfacial magnetism tuned dynamically by ionic-liquid assisted ferroelectric 

switching: Electrostatic control of magnetism with ferroelectricity at the interface between 

ferromagnetic La0.8Sr0.2MnO3 and ferroelectric PbZr0.2Ti0.8O3 has been discovered by polarized 

neutron reflectometry. [Meyer 2016, Herklotz 2017] This finding not only proves the 

ferroelectric field effect control of magnetism, but also emphasizes the necessity of separating 

bulk properties from interfacial phenomena in magnetoelectric materials. Here, we used 

polarized neutron reflectometry (PNR) to probe the interfacial magnetization in a ferroelectric–

correlated oxide (PbZr0.2Ti0.8O3/La0.8Sr0.2MnO3) heterostructure. The difficulty in large area 

switching of the ferroelectric polarization with conventional methods was overcome by gating 

using ionic liquids, which allowed the charged ions to segregate at the interface. From this novel 

approach, we were able to dynamically probe the reversible modulation of the interfacial 

magnetism, which occurs in a few nanometers of the interface, by ferroelectric field effects.  

 

Stretching a metal into an insulator: Combining experiment and 

theory, stretching a crystalline thin film of a transition metal 

oxide, strontium cobaltite (SrCoO3-δ), was shown to decrease 

the energetic stability of oxygen in the material. [Petrie 2016] 

The oxygen atoms were able to move more freely through 

channels in the thin film crystal (Fig. 2), increasing the number 

of missing oxygen atoms in the material (defects called 

vacancies). Impressively, these strain-induced oxygen vacancies 

were created at temperatures as low as 300°C, which is lower 

than previously possible, and in environments that usually 

decrease oxygen vacancies. Furthermore, this higher vacancy 

concentration converted a metal into an insulator. While of 

immediate benefit for low temperature energy production and 

storage devices and sensors, the ability to artificially control 

oxygen vacancy content in any environment is crucial for 

variety of functional materials, such as high-temperature 

superconductors, colossal magnetoresistors, memristors, and 

spintronic devices. 

Time-resolved measurements of island size evolution confirm 

universal rules for oxide film growth: We demonstrated 

dynamic scaling of the island size distributions during film 

growth of a prototype oxide, validating a universal rule for 

oxide film growth that a single length scale describes the growth kinetics independent of growth 

conditions. This finding simplifies the acquisition of critical information about the interplay of 

nucleation, growth, and coalescence of islands on oxide surfaces that is the key to discovering 

 
Figure 2. Stretching or compressing a 

material allows tailoring the 

concentration of missing oxygen 

atoms that directly affects the 

physical properties. The stretching of 

a thin film decreases the stability of 

oxygen in the crystalline structure, 

allowing oxygen atoms to move more 

freely through channels (yellow). 

This creates more missing oxygen 

atoms in the crystalline structure. In 

contrast, compression stabilizes the 

oxygen atoms and prevents the 

formation of these vacancies.  
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novel structures and compositions of complex oxides for advanced information and energy 

technologies. The correlation length, the single length scale for describing the island spacings, 

was determined by time-resolved measurements of the surface x-ray diffraction diffuse scattering 

intensity during pulsed laser deposition of SrTiO3. [Eres 2016]  

Future Plans 

Understanding the interplay among strong correlations, quantum confinement, and spin-orbit 

coupling in 3d–5d quantum oxide heterostructures: The strong correlation among the spin, 

charge, orbital, and lattice degrees of freedom in complex oxides is at the heart of what makes 

these materials so promising for technological upheavals in applications. Therefore, by taking 

advantage of the inherent sensitivity of correlated electron oxides to external stimuli, including 

strain, chemical pressure, defects, etc., we will investigate various heterostructures designed to 

control the order parameters to disentangle the underlying complexity toward realization of 

better control over the quantum mechanical behaviors and physical properties. Particular focus 

will be on understanding the interplay among strong electron correlations, quantum confinement, 

and SOC in creating topological states of electrons in 3d–5d transition metal oxide thin films and 

heterostructures. Our recent work discovered a possibility of inducing the anomalous Hall effect 

by interfacial charge transfer. Moreover, compositional inversion symmetry breaking in SrIrO3 

based heterostructures with strong SOC resulted in the topological Hall effect, indicating the 

formation of skyrmions. Therefore, we will focus on studying details on the underlying 

mechanism on their formation and control in short-period oxide heterostructures and 

superlattices. Synthesis of ferromagnetic double perovskites composed of 3d and 5d transition 

metals will be also performed. The 3d element with strong electron correlations that drive local 

magnetism and the 5d element with itinerant electrons with strong SOC offer the essential 

ingredient for creating topological phases and materials, such as quantum anomalous Hall 

insulators or Chern insulators. Double perovskites, including Sr2FeReO6 and Ba2FeReO6, will be 

studied by growing epitaxial films on (111)-oriented perovskite substrates.  

Controlling physical properties through hybrid interface synthesis: Advanced heterostructure 

synthesis has brought us exquisite capabilities to manipulate complex oxide film and interfacial 

properties. Using an integrated synthesis and characterization system combining pulsed laser 

deposition, molecular beam epitaxy, x-ray and ultraviolet photoelectron spectroscopy, and 

scanning tunneling microscopy, we aim to explore the physical properties of quantum 

heterostructures via the synthesis of hybrid interfaces, i.e. interfaces between different classes of 

complex materials or between materials that require different synthesis methods. As an example, 

interfaces between topologically non-trivial materials and complex oxides potentially allow for a 

significantly more robust interfacial functionality. Using detailed in situ electron spectroscopy in 

conjunction with ex situ magnetometry and quantum transport measurements, we aim to study 

interfacial structures and properties of hybrid interfaces between topologically non-trivial 

materials and complex oxides to understand interfacial charge transfer, magnetic exchange 

coupling across the interface, and the resulting interfacial spin structures and spin-polarized 

quantum transport properties. Neutron scattering will be used to understand interfacial magnetic 

coupling of the hybrid interfaces.  
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Program 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. 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 synthesis and properties of novel interface 
phases. Magnetotransport, 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 heterostructures. 

 

 Recent Progress   

The Density and Disorder Tuned Superconductor-Metal Transition in Two Dimensions [1]: 
Quantum ground states which arise at atomically controlled oxide interfaces provide an 
opportunity to address key questions in condensed matter physics, including the nature of two-
dimensional (2D) metallic behavior often observed adjacent to superconductivity. In the 2D 
superconductor at the LaAlO3/SrTiO3 interface, a metallic ground state emerges upon the 
collapse of superconductivity with field-effect back gating. Strikingly, such metallicity is 
accompanied with a pseudogap, in analogy to the cuprates. Here, we utilize independent control 
of carrier density and disorder of the interfacial superconductor using dual electrostatic gates, 
which enables the comprehensive examination of the electronic phase diagram approaching zero 
temperature. We find that the pseudogap corresponds to precursor pairing, and the onset of long-
range phase coherence forms the superconducting dome. The gate-tuned superconductor-metal 
transition approaching zero temperature is driven by macroscopic phase fluctuations of 
Josephson coupled superconducting puddles. 

2D Limit of Crystalline Order in Perovskite Membrane Films [2]: Long-range order and phase 
transitions in 2D systems – such as magnetism, superconductivity (as above), and crystallinity – 
have been important research topics for decades. The issue of 2D crystalline order has reemerged 
recently, with the development of exfoliated atomic crystals. Understanding the dimensional 
limit of crystalline phases, with different types of bonding and synthetic techniques, is at the 
foundation of low-dimensional materials design. Here we study ultrathin membranes of 
freestanding perovskite oxides with isotropic (3D) bonding. Atomically controlled membranes 
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are released after synthesis by dissolving an underlying epitaxial layer. Although all unreleased 
films are initially single-crystalline, the freestanding membrane lattice collapses below a critical 
thickness (~5 unit cells). This crossover from algebraic to exponential decay of the crystalline 
coherence length is analogous to the 2D topological Berezinskii-Kosterlitz-Thouless (BKT) 
transition. The transition is likely driven by chemical bond breaking at the 2D layer - 3D bulk 
interface, defining an effective dimensional phase boundary for coherent crystalline lattices. 

Strong Polaronic Behavior in a Weak Coupling Superconductor [3]: The nature of 
superconductivity in the dilute semiconductor SrTiO3 has remained an open question for more 
than 50 years. The extremely low carrier densities (1017-1020 cm-3) at which superconductivity 
occurs suggests an unconventional origin outside of the adiabatic limit in which the Bardeen-
Cooper-Schrieffer (BCS) and Migdal-Eliashberg (ME) theories are based. Using our newly 
developed method for engineering band alignments at oxide interfaces, we have measured the 
doping evolution of the dimensionless electron-phonon interaction strength () and super- 
conducting gap in Nb-doped SrTiO3 by high resolution tunneling spectroscopy. In the normal 
state, we observe evidence for strong electron-phonon coupling to the highest energy 
longitudinal optical (LO) phonon mode (~1). Yet when cooled below the superconducting 
transition temperature (Tc), we observe a single superconducting gap corresponding to the weak-
coupling limit of BCS theory, indicating an order of magnitude smaller coupling (~0.1). This 
surprising result suggests the relevance of BCS beyond the Migdal limit in which it was derived, 
and that SrTiO3 is an ideal system to probe superconductivity over a wide range of carrier 
density, adiabatic parameter, and electron-phonon coupling strength. 

 

Future Plans 

 Investigation of materials and order parameters in one dimension, by integrating soluble 
buffer layers with e-beam lithography of oxide heterostructures. 

 Using static/dynamic strain in oxide heterostructures to manipulate and control domain 
structure in distorted perovskites, and their coupling to electronic/magnetic properties. 

 Development of hot-electron spectroscopy in correlated electron systems using 
perpendicular transport in oxide heterostructures. 
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Program Scope  

 

Quantum materials such as topological insulators, interfacial 2D electron gas (2DEG), novel 

superconductors and multiferroics have been fertile ground for new discoveries, due particularly 

to the delicate balance between charge, spin, orbital, and lattice ordered states tuned by external 

parameters.  Such materials can exhibit exciting emergent phenomena whose description requires 

new quantum mechanical models to be developed and experimentally validated. Atomic level 

controlled synthesis is critical for all experimental studies.  

Epitaxial thin films of quantum materials are advantageous both for study of fundamental science 

and for development of new applications. These films can be of comparable or higher quality than 

available bulk single crystals, but more importantly deposition conditions can be maintained far 

from equilibrium, so that metastable phases (nonexistent in nature) can be obtained by epitaxial 

stabilization. Furthermore, growth of artificially layered superlattices, and control of film 

crystallographic orientation probe fundamental intrinsic properties of quantum materials such as 

dimensionality, anisotropy, and electronic correlations.   

This program focuses on the novel synthesis of epitaxial heterostructures by controlling point 

defects, strain, and interfaces at the atomic level to understand the relationship between structure 

and emergent quantum phenomena, and to design and create unique quantum materials tuned to 

take advantage of the properties only possible in this unique epitaxial heterostructures. The thrusts 

of our proposed work are:  

(1) Development of Novel Synthesis Route for Epitaxial Thin Film Heterostructures with 

Controlled Point Defects.  

Modern quantum materials are very sensitive to defects, and require a new synthesis route to 

produce high-quality epitaxial oxide thin films and interfaces. We are developing a chemical 

pulsed laser deposition (CPLD) growth process that promises dramatically lower concentration 

of point defects. The higher quality epitaxial films and heterostructures remove several 

roadblocks that have limited the development of new science using quantum materials. 

(2) Coupled bilayers of oxide interfacial electron and hole gases 

The 2DEG at oxide heterointerfaces has resulted in several important discoveries, however the 

equivalent hole gas has been elusive, primarily due to the presence of point defects and other 

impurities. Coexistence of both 2DEG and 2D hole gas (2DHG) in a single heterostructure 

allows a new quantum material based on interaction of the hole and electron gas over only a 

few unit cells, leading to new functionalities and emergent phenomena. 

(3) Strain- and Interface engineered Superconducting Heterostructures   

Quantum materials supporting interfacial superconductivity are delicately sensitive to point 

defects. Our new synthesis routes now allow exploration of strain- interface- and electric-field 

dependent superconducting properties, such as the interaction of monolayer FeSe with strain- 

and interface engineered SrTiO3 films, the control of Tc by lattice distortion in strain-

engineered pnictides thin films. 
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Recent Progress  

1. Two-Dimensional Hole Gas at Oxide Interfaces  

The discovery of two-dimensional electron gas (2DEG) at the LaAlO3/SrTiO3 interface has 

revealed a plethora of new properties not present in conventional semiconductor heterostructures, 

becoming a focal point of novel device applications. Its counterpart, two-dimensional hole gas 

(2DHG), has long been expected to complement 2DEG and provide versatile functionalities. 

However, while 2DEG has been widely observed, the 2DHG has been elusive. We demonstrate a 

highly-mobile 2DHG in epitaxially-grown SrTiO3/LaAlO3/SrTiO3 heterostructures. Using 

electrical transport measurements and in-line electron holography charge density mapping, we 

provide direct evidence of 2DHG coexisting with 2DEG at complementary heterointerfaces in the 

same structure. First-principles calculations, coherent Bragg rod analysis, and depth-resolved 

cathodoluminescence spectroscopy consistently support our finding that eliminating ionic point-

defects is key to realize 2DHG. The coexistence of 2DEG and 2DHG in a single oxide 

heterostructure provides a platform for exciting new physics of confined electron-hole systems 

and for developing novel applications. 

We choose (001) SrTiO3/LaAlO3/SrTiO3 (STO/LAO/STO) heterostructures to realize the 2DHG. 

If the STO substrate is TiO2-terminated, p-type and n-type interfaces are expected to form at the 

top and the bottom of the STO/LAO/STO heterostructure, respectively, to avoid the polar 

catastrophe. The polar discontinuity may, however, be also resolved by the accumulation of 

positively-charged oxygen vacancies at the top interface. This is evident from our first-principles 

calculations indicating the absence of 2DHG when oxygen vacancies are formed in STO or LAO 

close to the top interface. This implies that, even though one can fabricate a high-quality p-type 

interface, the interface may still be electrically insulating due to the ionized oxygen vacancies. 

Therefore, we focus on (1) building an atomically-sharp p-type interface consisting of SrO/AlO2 

layers, and (2) minimizing oxygen vacancies near the p-type interface.  

We synthesized STO/LAO thin films by 

pulsed laser deposition with in-situ RHEED 

on TiO2-terminated (001) STO substrates, 

with the substrate interface designed to host 

the 2DEG, and the top STO/LAO interface to 

host the 2DHG. To minimize the oxygen 

vacancy formation, oxygen partial pressure 

in the chamber was kept high during the 

growth. The samples were also in-situ post 

annealed in oxygen ambient. The magnified 

atomic structure (Fig. 1a) indicates that a 

high-quality SrO/AlO2 interface has been 

built between the top STO and LAO thin 

films. The Atomic-scale energy dispersive X-

ray spectroscopy (EDS) elemental maps 

show the chemically-abrupt top interface 

(Fig. 1b). The electron density map determined by synchrotron X-ray surface diffraction-based 

coherent Bragg rod analysis (COBRA) across the top interface shows that the top interface consists 

of SrO and AlO2 layers as we designed (Fig. 1c). 

We examined the electrical transport properties of the top and the bottom interfaces in the 

STO/LAO/STO heterostructure. The magnetic field-dependent Hall resistance Rxy (H) measured 

 

Figure 1. a, STEM images obtained at the top STO/LAO 

interface. b, EDS elemental mapping. c, COBRA-

derived cation electron density map across the interface.  
 

a

c

b
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at the top interface clearly shows a positive Hall coefficient, while the bottom interface shows 

negative. It is notable that the mobility of 2DHG is comparable and even slightly higher than the 

mobility of 2DEG at low temperature. The electrons are known to be strongly coupled to phonons 

in the LAO/STO system forming large polarons. As the result, the effective electron mass 

renormalizes to a larger value of 2.5 mo. On the contrary, holes are weakly coupled to phonons, 

which is evident from the calculated electron-phonon coupling matrix element for the valence band 

maximum being seven times smaller than that at the conduction band minimum. Hence, 

considering the electron-phonon coupling, it is likely that the effective mass of holes is comparable 

or even smaller than the effective mass of electrons. This qualitatively explains the relatively large 

hole mobility being comparable to the electron mobility.  

Using in-line electron holography, we directly 

demonstrate that the 2DHG is formed at the 

STO/LAO interface. The in-line electron 

holography, using a field-emission TEM, can 

map the internal charge distribution by 

retrieving phase shift information of the 

transmitted electron beam. A high density of 

positive charges is clearly observed at the top 

interface, while the bottom interface showed 

negative charges.  

The presence of holes at the top interface can 

be more strongly supported by verifying the 

lack of oxygen vacancy near the interface. To 

obtain more detailed information about the 

oxygen vacancy distribution, we performed 

depth-resolved cathodoluminescence 

spectroscopy analyses. The top STO exhibited 

a considerably small sign of oxygen vacancy, 

which is even smaller than that of bulk STO substrate. All these structural studies unambiguously 

show that the 2DHG was realized in oxide heterostructures containing minimal oxygen vacancy.  

The coexistence of 2DEG and 2DHG in a single oxide heterostructure enables exploration of the 

exciting new physics of confined electron-hole systems, including long-lifetime bilayer excitons, 

Coulomb drag with spin-orbit coupling, bilayer electron-hole superconductivity, and Bose–

Einstein condensation of excitons. 

 

Future Plans 

(1) Strain control of superconductivity in BaFe2As2 Pnictide thin film heterostructures 

Control of the detailed atomic configuations in Fe-based superconductors is crucial for 

understanding the fundamental mechanisms of its unconventional superconductivity. For instance, 

structural distortion from an ideal Fe-As tetrahedron is believed to be related to the 

superconducting transition temperature, and can play a role in explaining the high-Tc 

superconductivity in Fe-based materials. Biaxial strain is a much more natural way to tune the 

tetrahedral geometry, accomplished in a thin-film geometry by different lattice constant substrates 

rather than by hydrostatic pressure in bulk system. In-plane strain in thin films can be controlled by 

substrates, which provide the excellent platform for tuning the wide range of thermal and lattice 

mismatch between thin films and the substrates. We plan to modify superconductivity in high 

quality epitaxial doped and undoped BaFe2As2 pnictide thin films heterostructrues by in-plane 

 

Figure 2. a, The charge density map obtained by the in-

line electron holography technique. b, The STEM-ADF 

image of the entire STO/LAO/STO heterostructure.  
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strain induced by substrates, tuning the As-Fe-As bond angle for understanding the macroscopic 

quantum phenomena of pnictide superconductors. This approach enables tuning the bond angle in 

a single material platform. Our approach is based on biaxial strain of single crystal films controlled 

by various substrates with different lattice and thermal expansion mismatch.  

(2) Suppression of the charge density wave in BaBiO3/BaPbO3 bilayers and superlattices 

We will grow BaBiO3 and BaPbO3 bilayers and heterostructures to investigate the possibility of 

engineering high Tc superconducting structures. Bulk BaBiO3 has a charge density wave that opens 

a semiconducting bandgap and exists for Bi concentrations of ~35% and higher. By growing ~4 

nm BaBiO3 the charge density wave is suppressed in single layers. We hope to utilize thin BaBiO3 

layers to suppress the charge density wave, separated by BaPbO3 conducting layers, engineering a 

new quantum material through superlattice heteroepitaxy. In order to limit chemical intermixing, 

smooth surfaces are required, which we can achieve on LaLuO3. If the charge density wave is a 

competing phase that limits Tc in bulk BPBO, this artificial suppression may enable doping to 

higher levels. The first superlattices have been grown and preliminary results show a cubic-like 

structure and superconductivity. Raman spectroscopy, terahertz spectroscopy, and synchrotron 

diffraction will be used to characterize the charge density wave and octahedral tilting of these 

superlattices as a function of temperature to explore structure-property relationships in artificial 

bismuthates. 
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Program Scope 

 Oxygen vacancies play a significant, yet not always well understood, role in many 

complex oxide systems.1,2 The research goal of this work is to understand how oxygen vacancies 

affect magnetization and magnetoelectric coupling in LaxSr1-xMnO3 and LaxSr1-xMnO3/BaTiO3 

model heterostructures with a collaborative experimental and theoretical approach. Electrical 

control of this magnetic material is actually not surprising if we also observe that pure SrMnO3 

was theoretically predicted,3 and later experimentally corroborated,4 to be, by itself, one of the 

few single-phase multiferroic materials when a small strain is applied. Similar systems, including 

those Holcomb has studied, are well known to produce magnetoelectric coupling.5,6 Even though, 

experimentally, it has been found that oxygen content can have a significant effect on LSMO 

properties,7,8 there is not a great deal of experimental comparison between the theoretically 

obtained electronic properties of LSMO and the oxygen concentration. The proposed objectives 

of the project are to: 1) develop and characterize high‐quality heterostructures for controlling 

oxygen vacancies and study the effects on epitaxial bulk and interface properties, 2) analyze 

depth‐dependent measurement of oxygen 

vacancies, atomic valence, magnetization, 

structure, and stoichiometry and their relation to 

magnetization and magnetoelectric coupling, and 

3) develop electronic, magnetic and structural 

calculations to help interpret the experimental 

findings. 

 Recent Progress  

 High quality thin films have been grown 

by pulsed laser deposition, and optimized 

through in‐situ reflection high energy electron 

diffraction, as well as x‐ray diffraction and atomic 

force microscopy (objective 1). Many bulk and depth 

dependent properties (magnetization, valence, lattice 

parameters, etc.) of the LSMO thin films and their relation to magnetization have been explored 

both experimentally and theoretically for a variety of sample thicknesses (objectives 2 & 3). For 
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example, polarized neutron reflectivity measurements at NIST have allowed depth‐dependent 

magnetization on a few optimized and oxygen deficient films in order to identify signatures from 

oxygen vacancies. The theoretical models are currently limited to the LSMO/substrate layers, but 

accuracy on these models is important before the ferroelectric layer is added.  

  Even without a ferroelectric layer, we see a significant change 

in the Mn atomic valence (Figure 1) across the depth of our thin 

films. Some of this can be explained by the fact that LSMO/STO is a 

polar interface. We believe this polar interface is attracting the 

oxygen vacancies, which has been supported by theoretical 

calculations that only match our depth dependent valence when 

oxygen vacancies are present at the interface.  

We began our computational efforts by defining the methods 

and approximations. Since one of the most important characteristics 

of the LSMO system is that it is an alloy, we cannot rely on a 

supercell approach to describe its properties. The physics due to the 

ordering of a supercell may be very different than that of an alloy, 

where the A‐site cation placement is random. Due to this potential 

difference from the A‐site placement, we have decided to use the 

Virtual Crystal approximation (VCA), where an alloyed atom is 

replaced by a pseudo atom which is a relative alloy combination of 

the atomic information of the alloying (lanthanum and strontium). We have tested this 

approximation by predicting the ground state geometry, the octahedral tilting value, the Mn 

magnetic moment and the electron band gap. In 

general, we get good agreement with existing 

results. Our next goal was to describe the actual 

experiment, where a LSMO thin film is deposited 

on top of an SrTiO3 (STO) substrate. Here we 

have decided to use three different approaches: (i) 

we have assumed that the LSMO will grow 

following exactly the STO structure (ii) the 

LSMO will follow the STO structure for few 

layers and then it will relax to the PNMA ground 

state (iii) the LSMO will remain in its own 

ground state by tries to match the STO cell 

parameters. We have concluded our analysis of 

(iii) and we are in the process of finishing (i) and 

(ii).  For every one of those cases we have 

studied the thickness dependence of the 

electronic and magnetic properties of 

Fig 2. Theoretical 

simulation of STM 

microscopy of 

STO/LSMO when there 

is no oxidation at the 

surface. The theoretical 

thin-film contains four 

layers of LSMO on top of 

6 STO layers. 
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density of states for four layers of LSMO on top 

of STO. Each panel corresponds to a layer of 
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four panels). We have found that in LSMO one of 

the spins have metallic behavior while the other 

have insulator behavior. 
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STO/(LSMO)m with values of m equal to 2, 4 and 8 unit cells. We have found that LSMO’s 

lowest energy configuration is Pnma when it is under the STO strain. However, we have also 

found that the energy difference between the cubic structure and the Pnma is only 0.8meV/atom 

for 2 layers of LSMO, which raises the possibility that the LSMO is cubic ferromagnetic, at least 

during the first growth layers, as it has been claimed experimentally. We have also found that the 

monotonic decay dependence of the valence charge of manganese will follow the experimental 

measurements only when we consider that the LSMO surface is fully oxidized and all oxygen 

octahedrals are well terminated. Additionally, the theoretical values get closer to experiment 

when vacancies are introduced in LSMO. Energetics also indicate that the energy difference 

between a vacancy at the interface and in the following LSMO layer is smaller than room 

temperature, which indicates that there is not an energetic preference in having the vacancy in 

any of these layers.  

Future Plans 

 As proposed, in Year 2 our experimental plan is to focus on the ferroelectric poling of 

these samples and the effect of this poling on the bulk and depth‐dependent sample properties 

(valence, magnetization, structure, oxygen vacancy concentration, ME coupling). 

  The theoretical effort in Year 2 will continue optimizing the model for better consistency 

with our depth dependent structure, valence and magnetization measurements. Our current 

models vary given the crystal structure. For example, the experimental out of plane lattice 

parameter varies across the thickness of the film; thus the model needs to be adjusted to account 

for this change as well if accurate results are to be expect. 

  Ab‐initio calculations will continue with the aim to support experimental measures. At 

this moment, we have learned the process for the appropriate use of the theoretical tools 

implemented in the QE package with VCA as well as the way to extract the necessary 

information to feedback with the experimental part of this project. We will also use the Green’s 

function method (KKR method) to find the alloy magnetic exchange couplings. We will explore 

a bit more the possibility that LSMO remain cubic after more than 2‐layers. This will allow us to 

relate the role of octahedral rotations in the charge transfer that has been observed 

experimentally. We will also continue our calculations with oxygen vacancies by varying its 

location and vacancy density. We will calculate specific electronic properties as the Bader 

charges, band structure, electronic density of states to identify where changes are manifested. In 

addition to the papers listed below, we plan to submit a paper on the depth‐dependent 

magnetization and oxygen vacancy concentration measured by polarized neutron reflectivity and 

supported by bulk vibrating sample magnetometry on other samples. Additionally, we will 

measure and develop depth‐dependent models based on x‐ray dichroism, which can measure 

these samples more quickly and potentially with better resolution than current neutron 

measurements allow. 
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Project Scope: 

The goal of this DOE project is to investigate the dynamic spin transport behavior in 

magnetic heterostructures including ferro-/ferri-magnetic (FM) and antiferromagnetic (AF) 

insulators and understand the magnetic excitations responsible for spin conduction. The 

generation, manipulation, and detection of spin currents have been the central focus of 

spintronics for over two decades. In recent years, pure spin currents driven by ferromagnetic 

resonance (FMR) spin pumping or a thermal gradient have attracted intense interest and become 

one of the most active frontiers in condensed matter physics. In both of these regimes a dynamic 

excitation of the magnetization results in the transfer of spin angular momentum in the absence 

of net charge flow, a long-sought goal for the field. Extensive research efforts over the last few 

years have demonstrated pure spin currents in a broad range of materials, including nonmagnetic 

(NM) metals and semiconductors, FM and AF metals and insulators. These developments have 

significantly advanced our understanding of dynamically-driven spin transport in 

heterostructures, offering new paradigms for energy-efficient, spin-based information processing, 

data storage and sensing applications.  

Pure spin currents can be carried by either the spin degree of freedom of charge carriers or 

magnetic excitations in both FMs and AFs, opening entirely new classes of materials for 

exploration. Most interestingly, AF insulators, which have been largely absent in charge-based 

spin transport, become a desirable choice of materials for pure spin transport due to their 

intrinsically high resonance frequencies (THz), low magnetic damping, and high efficiency of 

spin conversion at interfaces. In addition, the inherently dynamic nature of this process drives the 

need for a comprehensive understanding of the dynamic interplay between spin, charge and 

magnetic excitations in FM, AF, and NM heterostructures. Ultrafast optical pump-probe 

techniques provide an ideal platform for pursuing these investigations. We have demonstrated 

highly efficient and long-preserving spin transport in AF insulators excited by spin pumping 

using high quality Y3Fe5O12 (YIG) films. Building on our expertise in microwave to terahertz 

spin dynamics, we are carrying out collaborative research project to: (1) investigate dynamically 

generated pure spin currents in AF insulators excited by FMR and thermally driven spin 

pumping in YIG/AF/Pt trilayers to reveal mechanisms of spin transfer in AF insulators and 

across interfaces, and (2) study the dynamics and coupling of non-equilibrium spin excitations in 

heterostructures of FMs, AFs, semiconductors, and NM metals using ultra-fast optical excitation 

to probe the magnetic dynamics and pure spin currents in the time domain.  Below, we describe 

the recent progress of this project. 

Recent Progress 

1. FMR and thermally driven spin transport through an antiferromagnetic NiO layer 
We studied thermally driven longitudinal spin Seebeck effect (LSSE) through an AF layer 

using our Pt(6 nm)/NiO(tNiO)/YIG(250 nm) trilayers, where the NiO thickness was varied 

between 0 and 10 nm (in collaboration with Prof. Joseph Heremans at Ohio State).  A thermal 

gradient generates ferromagnetic magnons in the YIG layer.  At the YIG/NiO interface, the YIG 

magnons excite antiferromagnetic magnons in the NiO spacer.  Then at the NiO/Pt interface, the 

AF magnons produce spin-polarized electrons and a spin current in Pt, which was converted to 
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an inverse spin Hall effect (ISHE) voltage in Pt for detection.  Figure 1(a) shows the temperature 

dependence of the spin Seebeck coefficient Sy (VISHE normalized by temperature gradient) 

between 50 and 420 K for five samples with NiO thicknesses of 0, 1, 2, 5, and 10 nm.  The 

temperature dependence of LSSE shows a maximum at a temperature TM that decreases 

monotonically with the NiO thickness. Using the data in Fig. 1(a), we determine that the LSSE 

signal decays exponentially with increasing NiO thickness at all temperatures, from which we 

extract the attenuation length between 2.0 and 5.5 nm within the temperature range of 180 and 

420 K with the maximum attenuation length observed at 360 K.  This implies that NiO is most 

transparent to magnon propagation near the paramagnet-antiferromagnet transition.  This work 

was published in Physical Review B in July 2016 [1].   

We also carried out FMR driven spin pumping measurements using a variable-temperature 

cavity on Pt(6 nm)/NiO(tNiO)/YIG(20 nm) trilayers with tNiO between 1 and 5 nm.  Figure 1(b) 

shows the temperature dependence of ISHE voltage normalized by sample resistance for this 

series between 120 and 330 K.  We observe enhancement of the spin pumping signals for the 

samples with tNiO = 1 and 2 nm in comparison to the Pt/YIG bilayer (tNiO = 0 nm). For the tNiO = 

1 and 2 nm samples, a peak in VISHE/R at 230 and 260 K, respectively is seen, corresponding to 

the paramagnet-antiferromagnet transition, similar to the LSSE results in Fig. 1(a).  The 

difference in the transition temperatures between LSSE and spin pumping results may be due to 

the difference in the frequencies of magnon excitations responsible for the spin currents.  The 

shifting of the peak to higher temperatures for thicker NiO layers agrees with a decrease in the 

expected suppression of the AF transition temperature in thinner AF films. We did not observe 

the peak for the 3 and 5 nm samples, which we suspect is due to that their peaks are above the 

instrument’s available temperature regime. 

2. Picosecond spin Seebeck effect in normal-metal/YIG bilayers 
Through collaboration with Prof. David Cahill at the University of Illinois at Urbana 

Champaign, we studied the longitudinal spin Seebeck effect in Au/YIG and Cu/YIG bilayer 

systems using the time-resolved magneto-optic Kerr effect (TR-MOKE) technique which 

provides sub-picosecond (ps) time resolution.  The ps time resolution is orders of magnitude 

faster than previous ISHE detection of LSSE in NM/FM systems.  In addition, the ultrafast 

 
Fig. 1.  (a) Temperature dependence of (a) the LSSE and (b) normalized FMR-driven spin pumping 

signals on the Pt(6 nm)/NiO(tNiO)/YIG trilayers. A maximum at a temperature TM is observed for the 

YIG/NiO/Pt trilayers, which increases with increasing NiO thickness.  (For the spin pumping data of the 

3 and 5 nm NiO samples, the peak temperatures are above the upper limit of the instrument). 
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optical pump-probe measurement is a clean technique that is not susceptible to some spurious 

effects associated with electrical detection of LSSE. The ps time scale of the excitation laser 

pulses generate sizable temperature differences of the order of 10 to 100 K across the Au/YIG 

and Cu/YIG interfaces, which allow us to selectively probe the interfacial LSSE. 

Figure 2(a) schematically shows the experimental setup of the TR-MOKE measurements on 

NM/YIG bilayers.  During the pump-probe measurements, a magnetic field of ∼0.4 T is applied 

perpendicular to the film plane, which rotates the YIG magnetization out of plane. If a significant 

amount of spin accumulation is generated in the Au or Cu layer due to the spin Seebeck effect, 

the resulting non-equilibrium magnetization rotates the polarization of probe light upon 

reflection. We detect this polar Kerr effect with a train of sub-ps optical pulses at the same 

repetition rate of 80 MHz as the pump light with variable time delay.  Figure 2(b) shows the TR-

MOKE results for an Au(60 nm)/YIG(20 nm) sample, which measure thermally-induced spin 

accumulation in the Au layer. The measured time evolution of spin accumulation induced by laser 

excitation indicates transfer of angular momentum across the normal metal/YIG interfaces on a 

ps time scale, too short for contributions from a bulk temperature gradient in YIG.  By fitting the 

TR-MOKE data to the spin diffusion model, we obtain the spin relaxation time (τS) of 0.8 to 1.7 

ps for Au on YIG and 3.7 ps for Cu on YIG.  The fitting also gives a parameter , which is a 

product of spin mixing conductance and spin Seebeck coefficient, between 3 × 107 Am−2 K−1 and 

3 × 108 Am−2 K−1 for Au/YIG and Cu/YIG interfaces  Using temperature-dependent 

measurements, we find that the fit parameter  decreases monotonically with temperature and 

vanishes approximately at the Curie temperature of YIG.  Our measurements indicate that the 

LSSE is active at the picosecond time scale.  This work was published in Physical Review 

Letters in January 2017 [2]. 

Future Plans 

We are currently working on variable temperature (10 – 300 K) FMR spin pumping studies 

of YIG/AF/NM systems with various AF materials of both polycrystalline and epitaxial films in 

a microwave cavity at ~9.65 GHz in collaboration with Prof. P. Chris Hammel at Ohio State.  

The AF insulators under investigation include NiO, CoO, and MnO.  This will reveal the 

interesting phenomena and underlying mechanisms responsible for spin transport in Pt/AF/YIG 

trilayers with different AF materials and at various AF layer thicknesses, allowing for systematic 

understanding of magnonic spin transport in AF insulators.  Given by our results in longitudinal 

 
Fig. 2.  (a) Schematic diagram of absorption of a picosecond pump laser pulse generates a temperature difference 

between NM electrons and YIG magnons. Interfacial coupling between electrons and magnons induces spin 

accumulation in NM, which is probed by time-delayed probe laser pulses. (b) TR-MOKE data for Au/YIG/GGG 

sample, probing thermally induced spin accumulation in Au. Solid lines show fit curves obtained using the spin 

diffusion model, and dashed lines show temperature excursion of electrons.  (c) TR-MOKE measurement 

measured on a Au/YIG sample at different temperatures. Solid lines show fit curves obtained using the spin 

diffusion model. 
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spin Seebeck measurements of spin transport in Pt/NiO/YIG trilayers as shown above, we will 

investigate thermally driven spin transport in Pt/AF/YIG trilayers within a broad range of 

temperatures and sample structures.   

Following our published work on picosecond spin Seebeck effect in NM/YIG bilayers, we 

will continue our study of ultrafast spin transport and magnetization dynamics in oxide and 

metallic systems, including heterostructures with AF insulator layers and other nonmagnetic 

metals.  All of these research activities are fully supported by DOE. 
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Electrical generation of valley magnetization in 2D transition metal 
dichalcogenides 

 
Kin Fai Mak 

Department of Physics, Penn State University 
 
Electrons in two-dimensional (2D) Dirac materials such as gapped graphene and 
single-layer transition metal dichalcogenides possess a new two-fold valley degree 
of freedom corresponding to the K and K’ valleys of the Brillouin zone. The valley 
degree of freedom carries orbital magnetic moment. A net valley magnetization 
forms the basis for valley-based applications. Although the control of valley 
magnetization by circularly polarized light and by a vertical magnetic field has now 
become routine, the development of practical valleytronic devices requires the pure 
electrical control of valley magnetization. In this talk, I will discuss our recent 
experimental results on the generation of valley magnetization on the channel edges 
of monolayer and bilayer MoS2 transistors by the valley Hall effect [1], and in the 
bulk of strained monolayer MoS2 by the valley magnetoelectric effect [2].  
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Quantum Transport in 2D Semiconductors  

James Hone, Columbia University, Dept. of Mechanical Engineering 

Cory Dean, Columbia University, Dept. of Physics 

Program Scope 

 This project focuses on fundamental studies of quantum transport in two-dimensional 

transition metal dichalcogenides and their related heterostructures. Areas of study include: 

understand fundamental limits of quantum device characteristics, including scattering 

mechanisms, material and interfacial impurities, and electrical contacts; determining intrinsic 

properties of the 2D semiconductor TMDs such as the effective band mass, spin orbit coupling, 

and electron-phonon coupling; and measurement of novel quantum transport properties unique to 

the TMDs including the hierarchy of quantum Hall states and valley Hall effects. 

 Recent Progress  

 Direct measurement of quantum transport in 2D semiconductors has proven difficult due 

to low material quality and difficulties in making Ohmic contacts at low temperature. Toward the 

first challenge, we have utilized WSe2 grown by techniques developed in the lab of Luis Balicas 

(Nat. High Magnetic Field Lab / FSU), which has defect density below 1011/cm2.  Toward the 

second challenge, we have partially circumvented the contact issue by using a single electron 

transistor (SET) fabricated directly on top of a hBN / WSe2 / hBN heterostructure to measure the 

electronic compressibility of the WSe2. In this measurement, the electrical contact to the WSe2 

only has to be sufficient to allow slow charging in response to an applied gate voltage. Such 

SET-based techniques have previously been employed with GaAs-based systems but not with 2D 

semiconductors. We performed measurements of monolayer WSe2 at the National High 

Magnetic Field Laboratory, at fields up to 35 T.  

 Together, these improvements allow us to provide a near-complete map of the Landau 

Level spectrum of monolayer WSe2, as shown in Figure 1, which shows the inverse 

compressibility (dµ/dn) as a function of gate voltage and applied field.  Well-developed Landau 

‘fans’ are seen for both the valence (VB) and conduction (CB) bands, which are well fit by the 

general relation B = nh/ve, with the filling factor v shown. By extrapolating the slopes of the LL 

gaps to B = 0, we find a separation in gate voltage of 2.7 V between the two bands, arising from 

the band gap of the material. Because the higher spin-split bands in WSe2 are expected to be ∼ 

500 meV and ∼ 30 meV removed from the lowest-energy VB and CB, respectively, this data 

reflects only the lowest spin-split bands.  

A striking aspect of these LL maps is a clear alternation between large and small gaps, 

for all observed states in the CB and beginning at v=-6 for the VB. In the CB, gaps at odd-valued 

ν are more pronounced than those at even-valued ν throughout the accessible range of electron 

density. In contrast, the VB the dominant parity in ν changes from odd to even as the hole 
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density is reduced (Fig. 1c), with a cross-over point at n ≈ −3.8×1012 cm−2, independent of B 

(white dotted line in Fig. 1b).  

Figure 2d shows the proposed structure of the Landau levels derived from the data shown 

in Figure 1. The alternating pattern of gaps arises from breaking of the degeneracy between the 

K and K’ valleys, which are spin-polarized.  Within a given valley, the LL spacing is given by 

the cyclotron energy, whereas the Zeeman splitting between valleys is given by an effective 

Lande g-factor g*. Since both are proportional to applied field, the number of valley-polarized 

bands is independent of field, and provides a measure of the ratio between the Zeeman and 

cyclotron energies. In the CB, g* is below 2, the Zeeman energy is smaller than the cyclotron 

energy, and the pattern of alternating gaps appears for all LLs.  In contrast, for the VB we find 

that g* is above 10, and there are 6 ‘valley-polarized’ LLs before the alternating sequence 

begins. In addition, the reduction in g* with increased carrier density causes the shift in gap 

pattern from even-odd to odd-even.  The values of m* and g* derived fom the data are shown in 

Fig. 2a,b.  The large value of g* indicates strong electron-electron interactions  

 

Figure 1. Ambipolar Landau level dispersion. a, The inverse compressibility dμ/dn of the WSe2 produces a 

characteristic Landau fan as a function of carrier density n and magnetic field B. b, Zooming in on the 

valence band (blue outline in a) reveals that the gap magnitude alternates, and that the dominant gaps occur at 

odd ν for high hole density and for even ν at low density. The crossover occurs at n ≈ −3.8×1012 cm−2 (dashed 

white line), and has no discernible dependence on B. c, The chemical potential μ acquired along three vertical 

cuts in the VB fan confirms the density-dependence of the LL gap sequence. At high hole density (top), gaps 

at odd filling dominate, whereas the ones as even filling dominate at low density (bottom). At the cross-over 

density (middle), consecutive gaps are equal. 
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Figure 2. Extracted parameters and effects of interactions. a, Effective carrier mass and b, Landé g-factor 

for each accessible density for the VB and CB (black dots), and best-fit lines (purple). The green 

area/dotted line represent typical theoretical predictions from a single-particle model. Both m∗ and g∗ are 

enhanced in the VB compared to such predictions. The extraction of g∗ in the CB assumes P = 0 (see text 

and Supplementary Information). c, The ratio of Zeeman to cyclotron energy (EZ/EN = m∗g∗/m0) is less 

than 1 in the CB but between 5-6 in the VB. d, Schematic of LL structure versus carrier density, assuming 

the m∗ and g∗ shown by solid purple lines in a and b for the VB, and average values of the three points in 

the CB. The offset between the spin-locked valleys in the VB is given by the fixed integral polarization P = 

5 and the residual density-dependent contribution M(n). In the CB, we observe an odd-dominant sequence 

of gaps at all accessible electron densities, but our experiment cannot distinguish between the plotted 

sequence and one with the opposite shift between valleys. e, Energy scales in WSe2 in the absence of 

carrier interactions. The cyclotron energy (red line) and total Zeeman energies in the VB and CB (green 

dotted lines) all scale linearly with B. The Coulomb energy (blue shaded region) is the largest energy in the 

system even at high density (plotted here for 2.5 × 1012 cm−2 ≤ n ≤ 5 × 1012 cm−2). As a result, many-body 

interactions are expected to significantly enhance the Zeeman effect.   
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The combination of a large single-particle Zeeman scale and high effective mass leads to a large 

Zeeman-to-cyclotron ratio, which is further enhanced by interactions even at high carrier 

densities. Our observed EZ/EN goes up to 5.8 in the VB (Fig. 2c), which is a factor of 2.6 higher 

than expected from a single-particle model, a factor of 2 higher than measured in multi-layer 

WSe2 [1], and a factor of ∼ 6 higher than in ZnO, which has the largest intrinsic EZ/EN reported 

in an engineered quantum well [2].  

Future Plans 

 In the upcoming year, we will extend these measurements to other 2D semiconductors 

and improve contact techniques to improve the data near the band edges.  In addition, the large 

measured value of EZ/EN, in conjunction with the high density of states, suggests the possibility 

that exchange interactions are strong enough to satisfy the Stoner criterion, implying potential 

itinerant ferromagnetism at zero magnetic field. This property, which has only recently been 

observed in a select few 2D materials [3, 4], would additionally be field effect tunable in the case 

of ML WSe2. We will search for magnetism in these materials by fabricating SQUID loops 

directly onto the heterostructures. 
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Van der Waals Heterostructures: Novel Materials and Emerging Phenomena 

Feng Wang 

Materials Sciences Division, Lawrence Berkeley National Laboratory 

Program 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 atomically-thin 2D 

layers with wide-ranging properties can be grown separately and then stacked together to form a 

new class of materials – van der Waals-bonded heterostructures - in which each layer can be 

engineered separately. This offers an unlimited design space for new materials exhibiting a wide 

range of quantum phenomena, such as field-tunable charge density waves, magnetism, quantum 

spin Hall effect, and superconductivity. Additional unique control of few-layer systems may be 

achieved through tunable electrostatic gating, mechanical strain, and inter-layer coupling. We 

propose to explore new quantum phenomena in these systems, ranging from field-induced 2D 

magnetism and 2D superconductivity to semiconductor heterojunctions and exciton Bose-

Einstein condensates. This will enable tunable 2D magnetic order, novel topological phases, and 

quasi-2D engineered condensates that have so far only been theorized but not experimentally 

observed.  

 Recent Progress  

(1) Ultralong valley lifetime in WSe2/MoS2 heterostructures. 

A pair of degenerate direct bands are 

present at the K and K’ points in the 

momentum space of hexagonal TMD 

monolayers, giving rise to a new valley 

degree of freedom known as the valley 

pseudospin. Tremendous progresses 

have been made in exploring the valley 

pseudospin of 2D TMDs. Many 

challenges, however, still exist for 

potential valleytronics applications. 

Chief among them is the relatively short 

valley lifetime. It was recently shown 

both theoretically and experimentally 

that the valley lifetime of excitons in 

TMD monolayers is severely constrained 

by the electron-hole exchange 

  

Fig. 1: Left: Illustration of ultrafast electron transfer process 

in WSe2/MoS2 heterostructure. Right: Decay dynamics of the 

total hole population (black dots), valley-polarized hole 

population (red squares), and degree of valley polarization P 

(blue triangles). The decay of the valley-polarized hole 

population of ~ 1 s is mainly due to the total population 

decay. The valley polarization, however, does not show any 

apparent decay in 2.5 μs, corresponding to an ultralong 

valley depolarization lifetime exceeding 40 s. 
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interaction through the Maialle-Silva-Sham mechanism, which can annihilate an exciton in one 

valley and create another exciton in the other valley, i.e. depolarize the valley pseudospin, within 

picoseconds. The valley pseudospin of individual electrons or holes, however, is not affected by 

this mechanism and can have much longer lifetime. Recently Wang and Crommie in our 

program collaborated to demonstrate efficient generation of ultralong lived valley polarization in 

WSe2/MoS2 heterostructures [1]. Using ultrafast pump-probe spectroscopy that covers time scale 

from femtoseconds to microseconds, we show that perfectly valley-polarized holes can be 

generated in the WSe2 layer within 50 fs owing to the ultrafast charge transfer processes in the 

WSe2/MoS2 heterostructure. These valley-polarized holes exhibit a population decay lifetime of 

over 1 s, and a depolarization lifetime (i.e. inter-valley scattering lifetime) over 40 s at 10 

Kelvin.  The ultralong valley lifetime observed here, orders of magnitude longer than previously 

reported values, will enable new ways to probe and manipulate valley and spin degrees of 

freedom in TMDs.  

(2) Interlayer electron-phonon interactions in WSe2/hBN heterostructures 

Electron-electron interactions between 

adjacent 2D layers in van der Waals 

heterostructures can give rise to a variety of 

fascinating physical behavior such as mini-Dirac 

cones and the Hofstadter’s butterfly pattern in 

graphene/hBN heterostructures. Similarly, 

exploiting interactions between electrons in one 

layered material and phonons in an adjacent 

material could enable new ways to control electron-

phonon coupling and realize novel quantum 

behavior that is not possible before. Wang and Zettl 

in the program collaborated to demonstrate, for the 

first time, an extraordinary interlayer electron-

phonon coupling in WSe2/hBN heterostructures, as 

illustrated in Fig. 2a.[2] Vibration modes of hBN 

lattice (labeled with red arrows) can significantly 

modulate the behavior of electrons and holes in 

WSe2 (red and blue clouds), thus enabling efficient 

interlayer electron-phonon coupling. 

Experimentally, such interaction manifests as 

emerging resonant Raman scattering processes that 

involve both hBN phonon vibrations and WSe2 

electronic resonances: Two prominent new Raman 

peaks appear in the heterostructure composed of 

WSe2 encapsulated in hBN flakes, with the Raman 

shifts corresponding to the hBN ZO phonon mode and the hBN ZO + WSe2 A1g combinatorial 

mode, respectively (Fig. 2b). These Raman modes are remarkably strong, with intensities three 

orders of magnitude higher than the Raman signal of phonons in pure hBN. Excitation 

spectroscopy reveals that the new Raman peaks of hBN ZO phonons are enhanced by WSe2 

 

 

Fig. 2: (a) Illustration of interlayer electron-

phonon coupling, where the phonon vibration 

in hBN couples to the exciton states in WSe2. 

(b) Raman spectrum of the heterostructure 

shows prominent hBN phonon Raman peaks 

strongly enhanced by resonant excitation of 

WSe2. 
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electronic transitions in a double-resonance process. In addition, we show that the new Raman 

peaks from the interlayer electron-phonon couplings in the heterostructure can be controlled 

efficiently through electrostatic gating of the monolayer WSe2. Our study demonstrates for the 

first time the presence of remarkable interlayer electron-phonon interactions in van der Waals 

heterostructures, which will be important for understanding electron behavior from carrier 

mobility to energy relaxation dynamics in 2D materials. 

(3) Intrinsic ferromagnetism in two-dimensional van der Waals crystals 

The realization of long-range ferromagnetic order in two- dimensional van der Waals crystals, 

combined with their rich electronic and optical properties, could lead to new magnetic, 

magnetoelectric and magneto-optic applications. In two-dimensional systems, the long-range 

magnetic order is strongly suppressed by thermal fluctuations; according to the Mermin–Wagner 

theorem, however, these thermal fluctuations can be counteracted by magnetic anisotropy. 

Previous efforts, based on defect and composition engineering, or the proximity effect, 

introduced magnetic responses only locally or extrinsically. Recently Zhang, Louie and Qiu in 

our program collaborated to discover intrinsic long-range ferromagnetic order in pristine 

Cr2Ge2Te6 atomic layers, as revealed by scanning magneto-optic Kerr microscopy. In this 

magnetically soft, two-dimensional van der Waals ferromagnet, we achieveed unprecedented 

control of the transition temperature (between ferromagnetic and paramagnetic states) using very 

small fields (smaller than 0.3 tesla). This result is in contrast to the insensitivity of the transition 

temperature to magnetic fields in the three-dimensional regime. We found that the small applied 

field leads to an effective anisotropy that is much greater than the near-zero magnetocrystalline 

anisotropy [3], opening up a large spin-wave excitation gap. We explain the observed 

phenomenon using renormalized spin-wave theory and conclude that the unusual field 

dependence of the transition temperature is a hallmark of soft, two-dimensional ferromagnetic 

van der Waals crystals. Cr2Ge2Te6 is a nearly ideal two-dimensional Heisenberg ferromagnet 

and so will be useful for studying fundamental spin behaviours, opening the door to exploring 

new applications such as ultra-compact spintronics. 

Future Plans 

(1) Investigate the dynamic transport of valley current in TMD heterostructures. We will build 

on our observation of the ultralong lived valley-polarized holes in WSe2/MoS2 heterostructures 

to explore the dynamic transport of photo-excited valley polarization in the heterostrcutures, 

which can lead to a pure spin and valley current. 

(2) Investigate the coupling of the spin-valley excitation in TMD and 2D ferromagnetism in 

WSe2/Cr2Ge2Te6 heterostructures. We will build on our discovery of 2D ferromagnetism in 

Cr2Ge2Te6 to explore its coupling to the unique spin and valley degree of freedom in TMDs in 

their heterostructure. 

152



(3) Investigate 2D quantum spin Hall insulator in monolayer 1T’-WTe2. We will investigate 

further the topological edge state present in the atomically thin 1T’-WTe2 and the effect of 

magnetic dopants on such edge states using scanning tunneling spectroscopy. 
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Program title: Spectroscopic investigations of novel electronic and magnetic materials 
 

Principle Investigator: Janice L. Musfeldt 

Affiliation: Departments of Chemistry and Physics, University of Tennessee, Knoxville TN 

37996 

Contact: (865) 974-3392 or musfeldt@utk.edu 
  

Program scope 
 

The goal of our research program is to develop a fundamental understanding of the mechanisms 

underlying the interplay between charge, structure, and magnetism in complex materials. This 

insight facilitates the development of tunable multifunctional solids and nanomaterials, which are 

scientifically and technologically important. Our main strategy involves investigating the 

spectroscopic response of functional materials like multiferroics, quantum magnets, frustrated 

systems, and compounds containing domain walls or 4- and 5d centers, and we perform these 

measurements under external stimuli (like high magnetic fields and pressures) and at very small 

sizes where quantum confinement becomes apparent. By so doing, we learn about the 

relationships between different ordered and emergent states, explore the dynamic aspects of 

coupling, and gain insight into the generality of these phenomena and their underlying 

mechanisms. In addition to broadening the understanding of novel solids under extreme 

conditions, multifunctional materials and their assemblies are of interest for light harvesting, 

spintronics, and solid state lubrication applications.  

 

Recent progress 

 

Several exciting discoveries were made under the auspices of our Department of Energy-

supported program during the past year. Briefly, they include (i) revealing the spectroscopic 

signatures of chirality in the metallic ferromagnet Fe1/3TaS2, (ii) testing the breakdown 

mechanism and tendency toward a high pressure metallic state in multiwall WS2 nanotubes,  and 

(iii) exploring the size-dependence of spin-charge coupling in α-Fe2O3. What brings these 

findings together is the interplay between charge, structure, and magnetism and the spectroscopic 

techniques with which we investigate these phenomena. A broad range of educational, outreach, 

and service activities also takes place under the auspices of this Department of Energy grant. The 

majority were in the area of conference organization (for instance, the 2015 Telluride workshop 

on spin-orbit coupling in 4- and 5d materials, the 2016 Gordon Research Conference on single 

sheet materials, and the developing 2018 Telluride meeting) and service to the National High 

Magnetic Field Laboratory and National Synchrotron Light Source.  

 

Hidden chirality in the metallic ferromagnet Fe1/3TaS2: Research on engineered superlattice 

materials has blossomed in recent years due to the discovery of unexpected properties deriving 

from interface effects. Naturally occurring superlattices like intercalated oxides and 

chalcogenides are of contemporary interest as well. Examples include the chiral helimagnets 

Cr1/3NbS2 and [Pb2BiS3][AuTe2], superconducting Pd-intercalated IrTe2, and interlayer I-doped 

BiOIO3 nanoplates. The chiral ferromagnet Fe1/3TaS2 attracted our attention in this context. This 

system is part  of a larger family of materials based upon 2H-TaS2 that have a set of stable, well-

ordered intercalation plateaus at x=1/4 and 1/3 [Fig. 1]. In order to explore intercalation effects 

on the fundamental excitations of  a chiral ferromagnet, we measured the spectroscopic response 
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of  Fe1/3TaS2 and compared our findings with the x=0 and 1/4 compounds as well as 

complementary first principles calculations. Strikingly, separation of chalcogenide slabs by 

atomically thin layers of iron introduces a second free carrier response due to a peak in the 

density of states at the Fermi level along with a set of localized bands that are intimately 

connected to the density and pattern of the Fe centers. Symmetry breaking in Fe1/3TaS2 is evident 

in the charge density pattern at the Fermi surface,  the hole → electron pocket crossover near the 

K-point, and the characteristic set of low energy electronic excitations between spin split bands 

that cross the Fermi surface. Signatures of chirality  are  firmly embedded in the bound carrier 

excitations as well, which we analyze by tracking  trends in the hybridized Fe- and Ta-containing 

bands. Importantly, these effects are exposed in a metallic system, so in addition to providing 

opportunities to compare correlation vs. spin-orbit effects in Fe-containing chalcogenides, they 

reveal ideas that may be useful in the hunt for metallic ferroelectrics. 
 

 
 

Fig. 1: Crystal structures of 2H-TaS2 and the x=1/4 and 1/3 compounds, charge density, and optical properties of 

the x=1/3 material which reveal several unique signatures of chirality.  

 

Uncovering the pressure-induced breakdown mechanism and low energy electronic 

structure in WS2 nanotubes: The dynamics of transition metal dichalcogenide particles and 

tubes have interested our team for some time because they are superior platforms for 

fundamental studies of confinement, control of electronic properties with substitutional doping, 

and novel mechanical and tribological properties. The recent development of reliable, large scale 

synthetic methods is, for the first time, allowing work on WS2 nanotubes. One puzzle of 

fundamental and practical importance relates to how the transition metal dichalcogenide tubes 

break down under extremely high strain. At the same time, little is known about the electronic 

properties of nanoscale chalcogenides under pressure. In order to evaluate theoretically-proposed 

mechanisms of tube breakdown and search for evidence of pressure-induced metalization, we 

brought together synchrotron-based infrared and Raman spectroscopies, diamond anvil cell 

techniques, and an analysis of frequency shifts and lattice dynamics to unveil the vibrational 

properties of multiwall WS2 nanotubes under compression [Fig. 2]. While most of the vibrational 

modes display similar hardening trends, the Raman-active A1g breathing mode is almost twice as 

responsive, suggesting that the nanotube breakdown pathway under strain proceeds through this 

displacement. At the same time, the previously unexplored high pressure infrared response 

provides unexpected insight into the electronic properties of the multiwall WS2 tubes. The 
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development of a localized absorption is fit to the percolation model, indicating that the 

nanotubes display a modest macroscopic conductivity due to hopping from tube to tube. These 

findings extend the understanding of chalcogenides under extreme conditions.   
 

 
 

Fig. 2: Schematic of the diamond anvil cell, breathing mode displacement pattern, infrared and Raman response of 

the WS2 nanotubes under pressure, TEM images supporting this mechanism, and development of a low-energy 

bound carrier excitation under pressure.  

 

Magnetochromic sensing and size-dependent collective excitations in iron oxide 

nanoparticles: Charge-lattice coupling is one of the most celebrated interactions in functional 

materials. It underlies a variety of scientifically and technologically important processes 

including superconductivity, charge density wave formation, vibronic coupling, and 

photochemical reactions. Less is known, however, about how size can be used to control spin-

charge interactions. We identified α-Fe2O3, commonly known as hematite, as a model 

antiferromagnet with which to test these ideas. Here, we combine optical and magneto-optical 

spectroscopies with complementary vibrational and magnetic property measurements to reveal 

finite length scale effects in nanoscale α-Fe2O3 [Fig. 3]. Analysis of the vibronically-activated d-

to-d on-site excitations uncovers enhanced color contrast at particle sizes below approximately 

75 nm due to size-induced enhancement of spin-charge coupling that is suppressed again below 

the superparamagnetic limit. Various mechanistic tests demonstrate the importance of a robust 

spin-flop transition; when the spin-flop is incomplete or absent, the color contrast is reduced or 

suppressed, respectively. The spin-charge coupling mechanism also accounts for systematic 

shifts in the magnon sideband frequency, from which we extract precisely how the fundamental 

exciton softens with decreasing size. These findings provide a general strategy for generating 

large field-induced color contrast for emerging magnetochromic sensor applications reveal a size 

dependence to the collective excitations that may advance the development of magnonics. 
 

 
 

Fig. 3: Close-up view of the 6A1g → 4T1g on-site excitation of Fe3+ and the magnon sideband, field-induced optical 

contrast as a function of size, and trends in the magnon side band and magnon energies from which the size 

dependence of the fundamental exciton can be revealed.  
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Future plans 

 

Several exciting efforts are planned for the coming year. Briefly, they include (i) employing 

dichroic probes of charge, structure, and magnetism to develop magnetic field-temperature phase 

diagrams of room temperature multiferroic LuFe2O4:LuFeO3 superlattices, (ii) revealing the 

competition between metallicity, disorder, and ferroelectricity in Nb-substituted EuTiO3 [left, 

Fig. 4], (iii) probing the spectroscopic signatures of ferroelastic domain walls in Ca3Ti2O7 [right, 

Fig. 4], (iv) exploring finite length scale effects on vibronic coupling in nanoscale CuGeO3, and 

(v) investigating the properties of atomically-thin MnPS3 and MnPSe3 to reveal the thickness-

dependent vibrational properties.  Outreach includes service to the several different national 

laboratories as well as organization of the 2018 Telluride workshop on spin-orbit coupling and 

the GMAG session on complex bulk oxides at the 2018 American Physical Society meeting.  
 

Fig. 4: Development of 

ferroelectricity and 

ferromagnetism in EuTiO3 with 

Nb substitution and tip-enhanced 

infrared spectrum across two 

ferroelastic domain walls in 

Ca3Ti2O7. 
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Probing Linewidths and Biexciton Quantum Yields of Single Cesium Lead Halide 

Nanocrystals in Solution                                                                                                           

Moungi G. Bawendi, Massachusetts Institute of Technology – Department of Chemistry                                                                           

Program Scope           

  The extraordinary optical properties of lead-based halide perovskites have recently been 

translated into colloidal cesium lead halide (CsPbX3 X=Cl, Br, I) perovskite nanocrystals 

(PNCs). PNCs (figure 1) exhibit high emission quantum yields even in the absence of surface 

passivating shells, can be obtained via remarkably 

robust syntheses, and exhibit band-gap tunability via 

both composition tuning and size-dependent quantum  

confinement.1 Their compelling characteristics render 

PNCs a promising alternative to II-IV nanocrystals like 

CdSe. As such, they have been demonstrated in a 

plethora of applications like LEDs, light down-

shifting, and low-threshold lasing.2,3 The targeted 

advancement of these applications requires an in-depth 

understanding of the excited state dynamics in PNCs. For instance, identifying the origin of the 

emission linewidth may allow improvements in the color purity of PNC-based light-emitting 

devices. Determining which physical parameters control the Auger rate would facilitate the 

realization of PNC-based single photon sources or lasers by either directed maximization or 

minimization of multiexciton quantum yields.     

 Conventionally, the multiexciton quantum yield 

and the emission linewidth of single nanocrystals are 

measured with single molecule spectroscopy, where the 

single nanocrystal properties are surveyed one particle at a 

time. However, the still limited photo-stability of PNCs 

has hampered the interrogation of confined PNCs with 

these fairly perturbative single nanocrystal techniques.4

 We overcome the limitations of conventional 

single nanocrystal spectroscopy imposed by the 

instability of PNCs by utilizing solution-based photon-

correlation methods pioneered in our group.5,6 With our techniques, millions of single PNCs are 

probed for only a few excitation cycles each rendering our experiments highly statistically robust 

and minimally perturbative. With solution-phase photon-correlation Fourier spectroscopy (s-

Figure 2: s-PCFS combines photon-correlation 

and  Fourier spectroscopy to extract single NC 

and ensemble spectral linewidth.  

 

Figure 1: Cesium lead halide perovskite 

nanocrystals exhibiting quantum 

confinement. 
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PCFS), we measure the ensemble averaged single PNC linewidth with high temporal resolution, 

in the absence of photo-bleaching, and with high statistical robustness (figure 2).7,8  We assess 

the biexciton to the single exciton quantum yield ratio (BX/X QY ratio) by low  flux, pulsed 

excitation anti-bunching measurements in solution (s-g(2)), where we histogram two-photon 

events detected after the same (biexciton emission) and different (exciton emission) excitation 

pulses.6            

 In this project, we use s-PCFS and s-g(2) to elucidate the effects of quantum confinement 

and the halide composition on the single PNC emission linewidth and the BX/X QY ratio. Our 

goal is to formulate guidelines for the synthetic improvement of PNCs and to elucidate the 

fundamentals of confined excitons in lead-based perovskites. 

Recent Progress  

In our paper in revision at Nano Letters,  we report the first comprehensive study of the 

BX/X QY ratio and the single PNC emission linewidth in PNCs. We include highly confined 

PNCs previously inaccessible to single 

nanocrystal spectroscopy due to their instability. 

Using s-PCFS, we have undertaken a systematic 

survey of the single PNC linewidth as a function 

of the degree of confinement and halide 

composition. We find that sample 

inhomogeneity plays only a minor role in 

determining the ensemble emission linewidth 

and that the single NC linewidth increases 

strongly with the degree of confinement (figure 

3a). These results are consistent with strong 

coupling of the excited state to surface bath 

modes in PNCs with high surface-to-volume 

ratios. We suggest that nanocrystal surface 

rigidification, for instance with suitable ligand 

chemistry, could significantly narrow the 

emission linewidth of PNCs. 

Moreover, we find that the BX/X QY 

ratio depends both on the PNC size and halide composition, likely due to transitory charge 

carrier separation in PNCs with relaxed confinement (figure 3b). Our results have important 

implications for the technological application of PNCs. Highly confined bromide PNCs and 

mixed bromide/chloride PNCs exhibit BX/X QY ratios as low as ~2% rendering them potential 

single photon sources. Intermediately confined iodide PNCs display BX/X QY ratios of ~50%, 

possibly improving their performance in high flux LED applications. 

  

 

Figure 3: We have surveyed the single NC 

linewidth (a) and biexciton quantum yield (b) as a 

function of halide composition and degree of 

confinement. 
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Future Plans 

In this project, we will continue to unravel the fundamental excitonic properties of lead-based 

perovskite nanomaterials. We will follow a synergistic approach combining the power of our 

photon-correlation based spectroscopies with targeted chemical synthesis. Specifically, we will 

investigate the effect of different chemical surface modifications of PNCs on the single PNC 

emission properties to identify ways to tailor the multiexciton emission quantum yield and the 

linewidth of single PNCs. Performing photon-correlation measurements on single PNCs at low 

temperatures, we will investigate the exciton fine-structure, exciton dephasing, and spectral 

diffusion in PNCs as a new quantum confined material.  
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Program Title: Experimental studies of magnetism, correlations, and quantum criticality in 

a 2D electron system with point defects. 

Principal Investigator: Eva Y. Andrei  

Mailing Address: Department of Physics, Rutgers University, 136 Frelinghuysen Rd, 

Piscataway, NJ 08904 

 

I. Program Scope  
The emergence of novel phases in the presence of electronic correlations, is one of the central 

problems in condensed matter physics. An example of this phenomenon is the so called Kondo effect in 

metals containing magnetic impurities, whereby coupling to the conduction electrons leads to screening 

of the magnetic moment, so that an initially magnetic material becomes non-magnetic as the temperature 

is lowered below a critical “Kondo temperature”. While the Kondo effect in conventional metals, where 

the density of states is flat and the conduction electrons are described by a Fermi liquid, has been studied 

extensively and is by now well understood, much less is known about Kondo screening in unconventional 

materials where the density of states exhibits pseudo-gap behavior.  

This program aims to explore the emergence of physical phenomena and possible device applications 

associated with magnetism and its screening in low dimensional electron systems. We focus on graphene 

and other 2D materials with local magnetic moments induced by point defects, primarily vacancies. The 

pseudo-gap dispersion of electrons in graphene is expected to lead to unusual screening of magnetic 

moments that is characterized by a zero temperature quantum critical transition which separates magnetic 

from non-magnetic behavior. One particularly interesting consequence of this transition, that is unique to 

gateable 2D materials, is the possibility of tuning the presence and strength of Kondo screening by shifting 

the chemical potential away from charge neutrality with a gate voltage. Consequently it should be possible 

to switch the magnetic moments in graphene, on or off, with an electric field. This is important not only 

as a realization of a new class of quantum critical transitions, but also as a potential building block in 

spintronics applications.  

Our strategy for achieving the program objectives is to start out by developing a fundamental 

understanding of the undisturbed 2D material of interest in its pristine form. 2D materials, being only one 

or few atoms thick, are extremely susceptible to external disturbances. As a result, the uncontrolled 

exposure to the environment such as substrates adsorbents or electrical leads can obscure their intrinsic 

properties. It is therefore critical to develop strategies to ensure minimally invasive experimental 

conditions. For example in our earlier DOE funded work we have demonstrated that it is possible to 

effectively isolate graphene from the environment by using a perfectly matched pristine substrate or  by 

eliminating the substrate altogether in a suspended sample geometry. The former resulted in the first 

observation of Landau levels [1, 2] while the latter led to the discovery of ballistic transport on micrometer 

length scales in graphene [3]. For magneto-transport measurements we developed a technique to isolate 

these suspended samples from lead-induced perturbations resulting in the first observation of the 

fractional quantum Hall effect in graphene [4]. For accessing the intrinsic local electronic properties in 

STM measurements, where suspending the sample is not practical, we focused our efforts on finding ways 

to render the substrate minimally invasive. This resulted in stacking two layers of graphene one on top of 

the other which resulted in the first observation of twist-induced Van-Hove singularities, and in the 

demonstration of single layer behavior and decoupling from substrate in double graphene layers with large 

twist angle [5]. Armed with techniques to ensure access to the intrinsic electronic properties of 2D 

materials we are now in the process of exploring the consequences of controllably introducing local 

defects, various substrates and geometric constraints.    

 The research in this project utilizes a wide range of expertise and experimental techniques developed 

in our group. These include sample preparation and fabrication techniques and characterization tools [6] 

that allow us to access and probe the electronic properties of 2D systems and to follow their evolution 

with parameters such as distance from a point defect, with magnetic field, doping and local screening. 
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The characterization techniques deployed in this program cover a range of local probes such as low 

temperature scanning tunneling microscopy, scanning tunneling spectroscopy, Landau level 

spectroscopy, atomic force microscopy,  intermediate range probes such as Raman spectroscopy, and 

global probes such transport and magneto-transport and Seebeck coefficient.  

 

II. Recent Progress 
Gate Controlled Kondo Screening of a Local Magnetic Moment in Graphene   

Summary. Graphene in its pristine form has provided unprecedented access to novel electronic 

properties that emerge from its ultralrelativistc charge carriers. While the electronic properties have been 

the focal point of intense investigations, little attention was devoted to the magnetic properties of 

graphene. This is because graphene, similar to other Carbon allotropes, is non-magnetic. In fact it is one 

of the most diamagnetic non-superconducting materials. Our recent work has centered on the emergence 

of magnetism in graphene when its perfect honeycomb lattice is disrupted by single atom vacancies. Using 

scanning tunneling microscopy (STM) and spectroscopy (STS), and numerical renormalization group 

calculations (NRG), we have shown that vacancies enable to host, control and manipulate the spin degree 

of freedom in graphene. Moreover they provide direct access to the physics of Kondo screening in a 

pseudogap system. Highlights of our findings include:  

1) Using the spectroscopic signature of Kondo screening we showed that the local magnetic moment 

hosted by a vacancy in graphene is screened below a certain temperature allowing to extract the Kondo 

temperature for each vacancy.  

2) Demonstrated that Kondo screening can be controlled by a gate voltage.  

3) Discovered that Kondo screening in this system strongly depends on the local curvature.  

4) Mapped the hitherto elusive quantum phase transition separating magnetically screened from non-

screened states in a pseudogap system. 

5) The ability to control the magnetic moment by a gate voltage and by the local curvature demonstrated 

in this work paves the way to electrostatic and mechanical control of magnetism.  

This work is summarized in a manuscript which is currently under review.  

Recent progress on other aspects of this project, was reported in the publications listed at the end of this 

document.  

Background. In normal metals, the magnetic moment of impurity spins disappears below a 

characteristic “Kondo temperature”, TK, that marks the formation of an entangled state of polarized 

conduction-band electrons which screen the local moment. In contrast, moments embedded in insulators 

remain unscreened at all temperatures. This raises the question about the fate of magnetic moments in 

intermediate pseudogap systems, such graphene and high Tc superconductors, which are gapless but have 

a vanishing density of states (DOS) at the Fermi energy, EF. In these systems theory predicts a quantum 

phase-transition at a critical coupling strength which separates a magnetic phase from a Kondo-screened 

phase, as depicted in Fig.1D. However, attempts to experimentally confirm the existence of this phase 

transition and the intriguing physical phenomena it entails, such as the very large values of TK and the 

possibility to electrostatically control the magnetic moment, have thus far been elusive.  

Graphene, with its linear DOS and tunable chemical potential, provides a playground for exploring 

the physics of this magnetic quantum phase-transition. We focused on the magnetic moments induced at 

the site of single-atom vacancies in graphene. The removal of a carbon atom from the honeycomb lattice 

induces a magnetic moment stemming from the unpaired electrons at the vacancy site. This moment has 

two contributions, one due to the removal of an electron from the band and the other from the unpaired 

electrons in the broken -orbitals.  The former couples ferromagnetically to the conduction electrons, 

which precludes it from contributing to the Kondo effect. In perfectly flat graphene the contribution from 

the broken σ-bonds is similarly unscreened because the σ orbital is orthogonal to the π-orbital conduction 

band. However, this constraint is removed in the presence of a local curvature which projects the σ orbital 

out of the plane and removes the orthogonality with the-band. The highly flexible nature of the graphene 

membrane thus makes it possible to tune the hybridization strength and to generate Kondo screening of 
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the σ orbital moment by introducing a local curvature. This allowed us to control the magnetic moment 

at the atomic scale and to study the gate tunable pseudogap Kondo physics over coupling strengths ranging 

from subcritical to supercritical.   

The question of whether or not Kondo screening occurs in graphene has been under debate for quite 

some time, owing to contradictory conclusions drawn from magnetometry and resistivity measurements. 

On the one hand, magnetometry measurements on irradiated graphene embedded in graphite laminates 

showed vacancy induced magnetism with Curie behavior and no evidence of Kondo screening down to 

the lowest experimental temperatures, consistent with the early theoretical predictions. In contrast, 

resistivity measurements on irradiated single layer exfoliated graphene, did reveal a resistivity minimum 

and logarithmic scaling indicative of Kondo screening with unusually large values of TK ~ 90K. 

Our work, owing to its local nature and the wide range of the local coupling-strengths,  addressed 

the contradiction between the earlier measurements and helped resolve it. Both earlier measurements were 

global in nature and each was sensitive to a different aspect of the problem. Magnetometry probes the 

magnetic moment and therefore only sees vacancies that are not screened, while transport, which is 

sensitive to the enhanced scattering from the Kondo cloud, is only sensitive to vacancies whose moment 

is Kondo screened. Therefore, in the 

presence of variations in the local coupling-

strengths these techniques, being sensitive 

to complementary properties, have led to 

opposite conclusions. The local nature of 

our spectroscopy measurements resolved 

this ambiguity. It made it possible to 

correlate Kondo screening with the local 

curvature and with the chemical potential 

and to identify the quantum phase 

transition between a screened and an 

unscreened spin. 

Experimental techniques and 

findings. We employed a local 

spectroscopic technique, STS, to identify 

Kondo screening of the vacancy 

magnetic moment by the distinctive 

zero-bias resonance it produces in the 

DOS. Our study covering several 

hundred vacancies on different 

substrates over a wide range of coupling 

strengths revealed the characteristic 

signatures of pseudogap Kondo 

screening, including the existence of a 

critical coupling strength and the strong 

dependence of screening on the carrier 

density. The ability to tune the Kondo 

screening by means of a gate voltage 

provides a mechanism for electrostatic 

switching between magnetic and non-

magnetic states.      

  

III. Future Plans 
Our recent results have shown that it is possible to tune the Kondo transition in graphene with a gate 

voltage. This is important not only as a realization of a new class of quantum critical transitions, but also 

Figure 1. Kondo-peak at a vacancy in graphene. A) Schematics of 

the experimental set up. Sample consists of a twisted double layer 

graphene supported on an SiO2 substrate. (B) STM topography of the 

G/G/SiO2 surface. The arrow indicates an isolated vacancy. Inset: 

atomic resolution topography of a single atom vacancy shows the 

triangular interference pattern characteristic of single atom vacancies 

in graphene. (C) dI/dV spectra at the vacancy center (top curve) and 

far from it (bottom curve). Green arrow shows the position of the 

Kondo resonance and black arrow marks the zero-mode peak  (D) 
Schematic phase diagram of the pseudo-gap Kondo effect. The critical 

regime (yellow) separates the magnetic phase (unscreened moment) 

from the Kondo phase (screened moment). Arrows represent the 

ground state of the system with the large arrow corresponding to the 

vacancy spin and the smaller ones belonging to the conduction band 

electrons. 

Vacancy 
Graphene 

B A 

C D 
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as a potential building block in spintronics applications. In view of these findings we will continue to 

explore physical phenomena and possible device applications associated with magnetism and Kondo 

screening in low dimensional electron systems. One of the offshoots of the present work is to explore the 

effect of magnetic moments and their Kondo screening on the thermal properties of the material. We will 

measure the Seebeck and Nernst coefficients in irradiated graphene to investigate the possibility of 

thermal switching by electrostatic gating across the Kondo transition.   In addition to our graphene work 

we will explore the emergence of local magnetic moments induced by point defects, in various 2D layers 

including MoS2 and other transition metal dichalcogenides.  

The experimental probes will include thermal transport, scanning tunneling microcopy and 

spectroscopy, Landau level spectroscopy, atomic force microscopy and magneto transport. Substrates will 

include atomically flat hBN as well as exfoliated thin layers of small gap transition metal dichalcogenide 

crystals.  
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Symmetries, Interactions and Correlation Effects in Carbon Nanotubes  

Gleb Finkelstein, Physics Department, Duke University, Durham, NC 27708  

Program Scope 

1) The PI’s group has developed a unique platform for studying the effects of dissipation 

and interactions in “quantum impurity” systems, which is based on carbon nanotube quantum 

dots with dissipative leads. Here, the quantum dot plays the role of the quantum impurity, while 

the leads provide interactive environment in which it is embedded. Our earlier works identifier a 

quantum critical point (QCP) in this system, which is enabled by dissipation / interactions in the 

leads [1,2]. We are now particularly interested in probing non-equilibrium physics at the QCP. 

Non-equilibrium phenomena in interacting quantum systems are notoriously difficult, and we are 

exploring them in collaboration with Harold Baranger (supported by DOE CMT program).  

2) The second major research direction is the study of the graphene-based Josephson 

junctions [technically, “superconductor-normal metal-superconductor” (SNS) junctions.] These 

junctions have attracted intense interest of the condensed matter community with the 

development of ballistic encapsulated graphene. In the past year, we have investigated all the 

known SNS regimes, namely: diffusive, short and long ballistic.  

Recent Progress  

 1) The non-linear I-V curves at an interacting quantum critical point (QCP) are hard to 

measure and typically out of reach theoretically. We have measured the I-V curves at the QCP 

that we have previously identified [1,2] for different 

strength of dissipation and confirmed the empirical 

scaling relation that we have proposed earlier.  The 

availability of the data allowed our theory colleagues to 

calculate these curves, both numerically and 

analytically. We find that the measurement and the 

calculation match without fitting parameters. To our 

knowledge, this is the only example in which a full 

understanding of the non-equilibrium regime at the 

QCP has been achieved. The manuscript is under 

review at PRX (https://arxiv.org/abs/1609.04765).  

Figure 1. Universal scaling of differential conductance in the non-

equilibrium regime (bias comparable or larger than temperature) at 

the QCP. The DCB line is the analytical theory, while RG is a 

numerical approximation. The data are measured on two samples 

with a different dissipation strength (r=0.5 and 0.75).  
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2) We recently studied SNS (superconductor-normal-superconductor) junctions made of 

graphene encapsulated in hexagonal boron nitride, h-BN (Figure 2a). The junctions are ballistic, 

as could be judged from Figure 2b, which demonstrates that the normal state conductance GN 

divided by the junction width W does not change with the lengths of the junctions. Furthermore, 

for N-doping (positive VG), the conductance is very close to the quantum limit G0 = Ne2/h 

(yellow dashed line; here N is the number of transverse electron modes.) For P-doping, the 

conductance is suppressed due to the PN junctions formed at each contact interface.  

 

Figure 2c shows the differential resistance dV/dI of the 200-nm long junction measured 

vs. I and VG. The dark region around zero bias corresponds to the supercurrent, IC. At negative 

voltages, the Fabry-Perot oscillations are visible due to the partial reflections from the PN 

interfaces in both the magnitude of the supercurrent (extent of the dark region) and the normal 

resistance (vertical blue stripes).  

In Figure 3, we extract the 

values of the critical current for the 

same set of junctions and plot them 

vs. temperature. IC(T) shows 

exponential scaling which has been 

predicted for ballistic junctions in 

the `70s, but to our knowledge had 

not been observed before.  

 

Figure 2. a) Schematic of a Josephson junction made of graphene encapsulated in h-BN, contacted by 

superconducting molybdenum-rhenium leads. (b) Gate dependence of the normal state conductance G for 

several channel lengths, demonstrating the length independent (ballistic) sample conductance. (c) Differential 

resistance dV/dI (plotted vs. gate and bias) vanishes in the superconducting regime (dark region).  

Figure 3. Critical current for 3 junctions of length L = 0.4, 1, and 2 microns (see labels), plotted on a semi-

log scale vs. T. Several gate voltages are presented for each junction. At higher temperatures the critical 

current is found to scale as exp(−kBT/δE), as predicted for the ballistic junctions. The slope of log(IC) vs. T 

is found to be independent of VG. Indeed, in graphene junctions, δE ≈ ħvF /2πL is expected to be independent 

of the carrier density and inversely proportional to L. 
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Finally, in the same type of samples, we demonstrated that superconducting current could 

flow in the quantum Hall regime. To observe Landau quantization in a small ballistic sample, the 

magnetic field B should be large enough for the cyclotron orbits to fit within the sample 

boundaries: B > hkF/πeL. At these high fields (typically B ~ 1 T), we found that a very small 

superconducting current (~1 nA) may still flow through the sample (Figure 4). The 

superconducting branch is clearly visible at the lowest temperature (40 mK) but gets washed 

away by phase diffusion at T ~ 0.5 K.  

 
 

 

 

 

 

The supercurrent shows extreme sensitivity to magnetic field, exhibiting a robust 

interference pattern with a period of δB ~ 0.5 mT, corresponding to the flux quantum threaded 

through the sample circumference. The periodicity implies that the supercurrent is carried by the 

edge states. Our result demonstrates that the QH edge states in graphene can be reliably coupled 

to a superconductor. 

 

Future Plans 

1. a) We plan to further explore the non-equilibrium regime achieved by biasing the 

nanotube quantum dot at the QCP [1-2]. We will create tunnel probe (separate from the two 

contacts creating the non-equilibrium) by covering the nanotube with a narrow h-BN (2-4 

monolayers) using the techniques developed for graphene. On top of the h-BN, we will place a 

tunnel electrode, which could be either metallic or made from graphene to match the nanotube 

work function. The measurement will provide information analogous to the density of states but 

in a highly correlated and non-equilibrium regime. b) We will create double quantum dots by 

using the same type of nanotube samples with a h-BN top layer as discussed in (a). However, 

using a thicker h-BN layer will allow us to create a top gate instead of the tunneling electrode. 

We will explore the double dot in dissipative environment, searching for the new type of a 

quantum phase transition (QPT) between the singlet and the “Kondo molecule” predicted 

recently by Harold Baranger and his group. c) In addition to the more ambitious projects (a-b), 
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Figure 4. a) V-I curves measured at B = 1 T and ν = 2 in the temperature range 40-500 mK. The 

supercurrent branch is clearly visible at the lowest temperature (40 mK) for I < 0.5 nA. b) The temperature 

dependence of the dV/dI curves. The differential resistance is suppressed at zero bias and peaks at ~0.5 nA 

where the junction switches from the superconducting to the normal branch. c) The suppressed zero-bias 

resistance is gradually washed away by T ~ 0.5 K due to the phase diffusion mechanism.  
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we are continuing to work on a topic outlined in the original proposal: spinful resonant level with 

dissipation, including the Kondo effect with dissipation.  

2) We are particularly interested in using graphene to explore systems with tunable 

dissipation. Many predictions exist for quantum phase transitions that should occur as a function 

of dissipation, both in Josephson junctions and in non-superconducting systems. Bilayer 

graphene, whose resistance could be changed in a wide range, is particularly promising. In the 

simplest case, a Josephson junction and its dissipative leads could be made from the same 

graphene crystal. The resistance of the leads could be then tuned by dedicated gates, allowing 

one to explore the dissipation-driven superconducting-insulator transition in a single junction, 

previously accessible only by fabricating a series of samples with different dissipation. We will 

also explore using graphene as a tunable dissipative element in the nanotube quantum dots.  
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Lawrence Berkeley National Laboratory and UC Berkeley; Steven Louie, Lawrence 

Berkeley National Laboratory and UC Berkeley 

 

Program Scope 

 

 Experimental and theoretical investigation of nanostructures based on sp2-bonded carbon 

and boron nitride, and related layered or low-D materials.  Experimental approaches encompass 

synthesis, and characterization utilizing STM, AFM, ARPES, TEM, transport, and mechanical 

properties.  Theory includes ab-initio approaches.  

 

Recent Progress  

 

 Electrostatic confinement of charge carriers in graphene is governed 

by Klein tunnelling, a relativistic quantum process in which particle–hole 

transmutation leads to unusual anisotropic transmission at p–n junction 

boundaries. Reflection and transmission at these boundaries affect the 

quantum interference of electronic waves, enabling the formation of novel 

quasi-bound states. We have used scanning tunnelling microscopy to map 

the electronic structure of Dirac fermions confined in quantum dots defined 

by circular graphene p–n junctions. The quantum dots were fabricated using 

a technique involving local manipulation of defect charge within the 

insulating substrate beneath a graphene monolayer. Inside such graphene 

quantum dots we observe resonances due to quasi-bound states and 

directly visualize the quantum interference patterns arising from these 

states. Outside the quantum dots Dirac fermions exhibit Friedel oscillation-

like behaviour. Bolstered by a theoretical model describing relativistic 

particles in a harmonic oscillator potential, our findings yield insights into 

the spatial behavior of electrostatically confined Dirac fermions.  

 

 The atomic structure, stability, and dynamics of defects in 

hexagonal boron nitride (h-BN) has been investigated using an 

aberration-corrected transmission electron microscope operated at 

80 kV between room temperature and 1000 °C. At temperatures 

above 700 °C, parallelogram- and hexagon-shaped defects with 

zigzag edges become prominent, in contrast to the triangular defects typically observed at lower 

temperatures. The appearance of 120° corners at defect vertices indicates the coexistence of both 

N- and B-terminated zigzag edges in the same defect. In situ dynamics studies show that the 

hexagonal holes grow by electron-induced sputtering of B−N chains, and that at high 

temperatures these chains can migrate from one defect corner to another. We complement the 

experiments with first-principles calculations which consider the thermal equilibrium formation 

TEM images of tailored holes 

in hBN (top) and schematic 

for STM-induced quantum 

wells in graphene over hBN 

(bottom)  
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energy of different defect configurations. It is shown that, below a critical defect size, hexagonal 

defects have the lowest formation energy and therefore are the more-stable configuration, and 

triangular defects are energetically metastable but can be “frozen in” under experimental 

conditions. We have also explored the possible contributions of several dynamic processes to the 

temperature-dependent defect formation. 

 

We have performed a combined scanning tunneling microscopy/spectroscopy and GW 

theoretical study of the electronic structure of high quality single- and few-layer MoSe2 grown 

on bilayer graphene. We find that the electronic (quasiparticle) bandgap, a fundamental 

parameter for transport and optical phenomena, decreases by nearly one electron volt when going 

from one layer to three due to interlayer coupling and screening effects. Our results show a clear 

picture of the evolution of the electronic wavefunction hybridization in the valleys of both the 

valence and conduction bands as the number of layers is changed. This demonstrates the 

importance of layer number and electron-electron interactions on van der Waals heterostructures, 

and helps to clarify how their electronic properties might be tuned in future 2D nanodevices. 

 

Future Plans 

 

We shall explore the local electronic properties of new nanoscale quantum structures 

built on single-layer and bilayer graphene using novel fabrication techniques that are compatible 

with TEM and scanned probe microscopy. For example, arrays of tailored holes in BN will be 

mated to graphene monolayers or bilayers, thereby inducing random or periodic potentials.  Tests 

will be performed for unusual plasmonic effects and supercollimation.  Multi-quantum-dot 

systems will be fabricated on single-layer graphene by injecting space charge directly into the 

insulating BN substrate using the STM tip in order to create local gates beneath the graphene. 

This will allow the exploration of inter-dot hybridization in a completely new quantum regime 

where interactions are driven by Dirac fermions undergoing relativistic Klein tunneling rather 

than conventional nonrelativistic tunneling. Our new local gating technique will allow 

fabrication of graphene quantum dots of arbitrary shape, enabling wavefunction imaging of 

quantum-chaotic systems in the unexplored ultra-relativistic regime. Quantum dots fabricated in 

bilayer graphene are expected to behave very differently from monolayer graphene quantum dots 

since electrons incident on bilayer pn boundaries are predicted to undergo anti-Klein tunneling. 

We will explore the local electronic properties of bilayer quantum dots in this new physical 

regime at the surface of BN-supported field-effect transistors. In addition to local gating through 

space-charge patterning of insulating substrates (as described above) we will also use atomic and 

molecular patterning directly at the surface of graphene layers in order to create and image 

quantum-confined structures that have more well-defined edges at the atomic scale and that 

exhibit new engineered topologies. 

 

Using the ab initio GW and GW-BSE approach, we shall explore theoretically the electric 

field induced bandgap and optical spectrum of biased bilayer graphene. In particular, we 

investigate the importance of electron-hole interaction (excitonic) effects and band topology on 

the optical response of this system.  

 

We shall also investigate theoretically the structure and properties of Ir atoms, dimers and 

clusters on graphene through first-principles calculations. The work seeks to understand the 
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scanning tunneling microscopy results and the influence of strong spin-orbit interactions of Ir on 

the combined system. 

  

Publications  

1) A. J. Bradley, M. M. Ugeda, F. H. da Jornada, D.Y. Qiu, W. Ruan, Y. Zhang, S. 

Wickenburg, A. Riss, J. Lu, S. K. Mo, Z. Hussain, Z.X. Shen, S. G. Louie, and M. F. 

Crommie, “Probing the Role of Interlayer Coupling and Coulomb Interactions on 

Electronic Structure in Few-Layer MoSe2 Nanostructures” Nano Lett. 15, 2594 (2015). 

2) A. Yan, W. Chen, C. Ophus, J. Ciston, Y. Lin, K. Persson, and A. Zettl. “Identifying 

different stacking sequences in few-layer CVD-grown MoS2 by low-energy atomic-

resolution scanning transmission electron microscopy,” Phys. Rev. B, 93, 041420(R) doi: 

10.1103/PhysRevB.93.041420 (2016). 

3) J. Velasco, Jr., L. Ju, D. Wong, S. Kahn, J. Lee, H.-Z. Tsai, C. Germany, S. Wickenburg, 

J. Lu, T. Taniguchi, K. Watanabe, A. Zettl, F. Wang, and M.F. Crommie. “Nanoscale 

control of rewriteable doping patterns in pristine graphene/boron nitride 

heterostructures,” Nano Letters, 2016, 16 (3) 1620–1625, doi: 

10.1021/acs.nanolett.5b04441 (2016). 

4) H. Long, A. Harley-Trochimczyk, T. He, T. Pham, Z. Tang, T. Shi, A. Zettl, W. 

Mickelson, C. Carraro, and R. Maboudian. “In-situ localized growth of porous tin oxide 

films on low power microheater platform for low temperature CO detection,” ACS 

Sensors (2016) 1 (4) 339–343 doi: 10.1021/acssensors.5b00302. 

5) Y. Sasaki, R. Kitaura, J.M. Yuk, A. Zettl, and H. Shinohara. Efficient preparation of 

graphene liquid cell utilizing direct transfer with large-area well-stitched graphene." 

Chem Phys Lett. 650, pp107-112, doi: 10.1016/j.cplett.2016-02-066 (2016) 

6)  H. Long, A. Harley-Trochimczyk, T. Pham, Z. Tang, T. Shi, A. Zettl, C. Carraro, M.A. 

Worsley, and R. Maboudian. "High Surface Area MoS2/Graphene Hybrid Aerogel for 

Ultrasensitive NO2 Detection Advanced Functional Materials" DOI: 

10.1002/adfm.201601562 

7) J. Lee, D. Wong, J. Velasco, Jr., J.F. Rodriguez-Nieva, S. Kahn, H.-Z. Tsai, T. Taniguchi, 

K. Watanabe, A. Zettl, F. Wang, L.S. Levitov, and M.F. Crommie. "Imaging 

Electrostatically Confined Dirac Fermions in Graphene Quantum Dots." Nat Phys. doi: 

10.1038/nphys3805 (2016). 

8) S. Onishi, M. Moreno Ugeda, Y. Zhang, Y. Chen, C, Ojeda-Aristizabal, H. Ryu, S.-K. 

Mo, Z. Hussain, Z.-X. Shen, M. Crommie, and A. Zettl. "Selenium capped monolayer 

NbSe2 for two-dimensional superconductivity studies." Physica Status Solidi B, doi: 

10.1002/pssb.201600235 (2016). 

9) H. Rasool, G. Dunn, A. Fathalizadeh, and A. Zettl. "Graphene-sealed Si/SiN cavities for 

high-resolution in-situ EM of nanoconfined solutions." Physica Status Solidi B: Basic 

Solid State Physics DOI: 10.1002/pssb.201600232 (2016) 

10) H. Reza Barzegar, T. Pham, A.V. Talyzin, and A. Zettl. "Synthesis of graphene 

nanoribbons inside boron nitride nanotubes." Physica Status Solidi B: Basic Solid State 

Physics, doi: 10.1002/pssb.201600294 (2016) 

11) O. Ergen, S.M. Gilbert, S.J. Turner, and A. Zettl. "Hexagonal boron nitride as a cationic 

diffusion barrier to form a graded band gap perovskite heterostructure." Physica Status 

Solidi B, advance online publication, doi: 10.1002/pssb.201600234 (2016) 

175



12) T. Pham, A.L. Gibb, S.M. Gilbert, C. Song, and A. Zettl. "Formation and dynamics of 

electron-irradiation-induced defects in hexagonal boron nitride at elevated temperatures." 

Nano Letters DOI: 10.1021/acs.nanolett.6b03442 

13) T. Sun, J. Kim. J.M. Yuk, A. Zettl, F. Wang, and C. Chang-Hasnain. "Surface-normal 

electro-optic spatial light modulator using graphene integrated on a high-contrast grating 

resonator." Optics Express https://doi.org/10.1364/OE.24.026035 

14) O. Ergen, S.M. Gilbert, T. Pham, S.J. Turner, M.T.Z. Tan, M.A. Worsley, and A. 

Zettl.    "Graded band gap perovskite solar cells. Nature Materials doi:10.1038/nmat4795 

15) 14) X. Ye, M.R. Jones, L.B. Frechette, Q. Chen, A.S. Powers, P. Ercius, G. Dunn, G.M. 

Rotskoff, S.C. Nguyen, V.P. Adiga, A. Zettl, E. Rabani, P.L. Geissler, and A.P. 

Alivisatos. "Single-particle mapping of nonequilibrium nanocrystal transformations." 

Science, 354, 6314, p. 874, doi: 10.1126/science.aah4434 (2016). 

16) A. Rao, H. Long, A. Harley-Trochimczyk, T. Pham, A. Zettl, C. Carraro, and R. 

Maboudian. "In Situ Localized Growth of Ordered Metal Oxide Hollow Sphere Array on 

Microheater Platform for Sensitive, Ultra-Fast Gas Sensing." ACS Applied Materials and 

interfaces. Volume 9, issue 3, pg 2634-2641. DOI: 10.1021/acsami.6b12677 

17) S. Onishi, M. Jamei, and A. Zettl. "Narrowband noise study of sliding charge density 

waves in NbSe3 nanoribbons." New Journal of Physics. Vol 19, article number 023001 

DOI: 10.1088/1367-2630/aa5912 

18) Claudia Ojeda-Aristizabal, Elton J. G. Santos, Seita Onishi, Aiming Yan, Haider I. 

Rasool, Salman Kahn, Yinchuan Lv, Drew W. Latzke, Jairo Velasco Jr, Michael F. 

Crommie, Matthew Sorensen, Kenneth Gotlieb, Chiu-Yun Lin, Kenji Watanabe, Takashi 

Taniguchi, Alessandra Lanzara, and Alex Zettl "Molecular Arrangement and Charge 

Transfer in C60/Graphene Heterostructures." ACS Nano DOI: 10.1021/acsnano.7b00551 

19) Dillon Wong, Fabiano Corsetti, Yang Wang, Victor W. Brar, Hsin-Zon Tsai, Qiong Wu, 

Roland K. Kawakami, Alex Zettl, Arash A. Mostofi, Johannes Lischner, and Michael F. 

Crommie "Spatially resolving density-dependent screening around a single charged atom 

in graphene." Phys Review B https://doi.org/10.1103/PhysRevB.95.205419 

20) Hu Long, Leslie Chan, Anna Harley-Trochimczyk, Lunet E. Luna, Zirong Tang, Tielin 

Shi, Alex Zettl, Carlo Carraro, Marcus A. Worsley, Roya Maboudian. "3D MoS2 Aerogel 

for Ultrasensitive NO2 Detection and Its Tunable Sensing Behavior." Advanced Materials 

Interfaces doi.org/10.1002/admi.201700217  

 

 

 

176

https://doi.org/10.1364/OE.24.026035
https://doi.org/10.1103/PhysRevB.95.205419


Program Title: Charge and Energy Transfer in Molecular Superconductors and Molecular 
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Program Scope 

This proposal seeks to advance our understanding and control over charge and energy transfer 

processes as well as spintronic behaviors of exotic molecular materials including individual 

molecular machines and molecular superconductors on materials surfaces. For the molecular 

machine research, we investigate individual molecular motors, and molecular transport devices 

operating at the quantum regime on surfaces using advanced scanning probe techniques at low 

temperature in ultrahigh environment. For molecular superconductivity research, we study 

atomic level interactions between the molecular superconducting clusters and two dimensional 

electron gas as well as manipulation of molecular charge density waves. As a part of the project, 

we also develop novel instrumentation techniques such as synchrotron X-ray tunneling 

microscopy and spectroscopy to advance our fundamental understanding of materials properties 

in quantum regimes. Our project includes both conventional and innovative components, and the 

achievements of these projects will impact on fundamental understanding of charge and energy 

transfer processes in exotic molecular materials for potential applications in energy sciences.  

 

Recent Progress 

We have made progress in a number of research fronts. We have completed our research on 

finding how charge and energy transfer in molecular motors couple to spintronic and mechanical 

properties. Here, molecular legs act as a pseudo insulating system to maintain the charge but the 

whole motor exhibits a Kondo resonance indicating coupling of spin to the substrate. We have 

also explored similar system that exhibits a Kondo resonance by isolating magnetic molecules 

with semiconducting nanoribbons on Au(111) surface [1]. For the synchrotron based scanning 

probe microscope development, we are able to distinguish X-ray excited tunneling and photo-

ejected current process [2], which is an important step to determine to measure charge and 

energy transfer processes in molecular systems. In the following, we describe completed research 

projects under this grant. 

 

I. Transient Kondo resonance in molecular motors 

A nanomotor consumes energy and converts it into mechanical motion or work. In the previous 

DOE supported grant period, we have demonstrated controlled clockwise and counterclockwise 

rotation of a molecular motor by injecting tunneling electrons into specific parts of a molecular 

motor [Perera et al., Nature Nanotechnol. 8, 46-51 (2013)]. Our goal in the current project is to 

understand how the charge and energy are transfer processes couple to mechanical motion and 

spin interactions within a molecular motor.  

 

Molecular motors used here are designed to exhibit machine functions, and are composed of 

three parts (Fig. 1a): The top part is a five-arm rotor where four of the arms have a ferrocene 

group attached at their ends while the fifth arm is truncated beyond the phenyl ring. The bottom 

part is a molecular tripod designed to stand upright and to remain stationary on the surface. Each 
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leg of the tripod is tethered to the surface by a thioether group (SEt), a sulfur atom bearing an 

ethyl substituent. On metallic surfaces such as Au(111), the sulfur atom at each leg of the tripod 

binds to the surface thereby acting as an atomic glue. In macroscopic machines, rotating and 

stationary parts can be connected with ball bearings. Similarly, the rotor and tripod here are 

connected by a ruthenium (Ru) atom through coordinated bonding, which acts as an atomic ball 

bearing. The Fe atoms in ferrocene units at the arms of the motor and the central Ru atomic ball 

bearing do not exhibit magnetism, and therefore this motor in its ground state is not spin active. 

However, a magnetic moment can be artificially introduced in the motor by means of inelastic 

electron tunneling (IET). By attaching an additional electron to an unoccupied state, the 

molecular motor becomes spin active, and exhibits a Kondo effect (Fig. 1b). Surprisingly, we 

have detected Kondo effect in the entire motor, both at the four ferrocene arms as well as the 

central Ru atom locations. To understand the observed spintronic behavior, we have collaborated  

 
Fig. 1. (a) When an inelastic tunneling electron is 

captured by the motor, a new charge redistribution 

occurs at the ferrocene arms (blue) and Ru atom 

ball bearing (yellow). (b) STM image (left) shows 

the locations of measured dI/dV spectra revealing 

Kondo resonances (right). (c) Vibrational (d2I/dV2) 

spectra measured on top of ferrocene units of the 

molecular motor. 

Larry Curtiss group from Argonne 

National Lab and Sergio Ulloa group 

from Ohio University to carry out spin 

DFT calculations. The calculations reveal 

that upon charge injection, charge 

redistribution occurs inside the motor due 

to Coulomb interaction. As a result, the 

entire motor becomes magnetic. The 

trapped electron is then transfer to the 

metal substrate and the motor dissipates 

the excess energy via a mechanical 

motion by means of vibration relaxation. 

For the current study, we have used 

electrons having up to 100 meV energy 

to attach the motor. This energy is 

sufficient to excite the ferrocene vibration 

of the motor arms, which occurs ~ 60 

meV energy range. This vibration 

relaxation generates additional side bands 

in the Kondo signature (Fig. 1b, dI/dV 

curves), which is further confirmed by 

means of vibrational spectroscopy 

analyses (d2I/dV2) (Fig. 1c). The peak at 

+60 meV and a dip at -60 meV in d2I/dV2 

signal corresponds to the ferrocene group 

vibrational mode of the metal atom (Fe) 

and cyclopentadinel rings. This work 

impacts fundamental understanding of 

how charge and energy transfer processes 

couple to the spintronic and mechanical 

properties of individual molecular motors and will enable designing complex multiple functional 

molecular machines to operate on materials surfaces in future. 
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II. A superconducting raft in the Fermi sea 

How a molecular superconductor interacts with two dimensional electron gas at the interface 

with a metal is an intriguing question. In previous DOE supported work, we have studied charge  

  

Fig. 2. (a) Charge transfer molecular chains form a 

raft shape structure. (b) A molecular raft at a bare 

surface area. (c) dI/dV map measured across 

superconductor-metal boundary shows evolution of gap 

state. 

transfer based molecular superconducting system 

formed by a Bechgaard salt, (BETS)2-GaCl4, on a 

Ag(111) surface [Clark et al., Nature Nanotechnol. 5, 

261-265 (2010)] and found superconducting gap at the 

nanoscale even for small molecular chains composed of 

just four molecule pairs. In this part of the project, we 

investigate how nanoscale superconducting molecular 

clusters interact with the free surface state electrons at 

the atomic level by combining tunneling spectroscopy 

and STM manipulation. We find that (BETS)2-GaCl4 

can assemble one dimensional molecular chains on 

Ag(111) surface (Fig. 2a and 2b) and exhibit 

superconductivity below 6.8 K. By using STM lateral 

manipulation scheme, molecular chains with different 

sizes, which we label as molecular rafts due to their 

appearances, (Fig. 2a) are relocated on bare Ag(111) 

surface area to expose them to interact with the free 

surface state electrons (Fig. 2b). Tunneling 

spectroscopic data acquired across the superconductor-

metal boundary reveal how superconducting gap evolve 

to the Fermi sea as a function of the size of the 

molecular rafts (Fig. 2c). This work impacts  

fundamental understanding of unconventional 

superconductivity in a molecular charge transfer system 

enabling manipulation and control of electronic interactions at the atomic scale. 

 

Future Plans 

Following our previous work of self-assembled dipolar rotors that exhibit coupled rotation of up 

to 500 motors when electric field energy is provided [3], we are investigating how charge and 

energy is transferred between the neighboring motors. We are also investigating Kondo effect of 

molecular transport devices (molecular cars) on Au(111) surface by combining tunneling 

spectroscopy and molecular manipulation. Recently, we have made significant advances in 

synchrotron X-ray scanning tunneling microscopy (SX-STM) instrumentation development [4,7] 

and measurements that now enable to probe buried interfacial magnetism as well. We are 

currently preparing a beam time request to Advanced Photon Source for investigation of our 

molecular motors with SX-STM technique. Here, we wish to develop 3-dimensional elemental 
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and magnetic mapping on single molecular motors. Results from all of these planned 

experiments are expected to make significant impact on our understanding of charge and energy 

transfer processes occurring in quantum regimes as well as control over these process to design 

novel materials and systems.    
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Project Title: Quantum Materials 

Principal Investigator: Joseph Orenstein; Co-PI’s: RJ. Birgeneau, E. Bourret, A. Lanzara, 

DH Lee, JE Moore, R. Ramesh, Lawrence Berkeley National Laboratory 

Program Scope 

The LBNL Quantum Materials program focuses on condensed matter systems in which quantum 

mechanics plays an essential role in determining the nature of phases and the transitions that take 

place between them. The goal of the program is to understand, manipulate, and control these 

phases.  To achieve this goal, the Quantum Materials program brings together theorists and 

experimentalists with expertise in (i) thin film and bulk crystal fabrication, (ii) advanced 

characterization tools including ARPES, ultrafast optical pump/probe, neutron and X-ray 

scattering, (iii) fundamental and phenomenological theory.  Currently the program is focused on 

three overlapping themes – high-temperature superconductivity, topological phases of matter, 

and systems in which strong-spin orbit coupling generates exotic magnetism.  Specific material 

systems under investigation are the monopnictide family of Weyl semimetals, transition metal 

oxides, such as cuprates and iridates, and iron-chalcogenide and iron-pnictide superconductors. 

 

Recent Progress  

Although Weyl fermions have proven elusive in high-energy physics, their existence as emergent 

quasiparticles has been predicted in certain crystalline solids in which either inversion or time-

reversal symmetry is broken [1]. Recently they have been observed in transition metal 

monopnictides (TMMPs) such as TaAs, a class of noncentrosymmetric materials that heretofore 

received only limited attention [2]. The question that arises is whether the emergent Weyl 

quasiparticles will generate novel, enhanced, and/or technologically applicable electronic 

properties. The TMMPs are polar metals, a rare subset of inversion-breaking crystals that would 

allow spontaneous polarization, were it not screened by conduction electrons. Despite the 

absence of spontaneous polarization, polar metals manifest other signatures of inversion-

symmetry breaking, most notably a nonlinear optical polarizability, 𝜒(2)(𝜔1, 𝜔2; 𝜔1 ± 𝜔2) , 

which gives rise to sum and difference frequency generation.   

In recent progress we have made the first observation of second harmonic generation (SHG) in 

the TMMPs TaAs, NbAs, and TaP [3]. In SHG light of fundamental frequency 𝜔0 generates 

radiation at twice the fundamental, or 2𝜔0. In our initial work [2] we measured SHG in response 

to ultrashort laser pulses centered at 800 nm, corresponding to ℏ𝜔0 ≅ 1.55  eV. These 

measurements revealed a giant, highly-anisotropic second-harmonic response in the TMMPs 

TaAs, TaP, and NbAs which not anticipated by theoretical prediction. With the fundamental and 

second harmonic fields oriented parallel to the polar axis, the value of 𝜒(2)(𝜔0, 𝜔0; 2𝜔0) at 800 

nm is larger by almost one order of magnitude than its value in the archetypal electro-optic 

materials GaAs and ZnTe, and in fact larger than reported in any crystal to date.  
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In very recent measurements, we have collaborated with 

Prof. Darius Torchinsky of Temple University to measure 

the dependence of the SHG response on photon energy, 

ℏ𝜔0 . The SHG spectra that emerge from these 

measurements are quite remarkable as they show that 

𝜒(2)(𝜔0, 𝜔0; 2𝜔0) , already large at ℏ𝜔0 = 1.55  eV, 

increases further with decreasing photon energy – reaching 

a peak at approximately ℏ𝜔0 = 0.65  eV at a value ≈ 15 

times larger than our initial measurement at 1.55 eV.   

 The spectrum of the SHG response, together with a comparison to the response of GaAs is 

shown in Fig. 1.  The value of 𝜒(2)(𝜔0, 𝜔0; 2𝜔0) at 0.65 eV is ≈ 400 times for TaAs than for 

GaAs.  Fig. 2 shows that 

the relative value of the 

different components of 

the 𝜒(2)  tensor changes 

rapidly at the same 

frequency at which the 

SHG response function 

peaks, as indicated by the 

change from a polar 

pattern with two lobes to 

one with six as the pump 

energy is lowered. The abrupt nature of this change is illustrated in Fig. 2a, where we plot the 

ratio of amplitude at 0 and 60 degrees as a function of ℏ𝜔0. 

Future research:  

The goal of future research is to understand the role of bandstructure geometry, specifically the 

Berry curvature, in generating anomalously large nonlinear optical response functions.  Working 

towards this goal requires progress in both experiment and theory.  In terms of theory, ab initio 

calculations of nonlinear response, particularly for crystals with lower symmetry than GaAs are 

still in an early stage.  Experimentally, we wish to pursue measurements of nonlinear response to 

energies much closer to the Fermi energy and the position of the Weyl nodes. To accomplish this 

we are developing a THz interferometer based on electro-optic generation of high intensity 

electric field pulses. 
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Science of 100 Tesla 

Neil Harrison, Los Alamos National Laboratory 

Program Scope 

 In unconventional superconductors, there is an essential need to understand the pairing 

mechanism with the eventual aim of tailor making superconductors with significantly higher 

transition temperatures. To reach this point, we must first understand the normal (i.e. non-

superconducting) state from which unconventional pairing originates. Owing to the very high 

superconducting transition temperatures in the high temperature superconductors, or very slow 

Fermi velocities in strongly correlated f-electron superconductors, the coherence lengths tend to 

be shorter than those in conventional BCS superconductors [1], thus requiring magnetic fields of 

order 100 T to access the normal state. Unconventional pairing in many cases appears to be 

associated with the competition between different phases, and the superconducting transition 

temperature is often found to be highest at a quantum critical point, where a phase transition is 

tuned to zero temperature by chemical doping [2,3] or pressure [4,5]. Identifying whether 

quantum criticality truly occurs in the high-Tc cuprates, however, has proven to be extremely 

challenging from the experimental perspective [6]. There is still no consensus on which of the 

various proposed phases may actually become quantum critical. Very strong magnetic fields can 

resolve this problem by providing direct access to phase transitions tuned towards zero 

temperature [7], and by enabling changes in electronic structure to be seen in a low temperature 

regime that is free from thermal fluctuations. Magnetotransport, cyclotron quantization and 

Fermi surface (e.g. by way of magnetic quantum oscillations) measurements in magnetic fields 

of order 100 T all provide critical information relating to changes in the underlying normal state 

electronic structure. 
Recent Progress  

 It is in the cuprate family of high-Tc superconductors in which routine access to 90 T plus 
magnetic fields has proven to be especially crucial for making significant breakthroughs towards 
their understanding [7,8,9]. Turning first to the phase diagram of transition temperature Tc versus 
hole doping p (see Fig. 1), one of the long standing questions has been whether direct evidence 
for a quantum critical point can be found to lie hidden beneath the superconducting dome. By 
use of the 100TMSM we were able to detect magnetic quantum oscillations to dopings as high as 
p = 0.152 (much higher than previously possible), just shy of optimal doping at p ~ 0.16 (see 
Figs. 1b and c). The effective mass extracted from the temperature-dependence of the 
oscillations is found to climb steeply towards optimal doping, providing the first direct 
thermodynamic evidence for quantum critical behavior. The inverse effective mass extrapolates 
to zero near pc = 0.18 (inverted triangle), indicating this to be the likely location of a quantum 
critical point. Another quantum critical point near pc = 0.08 had previously been reported in an 
earlier study (also done as part of our 100 T science program). 
 The two dopings at which quantum critical behavior is found are also the same dopings at 
which superconductivity is most robust under the application of a magnetic field. The effect of a 
magnetic field is to initially split the superconducting dome into two, centered on p = 0.08 and 
p = 0.18. Once the magnetic fields exceeds ~ 50 T, only the higher of these is found to survive, 
and is expected to persist to magnetic fields as high as 130 T [10]. The higher of the two 
quantum critical points lies close to the point in which various earlier measurements had 
indicated the pseudogap to vanish (on extrapolation). It also lies close to the doping in which the 
Kerr effect (possibly indicative of broken time-reversal symmetry) is found to extrapolate to zero 
[11] and the highest hole doping at which short range charge order is reported in YBa2Cu3O6+x 
[12]. 
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Fig. 1. a. Tc (right-hand-axis) versus p phase diagram of YBa2Cu3O6+x in 

which p is tuned by varying the oxygen concentration x. The contours 

indicate suppressed values of Tc in the presence of a magnetic field, plotted 

in different colors according to the scale shown in the inset. Also plotted is 

the inverse effective mass 1/m* (left-hand-axis), showing that it extrapolates 

to zero at two different hole dopings near p = 0.08 and p = 0.18. Inverted 

triangles indicate putative quantum critical points. b. Magnetoresistance of a 

sample in which x = 0.86 (i.e. p  = 0.152) at different temperations. c. 

Magnetic quantum oscillations in the resistance, after having subtracted the 

background. 

 
 

 Turning to the Fermi surface geometry, angle resolved magnetic quantum oscillation 
experiments have enabled us to settle the question as to the origin of the multiple observed 
frequencies in YBa2Cu3O6+x. We have now performed angle-resolved magnetic quantum 
oscillation measurements on both YBa2Cu3O6+x [8] and YBa2Cu4O8 [9] (the latter shown in Fig. 
4a), yielding nearly identical results in the two systems. In the case of YBa2Cu4O8, the high 
resistive transition of ~ 40 T requires the angle-resolved measurements to be made in magnetic 
fields of 90 T [9]. A wide range in field is needed to access a sufficiently large number of 
oscillations over a sufficiently broad range of angles. The data in both materials can be simulated 
using a bilayer-split magnetic breakdown scenario [13,14,15], using similar values of the bilayer 
splitting and effective g-factor. The prominent central quantum oscillation frequency 532 T in 
YBa2Cu3O6+x and 640 T in YBa2Cu4O8 is produced by quasiparticles tunneling across the bilayer 
gap in the nodal region (kg) where the tunneling probability approaches unity at high magnetic 
fields. The beat pattern originates from magnetic breakdown combination frequencies of weaker 
amplitude.  
 Spin-orbit interactions are found to play a surprisingly important role in YBa2Cu3O6+x 
[14,16]. The overall Zeeman splitting of the dominant amplitude orbit is found to be consistent 
with an electron g-factor of g ≈ 2 in both YBa2Cu3O6+x and YBa2Cu4O8. The side frequencies, 
however, have an effective g-factor < 1 that is significantly suppressed, which can be understood 
if local asymmetry of each of the CuO2 planes composing the bilayers is taken into 
consideration. Here, Rashba spin-orbit coupling within each of the planes gives rise to mixing 
between the spin-up and spin-down Landau levels. The emergence of prominent spin-orbit 
effects is only expected to be possible if the observed magnetic quantum oscillations originate 
from a section of Fermi surface that is located close to the nodal locations in the Brillouin zone 
in momentum-space. 

Future Plans 

 The crucial connection between the observed quantum critical behavior [8], the 
pseudogap and a specific form of broken symmetry is still missing [6]. It also remains unknown 
whether the observed increase in effective mass with doping originates purely from electron-
electron correlations or whether an enhancement of the electron-phonon coupling might occur.  
Broken rotational symmetry (or nematicity) is one candidate for broken symmetry that appears to 
be common to different families of unconventional superconductors. While there is extensive 
evidence for broken rotational symmetry in the underdoped cuprates coming from different types 
of measurement, direct evidence for broken rotational symmetry affecting the Fermi surface has 
thus far remained elusive (both at zero and high magnetic fields [8]). Similarly elusive is direct 
experimental evidence for the in-plane shape of the reconstructed Fermi surface that is predicted 
to have a diamond shape resulting from biaxial charge-density wave ordering [13,14,15]. 

a	

b	 c	
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Observation of the latter would put the mechanism of Fermi surface reconstruction on a very 
solid footing. Finally, there is the question of the universality of the phase diagram. For example, 
it has yet to be determined whether the doping-dependent trends (i.e. Fermi surface topology, 
effective mass and phase transitions) seen in YBa2Cu3O6+x are universal to the cuprates, or 
whether they are unique to YBa2Cu3O6+x. 
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Figure 1: Heat capacity showing 

TN peaks with x. 

Figure 2: BFe2As2 crystal 

structure (B: Ba,Ca,or Sr). 

Probing competing chemical, electronic, and spin correlations for materials functionality 

Athena S. Sefat, David Parker, & Zheng Gai 
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Program Scope 

Recent, often serendipitous, discoveries of functional materials have demonstrated great 

potential for a wide variety of applications, including magnetic sensors, permanent magnets, 

magnetocaloric refrigerators, and superconducting wires. To understand the causes of 

superconducting and magnetic behavior, this project probes materials near their transition 

temperatures. The Overarching Goal is to understand how local chemical, electronic, and spin 

competitions lead to global changes in temperature-dependent behavior of antiferromagnetism 

and superconductivity. To achieve this goal, we will pursue three Specific Aims: (1) elucidate 

the role of atomic-level chemistry for causing antiferromagnetic or superconducting phase 

transitions; (2) clarify the impact of local disorder on magnetic and superconducting transitions; 

and (3) understand the effect of structural dimensionality on magnetic phase transitions. Through 

tightly-integrated feedback between synthesis, theory, and characterization of crystalline solids 

across a range of length scales (cm to pm), this project will allow tuning of improved materials 

with desired functionality at relevant temperatures.   

 

 Recent Progress  

We have made substantial progress in the past two years, and briefly summarize a few of 

our research-led manuscripts below. We have primarily focused on materials related to iron-

arsenide superconductors, and this work is an expanded extension of PI’s Early Career Award 

that ended in April of 2015.  

- Thallium-doping (5%) of BaFe2As2 (122) crystal causes a 

surprising rise of the antiferromagnetic transition temperature 

(TN), related to magneto-elastic coupling and atomic-level 

chemistry. Here we find the surprising increase of TN with 

chemical doping (x) in 122 (Fig. 1). [Publications: ref. 12] 

- Chemical clustering accompanied by electronic uniformity 

increases critical transition temperatures (Tc) and current 

densities (Jc) in crystals of Ba(Fe1-xCox)2As2. Also, combined 

scanning tunneling microscopy, spectroscopy and local barrier 

height were used to show that although the cleavage surface 

and hence morphologies are variable, the superconducting gap 

maps show the same gap widths and nanometer size variations 

irrelevant to the morphology.  [ref. 26, 28] 

- The ‘lattice parameter’ changes and trends with chemical 

doping in iron-arsenides were summarized in a review paper: 

we concluded that all high-temperature superconductors have 

nearly tetragonal structures with a-lattice parameter close to 4 

Å, and that superconductivity can depend strongly on the c-

lattice parameter changes with chemical substitution. For 

example, our analyses showed that a decrease in c-lattice 

parameter is required to induce ‘in-plane’ superconductivity in 

122 structures (Figure 2).    [ref. 27] 
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-   Single- and double-layered compounds based on tetrahedrally-coordinated transition metals of 

T=Fe and Cu, with chemical compositions of CaT2P2 and CaT6P5, show low density of states for 

Cu compounds and metallic behavior, while Fe compounds are the opposite. The details of 

structural dimensionality and chemical T-P layers dictate properties.     [ref. 21] 

-  The property change of 122 was investigated by using the heaviest transition-metal element 

(5d, gold). We find that 5d is more effective in reducing magnetism in 122 than its counter 3d 

Cu; but at the same time, we find short-range magnetic fluctuations and local disorder that 

prevent superconductivity.     [ref. 3] 

- By investigating two high-Tc Tl-based cuprates, we find that addition of Li2O enhances 

superconductivity of Tl2Ba2Ca2Cu3O10, while thermal annealing increases Tc by ~ 25 K in 

Tl2Ba2Ca2Cu3O10 related to small c-lattice parameter change and disorder of Ca/Tl positions.  

[ref. 4,6] 

- The hexagonal FeS and FeSe, unlike their tetragonal counterparts, possess a robust magnetic 

character, arising from c-axis Fe-Fe chains that lead to a van Hove singularity [ref. 30] 

- Silver-doping of 122 gives persistent magnetism not allowing superconductivity: DOS 

calculations show disruption of Ag dopants on electronic structure of 122, unlike that of cobalt 

dopants. [ref. 23] 

-  Tetragonal FeS can have coexistence of antiferromagnetism and superconductivity and show a 

variety of bulk behaviors depending on average stoichiometry and lattice parameters. [ref. 25] 

 

Future Plans 

We want to enable the prediction and tuning of antiferromagnetic ordering temperatures 

in materials and understand its relationship to local and average nuclear and spin structures, 

dopant concentration, chemical and electronic disorder, and structural dimensionality, for giving 

superconductivity.  For example, a goal is to understand the reasons for the widely varying Néel 

temperatures (TN) in the 122s of BFe2As2 with B = Ba, Sr, Ca, and Eu; theoretically we explore 

the energetics of competing states, such as the checkerboard nearest-neighbor antiferromagnetic 

state, that may be responsible for the differing ordering points. In fact, our preliminary 

theoretical work on BaFe2As2 suggests the possibility for enhancing TN through uniaxial pressure 

along an in-plane direction. In addition, we want to understand how synthesis can affect 

structural bonding/crystal lattice details to tune TN in a material such as CaFe2As2 (which can 

have varying TN, and even no TN with collapsed-tetragonal phase) [Saparov, B. et al. Scientific 

Report 4 (2014), 4120; Gofryk, K. et al. Phys. Rev. Lett. 112 (2014), 186401.] and EuFe2As2 (TN 

can vary between 175 and 185 K in crystals) [unpublished]. Moreover, our recent neutron 

scattering result shows two-dimensional (2D) spin fluctuations in the 3D-structured FeAs binary 

that may be prone to high-temperature superconductivity if properly doped; we seek theoretical 

input and pressure measurements for decreasing TN in hopes of achieving Tc. Also, we are 

planning to compare local electronic density-of-states of BaFe2As2 with lightly 4%-doped (hole) 

Cr-doped versus (electron) Ni-doped crystals, to understand the causes of superconductivity in 

Ni-122 in relation to such small chemical disorders (hard to theoretically calculate).  
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Program Scope 

This program is focused on studying electronic structure, low-energy excitations, and many-body 

effects in novel electronic materials via magneto-optical spectroscopy. We extend our interest 

from graphene to topological insulators (TIs) and transition metal dichalcogenides (TMDs) and 

expand our technical approach to include linear/circular polarization resolved infrared (IR), 

Raman and photoluminescence (PL) magneto-spectroscopies. A focal point of our current 

research is the emerging behavior at or near a critical state when a narrow-gap semiconductor 

closes its gap and develops an inverted band structure that may host topologically protected 

states.  

Recent Progress  

Landau level spectroscopy of massive Dirac fermions in ZrTe5 

Finding a large band gap TI is crucial to future room-temperature (corresponding to ~25 meV) 

device applications. Zirconium pentatelluride 

(ZrTe5) has attracted substantial interest 

lately in the wave of Dirac and topological 

material exploration due to the theoretical 

prediction of a large-gap quantum spin Hall 

insulator phase in its monolayer form [1]. 

Theory also predicts that the electronic 

structure of bulk ZrTe5 resides near the phase 

boundary between weak and strong 

topological insulators (TIs) [1,2], providing 

an ideal platform for studying topological 

phase transitions.  

The topological nature of bulk ZrTe5 is 

currently under intense debate, with 

interpretations ranging from strong/weak TI 

to Dirac semimetal. To understand its 

electronic structure, we have carried out a 

thorough IR spectroscopy study of 

mechanically exfoliated ZrTe5 thin crystals 

Top: Electronic structure of ZrTe5 and the corresponding 

LLs in magnetic fields. Bottom: Circular polarization 

resolved measurements determine the nature of the 

observed optical transitions. 
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near the intrinsic limit. At zero magnetic field, our samples show graphene-like optical 

absorption, which signifies their two-dimensional (2D) nature. Because of the low carrier 

density, we are able to observe a series of interband Landau-level (LL) transitions that exhibit the 

characteristic dispersion of 2D massive Dirac fermions, similar to that in graphene but with a 

small relativistic mass corresponding to a 9.4 meV energy gap. Using the newly developed 

circular polarized magneto-IR capability, we separate the σ+ and σ− active transitions and resolve 

a fourfold splitting of low-lying LL transitions. These observations enable further exploration of 

the origin in the splitting: (i) the band asymmetry breaks the degeneracy of the dipole allowed 

interband LL transitions, and (ii) the breaking of the remaining two-fold degeneracy is due to a 

combined effect of large g-factor and a small energy gap in this system. Our results suggest that 

the electronic structure of ZrTe5 is 2D-like and support a Dirac semimetal interpretation but with 

a small relativistic mass (or gap). 

Semiconductor to semimetal transition in 2D and 3D 

topological materials 

Semiconductor to semimetal transition describes the 

evolution of the electronic band structure from a 

normal to an inverted state, which can be driven by the 

effect of quantum confinement, temperature, strain, 

magnetic field, etc. Such transition has seen renewed 

interest in recent years, as it is identified as a 

“topological” phase transition in several material 

systems including HgTe/HgCdTe and InAs/GaSb 

quantum wells (QWs), and 3D HgCdTe. 

In collaboration with Drs. Wei Pan and John Klem at 

the Sandia Labs, we have systematically studied the 

LL structure of a series of InAs/GaSb double QWs 

from the normal to the inverted state. We show that 

owing to the low carrier density of our samples, the 

magneto-absorption spectra evolve from a single 

cyclotron resonance peak in the normal state to 

multiple absorption peaks in the inverted state with 

distinct magnetic field dependence. Using an eight-

band Pidgeon-Brown model, we are able to explain all 

the major absorption peaks observed in our experiment. 

We demonstrate that the semiconductor to semimetal 

transition in InAs/GaSb double QWs can be realized 

by manipulating the quantum confinement, the strain, 

and the magnetic field. 

Evolution of the band alignment in (a) 

InAs/GaSb double QWs, (b) HgTe/HgCdTe 

QWs, and (c) 3D HgCdTe near the critical 

gapless state. Semiconductor to semimetal 

transition is controlled by the QW thickness, 

material composition, or temperature. 

Adopted after Refs. [3,4] and Publications 

[2,7]. 
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In 3D systems, electronic bands with linear 

(conical) dispersion are found in Weyl and Dirac 

semimetals, or in a conventional gapless 

semiconductor such as CdxHg1-xTe near the 

critical concentration, xc~0.17, separating the 

regions with trivial and inverted band alignments. 

Variation of the QW thickness or Cd content does 

not allow continuous tuning of the system across 

the gapless state. However, it can be achieved by 

changing the temperature (or pressure). In 

collaboration with Dr. Frederic Teppe (University 

of Montpellier, France), we have explored the 

continuous evolution of band structure of bulk 

HgCdTe using magneto-IR spectroscopy as 

temperature is tuned across the phase transition, 

where the low-energy electronic dispersion mimics the relativistic dynamics of Dirac particles. 

These 3D Dirac-like quasiparticles, so-called Kane fermions [5], feature Dirac cones crossed at 

the vertex by an additional flat band. 

Future Plans 

Probing energy, symmetry and dispersion of low-lying excitations and studying the (quantum) 

phase transitions in novel electronic materials via magneto-optical spectroscopy is a 

longstanding goal of this program. In the next funding period, we plan to investigate phase 

transitions in quantum spin Hall insulator (QSHI) systems in a broader parameter space by 

adding pressure/strain as a new tunability, while continuing to explore exotic, optically excited 

states in TIs and atomically thin materials with strong spin-orbit coupling (such as TMDs). 

Phase transitions in InAs/GaSb and HgTe QWs. Quantum phase transitions in InAs/GaSb and 

HgTe QWs are of fundamental interest. A QSHI phase is expected to occur in the inverted state, 

leading to intriguing transport phenomena such as dissipationless helical edge modes. However, 

the experimental evidence of QSHI to date is largely from edge-mode transport measurements, 

which could be contaminated by artifacts due to the inevitable chemical etching process in 

device fabrication. We plan to investigate the strain/pressure- and temperature-driven 

semiconductor to semimetal transitions in these two QW systems using bulk-sensitive magneto-

IR spectroscopy and compare experimental results with the 𝒌 ∙ 𝒑 calculations. 

Phase transitions in Dirac/Weyl semimetals. The objective here is to investigate the phase 

transitions, including 3D to 2D transition and weak/strong TI to Dirac/Weyl semimetal 

transition, in topological semimetals such as or similar to ZrTe5 (Dirac), HfTe5 (Dirac), TaIrTe4 

(Weyl), and NbP (Weyl). In Dirac/Weyl semimetals with layered structures, we plan to study the 

effects of quantum confinement (or layer thickness) or interlayer coupling (tuned by external 

Parameters of Kane fermions in 3D HgCdTe 

extracted from IR magneto-spectroscopy data: (a) 

Rest mass (or gap) and (b) band velocity. The blue 

dashed line represents the theoretical value. 
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high pressure). Implementation of high-field high-pressure magneto-spectroscopy techniques 

represents a major experimental development task.  
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Vortex Lattice and Vortex Core Structure in HgBa2CuO4+δ Single Crystals 

 

William P. Halperin, Northwestern University 

 

Program Scope 

 My program, entitled Antiferromagnetism and Superconductivity, was supported from 

grant DE-FG02-05ER46248 during the past three years to investigate the role of competing 

interactions on superconducting behavior, including electronic ordering and antiferromagnetism.  

There are three classes of superconductors studied here:  i) cuprates ii) pnictides and iii) the 

topological superconductor UPt3.  The project has concentrated on nuclear magnetic resonance 

(NMR) studies over a wide range of magnetic fields of the vortex state of cuprates and pnictides. 

NMR is uniquely suited to unveil magnetic order and dynamics respectively through site-specific 

NMR spectra and relaxation as well as its possible coexistence with superconductivity.  In this 

abstract I focus on one aspect, the work at high 

field performed at Northwestern University (up to 

14 T) extended to higher fields (up to 30 T) at the 

National High Magnetic Field Laboratory 

(NHMFL).  

Additionally, our past work on the 

unconventional superconductor UPt3 has 

demonstrated that this unique compound is a 

topological superconductor with odd-parity.  Its 

chiral symmetry appears to be manifest in an 

unusual vortex lattice structure that has been 

investigated using small angle neutron scattering 

(SANS).  Notably, the single crystals grown by 

my research group are the highest quality ever 

produced and are of such significant size and 

quality that they are ideal for neutron scattering 

up to magnetic fields that extend into the elusive 

C vortex phase above 1.6 T.  

 

 

Recent Progress 

We have investigated vortex structures in the single layer cuprate Hg1201 using 17O nuclear 

magnetic resonance (NMR) methods up to very high magnetic fields using facilities at the 

National High Magnetic Field Laboratory to complement capability in my laboratory up to 14 T.  

This will include investigation of the vortex structures, from which penetration depth, coherence 

length, and vortex lattice symmetry will be determined.  Characterization of bound states in the 

vortex cores will be performed using NMR spatially selective techniques we have pioneered in 

prior work.  A fundamental question of the nature of electronic ordering will be directed toward 

answering the question is there broken time reversal symmetry, which is of central importance to 

the understanding of high temperature superconductivity in cuprates. In the figure above I show 

the magnetic field probability distribution, P(H), which is given by the NMR spectrum and line-

shape.  This is the first measurement of P(H) using a quadrupolar satellite that is made possible 

by an exceptionally intrinsically narrow NMR line (in the normal state).  This approach is 

 
Figure 1.  Vortex lattice NMR (Redfield) lineshape 

of the first high-frequency satellite for the apical site 

of Hg1201, which would correspond to 168.6 MHz 

in Fig. 2, (Tc = 79 K, Tc of 1.5 K) at T = 35 K, H = 

16.5 T, below the vortex freezing temperature ~40 

K. Inset, the corresponding vortex lattice from a fit 

to the theory given by the blue curve. Comparison is 

made with a constraint for a VL with a square 

lattice. 
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immune from complications from overlap in the spectra from various oxygen sites as is the case 

in YBCO for example.   

 

Future Plans 

 The main project on vortex structure and vortex core physics looking forward requires 

two advances in experimental technique combing capabilities developed in my laboratory and 

supported by the DOE/BES program.  The first of these is the application of spin-spin relaxation 

rate (1/T2) using 17O NMR which is sensitive to magnetic fluctuations[1].  There is evidence in 

YBCO from earlier work in my laboratory that the vortex core breaks time reversal symmetry[2] 

and we seek to determine the slow dynamics of such behavior in a simpler high temperature 

superconducting cuprate, Hg1201 in the range of doping that we can prepare spanning 

underdoped to overdoped thereby determining the relationship of this putative symmetry to 

pseudogap physics.  The second requirement is critically important and builds upon our earlier 

work with 17O NMR YBCO aligned powders[3].  This is the use of spatially resolved NMR to 

isolate the probe nucleus in the vortex core.  These works require the use of high magnetic fields 

with which my group has extensive experience up to 42 T in the hybrid magnet at NHMFL[4]. 

The proposed work takes advantage of single crystals of Hg1201 grown at Los Alamos by Mun 

Chan on which we perform oxygen isotope exchange and correspondingly the tuning of doping 

to achieve the results we have reported previously.  This work will be performed by Ingrid Stolt 

a graduate student in my group and who has participated in the initial research on vortex 

structure in Hg1201 published this year, that was part of the PhD thesis of Peter Lee who 

graduated this past year[5]. 
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6.  Complex states, emergent phenomena, and superconductivity in intermetallic and metal-like 
compounds 
Sergey Bud’ko, Ames Laboratory  
 

7.  High magnetic field microwave spectroscopy of two-dimensional electron systems in GaAs and 
graphene 
Lloyd Engel, Florida State University  
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12.  Proximity effects and topological spin currents in van der Waals heterostructures 
Ben Hunt, Carnegie Mellon University 
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14.  Fundamental studies of high-anisotropy nanomagnets 
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5 
Time-resolved spectroscopy of insulator-metal transitions: exploring low-energy dynamics in           
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16.  Superconductivity and magnetism in d- and f-electron materials 
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18.  Establishing the consequences of intertwined order parameters in spatially modulated  
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Girsh Blumberg, Rutgers University 
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14.  Understanding iron superconductors/focus on nodal behavior 
Gregory Stewart, University of Florida 
 

15.  Digital synthesis - a pathway to create and control novel states of condensed matter 
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16.  Bose-Einstein condensation of magnons and potential device applications  
John Ketterson, Northwestern University 
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17.  Understanding and controlling conductivity transitions in correlated solids: spectroscopic 
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Kevin Smith, Boston University 
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nitride systems  
Arthur Smith, Ohio University 
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for low-power spintronics 
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Program Title: Spin Effects in Low Dimensional Correlated Systems  

 

Principle Investigator: Philip W. Adams 

Mailing Address: Department of Physics and Astronomy, Louisiana State University, 

Baton Rouge, LA 70803 
Email: adams@phys.lsu.edu 

 

Program Scope 

 This program focuses on the magneto-transport, non-equilibrium relaxation, and 

spin-resolved density-of-states properties of disordered two-

dimensional paramagnetic, ferromagnetic, and 

superconducting systems.  Specifically, we are currently 

investigating Zeeman-limited superconductivity in 

crystalline Al films, and in hybrid structures containing spin-

orbit generating Pb islands.  We are also investigating the 

critical current and critical field behavior of 2D Pb structures 

having non-trivial multiply connected geometries.  In 

addition, we provide heat capacity measurements for Prof. 

Shane Stadler’s studies of NiMnSi-based and Ni2MnGa-

based magnetocalorics. 

 Recently we have been investigating the Zeeman-

limited phase diagram (PD) of epitaxially-grown crystalline 

Al films.  This was the first such study made on a relatively 

low disorder system (see Pub. 6).  Indeed, all previous 

studies of the Zeeman-mediated (spin-paramagnetic) 

superconducting transition have been made on highly 

disordered quenched condensed films. In addition to lower 

disorder, epitaxial layer-by-layer growth gives one 

unprecedented control of sample thickness.  

  A second line of investigation focuses on lateral 

proximity structures comprised several monolayer-thick Al 

films with imbedded Pb islands, see Fig 1.  Via precise 

control of the UHV Pb deposition and annealing process (on 

Si-111), Ken Shih’s group at UT Austin are able to form 

nanoscale Pb islands having a tunable average separation.  

Our interest is in how the Pb islands induce spin orbit 

coupling into the superconducting Al matrix. Specifically, 

we are measuring the average spin-orbit coupling parameter 

of the films as a function of the Pb island separation.  

 We are also studying the perpendicular critical field behavior of 7 ML- thick Pb 

nano-mesh films having a complex multiply connected structure, as can be seen in Fig. 2. 

The mesh wires are 7 ML high and about 50 nm wide. These structures are similar to the 

more widely studied geometric superconducting networks [1], which exhibit interesting 

flux quantization effects such as complex frustration-driven magnetoresistance.  In 

contrast, our samples offer the opportunity to study these Little-Parks-like effects [2] in a 

• n1 = 96
• area = 30 nm x 30 nm 𝑑𝑎𝑣𝑔 =

𝑎𝑟𝑒𝑎

𝑛𝑖

#1-Al/Pb cluster

𝑑𝑎𝑣𝑔 (#1) ≈ 3.1 𝑛𝑚

After correcting STM calibration @ LN2, davg(#1) ~ 3.3 nm.

Fig 2.  STM image of a 7 ML-

thick Pb nano-mesh.  

(2μm x 2μm) 

 

Fig 1.  STM image of Pb clusters 

that were subsequently capped 

with a 15 ML Al film. (30nm x 

30nm) 
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disordered network.  Furthermore STM analysis of the specific geometrical 

characteristics of the meshes will allow us to correlate the critical field properties of the 

mesh network with its physical structure.  

 

Recent Progress 

 

 Spin-imbalanced superconductivity is a historically important problem that 

remains at the forefront of condensed matter physics [3,4].  By the late 1960’s it was 

known that a Zeeman field could induce a spatially modulated order parameter in a spin 

singlet superconductor, i.e. the Ferrel-Fulde-Larkin-Ovchinnikov (FFLO) state [3,4], near 

the critical field phase boundary.  To date, however, no definitive signature of an FFLO 

phase has been identified, although extensive circumstantial evidence for the phase has 

emerged in recent years [5,6,7,8,9].  We recently completed a project in which we 

mapped out the Zeeman-limited phase diagram of crystalline Al films as a function of 

film thickness in the range of 7 ML to 30 ML.   

These phase diagrams were compared to those 

expected of a homogeneous BCS ground state.  

The Zeeman critical field transition is first-order 

at low temperature but the observed hysteresis is 

substantially smaller than the expected BCS 

limits of stability.  In particular the supercooling 

phase boundary (normal to superconducting 

boundary) resides at substantially larger fields 

than predicted by homogeneous theory.  This 

suggests that an intermediate high-field 

inhomogeneous phase preempts the transition to 

the BCS phase.  This intermediate 

superconducting phase may be a disordered 

remnant of FFLO. 
  

 Shown in Fig. 3 are the parallel critical 

field transitions of a selection of Al/Pb-cluster 

films.  The green vertical line represents the 

Clogston-Chandresekhar (Zeeman) critical field 

of an infinitely thin film having no spin-orbit 

scattering [3.4].  The legend indicates the 

average separation between Pb clusters, where d 

= ∞ corresponds to a 15 ML Al film with no 

clusters, and d = 0 corresponds to a 15 ML Al 

film deposited over a compete ML of Pb.  Note 

that the critical field increases rapidly with 

decreasing d.  From these data our collaborator 

Gianluigi Catelani can extract the spin-orbit 

coupling parameter.   Clearly there is a halo of 

spin-orbit coupling induced around each cluster.  Our 

goal is to establish the lateral length scale of these 

halos.  

 
Fig 3. Parallel (Zeeman) critical field 

transition in Al/Pb-cluster film as a 

function of the cluster separation d. 

nanomesh critical field.    

Fig 4. Scaling behavior of the 

perpendicular critical field of a Pb mesh 

film, such as the one shown in Fig. 2.    
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 Finally, we have just completed measurements of the perpendicular critical field 

Hc2 and the critical current behavior of Pb mesh samples such as shown in Fig. 2.  The 

multiply connected topology naturally lends itself to frustration effects as the 

superconductor attempts to quantize the magnetic flux thru the quasi-random distribution 

of voids.  Interestingly, this purely topological effect gives rise to an anomalous scaling 

behavior of the critical field.  Shown in Fig. 4 is the temperature dependence of Hc2 near 

Tc for a 7 ML mesh sample and a corresponding uniform coverage 7 ML-thick sample.  

Note that the uniform film exhibits the expected linear temperature dependence.  In 

contrast the mesh exhibits a power law behavior with a critical exponent near 2/3.   The 

analysis of this data is ongoing but we should begin working on a manuscript soon. 

 

Future Plans 

 

 In the near future we will begin a series of experiments aimed at exploring the 

Zeeman critical field transition and its associated dynamics in a multiply connected 

geometry.  We have established the characteristics of the Zeeman-limited phase diagram 

in continuous, epitaxial films and we not would like to extend these studies to the more 

complex case of a multiply connected geometry. This is a “high risk – high reward” 

project that is motivated by Jim Valles’ pioneering studies of the S-I transition on nano-

honeycombed substrates [40,41]. Specifically, the Valles group observed field-induced 

oscillations in the normal state resistance of critically disordered films that were 

deposited on the honeycombed substrates (see Fig. 17). The oscillations are attributed to 

quantized flux through the substrate holes. Indeed, the oscillations are reminiscent of 

Little-Parks oscillations [42], but they occur in the insulating phase of the films. This 

surprising result indicates that, near the critical field, the insulating phase of the films is 

populated by incoherent Cooper pairs.  

 We have obtained honeycombed substrates from Valles’ group, and plan to 

deposit a thin Al film on them, along with a tunneling counter-electrode. We can 

carefully align the film to parallel orientation, in which case the magnetic flux through 

the honeycomb pores is near zero. By tilting the film slightly out of parallel orientation, 

we will induce a perpendicular component of the magnetic field and a corresponding 

magnetic flux through the pores. The average unit cell area for  

the pores is A ∼ 8 × 103 nm2, thus one flux quanta per unit cell can be obtained with a 

perpendicular field of ∼ 0.25 T. Since the parallel critical field in our Al films is near 6 T, 

we can introduce a flux quantum into the honeycomb pores by rotating out of parallel by 

only 2.5 degrees. Our goal is to look for oscillations in the film resistance and/or 

tunneling conductance as a function of tilt angle at various points in the hysteretic critical 

field region.  
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Program Scope: 

In our program, we seek to create superlattices and 

heterostructures incorporating complex oxides, and 

in the near future topological semi-metals, where 

novel electronic and magnetic properties emerge. 

We synthesize these materials using molecular beam 

epitaxy (MBE) based techniques. This allows us to 

tailor chemically precise interfaces with roughness 

comparable to or less than the length scales for 

interfacial charge transfer and exchange interactions. 

The complex oxides host diverse collective states of 

condensed matter. The richness of observed 

phenomena in these materials, which have also 

presented some of the greatest challenges to our 

understanding, are due to their strongly interacting 

degrees of freedom. Surfaces and interfaces between 

complex oxides provide an environment where these 

degrees of freedom may ‘reconstruct’, leading to 

properties that are qualitatively different from those 

of their bulk constituents. We seek to discover and 

explore states with novel responses to external 

electric and magnetic fields, thermal gradients and 

pulsed ‘ultra-fast’ excitations, and to understand why 

these occur based on probes of electronic, magnetic 

and chemical structure. The properties that we explore include non-collinear and geometrically 

frustrated magnetism, novel spin Seebeck and Nernst effects, proximity induced 

superconductivity, reversible motion of O through crystal lattices driven by electric fields, and 

transient non-equilibrium behavior of correlated states in response to ‘utrta-fast’ excitations. In 

several projects, our work is carried out in close collaboration with colleagues whose expertise is 

complementary to our own.  The recent addition of Dillon Fong to our program will substantially 

enhance our efforts towards understanding the role of structural distortions and defects in 

determining the electronic and magnetic properties of oxide interfaces, and in controlling these 

during synthesis. We have also begun a new direction in the area of topological semi-metals 

where we seek to create epitaxial thin films and heterostructures which will serve as model 

systems to realize the many novel effects that have been predicted for this class of materials. 

Recent Progress (since 2015): 

1. Non-collinear magnetism via charge transfer at interfaces between correlated metals: In 

conventional semiconductors and metals, a mismatch between electronic energy levels at an 

interface leads to charge transfer that equilibrates the chemical potential, resulting in interfacial 

 
Fig. 1. A non-collinear helical magnetic 

structure develops in superlattices comprising 

of two correlated metals La2/3Sr1/3MnO3 and 

LaNiO3 as a result of interfacial charge transfer 

and exchange interactions. (J. Hoffman et al., 

PRX 2016) 

LSMO	

LNO	

LSMO	
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electric fields and band bending. In narrow band correlated metals, often derived from doping a 

parent Mott insulator, interfacial charge transfer can have profound consequences leading to 

changes in the electronic and magnetic ground state of the interfacial region. Due to the 

relatively large screening length in metallic 3d perovskite oxides, this interfacial region can 

extend a substantial distance away from the interface. In superlattices of 

(La2/3Sr1/3MnO3)9/(LaNiO3)n where both constituent materials are metals, we used neutron 

scattering and x-ray absorption spectroscopy to show that interfacial transfer of electrons from 

La2/3Sr1/3MnO3 into LaNiO3  and interfacial exchange interactions leads to a non-collinear 

magnetic structure (Fig. 1). Our data are consistent with the development of a spin-helix within 

the LaNiO3 layers. (J. Hoffman et al., Phys. Rev X (2016)). Measurements of the angular 

dependence of Nernst effect combined with anisotropic magnetoresistance data, as well as 

resonant x-ray scattering at the Ni L-edge confirm the non-collinear helimagnetic structure 

measured using neutron scattering on the same samples (unpublished). We also have ongoing 

collaboration with Prof. Jian-Min Zuo’s group (UIUC) and with Dr. Albina Borisevich (ORNL) 

to understand how charge transfer might affect local electronic properties near these interfaces 

using transmission electron microscopy (STEM EELS). In the near future, we plan to explore 

proximity induced superconductivity in the helimagnetic LNO layers. 

2. Spin Seebeck Effect in Correlated Paramagnets and Antiferromagnets:  We have developed a 

new approach for generating spin currents in patterned magnetic heterostructures via the Spin 

Seebeck effect (SSE). By using a microscale on-chip local heater, we are able to generate a large 

thermal gradient confined to the chip surface without a large increase in the total sample 

temperature (S. Wu et al., Appl. Phys. Lett. 2014; J. Appl. Phys. 2015). This approach allows the 

study of the Spin Seebeck effect at very low temperatures (even less than 1K), as the total heat 

load from the patterned heater wire can be readily handled by standard cryostats. Using this 

approach, we discovered a large spin Seebeck effect in paramagnetic correlated insulators 

Gd3Ga5O12 (GGG) and DyScO3 (DSO), where the signal grows strongly in magnitude below ~ 

20K.  (S. Wu et al., Phys. Rev. Lett. 2015).  We also observed a very substantial SSE signal from 

antiferromagnetic insulator MnF2 (S. Wu et al., Phys. Rev. Lett. (2016)). The magnitude of the 

observed signal is larger than that seen from the prototypical ferromagnetic insulator Y3Fe5O12 

(YIG). This work opens up the class of materials where a large SSE signal can be obtained. 

3. Dilutely doped SrTiO3 in the Extreme Quantum Limit: We doped high quality single crystals 

of SrTiO3 by annealing in ultra-high vacuum conditions. This lead to the formation of a 

homogeneous three dimensional electron gas (3DEG), whose carrier density could be tuned all 

the way down to ~ 5 x 1015/cm3. The 3DEG shows no sign of carrier freeze-out down to 20 mK.  

We observed Shubnikov – de Haas (SdH) oscillations in resistivity at dilution fridge 

temperatures and high magnetic fields (measurements carried out at the  National High Magnetic 

Field laboratory in Tallahassee, FL). The carrier density inferred from the SdH measurements 

agree with Hall data. At sufficiently high fields, we were able to drive the 3DEG into the 

quantum limit where all carriers occupy the lowest Landau level – a first (A. Bhattacharya et al., 

Nature Communications (2016)). In this limit, the kinetic energy is partially quenched and we 

expect correlations between electrons to become more important. We found that the I-V 

characteristic becomes non-linear. Furthermore, the increased degeneracy with increasing 

magnetic field causes the Fermi level EF to drop in the lowest Landau level, which leads to 

puddle formation when EF becomes comparable to the disorder potential. 

Future Plans: a) Thermo galvanic effects as a probe of magnetic correlations in the absence of 

static long range order: There are several known materials systems, including candidate 
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quantum spin liquids, where geometric frustration or low dimensionality leads to the absence of 

long range order even in the presence of strong exchange/dipolar interactions between spins. As 

our previous work has shown, such materials may also give rise to spin currents when subjected 

to thermal gradients (SSE). We will use the SSE to probe magnetic correlations and fluctuations 

within these materials as a function of applied magnetic field and temperature with the goal of 

teasing out the nature of their magnetic excitations. For quantum spin liquids, and low 

dimensional magnets, these excitations can be qualitatively different.1 A similar approach using 

the Nernst effect is being used by us to probe magnetic correlations in conducting correlated 

materials, particularly in regions where long-range order is absent or too weak to be detected via 

conventional scattering probes. 

b)  Oxide MBE growth of 4d and 5d transition metal oxides: We have set up a new oxide MBE 

system that will enable us to synthesize thin films and heterostructures of oxides incorporating 

4d and 5d transition metals. The materials of interest include perovskite iridates, that have been 

the focus of much recent activity due to the interplay of spin-orbit coupling and Mott physics.2 

Metallic 4d and 5d transition metal oxides may also be effective detectors of spin currents via the 

inverse spin Hall effect. Our synthesis approach will enable novel doping techniques such as  

interfacial charge transfer and delta-doping.  

c) Topological semi-metals:  We are planning to grow thin films of 3-dimensional topological 

semi-metals3 using MBE based approaches. The class of materials includes the Weyl and Dirac 

semi-metals. Several target compounds have been identified and an effort is now underway. We 

seek to create large area high quality epitaxial thin films that will enable us to explore a wide 

variety of novel phenomena involving transport in magnetic and gate electric fields, strain and 

proximity effects.  

d) Electric field induced motion of O atoms across oxide interfaces: A new direction in our 

program will be in understanding and controlling O vacancies at interfaces using electric fields. 

O vacancies are known to affect electronic and magnetic phase transitions in correlated oxides.4 

The motion of O atoms can be controlled with electric fields. We have identified several 

compounds where interfacial O motion may lead to new phenomena. We will carry out studies of 

electronic/magnetic properties as well as structural chemical changes using synchrotron based 

techniques to better understand the mechanisms linking O ion motion to magnetic/electronic 

properties. 
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Program Scope 

The objectives of this project are to investigate the manner in which charge, spin, orbital and 

lattice interactions and dynamics evolve through various low temperature phases of “strongly 

correlated materials” by employing polarization resolved electronic Raman scattering 

spectroscopy, and to clarify the microscopic origin of collective behavior like charge, spin, or 

orbital density waves and unconventional superconductivity is induced in these materials by 

electron correlations. Among the anticipated outcomes of this project are (i) the elucidation of 

the microscopic origin of superconductivity in the iron-pnictide family of materials, including 

the evaluation of the role of electronic correlations in both normal and superconducting states, 

the role of proximity to nematic and/or magnetically ordered states, the mechanisms of formation 

of the superconducting order parameter and its symmetry; (ii) insights into how to design new 

materials with enhanced superconducting properties; and (iii) determination of a spectrum of 

collective excitation in superconductors and in heavy fermion materials with “hidden orders”.  

Recent Progress and Future Plans 

Heavy Fermions. Many novel electronic ground states have been found to emerge from the 

hybridization between localized d- or f-electron states and conduction electron states in 

correlated electron materials. The HF compound URu2Si2 hosts two competing staggered phases: 

a non-magnetic Hidden Order (HO) phase and a Large Moment Antiferromagnetic (LMAF) 

phase. Both phases are principally due to special ordering of the uranium 5f orbitals. The PI and 

his collaborators used polarization resolved Raman spectroscopy to identify the symmetry of low 

energy excitations above and below the HO transition, to uncover the hidden order parameter, 

and to study the interrelation between the HO phase and the LMAF phase. From the symmetry 

analysis of the discovered collective mode, the PI and collaborators determined that the HO 

parameter breaks local vertical and diagonal reflection symmetries at the uranium sites, resulting 

in states with distinct chiral properties:  

(1) The HO phase is the Chirality Density Wave which breaks local chiral symmetry [9]; and  

(2) The LMAF phase is the Orbital Moment Density Wave which breaks local time reversal 

symmetry [3].  

The nature of these almost degenerate HO and LMAF phases has been theorized before, but the 

experimental signature of the direct interrelation between them was lacking. he PI and his 
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collaborators drive and detect dynamic oscillations between HO and LMAF states by using 

polarized light, and as such provide direct experimental evidence for a unified order parameter 

describing the competing phases [3]. The experiment is a realization of a similar 1961 proposal 

by A. Bardasis and J. R. Schrieffer to study unconventional sub-dominant pairing in the 

superconductors.  

As a continuation of this work, the PI and collaborators will study the symmetry and properties 

of the superconducting state emerging only from the Chirality Density Wave below Tc =1.5 K.  

Multiband pnictide superconductors. Iron-pnictides 

present a new paradigm of multi-band 

superconductivity in proximity to nematic transition 

and spin density wave (SDW) order. Most FeAs 

compounds share a common phase diagram which in 

the underdoped region is marked by a structural 

transition at temperature TS from tetragonal to 

orthorhombic phase followed by an SDW transition at 

TSDW, slightly below TS. The orthorhombic distortion 

at TS breaks C4 rotational symmetry while the 

translational symmetry is broken due to doubling of 

the unit cell either at or above TSDW. The system 

provides exceptional setting to study coexistence or 

competition between quadrupole fluctuations, 

superconductivity, and density-wave phases.  

We performed multiple series of polarized low-

temperature Raman scattering studies of phononic, 

electronic, inter-band and magnetic excitations on 

many following families of compounds: CaFe2As2, 

(Sr2VO3)2Fe2As2, Fe1+x(TeSe), K0.75Fe1.75Se2, 

BaFe1.9Pt0.1As2, Ca(CoxFe1−x)2As2, NaFe1−xCoxAs, 

Ba1−xKxFe2As2, FeSe1-xSx and others. The Raman 

susceptibility shows critical non-symmetric charge 

fluctuations across the entire phase diagram. The 

charge fluctuations are interpreted in terms of waves 

of quadrupole intra-orbital excitations. We 

demonstrate that above the structural phase transition 

the quadrupolar fluctuations with long correlation 

times are precursor to the discrete four-fold symmetry 

breaking transition. This is manifested in the critical 

slowing down of XY-symmetry collective fluctuations observed in dynamical Raman 

susceptibility and strong enhancement of the static Raman susceptibility. Below superconducting 

NaFe1−xCoxAs: Evolution of XY Raman 

susceptibility showing the development of 

the critical mode and emergency of the sharp 

collective response in the SC phase [7].  
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transition, these collective excitations undergo a metamorphosis into a coherent in-gap collective 

mode of extraordinary strength and at the same time serve as glue for non-conventional 

superconducting pairing [2, 4-8, 10].  

In the most recent studies of FeSe1-xSx, the system which 

does not show long range magnetic order, we have 

discovered that a gap reminiscent to a mean-field order 

parameter opens up in the spectra of XY symmetry below 

TS. The data is interpreted as formation of the stripe-type 

quadrupole wave order which is competing with ferro-

quadrupole fluctuations. The interpretation provides 

explanation for the recently reported anisotropic electronic 

properties in the nematic phase as well as for the puzzling 

orbital selective superconductivity.  

We will continue spectroscopic study of the oxypnictide 

compounds across the phase diagram as a function of carrier 

concentration, temperature, strain, and magnetic field.  
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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, 

David Johnston, Adam Kaminski, Vladimir Kogan, Makariy Tanatar, Ruslan Prozorov. 

Division of Materials Science and Engineering, Ames Laboratory, Iowa State University, 

Ames, IA 50011  

Program 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, 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, 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, phenomenological approaches to superconductors and modern, quantum many-

body theory.  

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 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. 

Recent Progress:  Fe-based superconductivity:  The effects of pressure, strain and substitution on 

Fe-based superconductors continues to reveal the delicate interplay between electronic, magnetic, 

and structural interactions and states in these high-Tc compounds.  By careful and systematic 

growth [1], optimization, and characterization we have been able determine the details of the T-P 

phase diagram of FeSe [2,3], as well as Fe(Se1-xSx).  By a combination of pressure dependent 

transport, scattering and Mossbauer spectroscopy we have been able to identify and understand 

the cascade of pressure induced phases and relate them to the commonly understood T-P and T-x 
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phase diagrams for the BaFe2As2 based materials.  We also undertook a large effort to grow, 

characterize and understand the newly discovered CaKFe4As4 system [4,5].  Whereas some of the 

superconducting properties of CaKFe4As4 are similar to near optimally doped (Ba0.5K0.5)Fe2As2, 

it is highly ordered, has a new, half-collapsed-tetragonal phase under pressure, and unique Ca and 

K sites as well as two As sites, and a changed point symmetry for the Fe site.  In addition, we have 

been able to substitute Co and Ni onto the Fe site and stabilize a new form, spin-vortex-crystal, of 

antiferromagnetic order that does not entail nematic / orthorhombic ordering [6].  

Progression from local moment magnetism to fragile magnetism:  The progression from local 

moment magnetism to fragile / tunable magnetism has been another focus of our efforts.  We have 

studied a variety of rare earth based phosphides and arsenides such as RPd2P2, as well as EuT2X2 

for T = Mn, Co and X = As, P.  As a step toward more fragile moments, similar to those found in 

the Fe-based superconductors, we have studied AET2As2 for AE = Ba, Sr, Ca and T = Cr, Mn, Co 

and Pd [7].  Finally we have found exceptionally fragile magnetism that can be driven to quantum 

phase transitions by modest pressure in LaCrGe3 [8].   

Future Plans:  We plan to better understand the new, fragile magnetic state we have discovered 

in the Ni- and Co-substituted CaKFe4As4.  The spin-vortex-crystal antiferromagnetic ordering is a 

new form of order for Fe-based superconductors and does not, formally, have any orthorhombic 

state associated with it.  Further substitution, pressure and strain studies, using our full suite of 

thermodynamic, transport and spectroscopic measurements, will allow us to understand, master 

and integrate this system into our broader sense of Fe-based superconductivity.  We will also 

search for other examples of transition metal based fragile magnetism such as we have found in 

LaCrGe3.  Our intent is to determine what features are necessary and/or sufficient for the 

emergence of superconductivity.   

Another objective of the FWP is to continue to expand its abilities to measure thermodynamic, 

transport, spectroscopic properties as a function of applied pressure, stress and strain.  We intend 

to increase the pressure range of our resistivity and magnetization measurements to above 10 GPa.  

We plan to implement elastoresistivity measurements in applied magnetic fields up to 14 T and 

establish London penetration measurements (via tunnel diode oscillator technique) for pressures 

up 2 GPa.   The FWP will also provide the pressure expertise to help other Ames Lab FWPs to 

implement pressure as part of their routine characterization repertories. 

Finally, having invested significant effort in building a laboratory-based, tunable, high resolution, 

laser ARPES system over the past several years, we will further enhance its capabilities to low 

temperatures (<5K) and use this system to address a number of key question about 

superconductivity.  For example, the order parameter is the most important characteristic of a SC 

because it contains key information about the pairing mechanism. ARPES is the only technique 

that can directly measure the momentum dependence of the SC gap. There are several areas where 

the unique capabilities of the tunable, high resolution laser ARPES system can lead to significant 

breakthroughs. We propose to study the order parameter of iron arsenic superconductors in 3-
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dimensional momentum space with higher precision than previously possible. Surprisingly, after 

8 years of intensive research, this issue still remains elusive, with a number of seemingly 

contradictory results. The problem with direct measurements of the SC gap in the pnictides is that 

most of the synchrotron facilities do not have sufficient energy resolution in order to make accurate 

measurements along kz. Measurements of the superconducting gap with traditional laser ARPES 

systems are performed at fixed photon energy and thus lack critical kz information. We will use 

our tunable laser ARPES spectrometer to address this key issue using single crystals of pure and 

substituted CaKFe4As4. Our measurements will focus on the 3-dimensional momentum 

dependence of the SC gap across the phase diagram. Such information is absolutely critical in 

order to firmly establish the symmetry of the order parameter across the phase diagram in iron 

arsenic high temperature SC and identify the correct pairing mechanism.  
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Publications 

The FWP published over 100 papers in FY 2016 and 2017 (to date) and their list will not fit 

within allocated space. This includes 10 papers published in Physical Review Letters and 

Physical Review X, 65 in Physical Review B, 3 papers in Nature family of Journals and 3 papers 

in Science family of journals. Below we list few selected papers published in this period both 

above in references as well as below.  
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Project Title: Cold Exciton Gases in Semiconductor Heterostructures 

 

PI: Leonid Butov, University of California San Diego 

 

Program Scope 

 An indirect exciton, IX, is a bound pair of an electron and a hole confined in spatially 

separated quantum well layers. IXs form a platform for studying a system of cold bosons: 

‐ Long lifetimes of IXs allow them to cool down to low temperatures below the temperature of 

quantum degeneracy. This gives an opportunity to realize and study cold excitons. 

‐ IXs have built‐in dipole moments and, as a result, interact repulsively. This leads to strong 

correlations in IXs. 

‐ Due to built‐in IX dipole moments, IX energy can be controlled by voltage. This gives an 

opportunity to create tailored potential landscapes for IXs by voltage. 

‐ The long lifetimes allow IXs to travel over large distances before recombination. This gives an 

opportunity to study exciton transport by imaging spectroscopy. 

‐ The spatial separation between an electron and a hole in IX and the suppression of exciton 

scattering in a coherent IX gas result to the suppression of spin 

relaxation. This allows the realization of long‐range spin currents. 

The goal of this project is to explore IXs in GaAs coupled quantum well 

heterostructures and in new heterostructures based on single‐atomic‐

layers of transition‐metal dichalcogenides (TMD). 

 

 Recent Progress  

 1. Pancharatnam-Berry phase in condensate of IXs [1] (Fig. 

1). We will present the observation of the Pancharatnam-Berry phase in 

a condensate of IXs in a GaAs coupled quantum well structure. The 

Pancharatnam-Berry phase leads to phase shifts of interference fringes in 

IX interference patterns. Correlations are found between the phase shifts, 

polarization pattern of IX emission, and onset of IX spontaneous 

coherence. The Pancharatnam-Berry phase is acquired due to coherent 

spin precession in IX condensate.  

 

 

Fig. 1. (a) Interference 

fringes in IX 

interferometry pattern. 

(b) Linear polarization 

of IX emission.  
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2. IXs at room temperature in TMD heterostructures 

[2] (Fig. 2). We will present the observation of IXs at room 

temperature in TMD van der Waals heterostructure. The room-

temperature data include long IX lifetimes, orders of magnitude 

longer than lifetimes of direct excitons in single-layer TMD, and 

control of IX energy by voltage. The IXs in TMD heterostructure 

are characterized by the high binding energy making them stable 

at room temperature and giving the opportunity both for 

exploring fundamental phenomena in excitonic systems and 

developing excitonic devices at high temperatures. 

 

3. Other recent results, which will not be presented at the meeting: 

3a. Excitons in multi-layer van der Waals heterostructures [3]. We studied excitons in a 

double quantum well van der Waals heterostructure made of atomically thin layers of MoS2 and 

hexagonal boron nitride. The emission of neutral and charged excitons was controlled by gate 

voltage, temperature, and both the helicity and the power of optical excitation.  

3b. Overview of excitonic devices [4]. The IX properties form the basis for the 

development of excitonic devices. In [4], we overviewed our studies of excitonic devices. We 

presented traps, lattices, conveyers, and ramps for studying basic properties of cold IXs – cold 

bosons in semiconductor materials. We also present proof-of-principle demonstration for 

excitonic signal processing devices. 

3c. Overview of fundamental phenomena in IXs [5]. The IX properties give an 

opportunity to experimentally study cold composite bosons. In [5], we overviewed our studies of 

cold IXs over the past decade, presenting spontaneous coherence and condensation of excitons, 

spatially modulated exciton state, long-range spin currents and spin textures, and exciton 

localization–delocalization transitions. 

3d. Spin lifetime of excitons [6]. We studied spin lifetime of excitons in coupled 

semiconductor quantum wells in the presence of in-plane magnetic field. An increase of the spin 

relaxation time at low magnetic fields followed by decrease at higher fields was observed. 

3e. IX correlations [7]. We developed a method for determining correlations in IXs. It 

involves subjecting the IXs to a periodic electrostatic potential and measuring amplitudes of IX 

energy and intensity modulations. We demonstrated a proof-of-principle of the method and 

found strong correlations in a dipolar matter of IXs. This method of determining correlations is 

general and can be applied for a variety of other systems, e.g. electron layers and cold atoms. 

 

 

Fig. 2. Emission of IXs in TMD 

heterostructure for different 

voltages at room temperature. 
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Future Plans 

 We plan to study spin currents in IXs by polarization-resolved imaging experiments both 

in GaAs and TMD heterostructures following recent findings described above in 1 and 2 in 

section “Recent Progress”. We also plan to study spin currents and spin polarization textures in 

optically generated IXs. The long range spin currents appear in a coherent IX gas and we plan to 

analyze the relation between coherence and spin currents. We plan to work on the development 

of control of the spin currents. We also plan to study IXs in lattices using shift-interferometry 

imaging and study the effect of the lattice potential on IX coherence.  
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Towards a Universal Description of Vortex Matter in Superconductors 

PI Leonardo Civale, Co-PI Boris Maiorov 

MPA Division, Condensed Matter and Magnet Science, 

Los Alamos National Laboratory, Los Alamos, NM 87545 

e-mail: lcivale@lanl.gov 

Program Scope 

Our overall goal is to improve the understanding of superconducting vortex matter by developing 

a general description valid for all superconductors (SC), including those still undiscovered. Our 

approach is to compare and contrast systems with vastly different properties under a broad 

spectrum of conditions, and to manipulate and control the pinning landscapes at the nanoscale. 

Vortex physics has been a topic of continuous interest since the discovery of the oxide high 

temperature superconductors (HTS).(1,2) The rich and complex vortex phenomena in these 

materials, with proliferation of solid and liquid phases and fast non-equilibrium dynamics, arise 

from the strong thermal fluctuations, which are a consequence of the small coherence length () 

and large anisotropy ().(2) On the other hand, fluctuations effects are an intrinsic obstacle for 

applications; moreover the problem is general and will also occur in any new-discovered HTS. 

The modern picture of vortex matter has been developed to describe the oxide HTS,(2) thus it is 

important to test it in other systems if we intend to develop a universal description. The Fe-based 

SC, a large new family of HTS with broad ranges of parameters, provided this opportunity. We 

have found that the pinning mechanisms in oxide and Fe-based HTS have many commonalities, 

that the models developed for the former are valid for the later, and that we can manipulate the 

pinning landscapes in both families of HTS using similar methods, such as chemical introduction 

of non-superconducting phases.(4)  This understanding allowed us to obtain record high Jc and Hirr 

both in YBCO and Ba122 films.(4,5,8,13) We also obtain useful comparative information from other 

SC such as MgB2,
(7,9) borocarbides, anisotropic low Tc materials such as NbSe2, and even Nb.(3) 

Recent Progress  

Vortex creep is the decay of the persistent current in a superconductor because of thermal 

fluctuations,(2) which allow vortices to jump out of the pinning centers even for J < Jc . The decay 

is logarithmic in time and is quantified by the normalized creep rate S=-dln(J)/dln(t). Creep was 

known in conventional low Tc superconductors (LTS), but in most cases S was very small. In 

contrast, the much stronger thermal fluctuations in the oxide HTS such as YBCO results in orders 

of magnitude larger S.(2,13) These large creep rates significantly reduce the effective Jc (by a factor 

of 2 or even more), with obvious negative impact for applications. Thus, finding methods to reduce 

creep must be considered an integral part of enhancing Jc. 
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The scale of thermal fluctuations is given by the 

Ginzburg number (Gi), which measures the ratio 

of the thermal to the condensation energy in a 

minimum SC volume.(2) Typical Gi values are ~ 

10-8 for NbTi; ~ 10-7-10-4 for MgB2; ~ 10-5-10-4 

for AFe2As2
 and ~ 10-2 for YBCO. It has been 

universally accepted that larger Gi produces 

faster creep, and this qualitative understanding 

was enough to explain, for instance, the much 

higher S in YBCO than in NbTi. However, until 

now a general quantitative correlation had not 

been established.  

Our interest in this topic was initially motivated by the experimental observation that, although 

according to their Gi numbers Fe-based SC should have creep rates in between those of LTS and 

HTS, in fact they usually exhibit S values as high as or even higher than YBCO. We set the solution 

of this puzzle as one of our main priorities at the beginning of the last period of our proposal, and 

we found the answer: Gi only sets the minimum S, achieving it requires pinning landscape 

optimization.(4) We learned this mostly from irradiation studies (by ourselves and other groups) of 

AFe2As2 clean single crystals, which show that S can be significantly reduced by adding pinning 

centers, in contrast to the cases of YBCO and MgB2 where it remains unchanged. 

This led us to our main recent result:(13) We showed that there is a universal minimum achievable 

creep rate in the Anderson-Kim (AK) regime (J~Jc) in all superconductors, Smin ~ AGi1/2(T/Tc), 

set by physics laws and material parameters. Here A is a pinning-landscape dependent factor, with 

A~1 for samples with the highest Jc achieved to date (0.2-0.3 of the depairing limit). Fig. 1 shows 

a compilation of S vs. Gi1/2 for many SC. The gray triangle in the lower right indicates the region 

of unobtainable low S values according to our model, and indeed we found not a single exception 

in the literature. Only a few SC have reached the lower limit, including YBCO, MgB2, Co-doped 

Ba122 crystals and our BaFe2(As0.66P0.33)2 films (Fig. 2). 

Our discovery has a broad impact with fundamental and 

technological relevance: we claim that there is a lower limit 

for the creep of any superconductor, even those not yet 

discovered. Moreover, for any new discovered SC the 

lowest possible S can be predicted by simply calculating Gi. 

This involves measuring Tc, , penetration depth () and , 

a process that can be achieved in weeks, as opposed to years 

of trial and error landscape manipulation. 

 

Fig. 1: Exhaustive compilation (from literature and 

our data) of S at T/Tc=1/4 and H = 1T for different 

SC versus Gi1/2. The sketches indicate several 

ongoing and future research plans; see text. 

 

counterexamples??

Fill the gap

Fig. 2: Few SC have reached the 

lower limit, including YBCO, MgB2, 

and our BaFe2(As0.66P0.33)2 films. 
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Future Plans 

1) We will manipulate and tune pinning landscapes to further explore S(Gi) in the AK regime: Fig. 

1 contains data collected independently by different groups, without any unifying picture in mind. 

We will populate this plot by selecting samples and controllably modifying their properties. We 

will search for counterexamples, i.e., samples in the supposedly inaccessible region. There is a 

clear gap in the data for 10-3 < Gi < 10-2. We will obtain samples in that region, or produce them 

through tuning of properties. Irradiations will give us the possibility to start with a clean SC and 

move the S(Gi) data point for the same sample across the figure. We will start with two systems: 

(a) Co-doped Ba122 crystals: We already know that they can reach the lower S limit. What happens 

if we keep adding disorder? Hypothesis: S will not decrease below the Smin(Gi) line and it will start 

to increase because Gi increases. (b) Undoped MgB2 is a clean SC. Carbon doping reduces the 

electronic mean free path and decreases  (dirty limit), increasing Gi. We found that in both cases 

S is near Smin, but interestingly C-doping increases Jc 

and also S because Gi increases. We will irradiate 

clean MgB2 films or crystals; we expect S(Gi) to 

follow the Smin(Gi) line as Gi increases. 

2) Thermal creep beyond the AK limit: We will search 

for universal lower limits for S in regimes where creep 

is collective and glassy. We are currently studying 

(Y,Gd)Ba2Cu3O7 films with strong-pinning landscape 

composed of random point defects and sparse 

nanoparticles, which exhibit particularly low S at low 

H and intermediate T. As we reduce the film thickness 

(d) by ion milling, S remains almost unchanged in the AK regime, but increases dramatically at 

higher T when d becomes smaller than the size of the vortex bundle (Fig. 3). We use this method 

to extract the collective pinning length for this mixed landscape, 𝐿𝑐
𝑚𝑝(𝑇, 𝐻), which had been 

neither theoretically nor experimentally explored until now. 

3) Beyond thermal fluctuations: We will search for a universal lower limit for the quantum creep 

rate, analogous to Smin(Gi). We will start by studying very clean LTS crystals that exhibit 

unexpectedly high S. We will use model systems (nanopatterned devices) to explore quantum 

creep and the quantum to thermal transition, a topic of broad present interest (e.g., for SC qubits). 

Our long term goal is to determine the lower limit for vortex creep for all pinning regimes. 
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Spin Polarized Tunneling in Aluminum Nanoparticles 

Dragomir Davidovic, Georgia Institute of Technology 

Program Scope 

 In quantum magnetism and quantum computing, weak electronic signals at millikelvin 

temperatures need amplification. One problem faced is that the quantum information we are 

trying to extract from the solid state or from a Qubit is fragile, which means that a lot of that 

information is usually lost in the classical measurement process. For example, we would like 

study the motion of spins in a quantum material like spin-ice or in a ferromagnetic nanoparticle, 

to observe quantum effects in that motion. However, measurements of such motion is nowadays 

very inefficient, even using the highest sensitivity detectors such as SQUIDs (superconducting 

quantum interference devices). Ideally the measurements should be done in a properly matched 

amplifier operating in the quantum limit of noise, in which case the noise imparted by the 

measurement process is determined by the Heisenberg uncertainty principle, as opposed to 

classical noise (which transforms information that we do not gather into entropy). We envision a 

new era in condensed matter physics where the fundamental electronic properties of solids are 

studied with that limit of sensitivity. In case of a magnetic nanoparticle, for example, we would 

measure magnetic precession directly in real time, in such a way that the measurement process is 

the only source of noise as demanded by the Heisenberg uncertainty principle. 

To this end, in this program we build and study silicon-germanium heterojunction bipolar 

transistors, for interfacing classical electronics apparatus and quantum electronic behavior of 

solid state devices, directly at millikelvin temperature, and ideally on the same microchip. Gone 

will be the inefficient coaxial cables and interconnects between room temperature electronics and 

the physics samples. Particular emphasis is given on interfacing and readout of magnetic signals 

in nanomagnets like ferromagnetic nanoparticles and quantum magnets such as quantum spin 

liquids.  

 Recent Progress  

 Real-Time Detection of Spin Diffusion and Damping in Individual Metallic 

Ferromagnetic Nanoparticles. (Submitted to Physical Review Letters) 

It has been widely believed, until recently, that the damping time in ferromagnets cannot 

be arbitrarily long. However, spins in semiconducting quantum dots prove otherwise: 

exceptionally long relaxation times of single electron spins have been observed, of up to 170 ms 

in GaAs and 6 on P-donors in Si. Since magnetic nanoparticles are a bridge between bulk 

ferromagnets and single electron spins, they may also have unusually long damping time. 

However, the damping time in nanoparticles has not been measured yet.  

In this activity, we introduce a highly sensitive technique to observe magnetization 
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motion in single Ni nanoparticles in real-time, based on charge sensing by electron tunneling at 

millikelvin temperature.  This technique mimics single-shot spin readout in semiconducting 

quantum dots, which we adapted to spin-1000 particle. The technique is much more sensitive 

than SQUIDs, for detecting small changes in magnetic moment. The figures above display the 

device we use to study the magnetic properties, while the figure on the following page shows 

how we detect magnetic motion in the particle. 

The magnetic signal is the effective charge noise indicated by the boxed yellow arrows. 

As the magnetization is displaced because of the coupling to the electrons, it produces an internal 

charge displacement of the particle that we measure as the shift in chemical potential (e.g., shift 

in current). Since noise and damping in detailed balance are fundamentally related (fluctuation 

dissipation theorem), we obtain the magnetic damping directly from this data in the time domain. 

The technique is self-calibrating, by measuring the shifts of discrete level energies with magnetic 

field [indicated by 1 for the lowest level in (d)], which establish the conversion between 

magnetization orientation and chemical potential shift. 

The magnetic damping time is 10ms, which is record long in a ferromagnet and a new 

benchmark for damping. The impact of observing such a long damping time is in demonstrating 

how magnetic dynamics needs to be studied in nanoparticles or other nanometer scale magnets, 

e.g., by real time detection, not by ferromagnetic resonance and other traditional techniques. 

Thus we believe that our advance will impact the field of nanomagnetism by opening new 

regimes of magnetodynamics for exploration in individual nanoparticles and other nano-objects, 

with a possibility to measure macroscopic quantum effects. 

Transmission electron microscope image of Ni nanoparticles on amorphous alumina substrate. 

The square in the upper right has area of 10x 10 nm2.  Zoomed-in nanoparticles and schematic of 

our tunneling device used for magnetic sensing of a single nanoparticle.  are shown on the right.  
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Interfacing classical measurement apparatus and solid state quantum object. 

In this activity, we are developing a technique to embed the device under test into the 

integrated SiGe-circuit operating down to millikelvin temperature (but much can be done at 1.5 

and 4.2 K). We have selected SiGe technology, which presently embodies four distinct 

generations in production worldwide, at more than two dozen companies, and is commercially 

accessible via multiple foundries. Available SiGe heterojunction bipolar transistor (HBT) 

performance goes to over 400 GHz (at 130 nm emitter length). The figure below displays SiGe 

transistor with a 90 nm width emitter length and 10 nm base width. 

 

 

 

 

 

Sample 1 at 70mK: (a) Current versus voltage at fixed magnetic fields. (b) Differential conductance versus 

voltage, at B=0.1,1.2, and 3.4T, respectively. In  (a,b) the curves are offset vertically for clarity. The boxed 

yellow arrow indicates the spin signal, which is particularly striking for the red line at B=1.2T. (c) and (d) 

Differential conductance, showing discrete level shifts with magnetic field and enhanced noise in the magnetic 

field intervals (0.7,1.5)T. Color bar indicates the conductance interval -1e-4,5e-4 in units of e2/h. 

emitter 

base collector 

Left: large scale 

view of the 90 

nm SiGe HBT. 

Right: SEM 

image of the 90 

nm bipolar 

transistor (SiGe-

HBT), with a 

~15nm base 

width. 
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Until now our goals were to understand the physics of transistor operation at mK 

temperature. SiGe-HBT are bipolar transistors (e.g., NOT field effect transistors), and the 

mechanism of amplification at deep cryogenic temperature has not been known. We 

demonstrated that the collector current in these advanced HBTs is mostly due to ideal quantum 

mechanical tunneling of electrons under the potential barrier extending through the entire base. 

Due to exponential dependence of tunneling probability on barrier height, a large tunneling 

current is switched on by a moderate amount of current required to increase the base voltage. 

This remarkable simplicity of amplification in advanced SiGe-HBTs at deep cryogenic 

temperatures stands in contrast with more complex amplification in a field effect transistor. 

Realization of such an amplifier in a robust and manufacturable silicon-germanium transistor is a 

critical step toward manufacturing complex but useful circuits operating on basic principles of 

quantum mechanics. 

Future Plans 

 We are testing magnetic tunnel junctions at room temperature using the SiGe electronics. 

We are currently building a broadband SiGe amplifier operating in 20-40GHz regime. Our goals 

are to cool down these junctions interfaced with the integrated circuit (which will have the 

amplifier, and eventually a mixer and an rf-amplifier), to create a generic shot noise spectrometer 

operating near the quantum limit. The spectrometer will be a microchip, and we make hundreds 

of them, one for each sample. We will attach samples to the circuit input, by lithography on the 

SiGe die at Georgia Tech (magnetic junctions and particles, as well as superconductors and other 

quantum solid state materials.)  while the chips will be custom ordered from Global Foundries. 

In terms of physics, in simple words we are interested in first listening to what these magnets and 

superconductors do at this frequency range, close to quantum limit of sensitivity. We are also 

measuring spin transfer torque in magnetic nanoparticles. 
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LaCNS: Building Neutron Scattering Infrastructure in Louisiana for Advanced Materials 

J. F. DiTusa1 (ditusa@phys.lsu.edu), D. Zhang2, J. Zhang1, W. A. Shelton3, R. Jin1, V. T. 

John4, R. Kumar2, Z. Mao5, E. Nesterov2, E. W. Plummer1, S. W. Rick6, G. J. Schneider2, 

D. P. Young1, P. T. Sprunger1, M. Khonsari7 
1Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803 

2Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803 
3Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA 70803 

4Dept. of Chem. and Biolmolecular Engineering, Tulane University, New Orleans, LA 70118 
5Department of Physics and Engineering Physics, Tulane University, New Orleans, LA 70118 

6Department of Chemistry, University of New Orleans, New Orleans, LA 70148 
7Louisiana Board of Regents, Baton Rouge, LA 70821 

Program Scope: This DOE EPSCoR / LA Board of Regents program aims to build neutron 

scattering infrastructure capable of treating both soft and hard materials. Our objectives include: 

discovery of the coupling of degrees of freedom that determine the emergent properties of complex 

materials, training of talented students in synthesis and neutron scattering techniques who will 

become the next generation of neutron users, and building a base of users of SNS and HFIR. 

The scientific focus of this program is to understand the role of coupling in emergent complex 

materials and its impact on structure/property relationships, and to explore how this information 

can be applied in the guided-design of materials. Our goal is to tune dominant couplings to enhance 

critical properties in order to derive new functionality. In the hard materials, we focus on transition 

metal oxides where electronic, magnetic, phononic, and orbital degrees of freedom along with their 

couplings, are all important in creating novel behaviors, non-centrosymmetric (NCS) structured 

materials where the Dzyaloshinskii-Moriya, DM, interaction leads to interesting magnetic 

structures and spin textures, and Dirac systems where magnetic ordering likely leads to the 

formation of Weyl semimetal states. In the soft materials, we explore the role of secondary 

interactions in determining the structural and dynamic properties of polymeric systems. 

 Recent Progress  

Here we review some of the work performed on the NCS magnets that represents a small subset 

of the work performed within the LaCNS program. In 2009, small angle neutron scattering in a 

small pocket of the (H,T)-phase diagram (so-called A phase) of the prototypical non-

centrosymmetric itinerant magnet MnSi resulted in the discovery of a bulk skyrmion lattice 

(SkL) phase[1]. Since then, control of the size and helicity of magnetic Skyrmions is at the heart 

of an intense research activity worldwide. These countable magnetic defects, carrying a quantum 

of electromagnetic flux, are envisioned as potential building blocks for next-generation 

electronics [2].  

Previously, it has been shown that the magnetic properties of MnSi can be tuned by chemical 

substitution of Mn [3], or by application of hydrostatic[4] or uniaxial[5] pressure. Quite 

generally, doping and hydrostatic pressure lead to a suppression of magnetic order and hence the 
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disappearance of the SkL. On the other hand, uniaxial pressure was found to stabilize these over 

a larger portion of the (H,T)-space. The uniaxial pressure, which emulates lateral strains inherent 

to thin films, implies a contraction in one direction with an expansion in the orthogonal direction. 

It thus remains unclear which is the driving force leading to the extension of the SkL. 

Here, instead of the traditional substitution of the magnetic Mn ions, Si is replaced by a small 

amount of Al or Ga. As shown in [6], slight substitution of Si by Al (3.8 %) appears to 

dramatically increase the critical 

temperature, T, (+30%) and ordered 

magnetic moment (+20%). It is remarkable 

that such a small change in the material 

structure, a small increase of the unit cell 

volume by ≈ 0.5%, induces such drastic 

improvements of its magnetic properties 

despite enhanced chemical disorder. In turn, 

the lattice expansion is homogeneous and its 

effect can be studied in a transparent way. 

Most importantly, we have shown that such 

a negative pressure leads to an extension of 

the so-called A phase as well as a T-induced 

reversal of the sign of anomalous Hall effect 

(AHE, Fig. 1c,d)[6]. These features imply (i) 

a drastically enhanced stability of the SkL 

and (ii) the unique possibility to choose the 

chirality of the magnetic structure – hence of 

the SkL- by a simple T change. This would 

open a completely new and unexpected avenue in the field of Skyrmionics. Our small-angle 

neutron scattering (SANS) experiments, Fig. 2, have confirmed the increased stability of the SkL 

while indicating no strong dependence of the helical wavelength with Al or Ga substitutions. 

In contrast, Ir substitution for Mn, Mn1-x IrxSi has much the same effect as Co or Fe substitutions 

[7]. By using magnetization and SANS 

measurements, we have investigated the 

magnetic behavior of Mn1-x IrxSi system to 

explore the effect of increased carrier density 

and spin-orbit interaction on the magnetic 

properties of MnSi. We have determined 

estimates of the spin wave stiffness and the 

DM, interaction strength and compare with 

Mn1-xCoxSi and Mn1-x FexSi[3]. Despite the 

large differences in atomic mass and size of the 

  

Fig. 2: Small angle neutron scattering from 

MnSi0.992Ga0.008 in the zero field helical state (a) and 

in the skyrmion lattice phase at 0.15 T (b) at 32.5 K. 

 

Fig. 1: Magnetic phase diagram of MnSi (a) and 

MnSi0.962Al0.038 (b) from ac susceptibility. Expansion of 

the A phase under Si substitution. Evolution of the 

anomalous Hall effect (AHE) (c and d). While AHE 

coefficient remains negative upon heating in MnSi, it 

changes sign in MnSi0.962Al0.038. 
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substituted elements, Mn1-x CoxSi and Mn1-x IrxSi surprisingly show nearly identical variations in 

their magnetic properties with substitution. We find a systematic dependence of the transition T, 

the ordered moment, the helix period and the DM interaction strength with electron count for 

Mn1-x IrxSi, Mn1-x CoxSi, and Mn1-x FexSi [3, 8] indicating that the magnetic behavior is primarily 

dependent upon the additional carrier density rather than on the mass or size of the substituting 

species. This indicates that the variation in magnetic properties, including the DM interaction 

strength, are primarily controlled by the electronic structure as Co and Ir are isovalent. Our work 

suggests that although the rigid band model of electronic structure along with Moria’s model of 

weak itinerant magnetism describe this system surprisingly well, phenomenological models for 

the DM interaction strength are not adequate to describe this system. 

Future Plans 

Future work in this area extends these investigations to materials beyond the well-known B20 

structured materials in order to explore the consequences of the DM interaction and search for 

spin textures in other NCS structured magnets. This includes materials having the ZrAlNi crystal 

structure (space group P-62m) such as ScFeGe shown in Fig. 3a [9]. Here, we have determined 

that ScFeGe has a transition to a magnetic state at 39 K with a moderate hexagonal anisotropy 

(Fig. 3b). In addition, there is a sharp metamagnetic transition near 6.6 T for fields along the ab 

plane (Fig. 3c).  Our single crystal neutron diffraction taken on instruments HB-3A and HB-1A 

at HFIR (ORNL) revealed an incommensurate ordering wave vector of (0 0 0.193), see Fig. 3d. 

A full refinement of a data 

set that included 105 

magnetic reflections 

indicated that the ground 

state was helimagnetic with 

an ordered magnetic moment 

of only 0.53 B. Thus, we 

have discovered a highly 

itinerant and 

incommensurate 

helimagnetic metal in a NCS 

structured material where the 

helimagnetism is likely to be 

caused by the DM 

interaction. Furthermore, our 

neutron diffraction 

measurements performed in a 

magnetic field of up to 8 T 

revealed that the 

metamagnetic transition shown in Fig. 3c is accompanied by a splitting of the incommensurate 

 

Fig. 3: Magnetic properties of ScFeGe  (a) Crystal Structure (b) Magnetic 

susceptibility, , vs. temperature T. (c) Magnetization vs. magnetic field, 

H. (d) Neutron diffraction along the (0 0 L) reciprocal lattice direction.  

241



magnetic scattering into two components as shown the main frame and inset of Fig. 3d. Thus, the 

magnet state has developed a long period modulation (~39 nm) or phase segregates into regions 

with two distinct magnetic wavevectors. We are continuing to explore this unusual magnetic 

material as experiments indicate a change to the crystal structure within a unit cell as a magnetic 

field is applied. In addition, there are a large number of compounds that form in this crystal 

structure, including several that are likely to be magnetic making this an excellent platform to 

explore the consequences of the DM interaction in NCS systems.  
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THz plasmonics and topological optics of Weyl semimetals 

 

H. Dennis Drew and Andrei Sushkov, University of Maryland, College Park, MD 20742 

Program Scope 

THz magneto-optical properties of 3D topological Dirac and Weyl semimetals are under 

investigation. These include the study of the predicted novel magneto-electric effects arising from 

the underlying Berry curvature and magneto plasmonic effects in the absence of an applied 

magnetic field.  Surface plasmon polaritons in Weyl semimetals are predicted to strongly deviate 

from the usual metallic response.  Cyclotron resonance in the extreme quantum limit is being 

studied on Dirac semimetals to directly probe the chiral N=0 Landau level. The electronic band 

structure is being spectroscopically characterized through FTIR zero-field reflectance and/or 

cyclotron resonance measurements.  The unique THz effects predicted in these materials may have 

important applications in THz technology. 

 Recent Progress  

The first year of the project has consisted 

primarily of a buildup of the facilities for THz 

measurements on Dirac and Weyl semimetals 

and the characterization of several Dirac and 

Weyl semimetals for the proposed 

measurements. These measurements are 

necessary for characterization of the band 

structure for the design of the magneto-plasmon 

experiments and the analysis of the future 

experimental results.  Reflectance 

measurements were made on Na3Bi, Cd2As3 

and TaAs.1,2,3,4,5,6,7,8 Similar measurements on 

other materials are in progress.  THz pump-

probe measurements have also been made on 

TaAs.  These measurements are in order to 

characterize the carrier and plasmonic 

dynamics in Dirac and Weyl semimetals.  

Single crystals of TaAs have been characterized by THz reflectance and magneto-reflection in 

Faraday geometry and Voigt geometry. Figure 1 shows a reflectivity spectrum measured at 10 K 

(blue) and fitted Drude-Lorentz model spectra (magenta). Plasmon frequency is determined by 

1(ωp)=0 condition and we find ωp=167 cm-1. Drude-Lorentz model gives Drude strength 1.5x107 

cm-2 and scattering rate 5 cm-1 at 10 K.  

Fig. 1. The reflectivity, the optical conductivity, and 

the dielectric constant of TaAs. 
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The magneto-reflectance spectra for the Faraday geometry are shown in Fig. 2. These spectra were 

obtained following the method suggested in Refs. 10 and 11. The optical conductivities shown in 

Fig. 2 are obtained by simultaneous fit of experimentally measured reflectivity ratios 

R(B,ω)/R(0,ω) and the Faraday angle Theta(B,ω) using a variational dielectric function of Reffit 

program. In the derived conductivity plots there is evidence for the extreme quantum limit of 

cyclotron resonance in the W1 pocket.6,7 This observation permits the determination of the band 

parameters and the Fermi energy for W1 pocket.  This is information critical for design of the 

magneto-plasma experiments and the analysis of the resulting data. 

 

 

Figure 3 shows so-called fan diagram where peak positions found in the conductivity spectra are 

plotted vs. magnetic field B. All peaks observed above 150 cm-1 follow nearly linear dependence 

on B-field and extrapolate to around 150 cm-1 frequency at B = 0 and show up in both circular 

polarizations at the same frequencies but stronger in σ1- spectra. We interpret these peaks as 

transitions between Landau levels in the trivial hole band and the conduction band above 

it.  Because of non-parabolicity of the bands 150 cm-1 (19 meV) therefore represents an upper limit 

of the energy gap which is much smaller than found in band theory.7 

Future Plan 

We also plan to characterize other Weyl and Dirac systems that are coming on line.  The 

community is looking for the “hydrogen atom” of the Weyl semimetal.  GdPtBi is one new 

Fig. 2. The optical conductivity of a Weyl semimetal TaAs in two circular polarizations measured in Faraday 

geometry: B ||k || c-axis.  
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system that becomes Weyl only in an applied magnetic field.  Metallic gratings are being 

fabricated on the most interesting and well characterized Dirac and Weyl samples in order to 

measure the dispersion of the magneto-plasmons with wavevector.  In another experiment gates 

will be applied to the samples in order to study the Fermi arc surface states by modulation 

reflectance spectroscopy at THz frequencies.  
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High magnetic field microwave spectroscopy of two-dimensional electron systems in 

GaAs and graphene 

  

Lloyd W. Engel, National High Magnetic Field Laboratory, Florida State University, 

engel@magnet.fsu.edu 

 

Current Scope of project 

  The project is to perform  microwave spectroscopy on two-dimensional electron systems 

(2DES)  exhibiting the quantum Hall effects  in GaAs/AlxGa1-xAs quantum well samples,   

and also in graphene.    The focus of the work is on electron solids in high magnetic field. 

The simplest such solid is the Wigner solid (WS) [1-9] a triangular lattice of individual 

carriers. Microwave spectroscopy is of value in studying electron solids because they 

exhibit a striking resonance, which is 

understood as a pinning mode [5-7,10-

12], in which pieces of the solid 

oscillate within the confining potential 

of the residual disorder of the sample.  

Fig. 1 illustrates the transmission-line-

based set-up. 

 

The pinning mode resonance is an 

experimental signature of an electron 

solid state, and has been used to find 

many different types of electron solid, 

most recently of quasiholes of the 

fractional quantum Hall effect (FQHE)  

near Landau filling  =1/2 [10].  

Pinning modes can also be used to characterize these states, to detect solid-solid phase 

transitions [11,12] or to distinguish components of a mixture [10].  Our work continues 

on the many transitions between solids seen in lower  bilayer states in wide quantum 

wells (WQWs).  We have also studied double quantum wells with one layer containing 

composite fermion liquid and the other layer a WS with a clear pinning mode.   

 

Work is continuing as well on graphene samples, in which now easily observe FQHEs 

[13-19] at microwave frequencies.  

 

 

Recent Progress 
In collaboration with M. Shayegan, we continue studies of electron solid in wide 

quantum wells (WQWs), and observing transitions between these different solids.         

 

1. Low Landau filling bilayer solid phases of GaAs wide quantum Wells: tilted field  

(paper in preparation) 

 
Figure 1: Schematic of   sample with coplanar 

waveguide transmission line pattern, metal film shown 

as black. The transmission line couples capacitively to 

the 2D electron system beneath it.   
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We have extended  the studies of our paper 

[11] which identified phase transitions in an 80 

nm wide quantum well (WQW), at low Landau 

fillings (ν) under conditions for which the 

electrons in the WQW form a bilayer, by 

examining these transitions in the presence of 

in-plane magnetic fields, by tilting the samples 

in the magnetic field.  This gives a clue as to 

the origins of the phase transitions  

 In sufficient in-plane field   the tunneling 

between layers is suppressed and the 

transitions occur at fixed ν, independent of 

further increase in in-plane field or in the 

density, n (as long as the perpendicular field is 

changed to keep ν fixed). This same condition 

of ν –determined transitions occurs at large 

enough n.  Such behavior is consistent with the 

transitions being driven by composite-fermion 

vortex number changes, as was considered 

theoretically in the single-layer case [20]. 

 

2  Solid of quasiholes of possibly non Abelian 

½ FQHE in WQW (Hatke et al.,  PRB 2017. 

[10])   

   Recently, some half-integer FQHEs have been 

thought to exhibit non-Abelian statistics, which 

besides their fundamental importance are of 

possible application in quantum computing 

schemes.  The reported solid is a new state of 

matter: a Wigner solid of quasihole excitations of the ½ FQHE.  According to recent 

theory [21], in a WQW like the one we study, the ½ FQHE excitations of which the solid 

is formed, can have non-Abelian statistics. 

The microwave spectra of a WQW for    just below 1/2, under  conditions for which the 

1/2  FQHE [19] is present, show two resonances, as shown in Fig. 2a.  The lower-peak 

frequency ( fpk ) resonance is resonance has the same fpk resonance as is found in the 

insulator at lower .  The higher-fpk resonance exhibits intensity variations in striking 

agreement with that expected for a pinning mode of WS of the quasiholes of this FQHE 

state. This resonance is also quite sensitive to asymmetrization of the growth-direction 

charge distribution in the quantum well by gate bias, as the ½ FQHE is in dc [22]. The 

presence of the two resonances shows the sample forms states with multiple components.  

The lower-fpk resonance in the spectra is due to an admixture (small near ν=1/2) of a WS 

that is unrelated to the ½ FQHE, and is the low-ν limiting state in these samples.  

Figure 2: a) Spectra near n=1/2, n marked at 

right. Two resonances are present.  b) S/fpk is 

integrated Re sxx(f)   divided  by  peak 

frequency for the two resonances and  is 

proportional to participating charge by sum 

rule.   Blue for higher fpk resonance, red for 

lower fpk.  Solid gray line is calculated without 

parameters for quasiholes of ½ FQHE. c) Effect 

of top-bottom charge imbalance Dn on spectra. 

Higher- fpk resonance disappears on imbalance.  

Data in c) taken in different cooldown, at 

slightly different density.   
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 3.  Wigner solid affected by nearby composite fermion 

liquid  

A recent paper [23] showed that in double quantum well 

samples whose carrier density is much larger in one layer than 

it is in the other, it is possible to have a composite fermion 

(CF) metal with filling ν ∼ 1/2 in the majority layer, but a 

Wigner solid state in the minority layer. We have studied the 

pinning resonance of the minority layer in detail for double 

wells set up in this way. The minority layer f
pk

, dips when 

there are FQHE states in the majority layer, as shown in Fig. 

2a. We analyze the resonance to calculate the charge density, 

n
osc that produces it in two ways, one from f

pk alone, and one 

from the integrated absorption of the resonance line. We find 

n
osc is reduced from the known density, n

L , of the minority 

layer, and agrees between the two calculations over a wide 

range of majority-layer ν, ν
H
.  

The interpretation is that at each lattice site there is some 

positive local charge density in the majority layer, essentially 

an image lattice of charge density n
I = n

L − nosc, which is 

shown vs ν
H , in Fig. 3b. Hence the measurement of the 

pinning resonance gives an estimate of local compressibility 

of the CF metal, and shows the incompressibility of FQHE 

states, at which n
I 
is vanishing or reduced.  

4. Microwave measurements of graphene 

In close collaboration with the group of Cory Dean at 

Columbia, we are measruing low-disorder graphene confined 

in hexagonal BN (hBN) stacks, using graphite as a back gate.  

We measure using a coplanar waveguide transmission line 

patterned onto the top of the stack,and  coupled capacitively to 

the graphene.  As shown in Fig.4, we can easily resolve 

FQHE’s [13,14] in bilayer graphene [15-19]  We are 

working to reduce the excitation power   and hence the 

temperature of the graphene, and also to remove 

reflections that can  modulate the conductivity 

sensitivity of the measurement with frequency.     

Future Plans   

 We plan to measure pinning modes of GaAs holes in 

in-plane field, and of AlAs under uniaxial strain, both 

of which may form anisotropic WS. Without 

symmetry breaking fields we will study well-

developed WS in GaAs quantum wells with charge 

distributions pushed up against an interface, to 

Figure 3: a) Many spectra, 

Re(σxx ) vs f , offset vertically 

proportional to majority layer 

filling νH . b) Image charge 

density, nI vs νH , calculated from 

fpk alone (red) and from sum rule 

(blue), proportional to S/fpk, 

where S is the integrated Re(σxx) 

vs f for the resonance.  

 

Figure 4: power transmitted through a coplanar 

waveguide on bilayer graphene, vs filling 

factor, ν, which was varied by sweeping gate 

bias at 18 T fixed magnetic field.  
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compare with the situation when the charge distribution centered in the well.   

We will continue to improve the measuring technique and sample quality for graphene to 

look for frequency dependence due to pinning modes or (in bilayer) intra-Landau level 

cyclotron modes [24]. 
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Program Scope 
 

This project is focused on advancing through fundamental research the discovery and 

understanding of new materials important in magnetism and nanoscience. The specific focus is 

on nanometer‐length‐scale and real structure control of new or metastable structures as a means 

of creating materials with high magnetization, high spin polarization, large magnetocrystalline 

anisotropy and high ordering temperatures. Innovative aspects of the research include synthesis 

of new magnetic nanostructures with special non-equilibrium fabrication techniques. The 

proposed research consists of two main parts. The first is aimed at preparation and properties of 

complex or metastable transition-metal compounds where anisotropic crystal structures and 

nanostructuring are expected to lead to novel magnetic properties. Several types of systems are 

being explored including (Fe,Co,Mn)-rich compounds with Sn and B, and variants of ThMn12-

type compounds based on Zr and Ce. Also we are investigating a new scheme for developing 

high coercivity in easy-plane systems through nanostructuring. These types of materials may 

have potential impact in ultra-strong permanent magnets and extremely high density magnetic 

recording media. The second part is focused on exploring new high‐anisotropy structures 

expected to have relatively high Curie temperatures and controllable spin polarizations. This 

work aims at correlating electronic structure, judicious alloying, and the effects of disorder on 

compounds with properties potentially useful for future magnetoelectronic devices. 
 

Our research is based on a continuing collaboration in experimental and theoretical work 

between groups at the Universities of Nebraska and Delaware. A broad set of experiments is 

performed over a wide temperature range. These include structural characterization by x‐ray 

diffraction, analytical and high‐resolution electron microscopy, Lorentz microscopy and 

transport measurements. Magnetic measurements include dc magnetization to fields of 7 T 

between 4.2 and 1000 K with SQUID and PPMS magnetometry. The results are correlated with 

theoretical work with first-principle density functional theory (DFT) and analytical simulations 

to study spin polarization, magnetic nanostructures, anisotropies, magnetic interactions, and 

magnetization reversal mechanisms 
 

Recent Progress 
Background:  Our recent work has focused on the synthesis and properties of nanoclusters and 

nanostructures of magnetic compounds having new or metastable crystal structures as well as on 

bulk magnetic compounds with the ThMn12 structure based on Zr and Ce the most abundant rare 

earth element. We have used a variety of growth routes including non-equilibrium processes 

such as cluster deposition, sputtering and rapid quenching from the melt. Additional methods 

have included wet-chemical, mechanochemical, and sonochemical processes. A few examples of 

our recent research are explained below to highlight the important physics and technological 

aspects of these nanoclusters and nanostructured magnetic materials. 
 

1. Nanostructures with High-Anisotropy  

Discussion: We have reported the fabrication of rare-earth-free Co3Si nanoparticles which have 

properties that are attractive for permanent-magnet development. DFT calculations show that 

bulk Co3Si has an easy-plane anisotropy with a high K1 ≈ −64 Merg/cm3 (−6.4 MJ/m3) and 

magnetic polarization of 9.2 kG (0.92 T). In spite of having a negative anisotropy that generally 

leads to negligibly low coercivities in bulk crystals, Co3Si nanoparticles exhibit high coercivities 
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(17.4 kOe at 10 K and 4.3 kOe at 300 K), Figure 1. This result is a consequence of the unique 

nanostructure made possible by an effective easy-axis alignment in the cluster-deposition method 

and explained using micromagnetic analysis as a nanoscale phenomenon involving quantum-

mechanical exchange interactions. A similar behavior has been observer in Co2Ce particles. This 

compound in bulk has been reported to have magnetic ordering temperatures in the cryogenic 

range. However, our recent studies in Co2Ge nanoparticles showed that nanostructuring leads to 

highly anisotropic particles with the same crystal structure as in bulk but with much higher 

magnetic ordering temperatures (over 400 C) and with coercivity close to 1 kOe.  
 

Significance: The understanding and control of exchange interactions, spin-orbit effects, spin 

coupling across interfaces, and spin correlations in new and metastable structures are fertile areas 

for new research to enable the design and discovery of new functional materials.  
 

2. Rare Earth-Lean/Free Compounds with the Tetragonal ThMn12 Structure 

Discussion: In the course of studying the stability of the 1:12 tetragonal structure in arc-melted 

Zr1-xCexFe10Si2 alloys, we discovered a new metastable rare earth-free ZrFe10Si2 compound 

which possesses room-temperature saturation magnetization of 11.4 kG, Curie temperature of 

325 °C and uniaxial magnetocrystalline anisotropy with an anisotropy field of 18.7 kOe. Figure 2 

shows the structure, an x-ray diffraction pattern and the magnetic properties of this compound. 

These intrinsic magnetic characteristics as well as the absence of expensive rare-earths and Co 

make the compounds interesting for development of low-cost permanent magnets; a coercivity of 

0.7 kOe has been obtained in melt-spun ZrFe10Si2 alloy. A limited, 30%, Sm substitution for Zr 

increases the anisotropy field to 40.7 kOe; with the magnetic hardness parameter of 1.31 and the 

theoretical energy product of almost 35 MGOe, the Zr0.7Sm0.2Fe10Si2 compound containing as 

little as 2.3 at.% rare earth is a good candidate for filling the “gap” existing between the very 

inexpensive ferrite magnets and the much costlier magnets based on Nd-Fe-B and Sm-Co. 

 

Significance: Our approach provides useful insights for developing next-generation materials for 

permanent magnets which are rare earth lean/free.  
 

 

Figure 1. Hysteresis loops of Co3Si 

nanoparticle films deposited in an 

alignment field; (a) and (b) Hx = 0 and (c) 

and (d) Hx ≈ 5 kOe, where T is the 

measurement temperature. The 

measurement directions are x (blue), y 

(red), and z (green). The shoulders in (a)–

(d) are caused by the hcp-Co minority 

phase and, probably, by some uncoupled 

easy-plane particles. 

Figure 2. a) Unit cell of 

R(Fe,M)12 ThMn12-type 

structure, b) XRD spectrum 

and c) magnetic properties. 
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Future Plans 
We will continue to produce new nanostructured Co(Fe)- and Mn-based magnetic compounds of 

fundamental and technological importance. A further investigation will be carried out to 

understand the effects of size confinement on the ground-state electronic structure and associated 

spin correlations in nanoclusters and nanostructured materials in which complex interactions 

including DM (Dzyaloshinsky-Moriya) effects may exist. We will also continue our studies on 

tetragonal R(Fe,Co)12-based and 5:1:2-based compounds.  
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Program Scope 

This program focuses on the fundamental science of non-equilibrium magnetic materials and 

phenomena with emphasis on those enabled by interfaces and spin-orbit coupling.  It 

encompasses design, fabrication, measuring, and modeling of static and dynamic magnetic 

properties of heterostructured thin films exhibiting strong spin-orbit interactions and inversion 

symmetry breaking due to interfaces. The research addresses three interrelated sub-projects:  

i) Dynamics and thermodynamics of static and quasi-static novel thin film spin structures 

such as skyrmions and chiral magnetic textures and domain walls  

ii) Strong spin accumulation, spin transfer, and consequent control of magnetization 

created by interfaces between ferromagnet/non-magnet with strong spin-orbit coupling 

iii) Highly non-equilibrium magnetic states produced through electron or optical pumping 

at time scales ranging from nsec to fsec 

Through strategic choice of materials and utilizing a collective expertise in growth, magnetic, 

electrical, optical, and thermodynamic characterization, spectromicroscopy, and theoretical 

modeling, the NEMM team aims to control the strength of the critical underlying, sometimes 

competing, interactions (spin-orbit, exchange, single ion anisotropy, Dzyaloshinskii-Moriya, 

Coulomb, disorder) within and between dissimilar materials in proximity to each other, enabling 

development of models for resulting magnetic states and their dynamics. Theoretical modeling 

provides a basis for understanding the structure (atomic, electronic, magnetic) and dynamics 

(electron and spin transport, magnetization response) of these states, and guides exploration of 

the multidimensional space of new material systems.   

Recent Progress   

1. Single shot ultrafast all optical magnetization switching of 

ferromagnetic Co/Pt multilayers using a-GdFeCo.  A single 

femtosecond optical pulse has been used to fully reverse the 

magnetization of a ferromagnetic film within picoseconds. To date, 

this type of ultrafast switching has been restricted to ferrimagnetic 

GdFeCo films, while all optical switching of ferromagnetic films 

require multiple pulses, which is slower and less energy efficient. 

Here, we demonstrate magnetization switching induced by a single 

laser pulse in various ferromagnetic Co/Pt multilayers grown on 

GdFeCo, by exploiting the exchange coupling between these two 

magnetic films. The stack and typical magneto-optical (MO) images 

of a sequence of all-optical switching (single laser shot) events are 

presented in the figure. Table-top depth-sensitive time-resolved MO 

experiments show Co/Pt magnetization switches within 7 psec. [A17] 

We also showed [A8] that for the helicity-independent all-optical 

switching (HI-AOS) of GdFeCo films, the incident laser pulse duration can be as long as 15 

psec, much longer than in previous work. This result provided key insight into the role of the 

transient non-equilibrium electron and phonon temperatures in the HI-AOS process. This 

switching can be triggered by diffusion of high temperature electronic heat currents from 

Magneto-optical images of a 

GdFeCo/[Co/Pt] stack, that 

illustrate the possibility of 

switching the magnetization in 

both layers, via single linearly 

polarized laser shots. 
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adjacent laser-heated layers. We also observed ultrafast demagnetization on psec time scales in 

Co/Pt ferromagnetic thin films, induced by psec pulses of pure electric current [A12]. These 

results provided scientific underpinning for the demonstration of psec switching of GdFeCo thin 

films using psec pulses of pure electric current [B16], a result significant for applications. 

2. Spin-orbit torque switching of thick ferrimagnetic GdFeCo: Spin-orbit torque 

measurements in ferrimagnetic Gd21(Fe90Co10)79 films with perpendicular magnetic anisotropy 

and thicknesses up to 30nm have been measured using second harmonic Hall voltage detection. 

Both damping-like and field-like torques show an inverse linear dependence on thickness that 

indicates their interfacial nature. The spin-Hall angle remains constant over the thickness range 

of 10 to 30nm Gd21(Fe90Co10)79. Remarkably, this interfacial torque is able to switch a 30−nm-

thick Gd21(Fe90Co10)79 film with good thermal stability (≈100kBT). [A18] 

3. Effect of strain and film thickness on the transition temperature of FeRh. The effect of 

strain and (separately) film thickness was determined on the antiferromagnetic-to-ferromagnetic 

phase transition temperature of FeRh thin films by both experiment and density functional 

calculations. Strain was introduced by epitaxial growth on MgO, SrTiO3 and KTaO3  substrates. 

Film thicknesses below 15 nm substantially suppress the transition temperature T* to below 

room temperature in unstrained films. For strained films, tensile/compressive strain 

decrease/increase T* respectively. KTaO3 substrates produce sufficient compressive strain to 

increase the transition temperature of 10 nm FeRh films above room temperature, useful for 

proposed applications limited by T*<300K at small thicknesses. [A19] 

4. Enhanced magnetization, anomalous Hall effect, and spin polarization in amorphous Fe-

Si alloys: Spin polarization P of amorphous and crystalline Fe0.65Si0.35 films was determined by 

point contact Andreev reflection spectroscopy. P of the crystalline alloy is 40%, similar to that of 

common magnetic metals. P of the amorphous alloy is 70%, significantly higher than most 

ferromagnets, including numerous Heusler compounds theoretically predicted to be half-metals.  

The enhanced spin polarization and magnetization is attributed to modification of the local 

environments in the amorphous structure.  In addition, the anomalous Hall effect, suitably 

normalized by magnetization and charge carrier concentration, is very large and independent of 

the longitudinal conductivity, suggesting an intrinsic AHE mechanism in a system that lacks 

periodicity. This is remarkable because it indicates a local atomic level Berry phase. Recent 

theoretical work on AHE in disordered amorphous ferromagnets using tight binding theory is 

consistent with this hypothesis.  [A20] 

5. Nanosecond X-ray Photon Correlation Spectroscopy on Magnetic Skyrmions: In 

collaboration with groups from SLAC and UCSD, we performed X-ray photon correlation 

spectroscopy method exploiting the recent development of the two-pulse mode at the Linac 

Coherent Light Source. By using coherent resonant X-ray magnetic scattering, we studied 

nanosecond spontaneous fluctuations in thin films of multilayered Fe/Gd that exhibit ordered 

stripe and skyrmion lattice phases. The correlation time of the fluctuations was found to differ 

between the skyrmion phase and the stripe-skyrmion boundary. This technique will enable a 

significant new area of research on the study of equilibrium fluctuations. [A11] 

Future Plans   

1. Understand the fast time dependence (7 psec) of the HI-AOS switching in the coupled Co/Pt-

GdFeCo heterostructures, what parameters determine it (which exchange constant, effect of 

spin orbit coupling/orbital angular momentum. 
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i. Vary Tc, M of the FM layer (by varying the Co/Pt layer thicknesses – see e.g. A2), 

compare to varying d, to determine effect of exchange constant 

ii. Vary the strength of the magnetic anisotropy in each layer to gain further insight into the 

nature of the interlayer-couplings 

iii. Understand the role of ultrafast spin currents in the switching process 

iv. Investigate switching these layered structures using psec pure electrical current pulses 

v. Investigate the combination of psec electrical heating of magnetic thin films together with 

spin current injection using spin-orbit torque to understand and expand the mechanisms 

for ultrafast control of magnetism 

2. Are non-collinear spin structures (which are expected to exist in heavy metal-ferromagnet 

bilayers such as this) present or important in this Co/Pt-GdFeCo heterostructure? The broader 

goal is controlling stability and motion of non-collinear spin structures. We plan to perform 

XPCS studies on fluctuations taking advantage of the new COSMIC beamline at ALS:   

i. Discovery of skyrmion and biskyrmions phases in heavy metal/ferromagnetic films 

ii. Current control of skyrmion motion and biskyrmion orientation in FeGd films 

iii. Skyrmion fluctuations measured with fast XPCS with free electron lasers 

iv. Thermal- and field-driven intermittency in non-collinear spin phases  

3. Do the same parameters control spin-orbit torque switching as the ultrafast HI-AOS?  (via 

electrical current passing only through the heavy metal layer). Separate the effects of 

interface-induced vs bulk-induced spin current generation and transfer by designing 

heterostructures with different ferromagnets and heavy metals. 

4. Theoretical modeling of the fast time reversal using Time Dependent DFT (TDDFT) 

calculations.  Connecting the microscopic magnetic dynamics model with TDDFT  

5. Vary the ferromagnetic layer entirely e.g. a-Fe-Si alloys with tunable exchange, M, Tc  
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ferromagnets," Phys Rev B 94 020409(R) (2016) 
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025006 (2017) 
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submitted to Appl. Phys. Lett.  
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Program Title:  Spin-Coherent Transport under Strong Spin-Orbit Interaction  

Principal Investigator:  Jean J. Heremans  

Mailing Address:  Department of Physics, Virginia Tech, Blacksburg, VA 24061  

Email:  heremans@vt.edu 

 Program Scope  

The project aims to gain fundamental insight in the physics driven by electron spins in solids, 

and particularly in spin coherence phenomena, quantum states, and phenomena arising from 

spin-orbit interaction. The project focuses on the spin physics arising when electrons are studied 

and interact over small length scales, lengths similar to the quantum phase coherence length and 

spin coherence length and the carrier mean-free-path in the materials used. By the emphasis on 

quantum and spin coherence, a unique understanding of coherent spin-dependent electronic 

processes is obtained. Materials studied in the project include the semimetal Bi in thin film form 

and narrow-gap semiconductor heterostructures of InSb, InAs and InGaAs, patterned by 

nanolithographic techniques into mesoscale and nanoscale geometries. The main experimental 

tools used to characterize the spin properties over the small length scales are low-temperature 

quantum electronic transport and magnetotransport, sensitive tools that rely on processes such as 

quantum interference and can access properties of quantum states. In Bi thin films, the objectives 

are to acquire insight in the electron spin polarization and electronic transport under strong spin-

orbit interaction, in the interplay between spin-orbit interaction and the relatively unexplored 

hyperfine interaction, and in the hyperfine interaction itself, between electronic and nuclear 

spins. In InSb, InAs and InGaAs quantum wells, the objectives are to acquire insight in spin 

coherence under ballistic transport and in spin polarization in small structures, using 

nanofabricated spin interferometer structures relying on spin-orbit interaction. In InSb, InAs and 

InGaAs quantum wells, the objective also includes the characterization of quantum states arising 

from the Aharonov-Casher quantum-mechanical phase and its associated effective vector 

potential, which is an effective description of spin-orbit interaction. The Aharonov-Casher phase, 

which has deep implications, is the electromagnetic dual of the Aharonov-Bohm phase, obtained 

by exchanging the magnetic fields and electric charges in the Aharonov-Bohm phase by electric 

fields and magnetic moments (spin). The interactions studied (hyperfine, spin-orbit, electron-

electron) modify electronic transport and quantum states and have ramifications for other 

semimetal, semiconductor and insulator materials of scientific and technological interest as hosts 

for new quantum states of matter.  

 Recent Progress  

Quantum coherence: geometry and electron-electron interactions  

Quantum-interference measurements of spin- and quantum phase coherence show geometrical 

dependences that once taken into account can be used to characterize properties of quantum 

states.  Measurements show the influence of geometry on coherence in mesoscopic systems 

entering via geometrical restrictions on accumulation of geometrical phases, geometrical 
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dependence of electron-electron interactions, 

and coupling to classical environment [P2-

P6]. The quantum geometrical phases 

(Aharonov-Casher, Aharonov-Bohm...) and 

kinematic Berry's phases characterize novel 

quantum states of matter for potential 

applications in future quantum technologies, 

and it is by their dependence on the geometry 

of the system that we were able to deduce 

several salient properties [P3,P5,P6] (prev. 

work, electromagnetic mapping). Yet, 

electron-electron interactions and interaction 

of the quantum system with the classical 

environment are both important decoherence 

channels requiring quantification.  Using 

universal conductance fluctuations 

[P2,R1,R2] and antilocalization [P3,R3,R4] 

we hence studied the quantum phase 

coherence lengths in mesoscopic arenas, as 

function of the length and width of side-wires 

connecting the arenas to the wider 

environment [P2] and in narrow channels as 

function of channel length (Fig. ). Both 

experiments were performed on InGaAs/InAlAs. In the arenas with side-wires (inset Fig.), 

decoherence by coupling to the classical environment [R5] and electron-electron interaction 

Nyquist decoherence in short (ergodic) wires [R6-R8] compete and result in a dependence of 

phase coherence length on device geometry. Nyquist scattering results from dephasing of a given 

electron by the fluctuating electromagnetic environment from the other electrons. How the 

mesoscopic device geometry is sampled by the electron trajectories results in a dependence on 

geometry of Nyquist scattering [R6-R8]. The findings show that geometry plays a role in 

interpretation of phase coherence, and that electron-electron interactions tend to dominate this 

aspect. The findings are important also for the proper design of devices relying on properties of 

new quantum states of matter.   

Electromagnetic signatures of the chiral anomaly in Weyl semimetals  

A magnetometry diagnostic procedure for the chiral magnetic effect in Weyl semimetals was 

introduced [P1] based on the fundamental equations of axion electrodynamics, as an alternative 

to negative magnetoresistance [see e.g. R9].  The procedure is based on the penetration of 

magnetic fields over characteristic length scales in Weyl semimetals, as inspired by the Meissner 

effect in superconductors.  The physics leads to the Beltrami equation for the magnetic field B 

Top: Magnetoconductances of the geometry in the 

middle inset, showing universal conductance 

fluctuations.  Bottom: phase coherence lengths vs 

temperature in mesoscopic wires of various lengths. 

InGaAs 

quantum 

wells 
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[R10], B = B , which can be solved for different sample geometries.  Unlike the essentially 

one-dimensional Meissner problem leading to a decay of the magnetic field inside the material, 

axion electrodynamics in this case leads to a more intricate three-dimensional conformation.  The 

work fits in the exploration of new quantum states of matter and contributes a new experimental 

approach for Weyl semimetals.   

 Future Plans  

 Characterization of Bi hyperfine interaction via quantum transport.  In previous work in 

semiconductor heterostructures and in Bi thin films and wires, we studied the spin coherence 

length limited by spin-orbit interaction using quantum transport experiments sensitive to 

decoherence.  Prominent among other mechanisms limiting spin coherence lengths is the 

hyperfine interaction, coupling the carrier spins to the nuclear spins.  The aim is to understand 

the role of hyperfine interactions in spin decoherence in Bi thin films and mesoscopic structures.   

● Epitaxial thin films of pyrochlore bismuth iridates.  The structural, compositional, and 

electrical transport properties of epitaxial thin films of pyrochlore bismuth iridates are fertile 

ground for discovery of novel topological electronic states arising from the interplay of electron-

electron interactions and spin-orbit interaction.  Particular emphasis will be placed on 

magnetotransport and quantum transport.   
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APS CONFERENCES FOR UNDERGRADUATE WOMEN IN PHYSICS 

THEODORE HODAPP, APS 

DOE Grant DE-SC0011076  

 

1) PROGRAM SCOPE 

The APS Conferences for Undergraduate Women in Physics (CUWiP), held annually since 

2006, provide female physics majors with information, resources, and motivation to support 

their pursuit of an undergraduate physics degree, graduate education, and a career in physics. 

These conferences offer (i) inspirational talks by female physicists; (ii) student presentation 

sessions; (iii) workshops and panel discussions on summer research, graduate school, physics 

careers, professional development, and issues facing underrepresented minority women and 

first-generation college students; and (iv) ample opportunities for networking and informal 

mentoring. The conferences have an amplification effect by producing student 

“ambassadors” for physics when the participants return to their home institutions. 

 

The long-term vision of the CUWiP organizers is to increase the number of women who 

complete their undergraduate degree and pursue graduate school and/or a career in physics. 

To best carry out this vision, the project leadership makes a special effort to choose sites for 

the conferences in diverse areas of the country, to recruit participants from underrepresented 

groups, including at community colleges, and to design the conferences to meet these 

student’s needs as effectively as possible. 

 

2) RECENT PROGRESS 

The number of conferences has grown from six 

in 2013 to ten broadly geographically distributed 

conferences in 2017, and will be expanding to 

eleven in 2018. The number of participants has 

shown remarkable growth, increasing from 29 

students in the first year to about 900 in 2013.  

During the time period of this award, the 

participation has increased to about 1300 in 

2017. Conference attendance has more than 

tripled since APS first became involved 

following the 2011 conferences. 

 

The conferences have also recently inspired replication of the events in Canada (hosting its 

4th conference in 2017), and the UK (planning its third this coming year). Discussions with 

Canadian leaders are exploring the idea of unifying the events to allow Canadian events to 

become a part of these APS-sponsored meetings, with a likely first unified conference in 

2019. 

 

Major achievements in the project include developing infrastructure that makes the 

conferences more sustainable and efficient to organize -- by implementing a national student 

application and registration process with administrative support from APS, by developing a 
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repository of online materials to help future local organizing committees host effective 

conferences that satisfy the goals of APS CUWiP, and by introducing a host-site application 

process, also through APS.  

 

The organizational details of each conference were handled by Local Organizing Committees 

(LOC). A National Organizing Committee (NOC) met by phone approximately monthly to 

guide the overall organization of the conferences, specification of the content of the 

application and registration forms, etc. Members of the NOC include a three-person chair 

line, current and past heads of LOCs, several APS staff members, and the assessment team.  

 

This project included formal assessment by Professors Eric Brewe (Drexel) and Zahra Hazari 

(Florida International University), who have described their findings in a report based on pre- 

and post-conference surveys. The assessment team designed pre-conference and post-

conference surveys that were implemented by APS and administered online. The assessment 

report made several recommendations that were implemented for the 2017 conferences, and 

assessment in 2017 revealed gains in several areas including student’s sense of how to 

progress as a physicist, and their interest in pursuing various employment tracks.    

 

To select future sites, APS and the NOC implemented a national host-site application process 

that was used for 2015 host-site proposals and was fine-tuned to improve the process for 

subsequent years. Details can be seen at: www.aps.org/programs/women/workshops/cuwip-

host.cfm.  

 

All conferences organized panel discussions or workshops on topics such as applying for 

summer research, graduate school or employment in industry, and on the breadth of physics-

related career opportunities. Many of the conferences included tours of laboratories -- from 

small departmental labs to large national laboratories. Some participants had the opportunity 

to present their own research results in poster sessions or presentations. In addition to the 

conference activities for undergraduates, a couple of the conferences offered short parallel 

programs for local high school students, with some sessions overlapping with the 

undergraduate program. 

 

As an aid to improving the quality of the conference experience, we have, for the past four 

years, held a leadership gathering at APS headquarters in College Park, MD in late May or 

early June.  Here we bring together past and future site leaders, project leadership, and the 

project’s assessment personnel. Site leaders indicate this meeting as extremely valuable in 

understanding resources available from APS and other sources, and for planning an effective 

timeline. Site leaders often leave having thrown out portions of their existing plans and 

having replaced them with a clearer sense of how to assemble the various pieces of a 

conference that will better achieve their goals. 

 

3) FUTURE PLANS 

We are currently organizing the 2018 APS CUWiP at eleven sites – Arizona State 

University, Cal Poly Pomona/Pomona College/Harvey Mudd College, Columbia University, 

George Washington University, Iowa State University, Rochester Institute of Technology, 
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University of Kansas, University of North Florida, University of Oregon, University of 

Toledo, and University of Virginia. We are also preparing for site selection for 2019 sites. 

We will continue to incorporate the recommendations from our assessment efforts. We are 

planning a repeat of the Leadership Gathering in June 2018, and are updating our assessment 

instruments to probe other questions including more detailed measures of sexual harassment 

witnessed or experienced by participants. We expect several publications to result from the 

data we are gathering at these conferences. 

 

Project leadership (NOC leadership) meets regularly to consider strategic directions for the 

events, and to handle any issues that arise. One important role is to reach out to universities 

in geographic areas that are less well covered, and to universities that have fewer financial 

resources to encourage them to consider hosting a future event.  They and APS staff also 

speak to various audiences to continue to improve the messages presented at conferences, 

professional development opportunities available, and to invite groups to consider bringing 

their message to these energetic young women. 
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Proximity Effects and Topological Spin Currents in van der Waals  

Heterostructures 

 

Ben Hunt 
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Angular dependence of 50 4GHz spin 
waves in the plane containing the BV (0o) 
and FV (90o) modes. The continuous curve 
is the Kalinikos-Slavin theory.  
 

 

Bose-Einstein Condensation of Magnons 

J. B. Ketterson 

Departmemt of Physics and Astronomy 

Northwestern University 

Program Scope 

The major goal of this project is to verify the reports by the groups of B. Hillebrands and S. O. 

Demokritov in Germany using Brillouin spectroscopy that a dynamic Bose-Einstein condensate 

(BEC) of magnons forms in yttrium iron garnet (YIG) under parametric two magnon pumping.  

We are working toward detecting the microwave emissions associated with a condensate using a 

close coupled antenna patterned on the YIG surface. 

The magnon minimum occurs at some imprecisely 

known wave vector while antennas must have a fixed 

wavevector. These can be made identical by tipping the 

magnetic field out of plane. Hence we are measuring 

the out of plane behavior of the YIG magnon spectrum. 

Recent Progress  

In pursuit of this goal we just completed a study of the 

long wavelength part of the magnon spectrum in the 

forward volume (FV) backward volume (BV) plane. 

Note the radical disagreement with available theory [1]. 

Future Plans 

The next step is to pump our system, either resonantly 

or parametrically (as did the German group) and search 

for a condensate signal.  
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Program Scope 

The goal of this research program is to understand the fundamental properties of degenerate one-

dimensional (1-D) electrons in single-wall carbon nanotubes (SWCNTs). SWCNTs provide an 

ideal 1-D environment in which to study many-body physics. Semiconducting SWCNTs exhibit 

rich optical spectra dominated by extremely stable 1-D excitons, whereas metallic SWCNTs 

contain massless 1-D carriers with ultralong mean-free paths. Despite the large number of 

electrical, optical, and magnetic studies of SWCNTs during the last two decades, most of the 

predicted exotic properties of interacting 1-D electrons have yet to be observed, and some of the 

reported experimental results remain highly controversial. 

Here, using an arsenal of spectroscopic methods from the terahertz to the visible spectral range, 

including ultrafast optical spectroscopy and ultrahigh magnetic fields, we aim to probe 

correlations and many-body effects in this prototypical 1-D nanostructure. These studies can 

provide a wealth of new insights into the nature of strongly correlated carriers in the ultimate 1-D 

limit that will lead to novel nanodevice concepts and implementations. 

Specifically, the primary objective of this research program is to address the following key 

questions and issues, which are of critical importance in many-body physics: 

 ‘Spinons’ and ‘holons’ in high magnetic fields: What will be the signatures of spin-

charge separation in electron spin resonance? Will a magnetic field split spinon and holon 

peaks differently, as predicted? 

 Optical conductivity of Tomonaga-Luttinger liquids: How will many-body effects modify 

the frequency, temperature, and magnetic field dependences of dynamic conductivity of 

metallic SWCNTs? Will there be any scaling laws indicative of quantum criticality? 

 Light emission from high-density 1-D excitons: How will excitons in SWCNTs behave at 

quantum degenerate densities? How will the bosonic characters of 1-D excitons manifest 

themselves in emission spectra? Will they cooperate to emit superradiantly? 

The overall theme of this research is based on one of the emergent concepts in condensed matter 

physics today. Namely, dynamical, non-equilibrium, and nonlinear aspects of many-body effects 

in quantum-confined systems have been poorly addressed to date despite the fact that one can 

expect a wide range of extraordinary phenomena that are not expected in bulk solids or 

atoms/molecules. In addition, they will undoubtedly become important when one wants to 

operate any electrical or photonic nanodevices. Particular emphasis is placed on the dynamic 1-D 

phenomena in the terahertz, infrared, and optical frequency ranges, which is a widely open 

research field that deserves more exploration both from basic and applied points of view. 

Because they are direct band gap materials, SWCNTs are one of the leading candidates to unify 

electronic and optical functions in nanoscale circuits and elucidate how electron correlations can 

affect and control finite-frequency phenomena in 1-D systems. 
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Recent Progress 

Although the one-dimensional character of electrons, holes, and excitons in individual SWCNTs 

has stimulated much interest [1], its macroscopic manifestation has been difficult to observe. We 

have developed a simple but robust method for preparing large-area films of aligned SWCNTs 

by utilizing spontaneous alignment that occurs during vacuum filtration [2]. The produced films 

(see, e.g., Fig. 1) are globally aligned and are highly packed, and the film thickness is 

controllable in a wide range, from a few nm to ~100 nm. This method is applicable to any 

SWCNTs suspended in 

aqueous solution. By 

combining this method 

with recently developed 

chirality- and type-sorting 

techniques, we were able 

to fabricate aligned and 

chirality-enriched 

SWCNT films. 

Semiconductor films 

exhibited polarized 

photoluminescence, 

polarization-dependent 

photocurrent, and strong 

conductivity anisotropy. 

The development of these films allow for unique opportunities to systematically study the 

spectroscopic response at low temperatures and in high magnetic fields for either semiconducting 

or metallic carbon nanotube films in order to answer the primary research questions listed above. 

We measured polarization-dependent Raman spectra for these aligned SWCNT films and 

analyzed the data using standard equations for the angular dependence of SWCNT Raman 

spectra to determine the value of the nematic order parameter, S, to be 0.96 for this particular 

film. We also measured polarization-dependent transmission spectra of this film in a wide 

spectral range, from the terahertz to the visible. There was essentially no detectable attenuation 

within experimental errors for the perpendicular polarization in the entire range whereas there 

was a prominent, broad peak at 0.02 eV in the parallel case due to the plasmon resonance, similar 

to our previous studies [1,3,4]. In the near-infrared and 

visible ranges, we clearly observed the first two interband 

transitions for semiconducting nanotubes and the first 

interband transition in metallic nanotubes in the parallel 

polarization case. These peaks were absent for the 

perpendicular polarization, for which we instead observed 

a broad absorption feature in an intermediate energy 

region, which we attributed to the cross-polarized E12/E21 

peak. Such a transition, theoretically predicted more than 

20 years ago, has been previously observed in polarized 

photoluminescence excitation spectroscopy experiments in 

individualized SWCNTs. We observed this transition in 

our best-aligned films of large-diameter, arc-discharge 

 
Figure 2: Extinction ratio for a 

THz polarizer based on stacks of 

aligned SWCNT films. 

 
Figure 1: Large-area thin film of highly aligned, densely packed 

single-wall carbon nanotubes [2]. 
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SWCNTs only when S is nearly 1 and only when the tube density and thickness are high enough. 

We further increased the diameter of our aligned SWCNT films from 1 inch to 2 inches [5] and 

used portions of the larger film to increase the extinction ratio for a THz polarizer based on 

stacks of aligned films (see, e.g., Fig. 2) greatly enhancing the performance of our previous 

carbon nanotube THz polarizer [6]. 

Future Plans 

We will perform gigahertz, terahertz, and infrared spectroscopy experiments on these aligned 

large-scale carbon nanotubes films to understand their 1-D nature on a macroscopic scale. We 

will use modern nonlinear and ultrafast optical methods, combined with our unique capabilities 

of studying materials in ultrahigh magnetic fields using a 30 T table-top magnet [7,8]. 

Furthermore, using the developed method, we will be trying to fabricate single crystals of single-

chirality single-wall carbon nanotubes (see Fig. 3). Such crystals are expected to exhibit new 

phenomena arising from the intrinsically one-dimensional nature of the interacting electrons in 

these systems in a chirality-specific manner. 
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Program Scope 

The goal of this program is to investigate novel effects arising from coupling between 

proximity and spin-dependent transport in nanoscale multilayer systems made of ferromagnetic 

(F) and superconducting (S) materials. The first is the modification of the differential 

conductance G(V), the giant magneto-resistance (GMR), and the spin transfer torque (STT), in 

metallic spin valves, induced by proximity to a superconducting layer. We expect the angular 

dependence of these quantities to develop large -periodic, bias-dependent components that are 

induced by the proximate superconductor. This is in sharp contrast to the 2-periodic, bias-

independent behavior in conventional metallic spin valves. The second is tuning of the Josephson 

current in Josephson junctions with spin valve barriers via control of the magnetic state of the 

barrier. We expect giant variation of the critical current in response to a weak external magnetic 

field that rotates the spin valve magnetic moments from the anti-parallel to the parallel 

configuration. This effect originates from modulation of the long-range spin-triplet super-current 

by magnetic non-collinearity within the barrier. The third is enhancement of the critical current 

in Josephson junctions with ferromagnetic barriers by spin orbit interaction (SOI). Addition of an 

ultra-thin layer with strong spin orbit interaction to the barrier is expected to increase the critical 

current via SOI-induced generation of a long-range spin-triplet component of the supercurrent. 

Recent Progress  

a. Experiment 

 Bias dependence of angular magneto-

resistance in superconductor/spin valve nanowires. 

We developed a process for fabrication of nanowire 

devices from S/F/N/F/AF multilayers, and 

measured significant magneto-resistance (MR) in 

these nanowires.  We found that a very gentle 

physical etching process is needed to make 

nanowires out of the Nb/Co/Cu/Co/CoO multilayer 

films while preserving the film-level magnitude of 

the magneto-resistance. The key to successful 

fabrication of nanowires with high MR is very slow 

etching of the multilayer by argon ion milling 

during the nanowire patterning stage and cooling of 

the substrate throughout the etching process.  

We made measurements of the angular dependence of current-in-plane (CIP) MR in 

Nb/Co/Cu/Co/CoO nanowires as a function of the bias current near the superconducting 

transition temperature Tc of the multilayer. These measurements reveal an unexpectedly strong 

modification of the angular dependence of the MR by the bias current as illustrated in Fig. 1. The 

Fig. 1. Resistance of a Nb(20 nm)/ Co(0.8 nm)/ 

Cu(4 nm)/ Co(2 nm)/ CoO(2 nm) structure 

versus angle  between magnetic moments of 

the free and pinned Co layers measured in the 

middle of the superconducting transition. 
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data in Fig. 1 shows the resistance difference between the parallel (0) and antiparallel (180) 

configurations of the free and fixed Co layers of the spin valve changes sign as a function of the 

bias current. This bias dependence of MR can be explained by spin current injection [1] from the 

Co/Cu/Co spin valve to the Nb layer driven by a combination of (i) a pure spin Hall current and 

(ii) a pure spin Seebeck current arising from a temperature gradient perpendicular to the 

multilayer plane that arises from Ohmic heating of the layers [2]. Such pure spin currents 

flowing perpendicular to the multilayer plane are analogous to the spin-polarized electrical 

current in the current-perpendicular-to-plane (CPP) geometry driven by voltage bias that is 

applied perpendicular to the plane of the layers.  

CPP MR nano-contact devices. In order to 

understand the effects of pure spin currents and 

spin polarized electrical current on the MR in 

S/F/N/F multilayers, we designed and made a new 

type of MR nano-contact device shown in Fig. 2, 

which enables simultaneous measurements of the 

MR in the CIP and CPP geometries for the same 

sample. The device consists of a rectangular top 

nano-contact made at the intersection between a 

S/F/N/F nanowire and a top lead nanowire. These 

devices made at UCI show sub-Ohm 4-point CPP 

resistance indicative of clean interface between the S/F/N/F nanowire and the top lead nanowire 

making Ohmic contact to each other in the junction area.   

Figure 3 shows CPP resistance of a 0.250.15 m2 nano-contact to a 0.15 m-wide 

Nb(30 nm)/ Co(10 nm)/ Cu(10 nm)/ Co(5 nm) nanowire measured as a function of magnetic 

field applied parallel to the wire. The top panel shows the 4-point MR data above the 

superconducting transition temperature Tc of the Nb layer while the bottom panel shows the data 

below Tc. It is clear from the data that 

significant GMR is present both above and 

below Tc in this test device. Both the CPP 

resistance and the GMR increase upon 

transition of the Nb layer into the 

superconducting state. This is indicative of a 

relatively high resistance of the Co/Nb 

interface. We have determined that this effect 

is intrinsic to the Nb/Co interface. The 

observed variation of R/R0 upon the normal 

metal/superconductor transition of the Nb 

layer is relatively small. This is expected and 

consistent with the theory described in the 

theory section below because relatively thick 

Co layers were employed in these initial test 

devices. Measurements of the devices with 

thin (< 1 nm) Co free layers are in progress. 

In these devices, theory predicts strong variation of the angular dependence of MR upon the 

normal metal/superconductor transition of the Nb layer [1].  

 

Fig. 3.  CPP nano-contact resistance versus magnetic 

field applied parallel to a Nb(30 nm)/ Co(10 nm)/ 

Cu(10 nm)/ Co(5 nm) nanowire above (top panel) 

and below (bottom panel) the superconducting 

transition temperature of the Nb layer. 

Fig. 2. Schematic of the CPP MR nano-contact 

devices made at UCI. The bottom nanowire is a 

Nb/Co/Cu/Co multilayer while top nanowire is 

an Au top lead. 
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b. Theory 

Bias dependent conductance in S/F/N/F structures. We have performed extensive calculations of 

the bias-dependent conductance G(V) for Nb/Co/Cu/Co samples, using actual material 

parameters and realistic thickness values for the different layers, and taking into account the 

unavoidable scattering at the interfaces. 

The calculations have been performed 

using fully self-consistent methods, 

which are absolutely necessary to ensure 

that current is conserved. For each 

geometrical and material characteristics, 

results for G(V) are obtained as a 

function of the angle between the 

magnetization of the Co layers, the 

objective being to determine the 

conditions that are optimal for obtaining 

the best valve effects. The temperature 

dependence of the transport (the relevant 

parameter being T/Tc) has also been 

calculated. An example is shown in Fig. 

4, where G(V)  in natural units is given as a function of E/0 for several values of the scattering 

barrier between Nb and the inner Co layer. These results for the conductance recently published 

in Ref. [1] are only an extremely small fraction of those calculated. We have obtained a very 

extensive database of results for different parameter values: for each set of geometrical and 

barrier parameters, a full set of G(V) or I/V curves is obtained for many values of These results 

are summarized in a data base with a user-friendly interface. This data base is used for 

optimization of the 

device parameters made 

at UCI. 

Spin currents and Spin 

Transfer Torque (STT). 

We have developed a 

method to calculate the 

spin current and the 

STT in S/F/F structures. 

The method and some 

preliminary results are 

included in Ref. [1]. A 

sample of the results 

published there for STT 

is shown in Fig. 5.  The 

figure shows three 

components of the STT 

for in a F/F/S structure, 

plotted as a function of 

position. Only the important portion of the sample is included in the plot: the 0 in the horizontal 

axis is at the S interface and -30 is at the interface between the two F layers.  

 

Fig. 4. Conductance versus bias [1]. 

 

Fig. 5. The three components of the STT plotted for three different bias values 

in an S/F/F structure. The y axis is normal to the layers.  
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Future Plans 

- We are performing a series of measurements on S/F/N/F nanowires where the temperature 

gradient is decoupled from the direct electrical bias current in order to unambiguously separate 

the spin Seebeck and spin Hall contributions to the observed bias dependence of MR. 

- Measurements of the angular dependence of MR as a function of the Co layer thickness in the 

nano-contact devices are currently under way. 

- The UNM group initiated theoretical work for a fully self-consistent calculation of the transport 

properties of Nb/Co/Cu/Co/Nb Josephson junctions. These Josephson junction devices are being 

fabricated at UCI. 
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Program Scope 

This program explores novel physical phenomena associated with superconductivity and its 

interplay with magnetism, determines the origins of these phenomena and explores innovative 

applications for superconductivity. Our current goal is to discover and control novel physical 

phenomena in superconductivity and vortex matter that can emerge through tailored 

heterogeneity induced by particle irradiation, magnetic texture and thermal hotspots. Presently, 

we are focused on investigating (i) modified nodal structures of candidate topological 

superconductors via irradiation (ii) vortex pinning behavior via heterogeneous magnetic textures 

in hybrid ferromagnetic/superconducting structures and (iii) enhancement of THz radiation 

output in high-temperature superconducting meso-crystals via controlled spatial thermal 

heterogeneity. We maintain leading programs in experiment and theory, with each deriving 

strong benefit from close mutual cooperation.  Below, we highlight our recent work on creating a 

novel reconfigurable and rewritable artificial magnetic charge ice structure and its potential for 

manipulating superconducting flux quanta. 

 

Recent Progress 

Artificial spin ice systems are used to explore geometrically frustrated systems and have potential 

applications in data storage, memory, and logic devices [1]. Experimental realization and 

manipulation of long-range order for the various, almost degenerate spin ice configurations (i.e. 

‘ice-rule’ of pairs of opposing spins pointing in and out at the vertex) are key challenges in current 

artificial spin ice research. Extensive experiments have been conducted using various thermal and 

magnetization approaches to 

obtain ordered states of the 

artificial square spin ice 

structure [2-4]. However, 

long-range ordering could 

only be realized for the 

diagonally polarized Type II 

(two neighboring spins 

pointing in and two out) 

magnetic state through 

magnetization [5, 6]. For the 

nominal Type I ground state 

(two pairs of opposing spins 

pointing in and out), sizable 

domains and crystallites were 

obtained only in samples 

heated above their Curie 

temperatures [2]. We solved 

the key issue of obtaining 

long-range order of the Type I 

Fig. 1 (a) Square spin/charge ice structure consisting of magnetic nanobars 

(left) mapped to a new pattern which preserves the dumbbell magnetic 

charge ice structure – red (+) and blue (-) charges (right). (b) Scanning 

electron microscopy (SEM) image (left) of patterned nanomagnets (300 nm 

* 80 nm * 25 nm) and magnetic force microscopy (MFM) images (right) of 

Type I, II and III magnetic charge configurations obtained with an in-plane 

magnetic field at various orientations. Inset demonstrates the local 

write/read/erase multi-functionality with an MFM. 

(a) 

(b) Type II Type I Type III 

= 

Square spin ice Charge ice Charge ice New pattern 
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ground state through a novel approach by decoupling the magnetic charge pattern from the spin-

ice pattern to produce an artificial magnetic charge ice with reconfigurable long-range ordering 

of eight different configurations including the Type III (three spins in/out and one out/in) state [7]. 

Figure 1a shows the mapping of a typical square spin ice structure consisting of magnetic 

nanobars onto a new configuration that preserves the magnetic charge structure of the square spin 

ice. The new configuration of nanobars and the corresponding magnetic force microscopy (MFM) 

images of the Type I, II and III states are shown in Fig. 1b. Applying an in-plane magnetic field 

along different directions converts the entire sample from one magnetic state to another. 

Furthermore, an MFM tip can manipulate the local charge states to achieve write/read/erase 

multi-functionality (inset Fig. 1b). This globally reconfigurable and locally rewritable magnetic 

charge ice provides a new platform to explore phase transitions and defect formation, as well as 

spin and magnetic charge dynamics.  

 

In a follow-on study, we deposited 

our magnetic charge-ice structure onto 

a MoGe superconducting film to 

explore the mutual interaction 

between various spin-ice config-

urations and superconducting flux 

quanta as shown in Fig. 2a. The 

reconfigurable magnetic charge ice 

structures provide ice-like pinning 

potentials [8, 9] to create novel vortex 

lattices and to control their dynamics. 

Figure 2b highlights the critical 

current peaks/kinks associated with 

the each of the in-situ controlled 

magnetic charge ice configurations. 

The corresponding flux quanta pattern 

derived from molecular dynamics 

simulations is shown in Fig. 2c. 

Furthermore, the built-in asymmetric 

nature of the Type II and Type III 

magnetic charge ice configurations, 

could lead to vortex ratchet motion 

where an AC current induced driving 

force can rectify flux quanta 

movement along a fixed direction. By 

in-situ tuning of the magnetic charge 

configurations, we can expect a 

switchable and reversible rectification effect. Geometric frustration of flux quanta can also be 

designed into the magnetic charge configuration (Fig. 2c), thus providing an intriguing 

ferromagnetic/superconducting hybrid system to investigate the dynamic process of geometric 

frustration since flux quanta can be easily driven by externally applied currents. The dual ability 

to switch magnetic charge configurations and to control the flux quanta density may allow in-situ 

control of geometric frustration. 

Fig. 2 (a) Hybrid structure of an array of nanoscale bar magnets

of an artificial spin ice on top of a MoGe superconducting thin

film. (b) Magnetic field dependent superconducting critical

currents under three magnetic charge-ice configurations (Type I,

II and III). Sharp features arise in the critical current at simple

fractions and multiples of the matching field as indicated by the

dashed lines. The matching field, 40 G, corresponds to one

vortex per magnetic plaquette (c) Simulated flux quantum

distributions under Type I and Type III magnetic charge ice

configurations at 1 and 2 times the matching field, respectively.

(a)

(b) (c)

Ordered
Type III

Disordered
Type I
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Future Plans 

We plan to extend the above studies to BSCCO and YBCO cuprate high-temperature 

superconductors to probe the ubiquitous vortex liquid state. We expect the creation of various 

ordered ‘vortex-structures’ in the liquid state with different viscosity that could arrest vortex flow 

in the liquid. These emergent vortex-liquid structures with tailored viscosities may lead to new 

functionalities such as mitigating vortex flow in the event of a magnet quench in high-temperature 

superconductors. Finally, such reconfigurable magnetic textured structures could be mapped to 

other electric/magnetic particle and quasiparticle systems, such as magnetic skyrmions, electrons 

in two-dimensional electron gas, as well as magnetic colloidal particles. This research could 

stimulate future investigation of reconfigurable properties in smart, active materials. 
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Program Scope 

 This research program focuses on the investigation of strong electron correlations in 

quasi-one-dimensional oxide nanostructures.  The archetypical system consisting of 

heterostructures formed from an ultrathin layer of LaAlO3 and TiO2-terminated SrTiO3 offers a 

unique laboratory for probing strong correlations due to intrinsic richness of the physical system 

and its ability to be modulated at extreme nanoscale dimensions.  Under suitable conditions, 

SrTiO3 is known to exhibit a variety of important properties associated with strong electronic 

correlations, especially superconductivity and magnetism.  Understanding the nature of these 

electronic correlations at fundamental scales, and in reduced spatial dimensions, will provide the 

scientific basis for new energy technologies, information technologies, and materials. 

The research is motivated by discoveries and technical advances in Levy’s lab, 

specifically, (1) pioneering work to create conductive nanostructures to be created in 

LaAlO3/SrTiO3 heterointerfaces with 2 nm spatial resolution, (2) the discovery of a novel 

correlated electronic phases in which electrons pair without forming a superconductor, and (3) 

the demonstrated ability to form high-quality electron waveguides capable of achieving ballistic 

electron transport over micrometer-scales. 

Central to the motivation of this work is the goal of developing a full microscopic 

understanding of electron pairing mechanism in LaAlO3/SrTiO3 nanostructures.  Understanding 

the “glue” that leads to pairing and superconductivity in a doped semiconductor will help to form 

a scientific basis for the correlated oxide nanoelectronics platform being developed.  We are also 

probing fundamentally new quasiparticle excitations using an unprecedented combination of 

experimental methodologies.  Experiments already underway with artificially defined short-

period superlattices (5 nm period) to demonstrate the feasibility of this approach.  We are also 

utilizing a milli-Kelvin scanning probe microscope that can directly perturb and probe electron 
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nanostructures.  Thematically, the proposed research falls under a grander vision to combine 

some of the most important and interesting challenges in the physics of semiconductor 

nanostructures and correlated electronic materials.   

 Recent Progress  

 Current progress has focused on observations of 

frictional drag between two conducting LaAlO3/SrTiO3 

nanowires that are electrically isolated from one another but 

in close proximity. When a current is sourced through one 

system (the “drive” system), it may induce a voltage in the 

other (the “drag” system). This effect is most generally 

known as frictional drag or Coulomb drag and was first 

proposed by Pogrebinskii [1] as a method to probe 

correlations among the charge carriers of the system. Drag 

signals performed by other groups in semiconductor or 

graphene materials have been dominated by Coulomb 

interactions; at large separations, non-Coulombic 

interactions become apparent [2,3]. 

We have performed frictional drag measurements in coupled LaAlO3/SrTiO3 nanowires. 

Devices are fabricated by c-AFM lithography on LaAlO3/SrTiO3 heterointerfaces with 3.4 u.c. of 

LaAlO3 deposited on a SrTiO3 substrate by pulsed laser deposition. The general setup is shown 

in Figure 1.  Key parameters are the nanowire length L, the nanowire separation d and the 

nanowire width w.  Frictional drag phenomena are investigated in coupled LaAlO3/SrTiO3 

nanowires by sourcing current in one wire and measured the induced voltage in the other wire.  

Alternatively, current can be sourced in one wire, while drag current is measured in the other 

wire.  Most of the interesting behavior is observed at temperatures below T~500 mK, where 

ballistic transport within conductive nanowires have been reported by us [4].  The frictional drag 

system (Fig.  1) consists of two parallel nanowires of width w ∼ 10 nm, length L = 400 nm to 1.5 

µm, and separation d = 40 nm to 1.5 µm. One nanowire has four terminals (wire 2), allowing for 

4-terminal measurements, while the other has three terminals (wire 1). 

Figure 2 shows typical behavior for such an experiment, which has been carried out on 

more than a dozen such structures.  The drag resistance 𝑅21 = 𝑑𝑉2/𝑑𝐼1 (Fig. 2(a,b)), measured 

as a function of magnetic field 𝐵 and drive current 𝐼1, is antisymmetric with respect to the 

sourcing current.  The antisymmetry in drag resistance implies a unidirectional (symmetric) drag 

current and is confirmed by the direct current drag measurement (Fig. 2(c,d)). The observed 

unidirectional current drag is ascribed to slight asymmetries within nanowires.  

The four-terminal resistance R22(B) yields information that is strongly correlated with the 

observed asymmetry. Nonlinearities in nanowire resistance at zero-bias “trans-resistance” 

Figure 1. Frictional drag device and 

experimental setup.  
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𝑑𝑅22/𝑑𝐼2 (Fig. 2(e)) provide a useful quantitative measure of the observed asymmetry, which is 

highly correlated with the drag resistance. The strong antisymmetry of 𝑅𝑑𝑟𝑎𝑔 is highlighted by 

taking line cuts of 𝑅𝑑𝑟𝑎𝑔 at 𝐼𝑑𝑟𝑖𝑣𝑒 = 0 nA, ±50 nA (Fig. 2(f)).  

These results provide new insights into non-Coulombic electron-electron interaction 

effects that must be accounted for in any full description of electron transport at oxide interfaces.  

By comparing the maximum Rdrag for devices with various L and d (see Table I and also 

Figure 3), we see that the drag resistance does not decrease significantly for a large range of 

separations d. If Rdrag arose primarily due to Coulomb interactions between the charge carriers, 

we would expect, due to the rapidly decreasing interaction between the nanowires, that the signal 

would decay quickly as the separation is increased. We therefore conclude that the dominant 

interactions between the nanowires are non-Coulombic in nature. 

While the origin of this non-Coulombic interaction is not at all understood, its long-range 

nature may prove useful in energy harvesting applications [35, 36] in which noise in the drive 

wire is rectified in the drag wire [37]. The long-range nature of the interaction allows the noise 

source to be placed far from the energy harvesting wire. Apart from applications, this strong 

interaction is worth understanding as it may be related to the strong electron-electron attraction 

that leads to pairing and superconductivity in SrTiO3-based heterointerfaces. 

Figure 2. Left: Magnetic-field dependence of drag resistance. Middle: Magnetic-field dependence of drag 

current. Right: Top panel, conductance asymmetry in wire 2 measured at zero bias. Bottom panel, linecuts 

from left panel at I1 = ±50 nA and 0 nA. 

 

(a)

(b)

(c)

(d)

(e)

(f)
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TABLE I. The length L, nanowire separation d, 2- and 4/3-terminal, and drag resistances for 

several devices.  The device shown in Fig. 2 is marked in boldface. 

 

Future Plans 

 In future investigations, frictional 

drag experiments can be repeated with 

nanowires that are exhibit quantized 

ballistic transport [4].  We are also 

developing a phenomenological model (not 

discussed here), and investigating the 

superconducting regime, which is 

qualitatively distinct.  In addition, the 

dimensionality of one or both conductors 

can be varied easily (e.g., 0D and 2D), to 

study electron correlations under different 

conditions.  
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Device L d R2T,1 R2T, 2 R11 R22 RDrag,1 RDrag, 2 

1A 400 nm 40 nm 58-72 kΩ 42-48 kΩ 32-43.5 kΩ 8.4-9.2 kΩ 20 Ω 60 Ω 

1B 400 nm 40 nm 22-30.8 kΩ 25.5-33.5 kΩ 8.6-12.5 kΩ 14-18.3 kΩ 14.1 Ω 4 Ω 

1D 1 µm 300 nm 36.5-46.5 kΩ 25-45.8 kΩ NA 8.7-18 kΩ 50.6 Ω 23.2 Ω 

1E 1 µm 450 nm 40-108 kΩ 29-34 kΩ NA 6.4-7.5 kΩ 200 Ω 38.5 Ω 

1F 1.5 µm 550 nm 27-35 kΩ 29-63.4 kΩ NA 7.8-11.8 kΩ 15 Ω 52 Ω 

2A 1.5 µm 550 nm 33-76.6 kΩ 22-29 kΩ NA NA 27 Ω 26 Ω 

2B 1.5 µm 550 nm 23-36.2 kΩ 22-51 kΩ 11-16 kΩ 3.7-5.5 kΩ 19 Ω 41 Ω 

2C 1.5 µm 1.5 µm 16.5-26.5 kΩ 22-37 kΩ 10.2-14.8 kΩ 2.7-4.1 kΩ 10 Ω 8.5 Ω 

3A 400 nm 200 nm 50-127 kΩ 26.6-37 kΩ 29-98 kΩ 5.2-6.7 kΩ 136 Ω 86 Ω 

 

Figure 3. Separation dependence of drag resistance 

measured from wire 1 (red) and wire 2 (blue.) for 

devices listed in Table 1. 
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Program Scope 

 Electric-field control of magnetization has received intense investigations in the past 

decade for fast, low-power magnetic recording, sensors and spintronic device applications. This 

three-year research grant (DE-FG02-04ER46127) focuses on the study of a variety of 

magnetoelectric (ME) coupling effects and coherent spin dynamics in a broad range of complex 

multiferroic (MF) oxide heterostructures using interface-specific and time-resolved nonlinear-

optical techniques. A major innovation in this program is the study of ME coupling effects in 

ferromagnetic (FM) manganite/ferroelectric (FE) oxide thin-film Schottky heterojunctions, 

including electron-doped BaTiO3 and BiFeO3. The coexistence of the FE phase and conductivity 

is interesting because such a conducting bistable material introduces new functionalities. 

Building on key advances of the previous award period, our program concentrates on two major 

themes: (i) to determine the interfacial ME coupling mechanism and its correlation with charge 

transfer, orbital states and strain states induced by the substrate or film thickness using the 

interface-specific magnetization-induced second-harmonic generation (MSHG) technique, and 

(ii) to investigate its effect on the coherent spin precession in these strongly correlated systems as 

a new path for fast magnetic switching utilizing the time-resolved magneto-optical Kerr effect 

(TRMOKE) technique. The goal of these studies is to elucidate the static and dynamic magnetic 

interactions and their correlations with the electronic structure and strain states at the valence and 

lattice mismatched interfaces, which can be artificially engineered. The science addresses issues 

of energy dissipation and the coupling between electronic and magnetic order in such advanced 

multifunctional materials, of fundamental importance to our understanding of solid-state 

properties and has numerous applications. 

 

Recent Progress  

 Electrical manipulation of magnetism presents a promising way towards using the spin 

degree of freedom in very fast, low-power electronic devices. Though there has been tremendous 
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progress in electrical control of magnetic properties using ferromagnetic nanostructures, an 

opportunity of manipulating antiferromagnetic (AFM) states should offer another route for 

creating a broad range of new enabling technologies. Here we selectively probe the interface 

magnetization of SrTiO3/La0.5Ca0.5MnO3/La0.7Sr0.3MnO3 (STO/LCMO/LSMO) heterojunctions 

and discover a new spin-polarized current injection induced interface magnetoelectric effect [1]. 

The accumulation of majority spins at the interface causes a sudden, reversible transition of the 

spin alignment of interfacial Mn ions from AFM to FM exchange-coupled, while the injection of 

minority electron spins alters the interface magnetization from C-type to A-type AFM state. In 

contrast, the bulk magnetization remains unchanged. We attribute the current-induced interface 

ME effect to modulations of the strong double-exchange interaction between conducting electron 

spins and local magnetic moments. The effect is robust and may serve as a viable route for 

electronic and spintronic applications. 

 

     a)                                         b) 

 

    

 

 

 

 

 

 

Figure 1: Magnetic hysteresis loops from STO/LCMO/LSMO heterostructure, (a) MSHG and (b) MOKE 

measurements as a function of gate voltage Ug. The interfacial LSMO layer exhibits magnetic transitions, while the 

bulk LSMO maintains the FM state. All of the experiments are performed at 78 K. 

 

The MSHG technique is well suited for probing the interfacial magnetic state where the 

inversion symmetry is broken. The characteristic length scale for our MSHG data is the length of 

one unit cell, because second-harmonic generation is forbidden (in dipole approximation) in 

centrosymmetric media. For comparison, magneto-optical Kerr effect (MOKE) measurements 

are carried out to detect the LSMO bulk magnetic properties. All of the experiments are 

performed at 78 K, which is well below the Curie temperature of LSMO. Figure 1a displays 

voltage-dependent MSHG loops for the STO/LCMO/LSMO heterostructure varying from -4 V 
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to +4 V. MSHG loops are observed at negative voltage but disappear near zero voltage. The 

loops reappear at +2.5 V. In contrast, MOKE loops are always observed over the whole voltage 

range (Fig. 1b). Since coercive fields of MSHG and MOKE loops are very similar, we attribute 

this phenomenon to a new interfacial ME effect in the LSMO layer. The magnetic properties of 

the ultrathin (1 nm) LCMO interlayer are not observed or distinguished, as it initially is AFM at 

zero gate voltage and can be tuned to other states by different carrier injection (a special kind of 

doping). The results are important for the transport properties of magnetic tunneling junctions, 

because an interfacial magnetic transition may notably change the spin polarization of the 

tunneling current and thus be decisive for tunneling magnetoresistance. 

 

Future Plans 

 Next, we are planning to investigate the manipulation of charge ordering in Fe3O4 by 

field cooling. The conductivity of magnetite drops by two orders of magnitude below the 

Verwey temperature, known as the Verwey transition, due to the formation of charge ordering. 

However, a thorough explanation of the driving mechanism of the Verwey transition in 

magnetite has not been provided yet. Hence, the detection and the associated manipulation of 

charge ordering in Fe3O4 are significant in clarifying the Verwey transition. The presence of 

ordered pattern leads to symmetry breaking of the crystalline structure in magnetite. Therefore, 

we will perform second‐ harmonic generation (SHG) measurement on single‐ crystalline Fe3O4 to 

directly reveal the effect correlated with charge ordering. The sample is field‐ cooled with the 

assistance of an ultrafast laser, which controls the fractional area of the two charge ordering 

patterns in single crystalline magnetite. The results of SHG measurements may help verify the 

existence of the charge ordering state with single orientation that is highly desirable for the 

exploration of the origin of the Verwey transition. 

We will also investigate the magnetization dynamics in the exchange‐ coupled system 

Co2FeAl/(Ga,Mn)As. (Ga,Mn)As has been studied extensively in the past decades due to its 

excellent performance in semiconductor spintronic devices. Co2FeAl is a desirable spintronic 

material because of its high spin polarization, low Gilbert damping constant, and high Curie 

temperature. In combination, Co2FeAl/(Ga,Mn)As bilayers induce exchange‐ coupling 

modulation across the heterostructure interface which can drive the ferromagnetic magnetization. 

This idea might have great potential in magnetic recording and spintronic devices. We are now 

looking into magnetic dynamic properties of Co2FeAl/(Ga,Mn)As bilayer heterostructure with 

time‐ resolved magneto‐ optic Kerr effect measurements. When photo‐ excited, the interface 

spins in (Ga,Mn)As are strongly modulated and thus produce the magnetic torque on the 

Co2FeAl layer, driving its magnetization precession. By modeling the data with Landau‐

Lifshitz‐ Gilbert equation, the magnetic parameters such as anisotropy fields, exchange‐ coupling 

field, and the Gilbert damping constant will be obtained from the measured field dependence and 
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temperature dependence of the magnetization precession frequency. Our results will help 

promote the development of low‐ energy consumption magnetic device concepts.  
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Program Scope 

The research program at Illinois seeks to establish the generality and full implications of 

phase-sensitive coupling between charge and superconducting order parameters in materials 

exhibiting charge inhomogeneity. Specifically, we are seeking to first confirm experimentally a 

number of unique phenomena predicted by Berg et al [1,2] for the cuprate material La2-

xBaxCuO4 (LBCO), commonly believed to contain such coupling [3,4], and then extend the work 

to include several other superconducting families. As a part of this goal, we are identifying 

material families with co-existing charge and superconducting orders, and attempting to 

understand the details of the coupling between the order parameters. In the long term, we hope 

these are the first steps in identifying symmetry-based unifying principles, which might provide 

the foundation for a universal phenomenological theory, appropriate to describe to multiple 

families containing unconventional superconductivity. 

To address these questions in a comprehensive way, our team contains in a complement 

of experimental techniques. This includes growth of relevant crystals (MacDougall) and films 

(Van Harlingen), and exploration with neutron scattering (MacDougall), Josephson 

interferometry (Van Harlingen) and Raman scattering (Cooper). Close collaboration between 

our group and Peter Abbamonte brings in expertise in x-ray scattering and momentum-resolved 

electron energy loss spectroscopy (M-EELS). Experimental results are being interpreted in the 

context of the theoretical framework of Eduardo Fradkin, and used by him to develop a more 

general theory. 

 

Recent Progress  

In the past year, our collaboration has perfected the float-zone growth of and performed a series 

of neutron and resonant x-ray scattering measurements on crystals of La2-x-yEuySrxCuO4 

(LESCO), which firmly establish the existence of both spin- and charge-stripe correlations in this 

cuprate family for the first time. Previously, confirmation of stripe order in LESCO has been 

confounded by the strong neutron absorption cross-section of natural-abundance europium, 

which makes neutron scattering experiments virtually impossible. To address this issue, we have 

grown several centimeter-sized single crystals via the float-zone technique, while enriching with 

the “neutron-friendly” isotope 153Eu. In January, 2017, we performed the first detailed neutron 

measurements of magnetism in LESCO at a doping near x=1/8 using instruments at the High 

Flux Isotope Reactor at Oak Ridge National Laboratory (ORNL) to search for signs of spin-

stripe order. Parallel resonant x-ray scattering experiments were performed on related crystals at 

the SLAC National Accelerator Laboratory to search for charge-stripe peaks.  
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Our scattering data establish for the first time the existence of incommensurate orders at low 

temperatures, in both spin and charge channels. Neutron scattering data from HFIR (Fig. 1a) 

reveal the emergence of resolution-limited ordering Bragg peaks at positions (½, ½ ± δ, 0) and 

(½ ± δ, ½, 0), with δ ≈ 0.11. X-ray scattering data (Fig. 1b) reveal the emergence of a peak at 

(2δ, 0 3/2), with the same δ. Together, these peaks strongly imply the existence of quasi-1D 

stripe order running parallel to the Cu-O bond directions (Fig. 1c). The measured value for δ is 

approximately equal to the hole doping x =0.115, as determined from x-ray fluorescence 

measurements, consistent with the so-called “Yamada relation” observed in inelastic stripe 

correlation in La2-xSrxCuO4 [5]. 

The temperature dependence of the 

relevant Bragg peaks (Fig. 1d) 

gives Tcharge=80K, consistent with 

previous measurements by Fink et 

al.[6], and Tspin=40K, much larger 

than estimates from earlier SR 

measurements [7]. Both neutron 

and x-ray measurements also 

observe a known phase transition 

from high-temperature 

orthorhombic (HTO) to low-

temperature tetragonal (LTT) 

structures [8], which can be seen in 

the temperature dependence of the 

(1 0 0) Bragg peak and gives 

TLTT=140K.  The clean separation 

between charge, spin and LTT 

transitions makes LESCO distinct 

from prototypical stripe material, 

LBCO, where Tcharge≈TLTT and it is 

difficult to disentangle the effects of concomitant charge and structural phase transitions. 

In addition to this unambiguous evidence for stripe order, recent magnetization measurements by 

our group suggest the existence of a quasi-2D superconducting condensate below Tc=4K- a 

possible signature of layer-decoupling effects. Collectively, these data establish our internally-

grown LESCO crystals as an ideal testbed for theories exploring the interaction between 

superconducting and stripe orders in the cuprates. Having an internal source of such materials 

provides our research program with a major competitive advantage as we expand upon our initial 

results and seek to develop a more complete understanding of the rich and interesting physics 

associated with intertwined order parameters in unconventional superconductors.  

 

(a) Neutron and (b) resonant x-ray scattering data revealing the 

existence of spin and charge peaks, respectively, associated with 

stripe order in a LESCO crystal with y=0.2, x=0.11.  (c) Sketch 

of the observed stripe state. (d) Plot of the temperature 

dependence of Bragg peaks associated with spin order (red), 

charge order (blue), and the LTT structural transition (black).  

(a) (b) 

(c) (d) 
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Future Plans 

In light of recent developments, current work by our collaboration is seeking to experimentally 

verify predictions for phase-coherent coupling between superconductivity and stripe order in the 

LESCO, while simultaneously characterizing this family of materials away from the singular 

doping x=1/8. Specifically, we are pursuing the following sets of experiments: 

1.) Measuring current-phase relation (CPR) of junctions made with LESCO. Work over 

the last two years by D. Van Harlingen has established the existence of spatially-

modulated pair-density-wave (PDW) superconductivity resulting from phase-coherent 

coupling between charge and superconducting orders in LBCO. As we have now firmly 

established both stripe order and superconductivity in LESCO, we hope to establish this 

smoking-gun evidence for PDW order in a second cuprate material in the near future. 

2.) Verifying predicted Higgs modes for PDW states in LESCO near x=1/8. In a recent 

publication, S. L. Cooper and E. Fradkin predicted the emergence of three Higgs-like 

amplitude modes in materials containing PDW order [A4]. Using the above crystals from 

G. MacDougall, Cooper is attempting to confirm the existence of these modes with 

Raman scattering. Crystals will also be provided to P. Abbamonte, to facilitate parallel 

searches with momentum-resolved EELS and resonant x-ray scattering. 

3.) Extending neutron and x-ray scattering of measurements of spin-stripe order away 

from x=1/8. MacDougall group has recently been awarded neutron beam time from 

ORNL to follow-up on initial measurements of spin-stripe order in LESCO over a range 

of dopings. Data obtained by these measurements will be combined with x-ray 

measurements of P. Abbamonte and magnetization measurements at Illinois to flush out 

the full temperature-doping phase diagram from LESCO and further understand the 

complex interaction between spin/charge stripes and superconductivity. 
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Program Scope 

The general theme of the research carried under this program is the emergence of novel phases 

and phenomena due to competing interactions in correlated d- and f-electron materials.  

Experimental investigations of the physics of several classes of correlated electron materials are 

currently underway: (1) Superconductivity in layered electron-doped LnO0.5F0.5BiS2 (Ln = 

lanthanide) compounds, unconventional multiband superconductivity with gap nodes and broken 

time reversal symmetry in the filled skutterudite compound PrPt4Ge12, and unconventional 

superconductivity and quantum criticality in Ce1-xMxCoIn5 (M = Yb, Sm) systems; (2) correlated 

electron phenomena in the “cage-compounds” LnT2Cd20 (T = Ni, Pd) whose crystal structure 

contains two distinct atomic cages, one of which is occupied by a Ln ion and the other a 

transition metal T ion; and (3) electronic phases that emerge from the “tuning” of competing 

interactions in the “hidden order” compound URu2Si2 via substitution of T ions for Ru 

(particulary Fe and Os) and application of high pressure and high magnetic fields.  In the 

following, we focus on recent progress in the studies of the URu2-xFexSi2  pseudoternary system. 

Recent Progress 

The correlated 5f-electron compound URu2Si2 undergoes a second order transition at To = 17.5 K 

into an ordered phase whose identity has eluded researchers for more than three decades [R1].  

This so-called “hidden order” (HO) phase coexists with an unconventional type of 

superconductivity (SC) below Tc ≈ 1.5 K. Features in the electrical resistivity (T), specific heat 

C(T) and magnetic susceptibility (T) associated with the HO phase transition are reminiscent of 

a charge or spin density wave that forms a gap over about 40% of the Fermi surface below To, 

with the remainder of the Fermi surface gapped by the SC below Tc [R2]. The compound 

URu2Si2 has been studied extensively using many experimental techniques (e.g., transport, 

thermal, magnetic, and spectroscopic measurements), and numerous theoretical models have 

been proposed for the HO phase [R1].  Competing interactions in URu2Si2 can be tuned via the 

variation of control parameters including substituent composition x, pressure P and magnetic 

field H.  This produces complex phase diagrams of temperature T vs. x, P, and H that contain a 

multitude of correlated electron phases and phenomena including SC, HO, antiferromagnetic 

(AFM) order, ferromagnetic order, spin density wave (SDW) order, exotic quantum phases, 

quantum critical phenomena, and non-Fermi liquid behavior.   

Applying pressure to URu2Si2 depresses the Tc of the SC’ing phase and induces a transition from 

the HO phase to a large moment AFM phase at a critical pressure Pc ≈ 1.5 GPa [R1,R3].  Several 

years ago, we found that the substitution of isoelectronic Fe for Ru in URu2Si2 produces similar 

behavior – SC is dpressed, a transition from the HO phase to the AFM phase occurs at x ≈ 0.15, 

and there is a more than two-fold increase in the temperature of the HO/AFM phase boundary 

[R4]. This led us to suggest that the HO-AFM phase transition in URu2-xFexSi2 is driven by 

“chemical pressure” Pch associated with the reduction of the volume of the unit cell upon 

substitution of smaller Fe atoms for Ru atoms [R4].  We proposed that single crystals of 

URu2−xFexSi2 could provide an opportunity to study the transition from the HO to the AFM phase 

at ambient pressure with techniques that cannot be readily performed on URu2Si2 under high 

pressure (e.g., ARPES, STM, neutron scattering, measurements in high magnetic fields, etc.).  
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During the past several years, we have synthesized a series of URu2-xFexSi2 single crystals by 

means of the Czochralski method in a tetra-arc furnace.  A series of investigations of the physical 

properties of these crystals are underway in our lab, the labs of our collaborators, and national 

laboratory facilities.  These studies are providing valuable information about the HO and AFM 

phases in the URu2-xFexSi2 system that will yield a better understanding of the underlying 

physics and, perhaps, even the identity of the order parameter of the elusive HO phase. The 

status of the experiments on single crystals of URu2-xFexSi2 and the related system URu2-xOsxSi2 

[R5] that have been completed and are underway are listed below. 

Experiments on URu2-xFexSi2 single crystals whose results have been published: 

 The T vs. Pch phase diagram of URu2-xFexSi2 was derived from (T), C(T), (T) and thermal 

expansion measurements and is consistent with the T vs. P phase diagram of URu2Si2 [P14].   

 Neutron diffraction measurements revealed that the variation of the U magnetic moment U 

with Pch in URu2-xFexSi2 is similar to the variation of U with P in URu2Si2 [R6]. 

 The T vs. P phase diagrams for URu2-xFexSi2 determined from measurements of (T) at 

various values of x and P demonstrated that Pch and P are additive [P20].  

 Infrared spectroscopy measurements on URu2-xMxSi2 (M = Fe, Os) single crystals yielded 

values of the energy gaps for charge excitations in the HO and AFM phases [R7]. 

 Inelastic neutron scattering measurements on URu2-xFexSi2 showed that the commensurate and 

incommensurate excitations in the HO and AFM phases are consistent with those in URu2Si2 

under pressure [P5]. 

 Polarized resolved Raman spectroscopy measurements on URu2-xFexSi2 in the HO and AFM 

phases are consistent with a chiral density wave scenario for the HO phase [P11]. 

 The 3D T–x–H phase diagram for H ≤ 45 T was derived from measurements of (H) 

isotherms on URu2-xFexSi2 crystals at the NHMFL at FSU, Tallahassee, and LANL [R8].   

Experiments on URu2-xFexSi2 single crystals that are currently underway: 

 Pump-probe measurements with Prof. Richard Averitt (UCSD). 

 ARPES measurements with Prof. Andrés Santander-Syro (CNRS, U. Paris-Sud). 

 Scanning tunneling microscopy measurements with Prof. Ali Yazdani (Princeton U.). 

 Thermal conductivity, thermopower, and Hall effect measurements.  

Future Plans 

The following projects are included in future plans: 

 Further experiments on URu2-xMxSi2 (M = Fe, Os) single crystals and exploratory 

measurements on URu2-xM'xSi2 (M' = Co, Ir) polycrystals. 

 Synthesis of LnT2X20 (Ln = lanthanide, T = Ti, V, Ni, Pd, Pt; X = Al, Zn, Cd) single crystals 

and investigation of correlated electron phenomena in these materials.   

 Synthesis and study of unconventional superconductivity and correlated electron phenomena 

in PrPt4Ge12-based filled skutterudite pseudoternary compounds. 

 Synthesis and study of high temperature Fe-based superconductors. 
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Program Scope: 

The goal of this program is to use proximity-coupled nanostructure arrays to understand and 

control how collective behavior emerges in superconducting systems. The outcome of this 

research has been the discovery and characterization of exotic phases in superconducting 

systems, a better understanding of how microscopic parameters lead to macroscopic behavior in 

key materials systems, and an improved ability to control interactions to manipulate the 

electronic properties of superconductors. 

The program is based on the idea that superconducting islands placed on a thin conductor at a 

separation smaller than the normal metal coherence length can support a finite Josephson 

coupling between the islands, where the strength of the coupling depends on the length and 

conductance of the intervening material. By adjusting the size, configuration, and type of islands, 

the correlated states, as well as the competition between them, can be precisely tuned. This 

allows for the clear determination of how superconductors’ critical properties can be enhanced or 

diminished. We also aim to determine how controlling these parameters can lead to novel phase 

regimes, such as pseudogap-like phases and 2D metallic states. 

In previous, DOE-supported work, we demonstrated that the array systems behave as 2D 

superconductors, and showed how junction length controlled the transition [P1]. More 

significantly, our measurements of these samples [P2] provided evidence of the long sought-after 

2D metallic state [P3] as a function of well-understood parameters (e.g., island spacing, a 

parameter of dissipative coupling). In more recent measurements of superconducting transitions 

in individual, granular, mesoscopic Nb islands, we observed an anomalous suppression of the 

superconducting transition temperature Tc at large island diameters (compared to the coherence 

length), which we can explain as a rare region effect, where superconducting order first appears 

in unusually large grains [1]. 

Further, we have recently used the clear vortex signatures in the array system to determine the 

effects of interactions and dissipation on vortex dynamics. In a joint theoretical and experimental 

study, we used the current-driven voltage response to demonstrate interactions in the vortex flux 

creep regime as well as the importance of time-correlated dissipative forces in the transition to 

vortex flux-flow [2]. We also studied commensurate/incommensurate vortex lattice transitions to 

examine the effects of disorder on a superconductor [3].  

The transport and theoretical studies are complemented by new magnetic force microscopy 

(MFM) techniques that enable the imaging of both individual and collective vortex dynamics at 

high resolution [4,5]. We developed an MFM-based technique – called Phase-Locked Magnetic 

Force Microscopy – that is sensitive to the current density flowing in conductors, and more 

specifically to the spatial variation of the magnetic field induced by this current. We also 

developed a technique we call Stochastic Resonance Magnetic Force Microscopy (SRMFM), 

which uses the local field from the MFM tip to reconstruct vortex motion and energy landscapes. 

MFM images of vortex dynamics in Nb island arrays under various magnetic field and island 
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configurations were compared to transport results for similar samples, and analyzed using 

numerical simulations of interacting vortices. 

The research combines temperature- and field-dependent transport measurements with magnetic 

resonance force microscopy measurements of local vortex spatial structure and surface currents, 

as well as accurate phenomenological modeling, to provide complete characterization of the 

collective behavior of the samples. 

Recent Progress: Unusual dynamics and imaging of vortex transport 

Vortex systems provide excellent test-beds for studying the introduction of disorder into 

crystalline structures. One controlled way of studying disorder is to consider systems of particles 

in a periodic potential, where disorder is introduced when the particle lattice does not match the 

potential well. This type of system is described by the 2D Frenkel-Kontorova (FK) model, which 

exhibits a rich set of structures and modes of motion. We use superconductor-normal-

superconductor (SNS) island arrays as an experimental realization of the FK model and examine 

transitions between ordered and disordered states. SNS arrays provide vortices with a periodic 

potential defined by array geometry and allow the vortex filling fraction (f) of each potential well 

to be controlled using magnetic field. The structure of the vortex lattice and type of collective 

vortex motion at incommensurate fillings has not been well studied previously.  

Measurements of dV/dI vs f (which is controlled by magnetic field) show a pattern of peaks and 

dips that emerge when f > 0.1 (Fig. 1a). At special fillings—e.g., f = 1/12, 1/6, 1/4, 1/2—the 

vortex lattice is commensurate with the array potential wells, resulting in crystalline vortex 

orderings, strong pinning, and thus dips in dV/dI vs f. However, commensurately and 

incommensurately filled lattices exhibit different dynamic behavior: Fig. 1b plots dV/dI vs I for 

the commensurate filling f=0.25 alongside the incommensurate filling f=0.20. Driven from 

pinned to flux flow, the commensurate filling undergoes a single transition, while the 

incommensurate filling undergoes two distinct transitions separated by an intermediate region of 

constant dV/dI. We can explain the two-step vortex transition as first from pinned to lattice 

defect motion, then from lattice defect to bulk lattice motion. Comparing our measurements with 

a dynamic molecular vortex model (Fig. 1c), we show that this two-step transition is indicative 

of domain wall motion in a polycrystalline vortex lattice. We thus demonstrate that a disordered, 

interacting vortex system with a sufficiently strong periodic pinning potential can favor interface 

Figure 1 (a) Differential resistance dV/dI at 0.5 μA current intervals as a function magnetic filling f. Dips 

associated with commensurate fillings are visible. (b) dV/dI vs I. The black curve for f=0.20 undergoes a two-step 

transition with an intermediate region of constant dV/dI in between. The red curve for f=0.20 undergoes a single 

transition. (c) Simulated dv/dI showing a two-step transition as is seen experimentally.  

a b

 
 

a 

c 
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physics rather than a quasiperiodic regime. This had been predicted in artificial pinning array 

structures, but not previously explored in experimental studies.  

While it is useful to infer vortex dynamics from collective behavior in transport, an even better 

understanding can be gained by directly imaging individual vortices. Thus, we developed a 

magnetic force microscopy (MFM) method for high resolution imaging of the vortex dynamics 

in the Nb-island arrays. This new technique enables the unprecedented ability to model both 

individual and collective vortex dynamics at high resolution. 

For this technique, a micron-size SmCo magnetic 

particle is attached to the tip of a cantilever (Fig. 

2a) and scanned several hundred nanometers 

over the surface of the array (Fig. 2b). At 

particular positions of the tip, the energy barrier 

separating certain vortex configurations is 

reduced, so that thermal fluctuations can cause 

the system to rapidly switch between degenerate 

vortex configurations. The fluctuating surface 

currents surrounding the vortex cores interact 

with the magnetic moment on the cantilever, and 

lower the cantilever frequency. Key features of 

this experimental platform are the high degree of 

tunability, and the local nature of the probe. 

Applying this technique to lattices of 

superconductor island arrays on a metal, we 

obtain a variety of striking spatial patterns that 

encode information about the energy landscape 

for vortices in the system. We interpret these 

patterns in terms of local vortex dynamics, and 

extract the relative strengths of the characteristic 

energy scales in the system, such as the vortex- 

magnetic field and vortex-vortex interaction 

strengths, as well as the vortex chemical 

potential. We also demonstrate that the relative 

strengths of the interactions can be tuned. 

Fig. 2c and 2d shows a set of representative 

cantilever frequency shift images for two 

different external field values, where frequency 

shifts appear as dark lines and indicate 

boundaries between two stable vortex 

configurations. A variety of remarkable 

geometric patterns emerge from these 

measurements. Numerical simulations of a 

simple phenomenological model of vortices shows that the images can be directly understood as 

specific numbers of vortices moving into their lowest energy configurations as the tip is raster 

scanned. For example, beneath Figures 2c and 2d are simulations showing frequency shifts and 

real-space configurations for 5 and 6 vortices, respectively; the simulations have excellent 

Figure 2 (a) Diagram of cantilever over a 

triangular array of Nb disks on top of a Au film. (b) 

SEM image of a SmCo5 magnetic tips White scale 

bar is 500 nm. (c) and (d) Images of some patterns 

seen in this experiment (top) and associated vortex 

configurations (bottom) as determined by simulated 

annealing. One plaquette (red triangle) and 

associated islands (dashed circles) are drawn for 

clarity. Experimental and simulations taken for (c) 

5 (80 Oe, 425 nm), and (d) 6 vortices (68 Oe, 425 

nm). All images taken at 3.70 K. 
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correspondence with the experimental data. This robust experimental platform for locally 

probing and controlling vortex dynamics can be used to better study vortex glasses and liquids, 

as well as non-standard vortex interactions in unconventional superconductors.   

 

Future Plans 

Our future plans for this project include:  

1. MFM and transport measurements of current-driven vortex states and transitions. 

2. Integrated theoretical, transport, and imaging techniques to study arrays of superconducting 

and magnetic islands on graphene and topological insulators, for exploring unconventional 

superconducting states.  
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Figure 1: Magnetic structure of Ca0.73La0.27FeAs2. 

Exploring superconductivity at the edge of magnetic or structural instabilities 

Ni Ni 

University of California, Los Angeles, Los Angeles, CA 

 

Program Scope 

Modern research of condensed matters devotes in understanding how properties of complex 

solids are determined by their structural and electronic degrees of freedom. Despite of the 

complicity in real materials where competing orders often exist, significant progress has been 

driven by the discovery of new materials with emergent ground states. Of particular interests are 

the superconductors near the edge of structural/magnetic instabilities and materials with non-

trivial topology. The discovery and characterization of materials of the former type can advance 

our understanding of high Tc superconductivity significantly while bulk materials with nontrivial 

topology provide a new platform to study the low energy excitations through band engineering.  

The objective of this research is to discover materials that lie at the edge of structural/magnetic 

instability and to explore topological semimetals with exotic low energy excitations using solid 

state reaction and crystal-growth methods, and to characterize them and examine their structure-

property relations through thermodynamic, transport, X-ray, and neutron measurements. 

Recent Progress  

1. We have discovered that Ca0.73La0.27FeAs2, 

is the "parent" compound of the 112 

superconducting family [1]. The breaking of C4 

rotational symmetry even at room temperature 

makes it unique among all FPS. We first 

unravel a monoclinic to triclinic phase 

transition at 58 K, and a paramagnetic to stripe 

antiferromagnetic (AFM) phase transition at 54 

K, below which spins order 45◦ away from the 

stripe direction. Furthermore, in addition to the central-hole and corner-electron Fermi pockets 

usually appearing in Fe pnictide superconductors, angle-resolved photoemission (ARPES) 

measurements resolve a Fermiology where an extra electron pocket of mainly As chain character 

exists at the Brillouin zone edge, suggesting the active role of the metallic spacer layers. 

2. Topological semimetals are characterized by protected crossings between conduction and 

valence bands. These materials have recently attracted significant interest because of the deep 

connections to high-energy physics, the novel topological surface states, and the unusual 

transport phenomena. While Dirac and Weyl semimetals have been extensively studied, the 

nodal-line semimetal remains largely unexplored due to the lack of an ideal material platform. 

We found that CaAgAs and CaCdGe provide an ideal platform to perform comparative studies 
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Figure 2: (a) The illustration of the band 

structure near the Fermi level for 

CaAgAs/CaCdGe. (b) The SdH QO data for 

CaCdGe. (c) ARPES and (d) DFT band 

dispersion along Γ-A directions of CaAgAs. 

Red arrow points to the surface states. 

because the theoretical calculation shows that they 

feature the same topological nodal line except that 

CaCdGe has a more complicated Fermiology with 

irrelevant Fermi pockets. As a result of electron-

hole compensation, the magnetoresistance of our 

CaCdGe sample is more than 100 times larger than 

that of CaAgAs. Furthermore, ARPES observed a 

metallic, linear, non-kz-dispersive surface band that 

coincides with the high-binding-energy part of the 

theoretical topological surface state, proving the 

topological nontriviality of the system.  

3. Dirac cones have been proposed and observed in 

non-magnetic materials, including Cd3As2 and 

Na3Bi. By breaking inversion either symmetry or 

time-reversal symmetry, Dirac point can be split 

into pairs of weyl points. To break the time-reversal 

symmetry, we can either apply an external magnetic 

field or we can use the spontaneous magnetic 

moment inside the material. For the latter case, the 

correlation of spontaneous magnetism and Weyl 

fermions has been studied in the 112 compound and half-heusler compound GdPtBi. Recently, 

orthorhombic CuMnAs has been proposed to be a magnetic material where Dirac point is robust 

to the combination of inversion and time-reversal symmetry breaking, providing a system to 

study the interplay of AFM and Dirac 

fermions. We first determined the 

magnetic structure of the 

orthorhombic Cu0.95MnAs and 

Cu0.98Mn0.96As single crystals (Fig. 

2(a)-(b)). While Cu0.95MnAs is a 

commensurate antiferromagnet (C-

AFM) below 360 K with a 

propagation vector of k = 0, 

Cu0.98Mn0.96As undergoes a second-

order paramagnetic to 

incommensurate antiferromagnetic 

(IC-AFM) phase transition at 320 K 

with k = (0.1,0,0), followed by a 

second-order IC-AFM to C-AFM 

phase transition at 230 K (Fig 2 (c)). 

In the C-AFM state, the Mn spins 

order parallel to the b-axis but 

antiparallel to their nearest-neighbors 

Figure 3: (a) (b)The R and derivative vs. T (c): A cut of the 

neutron scattering of Cu0.98Mn0.96As. (d) The magnetic structure 

in the C-AFM state. (e) The Fermi surface contour on the (010) 

surface at the Fermi level. (f) The corresponding electronic 

spectra along kz=0. 
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Figure 4: (a) The calculated band structure of NbAs2. (b) (c) 

The angular dependence of oscillation frequencies. Solid line 

is the theoretical value. 

with the easy axis along the b axis (Fig. 2(d)). This magnetic order breaks Ry gliding and S2z 

rotational symmetries, the two crucial for symmetry analysis, resulting in finite band gaps at the 

crossing point and the disappearance of the massless topological fermions. However, the spin-

polarized surface states and signature induced by non-trivial topology still can be observed in 

this system (Fig. 2 (e)-(f)), which makes orthorhombic CuMnAs promising in antiferromagnetic 

spintronics.  

4. We first mapped out the angular-

dependent Shubnikov–de Haas (SdH) of 

weak topological insulator NbAs2. 

Combined with the first-principles 

calculations, we reveal four types of 

Fermi-surface pockets, as shown in Fig. 

Negative longitudinal magnetoresistance 

is observed which may be linked to 

novel topological states in this material, 

although systematic study is necessary to 

ascertain its origin. 

5.We have provided high quality of superconducting and topological single crystals to various 

groups for further investigation, including Weyl semimetal TaAs, type II weyl semimetal 

TaIrTe4, CaAgAs, BaFe2(As1-x Px)2, etc. This has led to the understanding of the role of Fermi 

arcs in the transport by STM [1] and the testing of a single-spin quantum sensor [2].   

Future Plans 

We will continue our exploration and investigation on topological materials and materials with 

structural/magnetic instabilities.  

1. Along the direction of nonmagnetic and magnetic topological semimetals, especially 

topological superconductors, we will keep our exploration and focus on arsenides and 

chalcogenides.  

2. Along the direction of superconductors near the edge of structural and magnetic instabilities: 

(a) Our on-going study on the AAg4As2 (A=Sr, Eu) has revealed the existence of charge-density-

wave instability. While quantum oscillation has been observed in the SrAg4As2, the EuAg4As2 

shows helical magnetic structure and very interesting behavior of the magnetoresistance, 

providing a platform to investigate how magnetism affects transport. We will tune their ground 

state through chemical doping/external pressure.             

 (b)The recent discovery of increased Tc in KFe2As2 under high pressure up to 20 Gpa has been 

argued to be due to the enhanced superconducting pairing in collapsed tetragonal FeAs phase. 

On the other hand, the collapsed tetragonal phase has been believed and proved to be harmful for 

spin fluctuation and thus superconductivity in CaFe2As2. Therefore, it is important to clarify the 

relation between superconductivity in collapsed tetragonal phase. The Na1-xLaxFe2As2 system 
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has the potential to be a chemical-doping analog of the pressure-induced KFe2As2. We will grow 

single crystals and do systematic study of this series. 
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Experimental study of novel relativistic Mott insulators in the 2-dimensional limit 

PI: Claudia Ojeda-Aristizabal  
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Program Scope 

 The Kitaev-Heisenberg model, a quantum compass model that describes a set of spin-1/2 

moments in a honeycomb lattice, yields exciting of ground states, such as gapless spin liquids and 

a variety of spin ordered states [1]. In real materials, the Kitaev-Heisenberg model comes to life 

assisted by electronic correlations, spin-orbit coupling, crystal field effects and a honeycomb 

arrangement of ions. Compounds with partially filled 4d and 5d orbitals present important spin-

orbit coupling, giving rise to insulating Mott states with spin-orbit coupled moments (despite the 

extended nature of the electronic wavefunctions in 4d and 5d orbitals). In materials like Sodium 

iridate (Na2IrO3) and Ruthenium Chloride (RuCl3) (Figure 1), the spin-orbit entangled moments 

present bond directional interactions thanks to their crystalline structure, where the geometric 

orientation of their IrO6 and RuCl6 octahedra is such that the exchange interaction between the 

moments is highly anisotropic [2][3]. These features together with the Ir and Ru ions forming a 

honeycomb lattice, graciously leads to an experimental incarnation of the celebrated Heisenberg-

Kitaev model.  

 

 

Magnetic susceptibility and heat capacity measurements in both of these materials have shown 

signature of magnetic ordered states [6] [7] [8] [9] and very recent neutron scattering results 

point towards a spin liquid in RuCl3 [10]. 

This project aims to study these exciting compounds in the two dimensional limit, using two 

different experimental techniques: electronic transport measurements at low temperatures and 

FIG. 1.  Schematics of the crystal structure of Na2IrO3 (a) and RuCl3 (b) taken from [4], [5] 
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angle resolved photoemission spectroscopy (ARPES). Both sodium iridate and ruthenium chloride 

have weakly bounded layers which allows the isolation of very thin crystals and the use of 

nanofabrication techniques to integrate them into an electronic device, allowing electronic 

transport measurements not explored before for their parent crystals. ARPES measurements will 

allow us to investigate the spin and orbital texture of electrons in these materials as well as the in-

situ growth and tailoring of a thin film of RuCl3, in order to explore a truly two-dimensional 

quantum magnet, compatible with an electronic device.  

Experimental results from both electronic transport and ARPES will be essential to understand and 

control emerging phenomena such as long ranged ordered antiferromagnetic states, proximity 

effects with superconductors and many body effects such as spin and charge density waves, 

predicted for doped Kitaev-Heisenberg systems.    

High quality bulk crystals will be provided by the Analytis group at UC Berkeley through our 

ongoing collaboration. Sample fabrication and electronic transport measurements will be 

performed at California State University Long Beach and ARPES measurements will be conducted 

at the Advanced Light Source (ALS) at the Lawrence Berkeley National Lab (LBNL). Our 

collaboration with the Lanzara group at LBNL a world expert in ARPES, will give us access to 

additional state of the art capabilities. 

 Recent Progress  

 We have isolated thin crystals of RuCl3 and Na2IrO3  and applied nanofabrication 

techniques to build electronic devices (Figure 2). Preliminary measurements on Na2IrO3 show a 

variable range hopping of carriers localized by disorder (𝑅(𝑇) ∝ exp[(∆/𝑇)1/4]) with an energy 

scale ∆ smaller than the one measured for bulk crystals (Figure 2c) indicating a larger localization 

length and consistent with reported measurements for heteroepitaxial Na2IrO3.  

We have observed through ARPES signature of a metallic feature near the Fermi energy, consistent 

with recent reports [11] and identified as a surface state, given its small dependence in photon 

energy compared to the bulk (Figure 3). Our ARPES measurements are consistent with our 

electronic transport measurements, where electrostatic gating induces a dramatic reduction of the 

resistance of the sample, possibly tuning the Fermi energy into the metallic feature observed by 

ARPES. ARPES measurements of RuCl3 indicate an energy gap of at least 1.7eV (Figure 4) which 

encourages the use of more powerful gating techniques in electronic transport such as ionic liquid 

gating or the ARPES in-situ growth of a thin film tailored by doping. 
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Future Plans 

 After more experiments related to this 

preliminary data, we plan to look for the signature 

of a magnetic ordered state in Na2IrO3 through 

anomalous quantum Hall effect and with the help 

of the back gate. Frequency of quantum 

oscillations and their dependence on the back gate 

will allow us to study the unusual metallic state 

observed by ARPES. Additionally, simple 

FIG. 2.  (a) Atomic force microscopy (AFM) image of mechanically exfoliated RuCl3 showing a 

thickness of 3.5nm (region 1). Different crystalline layers can be identified, marked with a pointed 

line. Inset: optical image of the same crystal. (b) 150nm thick crystal of Na2IrO3. (c) Electronic device 

of RuCl3. Crystals provided by the Analytis group at UC Berkeley 20 µm 

b) c) b) 

FIG. 3.  Preliminary 

ARPES measurements 

of Na2IrO3 (a-b) and 

RuCl3 (c) performed in 

collaboration of the 

Lanzara group at UC 

Berkeley (b) shows a 

zoom near the Fermi 

energy for Na2IrO3. 

(d) Binding energy for 

each momentum 

integrated curve at 

different photon 

energies for the bulk 

(left) and the surface 

state (right). 
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temperature dependence of the resistance of thin crystals of RuCl3 and Na2IrO3 should give us 

information of the electrons’ localization length as the crystals get closer to a two-dimensional 

regime. ARPES will provide an excellent complementary tool to gauge the electronic properties 

of these materials. For example, beam-line 4 at the ALS allows to impose different polarizations 

to the light that when shined on spin-orbit coupled materials like Na2IrO3 and RuCl3, should result 

in a spin-dependent differential absorption of left vs right circularly polarized light, called circular 

dichroism (CD). The study of CD in these materials can give insight on the helicity of their 

electronic states, in particular the feature observed near the Fermi energy by ARPES. Longer term 

plans include the study of proximity effects of thin crystals of Na2IrO3 and RuCl3 with a 

superconductor through electronic transport measurements, the study of many body effects such 

as superconductivity and charge density waves predicted for the doped Kitaev-Heisenberg model 

and finally, the in-situ growth and tailoring by ARPES of a thin film of RuCl3, with the motivation 

of reaching a truly two-dimensional quantum magnet.        
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A gap-protected zero-Hall effect state in the quantum limit of the nonsymmorphic metal 

KHgSb 

N. Phuan Ong, Department of Physics, Princeton University 

Program Scope 

 The research goal is the investigation of nonsymmorphic semimetals to explore novel 

transport properties associated with their topological states. In addition, the proposed research 

will investigate microwave absorption of Weyl semimetals to search for signatures of surface 

Fermi arc states. Possible effects of the appearance of the chiral anomaly in Dirac semimetals on 

ultrasonic attenuation will also be investigated. 

  Recent Progress  

Nonsymmorphic lattices are distinguished by having glide 

operations (reflections combined with a fractional lattice 

translation) which leave the crystal lattice invariant. Recently, 

much interest has focused on how the glide operations can 

protect surface states over an extended lines and faces of the 

surface Brillouin zone (as opposed to just isolated points, e.g.  

or the corners (π, π) in topological insulators). In the new 

semimetal KHgSb, the lattice is left invariant if we reflect 

about the y-z mirror plane (shaded blue in inset in Fig. 1) 

combined with a translation along z by c/2. The glide 

symmetry has been shown to protect Quantum Spin Hall 

(QSH) states on the vertical surfaces in the inset of Fig. 1 

(but not on the horizontal faces). 

We have investigated the Hall effect and 

magnetoresistance of KHgSb in fields H up to 63 Tesla. We 

uncover a novel feature in the Hall response when the 

chemical potential µ enters the lowest Landau level in large 

H. At 2 K, with H||z, the Hall resistivity yx vanishes within 

our resolution (Fig. 2) while the diagonal conductivity 

element xx settles down to a finite constant value. As 

shown in Fig. 1, the traces of yx vs. H display very strong 

dependence on T (temperature), which is rare in metals and 

semimetals. We have found that this reflects thermal activation across a large gap in the Landau 

spectrum (Δ ~ 14 mV at 63 T) which opens up when µ enters the lowest Landau level (LLL).  

 Our results imply that the bulk carriers undergo condensation to become strongly 

localized, leaving the surface states to carry the injected current. The ab initio calculations reveal 

Figure 1: The resistivity 

 vs. T profile of KHgSb. 

Inset is the crystal lattice. 

Figure 2: The Hall resistivity yx 

in KHgSb. At 1.5 K, yx falls 

sharply to zero above 40 T. The 

strong T dependence reflects 

activation across a gap. 
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that µ intersects 2 “right-moving” and 2 left-moving QSH states. Cancellation between the right 

and left moving states results in a strictly zero Hall conductance, while the diagonal conductance 

remains finite. These observations imply that surface QSH states can exist in a bulk crystal that 

has glide symmetry. 

Future Plans 

 Our plan is to further investigation of the interesting zero-Hall state in KHgSb (and its 

analogs KHgAs) to determine the nature of the zero Hall state.  
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Understanding and Manipulating Quantum Spin Exchange Interactions in Colloidal 

Magnet Based Nanostructures by Ultrafast Light 

 

Min Ouyang, University of Maryland- College Park 

 

Program Scope 

 This awarded DOE program is aimed at exploring a few fundamental spin interactions at 

the nanoscale by combining both materials development and various optical spectroscopic tools. 

Ultrafast and single photon optical spectroscopies are applied to probe and to manipulate 

quantum spin couplings within both pure and hybrid magnetic nanostructures [1-4], which can be 

chemically synthesized with precisely tailored structural and magnetic properties. 

 

 Recent Progress  

 We have made substantial 

progress on two themes during 

our first grant period, including 

materials development of magnet 

based zero-dimensional hybrid 

nanostructures and optical study 

to understand and manipulate spin 

dynamics. In particular, we have 

successfully synthesized different 

colloidal central spin systems that 

can allow probing nanoscale 

magnetic properties and spin 

interactions. Figure shows one 

example of colloidal central spin 

system consisting of one single 

nitrogen-vacancy (NV) center 

and its coupled satellite magnetic 

nanoparticles with controllable 

structural and magnetic 

parameters, in which spin 

dynamics of super-paramagnetic 

nanoparticles (Fe3O4) can be 

Figure: (Top left) Structural model of a NV center based hybrid 

magnetic nanostructure; (Top right) Schematic of a central spin 

system; (Bottom) TEM image of a NV-Fe3O4 hybrid nanostructure, 

and single photon optical measurement of longitudinal spin relaxation 

of super-paramagnetic Fe3O4 nanoparticles by central NV spin.   
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sensed by the spin of central NV center confined in a nanodiamond. The other major system that 

we have developed during the grant period is a complex colloidal metal-semiconductor hybrid 

nanostructures that can allow localized plasmon enhanced all optical spin manipulation and 

measurement of many body spin physics at the nanoscale by utilizing ultrafast optical 

spectroscopy.        

 

Future Plans 

 We will continue our materials development of well-defined colloidal magnet based 

nanostructures that can serve as model systems for understanding fundamental spin physics. In 

the mean time, different optics based spin measurement and manipulation methods will be 

advanced for probing spin dynamics within those colloidal nanostructures.  
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Investigation of structural and electronic properties of topological Heusler thin films 

Chris J. Palmstrøm (PI), Department of Electrical & Computer Engineering and Materials, 

University of California, Santa Barbara, Santa Barbara, CA 93106 

and 

Anderson Janotti (Co-PI), Department of Materials Science & Engineering, University of 

Delaware, Newark, DE 19716 

 

Program Scope 

Heusler compounds have emerged as an exciting material system where realization of various 

exotic topological phases is potentially possible [1-2]. This system is of special interest because 

Heusler compounds provide a large materials basis with over a thousand members with the same 

basic crystal structure and tunable functional properties including half-metallicity and 

superconductivity [3]. However, experimental efforts to realize and utilize novel functional 

properties in the Heusler compounds have remained limited due to the difficulty in fabricating 

thin film high-quality single crystalline samples. Within the ambit of this program we are 

harnessing our expertise in molecular beam epitaxy (MBE) and experience with III-V 

semiconductors to fabricate high quality, phase pure, epitaxial Heusler compounds, for which 

III-V semiconductors provide ideal atomic templates on which to synthesize such compounds. 

Furthermore, by combining high quality synthesis with state-of-the-art tools such as angle-

resolved photoemission spectroscopy (ARPES), scanning tunneling electron microscopy (STM) 

and scanning tunneling spectroscopy (STS) along with reflection high energy electron diffraction 

(RHEED) and transport measurements we are investigating both their electronic and structural 

properties and their tunability under substrate induced bi-axial strain and chemical doping. Our 

experimental results along with insights from ab-initio density functional theory calculations will 

allow us to develop a comprehensive understanding of these materials that we believe would lead 

to the realization of engineered topological properties in designer Heusler compounds.  

Recent Progress 

 

In the past, we have successfully synthesized high quality, single crystalline, epitaxial (001) 

oriented PtLuSb thin films by a judicious choice of a buffer layer (InSb) and substrate (GaAs) 

[4]. Furthermore, by directly visualizing the momentum- and spin-resolved electronic band 

structure of PtLuSb by ARPES we have found the presence of topologically non-trivial surface 

states that establish PtLuSb as a topological Half-Heusler semi-metal [5]. Being a surface 

sensitive technique, ARPES requires access to a pristine sample surface that is preserved by 

depositing a thick Sb overlayer before taking the samples out of vacuum.  Subsequently, the Sb 

overlayer is desorbed in-situ by heating the samples to above 390 C before transferring them to 

a measurement chamber for ARPES without breaking vacuum. However, such an approach 

imposes severe restrictions on the kind of materials that can be investigated as the requirement of 
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a constituent element with high vapor 

pressure such as antimony (Sb) is 

necessary.  Furthermore, such an approach 

invariably degrades the quality of the 

sample surface and can potentially leave 

behind unwanted molecular species on the 

surface. To get around these issues it is 

imperative to develop capabilities that 

would allow the transfer of samples 

between the growth and measurement 

chambers without breaking vacuum during 

the process. To that end, we have designed 

and built a portable vacuum suitcase that 

can carry as many as 12 samples while 

maintaining ultra-high vacuum conditions. The success of the vacuum suitcase was demonstrated 

using PtLuSb thin films that were synthesized in our MBE lab at UCSB and were transported 

using the vacuum suitcase to the ARPES beamline 10.0.1.2 at the Advanced Light Source in 

Berkeley.  Our ability to maintain surface quality of our samples during the transportation 

process is evident in the good quality of the ARPES data taken at the beamline, as shown in Fig. 

1. Furthermore, even after more than 3 days in the vacuum suitcase, samples showed no signs of 

oxygen in their x-ray photoemission (XPS) spectra. This was also the case for ones that had been 

transferred into the ARPES end chamber and back into the vacuum suitcase. We believe such a 

technical breakthrough will enable us to elucidate the electronic properties of many other 

candidate Heusler compounds with predicted exotic properties that have so far remained out of 

reach of traditional ARPES measurements.  

One such system is Pt1-xAuxLuSb. Though, PtLuSb should ideally be a semimetal, the chemical 

potential was found to lie below the Dirac point of the surface states, consistent with p-type Hall 

conductivity, both in our thin films [4] and in the reported values for single crystals [6]. The 

observation of the Fermi level in the valence band of PtLuSb could be explained by native 

acceptor defects [7] or by a charge transfer between the III-V substrate and the PtLuSb thin film.  

To gain insights into the origins of such unintentional doping in our thin films we have 

performed first-principles calculations based on the Density Functional theory that indicate that 

the conduction-band minimum in bulk PtLuSb is higher than that of InSb on which the PtLuSb 

thin film is grown. Assuming a Sb-terminated InSb (001) surface and epitaxial growth of PtLuSb 

on top of it leads to a charge transfer from PtLuSb to InSb, resulting in a hole density of 1.8x1020 

cm-3 in a 20 nm-thick PtLuSb thin film, this would be consistent with the observed hole 

concentration. This charge transfer is caused by the polar mismatch at the InSb/PtLuSb interface, 

as schematically shown in Fig. 2.  Transport measurements of PtLuSb thin films with different 

thicknesses, where the sheet carrier density is expected to not change with the film thickness, 

would be one way to prove the predicted scenario. 

 
Figure 1. Energy-momentum (E-k) spectra of 15 nm 

thick (001) oriented a) PtLuSb b) Pt0.62Au0.38LuSb thin 

film synthesized of InSb buffered GaAs substrate. The 

spectra were taken at an incident photon energy of 55 eV 
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One way to shift the chemical potential of the surface state above the Dirac point is to increase 

the electron density by substituting some of the Pt in PtLuSb with gold (Au), which has one more 

electron compared to platinum (Pt). We have already successfully grown thin films of Au 

alloyed PtLuSb with different Au substitution levels, up to 50% (Pt0.5Au0.5LuSb). Transport and 

in-situ STM measurements on these films indicate a shift in chemical potential with doping. By 

comparing measured electronic band structure of PtLuSb with that of a gold substituted sample 

(Pt0.62Au0.38LuSb), shown in Fig. 1, we can estimate the shift in chemical potential to be ~ 148 

meV. The vacuum suitcase has played an essential role in obtaining these results because the 

strong reactivity between Au and InSb at the temperature needed to desorb an Sb cap prevents 

effective desorption of Sb overlayer without destroying the gold doped PtLuSb samples. 

Exotic transport and thermodynamic 

properties expected from topological 

surface states are often obscured by 

contributions from trivial bulk carriers. 

A true bulk gap is an extremely 

important first step towards realization 

of other exotic phenomena in these 

compounds such as quantum anomalous 

Hall effect [8], axion insulators [9] and 

topological superconductivity [10] and 

for possible device applications. PtLuSb 

being a semi-metal does not possess a 

bulk band-gap. One way to open a bulk 

band-gap in PtLuSb is by lifting the 

degeneracy of the Γ8 manifold on application of tetragonal distortion, via bi-axial strain. Our ab-

initio calculations confirm this scenario, where a modest in-plane bi-axial compressive strain 

shows opening of a bulk band gap in a [001] out-of-plane oriented thin film, while maintaining 

the band inversion, which is consistent with reported predictions for a similar system [11]. 

Although, this is challenging for single crystal samples, this can be easily achieved by growing 

thin films on lattice-mismatched substrates. Our PtLuSb thin films are grown on conductive III-

V buffered substrates (Si-doped Al1-xInxSb), which offer great flexibility in terms of the choice 

of lattice constants and the level of in-plane compressive strain that can be achieved.  We have 

recently successfully synthesized strained PtLuSb thin films where as much as 2% compressive 

strain can be achieved for 10 nm thick films.  

In addition to topological surface states, a Weyl semi-metallic phase, where the topological states 

occur within the bulk band structure, can also potentially be realized in Heusler compounds [12]. 

One such candidate compound is Co2TiGe, where magnetism in Co2TiGe removes the time-

reversal symmetry leading to magnetic Weyl points. Experimental realization of such a phase has 

not yet been shown in any material system. We have been able to synthesize high quality, 

 
Figure. 2 Origin of the excess charge at the InSb/PtLuSb 

interface (001). At the interface, there will be a charge 

transfer from the PtLuSb to the conduction band of InSb due 

to the polar mismatch and the band alignment 
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epitaxial thin films of Co2TiGe, both on (In,Ga)As buffered InP and on MgO substrates [13]. Our 

thin films have a Curie temperature of 375 K when grown on MgO (001) substrates and 395 K 

on In(Al,Ga)As buffered InP (001) substrates. A detailed SQUID magnetometry study of our 

thin films has also allowed us to elucidate the nature of substrate induced magneto-crystalline 

anisotropy in these thin films. 

Future Plans 

We plan to 1) bring the chemical potential in PtLuSb to the surface state Dirac point via Au 

substitution, 2) investigate bi-axial strain to open up a bulk band-gap for Pt1-xAuxLuSb, 3) 

measure the band structure of Co2TiGe and other Heusler compounds that are predicted to be 

topological, 4) verify whether the polarity mismatch drive charge transfer scenario is valid in our 

Heusler thin films by synthesizing Heusler heterostructures, and 5) determine the origins for 

atomic surface reconstructions on Heuslers and their electronic structure. ARPES and spin-

polarized ARPES measurements will be compared with magnetotransport and magnetic 

measurements and theory to obtain a better fundamental understanding of these Heusler material 

systems. 
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Effects of Lateral Broken Crystal Symmetries on Spin-Orbit Torques and Magnetic 

Anisotropy 

 

Daniel C. Ralph, Cornell University 

 

Program Scope 

  This new (Sept. 1, 2017) program seeks to answer the question: What is the most 

efficient and reliable mechanism for manipulating the direction of magnetic moments, for 

example to drive switching in magnetic memory applications?  Recently, several mechanisms 

have been discovered that are more efficient than using magnetic fields to control magnetism.  

The most promising is known as spin-orbit torque – electrons flowing within a thin-film material 

with strong spin-orbit coupling can generate a perpendicularly-flowing spin current that can be 

absorbed by a neighboring magnetic layer to reorient the magnetization of that layer.  However, 

spin-orbit torques usually suffer from a limitation related to symmetry. For most spin-orbit 

source materials, the form of the spin-orbit torque that can manipulate magnets most readily (the 

“antidamping” component) is required to point strictly within the sample plane. Consequently 

the spin-orbit torque from most materials cannot drive the most efficient form of switching in 

structures with perpendicular magnetic anisotropy, the geometry which at present is needed to 

generate uniaxial magnetic anisotropy that is sufficiently strong to stabilize nanoscale magnetic 

memories against thermal fluctuations. The Ralph group and collaborators have demonstrated 

recently that this state of affairs is not fundamental, but rather that materials with certain broken 

crystal symmetries can provide both an out-of-plane antidamping spin-orbit torque and 

significant in-plane uniaxial magnetic anisotropy.1  The goal of this program is to understand the 

fundamental mechanisms by which broken crystal symmetries affect spin-orbit torques and 

magnetic anisotropy and determine the design principles for selecting materials to best 

implement these new effects for potential applications. 

 Recent Progress  

 This program builds upon measurements of spin-orbit torques by the Ralph group and 

collaborators on structures consisting of a single-crystal thin film of the transition-metal 

dichalcogenide (TMD) WTe2 capped by the magnetic alloy Permalloy.   WTe2 is a semi-metal 

that possesses both strong spin-orbit coupling and a low crystal symmetry (a Td structure, a lower 

symmetry than the 2H structure of more-common TMDs such as MoS2 or MoSe2).  As a 

consequence, a WTe2/Permalloy bilayer has only a single mirror plane and no 2-fold (or higher) 

rotational symmetry.  WTe2 is also convenient for experiments because flat single crystals 

without even a single monolayer step can be prepared by exfoliation. The Ralph group 

performed measurements of the spin-orbit torques in WTe2/Permalloy samples by passing an in-
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plane charge current through the sample and detecting the resulting changes in the magnetization 

direction of the Permalloy layer due to the spin-orbit torque.  To be careful about experimental 

artifacts, these measurements were performed using two independent techniques: detecting the 

Permalloy reorientation (i) by microwave-frequency resistance measurements using spin-torque 

ferromagnetic resonance (ST-FMR), and (ii) by low-frequency Hall-effect measurements in a 

second-harmonic Hall technique.  Both measurements were performed as a function of changing 

the angle of an in-plane magnetic field, with quantitatively consistent conclusions.  

 

 

The results of the ST-FMR measurements are shown in Fig. 1 for current applied 

perpendicular to the mirror plane of the WTe2 sample, along with a comparison to a control 

sample with higher symmetry made from Pt/Permalloy.  The quantities plotted are VS, the 

symmetric component of the ST-FMR resonance curve that is proportional to the in-plane spin-

orbit torque, and VA, the antisymmetric component of the resonance that is proportional to the 

out-of-plane torque.  Figure 1 shows that for Pt/Permalloy both components have the same 

functional form for the dependence on magnetic field angle, f ; this form is well-understood. The 

Fig. 1.  Amplitude of the symmetric (VS) and antisymmetric (VA) components of the ST-FMR resonance as a 

function of the angle of applied magnetic field for (left) a platinum/Permalloy control sample and (right) a 

WTe2/Permalloy sample.  The strikingly-different angular dependence in the bottom right reflects the 

existence an out-of-plane antidamping component of spin-orbit torque that is forbidden by symmetry for 

Pt/Permalloy. 
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symmetric component of the ST-FMR resonance for the WTe2 sample has the same dependence 

on f  as the Pt/Permalloy sample, but the antisymmetric component is strikingly different, in that 

the signal magnitudes are not the same upon rotating the direction of the magnetic field by 180°.  

This unusual behavior reflects the broken rotational symmetry in the WTe2 structure.  Based on 

analysis of the angular dependence, the origin of this new behavior was identified as a new out-

of-plane component of anti-damping spin-orbit torque whose existence is normally forbidden in 

materials with high structural symmetry.  The correlation with the WTe2 crystal structure was 

further confirmed by making samples in which the applied charge current flows at various angles 

relative to the WTe2 mirror plane.  As required by symmetry arguments, the out-of-plane anti-

damping torque goes to zero when the current is applied parallel to the WTe2 mirror plane.  The 

magnetic anisotropy of the sample was affected by the broken crystal symmetry as well, with a 

new component of uniaxial magnetic anisotropy in the sample plane perpendicular to the mirror 

plane. 

This initial experiment showed for the 

first time that the orientations of spin orbit 

torques can be modified by the presence of 

broken crystal symmetries in samples with 

strong spin-orbit coupling, but the underlying 

mechanisms were not determined. The Ralph 

group has in recent months completed a 

detailed study of the thickness dependence of 

the spin-orbit torques in WTe2.
2  This 

thickness dependence (Fig. 2) shows that the 

out-of-plane spin-orbit torque has a field-like 

component that is quantitatively consistent 

with expectations for the effect of the Oersted 

field produced by current flowing in the 

sample, while the new out-of-plane 

antidamping torque has only a very weak thickness dependence, with even a single monolayer of 

WTe2 producing a strong out-of-plane antidamping torque.  This is suggestive that the new out-

of-plane antidamping torque arises from an interface-scattering effect rather than from a spin 

Hall effect within the bulk of the WTe2.  These newer measurements also confirmed that the sign 

of the out-of-plane antidamping torque is reversed when there is a monolayer step in the WTe2 at 

the interface with the Permalloy.  This is as required by the crystal structure of WTe2, because 

there is a 180° rotation between the structure of neighboring planes in WTe2.  

  

Fig. 2.  The out-of-plane field-like torque, t
A

, 

depends on WTe2 thickness as expected for the 

contribution from the current-induced Oersted field, 

but the out-of-plane antidamping torque, t
B

, has a 

much weaker dependence on WTe2 thickness. 
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Future Plans 

 Our plans for the future have not changed from the proposal that was recently approved. 

 Our first objective is to make measurements of spin-orbit torques and magnetic 

anisotropy for magnetic layers coupled to a variety of different materials that possess both strong 

spin-orbit coupling and different types of low crystal symmetry.  Our initial targets are TaTe2, 

MoTe2, CdWO4, 2H-structure TMDs with applied in-plane strain, and doped-HfO2 ferroelectrics.  

We have the sample fabrication protocols and measurement methods well in hand.  We hope that 

by comparing the different symmetries of spin-orbit torques generated by these systems, and also 

the relative strengths of the torques, that we will gain insights into the underlying mechanisms of 

how broken symmetries affect the torques.  We will also seek understanding about how to make 

both the out-of-plane antidamping torque and the in-plane uniaxial anisotropy as strong as 

possible. 

 We plan to perform additional measurements on WTe2/Permalloy samples with very thin 

WTe2 to follow up on experimental hints of an even-odd effect in the strength of the out-of-plane 

antidamping torque as a function of WTe2 layer number (in samples to date, 2-layer samples 

produce a weaker effect than either 1-layer or 3-layer samples).  If this is confirmed by future 

measurements, it may be an important clue as to mechanisms. 

 We have begun an active collaboration with a new postdoc (Dr. Nikhil Sivadas) in Craig 

Fennie’s group at Cornell to perform ab-initio modeling of the spin-orbit torques and 

anisotropies in our structures.  With him we hope to move beyond symmetry arguments to gain a 

microscopic understanding about the influence of different electronic orbitals and interface 

structures.  We are discussing ideas for additional experiments with the theorist Paul Haney at 

NIST.  Finally, we have begun a collaboration with Lena Kourkoutis at Cornell to perform 

detailed STEM characterization of the physical and chemical structure of the interfaces in our 

samples. 
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Tuning Quantum Fluctuations in Low-Dimensional and Geometrically Frustrated Magnets 

 

Arthur P. Ramirez, University of California Santa Cruz 

Program Scope 

 A challenging frontier in many body physics is the search for low-dimensional spin 

systems that are fully quantum-entangled and have the potential to support fractionalized 

excitations. Such quantum spin liquids (QSLs) have been proposed for applications in quantum 

information1-3 but are interesting in their own right as new forms of quantum-entangled 

topological matter. Such materials incorporate both the suppression of classical long-range 

ordered (LRO) states via geometrical frustration4 and continuous spin-1/2 ions which are most 

likely to exhibit quantum fluctuations5.  In such systems, not only is entropy shifted down to low 

temperatures, but the associated fluctuations should have strong quantum character. Using this 

approach, a few model spin systems exist that exhibit bulk response – e.g. NMR, neutron 

scattering, and thermodynamic properties – that is difficult to explain using classical models.6   

Most claims of QSL behavior have been made for systems possessing the materials 

attributes mentioned above. An alternative to searching materials phase space for QSL 

candidates is to develop candidate materials in which quantum fluctuations can be tuned 

parametrically.  Such materials will allow stringent tests of QSL behavior.  In addition 

parametric tunability provides a basis for possible devices.  The goal of this project is to develop 

materials that are amenable to such a tunability paradigm.  The work will involve three distinct 

thrusts.  In the first thrust, we will explore magnetic field effects on quasi-1D and quasi-2D spin 

systems, specifically compounds incorporating spin-1/2 Cu2+ with molecular ligands.  In such 

systems the large molecules lead to small spin exchange interactions (1-5kB) in the low-D 

sublattice.  These systems should undergo 3D LRO below 1K, allowing interplay of the Zeeman 

energy with both 3D and low-D energy scales.  Our initial work, described below, suggests that 

magnetic field is an effective tuning parameter to realize quantum entangled states in such 

systems. In the second thrust, we will study two-dimensional (2D) Ising compounds in 

transverse magnetic fields.  These systems, mainly involving Co2+ and Dy3+, should be tunable 

though a quantum critical point, the vicinity in which could be a highly entropic quantum 

entangled state.  This study will extend beyond existing work on 3D and 1D transverse field 

Ising model (TFIM) systems that demonstrated signs of quantum entanglement. In the third 

thrust we seek to develop new geometrically frustrated compounds with the potential to exhibit 

QSL ground states and to ultimately feed into the first two thrusts.  Our initial work here has 

identified the so-called “tripod kagome” lattice as a promising materials family.  These three 

thrusts are complementary yet synergistic since all involve a combination of materials 

exploration and detailed thermodynamic measurements at ultra-low temperatures.  
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Recent Progress  

 Initial work was performed on K2PbCu(NO2)6, “elpasolite phase”, which adopt an fcc 

structure at room temperature.  This compound displays an incommensurate structural phase 

between 273 and 281K, driven by the Cu2+ JT distortion.  Below 273K and down to low 

temperature, the structure undergoes 2% compression in the c-direction, which favors quasi-1D 

spin interactions perpendicular to the a-b plane.  The 1D behavior is evidenced in the 

susceptibility, 𝜒(𝑇), which follows a Bonner-Fisher calculation for AF spin-1/2 chains with 

exchange coupling of J = 5.4K (fig. 1, inset).  For H = 0, Blöte previously reported a single 

broad ordering peak in C(T) at 0.5K, (fig. 1, inset).7  We have measured C(T) as a function of H 

on crystals grown by T. Siegrist (FSU/NHMFL). At H = 0 we now find three sharp transitions, 

shown in fig. 1, indicative of samples possessing low disorder.8  For finite H (parallel to (100)) 

we see that the lower transition phase boundary terminates above 2T, indicative of a symmetry-

preserving first order transition.  The two higher temperature H = 0 transitions exhibit dTc/dH > 0 

up to 4T, an effect associated with the reduction of transverse spin fluctuations in ordered spin 

chains9,10.  Measurements of C(Tfixed, H), as shown in fig. 2, show two sharp peaks that continue 

the phase lines determined in fixed field measurements.  The combined height of these peaks 

levels off below 0.2K, with a magnitude suggestive of a spinon Sommerfeld coefficient, as 

observed for isolated spin chains in Cu(C4H4N2)(NO3)2.
11   

               

 

Fig 1.  Phase diagram of K2PbCu(NO2)6 

determined by specific heat peaks8.  Top inset: 

susceptibility fit to a finite chain calculation. 

Bottom inset: Comparison of our H=0 data with 

those of Blote7 

Fig. 2.  Specific heat versus field for 

K2PbCu(NO2)6. Inset: Maxima of C/T at the peak 

position vs T, compared to the results of a spinon 

calculation for two values of H.8    
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Theoretical work is needed to validate the identification of this C/T(H) peak with a 

spinon origin but the empirical results are novel.  First, the value of the critical field, Hc = 6T, is 

clearly related to the in-chain exchange of 5.4K, rather than the critical temperature at H = 0. 

Second, C(T, H) is suppressed over much of the field range except near the phase boundary.  

Thus the weak inter-chain interaction suppresses fluctuations responsible for the Sommerfeld 

coefficient in isolated chains.  Second, the large entropy release at the critical field is markedly 

different from that seen in either 3D antiferromagnets or in spin dimer systems.  These 

observations are likely to result from the approximate singlet state of the 1D spin chain.  Lastly, 

the sharpness of the C(T, H) peaks both at H = 0 and H = 6.5T provide evidence of low disorder 

in the spin sublattice.  

 In other recent work with Haidong Zhou (U. Tennessee), we discovered a new class 

compounds with rare-earth (RE) spins on the sites of a kagome lattice12.  The compound, 

Mg2RE3Sb3O14, where RE is a rare-earth ion, is a derivative of the pyrochlore structure, but here, 

Sb5+ replaces Ti4+, and the RE sublattice is comprised exclusively of kagome planes.  Because 

the single-ion anisotropy is that of the parent pyrochlore structure, the easy axes are neither 

uniaxial nor uniplanar – they form a “tripod” for each triangle, as shown in fig. 11.  

Initial results, inclusing C(T) and 

𝜒𝑎𝑐(𝑇) on this “tripod Kagome lattice” were 

obtained for Pr, Nd, Gd, Tb, Dy, Ho, Er, and 

Yb.12,13 where the spin types include Ising (Dy, 

Ho), XY (Er), Heisenberg (Yb), and singlet (Pr). 

The Gd spins undergo LRO, consistent with 

Maleev’s theory of interacting dipoles in 2D14 

and the critical specific heat compares well with 

a recent numerical result found for classical 

dipoles on the kagome lattice15.  The Dy 

compound, unlike its pyrochlore cousin, orders 

at a temperature consistent with the Weiss 

constant and our simulations suggest a 120° 

coplanar state, which is a rare example of ordering on a kagome lattice.  The Er compound 

orders at a temperature two orders of magnitude lower than the Weiss constant, and the 

simulations suggest the ordered state is projected from the XY planes, the normals of which form 

a tripod, into a state that is, by coincidence, the same as found for Gd.  Finally, the Nd compound 

has been reported by others to an all-in-all-out state with Tc = 0.56K, possibly stabilized by 

Dzyaloshinskii-Moriya interactions.16  We note that, for the systems exhibiting LRO, the C(T, 

H=0) peaks are very sharp, indicating a high degree of structural order on the magnetic 

sublattice. 

 

Fig. 3 (a) A single kagome layer with surrounding 

O1 in the TKL A2RE3Sb3O14. (b) Position of the A2+ 

ion in joining two corner-two tetrahedral. The 

dashed lines represent the Ising axes. 
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Future Plans 

 We will continue to explore the Thrust 1 work on low-dimensional spin systems at the 

3D QCP.  In particular, in collaboration with theory colleagues, we will explore quantitatively 

the influence of quantum fluctuations at the QCP.  We will also study 2D compounds where 

initial work suggests a similar field-induced flow of entropy into the 3D critical region.  For 

Thrust 2 work we have initiated the development of necessary technology for handing the 

mechanical strain associated with field-induced torqueing of Ising magnets with the application 

of transverse field.  A strategy we will likely adopt is to work with very small samples in order to 

reduce torqueing.  This will require the development of ac-calorimetry.  In Thrust 3 work, we 

continue to explore novel compounds.    
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Program Scope 

 

This program aims to attain a predictive understanding of the behavior of key correlated and 

complex materials (CCM). Virtually all of the diverse topics and materials to be investigated 

involve some aspect of magnetism associated with partially filled d or 4f shells. These include the 

role of magnetic fluctuations in iron-based superconductors, the behavior of layered and 

cleavable ferromagnets, the effects of spin orbit coupling in 4d/5d transition metals, the 

conduction of heat by magnetic excitations and the effects of disorder on quantum critical 

behavior. Many of the spectacular properties of CCM are believed to result from competing 

ground states that are close in energy, and hence CCM are often responsive to small changes in 

composition, temperature, pressure, electric, or magnetic fields. The experimental tools of 

materials synthesis, compositional tuning, and crystal growth are used to address cutting edge 

issues in the physics of these systems, with particular focus on the discovery and investigation of 

novel cooperative phenomena and new forms of order in CCM. A substantial fraction of the effort 

is devoted to the discovery of innovative materials and the growth of large single crystals of 

fundamental interest to materials physics. Single crystals are prepared using a variety of 

techniques, including flux growth, vapor transport, Bridgman, and optical-floating-zone growth, 

including a new high-pressure optical floating zone furnace. The ability to prepare synthetically 

challenging and sometimes unique single crystals is a major strength of this project.  The program 

works to identify and synthesize “model compounds” that are complicated enough to exhibit the 

properties of interest but simple enough to be amenable to both theory and experiment. The 

composition of these materials is carefully controlled, and the effects of compositional tuning on 

the basic physics of the materials are studied by measurement of X-ray and neutron diffraction, 

magnetization, specific heat, electrical and thermal transport, scanning transmission electron 

microscopy, and electron energy loss spectroscopy. Once the materials have been prepared and a 

basic understanding of their behaviors has been developed, in-depth experiments such as inelastic 

neutron scattering, photoemission, and scanning tunneling microscopy are performed (through 

collaborations) in order to obtain a deeper understanding of the relevant physics. Some of the 

materials investigated are promising for energy-related applications, such as superconductors for 

grid applications and thermoelectrics and permanent magnets for energy conversion.  

 

Recent Progress 

Cleavable Van der Waals bonded magnets CrI3, CrCl3, CrTe3, RuCl3, Fe3-xGeTe2 

Single crystals of van der Waals bonded magnets are attractive for studying magnetism in the 

quasi-2D limit, in very thin crystals, and in monolayers. These materials have been used to probe 

the physics of quantum spin liquids (RuCl3)[1], and demonstrate ferromagnetism at the 

monolayer limit (CrI3) [2,3]. Development of such ultra-thin magnetic materials also may help 

enable continued advancement in miniaturization and performance enhancement of electronic 

devices, either as electronically active components themselves, or through interfacing with 

materials like graphene. 

Recently we have grown and characterized several “new” cleavable magnets such as CrCl3, CrTe3 

and Fe3-xGeTe2 [2-6]. Some results from the CrCl3 research [4] are illustrated in Fig. 1. 

Ferromagnetism develops within each layer at Tc 17 K followed by a 3D transition to 
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antiferromagnetism at 14 K. In the ordered state the spin directions can be easily manipulated 

using magnetic fields of a few kOe. The ability to 

cleave CrCl3 to one monolayer was also 

demonstrated [4].    

 

Quantum critical behavior and high-entropy 

alloys 

High entropy alloys are concentrated solid 

solutions typically containing 5 elements in equal 

concentrations (e.g. CrMnFeCoNi) with extreme 

chemical disorder but with a simple fcc or bcc 

crystal structure. Some of these alloys have 

remarkable structural properties and excellent 

resistance to radiation damage. Large single 

crystals can be grown with a typical mosaic 

spread of 0.4°. During a basic characterization 

(resistivity, heat capacity, magnetic susceptibility, 

thermal conductivity) of a series of these alloys 

we noticed that NiCoCr had very unusual 

properties; a linear resistivity to at least 0.5 K, and 

a linear magnetoresistance. Further study showed 

that NiCoCr is close to the Cr concentration where 

weak itinerant ferromagnetism disappears [7]. A 

detailed low temperature thermodynamic study 

[8] of crystals very near the critical composition, NiCoCr0.8, showed remarkable agreement with 

all the predictions of theory in the limit of high disorder [Fig. 2]. To our knowledge this is the 

best agreement between theory and experiment near a quantum critical point in a metallic system.      

 

 

First Experimental Evidence for “Kondo 

Cloud” in Yb14MnSb11 

The magnetic screening cloud or “Kondo 

Cloud” around a magnetic impurity in a metal 

has been hypothesized since the explanation 

of the Kondo effect in 1964. The Kondo 

effect describes how a localized magnetic 

atom in a metal interacts with the conduction 

electrons. If the sign of the interaction is 

negative, the conduction electrons can 

effectively screen the magnetic atom resulting 

in an apparent loss of magnetism. The many-

body singlet that forms results in a minimum 

in the resistivity and is at the heart of heavy 

fermion physics and some magnetic 

mechanisms of superconductivity. The 

compound Yb14MnSb11 is an ordered dilute 

magnetic semiconductor with the magnetic 

Mn atoms separated by at least 1 nm. The 

compound is ferromagnetic below 53 K, has a carrier concentration of ≈ 1021 holes/cm3, and is an 

underscreened Kondo ferromagnet with TK ≈ 300 K. The size of the Kondo cloud is theoretically 

estimated to be ≈0.5 nm, unlike the highly diffuse extent of the cloud expected in most Kondo 

 
Figure 1. Layers of chromium atoms (blue) 

in CrCl3 have ferromagnetic moments 

(yellow) TC=17 K, with neighboring layers 

oppositely aligned (TN= 14 K) . The layers 

are weakly bound to one another and can be 

cleaved to one atomic layer. Spin directions 

can be changed with a few kOe. 

 
Figure 2. Demonstration of excellent scaling of all 

magnetization data using experimentally determined 

values of T ≈ 0.5 and T ≈ 1. There are no 

adjustable parameters. The Widom relationship is 

also verified [T = T(-1)].  
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materials. The distribution of negative 

magnetization in large Yb14MnSb11 crystals 

as measured using polarized neutrons [Fig. 

3] is consistent with the Kondo cloud 

scenario [9]. 

 

Magnetism and the “simplest” iron-based 

superconductor 

Growth of large high-quality single crystals 

of FeSe has facilitated in-depth studies of 

the physics of this unusual superconductor. 

High-pressure studies with our 

collaborators have resulted in the most 

complete T-P phase diagram to date [10] 

for this material (Fig. 4). This work, Hall 

data, and input from theory [11], indicate 

that at high pressures (≈ 6 GPa) the 

electronic structure and the interplay 

between magnetism and superconductivity 

in FeSe are similar to that observed in the 

other iron-based superconductors.   

 

Future Work 

  

Some of our future efforts will focus on the 

following questions. It is possible to 

design/discover a cleavable magnet that 

magnetically orders above room 

temperature? Our past work on SrRu2O6 

and other related compounds [12,13] may 

provide some guidance. Are there other 

ternary medium entropy alloys like NiCoCr 

near a quantum critical point? Will strong 

spin-orbit coupling significantly modify the 

physics? Guidance for this work will be 

provided by theoretical rules that have 

predicted over 200 similar alloys that 

should form. [14].  
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Figure 3. Magnetization density in the 

underscreened ferromagnetic semiconductor 

Yb14MnSb11. The large magnetic moment  on the 

Mn site (blue) is partially screened with a “Kondo 

cloud” of negative moments (brown) distributed 

among the other sites. The theoretical size of the 

cloud K = hvF/2kBTK ≈ 0.5 nm for Yb14MnSb11, 

about half of the nearest neighbor distance between 

Mn atoms. 

 
Figure 4. Temperature-pressure phase diagram of 

bulk FeSe crystals as determined by resistivity and 

ac susceptibility measurements under pressure. The 

results were cross-checked using several types of 

pressure cells [10] 
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Title: Nanostructured Materials: From Superlattices to Quantum Dots 

Principal Investigator: Prof. Ivan K. Schuller 

Physics Department 
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Program Scope 

This project is dedicated to the main issues arising when materials, especially magnetic ones, are 

nanostructured in one, two and three dimensions. The comprehensive approach combines 

preparation of nanostructures using thin film (Sputtering and MBE) and lithography (electron 

beam and self assembly) techniques, characterization using surface analytical, scanning probe 

microscopy, high-resolution scattering (light, X-ray, synchrotron and neutron) and microscopy 

techniques and measurement of physical properties (magneto-transport, magnetic and magneto-

optical) and modeling of the results. All preparation of unique materials and devices and most 

structural and physical characterization are performed in the PI’s laboratory at UCSD. More 

sophisticated structural and magnetic studies at the nanoscale are performed in collaboration at 

major facilities of DOE funded national labs.  

We aim to investigate general physical phenomena, including exchange bias, effects of 

confinement on magnetic properties, a variety of proximity effects in magnetic hybrids, and 

induced phenomena by the application of external driving forces such as time varying electric 

and magnetic fields, light and other types of radiation. In all cases, a crucial ingredient is the 

reduction of complex or highly correlated materials to the nanoscale, where fundamental changes 

may occur in their physical properties. Our studies to date have included fluorides, oxides, 

borides and organics in addition to many combinations of transition metal elements. We have 

established a battery of instrumentation and continue expanding our experimental capabilities at 

UCSD and elsewhere. More recently we have started experiments at fast time scales to 

investigate the very unusual dynamics present in many hybrid systems. 

Recent Progress 

In the last year we have focused our attention on a number of hybrid magnetic heterostructures in 

which the properties of a ferromagnet are affected by the close physical proximity with a 

dissimilar material (antiferromagnet, metal-insulator oxide). These systems are of great interest 

because the unique macroscopic magnetic behavior of the hybrid heterostructures are not simple 

sum of the individual components. Moreover these properties are robust, although they can be 

manipulated by purposefully introduced disorder. Several of these properties were not predicted 

a-priori and arose as unexpected discoveries. These discoveries have important implication for 

the physics of magnetic heterostructured materials and establish the underlying basic aspects of 

important applications related to transformation and manipulation of energy. 

Several important advances have occurred in the last year in different aspects of this project: 

1) Exchange Bias in (Ferromagnetic/Paramagnetic Metal/ Antiferromagnetic Fluoride) 

Heterostructures 

We have done extensive studies of exchange bias as function of metal thickness separator 

between a Ferromagnet (FM) and an Antiferromagnet (AFM). In a large series of samples, we 
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have found a very systematic evolution of the exchange 

bias as a function of metal (Au) thickness (tAu) and for a 

variety of field cooling (HFC) as shown in figure 1. We 

have also developed a theoretical model (solid line), 

which explains quantitatively the extensive experimental 

data (dots) only with two adjustable parameters. 

Unexpectedly the theoretical model only includes 

classical dipolar interactions. The implications of this 

result for the understanding of exchange bias are quite 

substantial, since implies that dipolar interactions are 

much more important that hitherto realized and must be 

taken into account and cannot be neglected as is 

customary in all theoretical treatments of the 

phenomenon. In addition, this has important 

implications for the development of (virtually all) 

devices, which have as an important ingredient exchange 

bias. The control and understanding of the interfacial 

microstructure is essential for the development of 

applications based on Exchange Bias. 

2) Dynamics in (Ferromagnet/ Metal-Insulator Oxide) heterostructure.  

The proximity between a ferromagnet (FM) and a simple 

transition metal oxide (TMO) that undergoes a metal-

insulator transition has produced a number of very 

interesting, unexpected results.  The transition metal oxide 

undergoes a first order metal-insulator phase transition 

concomitant with a structural phase transition. This 

transition being first order is hysteretic as function of 

temperature in which the two extreme phases coexist.  We 

have shown the strain at the interface enhances the 

coercivity of the FM by as much as factor of five in the 

coexistence region. This phenomenon was explained a due 

to interfacial strain in the heterostructure [2]. Recently we 

discovered an expected behavior in the evolution of the 

magnons in the FM as a function of temperature [3]. Fig 2 

shows the dependence of the resonant field (HR) and its 

width (Hpp) as a function of temperature for a Ni film on 

top of V2O3. The splitting of the magnons and the 

dependence of their width in the coexistence region, 

indicates coupling to a yet unidentified collective mode, 

which only occurs in the coexistence region. 

 
Fig. 2: Comparison of (a) resonant flieds (HR) 

and (b) resonant widths (Hpp) for Ni film on 
sapphire (green) and on V2O3 (in color). 

 
Fig. 1:  Experimental (symbols) and calculated 
(solid line) Exchange Bias (HEB) of a 
ferromagnetic Ni film at various distances (tAu) 
from antiferromagnetic FeF2. 

10 15 20 25
-800

-400

0

400

800

 

H
FC

 (Oe)

   100

   500

 2500

H
E

B
 
(
O

e
)

t
Au

 (A)

334



Future Plans 

In the next period we will build on the existing results and will initiate research in 

additional directions outlined in the proposal.  

We will perform photoemission electron microscopy (PEEM) using X-ray magnetic 

circular dichroism (XMCD) to measure the magnetic ordering of Ni films in a V2O3/Ni 

heterostructure as a function of temperature. Films will be cooled across the V2O3 structural 

phase transition (SPT) temperature to lock-in a uniform magnetization. A small counter-field 

will be applied as the bilayer is heated through the transition temperature region. Because the 

coercivity of Ni decreases by a factor of two as the V2O3 undergoes the SPT  [2], magnetic 

domains with reverse magnetization will nucleate and eventually percolate throughout the entire 

film. We will image the counter-field nucleated magnetic domains, their spatial order, 

characteristic lengths, shapes etc. and compare these with earlier measurements of metallicity in 

the V2O3 alone [4]. This work paves way for the development of nanotextured magnetic 

materials with sharp temperature dependent properties. In particular, in heat-assisted magnetic 

recording (HAMR) it is critical to flip the orientation of a targeted magnetic domain without 

affecting neighbors. By tuning the stripe order self-size in the oxide/ferromagnet heterostructure 

it might be possible to locally decrease the coercivity of a domain by a factor of two or more 

while preserving the coercivity of the neighboring domain. 

We will study the behavior of one dimensional (1D) ferromagnetic chains as a function of 

length, temperature, spin, and magnetic field orientation. To accomplish this we will use 

Metallo-Phthalocyanines (MPc), which incorporate many metal ions (Fe, Cu, Co, Ni, Pd, Zn). 

This almost flat molecule incorporates a single metal ion (or two H) in between 4 cyanine and 4 

benzene rings.   Based on extensive studies using Organic Molecular Beam Epitaxy we have 

been able to control their orientation and structure by appropriate choice of substrate and growth 

conditions [5,6]. Superlattices of MPc interspaced with H2Pc allows us to grow metallic (and 

magnetic) chains of varying lengths. Moreover contrary to other approaches dedicated to the 

study of 1D magnetism, we can in this fashion control all the relevant parameters of the one 

dimensional metallic chain and simultaneously produce sufficient material that we can perform 

conventional magnetic measurements such as; magnetization and Kerr effect.    
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Fig. 1.  A) derivative mode STM topographical image 

where bright lines follow step edges with GaN step height 

of 2.59 Angstrom and bright patches are impurity atom 

related effects; B) corresponding dI/dV conductance 

image revealing light/dark contrast corresponding to spin 

contrast on adjacent terraces. Images acquired at room 

temperature. 
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2. Program Scope 

The scope of this project is to investigate the structural, electronic, and spin magnetic properties 

of nitride-related material systems, in particular magnetic nitrides, magnetic gallium nitrides, and 

related elemental magnetic materials.  The project seeks to explore, image, and even manipulate 

the ferromagnetic, antiferromagnetic, and ferrimagnetic structures of these material systems.  An 

important goal is to develop these materials as advanced spintronic systems which may have 

future energy-related applications.  In order to probe these systems, this project makes use of 

scanning tunneling microscopy (STM) and especially spin-polarized STM (SP-STM).  The latter 

is a powerful technique which can provide spin information on surfaces with atomic-scale 

resolution.  Combining ultra-high vacuum SP-STM together with in-situ molecular beam 

epitaxial growth, diverse nitride-related material systems can be explored in a pristine state. 

3. Recent Progress 

  A Two-dimensional Manganese Gallium Nitride Surface Structure Showing 

Ferromagnetism at Room Temperature recently submitted to Nature Materials 

We have used SP-STM to investigate 

the formation of an ordered magnetic 

structure consisting of Mn atoms in the 

GaN surface with Mn:Ga concentration of 

1:3 and a 33-R30° reconstruction. 

Manganese atoms are bonded to both Ga 

and N atoms. Theoretical calculations 

find this structure to be ferromagnetic 

with both spin-polarized and spin-split 

surface states. The images shown in Fig.1 

reveal different dI/dV contrast on 

adjacent terraces. Whereas topo-

graphically the adjacent terraces have the 

same structure (A), the contrast seen 

cannot be electronic and therefore must 

be magnetic. Moreover, these results were 

obtained at room temperature, making 

this system a possible candidate for room-temperature spintronic applications. 

We have performed extensive verification experiments for these results including obtaining 

atomic resolution images of the 33-R30° reconstruction while simultaneously observing 
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Fig. 2.  Topographical and dI/dV mapping of a stepped area on the -MnN surface, and additionally 

spectroscopy taken from the upper and lower terraces. The image at right is a zoomed-out view of the 

same area. The source of the contrast could be magnetic or it could be electronic, potentially having 

to do with subsurface N vacancies. Images acquired at room temperature. 

dI/dV contrast in different surface regions which have the same 33-R30° structure. The 

contrast can therefore not be ascribed to any electronic effect. We have furthermore observed the 

spin-splitting by measuring opposite contrast on the same area at opposite voltage biases. And 

we have observed magnetic hysteresis effects by measuring the dI/dV levels as functions of an 

applied magnetic field. Magnetic switching effects have also been seen.  

Preparation of the sample is however challenging since it requires obtaining a Ga-poor 11 

structure on N-polar GaN through high temperature annealing prior to Mn deposition. This 

process can lead to some GaN surface dissociation and some disordered regions. This however 

creates the opportunity of having small well-ordered, ferromagnetic islands surrounded by 

disordered areas, as well as large, continuous 33-R30° areas. And we have obtained 

magnetic contrast on the 33-R30° structures in both cases. 

 Relationships Between Surface Structure, Surface Magnetism, and Nitrogen Vacancy 

Concentrations in -MnN to be submitted to Applied Surface Science 

We have also been exploring the surface properties of -MnN(001). The thought-to-be 

antiferromagnetic -phase MnN is the closest to 1:1 stoichiometry for binary manganese nitride.      

A recent paper reported the largest ever observed perpendicular exchange bias using a magnetic 

bi-layer stack consisting of -MnN and ferromagnetic CoFeB.1 This adds additional interest as 

well as need to exploring the magnetic properties of -MnN. 

While the electronic and magnetic properties of -MnN surfaces are not yet well known, our 

STM experiments so far reveal a pyramidal MnN morphology with single atomic steps. The step 

heights are found to vary from place to place, suggesting electronic or magnetic variations across 

step edges. At the same time, we have found clear contrasts in dI/dV map images, both across 

step edges, and within terraces which is shown in Fig. 2. If the sample surface is chemically 

homogeneous and has a consistent 11 structure, then this contrast can only be explained as 

magnetic. It is also notable that these contrasts have only been seen with magnetic tips.  
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a)                     b) 

 
Fig. 3.  Topographical and dI/dV mapping of a stepped area on 

Cr(001) surface showing spin contrast with layer-by-layer 

antiferromagnetic ordering. Image size is ~150 nm. Not everywhere is 

the contrast so obvious, related to the various possible in-plane 

sample spin orientations. Images acquired at low (LHe) temperature. 

Complicating the picture however, manganese nitride has other ordered phases (such as η-

Mn3N2) which leads to triple layer-wise chemical super-periodicities which could give rise to 

contrast across step edges as well. On the other hand, triple layer periodicities are not actually 

seen in these -phase samples, whereas they are seen in our η-Mn3N2 samples. Still, N-vacancies 

could be having an important effect on the observed dI/dV contrast. Theoretical calculations 

show that layers of sub-surface N-vacancies depress the density of states at the surface. Since it 

is never possible to get a fully 1:1 Mn:N, one always has some N-vacancies in the grown 

samples. While not enough to form triple-ordered periodicities as in η-Mn3N2, N-vacancies could 

give rise to dI/dV contrast at the surface. At the same time, -MnN is fully expected to be 

magnetically well ordered. And thus magnetic contrast should also be present. 

In order to try to unravel the two possible sources of the observed dI/dV contrasts, we are 

currently performing more experiments using larger out of plane fields of varying magnitude 

using our LT-SP-STM system. If the observed dI/dV contrast is found to depend on the field, 

then we can be certain about the magnetic ordering. 

 Perpendicular Magnetic Anisotropy and Surface Spin Polarization in Ferrimagnetic -

phase Mn4N SP-STM results to be submitted to JMMM; see also publication #86 

We have investigated the surfaces of -phase Mn4N which is a ferrimagnetic material. Ultra-

thin films (~ 9 nm) of this material are prepared through a combination of manganese nitride 

MBE growth, annealing, and re-growth. By ex-situ magnetometry, it has been found that the 

samples exhibit perpendicular magnetic anisotropy. SP-STM has been performed under 

applied magnetic fields, and we have found domain contrast in dI/dV image maps. We have 

furthermore explored the magnetic field-dependent dI/dV contrast, and full hysteresis 

behavior has been found.   

 Spin Structure of MBE-grown Cr(001) Surface Results to be submitted to JMMM 
Spin magnetic contrast was 

obtained on chromium (001) at 

low temperature using SP-

STM. The image at the left in 

Fig. 3(a) is the topographical 

image, while the image at right 

(b) is the dI/dV map image. We 

can see that there is very clear 

light-dark-light contrast on the 

terraces separated by single 

atomic steps, indicating the 

antiferromagnetic layering of 

the Cr(001) surface. For this 

MBE-grown Cr film however, 

there are areas also which show 

very little layer-by-layer 

contrast, indicating an in-plane 

spin rotation of the sample 

spins in those areas, perhaps by 90°. This indicates the various sample spin magnetic 

anisotropies and is positive confirmation of the spin resolving power of our LT-SP-STM system. 
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4. Future Plans 

In general, each project in our lab should move from the initial growth study, to the structural 

investigation, and then on to the measurement of electronic and spin magnetic properties.  

Current and future efforts are therefore to be focused on the use of spectroscopy and SP-STM to 

obtain the electronic and spin magnetic properties for these nitride-related spintronic materials. 
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Understanding and Controlling Conductivity Transitions in Correlated Solids: 

Spectroscopic Studies of Electronic Structure in Vanadates. 

Kevin E. Smith, Department of Physics, Boston University. 

Program Scope 

 There is enormous scientific and technological interest in understanding and controlling 

solid state electronic conductivity transitions.  The switching of the electrical properties of a 

material between those of a metal and those of a non-metal is the very basis of the electronics 

industry.  Conductivity transitions can be driven by many external and internal mechanisms, 

including electric and magnetic fields, chemical doping, defects, disorder, pressure, 

dimensionality, and temperature.  The significance of these transitions can be gauged from the 

fact that a substantial fraction of all research in solid state physics is directed at understanding 

such transitions, and ultimately controlling their properties.     

 Vanadium oxides (vanadates) display particularly complex and fascinating electronic 

phenomena.  Whether as simple binary oxides or as ternary compounds with substituted metal 

cations, vanadates are replete with complex conductivity transitions, as well as charge ordering 

transitions, structural phase transitions, frustrated spin structures, superconductivity, and unusual 

magnetic properties.  As such, vanadates are a prototypical class of correlated material, where 

fundamentally important physical themes can be explored, both experimentally and theoretically.  

Key to understanding the origin of the properties of vanadates is the accurate determination of 

their electronic structure. 

 This program is focused on measuring the electronic properties of a selection of 

vanadates, and to use the knowledge gained to provide a deeper understanding of the origins of 

conductivity transitions in correlated materials.  This in turn facilitates the control of these 

transitions.  The experimental tools used are soft x-ray emission spectroscopy (XES), soft x-ray 

absorption spectroscopy (XAS), resonant inelastic soft x ray scattering (RIXS), x-ray 

photoemission spectroscopy (XPS), angle resolved photoemission spectroscopy (ARPES), and 

spectroscopic photoemission low energy electron microscopy (SPELEEM).  The use of this 

diverse suite of electron and photon techniques enables a very wide range of physically 

important vanadates to be studied, since we can measure electronic structure in samples that are 

electrical conductors or electrical insulators, and in samples that are single crystals, thin films, 

polycrystalline powders, or nanoparticles.  This degree of flexibility is unusual and highly 

advantageous.  In this ambitious program we measure (and test against theory), vanadate band 

structures, densities of states, Fermi surfaces, many body correlations, cation charge states, 

valence band hybridization, low energy valence excitations, and most importantly, the changes in 

electronic structure during vanadate conductivity transitions.   
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 Recent Progress  

 The scientific highlights of our program include the following: 

• The observation of a striped electronic and structural phase during the metal-to-

insulator transition in VO2;
1  

• The observation of a decoupling of the electronic and structural phase transitions in 

VO2;
1 

• The discovery of surface enhanced electron correlation in SrxCa1-xVO3;
2,3  

• The determination of the electronic structure of β-NaxV2O5 (x ≈ 0.33);4 

• The observation low-energy t2g orbital excitations in NdVO3;
5 

• Exploration of the effects of rare-earth atomic size on the electronic structure of 

La1-xLuxVO3;
6 

• Definitive studies of the electronic properties of BiVO4;
7,8  

• A study of the surfaces of V2O5 films grown by thermal evaporation and sol-gel 

methods;9 

• Also, given our access to various synchrotron radiation sources, a selection of other 

spectroscopic electronic structure studies were performed and subsequently published.  

These studies provided important complimentary information to our vanadate results.  

The progress made in these experiments include: the observation using ARPES of surface 

states in the superconducting topological insulator, indium doped SnTe(111);10 a 

RIXS/XAS study of the first lithiation cycle of the Li-ion battery cathode material 

Li2-xMnSiO4;
11 a study of the origin of the bipolar doping behavior of SnO;12 exploration 

of the nature of pseudo Jahn-Teller distortions in LixMnPO4;
13 determination of the k-

resolved susceptibility function for 2H-TaSe2 from ARPES,14 and finally, a study of 

visible-light-active Sn(II)-TiO2 photocatalysts.15   

 

Future Plans 

 Our future focus will be to understand the effect of reduced dimensionality on many body 

electronic properties in these prototypical correlated materials.  Understanding how electron 

correlation in metal oxides can be controlled by the dimensionality of the solid is a crucially 

important issue if these materials are to be used in next-generation electronic and magnetic 

devices.  We intend to explore this issue by reducing sample dimensionality in two distinct ways: 

by varying the thickness and repeat units of vanadate superlattices, and by varying the size of 

vanadate nanoparticles. 
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Understanding (Mostly) Iron Based Superconductors 

 

G. R. Stewart, Department of Physics, University of Florida, Gainesville FL 32611 

 

Program Scope 

 

 This work addresses several key questions important for understanding 
superconductivity (and its origin) in Iron Based Superconductors (‘IBS’ hereafter), which 
are potentially technologically useful materials. Techniques we are developing are 
applicable to other superconductors, including cuprates, as well. In addition, a new 
collaborative effort in 2 dimensional properties using cleavable superconductors is 
underway. We are focused primarily on the following areas of research: 
a.) investigate the effect of strain in IBS. Small differences in strain have been 
found (by our work and others) to be surprisingly important for Tc and transition 
width. Our recent work (see publication #1 in the 2 year list) found a strong dependence 
of superconductivity in a 122 structure IBS on the strain (implying non-conventional 
superconductivity). We propose to investigate the influence of strain on Tc and the 

transition width Tc in several IBS, including KFe2As2 (which has a known broad Tc as 
measured in the specific heat even in high residual resistivity ratio (i. e. supposedly high 
quality) samples) and further study strain relief in BaFe2-xCoxAs2 to determine Tc vs 
strain for very low strain. 
b.) investigate, using our recently adapted-for-IBS technique of scaling in the 
specific heat, if line nodes/deep minima appear to be present: 
Such line nodes/deep minima can come in IBS either from d-wave pairing or from s± 
pairing where the nodes are accidental, rather than symmetry driven. These nodes can 
morph into deep minima in the presence of disorder/defects. Using a method previously 
used1 for proving the existence of line nodes/deep minima in d-wave YBCO, we first 
investigated (publication #4) the possibility of line nodes in overdoped Ba1-xKxFe2As2.  
c.) We continue to investigate the behavior of the discontinuity in the specific heat, 

C, at Tc in the IBS. This work is based on a discovery2 of a correlation in the specific 

heat with Tc that the discontinuity in the specific heat at Tc, C, varies as Tc
3. This is 

quite different than the standard BCS superconductors, where the pairing involves 

phonons and C varies approximately as Tc
2.  Secondly, we propose, in the Co-doped 

BaFe2As2 in which we have experience in sample preparation, to study the details of the 

C ~ Tc
3
 trend with extended strain-relieving annealing to minimize possible impurity 

scattering. Thirdly, the question of what causes the residual  value in the 

superconducting state as T0 (which impacts the calculation of C) will be investigated 

in light of our recent results where strain seriously affects Tc. Is strain also a deciding 

influence for residual? 
d.) Continue our work (graduate student thesis) reacting BaFe2As2 with fluorine and 
extend this work to (less reactive) chlorine.  
e.) Investigate if Be, with which our lab has special expertise, can be inserted into 
several IBS including LiFeAs and doped BaFe2As2 and measure its effects on the 
properties. From an atomic radius and valency point of view, Be would be expected to 
substitute for Fe.  Fe and Be form numerous binary compounds, while Ba and Be form 
BaBe13. 

346



f.) Prepare high Tc BiSCCO and TaS2, which are cleavable down to monolayer 
thicknesses, for research collaborations (Centre for Advanced 2D Materials in 
Singapore and University of Florida) exploring 2-dimensional behavior. 
 

Recent Progress 

  

1. Reaction of undoped BaFe2As2 and SrFe2As2 with fluorine and chlorine to cause 

superconductivity at Tc~22 K.  Recent progress includes determination via careful x-

ray photoemission that F is replacing As in the lattice; the 

diffusion depth of F after 20 minutes is up to 10 microns; Cl is 

much less (at least a factor of 20 in exposure time) reactive than 

F.  We have begun a collaboration on this project with the group 

of Prof. Juan Nino in Materials Science at the University of 

Florida for both experimental and theoretical support. 

 
Fig. 1:  Resistance vs temperature of BaFe2As2 exposed to fluorine gas (5%) 

for 20 minutes. 

 

2.  We have built a new strain apparatus in our Physics Dept. machine shop using a pure 

Titanium strain-induction part to approximately match the strain of our proposed samples 

with the thermal strain introduced by cooling, and finished wiring the new rig with 9 

piezoelectric stacks installed, with a strain gauge to measure the applied strain.  We have 

begun measurements, as a first test of the apparatus, on URu2Si2 which has a so-called 

“hidden order” transition at 17 K.  We have overcome initial problems with small cracks in 

the samples appearing under strain, and are now able to measure the hysteresis (like in the 

magnetization of ferromagnets) in the resistivity of the sample (predicted to provide 

evidence of possible nematic order)  between ramping down the strain from the maximum 

(+0.0002) vs ramping up the strain from the minimum (-0.0002).  We are receiving 

theoretical support on this project from Rafael Fernandes, University of Minnesota, who has 

a recent publication3 on the subject. 

3.  Two publications (see list) resulted with the supplying of thin, cleavable high quality 

single crystals of BiSSCO and TaS2 to the group of Art Hebard, University of Florida. 

  

Future Plans 

 

1. Reaction of undoped BaFe2As2 and SrFe2As2 with fluorine and chlorine to cause 

superconductivity at Tc~22 K:  We propose to finish this project in the coming year with 

one major remaining goal to investigate:  Can addition of FeF2 to the self-flux  

mixture of Ba:Fe:As components result in a more bulk superconductivity?    Or is this 

type of superconductivity inherently non-bulk? 

2. Continue strain work on the hidden order transition in URu2Si2.  Investigate the effect of 

strain on Tc and Tc of single crystals of BaFe2-xCoxAs2 using our strain rig and resistivity 

as the characterization technique. 

3. Investigate the residual  in single crystals of BaFe2-xCoxAs2 as a function of strain, using 

pellets of ground powder. 

4. Investigate Be as a dopant in IBS. 
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Nanoscale Electrical Transfer and Coherent Transport Between Atomically-Thin Materials 

Douglas R. Strachan, Department of Physics and Astronomy, University of Kentucky 

Program Scope 

 The working paradigm of the electronics field over the last 50 years has been the steady 

reduction in size of their components, yet as the size of electronics are reduced towards 

nanoscale dimensions electrical contacts are increasingly important, and their resistances are 

major obstacles to achieving faster and more efficient devices. It is widely expected that this 

steady reduction in size will soon involve the incorporation of the new class of atomically-thin 

materials (such as, graphene, nanotubes, and the dichalcogenides) into future electronics. At this 

extreme limit of miniaturization, the interfaces to electrical contacts will likely become the 

critical barriers to improved performances and energy efficiencies. The case in which both the 

device material and the contact comprise an atomically-thin material is particularly exciting, 

however, as this nanostructure has the potential to realize controlled coherent transport at the 

electrode-channel interface, enabling very high conductivities over extremely short length scales; 

in essence pushing the limit of miniaturization of the electrode thickness can in this situation be 

exploited as an advantage rather than being an obstacle. 

The objective of this project is to utilize highly-ordered atomically-thin commensurate nanoscale 

electrodes to probe and control the coherent electron transfer to another atomically-thin material. 

To fulfill the objective, two aims will be pursued to determine the electron transport between 

commensurate electrodes through channel materials comprising two prototypical atomically-thin 

materials with different dimensionalities; one-dimensional nanotubes, and atomically-thin 2D 

materials. This two-aim research effort will provide fundamental complementary understanding 

of coherent transfer processes as the dimensionality of the electrical interface is varied. 

Recent Progress  

 Towards the first-year goals of this program, we have so far prepared more than 30 

crystallographically-aligned carbon nanotube (CNT) samples1,2 over few-layer graphene films 

that have been etched into two electrically isolated electrodes.3,4 An atomic-force microscopy 

image of representative selection of these CNTs over graphene etch tracks is shown in Figs. 1. 

Lithography is currently being performed on these samples in order to make the relevant 

transport measurements of these extremely small nanoscale structures. 

In the sample preparation work we have obtained two related results for which we have 

manuscripts in preparation. One of these related results is the discovery of crystallographic 

etching of boron nitride.5 The second result is the discovery of a method for the crystallographic 

growth of carbon nanotubes (CNTs) on hexagonal boron nitride (hBN) surfaces.6 This result is 

shown in Fig. 8 in the attached file. Figure 9 of this file shows an AFM image of the same 
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sample with nano-lithography electrodes placed on the nanotubes for electrical measurements 

(which are currently underway in our lab).   

Figure 1. An assortment of recently prepared crystallographically-aligned carbon nanotubes 

grown over insulating few-layer graphene etch tracks. 
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Related to the two-dimensional channel materials and the atomic-resolution imaging, we have 

developed a dry transfer and placement technique of atomically-thin materials that does not 

require solvents. These samples are currently being imaged at ORNL using in-situ scanning 

transmission electron microscopy (STEM). Our initial results indicate that the surfaces are clear 

of any residue due to sample preparation. We are also using this technique for preparing the two-

dimensional channels over the crystallographic electrodes. 

We have also recently performed multi-terminal nanoscale electrical measurements on organic 

composite films that are similar to those we will perform on the ultra-short 2D materials.7 

  

 

Figure 2. (a) Crystallographically-aligned nanotubes on boron nitride (hBN) surface and (b) 

histogram showing alignment. (c-d) Electrical measurements of aligned nanotubes on hBN.  
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Future Plans 

 Our upcoming future work on this program will include extensive electrical transport 

measurement on the ultra-short atomically-thin test devices, and their atomic-scale imaging at 

ORNL. 
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Fermi Gases in Bichromatic Superlattices 

John E. Thomas 

Physics Department, North Carolina State University, Raleigh, NC 27695 

Program Scope 

 The purpose of the proposed program is the broad study of designer materials made of 

ultra-cold atoms and light, which provides new paradigms for emulating exotic layered systems. 

Of particular interest are bichromatic superlattices, which enable precise control of the band 

structure for mixtures of spin-up and spin-down atoms. Exploiting magnetically tunable two-

body interactions near a Feshbach resonance, this system enables study of dimensionality,  

dispersion, and pairing in layered, strongly correlated Fermi gases, to model high-temperature 

superfluidity/superconductivity. 

 Recent Progress  

 1) 2D to Quasi-2D Crossover 

We made the first studies of the crossover from a nearly two-dimensional (2D) Fermi gas to a 

quasi-2D gas, resolving a controversy in previously measured pairing spectra by our group1 and 

those obtained by the Cavendish lab group of Michael Kohl2 and the MIT group of Martin 

Zwierlein3. 

In the 2D regime, the measured pairing energies by all groups are consistent with confinement-

induced dimers, as predicted by 2D-BCS mean-field theory. These results suggested that a mean 

field description might be applicable in this 2D system, despite theoretical expectations that 

mean field theory cannot describe 2D systems, due to enhanced fluctuations in the confined 

geometry. For the quasi-2D regime, the measured pairing energies are in strong disagreement 

with confinement-induced dimers, and can be understood using a (beyond mean field) polaron 

model. No previous experiment has continuously tuned between these regimes, to shed light on 

the connection between them. 

To explore this problem, we use a 1064 nm (red) standing wave to tightly confine the atoms in 

periodic pancake-shaped potentials V(z). A focused CO2 laser beam is superimposed on this 

lattice to provide tunable confinement in the radial r direction of the pancakes. With weak 

confinement, the potential is nearly 2D, with atoms residing the ground z-vibrational state. With 

tight confinement, the increase in the radial Fermi energy accesses higher z-vibrational states. 

For the first time, we measured both the radio-frequency pairing spectra and the radial cloud size 

in the same experiments, enabling a stringent test of predictions.  

We find that while the dimer-2D-BCS model can predict the 2D spectra, the measured cloud 

radii are much smaller than 2D-BCS prediction, showing that the mean-field model is not valid 
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in this 2D system, despite apparent agreement with the spectra. In the quasi-2D regime, 

explaining both the spectra and the cloud profiles requires a beyond mean field treatment.  

Our results clearly confirm theoretical predictions that a beyond mean field description is 

required throughout the 2D to quasi-2D crossover. Further, we find that for binding energy small 

compared to the Fermi energy, the measured cloud radii approach predictions for a Fermi liquid.  

 

2)  Pairing in a Bichromatic Superlattice 

In the past year, our primary focus has been on comprehensive experimental and theoretical 

studies of atom pairing in a bichromatic superlattice, which will enable new studies of 

superfluidity, nonequilibrium dynamics, and exotic phases of matter in the strongly interacting 

regime near a Feshbach resonance. For these experiments, we combine 1064 nm (red) and 532 

nm (green) standing wave lattices, which are superimposed on 6Li atoms confined in a CO2 laser 

trap in a mixture of the two lowest hyperfine states (denoted 1,2). With control of both the 

amplitudes and relative phase  of the green and red lattices, we are able to create periodic 

double-well potentials of arbitrary shape and symmetry.  Using radio-frequency spectroscopy to 

induce transitions from state 2 to an initially unoccupied state 3, we have observed a rich spectral 

structure, strongly dependent on the relative phase between the red and green lattices, posing 

new questions about the entanglement between the dimer center of mass motion and the relative 

motion within the dimer pair. Spectra for symmetric periodic double wells (left for ) and 

tilted periodic double wells (right for ) are shown below. 

  

 

The observed spectra suggest multiple dimer pairing mechanisms, perhaps with two atoms in the 

first band or for one atom in each of the first two bands. However, without a comprehensive 

theory, the origin of the complex spectral structure and its sensitivity to the relative phase of the 

lattice remained unclear. 
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To interpret the data, we succeeded in developing a rigorous theory of atom pairing in a 

bichromatic superlattice, using a 9-band model and including finite harmonic confinement in the 

radial direction. For tight radial confinement in a single lattice, our model reduces to the well-

known Hubbard model, which is often employed as a simple approximation. For the weak radial 

confinement employed in our experiments, our model predicts a nontrivial spectral structure, 

consisting of hundreds of transitions from the initially populated dimer states to a dense, but 

discrete set of bound states and “trap” states with energies near the bare two-atom lattice states. 

We have computed all of the transition probabilities (insets in the figures), the corresponding 

spectra arising from each initial state (green-dashed and blue-dashed curves), and the Boltzmann 

factor weighted total spectra (red curves), in excellent agreement with the measurements. 

By comparing our predictions to experimental spectra, we are now able to clearly identify the 

two initial 1-2 dimer states that contribute the spectrum. For with symmetric, periodic 

double well potentials, the two initial states are delocalized, symmetric or antisymmetric in the 

CM coordinate, and closely spaced in total energy. Increasing to produces tilted double 

wells, for which the two initial states are localized, left or right well states, with a larger energy 

separation. By altering the energy difference, the choice of phase strongly affects the Boltzmann 

factor and hence the initial state populations. Further, the change in the symmetry of the initial 1-

2 dimer states greatly affects the strengths of the radio frequency transitions to the final 1-3 

dimer states as observed in the spectra.   

Future Plans 

We will complete our measurements of pairing spectra, as a function of interaction strength, 

relative phase and amplitudes of the green and red lattices.  

We have installed an electro-optic modulator to enable dynamical control of the relative phase of 

the red and green lattices. This has already improved our measurement method and enables new 

studies of the non-equilibrium dynamics of multiple pairing mechanisms in the superlattice.   
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Designing Metastability: Coercing Materials to Phase Boundaries 

T. Zac Ward, Oak Ridge National Laboratory 

Program Scope 

 Crystalline materials are defined by their highly ordered microscopic arrangement of 

atoms. Functionality is then dictated by how the constituent atoms and their spatial relationship 

to one another affects the electrons in the material. The often strong coupling between spin, 

charge, orbital, and lattice degrees of freedom in transition metal oxides (TMOs) creates a 

particularly high sensitivity to slight variations in the crystal composition and structure. The 

crystal lattice—including the coupled effects of lattice parameter, symmetry, strain state, and 

octahedral rotations—is thus one of the most important degrees of freedom in these materials. 

Effective control over lattice parameters not only facilitates the understanding of multiple 

interactions in strongly correlated systems, but also creates new phases and emergent behaviors: 

ranging from metal-insulator transitions to superconductivity to multiferroicity. Lattice 

engineering through epitaxy and/or chemical pressure induced by isovalent substitution are 

widely used methods of controlling lattice parameters in TMOs and have demonstrated great 

functional importance. However, these routes can be a tedious trial and error process that 

requires multiple samples to be grown while only allowing discrete symmetry configurations 

dictated by available substrate and the Poisson effect. These methods also rule out the ability to 

continuously and/or locally control a material’s structure and resulting function. In other words, 

we have many technologically important materials which are highly sensitive to small structural 

perturbations but no means of applying these structural perturbations systematically to explore 

and ultimately design explicit structure-driven functionalities.  Recent work has shown that low 

energy He ion implantation is a viable means to bypass these limitations by allowing continuous, 

post-synthesis modification of structure in crystalline films through a “strain doping” process1–4. 

This project is aimed at creating, understanding, and utilizing previously inaccessible 

structural distortions in transition metal oxides by means of strain doping, with the goal of 

obtaining new and highly controllable functional properties. We examine how global structural 

changes induce emergent local inhomogeneities arising from metastabilities using a top-down 

approach. The area of implantation can also be applied at the nanometers scale which allows 

comparative bottom-up studies where we intentionally create local distortions to observe their 

impact on meso- and macroscopic phenomena. The specific aims of this project are: (1) to design 

metastable ferroic states, (2) to understand local inhomogeneity’s role in emergent 

functionalities, and (3) to understand the mechanisms of structural distortions under strain 

doping. This work will provide previously hidden insights into the structure-function relationship 

of transition metal oxides while providing a means of designing competing nanoscale 

functionalities locally in a single crystal wafer. Together, these aims will provide significant 

insight into the role of strain and of defects in determining properties of TMO systems. 
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Fig. 2 Inserting helium atoms into a 

SnO2 crystalline film allows for fine 

control over the elongation of the out-

of-plane axis which drives a reduction 

in optical bandgap (represented here as 

a red-shift with increased doping). 

 

 

Fig. 1 X-ray data on helium implanted La0.7Sr0.3MnO3 

films. (a) θ-2θ scans of LSMO thin films on SrTiO3 

substrates under different helium dosage. (b) The out-of-

plane lattice constant changes as a function of helium dose 

where percentages note the change in the c-axis relative to 

the undosed state. Inset: calculated orbital populations of 

the x2-y2 (blue) and 3z2-r2 (red) for related strain state. 

    

 Recent Progress  

The central challenge of this proposal is to create, understand, and utilize previously 

inaccessible structural distortions in transition metal oxides with the goal of obtaining enhanced 

functional properties. Our effort is motivated by the ability to exert unprecedented control over 

crystal symmetries related to single axis lattice expansion and octahedra rotation through strain 

doping; the availability of exceptional tools to analyze materials across multiple length scales; 

and the need for a fundamental understanding of how the strain doping process modifies crystal 

structure. Selected highlights of recent progress are listed as follows: 

Strain Doping: A new approach to controlling orbital populations and crystal anisotropy 

Interstitial helium atoms can used to 

control the length of a single axis in a 

crystal lattice, allowing for delicate 

manipulations of complex behavior1. 

Crystal structure is of central importance to 

understanding and controlling complex 

materials that offers great potential 

functionality in high-temperature 

superconductors, multiferroics, and colossal 

magnetoresistors. However, current 

methods of controlling lattice structure are 

limited to methods that cannot be 

continuously controlled in a single 

direction. These restrictions can be 

overcome by implanting helium atoms into a crystal, providing a means to finely control electron 

orbits and lattice-anisotropy-dependent electronic and magnetic behaviors (Fig. 1). This 

approach can be applied to any epitaxially locked thin film across a wide spectrum of materials. 

This new ability is critical to fundamental studies and promises to accelerate commercial 

deployment of complex materials by providing a way to 

tune material properties using wafer-scale processing that 

can be implemented using existing ion-implantation 

infrastructure. Ultimately, strain doping may become an 

important means to tune tomorrow’s complex materials, 

similar to how electron/hole doping engineers today’s 

semiconducting materials. 

Controlling optical bandgap in semiconducting oxide 

This study demonstrated that helium implantation 

allows for continuous control of optical band gaps in 

semiconducting oxide films through the resultant strain — 

an impossibility with traditional strain engineering2,3 (Fig. 
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 Fig. 3 Helium implantation allows for 

continuous control over octahedral rotation 

patterns and crystal symmetry.  

2). This critical advance allows a direct approach to tuning material properties which may 

significantly impact several alternative energy technologies. While traditional epitaxy results in 

multi-directional lattice changes that only allow discrete increases in bandgap, this work showed 

that a downward shift in the band gap can be linearly dictated as a function of out-of-plane lattice 

expansion. Density functional theory calculations showed that uniaxial strain provides a 

fundamentally different effect on the band structure than traditional multi-axes strain effects. 

Charge density calculations provided further explanation by showing that uniaxial strain drives 

orbital hybridization inaccessible to traditional strain engineering techniques. Importantly, the 

use of noble ions may allow for bandgap tuning without 

inducing charge trap sites. 

Manipulating octahedral rotation 

In this work, helium implantation is used to 

control the octahedral rotation pattern in a single crystal 

perovskite SrRuO3 film
4. The perovskite unit cell is the 

fundamental building block of many functional materials. 

The manipulation of this crystal structure is known to be 

of central importance to controlling many technologically 

promising phenomena related to superconductivity, 

multiferroicity, mangetoresistivity, and photovoltaics. The 

broad range of properties that this structure can exhibit is 

in part due to the centrally coordinated octahedra bond 

flexibility, which allows for a multitude of distortions from the ideal highly symmetric structure. 

Continuous and fine manipulation of these distortions is not possible with traditional techniques. 

We showed that controlled insertion of He atoms into an epitaxial perovskite film can be used to 

finely tune the lattice symmetry by modifying the local distortions, i.e., octahedral bonding angle 

and length (Fig. 3). Implanted He atoms induced out-of-plane strain, thereby providing the 

ability to controllably shift the bulk-like orthorhombically distorted SrRuO3 film to a tetragonal 

structure by shifting the oxygen octahedra rotation pattern. The ability to finely control 

octahedral rotations across any material class is expected to greatly enhance our ability to 

explore fundamental properties and generate novel functionality. 

Future Plans 

 Great initial strides with strain doping have been made, demonstrating that we can tune 

crystal structures in a manner never before possible. We may now begin to exploit this through 

directed studies across a wide range of transition metal oxides. This new ability to continuously 

control lattice symmetry allows for the fine structural manipulations needed to address many 

pressing questions regarding structure–function relationships while opening new unexplored 

structural geometries for fundamental investigation. Further, the ability to “write” different 

magnetic, ferroelectric, and electronic behaviors at the nanoscale into a single crystal wafer 

opens the door to designing truly revolutionary multifunctional devices. Employing the same ion 

implantation infrastructure that is currently used in the semiconductor industry, we can envision 
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a future in which the flexibility of locally strain-doped correlated materials could be used to 

design next generation multistimulus-multiresponse characteristics far beyond what is currently 

possible by electron/hole doping of simple semiconducting materials. 
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Charge inhomogeneity in correlated electron systems: charge order or not 
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Program Scope 

The goal of this program is to develop an understanding of how and why conduction 

electrons arrange themselves in correlated electron systems, with particular emphasis on 

superconducting and closely related materials. Our strategy is to explore materials in which 

dopants can be controlled in a manner that leads to interesting properties. A primary path 

towards this goal is to compare the properties of similar compounds doped with highly mobile 

oxygen defects versus static cation substitutions. While charge and spin order are common in 

both, doping via oxygen defects often leads to electronic phase separation. In the cases we study, 

oxygen can be incorporated topotactically, at lower temperatures within an already formed 

crystalline network.  

Our group both synthesizes materials and performs advanced measurements. Synthesis 

capabilities include the growth of epitaxial films using laser deposition and control of oxygen 

concentration with a variety of techniques including electrochemical oxidation, ozone treatment, 

and oxygen annealing.  We pursue advanced measurements such as magnetic neutron scattering, 

resonant x-ray scattering and SR, and look to partner with experts in other techniques.  

The systems we study include unconventional superconductors and related materials, 

mostly transition metal oxides.  We have a long running interest in the unique cuprate 

superconductor La2-xSrxCuO4+y, co-doped with both Sr on La sites and excess oxygen. Samples 

with adequate excess oxygen spontaneously phase separate into lower doped, stripe-like 

magnetic phases and non-magnetic high TC superconducting phases. In some sense, the separated 

regions are notably pure examples of each phase making an interesting test-bed for new 

developments on the cuprates. We have pushed lately to investigate related compounds, looking 

for universal properties in doped Mott insulators and related strongly correlated metals. This has 

led to studies of 214 nickelates, 113-perovskite cobaltates, and similar compounds that also can 

be charge doped though either cation substitution or oxygen defect formation. The oxygen doped 

version often self-segregate into regions with different effective charge density, with the stable 

phases characterized by particular charge order.  

 

Recent Progress  

 Charge order in electronically phase separated La2-xSrxCuO4+y 

 Over the past few years charge order (CO) has been found in most cuprate 

superconductors doped to have 1/8th hole per planar Cu site. [1] An important exception has been 

La2CuO4+y, doped with large amounts of excess oxygen. As noted above, this material 

spontaneously phase separates into non-superconducting regions with stripe-like magnetism and 

optimally doped superconducting regions. [2] The magnetic regions ought to also have well-

developed charge order if the stripe picture holds, but several searches failed to find CO.  

 Through a careful study of freshly cleaved samples, we have been able to find charge 

order peaks in a sample of La2CuO4+y, whose near surface regions was doped close to an overall 

hole concentration near 1/8th hole per Cu. Samples whose near surface region was doped nearer 

to 0.16 holes per Cu showed no such charge order peak. The behavior of this peak matches 
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expectations for intertwined charge and spin order. Fig. 1 shows a basic q-scan over the peak and 

the temperature dependence of the intensity.  

 
 Another peak which may appear on resonance in the 214 family of cuprates is the 

nominally disallowed (001) reflection. When resonant at energies associated with the apical 

oxygen or lathanide, the peak reflects the presence of the low temperature tetragonal structural 

phase. [3] When resonant at energies associated with the copper and in-plane oxygen, this peak 

has been proposed as a direct measure of electronic nematicity. [4] For the super-oxygenated 

compounds, we found no (001) peak at any resonance energy, though were able to find it in 

higher doped samples at energies associated with the LTT phase. The lack of such a peak in the 

charge-spin stripe phase is curious as it is hard to envision the charge-stripe phase without x/y 

anisotropy. Further, the lack of this peak at the LTT-related energies firmly establishes that 

charge/spin stripes do not require pinning by the LTT tilt pattern.  

 

Electronic phase separation and charge order in related compounds.  

At least two other transition metal oxide systems exhibit electronic phase separation when charge 

doped using mobile oxygen defects but not when doped using cation substitution: 214-nickelates 

and 113-cobaltates. Both sets of compounds have many parallels to the cuprates. Here we recap 

some recent work on the cobaltates, the lesser known of these compounds.  

 

Fig. 1.  Left: Q scan over the charge order peak at two temperatures (background 

subtracted). Center: temperature dependence of the charge order peak intensity and 

peak width. Right: Bottom trace is the energy dependence of the resonantly allowed 

(001) peak for a sample doped to have near 0.16 holes per Cu (no charge order). Top 

trace is the x-ray absorption measured in total electron yield for comparison.  

Fig. 2.  A comparison for three samples 

of the bulk magnetization and the zero-

field SR asymmetry profile: top panels 

for SrCoO2.88, middle for SrCoO2.96 (mixed 

phase), bottom for SrCoO3. Panels (a)-(c) 

are bulk magnetization. Panels (d)-(f) are 

muon profiles, with solid lines 

representing model fits. The 

intermediate and low temperature muon 

profiles for SrCoO2.96 (panel e), can only 

be fit by a composite model.  
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Hole doping LaCoO3 through substitution of Sr2+ for La3+ leads to a spin glass and short length 

scale charge variations [5]. Controlling the charge doping of SrCoO2.5-SrCoO3 with mobile oxygen 

defects leads to the coexistence of multiple magnetic transitions. For example, SrCoO2.88 is ferromagnetic 

with TC = 220 K and SrCoO3 is ferromagnetic with TC = 280 K. For intermediate oxygen concentrations a 

double transition appears with characteristic temperatures of 220 and 280 K, despite the fact that the 

crystal structure is intermediate between SrCoO2.88 and SrCoO3 and not a sum of these end point 

structures. We conducted mSR experiments, a local probe of magnetism, to determine that the multiple 

magnetic transitions in SrCOOx (2.88<x<3) represent different magnetic phases in separate regions of the 

sample. However, the low-temperature muon asymmetry needs a third, damped component for a good fit, 

indicating that inter-domain regions are substantial and the phase separated regions are smaller than in 

La2CuO4+y.  

 The unique phases in SrCOOx (2.88<x<3) are both ferromagnetic, and thus do not provide 

any obvious driving force for phase separation. Since the missing oxygen in the stable phases 

constitute a simple fraction, we used resonant scattering to look for some commensurate 

ordering. For the SrCoO2.88 phase alone, we found strongly resonant peaks at the (¼,¼,¼) 

position relative to the simple perovskite unit cell. These peaks appear to represent combined 

charge and orbital ordering, with 

an example of the resonant 

behavior in Fig. 4. Among 

transition metal oxide samples we 

know to electronically phase-

separate, there does not appear to 

be a common thread in the 

electronic ground states of the 

stable phases. However, the 

presence of charge order in at least 

one of the stable phases does 

appear to be universal – perhaps 

indicating the source of the 

tendency to phase separate is to 

accommodate charge order.  

 

Future Plans 

 Our future plans are to pursue a line of continuing work on charge order and electronic 

phase separation and to begin a new effort studying unconventional superconductivity in electron 

doped SrTiO3.  

For the studies of charge order and electronic phase separation we will pursue several 

follow-up studies to those above. In the cuprates we wish to explore an apparent connection 

between the mix of cation (Sr for La) and anion (O) dopants and the size of the charge and spin 

ordered regions as measured by the scattering peak widths. This may give insight in the role of 

disorder on the electronic properties. In the cobaltates, we are studying samples at the same 

electron concentration, but doped with cation substitution rather than oxygen vacancies, for 

example Sr0.75La0.25CoO3 in comparison to SrCoO2.88. This type of study can disentangle features 

inherently driven by the charge state from chemistry associated with the particular stoichiometry.  

We are very excited for building a new research thrust on strain effects and the interplay 

between polar phases and unconventional superconductivity in electron-doped SrTiO3. SrTiO3 

has long been a playground for new concepts in condensed matter physics, and a series of recent 

Fig. 3.  (a) Absorption of a film of 

SrCoO2.88 taken at T = 250 K (TC = 

220 K).      (b) An X-ray diffraction 

scan in the longitudinal direction 

through the (¼,¼,¼) position at 

several different photon energies. 

The photon energies used are 

indicated by dashed lines in part 

(a). The peak is strongest at the L3 

edge, visible at the L2 edge, and 

not measureable otherwise. 
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works have revisited unconventional superconductivity in the material at extremely low carrier 

concentration. A recent theory by Balatsky et al. postulates that superconductivity is due to 

proximity to a quantum phase transition between ferroelectric and paraelectric states. That 

transition can be driven by several tuning parameters, including oxygen isotope substitution, 

cation substitution for Sr, or biaxial strain in films. Our group has expertise both in the growth of 

highly strained films and charge doping via oxygen control, and thus are well positioned to 

produce film samples tuned via strain. The project takes advantage of recent expansion of the 

condensed matter program at the University of Connecticut, where we have hired Dr. Balatsky 

who will provide theory support, Dr. Sochnikov who will lead low temperature measurements 

and scanning SQUID microscopy to find phase variation, and Dr. Hancock who will lead optical 

measurements of phonon spectra as a function of strain and the connection to superconductivity.  
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Program Scope 

Atomically layered materials offer a dramatically new approach to electronics and photonics.  

Electrons in graphene have very long mean free paths that open the way to ballistic electronics [1, 

2] as well as the ability to pass through potential barriers via Klein tunneling [3, 4], while a single 

sheet of hexagonal boron nitride (hBN) provides an insulating layer [5].  Andreev reflection 

transfers electrons and holes in graphene into Cooper pairs in a superconducting contact [6,7].  

Transition metal dichalcogenides (TMDs) such as MoS2 provide conventional semiconductors and 

optoelectronic materials that also can be cleaved into layers that are just a few quantum layers 

thick [8, 9].  By stacking different materials together, a new class of atomic-layer heterostructures 

with new properties can be created. 

Imaging electron flow with a cooled scanning probe microscope (SPM) shows how electrons 

move through these new materials and provides the understanding we need make new types of 

devices [10-13, Bhandari et al. 2016]. 

Recent Progress 

The past year has been quite successful.  Sagar Bhandari has made oral presentations at four 

major international conferences: EDISON 20 held at the University of Buffalo on July 17-21, 

2017; Electronic Properties of Two Dimensional Systems (EP2DS-22) held at Penn State 

University on July 31 - Aug 4, 2017; Mesoscopic Transport and Quantum Coherence held in 

Helsinki, Finland on Aug 5-8, 2017; and Low Temperature Physics (LT28) held in Gothenburg, 

Sweden on Aug 9-15, 2017. 

In the past year, we have completed two imaging projects on hBN encased graphene devices 

using our cooled SPM described below:  Imaging Electron Flow in Graphene from a Collimating 

Contact, and Imaging Andreev Reflection in Graphene from 

a Superconducting Contact. 

Imaging Electron Flow in Graphene from a Collimating 

Contact 

Graphene opens exciting opportunities for ballistic 

devices. A narrow electron beam is desirable, to understand 

and control electron flow. Figure 1(a) is an SEM image of a 

hBN-encased graphene sample with four collimating 

contacts, defined by etch.  The end contact emits electrons 

while the zig-zag contacts on either side can absorb electrons 

travelling in the wrong direction.  Collimation is turned on 

by grounding the zig-zag contacts, so they form an electron 

beam (Fig. 1(b)).  Collimation can be turned off by floating 

the zig-zag contacts. 

Fig. 1 (a) SEM image of hBN 

encased graphene device with 4 

side contacts. (b) Ray tracing 

simulation of a collimating 

contact. 
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A cooled SPM was used to image the pattern of electron flow between the emitting contact at 

the top right of Fig. 1(a) and collecting contact at the lower right.  Collimation can be turned on 

for the top contact by grounding the zig-zag side contacts. The SPM tip creates a capacitive image 

charge in the graphene below that deflects electrons away from their original orbits, changing the 

transmission between the emitting and collecting contacts.  An image of flow is created by 

displaying the change in transmission as the tip is raster scanned at a fixed height above the sample. 

Comparison of the SPM images of collimated flow (Fig. 2(b)) with uncollimated flow 

(Fig. 2(a)) show that the collimating contact narrows the width of the electron beam when it is 

turned on.  To measure the angular width of the electron beam emitted by the top contact, we 

applied a perpendicular magnetic field B that bends electron trajectories into cyclotron orbits so 

that they can miss the collecting contact, reducing the 

intensity of the SPM image.  For the collimated contact 

(Fig. 2(b)) which produces an electron beam perpendicular 

to the sample side, the loss of intensity is significant. 

However, when the electrons enter over a larger range of 

angles for an uncollimated contact (Fig. 2(a)), the intensity 

if the image is maintained over a larger range of B, and the 

curvature of the cyclotron orbits is visible.  By fitting the 

measured drop in the magnitude with B by ray-tracing 

simulations, we find that the half-width at half-maximum 

(HWHM) angular width is quite narrow  = 9.2° for the 

collimating contact, considerably narrower than the width 

 = 54° when collimation is turned off.  

Imaging Andreev Reflection in Graphene from a 

Superconducting Contact 

Andreev reflection from a superconducting contact 

provides a way to introduce the coherence associated with 

superconductivity into graphene [6,7].  Figure 3 is an SEM 

image of a hBN-encased graphene device with 

Fig. 2 Cooled SPM images of electron flow between the top and bottom contacts at 4.2K 

(white box in Fig. 1(a)). The top contact is a collimated electron emitter when the zig-zag side 

contacts are grounded.  A perpendicular magnetic field B bends electron orbits; the electron 

density is n. (a) Broad flow without collimation, (b) narrow flow with collimation turned on. 

Fig. 3 SEM sample of hBN-

encased graphene sample with 

superconducting contacts.  

Andreev reflection occurs when 

an electron (blue) and hole (red) 

in graphene convert to a Cooper 

pair in the superconductor.  
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superconducting contacts.  In a 

perpendicular magnetic field B, magnetic 

focusing of electron and hole orbits occurs 

when the cyclotron diameter is equal to 

the contact spacing, as indicted by the 

schematic electron (blue) and hole (red) 

orbits in the inset to Fig. 3.  Andreev 

reflection occurs when an electron hits the 

superconductor contact:  a hole is 

reflected, traveling in the same direction 

along the sample wall, and a Cooper pair 

passes into the superconductor. The 

superconductor electron and hole are both 

in the conduction band: the electron is 

slightly above the Fermi level EF and the 

hole is slightly below.  

Figure 4 shows SPM images of flow 

in the magnetic focusing regime that 

visualize how Andreev reflection occurs.  

The top image shows electrons flowing 

along a cyclotron orbit between the two 

outer contacts, as indicated in the 

schematic diagram.  The transmission of 

electrons is reduced (red) because the tip scatters them away from their original paths.  The bottom 

image on the second magnetic focusing peak shows two cyclotron orbits: one between the left and 

center contacts, and one between the center and right contacts.  The transmission between the two 

outer contacts is displayed in image.  When Andreev reflection occurs, the image changes sign:  

scattering of holes by the SPM tip now increases the transmission of electrons and the image 

changes from red to blue. 

Future Plans 

In the coming year, we plan to pursue a number of projects: 1) The experiments to image the 

formation of a narrow electron beam in graphene by collimating contacts worked well.  We plan 

to extend these measurements to from a beam of holes in the valance band.  2) The Andreev 

reflection imaging experiments were a first step.  In collaboration with Philip Kim, we plan to 

image new geometries of graphene with superconducting contacts, to develop ways to make 

coherent electron and hole channels to transmit information. 3) A new student Mary Keenan is 

making etch-defined quantum point contacts (QPCs) for SPM imaging experiments.  Unlike GaAs, 

graphene QPCs do not typically show well defined conductance steps at multiples of e2/h.  Possible 

causes could be nonuniformity due to edge roughness, strain, and electrostatic charge buildup.  

SPM imaging can clear up the situation by imaging electron flow and the possible formation of 

quantum dots [13]. 4) In collaboration with Kim, we plan to image MoS2 quantum dots.  SPM 

images provide detailed information about the location of electronic charge, and can do Coulomb 

blockade spectroscopy of energy states [13]. 

 

Fig. 4 (top) SPM image of electron flow on the first 

magnetic focusing peak that shows a cyclotron 

orbit connecting the two outer contacts. The tip 

reduces the transmission (red) by scattering 

electrons. (bottom) SPM image of flow between the 

outer contacts on the second focusing peak, where 

Andreev refection has converted the electrons into 

holes.  The tip now increases transmission of 

electrons (blue) by scattering holes. 
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Quantum Hall Systems In and Out of Equilibrium 

 

Michael Zudov, University of Minnesota – Twin Cities 

Program Scope 

 This program deals with quantum transport phenomena in semiconductor nanostructures 

focusing on the roles of microwave radiation, dc electric field, in-plane magnetic field, and 

disorder. The research expands upon the area originated by discoveries of integer and fractional 

quantum Hall effects [1], followed by other phenomena, such as quantum Hall stripes (QHS) [2-

5], bubbles and associated reentrant quantum Hall states, microwave- and Hall field-induced 

resistance oscillations, etc. The proposal is aimed to address issues of contemporary interest 

related to both nonequilibrium and equilibrium physics in quantum Hall systems. 

 Recent Progress (on QHS) 

 1. Reorientation of QHS within a partially filled Landau level [6] – We have 

investigated the effect of the partial filling factor on the stripe reorientation by in-plane magnetic 

fields. In Fig. 1 we present resistances measured along two orthogonal directions, Rxx (solid line) 

and Ryy (dotted line), versus filling factor ν at different tilt angles θ, as marked. At θ = 0, the data 

reveal strong anisotropy near ν = 9/2 with Rxx >> Ryy [see Fig. 1(a)]; i.e., stripes are oriented 

along the y direction. At finite θ [Fig. 1(b)], stripes of orthogonal orientation (e.g., along the x 

direction) develop away from half filling, as manifested by Rxx >> Ryy. These regions of 

orthogonal orientation propagate towards ν = 9/2 [Fig. 1(c,d)] and eventually take over the whole 

range of ν at which the native stripes exist [Fig. 1(e)]. This behavior is generic and is readily 

observed in both spin-up and spin-down branches and in different Landau levels. We thus 

conclude that the stripes orientation can be controlled by the filling factor within a given Landau 

level. This switching of the anisotropy axes within a single Landau level can be attributed to a 

strong dependence of the native symmetry-breaking potential on the filling factor. 

 
Fig. 1. Rxx (solid line) and Ryy (dotted line) vs filling factor ν at B || = By and different tilt angles θ, as marked. 
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Fig. 3. Stripe orientation vs ne and B ||=By at ν = 9/2. 

 

2. Evidence for a new symmetry breaking mechanism reorienting QHS [7] –We have 

studied the effect of in-plane magnetic field B|| on quantum Hall stripes [Fig. 2(a)]. In accord 

with previous studies [4,5], a modest B|| applied parallel to the native stripes aligned them 

perpendicular to it [Fig. 2(b)]. However, upon further increase of B||, stripes were reoriented back 

to their native direction [Fig. 2(c)]. Remarkably, applying B|| perpendicular to the native stripes 

also aligned stripes parallel to it [Fig. 2(d)], i.e., regardless of the initial orientation of stripes 

with respect to B||, stripes are ultimately aligned parallel to B||. These findings provide evidence 

for a new B||-induced symmetry-breaking mechanism which challenge our current understanding 

of the role of B|| and should be taken into account when determining the strength of the native 

symmetry-breaking potential. Finally, our results indicate nontrivial coupling between the native 

and external symmetry-breaking fields, which has not yet been theoretically considered. 

3. Effect of density on QHS orientation in tilted magnetic fields [8] – We have studied 

QHS  in a variable-density sample. At ν = 9/2, we observed one, two, and zero B||-induced 

reorientations at low, intermediate, and high 

densities, respectively [Fig.3]. The appearance 

of these distinct regimes is due to a strong 

density dependence of the B||-induced 

orienting mechanism which triggers the 

second reorientation, rendering stripes parallel 

to B||. Measurements at ν = 9/2 and 11/2 at the 

same, tilted magnetic field allowed us to rule 

out the density dependence of the native 

symmetry-breaking field as a dominant factor. 

These findings suggest that screening plays an 

important role in determining stripe 

orientation, providing guidance to theories 

aimed at describing native and B||-induced 

symmetry-breaking fields. 

Fig. 2. Rxx (solid line) and Ryy (dotted line) vs ν at (a) B || = 0, (b-c) B || = By and (d) B || = Bx. 

. 
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Fig. 4. Rxx (solid line) and Ryy (dotted line) vs ν 

measured at (a) T ≈ 75 mK and (b) T ≈ 20 mK. 

4. Temperature-induced reorientation of 

QHS in tilted magnetic fields [9] – We have 

found that the orientation of QHS can be 

changed by temperature T [Fig. 4]. Field-cooling/ 

warming measurements and observation of a 

hysteresis at intermediate T allowed us to 

conclude that the T-induced reorientation of QHS 

signals the existence of two distinct minima in 

the symmetry-breaking potential. We also found 

that the native symmetry-breaking field does not 

depend on T and that low- T magnetotransport 

might not reveal the ground state even in the 

absence of hysteresis. 

Future Plans (on QHS) 

We next plan to perform the following studies:  

(i). Role of alloy disorder on QHS reorientation. 

(ii). Reorientation of QHS with abnormal native 

orientation in high density samples. 

(iii). Filling factor dependence of the second 

reorientation and with in-plane field applied perpendicular to the native stripes. 

(iv). Search for multiple reorientations in the first excited Landau level. 

(v). Role of density when the in-plane field applied perpendicular to the native stripes. 

(vi). QHS in two-subband systems in tilted magnetic fields. 

(vii). Relaxation dynamics from metastable QHS orientation. 
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