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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 Pls 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 Pls. 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 |
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 v=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 v=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.



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

24
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Fig. 1. Data from a bilayer graphene. (a). Measured Llrgap A(B) for the v=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). G(B, [1). The fractional QH state v=2/3 is visible as a vertical white stripe.
(). Landau level aap of v=2/3 state vs B.

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 v=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 v=2/3 QH state and a feature at v=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.




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.
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Fig. 2. () Ru(Vbg, Vig) 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) Rw(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 v. The Fermi velocities
obtained from the fits are 1.2, 1, 0.9, 0.9x10°® m/s for v=4, 8, 12 and 16, respectively.

Future Plans

Apart from the general direction outlined in the first section, our immediate plans for the
next year include
e the integer and fractional quantum Hall states in few-layer graphene,
e the phase diagram of trilayer and tetralayer graphene at the charge neutrality point
e transport of Cooper pairs in the filling factor =0 state
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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
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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 @gﬁsm,ém_‘,_
lead to hydrodynamic instability. | |gTesssessss KN Au

: | | e=Graphene
Observable hydrodynamic effects have hBN: 411} (&)

also been prEdiCted to extend into the Fig. 2. (A) Top: color-enhanced optical image 'of‘fhe hBN/BLG
Fermi liquid regime [2]. device before the transfer of the NbSe, flake (marking its final
Specular Andreev reflection in bilayer | position). Bottom right: sketch of the final device on top of a
graphene: We demonstrate an extremely 300nm SiO,/Si back gate. (B) Experimental (top) and
clean van der Waals interface between theoretical (bottom) normalized differential conductance colour

bil h BLG dth i maps as a function of normal and superconductor boundary,
ilayer graphene ( ) and the quasi 2- bias voltage Vns and the Fermi energy E: of graphene which can

dimensional  superconductor NbSe2 | pe tuned by gate voltage to the charge neutrality point.
(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




of CAC in a graphene QH system contacted with a
nanostructured NbN superconducting electrode. The | A
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 |Fig- 3. (A) False color scanning electron
transition temperature is an order of magnitude | McroScoPy (SEM) image of the device with
) ) .. measurement configurations. (B) The filling
higher than that in GaAs quantum wells. Driving | . (v) dependence of the downstream edge
current through one graphene layer generates a | resistance (Ro)
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



« 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 Pl 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 Science!, Nature Materials?, Nature Nanotechnology®, Nature
Photonics*, Physical Review Letters®, Nano Letters® -8, Physical Review B®, and Nature
Communications®.
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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 T. (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 (es <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 Ao to polariton wavelength 4,. 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 Pl has
systematically investigated the interaction of nearly-matching hexagonal lattices of graphene and
hBN, which results in a quasiperiodic moiré superlattice. The Pl 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
Pl 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:

1) 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/nBN samples and the advent of technology allowing nano-optical
experimentation at cryogenic temperatures;

i) 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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1ii) 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 gquantum
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.
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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. N
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magnetic (B) field. Only at v=1/2 does ny 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

p,, (k)
’

(n,"8) B
r N
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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 pxx, around v=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 pxx
minima of the SdH oscillations. For the CFs at the v = n/(2n+1), n = £1, +2, £3... sequence of
FQHE states, the effective magnetic field B,* = 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 v > 1/2). An intercept of -1/2 at 1/By* = 0 is clearly seen in Fig. 1b. This result establishes the
Berry phase of = for the CFs at v = 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
5 intense THz pulses (fields >25 kV/cm) at the
sample position in the magnet [23]. These
it changes will enable us to examine topological
BM electron dynamics in previously unexplored

Fig. 2. Photoinduced change in the THz field ata t=5 ; ; ; ;
picoseconds vs. frequency and B field. The arrows show Lilgelr?;?;’eazvealmg awide range of novel physical

the linear change with field at ax as well as unexpected . .
photoinduced changes at ~1.1THz and ~2 . US!ng our improved OF’Tl_D system,
preliminary B-field-dependent experiments on a

2DEG reveal that optical photoexcitation induces changes in the conductivity at the cyclotron
frequency wc, 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 wc. This unexpected
conductivity change at ~2wc decays more rapidly than that at wc 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.

P =0.6mW @ at =5ps

Frequency(THz)

Future Plans
CFEs 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
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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 (oxy) at v=1/2 as a function of electron density. In the limit of weak e-e
interactions, oxy = 1/2 [4], in units of e%/h. On the other hand, in the limit of strong e-e interactions
or large Landau level mixing, oxy is expected to deviate from 1/2.

To examine this transition, we will carry out precision measurements of the magneto-resistivity
pxx and Hall resistivity pxy in high quality HIGFETS. oyy is then calculated via the formula oxy =
pxyl (Px+ pxy?). 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 v=1/2. A phase diagram of oxy 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 oxy 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 oxy 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 HIGFETSs, we made a surprising observation
regarding the linear density dependence of the CF conductivity [21]. This result differs from the
conductivity of Schrodinger electrons at B = 0 T, where a ne? density dependence is normally
observed. At present, the origin of this striking linear density dependence at v = 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 AlyGas-
xAs/Alo3Gap7As 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
<1x10%cm?. 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 t* in

the time domain, allowing us to determine whether it depends linearly on n, or varies with n,*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
guantum-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
(keT/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-SiO; 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-um 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-SiO. 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-SiO> 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 WS, 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
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systems with zero electron density, and it can function for 2D systems in high
perpendicular magnetic fields.! MERTS has comparable energy and momentum
resolution (and momentum reach) to laser-based ARPES systems,?® 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 QWSs
(width of 20 nm each) are separated by a Alo.sGao.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 k¢, = eBd,/h 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
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low density of electrons n =3 x 10° cm~2 with Ex ~ 1 meV and kr = 0.004 A~1;
these numbers set the resolution of the technique) at E = 0 and k = 0 (I"-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 Akx,yzeB"dt in the tunneling process. Here, Ak, , is the

momentum translation of the tunneling electrons, and d; is the tunneling distance (Fig.
1A). In previous studies* 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 method®® 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.’

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 v = %, 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 v =" 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 <v <2/3.
But, surprisingly, a new fractional quantum Hall state at the even-denominator filling v = 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 < v < 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 By. Under these conditions, the in-
plane resistance exhibits an insulating behavior, with the resistance along By 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

0.2

Fig. 1. (@) 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: Ry and Ryy denote the longitudinal magnetoresistance measured
along and perpendicular to the parallel magnetic field (By), respectively. (d) Schematic diagram,
showing the crossing of the lowest two Landau levels at 6 =~35° near v = 1. (¢) Magnetoresistance traces
measured at tilt angle 0 ~ 35° for a 2D hole system with density p = 1.28 x 10 cm and confined to a
40-nm-wide GaAs quantum well. Note the factor of 50 change in the scale for Ry 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™* 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
(ocr) is less than the anisotropy of their
low-field hole (fermion) counterparts
(o), and closely follows a simple relation
ack = (ar)Y2. The energy gap measured
for the v = 2/3 fractional quantum Hall
state, on the other hand, is nearly
unaffected by the Fermi contour
anisotropy up to of ~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 (v < 1), while the
other (“probe”) layer is near v = 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
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Fig. 2. (a) Calculated Fermi contours of GaAs holes at
density p = 1.8 x 10" cm™ as a function of strain ¢
along the [1bar10] directjgp. Solid and dashed contours
with radius ko = (2mp)Y? 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 Ve 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.

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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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 q ﬁ

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 Fig. 1: Schematic of a
hydrostatic pressures is one such techniques currently being used in pressure cell which
Csathy’s lab. At pressures of the order of 10,000 atmospheres one can generates 25 kbar at
tune many relevant quantities which are expected to impact numerous 12 mKand 10T.
ground states. 33
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While exploring the high pressure regime, we have recently discovered an unexpected phase
transition from the v=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 v=9/2 and other higher values. The stabilization of the
nematic phase we observed at v=5/2

came as a surprise. The most o

interesting feature of this transition 8.26 kbar || | 3"
from the fractional state to the g

nematic phase is that these two phases 705

belong to fundamentally distinct  :

classes of phases: the former is a

topologically ordered phase while the  °*3 o2 T o el - T
latter is a traditional broken symmetry v v v

phase. The phase transition we found Figure 2: The evolution of the ground state at v=5/2 from a
is thus a very interesting example of fractiopal quantum HaII_state, toa Fermi liquid, to a nematic
rare phase transitions between a phase is shown with an increasing value of the pressure. D_ata
t loqical d traditional broken are taken at ~12 mK. The signature of the nematic phase is a
opological an strong resistance anisotropy near v=5/2.

symmetry phases.

A particularly interesting aspect of our work is that the v=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 v=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 v=9/2. In panel (a) nhon-monotonic
temperature dependence of the resistance along the hard direction, Rxy, 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.
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Fig. 3: (a) non-monotonic resistance vs. temperature at v=9/2. (b) non-linear 1-V characteristics
suggest depinning of charge-density-wave state (the smectic phase). (c) onset of noise at lowest
temperatures at v=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.

References

a) A. Stern, “Non-Abelian States of Matter”, Nature (London) 464, 187 (2010)
b) C. Nayak, S. Simon, A. Stern, M. Freedman, and S. Das Sarma, “Non-Abelian Anyons and
Topological Quantum Computing”, Review of Modern Physics. 80, 1083 (2008)

Publications acknowledging DOE BES support since 2015

1. K.A. Schreiber, N. Samkharadze, G.C. Gardner, R.R. Biswas, M.J. Manfra, and G.A. Csathy,
“Onset of Quantum Criticality in the Topological-to-Nematic Transition in a Two-dimensional
Electron Gas at Filling Factor v=5/2”, Physical Review B 96, 041107 (2017), Rapid
Communication

2. Q. Qian, J. Nakamura, S. Fallahi, G.C. Gardner, J.D. Watson, S. Luscher, J.A. Folk, G.A. Csathy,
and M.J. Manfra, Quantum lifetime in ultrahigh quality GaAs quantum wells: Relationship to Asp
and impact of density fluctuations,” Physical Review B 96, 035309 (2017)

3. Q. Qian, J.R. Nakamura, S. Fallahi, G.C. Gardner, J.D. Watson, and M.J. Manfra, “High-
temperature resistivity measured at v=5/2 as a predictor of two-dimensional electron gas quality
in the N=1 Landau level,” Physical Review B 95, 241304 (2017), Rapid Communication

4. X. Fu, Q.A. Ebner, Q. Shi, M.A. Zudov, Q. Qian, J.D. Watson, and M.J. Manfra, “Microwave-
induced resistance oscillations in a back-gated GaAs quantum well,” Physical Review B 95,
235415 (2017)

35



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Q. Shi, M.A. Zudov, B. Fries, J. Smet, J.D. Watson, G.C. Gardner, and M.J. Manfra, “Apparent
temperature-induced reorientation of quantum Hall stripes,” Physical Review B 95, 161404
(2017)

Q. Shi, M.A. Zudov, Q. Qian, J.D. Watson, and M.J. Manfra, “Effect of density on quantum Hall
stripe orientation in tilted magnetic fields,” Physical Review B 95, 161303 (2017)

A.V. Rossokhaty, Y. Baum, J.A. Folk, J.D. Watson, G.C. Gardner, and M.J. Manfra, “Electron-
Hole Asymmetric Chiral Breakdown of Reentrant Quantum Hall States,” Physical Review Letters
117, 166805 (2017)

Q. Zhang, M. Lou, X. Li, J.L. Reno, W. Pan, J.D. Watson, M.J. Manfra, and J. Kono, “Collective
non-perturbative coupling of 2D electrons with high-quality terahertz cavity photons”, Nature
Physics 12, 1005 (2016)

Q. Zhang, Y. Wang, W. Gao, Z. Long, J.D. Watson, M. J. Manfra, A. Belyanin, and J. Kono,
“Stability of high-density two-dimensional excitons against a Mott transition in high magnetic
fields probed by coherent terahertz spectroscopy,” Physical Review Letters 117, 207402 (2016)
N. Samkharadze, K.A. Schreiber, G.C. Gardner, M.J. Manfra, E. Fradkin, and G.A. Csathy,
“Observation of a Transition from a Topologically Ordered to a Spontaneously Broken Symmetry
State”, Nature Physics 12, 191 (2016)

S. Wang, D. Scarabelli, Y.Y. Kuznetsova, S.J. Wind, A. Pinczuk, V. Pellegrini, M.J. Manfra,
G.C. Gardner, L.N. Pfeiffer, and K.W. West, “Observation of electrons states of small period
artificial graphene in nano-patterned GaAs quantum wells,” Applied Physics Letters 109, 113101
(2016)

G.C. Gardner, S. Fallahi, J.D. Watson, and M.J. Manfra, “Modified MBE hardware and
techniques and the role of gallium purity for attainment of two-dimensional electron gas mobility
> 35x10%cm?/Vs in AlGaAs/GaAs quantum wells grown by MBE”, Journal of Crystal Growth,
441, 71 (2016)

A.L. Levy, U. Wurstbauer, Y.Y Kusnetsova, A. Pinczuk, K.W. West, L.N. Pfeiffer, M.J. Manfra,
G.C. Gardner, and J.D. Watson, “Optical Emission Spectroscopy Study of Compating Phases in
the Second Landau Level”, Physical Review Letters 116, 016801 (2016)

Q. Shi, M.A. Zudov, L.N. Pfeiffer, KW. West, J.D. Watson, and M.J. Manfra, “Resistively
Detected Higher-order Magnetoplasmons in a High-quality Two-dimensional Electron Gas”,
Physical Review B 93, 165438 (2016)

Q. Shi, M.A. Zudov, J.D. Watson, G.C. Gardner, and M.J. Manfra, “Evidence for a New
Symmetry Breaking Mechanism Reorienting Quantum Hall Nematics”, Physical Review B 93,
121411 (2016)

Q. Shi, M.A. Zudov, J.D. Watson, G.C. Gardner, and M.J. Manfra, “Reorientation of Quantum
Hall Stripes within a Partially Filled Landau Level”, Physical Review B 93, 121404 (2016)

J.D. Watson, G.A. Csathy, and M.J. Manfra, “Impact of heterostructure design on transport
properties in the second Landau level in in-situ back-gated two-dimensional electron gases”,
Physical Review Applied 3, 064004 (2015)

Tingxin Li, Pengjie Wang, Hailong Fu, Lingjie Du, Kate Schreiber, Xiaoyang Mu, Xiaoxue Liu,
Gerard Sullivan, Gabor Csathy, Xi Lin, and Rui-Rui Du, “Observation of Helical Luttinger-
Liquid in InAs-GaSb Quantum Spin Hall Edges”, Physical Review Letters 115, 136804 (2015)

Q. Shi, P.D. Martin, A.T. Hatke, M.A. Zudov, J.D. Watson, G.C. Gardner, M.J. Manfra, L.N.
Pfeiffer, and K.W. West, “Shubnikov—-de Haas oscillations in a two-dimensional electron gas
under subterahertz radiation”, Physical Review B 92, 081405 (2015)

U. Wurstbauer, A.L. Levy, A. Pinczuk, K.W. West, L.N. Pfeiffer, M.J. Manfra, G.C. Gardner,
and J.D. Watson, “Gapped Excitations of Unconventional Fractional Quantum Hall Effect States
in the Second Landau Level”, Physical Review B 92, 241407 (2015)

D. Scarabelli, S. Wang, A. Pinczuk, S.J. Wind, Y.Y. Kuznetsova, L.N. Pfeiffer, K. West, G.C.
Gardner, M.J. Manfra, and V. Pellegrini, “Fabriction of Artificial Graphene in a GaAs Quantum
Heterostructure”, Journal of Vacuum Science and Technology B 33, 06FGO03 (2015)

Z. Wan, A. Kazakov, M.J. Manfra, L.N. Pfeiffer, K.W. West, and L.P. Rokhinson, “Induced
superconductivity in high-mobility two-dimensional electron gas in gallium arsenide
heterostructures”, Nature Communications 6, 7426 (2015)

36



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 ox 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 T, = 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 le. Negative voltages
deplete carriers and reduce critical currents, with pinch-off gate voltages in the range of -2 - -4 V
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Figure 1. (@) 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 T, = 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.

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-
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called Fibonacci fermions with
universal braiding statistics, where
universal quantum computations
will become possible entirely within

v=2 1) v=21m)

parafermions

the topologically protected '?: £ 1
subspace. It has been shown that f 5 "’:
due to the sparse symmetry group, e

factorization of a 128-bit prime
number will be 10°%operations
intensive with MFs, while it will

take only 10% braiding operations
with Fibonacci fermions. Over the | Figure 2. Left: Schematic spectrum of composite fermions, at

B = 3.4 T there is an unpolarized-polarized transition for the
filling factor v = 2/3. Right: formation of a helical channel
with fractionalized charge excitations from CF edge states.
Polarization of the v = 2/3 state is controlled by a gate
(yellow), which creates two counter-propagating CF edge
channels with fractionalized charge | channels at the boundary. These channels have e* = 1/3e
excitation can be realized, these | |ow energy charge excitations. Parafermions should be
channels being precursors of | formed at the boundary of s-wave superconducting contacts
topological superconductors with | (green) and the helical channel.

parafermionic excitations.

last year our laboratory together
with Loren Pfeiffer from Princeton
University developed GaAs
heterostructures where 1D helical

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 v = 2/3 FQHE state. The v = 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 v = 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 1 ) and |1 T) 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.
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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
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been grown and we uccesfully ol
demonstrated gate control of

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

Dashed line marks the transition between TI and TT spin
) ) ] configurations. Right: full control of spin polarization and formation
single domain wall requires | of helical channels in a point contact device.

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 um with resistance > MQ. 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 11, Tl,{T,and !.

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

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
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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, Ligin Ke, D. Vaknin, Ames Laboratory, Ames, lowa 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 — 10 : :
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 — ° 2 ‘“’Tem ef:ture(K)BO o
centers in diamond are used to probe local P

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,
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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

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

distributed NV centers. Confocal optics is used
to focus in about 0.5 pum 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.

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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about 50 uT/VHz 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=x1 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. S0 - H =100 Oe
Figure 2 demonstrates spatially — resolved imaging ;;Zi;g(;,gg'g

of a magnetic field across a superconducting sample. I g Ly

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 16720 30 40 5o
effect [4,5]. In Fig.2, stoichiometric iron-pnictide ot O . . .
CaKFesAs4 IS Shown not to expel magnetic field at all, 30 150 o 150 a0 450
confirming its anomalous nature described X(um)  sample
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)2As,

IS
o
=]

o
P e ‘x e®Sses

300 - ! ,  field cooled

H =10 Oe

ZFC - warming
20

ODMR Zeeman splitting (MHz)
w
o

Figure 2: Spatially — resolved ODMR splitting
as function of distance across the edge of a
superconducting crystal of CaKFesAs, (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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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
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Figure 3: (a) Measurements of the first

penetration field in single crystal of Ba(Fei-
xC0x)2As; (P. C. Canfield group) when external
field is applied at 4.2 K. (b) Correlation between

first  critical  field

superconducting transition temperature (left
axis) as function of cobalt content, x.

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

(right axis) and

Figure 4: Prototype
of a diamond pillar
with NV centers at the

tip.

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
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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 Title: Correlated Materials - Synthesis and Physical Properties

Principle Investigators: lan R. Fisher, Theodore H. Geballe, Aharon Kapitulnik, Steven A.
Kivelson, and Kathryn A. Moler

Institution: Geballe Laboratory for Advanced Materials, and Departments of Applied
Physics and Physics, Stanford University, and the Stanford Institute for Materials &
Energy Science, SLAC National Accelerator Laboratory.

Emails: irfisher@stanford.edu, geballe@stanford.edu, aharonk@stanford.edu,
kivelson@stanford.edu, kmoler@stanford.edu

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:

e 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?
e 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 He, 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. CeCu2Gez, 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 URuzSi> 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 Nb2PdxSs, 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
BaFez(As1xPx)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-11 semi-metallic candidates y-
MoTe2 and WP (abstract title)

The electronic structure of semi-metallic transition-metal dichalcogenides, such as WTe,
orthorhombic y-MoTe> [1], and WP [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-
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metallic MoTey, through a Te flux method, and of WP», via chemical vapor transport, to validate
these predictions through measurements of their bulk Fermi surface (FS) via quantum oscillatory
phenomena. For y-MoTe> 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
WTe, the magnetoresistivity of y-MoTe> does not saturate at high magnetic fields and can easily
surpass 10° %. WP, exhibits a very low residual resistivity, i.e. po = 10 nQcm, which leads to
perhaps the largest non-saturating magneto-resistivity reported for any compound, i.e. 2.5 x 107

% at 35 T. For y-MoTey, 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 | Fig. 2. Left: Band structure that would agree with reported
reveals a disagreement in the position of | ARPES data and our observed angular dependence of the de
Haas van Alphen effect. The displacement of the bands

the valence bands relative to the Fermi . ) ) .
. suppresses the Weyl type Il points. Right: resulting Fermi
level er. Here, we show that a shift of the | ¢ face.

DFT valence bands relative to er, 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-11 points predicted for y-MoTe,. For WP 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 1l points in this compound. Here, we
will not have time to discuss our recent results on Dirac type 11 and Dirac nodal line systems.

Future Plans

Currently, we are working to improve the sample quality of our URu2Si, 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
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Dirac type Il semimetal PdTe2 which displays superconductivity and whose structure is related to
the NbxPdy(S,Se) 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 Il
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)Te> 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-Pls: 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

role in charge-stripe physics, since mixed-valent
Ni2*/Ni®* compounds such as LaxxSrxNiO4 (formally  :
Ni#33*) are structurally and electronically related to " ~— g
high-Tc cuprates. In this vein, Greenblatt and others TR
synthesized powders of anion-deficient Ni**/Ni%*

(d

Charge and Spin Stripes in Trilayer Nickelates Many ~ © 727 “ [loe. 00
mixed-valent TMOs adopt insulating ‘charge-ordered’ ;E {8888
states, frequently with some variety of charge stripe,* S| ﬁé
found in cobaltites, cuprates, nickelates, and xgx L s 188:8;
manganites. The case of nickelates plays a prominent :m: o T “ata i

w =

Ruddlesden-Popper (R-P) phases Rn+1NinOzn+2 (R=La, [TFig. 1 (a) T crystal structure of LasNizOs
n=2; R=La, Pr, Nd, n=3) with a rigorously square | showing square planar coordination of Ni.
planar Ni-O environment, Fig 1a.” LasNi3Os (La-438) | (b) Resistive transition at T ~105 K. (c) hk0
undergoes a metal-insulator (MIT) phase transition on | plane below T, showing superlattice
cooling through 105 K that has been attributed to a | reflections (left); simulated diffraction
spin-density wave (SDW)? or to a spin-state driven | pattern (middle) using stacked charge stripe
MIT transition.* Unfortunately, a lack of single crystals | model (right). (d) neutron scattering shows
to date has hampered definitive experimental | expected spin-derived superlattice.
understanding of this system. Using our high pressure

floating-zone furnace, we successfully prepared crystals of the formally Nit** 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
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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.> We have also shown that the holes in the La-438 system are
highly x?-y? 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.° These findings suggest that Pr-438, which in cuprate parlance would be overdoped,
is perhaps the most faithful representative among the many high-T¢ 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.5
XMR is characterized by a tremendous (~10° %) 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

R R Ty 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

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 I'. (¢) Estimates of electron and two-band model for the MR, we showed

hole volumes from measured fermi surface (d) Two- excell_ent agreement _bOth to the absolute
band fit (solid line) to MR data (points). 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 (ue/pn~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)PbMg1/3Nb2303-xPbTiOz (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.

60



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-pO. 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 c
these materials were limited because of
the lack of single crystalline materials, ' I -
though the Mitchell group from Argonne \

has recently overcome this limitation via - \ / I

0.4

the use of a novel high-pressure floating- dazr?
zone growth furnace.

max

E-Er(eV)

Fig 1 a) ARPES Fermi map of LasNizO10. b) Schematic
Utilizing these newly available  of the data of panel a, including a labeling of the three
crystals, we have performed the first key bands (o.B.y). ¢) Our calculation of the electronic
ARPES measurements on trilayer structure of the same compound, including a color-
nickelates, initially studying the so-  coding of the orbital weight of the key bands according
called 4-3-10 compound LasNizO10. We  to whether they are principally dx.y>» sSymmetry or da-
have revealed its electronic structure and = symmetry. The o band with predominant dx.y2
correlations, finding strong resemblances ~ Symmetry is very similar to the band in cuprates that
to the cuprates as well as a few key dominates cuprate physics.
differences.
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We find a large hole-like Fermi surface that closely resembles the Fermi surface of
optimally hole-doped cuprates (o band, see figure 1b, redrawn from the raw data of figure 1a)),
including its dx?-y? 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,
LasNizO10 has some extra

bands, most noticeably a soband P 1/

C y band
one of principally d3z2-r? 75 L \
orbital character (y band ~ °2 7\ “_ /}' - &

of figure 1a) that is ""J

4
N
massive and is extremely i Q 7 //;1 ;\\
/ _ | \
Lo
PPy

24K

80K

V\\1 20K

Te=140K

near the Fermi energy /N ;
- ;"'-\\
of figure 1b and 1c).

(see the hatched regions — *
J %
3
Figure 2 shows /1/\\

Resistivity (mQ cm)

some details of the low .| 4 % . g
energy (near-Ef) spectral _&f \ "o [ S ""\_\
features, which are most P~ = ‘ .
. . 0.1 0.0 0.1 A o
important for the physical E-Er (eV) E-Er (eV)

properties such as

transport and possible  Fig 2. a) Near-Er ARPES spectra at T=30K from 4 locations along the a
superconductivity. Panel ~ Fermi surface (see panel b). No gapping or pseudogapping is observed
a shows the data from the  @nywhere along this Fermi surface. c) Near-Er ARPES spectra from the
band Y 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.

cuprate-like  «
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 ¢ shows the y 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 a-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.
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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 d® average electron count, the 4-3-8 compound
have an average electron count close to d° 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 (T1) 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 Tl 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 Il

Recent Progress

The two key research areas of high Tc superconductivity and topological insulators have recently
converged in studies of FeTeosSeos (FTS) where it has been reported that this Fe-based high T
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
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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 oo
light. As indicated in the figure we -0
confirm the presence of a Dirac cone with <o

helical spin structure as expected for a ©o 0 00 o on oo TR
k(A1) k(A )

topological  surface state. These  The Dirac cone at the center of the Brillouin zone of FTS as

. . . seen using circularly polarized light. The Dirac point is
experimental studies are compared with located at approximately 5.0 meV below the chemical
theoretical studies that, unlike the potential. In a) the incident light is left circularly polarized;
previous studies, take account of the andinb)rightcircularly polarized.
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.
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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 11 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. Tt 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 Il 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.
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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 NigoFezo [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
NigoFe2o/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 CozsFezs 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 guantum 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.

Fig. 1: Spin configuration and transition

® ‘ pathways in pumped LiH00.045Y 0.955F 4.
® (a) Tightly-bound spin clusters embedded
1 ﬂ ‘ in a dilute spin bath. Closely-separated
ﬂ ﬂ [ i+ |# spins form a tightly bound cluster which

ﬂ ﬂ AT e, R can be magnetized in a nonlinear response
ﬂ ﬂ ﬂ —5— | regime by a strong ac pump field. (b)
ﬂ - ﬂ Schematic of cluster excitation pathways.
ﬂ 1 ﬂ ﬂ Clusters of different sizes have different
ﬂ energy gaps, so choice of pump frequency
‘ ‘ e R acts as a size selector. Direct interactions
between excited clusters and off-resonance
clusters give rise to Fano resonances.

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).
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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 H; ~ 3.5 kOe corresponds to a local minimum in the dissipation and a decoupling from the spin bath.

(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



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,
LiHO0o.65Y0.35F4, with a Curie temperature of 0.98 K.
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Fig. 3: Hysteresis loop (up and down branches) and Barkhausen noise in LiH0g5Y0.35F4 at T = 0.080K.

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~10° 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 g coinciding with an
inflection point in the ac magnetization induced by the drive field responsible for the hole-
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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 g 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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and T.F. Rosenbaum, Rev. Sci. Instrum. 86, 093901 (2015) [Editor’s Pick].
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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.

e 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.

e 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.

e 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.

e 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 A21rOs (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 Ir#*,
bonded together along O 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.
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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, O,
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 poH * = 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 woH = 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 uoH = 0,4T. (e) (0, 0, 10) and (0, O, 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 Hx. 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 x2 uncertainty shown by the error bars in e) and f). (g) Possible basis vectors describing the magnetic order
of B-Li2IrO3, where F corresponds to ferromagnetic order, A to N€ el order, C to stripy order and G to zig-zag order.
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In this project we reveal evidence for nearly degenerate broken symmetry states in -Li2lrOs, 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 g = 0 broken symmetry induced by the field. Fig. 1g we show the g = 0 broken
symmetry states that could describe Wv, 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 Wy, so that the observed zig-zag pattern is linearly
coupled to magnetic field (leading to an intensity lv that is quadratic in field, as seen in Fig. 1b).

(2) Pressure-induced quantum spin liquid state. 6 i

Honeycomb iridates such as y -Li2IrO3 are argued to 5 ‘E A
realize Kitaev spin-anisotropic magnetic exchange, E‘* EPC

along with Heisenberg and possibly other couplings. %Z 8 o° ¢§ B e
While systems with pure Kitaev interactions are 21 ® :0 i

candidates to realize a quantum spin-liquid ground . .* -

state, in y-Li2IrOs it has been shown that the presence
of competing magnetic interactions leads to an
incommensurate spiral spin order at ambient pressure B
below 38 K. We study the pressure sensitivity of this 4
magnetically ordered state in single crystals of y-
Li2IrOz using resonant x-ray scattering (RXS) under
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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
v -Li2lrOs incommensurate spiral order with applied
hydrostatic pressure, and observe the suppression of
this magnetic phase. While we find no discontinuity

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 y-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.

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 y-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
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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 technigque 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

) 1 10 '

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.

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.
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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.

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.
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Figure 3. Experimental transverse magnetoresistance data (top) and simulations (bottom) for
hexagonal connected artificial spin ice for a small range of the field angle 6 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

John Q. Xiao?, Branislav Nikolic!, Matt Doty?, and Stephanie Law?
!Department of Physics and Astronomy
?Department of Materials Science
University of Delaware
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.
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Figure 1, the temperature dependence of (a) the effective field of SOF (Hr) and (b) the effective field of
SOT (Hy for BiySes(10nm) /NiFe(4nm) bilayer structures. The results are normalized to the current density J
through the sample.

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 Bi>Ses/NiFe bilayer structures.
One of the representative results is shown in Figure 1, the temperature dependence of (a) the
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effective field of SOF (Hs) and (b) the effective field of SOT (H:) for Bi>Se3(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 (Hs) and (b) the effective
field of SOT (Hy) for Bi>Se3(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 >
H:. The effect weakly depends on the temperature; (2) Rashba effect which also leads to Hs > Hx
but the effect is decreasing with decreasing temperature; (3) spin Hall effect (SHE) which
usually has Hs < Ht and decrease with decreasing temperature since the bulk conductivity in Tl is
decreasing. By analyzing the results Figure 1, the temperature dependence of (a) the effective
field of SOF (Hy) and (b) the effective field of SOT (Ht) for Bi>Se3(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 WTe) or transition metal
dichalcogenide (such as Mo0S2). 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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Figure 2, The temperature dependence of (a) in-plane effective field, i.e. Hs, (b) out-of-plane effective

field (H:) and the ratio of H¢/H;: .

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 Bi>Ses/Co bilyaers. The preliminary results are shown in Figure 2, The
temperature dependence of (a) in-plane effective field, i.e. Hy, (b) out-of-plane effective field (Hr)
and the ratio of H¢/H: .. Several features immediately point to the strong contributions from Tl
surface state (TSS): (1) the value of H: (out of plane field) decrease dramatically at low

temperature.

This is because the bulk of Bi>Ses 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
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Figure 3 The schematic of the TRMOKE system.

(perpendicular to the table, parallel to the sample surface).
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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.

30
—— Pt(3nm)/FeNi(3nm) 15 ——Ta(3nm)/CoFeB(2nm)
— 15} —
‘>:1’ ‘>§ U] Y M/\(\/\/W\/wn
2 o g
(=2}
% 3 15}
= 15} =
3 Q -30}
30 45l
-3 0 3 6 9 12 -3 0 3 6 9 12
Delay Time (ns) Delay Time (ns)

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.

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
Bi>Ses/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 TmsFesO12
(TmlIG) 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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Search for 3D Topological Superconductors using Laser-Based Spectroscopy

Principal Investigator: David Hsieh

Mailing Address: 1200 E. California Blvd., MC 149-33, California Institute of Technology,
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 phases'?, 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
order®*. 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 coupling®, 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.

(i1) Recent Progress
Development of a high speed RA-SHG technique

Unlike all previously reported examples of electronic liquid crystals®, 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 P;(2w) = x;jxEj(w)Ey(w), is only allowed if inversion symmetry is
broken; (b) RA measurements allow the full structure of ;. 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 measurements’, 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.

99


mailto:dhsieh@caltech.edu

Output

Polarizer

Dichroic
Mirror

Collimating
Lens

Input
Polarizer

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 y;, 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 ¢ 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.

Signatures of a PB-ELC phase identified using RA-SHG

It has recently been proposed that the strongly spin-orbit coupled metallic pyrochlore Cd2Re>O7
hosts a PB-ELC phase at low temperature®. The order parameter of this phase could have the
symmetries of either the odd-parity E, or Toy irreducible representation of the high temperature
octahedral point group of Cd2Re.Oy7. Previous work has shown that Cd.Re>O7 undergoes an
inversion breaking structural phase transition with Ey symmetry below a temperature Ts ~ 200 K
that breaks three-fold rotational symmetry about the cubic (111) axis while preserving mirror
symmetry about the (110) 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 Cd,Re,O7 single crystal®. 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 y; ;; tensor with Eusymmetry, there is also a weaker bulk y; ;. tensor

of ostensible electronic origin with T2y, symmetry (Fig. 2b). By measuring the temperature
dependence of the two y; ;. tensors, which couple linearly to the E, and T2y order parameters, we
found a critical exponent § = 1/2 for the T,,, order parameter and 8 = 1 for the E,, order
parameter, consistent with a mean field prediction for a primary and secondary order parameter
respectively. This suggests that a PB-ELC order with Ty Symmetry drives the transition at Ts.
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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 E, and bulk T, polarization P(2w) 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 (110) mirror plane is
broken by the Ty, term.

An improper displacive transition established using coherent phonon spectroscopy

Based on our RA-SHG data on Cd2Re207, it was deduced that the electronic T2y order induces
the E, structural distortion as a secondary order parameter®. 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 E, symmetry?®,
which requires the natural frequency of the E, 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 Ey 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 Cd2Re207 is known as a “multipolar nematic” and is only one
of several proposed forms of PB-ELC ordering®. 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
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oxide family such as LiOsOz. 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 CuxBi.Ses.
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Study of Topological Superconductivity in Nanoscale Structures
Qi Li

Department of Physics, Pennsylvania State University, University Park, PA 16802

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 T¢ 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 Bi>Ses on NbSe, 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 Bi>Ses 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 BizTes nanotubes. We
have successfully synthesized and studied for the first time Bi>Tes Tl nanotubes grown using a
solution phase method with a goal of increasing the surface to bulk volume ratio of Tls. Transport
measurement results in Tls 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.®’ 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 e?/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.

2-0 T T T T

=
ol
T

Conductance (e%/h)
=
o

I
o

— Bi,Se, MBE Film
— Bi,Te, Nanotube

OO L L L L
0 20 40 60 80

Temperature (K)

Fig. 2. The surface channel conductance obtained by
SRR REEREE | EE subtracting the bulk conductance (VRH). Surface
oo e conductance of Bi,Se, MBE films (Phys. Rev. B 84, 073109

-20 -10 0 10 20 | (2011) is shown for comparison.
H (kOe)

Fig. 1 shows the TEM and SEM images of a Bi,Tes nanotube and conductance oscillations with magnetic field.
The nanotube diameter is about 125 nm and the width ~10 nm and length ~10 pm.

Anomalous resistance increase in Bi2Tes nanotube when in contact with Nb we have tried to
induce superconductivity into Bi>Tes 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/Bi2Ses bi-layers. We studied the proximity-effect induced
superconductivity in epitaxial Bi>Ses films on NbSe> 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 BizSes,
the bulk gap near the surface is ~ 159 peV, while the surface states gap (induced by the proximity
induced bulk superconductivity) is ~ 120 peV 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 SrTiOs 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

Bi2Tes 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 Tl 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®™ 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®®. Unconventional superconductivity signatures have been observed in
In-doped SnTe bulk crystalst®. In one-dimensional nanowire geometry, Majorana modes are
predicted at the ends of the nanowires”). The project thus aims to synthesize In-doped SnTe
nanowires and probe its superconductivity.

Recent Progress

nanoplates, nanoribbons, and nanowires

via chemical vapor deposition (CVD) : \ F
where the distinction between different N\ 1
morphologies is loosely determined by | 16m g 2m
the width of the nanostructures (Figure b) i —7
1)1 Structures with widths up to 300 o I,
nm are classified as nanowires. The . =
indium doping concentration ranges ‘ '
between 4% and 6%, measured by energy
dispersive X-ray (EDX) spectroscopy. T

0.0

We grew In-doped SnTe (a)\
| R

Counts (a.u)
8-
--
\é’JI
1
L2

‘ 20.0
E (keV)

. Figure 1. (a) In-doped SnTe nanowire, nanoribbon, and
three structures (nanoplates, nanoribbons, )
nanoplate. (b) Concentrations of In were measured by

and nanowires) were measured to show energy dispersive X-ray spectroscopy (EDX). (c) The
subtle differences between structures | cubic crystal structure is preserved after In doping.

(Figure 2). For nanoplates, a robust

superconductivity with sharp superconducting transition is observed with the T of ~ 2.1 K. For
nanoribbons, multiple T¢’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-

Superconducting behaviors of all
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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 1-V characteristics
confirms that the non-linearity is due to the onset of superconducting-like correlations.
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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 Q.

Figure 3. |-V  characteristics of the
nanostructures: (left) 1-V curves and (right)
differential resistances as a function of lyiss. ()
nanoplate, (b) nanoribbon, and (c) nanowire. For
the nanoribbon and nanowire, the differential
resistances show an extra spike or a broad peak.

The suppressed superconducting behavior of the nanowire device is attributed to the
crystal quality of the nanowire. Other factors, such as quantum phase slipst®], 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 -V characteristics with forward and reverse current sweeps!‘®. 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 nanowirest™l. 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
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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

Counts (a.u.)

25 30 35 40 45

E (keVy
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.

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, | Figure 5. Square surface pits observed in SnTe microcrystal (a), nanoplate
although quite common in | (b), and nanowire (c). (d, e) Surface pits observed in In-doped SnTe. (f)
CVD grown samples. Fast Crystal structure of SnTe. (g) Plan view illustrations of pit “a” and “c,” with

cooling of the CVD growth

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 Z
topological invariants associated with the bulk band structure [1]. Several intriguing and potentially
technologically useful properties make the T states of particular interest beyond fundamental curiosities.
In particular, Tls 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.

Spin-1/2 Spin-3/2
A non-trivial band structure that
exhibits band ordering analogous to
that of the known 2D and 3D TI

¢ i
materials was predicted in a variety * $ % * * T ;

of 18-electron half-Heusler Singlet (=0, m=0) Singlet ()=0, m=0)  Quintet (=2, m=+2)

compounds using first principles
¢ ; # }

calculations [8,9]. The band
Triplet (J=1, m=+1) Triplet (J=1, m=+1) Septet (=3, m=+3)

Even Parity

structures of these compounds are
very sensitive to the
electronegativity difference of the
constituents, resulting in
semiconducting band gaps that can

vary from zer% (LaPthiF; to 4 eV Sp'"'wz} Spln:+1/2+ sp'""mt Spm:'m*
(LiMgN) [8]. A subset of these
compounds possess an inverted band Figure 1: High-spin Cooper pairing in spin-3/2 systems.

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 I" 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 T1 state, yielding a handy indicator of the potential for specific compounds to be
Tls. 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 T1 materials.

0dd Parity
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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 20
non-centrosymmetric superconductors, promise a Y. Lu RPdBI
much more robust route to realizing TSC states. $ ™
With inversion symmetry being one of two key * ¢ Er s Ho
symmetries for Cooper pairing (time reversal $
being the other), its absence has profound < 10 Dy
implications on the formation of Cooper pairs.
With a non-trivial topology of the Bogoliubov ,
quasiparticle wavefunction resulting in protected 5 sC * AFM »
zero-energy boundary states analogous to those of e _
Tl systems, the promise of TSC in NC - ° LA A
superconductors is very strong. With strong band 0 5 10, 15 20
inversion, the RPtBi and RPdBi ternary half- dG = (g 1) J(J+1)
Heusler compounds are candidate Tl systems as _ o _
explained above. Furthermore, the situation in Figure 2: Rhase diagram o_f RPdBi series, indicating evolution of
. ! i superconducting (SC) and antiferromagnetic (AFM) ground states as a
these compounds is further enriched by the 123/2 function of magnetic de Gennes factor. The plotted T; is scaled by a
total angular momentum index of the states in the  factor of 10, and solid lines are guides to the eye. [Nakajima et al,
I'8 electronic band near the chemical potential.  Science Advances (2015)]
This arises from the strong atomic spin-orbit coupling of the s=1/2 spin and the I=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.

Gd

*o oo
—
o

| 4

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, Th, Dy, Ho, Er, Tm magnetic rare earths as well as Y and Lu non-magnetic
elements. Electrical resistivity and magnetic susceptibility measurements of the RPdBiI 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 T, = 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
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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 ToPdBi (Tn=4.9 K). The R local
moment sublattice leads to long-range antiferromagnetic (AFM) order in R=Sm, Gd, Th, 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.

400 20
@) - '

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 100
a tiny carrier density n = 2x10* cm?. The value of

Tc =0.8 K in YPtBi cannot be explained within the 0 : :
BCS theory framework due to the low carrier 00 01 02 03
density [14]. Experimentally, a collaboration with LTI,

Prof. Ruslan Prozorov at Ames National Lab O max(B4)
continues to investigate the superconducting state Lars . Garos .
of this material as well as related compounds such B ] L)
as the RPdBi (R=rare earth) and RPtSbh-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
dEpend.ence thatis mdlcatlye of the presence of |InE.} parity pairing model of YPtBi, with London penetration depth (top)
”Qdes in the sup_ercongjuctmg en_ergy gap of _YPtBI and superconducting gap model (bottom) for the spin split Fermi
with moderate impurity scattering. Theoretically,  surfaces. [H, Kim et al, arXiv:1603.03375v4 (2017)]

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.
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Figure 3: Evidence for line nodes and spin-3/2 singlet-septet mixed

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
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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 —krl >> 1, where
ke is the Fermi wavevector and | 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 = 2el A%/Hz, where e is the
charge and | is the average current. In situations where the electrons are not independent, S; = F
2el, 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 YRh2Si>, 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
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lattice[8]. The resulting bad metal state has b T |
a resistivity typically ~ 1 mQ-cm, exceeding 19 B0

the Mott-loffe-Regel limit, with a very flat Fig. 1. (a) H doping stabilizes a bad metal H,VO,
temperature dependence and without any down to cryogenic temperatures. (b) Weak

clear signs of impending Strong localization. localization-like magnetoresistance in HyVO; film.

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 TiO, 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 kel >> 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 SmTiOs (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
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Fig. 2. Etched SmTiO3/SrTiO3/SmTiO3; quantum
wells show voltage fluctuations that grow at low
T even with no applied current.
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striking effect, time-dependent low-frequency (1/f-like) voltage fluctuations that grew as T - O.
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 B
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 i
collaboration with Prof. Shane Cybart and Prof. Robert Dynes, 100 50 0 50 100
we performed transport and shot noise measurements on planar | Fig. 3. Shot noise'In
tunnel junctions in YBCO films, with the junctions fabricated Au/hBN/Au tunnel junction at
by them using helium ion beam processing. While we had various temperatures.
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, Hx\VO>. 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.
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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 LaxSr1xCuO2 (LSCO). These structures are based on tunneling junctions
previously employed[10] to examine the relationship between cuprate superconductivity and
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antiferromagnetism. The insulating layer in these structures is one unit cell thick undoped
La,CuO4. 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 Buhler-
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 HyVO-
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 VO3 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 S0 S0

. v S0, 0 y
also one of the main focus areas. Selected research YNEEERRERERE
highlights are listed as follows:

<
Anomalous Hall effect discovered in a quantum s
oxide heterostructure: The anomalous Hall effect 9
was discovered in heterostructures composed of 2
alternating layers of 3d antiferromagnetic insulator 3? o o
and 5d paramagnetic metal, which exhibit no such O T 0 w0
behavior in the bulk. [Nichols 2016] Artificial Distance from Substrate (A)

quantum oxide heterostructures composed of the Figure 1. (Left) Graph shows neutron spin up
antlferroma_gnetlc insulator SrMnQO3 and the and spin down scattering length density from a
paramagnetic metal SrirOz were grown by pulsed laser  sivnoy/sriro; 3d/5d superlattice on a SrTiOs

epitaxy on SrTiOs substrates. Polarized neutron substrate, indicating ferromagnetically ordered
reflectometry (Fig .1) and soft x-ray absorption spins. (Right) Schematic of the quantum
spectroscopy have uncovered that there exists heterostructure with the induced magnetization
interfacial charge transfer, creating ferromagnetically  represented by white arrows, while the
ordered spins at the interface of the 3d-5d oxide anomalous Hall effect is illustrated on the top
guantum heterostructure [Okamoto 2017]. As 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 Lao.sSro2MnOs and ferroelectric PbZro2TiosO3 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 (PbZro2TiogOs/LaosSro2MnOs) 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 (SrCo0Os.s), 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

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 vacancy content in any environment is crucial for oxygen in the crystalline structure,
variety of functional materials, such as high-temperature allowing oxygen atoms to move more
superconductors, colossal magnetoresistors, memristors, and freely through channels (yellow).
spintronic devices. This creates more missing oxygen

. . ) ) . atoms in the crystalline structure. In
Time-resolved measurements of island size evolution confirm contrast, compression stabilizes the

universal rules for oxide film growth: We demonstrated oxygen atoms and prevents the
dynamic scaling of the island size distributions during film formation of these vacancies.
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
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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 SrTiOs. [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 SrirOs
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 Sro.FeReOs and Ba2FeReOs, 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
guantum transport properties. Neutron scattering will be used to understand interfacial magnetic
coupling of the hybrid interfaces.

123



Selected Publications (selected from a total of 67 publications)

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

W. S. Choi and H. N. Lee, “Strain tuning of electronic structure in BisTis01,-LaC00O3 epitaxial thin films”,
Phys. Rev. B 91, 174101 (2015).

A. Herklotz, K. Dérr, T.Z. Ward, G. Eres, H.M. Christen, M.D. Biegalski, “Stoichiometry control of complex
oxides by sequential pulsed-laser deposition from binary-oxide targets”, Appl. Phys. Lett. 106, 131601 (2015).
S. Lee, T. L. Meyer, C. Sohn, D. Lee, J. Nichals, D. Lee, S. S. A. Seo, J. W. Freeland, T. W. Noh, and H. N.
Lee, “Electronic structure and insulating gap in epitaxial VO3 polymorphs,” APL Mater. 3, 126109 (2015).

T. L. Meyer, L. Jiang, S. Park, T. Egami, and H. N. Lee, “Strain-relaxation and critical thickness of epitaxial
La1 8sSr0.15CuO; films,” APL Mater. 3, 126102 (2015).

H. Jeen and H. N. Lee, “Structural evolution of epitaxial SrCoOx films during topotactic phase transition,” AIP
Advances 5, 127123 (2015).

H. N. Lee, S. S. A. Seo, W. S. Choi, and C. M. Rouleau, “Growth control of oxygen stoichiometry in
homoepitaxial SrTiO; films by pulsed laser epitaxy in high vacuum,” Sci. Rep. 6, 19941 (2016).

A. Herklotz, S. R. Rus, and T. Z. Ward, “Continuously Controlled Optical Band Gap in Oxide Semiconductor
Thin Films,” Nano Lett. 16, 1782 (2016).

S. Lee, I. N. Ivanov, J. K. Keum, and H. N. Lee, “Epitaxial stabilization and phase instability of VO3
polymorphs,” Sci. Rep. 6, 19621 (2016).

J. Petrie, C. Mitra, H. Jeen, W. S. Choi, T. Meyer, F. A. Reboredo, J. W. Freeland, G. Eres, and H. N. Lee,
“Strain control of oxygen vacancies in epitaxial strontium cobaltite films,” Adv. Funct. Mater. 26, 1564 (2016).
T. L. Meyer, H. Jeen, X. Gao, J. R. Petrie, M. F. Chisholm, and H. N. Lee, “Symmetry-driven atomic
rearrangement at a brownmillerite-perovskite interface,” Adv. Electron. Mater. 2, 1500201 (2016).

A. Herklotz, A. T. Wong, T. Meyer, M. D. Biegalski, H. N. Lee, and T. Z. Ward, “Controlling octahedral
rotations in a perovskite via strain doping,” Sci. Rep. 6, 26491 (2016).

J. Nichols, X. Gao, S. Lee, T. L. Meyer, J. W. Freeland, V. Lauter, D. Yi, J. Liu, D. Haskel, J. R. Petrie, E. Guo,
A. Herklotz, D. Lee, T. Z. Ward, G. Eres, M. R. Fitzsimmons, and H. N. Lee, “Emerging magnetism and
anomalous Hall effect in iridate-manganite heterostructures,” Nature Comm. 7, 12721 (2016).

A. Herklotz, H. W. Guo, A. T. Wong, H. N. Lee, P. D. Rack, and T. Z. Ward, “Multimodal responses of self-
organized circuitry in electronically phase separated materials,” Adv. Electro. Mater. 2, 1600189 (2016).

G. Eres, J. Z. Tischler, C. M. Rouleau, H. N. Lee, H. M. Christen, P. Zschack, and B. C. Larson, “Dynamic
scaling and island growth kinetics in pulsed laser deposition of SrTiOs,” Phys. Rev. Lett. 117, 206102 (2016).
T. L. Meyer, A. Herklotz, V. Lauter, J. W. Freeland, J. Nichols, E.-J. Guo, S. Lee, T. Z. Ward, N. Balke, S. V.
Kalinin, M. R. Fitzsimmons, and H. N. Lee, “Enhancing interfacial magnetization with a ferroelectric,” Phys.
Rev. B 94, 174432 (2016).

X. Gao, S. Lee, J. Nichols, T. L. Meyer, T. Z. Ward, M. F. Chisholm, and H. N. Lee, “Nanoscale self-
templating for oxide epitaxy with large symmetry mismatch,” Sci. Rep. 6, 38168 (2016).

D. Lee, X. Gao, L. Fan, E.-J. Guo, T. O. Farmer, W. T. Heller, T. Z. Ward, G. Eres, M. R. Fitzsimmons, M. F.
Chisholm, and H. N. Lee, Nonequilibrium synthesis of highly porous single-crystalline oxide nanostructures,
Adv. Mater. Interfaces, 4, 1601034 (2017).

D. Lee and H. N. Lee, Controlling oxygen mobility in Ruddlesden-Popper Oxides, Materials 10, 368 (2017).
L. Fan, X. Gao, D. Lee, E. J. Guo, S. Lee, P. C. Snijders, T. Z. Ward, G. Eres, M. F. Chisholm, H. N. Lee,
Kinetically controlled fabrication of single-crystalline TiO, nanobrush architectures with high energy {001}
facets, Adv. Sci. 1700045 (2017).

A. Herklotz, E. Guo, T. L. Meyer, S. Dai, T. Z. Ward, H. N. Lee, and M. R. Fitzsimmons, Reversible control of
interfacial magnetism through ionic-liquid-assisted polarization switching, Nano Lett. 17, 1665 (2017).

S. Lee, X.-G. Sun, A. A. Lubimtsev, X. Gao, G. Panchapakesan, T. Z. Ward, G. Eres, M. F. Chisholm, S. Dai,
and H. N. Lee, Persistent electrochemical performance in epitaxial VO2(B), Nano Lett. 17, 2229 (2017).

J. Nichols, S. Yuk, C. Sohn, H. Jeen, J. W. Freeland, V. R. Cooper, and H. N. Lee, Electronic and magnetic
properties of epitaxial SrRhOs films, Phys. Rev. B 95, 245121 (2017).

E. Guo, T. Charlton, H. Ambaye, R. Desautels, H. N. Lee, and M. R. Fitzsimmons, Orientation control of
interfacial magnetism at Lao67Sr0.33MnQO3/SrTiO3 interfaces, ACS Appl. Mater. Interfaces 9, 19307 (2017).

S. Okamoto, J. Nichols, C. Sohn, S. Kim, T. W. Noh, and H. N. Lee, Charge transfer in iridate-manganite
superlattices, Nano Lett. 17, 2126 (2017).

E. J. Guo, J. R. Petrie, M. A. Roldan, Q. Li, R. D. Desautels, T. Charlton, A. Herklotz, J. Nichols, J. W.
Freeland, S. V. Kalinin, H. N. Lee, and M. R. Fitzsimmons, Spatially resolved large magnetization in ultrathin
BiFeOs, Adv. Mater. 1700790 (2017).

124



Program Title: Atomic Engineering Oxide Heterostructures: Materials by Design

Principle Investigator: H. Y. Hwang'?*; Co-Pls: Y. Hikita!, J.-S. Lee?, and S. Raghu'*
IStanford Institute for Materials & Energy Sciences, SLAC National Accelerator
Laboratory, Menlo Park, CA 94025
?Department of Applied Physics, Stanford University, Stanford, CA 94305
3Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator
Laboratory, Menlo Park, CA 94025
“Department of Physics, Stanford University, Stanford, CA 94305
*hyhwang@slac.stanford.edu

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 LaAlOs/SrTiOs 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 SrTiOs has remained an open question for more
than 50 years. The extremely low carrier densities (1017-10%° cm™) 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 (L) and super-
conducting gap in Nb-doped SrTiOz 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 (A~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 (A~0.1). This
surprising result suggests the relevance of BCS beyond the Migdal limit in which it was derived,
and that SrTiOz is an ideal system to probe superconductivity over a wide range of carrier
density, adiabatic parameter, and electron-phonon coupling strength.

Future Plans

e Investigation of materials and order parameters in one dimension, by integrating soluble
buffer layers with e-beam lithography of oxide heterostructures.

e Using static/dynamic strain in oxide heterostructures to manipulate and control domain
structure in distorted perovskites, and their coupling to electronic/magnetic properties.

e 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 (honexistent 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 SrTiOz films, the control of T¢ 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/SrTiOz 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/SrTiO3z 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/LaAlOz/SrTiOs (STO/LAO/STO) heterostructures to realize the 2DHG.
If the STO substrate is TiO>-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/AlO;
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 TiO.-terminated (001) STO substrates,
with the substrate interface designed to host o
the 2DEG, and the top STO/LAO interface to 2
host the 2DHG. To minimize the oxygen Rt
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 cALALALALAY
high-quality SrO/AIO: interface has been toman o e —— Top Surtacs.

b_UI|'[ between the top STO and. LAO. thin Figure 1. a, STEM images obtained at the top STO/LAO
films. The Atomic-scale energy dispersive X- i face. b, EDS elemental mapping. ¢, COBRA-
ray spectroscopy (EDS) elemental maps  derived cation electron density map across the interface.
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 AIO: layers as we designed (Fig. 1c).

a

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 Ryy (H) measured
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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

} ] R 2 demonstrate that the 2DHG is formed at the

“m m L STO/LAO interface. The in-line electron

I ] ] A, holography, using a field-emission TEM, can

\ \ \ | map the internal charge distribution by

= e ° retrieving phase shift information of the

‘ E'“"mi“"?:vl - transmitted electron beam. A high density of

mxmzz 1 P I positive charges is clearly observed at the top

/ 1 interface, while the bottom interface showed
negative charges.

a

(¢-w2 2,01x) Aysusq abieyp

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
Figure 2. a, The charge density map obtained by the in- oxygen vacancy distribution, we performed

line electron holography technique. b, The STEM-ADF  depth-resolved cathodoluminescence
image of the entire STO/LAO/STO heterostructure. 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 BaFe2As, 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 BaFe>As, pnictide thin films heterostructrues by in-plane
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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/BaPbOs bilayers and superlattices

We will grow BaBiO3z and BaPbOs bilayers and heterostructures to investigate the possibility of
engineering high T superconducting structures. Bulk BaBiOs3 has a charge density wave that opens
a semiconducting bandgap and exists for Bi concentrations of ~35% and higher. By growing ~4
nm BaBiOs 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 LaLuOsa. 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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The Investigation of Oxygen Vacancies in Magnetic-Ferroelectric Heterostructures
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Program Scope

Oxygen vacancies play a significant, yet not always well understood, role in many
complex oxide systems.>? The research goal of this work is to understand how oxygen vacancies
affect magnetization and magnetoelectric coupling in LaxSr1-«MnQOz 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 STMnQO3
was theoretically predicted,® and later experimentally corroborated,* 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.>® Even though,
experimentally, it has been found that oxygen content can have a significant effect on LSMO
properties,” 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 350
calculations to help interpret the experimental
findings.

40}

—m—1u.c. 5u.c.
—®—2uc. —<4—-6uc.

3u.c. 7uc.
—v—4uc.—e-8uc.

Valence

3.0
Recent Progress

High quality thin films have been grown 0O 1 2 s 4 5 6 7 8 3
by pulsed laser deposition, and optimized Layer Index
through in-situ reflection high energy electron Fig 1. Comparison of plane-resolved Mn
diffraction, as well as x-ray diffraction and atomic valence for the best fit (solid points) and
force microscopy (objective 1). Many bulk and depth | theory (open points). The surface is at layer 1.

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 F
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 5
oxygen vacancies are present at the interface. - 5

We began our computational efforts by defining the methods Fig 2. Theoretical
and approximations. Since one of the most important characteristics simulation of STM
of the LSMO system is that it is an alloy, we cannot rely on a microscopy of
supercell approach to describe its properties. The physics due to the STO/LSMO when there
ordering of a supercell may be very different than that of an alloy, I no oxidation at the
. . . . . surface. The theoretical
where the A-site cation placement is random. Due to this potential thin-film contains four
difference from the A-site placement, we have decided to use the layers of LSMO on top of
Virtual Crystal approximation (VCA), where an alloyed atom is 6 STO layers.
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
I— N magnetic moment and the electron band gap. In
., AMGINR.\ ~ general, we get good agreement with existing
s s S o SRR S results. Our next goal was to describe the actual
Y N W experiment, where a LSMO thin film is deposited
S ™ on top of an SrTiO3 (STO) substrate. Here we
- have decided to use three different approaches: (i)
NP YL P we have assumed that the LSMO will grow
_ following exactly the STO structure (ii) the
Lo W . LSMO will follow the STO structure for few
Bl D layers and then it will relax to the PNMA ground
“Energy [eV] state (iii) the LSMO will remain in its own
Fig 3. Spin dependent layer-by-layer electronic ground state by tries to match the STO cell
density of states for four layers of LSMO on top parameters. We have concluded our analysis of
of STO. Each panel corresponds to a layer of (iii) and we are in the process of finishing (i) and
o e o e oo | (0 orevryane f tosecases e v
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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 Y3sFesO1. (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 Y1G layer. At the YIG/NIiO 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 (Viswe 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
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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 T 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).

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)/Y1G(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 Visne/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/Y1G 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
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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
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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
pulses generate sizable temperature differences of the order of 10 to 100 K across the Au/YIG
and Cu/Y G 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 (ts) 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 o, which is a
product of spin mixing conductance and spin Seebeck coefficient, between 3 x 10’ Am? K and
3 x 108 Am?2 K for Au/YIG and Cu/YIG interfaces Using temperature-dependent
measurements, we find that the fit parameter o 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 PYAF/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
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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 MoS: transistors by the valley Hall effect [1], and in the
bulk of strained monolayer MoS: 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 WSe> grown by techniques developed in the lab of Luis Balicas
(Nat. High Magnetic Field Lab / FSU), which has defect density below 10*/cm?. 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 / WSe, / hBN heterostructure to measure the
electronic compressibility of the WSe». In this measurement, the electrical contact to the WSe>
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 WSe, at the National High
Magnetic Field Laboratory, at fieldsup to 35 T.

Together, these improvements allow us to provide a near-complete map of the Landau
Level spectrum of monolayer WSe,, as shown in Figure 1, which shows the inverse
compressibility (du/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 WSe, 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
v are more pronounced than those at even-valued v throughout the accessible range of electron
density. In contrast, the VB the dominant parity in v changes from odd to even as the hole
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Figure 1. Ambipolar Landau level dispersion. a, The inverse compressibility du/dn of the WSe; 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 v for high hole density and for even v at low density. The crossover occurs at n = —3.8x10%2 cm™2 (dashed
white line), and has no discernible dependence on B. ¢, The chemical potential p 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.

density is reduced (Fig. 1c), with a cross-over point at n = —3.8x10'? 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
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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). ¢, The ratio of Zeeman to cyclotron energy (EZ/EN = m#g*/mg) 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 WSe; 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 x 10> cm™? < n < 5 x 102 ¢cm2). 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
WSe; [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/Mo0S2 heterostructures.

A pair of degenerate direct bands are
ik 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
T a0 2 5e00 have been made in exploring the valley

Delay (ns) 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
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| —A—P=(p.-p)ip, +p)
1 1 | 1
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MosS,

Fig. 1: Left: lllustration of ultrafast electron transfer process
in WSe»/MoS; 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 us is mainly due to the total population
decay. The valley polarization, however, does not show any

apparent decay in 2.5 us, corresponding to an ultralong
valley depolarization lifetime exceeding 40 ps.
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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
WSe»/MoS; 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 WSe; layer within 50 fs owing to the ultrafast charge transfer processes in the
WSe2/MoS; heterostructure. These valley-polarized holes exhibit a population decay lifetime of
over 1 ps, and a depolarization lifetime (i.e. inter-valley scattering lifetime) over 40 us 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

a Electron-electron interactions  between

" . adjacent 2D layers in van der Waals

. .:'.‘j‘.*' - !';.*.*"?j'?'*,*‘.:’. L heterostructures can give rise to a variety of
?4.74-?a-’-—a?i-?&,--u-?-i-?-a-,-a-?-a-?-a-,-.a-,-a-,-aJ-,-a . . R . .. .

sbabababababrbababrbrbababababed 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 WSe>/hBN heterostructures, as
illustrated in Fig. 2a.[2] Vibration modes of hBN
lattice (labeled with red arrows) can significantly
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Fig. 2: (a) lllustration of interlayer electron- interlayer electron-phonon coupling.

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.

Experimentally, such interaction manifests as
emerging resonant Raman scattering processes that
involve both hBN phonon vibrations and WSe>
electronic resonances: Two prominent new Raman
peaks appear in the heterostructure composed of
WSe; encapsulated in hBN flakes, with the Raman
shifts corresponding to the hBN ZO phonon mode and the hBN ZO + WSe> Aig 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 WSe;
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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 WSe». 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/Cr2Ge2Teb 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.
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(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 FeisTaS,, (ii) testing the breakdown
mechanism and tendency toward a high pressure metallic state in multiwall WS, nanotubes, and
(iii) exploring the size-dependence of spin-charge coupling in a-Fe;Os. 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 FeisTaS2: 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
Cr13NbS;2 and [Pb2BiSs][AuTe:], superconducting Pd-intercalated IrTe,, and interlayer I-doped
BiOI0s nanoplates. The chiral ferromagnet Fey3TaS; attracted our attention in this context. This
system is part of a larger family of materials based upon 2H-TaS; 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 FeysTaS> 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 Fe13TaS; 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.
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Fig. 1: Crystal structures of 2H-TaS, 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 WS> 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 WS, 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 WS> nanotubes under compression [Fig. 2]. While most of the vibrational
modes display similar hardening trends, the Raman-active Aig 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 WS, 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.
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Fig. 2: Schematic of the diamond anvil cell, breathing mode displacement pattern, infrared and Raman response of
the WS, 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 a-Fe.Os, 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 a-Fe>Os [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.
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Fig. 3: Close-up view of the A4 — *T14 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 LuFe>O4:LuFeOs superlattices, (ii) revealing the
competition between metallicity, disorder, and ferroelectricity in Nb-substituted EuTiOz [left,
Fig. 4], (iii) probing the spectroscopic signatures of ferroelastic domain walls in CasTi»Oy7 [right,
Fig. 4], (iv) exploring finite length scale effects on vibronic coupling in nanoscale CuGeOs, and
(v) investigating the properties of atomically-thin MnPSs and MnPSes 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.
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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.! Their compelling characteristics render
PNCs a promising alternative to 11-1V nanocrystals like

Organic

Ligands CstXa(X=I,Br,CI)
4 “Fi‘ E

pa «mall
‘Tr;‘Zreasing Quantum Confinement CdSe. As such, they have been demonstrated in a
Figure 1: Cesium lead halide perovskite plethora of applications like LEDs, light down-
nanocrystals exhibiting quantum shifting, and low-threshold lasing.?* The targeted
confinement. 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 objective H‘W - ArePe

\ pellicle

measured with single molecule spectroscopy, where the 1y ‘ : E
- . . |
single nanocrystal properties are surveyed one particle at a oinhole ; T
time. However, the still limited photo-stability of PNCs | stage
. . P . y . Auto- o [ ] beam splitter
has hampered the interrogation of confined PNCs with correlator $} i
these fairly perturbative single nanocrystal techniques.* Figure 2: s-PCFS combines photon-correlation
We overcome the limitations of conventional and Fourier spectroscopy to extract single NC
single nanocrystal spectroscopy imposed by the and ensemble spectral linewidth.

instability of PNCs by utilizing solution-based photon-
correlation methods pioneered in our group.>® 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-
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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).”% 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‘?), where we histogram two-photon
events detected after the same (biexciton emission) and different (exciton emission) excitation
pulses.®

In this project, we use s-PCFS and s-g® 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

&

Single Nanocrystal

50 nanocrystal spectroscopy due to their instability.
Em_ b increasing confinement | Using s-PCFS, we have undertaken a systematic
£ o0l A / | survey of the single PNC linewidth as a function
3 of the degree of confinement and halide
£ 100 CsPbBr, Cl, 1 S .
~ 0 = composition. We find that sample

) inhomogeneity plays only a minor role in

2 osf ‘ ‘ ' 1 determining the ensemble emission linewidth

> o5t sownsares | and that the single NC linewidth increases

g g;‘ I - strongly with the degree of confinement (figure
9 s 3a). These results are consistent with strong

-‘% o1 ¢ CS"bewcfg- coupling of the excited state to surface bath

B g 20 22 24 26 28 modes in PNCs with high surface-to-volume

Energy of First Absorption Peak [eV]

ratios. We suggest that nanocrystal surface
Figure 3: We have surveyed the single NC rigidification, for instance with suitable ligand
linewidth (a) and biexciton quantum yield (b) as a . .
function of halide composition and degree of chemistry, could significantly narrow the
confinement. 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.
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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.

1. 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 T, superconductors, which are gapless but have
a vanishing density of states (DOS) at the Fermi energy, Er. 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 o-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 -bonds is similarly unscreened because the ¢ orbital is orthogonal to the z-orbital conduction
band. However, this constraint is removed in the presence of a local curvature which projects the ¢ orbital
out of the plane and removes the orthogonality with the n-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 o 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.

I1l. Future Plans
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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 SiO; substrate. (B) STM topography of the
G/G/SiO, 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.

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
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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 MoS; 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
guantum 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 1-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).
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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 Gy
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 Go = Ne?/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.
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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 2c shows the differential resistance dV/dl of the 200-nm long junction measured
vs. | and Ve. 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
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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(—ksT/0E), as predicted for the ballistic junctions. The slope of log(lc) vs. T
is found to be independent of V. Indeed, in graphene junctions, OE = hvg /2L 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 > hkr/zeL. 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.
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Figure 4. a) V-1 curves measured at B = 1 T and v = 2 in the temperature range 40-500 mK. The
supercurrent branch is clearly visible at the lowest temperature (40 mK) for | < 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.

The supercurrent shows extreme sensitivity to magnetic field, exhibiting a robust
interference pattern with a period of 6B ~ 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
guantum phase transition (QPT) between the singlet and the “Kondo molecule” predicted
recently by Harold Baranger and his group. ¢) In addition to the more ambitious projects (a-b),
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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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Experimental and theoretical investigation of nanostructures based on sp?-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. T

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.

TEM images of tailored holes
The atomic structure, stability, and dynamics of defects in in hBN (top) and schematic
hexagonal boron nitride (h-BN) has been investigated using an for STM-induced quantum
aberration-corrected transmission electron microscope operated at wells in graphene over hBN
80 kV between room temperature and 1000 °C. At temperatures (bottom)

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
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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 MoSe, 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.
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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
Larry Curtiss group from Argonne
c - 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
c 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
200 o 200 the excess energy via a mechanical
Voltage (meV) 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, dl/dV
- ML curves), which is further confirmed by
means of vibrational spectroscopy
Fig. 1. (@) When an inelastic tunneling electron is analyses (d?1/dV?) (Fig. 1c). The peak at
captured by the motor, a new charge redistribution +60 meV and a dip at -60 meV in d?1/dV?
occurs at the ferrocene arms (blue) and Ru atom signal corresponds to the ferrocene group
ball bearing (yellow). (b) STM image (left) shows vibrational mode of the metal atom (Fe)
the locations of measured di/dV spectra revealing and cyclopentadinel rings. This work
Kondo resonances (right). (c) Vibrational (dl/dV?) impacts fundamental understanding of
spectra measured on top of ferrocene units of the how charge and energy transfer processes
molecular motor. 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.

di/dV(Arb.Unit)
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[1. 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) dl/dV map measured across
superconductor-metal boundary shows evolution of gap
state.

transfer based molecular superconducting system
formed by a Bechgaard salt, (BETS)2>-GaCls, 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).-GaCls
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, ¥y (w,, w,; w; + w,),
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 w, generates
radiation at twice the fundamental, or 2w,. In our initial work [2] we measured SHG in response
to ultrashort laser pulses centered at 800 nm, corresponding to hw, = 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 y® (w,, w,; 2w,) 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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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-T. 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-T¢ 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 T¢ 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
qguantum 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 YBa>2CuzOe+x
[12].
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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 YBaxCuzOs+x. We have now performed angle-resolved magnetic quantum
oscillation measurements on both YBa2CusOs-x [8] and YBa2CusOs [9] (the latter shown in Fig.
4a), yielding nearly identical results in the two systems. In the case of YBa2CusQOs, 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
YBa>Cuz0s+x and 640 T in YBa>CusOg 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 YBa>CuzOs+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 YBa>Cu3Oe+x and YBa>Cus4Os. 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 CuO: 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].
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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 YBa2CusOs+x are universal to the cuprates, or
whether they are unique to YBa>Cu3Og:x.
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Probing competing chemical, electronic, and spin correlations for materials functionality
Athena S. Sefat, David Parker, & Zheng Gai
Oak Ridge National Laboratory

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. Figure 1: Heat capacity showing
- Thallium-doping (5%) of BaFe;As, (122) crystal causes a Tn peaks with x.

surprising rise of the antiferromagnetic transition temperature g
(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 =100
densities (Jc) in crystals of Ba(Fe1xCox)2As2. Also, combined :
scanning tunneling microscopy, spectroscopy and local barrier : ] ]
height were used to show that although the cleavage surface : © Ba,_Tl Fe As,
and hence morphologies are variable, the superconducting gap N L
maps show the same gap widths and nanometer size variations 0 50 100 150
irrelevant to the morphology. [ref. 26, 28] T(K)

- The ‘lattice parameter’ changes and trends with chemical
doping in iron-arsenides were summarized in a review paper: inplane @
we concluded that all high-temperature superconductors have ‘

nearly tetragonal structures with a-lattice parameter close to 4 G ¢ B oo

200

CF‘

T

A, and that superconductivity can depend strongly on the c- ﬁ*
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 Figure 2: BFe,As; crystal
122 structures (Figure 2). [ref. 27] structure (2: Ba,Ca,or Sr).
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- Single- and double-layered compounds based on tetrahedrally-coordinated transition metals of
T=Fe and Cu, with chemical compositions of CaT2P> and CaTePs, 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-T. Tl-based cuprates, we find that addition of Li.O enhances
superconductivity of Tl,BaCa,CuzO10, While thermal annealing increases Tc by ~ 25 K in
T1,Ba>,CaxCu3Oqo 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 BFe2As; 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 BaFe2As; 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 CaFe.As, (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 EuFe2As; (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 T.. Also, we are
planning to compare local electronic density-of-states of BaFe>As, 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).

Publications Note: This project was funded in August 2015, so the below is list of
publications beyond this date; the Pls are underlined.
1) Mirmelstein, A.; Podlesnyak, A.; dos Santos, A.M.; Ehlers, G.; Kerbel, O.; Matvienko, V.;
Sefat, A.S.; et al. “Pressure-induced structural phase transition in CeNi: X-ray and neutron
scattering studies and first-principles calculations,” Physical Review B 92, 54102 (2015).
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Magneto-optical Study of Correlated Electron Materials in High Magnetic Fields

Principal Investigator: Dmitry Smirnov; Co-Pl: Zhigang Jiang
Address: National High Magnetic Field Laboratory, Tallahassee, FL 32312
Email: smirnov@magnet.fsu.edu

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 ZrTes

Finding a large band gap TI is crucial to future room-temperature (corresponding to ~25 meV)
device applications. Zirconium pentatelluride

(ZrTes) has attracted substantial interest 2
lately in the wave of Dirac and topological H
material exploration due to the theoretical [

prediction of a large-gap quantum spin Hall

k
insulator phase in its monolayer form [1]. K
Theory also predicts that the electronic
structure of bulk ZrTes resides near the phase

boundary between weak and strong ' 1 . 1
topological insulators (TlIs) [1,2], providing [ Unpolarized /ﬁfﬁw
an ideal platform for studying topological F 100 o ot /
phase transitions. o ;,m..w/

= 098 v

The topological nature of bulk ZrTes is *
currently under intense debate, with
interpretations ranging from strong/weak TI 094 : . . : . .
. R R 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
to Dirac semimetal. To wunderstand its B(T)

electronic structure, we have carried out a Top: Electronic structure of ZrTes and the corresponding
thorough IR spectroscopy study of |LLs in magnetic fields. Bottom: Circular polarization

mechanically exfoliated ZrTes thin crystals 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 ™ and ¢~ 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 ZrTes 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

(@) InAs/GaSb DQW

Critical

Inverted

Normal

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 (QWSs), 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-

(c) 3D HgCdTe

QW thickness, composition or temperature

Evolution of the band alignment in (a)

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.
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InAs/GaShb 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].




Q

In 3D systems, electronic bands with linear

E j + Same (conical) dispersion are found in Weyl and Dirac
g 21 . L semimetals, or in a conventional gapless
§ 72:;:ﬁﬁiﬁf}""""”’i’fﬂ ”””””””””””” semiconductor such as CdxHgixTe near the
b — : : critical concentration, xc~0.17, separating the
. regions with trivial and inverted band alignments.
%107“ ———————————— et o L T Variation of the QW thickness or Cd content does
20.57 not allow continuous tuning of the system across
g the gapless state. However, it can be achieved by

O T T T & & e o Changing the temperature (or pressure). In

Temperature (K)

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.

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.

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 Tls and atomically thin materials with strong spin-orbit coupling (such as TMDs).

Phase transitions in InAs/GaSb and HgTe QWSs. 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 Tl to Dirac/Weyl semimetal
transition, in topological semimetals such as or similar to ZrTes (Dirac), HfTes (Dirac), TalrTes
(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
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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 HgBa2CuOu+5 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: 1) 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 | 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 ~ UPtz  has

demonstrated that this unique compound is a
topological superconductor with odd-parity. Its
chiral symmetry appears to be manifest in an

-0.01 ¥ (TO)-m 0.02 unusual vortex lattice structure that has been
int

Figure 1. Vortex lattice NMR (Redfield) lineshape iNVestigated using small angle neutron scattering
of the first high-frequency satellite for the apical site (SANS). Notably, the single crystals grown by
of Hg1201, which would correspond to 168.6 MHzmy research group are the highest quality ever
inFig. 2, (Tc =79 K, AT, of 1.5 K) at T =35 K, H =produced and are of such significant size and
16.5 T, below the vortex freezing temperature ~40 quality that they are ideal for neutron scattering

K. Inset, the corresponding vortex lattice from a fitup to magnetic fields that extend into the elusive
to the theory given by the blue curve. Comparison is C vortex phase above 1.6 T
made with a constraint for a VL with a square P o

lattice.

uD79

Recent Progress

We have investigated vortex structures in the single layer cuprate Hg1201 using 'O 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 | 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
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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/T>) using 'O 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 O 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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1. Towards a universal description of vortex matter in superconductors
Leonardo Civale, Los Alamos National Laboratory

2. APS conference for undergraduate women in physics
Ted Hodapp, American Physical Society

3. Designing metastability: coercing materials to phase boundaries
T. Zac Ward, Oak Ridge National Laboratory

4. Fermi gases in bichromatic superlattices
John Thomas, North Carolina State University

5. Experimental study of novel relativistic Mott insulators in the two dimensional limit
Claudia Ojeda-Aristizabal, California State University, Long Beach

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

8. Nanostructured materials: from superlattices to quantum dots
Ivan Schuller, University of California, San Diego

9. Probing electron correlations in 1D electronic materials using single quantum channels
Jeremy Levy, University of Pittsburgh

10. Infrared Hall effect in correlated electronic materials
Dennis Drew, University of Maryland

11. Nanoscale electrical transfer and coherent transport between atomically-thin materials
Douglas Strachan, University of Kentucky

12. Proximity effects and topological spin currents in van der Waals heterostructures
Ben Hunt, Carnegie Mellon University

13. Spin dependent transport in metallic nanoparticles
Dragomir Davidovic, Georgia Tech

14. Fundamental studies of high-anisotropy nanomagnets
George Hadjipanayis, University of Delaware

15. Time-resolved spectroscopy of insulator-metal transitions: exploring low-energy dynamics in

strongly correlated systems
Gunter Luepke, College of William and Mary
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Superconductivity and magnetism in d- and f-electron materials
Brian Maple, University of California, San Diego

Correlated and complex materials
Brian Sales, Oak Ridge National Laboratory

Establishing the consequences of intertwined order parameters in spatially modulated
superconductors
Greg MacDougall, University of Illinois, Champaign

Quantum Hall systems in and out of equilibrium
Michael Zudov, University of Minnesota

Effects of lateral broken crystal symmetries on spin-orbit torques and magnetic anisotropy
Daniel Ralph, Cornell University

Charge inhomogeneity in correlated electronic systems
Barry Wells, University of Connecticut

Imaging electrons in atomically layered materials
Bob Westervelt, Harvard University
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Non-equilibrium magnetism: materials and phenomena
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Exploring photon-coupled fundamental interactions in colloidal semiconductor based hybrid
nanostructures
Min Ouyang, University of Maryland

Exploring superconductivity at the edge of magnetic or structural instabilities
Ni Ni, University of California, Los Angeles

Spectroscopy of degenerate one-dimensional electrons in carbon nanotubes
Jun Kono, Rice University

Spin-coherent transport under strong spin-orbit interaction
Jean Heremans, Virginia Polytechnic Institute and State University

Controlling superconductivity via tunable nanostructure arrays
Nadya Mason, University of lllinois, Champaign

Dynamics of emergent crystallinity in photonic quantum materials
Jon Simon, University of Chicago

Experiments on nonsymmorphic topological and Weyl semimetals
N. Phuan Ong, Princeton University

Cold exciton gases in semiconductor heterostructures
Leonid Butov, University of California, San Diego

Tuning quantum fluctuations in low-dimensional and frustrated magnets
Arthur Ramirez, University of California, Santa Cruz

Raman spectroscopy of pnictide and other unconventional superconductors
Girsh Blumberg, Rutgers University

Synthesis and observation of emergent phenomena in Heusler compound heterostructures
Chris Palmstrgm, University of California, Santa Barbara

Understanding iron superconductors/focus on nodal behavior
Gregory Stewart, University of Florida

Digital synthesis - a pathway to create and control novel states of condensed matter
Anand Bhattacharya, Argonne National Laboratory

Bose-Einstein condensation of magnons and potential device applications
John Ketterson, Northwestern University
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Understanding and controlling conductivity transitions in correlated solids: spectroscopic
studies of electronic structure in vanadates
Kevin Smith, Boston University

Spin-polarized scanning tunneling microscopy studies of nanoscale magnetic and spintronic
nitride systems
Arthur Smith, Ohio University

Nanoscale magnetic Josephson junctions and superconductor/ferromagnet proximity effects
for low-power spintronics
llya Krivorotov, University of California, Irvine

LaCNS: Building neutron scattering infrastructure in Louisiana for advanced materials
John DiTusa, Louisiana State University

Superconductivity and magnetism
Wai-Kwong Kwok, Argonne National Laboratory

208



Poster Abstracts




210



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.Isu.edu

Program Scope

This program focuses on the magneto-transport, non-equilibrium relaxation, and
spin-resolved density-of-states properties of disordered two- g
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 NizMnGa-

based magnetocalorics.
Recently we have been investigating the Zeeman- Fig 1. STM image of Pb clusters
limited phase diagram (PD) of epitaxially-grown crystalline | that were subsequently capped

Al films. This was the first such study made on a relatively \g(;tnhm&; 15 ML Alfilm. (30nm x

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 }g

unprecedented control of sample thickness. > ‘

A second line of investigation focuses on lateral f." -
proximity structures comprised several monolayer-thick Al _{;‘,
films with imbedded Pb islands, see Fig 1. Via precise > g

control of the UHV Pb deposition and annealing process (on m

Si-111), Ken Shih’s group at UT Austin are able to form ¥ o M )

nano_scale Pp |§Iands having a}tunablg average separation. Fig 2. STM image of a 7 ML-
Our interest is in how the Pb islands induce spin orbit thick Pb nano-mesh.
coupling into the superconducting Al matrix. Specifically, (2um x 2pm)

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
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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.

1.2

These phase diagrams were compared to those | T-400mk —

expected of a homogeneous BCS ground state. i I

The Zeeman critical field transition is first-order {7“ [— %o

at low temperature but the observed hysteresis is o f[

substantially smaller than the expected BCS g{ el ..

limits of stability. In particular the supercooling

phase boundary (normal to superconducting S H

boundary) resides at substantially larger fields I

than predicted by homogeneous theory. This ok

suggests that an intermediate high-field ol i

inhomogeneous phase preempts the transition to T e

the BCS phase. This intermediate s

superconducting phase may be a disordered Fig 3. Parallel (Zeeman) critical field

remnant of FELO. ;rans[tlon in Al/Pb-cluster flln_1 asa
unction of the cluster separation d.

Shown in Fig. 3 are the parallel critical 12

field transitions of a selection of Al/Pb-cluster ] EryT——

films. The green vertical line represents the 1t —*— 7ML Pb film

Clogston-Chandresekhar (Zeeman) critical field

of an infinitely thin film having no spin-orbit 081 I

scattering [3.4]. The legend indicates the E .l L@y

average separation between Pb clusters, whered — ® e/

= oo corresponds to a 15 ML Al film with no 04l \

clusters, and d = 0 corresponds to a 15 ML Al

film deposited over a compete ML of Pb. Note 02t .

that the critical field increases rapidly with .

decreasing d. From these data our collaborator 95 0.9 0.95 1

Gianluigi Catelani can extract the spin-orbit T

Cc

coupling parameter. Clearly there is a halo of
spin-orbit coupling induced around each cluster. Our  Fig 4. Scaling behavior of the

goal is to establish the lateral length scale of these perpendicular critical field of a Pb mesh
halos film, such as the one shown in Fig. 2.
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Finally, we have just completed measurements of the perpendicular critical field
He> 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 Hco near
T¢ 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-1 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 x 10° nm?, 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 filmsisnear6 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
tapilor 3éh(emica)lly precise intcérfaces with roughness
comparable to or less than the length scales for
interfacial charge transfer and exchange interactions.
The complex oxides host dive_rrse 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  fig. 1. A non-collinear helical magnetic
of their bulk constituents. We seek to discover and  structure develops in superlattices comprising
explore states with novel responses to external of two correlated metals LazsSrysMnOs and

electric and magnetic fields, thermal gradients and ~ L@NiOs as a result of interfacial charge transfer

pulsed ‘ultra-fast’ excitations, and to understand why z;r;;jxe;(c):t;g;\ ge interactions. (J. Hoffman et al.

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
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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
(Laz/3SrusMnO3)e/(LaNiOs)n where both constituent materials are metals, we used neutron
scattering and x-ray absorption spectroscopy to show that interfacial transfer of electrons from
Laz3SrysMnOs into LaNiOs 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 LaNiOz 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
GdsGasO12 (GGG) and DyScOs (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 Y3zFesO12
(YIG). This work opens up the class of materials where a large SSE signal can be obtained.

3. Dilutely doped SrTiO3z in the Extreme Quantum Limit: We doped high quality single crystals
of SrTiO3z 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 10%%/cm?®. 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 Er to drop in the lowest Landau level, which leads to
puddle formation when Er 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.® 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.?
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-metals® 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.*
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 URuSi2 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 Pl 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 Pl 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 Pl and collaborators will study the symmetry and properties
of the superconducting state emerging only from the Chirality Density Wave below T, =1.5 K.

Multiband pnictide superconductors. Iron-pnictides A
present a new paradigm of  multi-band I
superconductivity in proximity to nematic transition i 150}
and spin density wave (SDW) order. Most FeAs 25
compounds share a common phase diagram which in I
the underdoped region is marked by a structural
transition at temperature Ts from tetragonal to i
orthorhombic phase followed by an SDW transition at 20
Tspw, slightly below Ts. The orthorhombic distortion |
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provides exceptional setting to study coexistence or
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superconductivity, and density-wave phases.
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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: CaFe2As,
(Sr2VO3)2Fe2Asy, Fe1+x(TeSe), Ko.75sFe1.75Se2, I |
BaFe1oPto1As2, Ca(CoxFei«)2As2, NaFe;xCoxAs, M
Bai-xKxFe2Asz, FeSei1xSx and others. The Raman | st N °i_,1o,o ”
susceptibility shows critical non-symmetric charge = 1(')0 = 2(')0 = 3(')0 A
fluctuations across the entire phase diagram. The . §

charge fluctuations are interpreted in terms of waves Raman Shift [cm' ]

of quadrupole intra-orbital  excitations. We NaFe,_.Co.As: Evolution of XY Raman
demonstrate that above the structural phase transition susceptibility showing the development of
the quadrupolar fluctuations with long correlation  the critical mode and emergency of the sharp
times are precursor to the discrete four-fold symmetry  collective response in the SC phase [7].
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
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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 FeSe:xSx, the system which © 200 Fgb, JS) X0
does not show long range magnetic order, we have F By X'(@T)

discovered that a gap reminiscent to a mean-field order <

parameter ope_ns_up in the spectra of _XY symmetry below g __m. o 2.0

Ts. The data is interpreted as formation of the stripe-type & » e - 15

quadrupole wave order which is competing with ferro- * V.fi!.‘ 18

quadrupole fluctuations. The interpretation provides 03
g 0.0

explanation for the recently reported anisotropic electronic 1 T o
properties in the nematic phase as well as for the puzzling 2800
orbital selective superconductivity. A ST )

. . . .. FeSe: T-dependence of Raman
We will continue spectroscopic study of the oxypnictide response of the nematic fluctuations

compounds across the phase diagram as a function of carrier  znq the development of nematic gap
concentration, temperature, strain, and magnetic field. below Ts. [Work in progress]
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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-T. 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(Se1xSx). 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 BaFe;As, based materials. We also undertook a large effort to grow,
characterize and understand the newly discovered CaKFesAss system [4,5]. Whereas some of the
superconducting properties of CaKFesAss are similar to near optimally doped (Bao.sKo.s)Fe2Asy,
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 RPd2P, as well as EuT2X>
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 AET2As, for AE = Ba, Sr, Caand 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 LaCrGes [8].

Future Plans: We plan to better understand the new, fragile magnetic state we have discovered
in the Ni- and Co-substituted CaKFesAss. 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
LaCrGes. 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 k.. Measurements of the superconducting gap with traditional laser ARPES
systems are performed at fixed photon energy and thus lack critical k; information. We will use
our tunable laser ARPES spectrometer to address this key issue using single crystals of pure and
substituted CaKFesAss. 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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Project Title: Cold Exciton Gases in Semiconductor Heterostructures
Pl: 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
guantum 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 1X gas result to the suppression of spin

relaxation. This allows the realization of long-range spin currents. W
d \

The goal of this project is to explore 1Xs in GaAs coupled quantum well
heterostructures and in new heterostructures based on single-atomic-

layers of transition-metal dichalcogenides (TMD). \

Recent Progress

I

1. Pancharatnam-Berry phase in condensate of 1Xs [1] (Fig.
1). We will present the observation of the Pancharatnam-Berry phase in
a condensate of 1Xs 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 X emission, and onset of IX spontaneous

Fig. 1. (a) Interference

fringes in IX
coherence. The Pancharatnam-Berry phase is acquired due to coherent interferometry pattern.
spin precession in 1X condensate. (b) Linear polarization

of IX emission.
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2. I1Xs at room temperature in TMD heterostructures "
[2] (Fig. 2). We will present the observation of IXs at room /A

temperature in TMD van der Waals heterostructure. The room- \
temperature data include long IX lifetimes, orders of magnitude et
longer than lifetimes of direct excitons in single-layer TMD, and . t

control of 1X energy by voltage. The I)Xs in TMD heterostructure N

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.

Fig. 2. Emission of IXs in TMD
heterostructure for different
voltages at room temperature.

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 1Xs — 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 1Xs to a periodic electrostatic potential and measuring amplitudes of 1X
energy and intensity modulations. We demonstrated a proof-of-principle of the method and
found strong correlations in a dipolar matter of 1Xs. This method of determining correlations is
general and can be applied for a variety of other systems, e.g. electron layers and cold atoms.
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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 X 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 1Xs 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

Pl Leonardo Civale, Co-PI Boris Maiorov

MPA Division, Condensed Matter and Magnet Science,
Los Alamos National Laboratory, Los Alamos, NM 87545
e-mail: Icivale@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).? 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 (y).%). 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,® 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. This understanding allowed us to obtain record high Jc and Hir
both in YBCO and Ba122 films.“*581%) We also obtain useful comparative information from other
SC such as MgB2,("" borocarbides, anisotropic low T materials such as NbSe,, and even Nb.®)

Recent Progress

Vortex creep is the decay of the persistent current in a superconductor because of thermal
fluctuations,® 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=-dIn(J)/dIn(t). Creep was
known in conventional low T¢ 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.?*® 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 Je.
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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.® We learned this mostly from irradiation studies (by ourselves and other groups) of
AFe2As; clean single crystals, which show that S can be significantly reduced by adding pinning
centers, in contrast to the cases of YBCO and MgB: where it remains unchanged.

This led us to our main recent result:® We showed that there is a universal minimum achievable
creep rate in the Anderson-Kim (AK) regime (J~Jc) in all superconductors, Smin ~ A-Gi¥?(T/T),
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. Gi%’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, MgB., Co-doped
Bal22 crystals and our BaFez(Aso.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

‘0 Byt e el discovered. Moreover, for any new discovered SC the
oo T Mas L lowest possible S can be predicted by simply calculating Gi.
0005 ********* ] This involves measuring Te, &, penetration depth (1) and v,

‘ : 28 . .
0.000 =X inialoloNNPPPPS q a process that can be achieved in weeks, as opposed to years
0.0 0.2 0.4 0.6 0.8 1.0 . ) )
T, of trial and error landscape manipulation.

Fig. 2: Few SC have reached the
lower limit, including YBCO, MgB.,
and our BaFes(Aso.esPo.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 < Gi < 102. 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 Bal22 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 MgB: 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

LT s T wer 1| and also S because Gi increases. We will irradiate
ol ~ I ' &< 1 | clean MgB; films or crystals; we expect S(Gi) to
sl e I;j * i @m | follow the Smin(Gi) line as Gi increases.

wowf i . 5 =—552nm 4
| TN 3 j% 1 | 2) Thermal creep beyond the AK limit: We will search
i | N«r! v <wm || foruniversal lower limits for S in regimes where creep
. v e Y is collective and glassy. We are currently studying
Fig. 3: Evolution of S(%K’for 2 (Y.Gd)BCO (Y,Gd)BazCuz07 films with .strong-pinning landscape

film as the thickness is decreased. Inset: composed of random point defects and sparse
contour plot of the same data. 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, L2"” (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
qguantum 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

235



Transmission electron microscope image of Ni nanoparticles on amorphous alumina substrate.
The square in the upper right has area of 10x 10 nm?. Zoomed-in nanoparticles and schematic of
our tunneling device used for magnetic sensing of a single nanoparticle. are shown on the right.

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 A 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.
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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 e?/h.

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.

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.




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 HBTSs 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-HBTSs 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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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
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Fig. 1: Magnetic phase diagram of MnSi (a) and
MnSiog.g62Al0.038 (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 MnSio.gs2Alo 038

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, Mn1x Ir«Si has much the same effect as Co or Fe substitutions

[7]. By using magnetization and SANS
measurements, we have investigated the
magnetic behavior of Mnix IrSi 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
Mn1xCoxSi and Mny.x FexSi[3]. Despite the
large differences in atomic mass and size of the

Fig. 2: Small angle neutron scattering from
MnSio.992Gao.00s in the zero field helical state (a) and
in the skyrmion lattice phase at 0.15 T (b) at 32.5 K.
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substituted elements, Mn1.x CoxSi and Mn1x IrSi 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
Mnzx InSi, Mn1x CoxSi, and Mny.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 ZrAlINi 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
Hia  screGe | set that included 105
magnetic reflections
indicated that the ground
state was helimagnetic with
an ordered magnetic moment
of only 0.53 ps. Thus, we
have discovered a highly
itinerant and
incommensurate
helimagnetic metal in a NCS
structured material where the
N, helimagnetism is likely to be
W caused by the DM
interaction. Furthermore, our
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Fig. 3: Magnetic properties of ScFeGe (a) Crystal Structure (b) Magnetic neutron diffraction
susceptibility, y, vs. temperature T. (c) Magnetization vs. magnetic field, measurements performed in a
H. (d) Neutron diffraction along the (0 0 L) reciprocal lattice direction. magnetic fieldof upto 8 T

revealed that the
metamagnetic transition shown in Fig. 3c is accompanied by a splitting of the incommensurate

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 1080 125 250 MV 375 50.0
primarily of a buildup of the facilities for THz 005l JaAs e[| aapiane T=10K B=0 ., |
measurements on Dirac and Weyl semimetals o« gl
and the characterization of several Dirac and 085l
Weyl  semimetals for the proposed -_ , .| o) ]
measurements. These measurements are §
necessary for characterization of the band ¢ 2]
structure for the design of the magneto-plasmon 0 oe— -
experiments and the analysis of the future 100¢ freaueney / \‘~-v-.,,<.V«,,,-..‘_m, (ci'
experimental ~ results. Reflectance < °/ /2o Loren o
measurements were made on NasBi, Cd2As3 ./ , .

0 100 200 300 400

and TaAs. 12345678 Similar measurements on
other materials are in progress. THz pump-
probe measurements have also been made on | Fig. 1. The reflectivity, the optical conductivity, and
TaAs. These measurements are in order to | the dielectric constant of TaAs.

characterize the carrier and plasmonic
dynamics in Dirac and Weyl semimetals.

Frequency (cm™)

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
g1(wp)=0 condition and we find wp=167 cm™. Drude-Lorentz model gives Drude strength 1.5x10’
cm 2 and scattering rate 5 cm™ at 10 K.
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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,®)/R(0,0) and the Faraday angle Theta(B,®) 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.®’ 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.

450004 . TaAs T=10K| B (T) 45000 /I-‘"/I"’ﬁ‘--\_‘\ T%AS T=10K | B(T)
AV SN ¥ AN N N -
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Fig. 2. The optical conductivity of a Weyl semimetal TaAs in two circular polarizations measured in Faraday
geometry: B ||k || c-axis.

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™ follow nearly linear dependence
on B-field and extrapolate to around 150 cm™ frequency at B = 0 and show up in both circular
polarizations at the same frequencies but stronger in c1- 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™ (19 meV) therefore represents an upper limit
of the energy gap which is much smaller than found in band theory.’

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
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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.

TaAs T = 10 K Faraday k || B || ¢

Black symbols: cl+
Magenta symbols: o1-

2404

2

TE holes interband \

[&] !
- o« = i ~. -\
Q [ 4
& 1604 -20 y
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o ) -
0 ~ 3
> %
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8 /

Fig. 3. Fan diagram for magneto-optical transitions observed in TaAs in Faraday geometry. Red curves are
y~sgrt(B) functions and they are simply a guide to the eye. Low frequency peaks extrapolated to the origin are
cyclotron resonances of free carriers including Weyl electrons. The grey lines correspond to the Landau level
transitions allowed in W1. Inset illustrates explanation of the straight lines as interband Landau transitions for
trivial holes.
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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/AlxGaixAs 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. 50 Q
Fig. 1 illustrates the transmission-line- Detector
based set-up.
— L
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, Figure 1: Schematic of sample with coplanar
most recently of quasiholes of the waveguide transmission line pattern, metal film shown

fractional quantum Hall effect (FQHE) as black. The transmission line gouples capacitively to
- the 2D electron system beneath it.

near Landau filling v =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 v bilayer states in wide quantum

wells (WQWSs). 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)
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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 (v) 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

T
(S/fx)  (uS)
(o

2uS

v

0.470

Re (o,,)

0.480

In sufficient in-plane field the tunneling s
between layers is suppressed and the o
transitions occur at fixed v, independent of e =
further increase in in-plane field or in the / (GHz) "
density, n (as long as the perpendicular field is ek~ T T T T T 20490
changed to keep v fixed). This same condition
of v —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 ' rey
theoretically in the single-layer case [20].

0.492

Re (o)

Figure 2: a) Spectra near n=1/2, n marked at
right. Two resonances are present. b) S/fyx is
2 Solid of quasiholes of possibly non Abelian integrated Re sy(f) divided by peak
Y% FQHE in WQW (Hatke et al., PRB 2017. frequency for the two resonances and is
[10]) proportional to participating charge by sum
rule. Blue for higher f« resonance, red for

. lower fo. Solid gray line is calculated without
Recently, some half-integer FQHEs have been  ,arameters for quasiholes of % FQHE. c) Effect

thought to exhibit non-Abelian statistics, which of top-bottom charge imbalance Dn on spectra.
besides their fundamental importance are of Higher- fox resonance disappears on imbalance.
possible application in quantum computing Data in c) taken in different cooldown, at

schemes. The reported solid is a new state of slightly different density.

matter: a Wigner solid of quasihole excitations of the 2 FQHE. According to recent
theory [21], in a WQW like the one we study, the %2 FQHE excitations of which the solid
is formed, can have non-Abelian statistics.

The microwave spectra of a WQW for v 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 fyx resonance as is found in the
insulator at lower v. 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 2 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 v=1/2) of a WS
that is unrelated to the %2 FQHE, and is the low-v limiting state in these samples.
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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 v ~ 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 fpk, 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... that produces it in two ways, one from fpk alone, and one

from the integrated absorption of the resonance line. We find
N, iIs reduced from the known density, n,_, of the minority

layer, and agrees between the two calculations over a wide
range of majority-layer v, v,,.

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, = n, —nggc, Which is

shown vs v, , 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, 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.

P (mdB)
(=]

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
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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 Title: Electronic Structure and Spin Correlations in Novel Magnetic Structures

Principal Investigators: George Hadjipanayis (University of Delaware) in collaboration
with PI David J. Sellmyer; Co-PI: Ralph Skomski (University of Nebraska); Address: Dept.
of Physics & Astronomy, University of Delaware, Newark, DE 19716; E-mail:
hadji@udel.edu

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 ThMn»-
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 CosSi nanoparticles which have
properties that are attractive for permanent-magnet development. DFT calculations show that
bulk CosSi has an easy-plane anisotropy with a high Ki~—64 Merg/cm® (—6.4 MJ/m®) 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, CosSi nanoparticles exhibit high coercivities
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(17.4 kOe at 10K 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 Co.Ge 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.
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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 ThMni2 Structure

Discussion: In the course of studying the stability of the 1:12 tetragonal structure in arc-melted
Zr1xCexFe1oSiz 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 ZrFe1Si> 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 Zro.7Smo2Fe10Si> 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.
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Significance: Our approach provides useful insights for developing next-generation materials for
permanent magnets which are rare earth lean/free.
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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:
1) Dynamics and thermodynamics of static and quasi-static novel thin film spin structures
such as skyrmions and chiral magnetic textures and domain walls
i) 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. i

Q
n,°§b° S ‘i\@
Recent Progress g >

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 Co Co Ta
GdFeCo films, while all optical switching of ferromagnetic films Laser shot 2 Laser shot 3 Laser shot 4
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

o . . . Magneto-optical images of a
magnetic films. The stack and typical magneto-optical (MO) images GdEeCO,[Cpo,Pt] Stacgk, that

of a sequence of all-optical switching (single laser shot) events are illustrate the possibility of
presented in the figure. Table-top depth-sensitive time-resolved MO switching the magnetization in

experiments show Co/Pt magnetization switches within 7 psec. [A17] | Poth layers, via single linearly
polarized laser shots.

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

260



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 Gdz1(FesnCo10)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(FesnCo10)70. Remarkably, this interfacial torque is able to switch a 30-nm-
thick Gd21(FesCo10)79 film with good thermal stability (=100ksT). [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, SrTiOz 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. KTaOs 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 Feg e5Sio.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 T¢, 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, T
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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 InSh, 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 InSbh, 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 gquantum 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

264



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,

G(B) (e’/h)

electron-electron interactions and interaction 2b 1 InGaAs
of the quantum system with the classical i, S quantum
environment are both important decoherence € [ ®® o o wells
channels requiring quantification. Using Fiaw T %

universal conductance fluctuations ek

[P2,R1,R2] and antilocalization [P3,R3,R4] 5 i

we hence studied the quantum phase @ vander Pauw i
coherence lengths in mesoscopic arenas, as ) 0
function of the length and width of side-wires Top: Magnetoconductances of the geometry in the
connecting the arenas to the wider middle inset, showing universal conductance

fluctuations. Bottom: phase coherence lengths vs

environment [P2] and in narrow channels as _ o )
temperature in mesoscopic wires of various lengths.

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
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[R10], VxB =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

e 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.

e 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)

2)

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.

RECENT PROGRESS

The number of conferences has grown from six 1890 TS Female Physics Degrees  ___,

in 2013 to ten broadly geographically distributed ~ *°%° _— Canada

conferences in 2017, and will be expanding to 1400 e h

eleven in 2018. The number of participants has ~ 12%° — o

shown remarkable growth, increasing from 29 1000 /

students in the first year to about 900 in 2013. %0 cuwiP Attendance

During the time period of this award, the 600 /

participation has increased to about 1300 in 400 —

2017. Conference attendance has more than 200

tripled since APS first became involved o
2006 2008 2010 2012 2014 2016

following the 2011 conferences.

The conferences have also recently inspired replication of the events in Canada (hosting its
4™ 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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3)

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.

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, lowa 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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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 (Y1G) 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. External angle (deg)

The magnon minimum occurs at some imprecisely 1sop ¢ & 2304 306709110
known wave vector while antennas must have a fixed 2 200
wavevector. These can be made identical by tipping the 100] I’ LN
magnetic field out of plane. Hence we are measuring

the out of plane behavior of the YIG magnon spectrum. =

4 GHz
F FV geometry {OL)
BV geometry (90V)

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]. _100}

-50

Distance from uniform FMR (Oc)

o
E; ——KS theory

a o Experiment (lower field)
Futu re P I ans OB S B i © Experiment (higher field)
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Internal angle (deg)

The next step is to pump our system, either resonantly

or parametrically (as did the German group) and search Angular dependence of 50u 4GHz spin

. waves in the plane containing the BV (0°)
for a condensate signal. and FV (90°) modes. The continuous curve

is the Kalinikos-Slavin theory.
References

1. Theory of Dipole-Exchange Spin-Wave Spectrum for Ferromagnetic-Films with Mixed
Exchange Boundary-Conditions, B. A. Kalinikos, and A. N. Slavin, Journal of Physics C-Solid
State Physics 19(35), 7013-7033 (1986).

Publications (citing DOE)

1. Magnetostatic spin-waves in YIG films: Comparison between theory and experiment for
arbitrary field directions, J. Lim, W. Bang, J. Trossman, D. Amanov, C. C. Tsai, M. B.
Jungfleisch, A. Hoffmann, and J. B. Ketterson (in preparation).

2. Ferromagnetic resonance of a YIG film in the low frequency regime, S. Lee, S. Grudichak, J.
Sklenar, C. C. Tsai, M. Jang, Q. H. Yang, H. W. Zhang, J. B. Ketterson, J. of Appld. Phys.
120(3), 033905 (2016).

272



Project Title: Spectroscopy of Degenerate One-Dimensional Electrons in Carbon
Nanotubes

Principal Investigator: Junichiro Kono

Mailing Address: Department of Electrical and Computer Engineering, Rice University,
Houston, Texas 77005, U.S.A.

Email Address: kono@rice.edu

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 (SWCNTSs). SWCNTSs 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 SWCNTSs
contain massless 1-D carriers with ultralong mean-free paths. Despite the large number of
electrical, optical, and magnetic studies of SWCNTSs 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:

e ‘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?

e Optical conductivity of Tomonaga-Luttinger liquids: How will many-body effects modify
the frequency, temperature, and magnetic field dependences of dynamic conductivity of
metallic SWCNTSs? Will there be any scaling laws indicative of quantum criticality?

e Light emission from high-density 1-D excitons: How will excitons in SWCNTSs 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, SWCNTSs 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 SWCNTSs
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
SWCNTSs suspended in , b e g . " .

aqueous solution. By X e
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, ) o . )
polarization-dependent Figure 1: Large-area thin film of highly alig
photocurrent, and strong single-wall carbon nanotubes [2].

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.

Deviation (°)

ned, densely packed

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 & [ 4layesgl t 4 laye
transitions for semiconducting nanotubes and the first 2 3layers ]

interband transition in metallic nanotubes in the parallel AL 2 laygTsnn v
polarization case. These peaks were absent for the 5§ ", ayer .
perpendicular polarization, for which we instead observed E 4 ;,.,.,-f-v"""'#‘ I

a broad absorption feature in an intermediate energy d L ] ®Maye
region, which we attributed to the cross-polarized E12/E21 02 03 04 05 06

peak. Such a transition, theoretically predicted more than _ Frequency (THz)

20 years ago, has been previously observed in polarized Figure 2: Extinction ratio for a

THz polarizer based on stacks of

photolumlnescence excitation spectroscopy experiments in aligned SWCNT films.

individualized SWCNTSs. We observed this transition in
our best-aligned films of large-diameter, arc-discharge
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SWCNTSs 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.

Figure 3: Single crystals of single-chirality single-wall carbon nanotubes with
distinct optical, electronic, and magnetic properties.
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Nanoscale magnetic Josephson junctions and superconductor/ferromagnet proximity
effects for low-power spintronics
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Oriol T. Valls, School of Physics and Astronomy, University of Minnesota
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 n-periodic, bias-dependent components that are
induced by the proximate superconductor. This is in sharp contrast to the 2r-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 12 Sl

Bias dependence of angular magneto- T
resistance in superconductor/spin valve nanowires. “ur T .
We developed a process for fabrication of nanowire g T R
devices from S/F/N/F/AF multilayers, and z M1 . u AN
measured significant magneto-resistance (MR) in 2 <2 . "
these nanowires. We found that a very gentle ofet o Toa7KI-duA \--_
physical etching process is needed to make a2l  ToSkI-s ~
nanowires out of the Nb/Co/Cu/Co/CoO multilayer 04 ';] T T e
films while preserving the film-level magnitude of Angle (de)
the magneto-resistance. The key to successful | Fig- 1. Resistance of a Nb(20 nm)/ Co(0.8 nm)/
fabrication of nanowires with high MR is very slow | Cu(4 nm)/ Co(2 nm)/" CoO(2 nm) structure
etching of the multilayer by argon ion milling | Vversus angle ¢ between magnetic moments of
during the nanowire patterning stage and cooling of | the free and pinned Co layers measured in the
the substrate throughout the etching process. middle of the superconducting transition.

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 T 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
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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
(if) 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/FIN/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 | Fig. 2. Schematic of the CPP MR nano-contact
sample. The device consists of a rectangular top | devices made at UCI. The bottom nanowire is a
nano-contact made at the intersection between a | Nb/Co/Cu/Co multilayer while top nanowire is
S/F/N/F nanowire and a top lead nanowire. These | anAutop lead.

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 0.25x0.15 um? nano-contact to a 0.15 um-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 T¢ 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 T¢ in this test device. Both the CPP 3 "
resistance and the GMR increase upon g:s«,— m Tk
transition of the Nb layer into the “";:w '

superconducting state. This is indicative of a sasf” T

relatively high resistance of the Co/Nb n .Tl'uSL‘A
interface. We have determined that this effect Aok

is intrinsic to the Nb/Co interface. The

observed variation of AR/Ro upon the normal

metal/superconductor transition of the Nb H (kG)
layer is relatively small. This is expected and
consistent with the theory described in the
theory section below becaqse relatiye_ly thick Cu(10 nm)/ Co(5 nm) nanowire above (top panel)
Co _Iayers were employed in these |_n|t|al t?St and below (bottom panel) the superconducting
devices. Measurements of the devices With | tansition temperature of the Nb layer.

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)/
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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/T;) has also been | Fig.4. Conductance versus bias [1].
calculated. An example is shown in Fig.
4, where G(V) in natural units is given as a function of E/4, 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 E=06 E-10 E-20

at UCI. /L T S D A
Spin_currents and Spin Tt A ST Jf\ Savs 121/ £
Transfer Torque (STT). T / A e ;-;\_.-," 17

We have developed a b b e Wl
method to calculate the 7550 F s st B S et E B ]
spin current and the ool | ]l | Jomf | ]
STT in S/F/F structures. Foof | ] Faaf | Fof

The method and some I I N T B
preliminary results are L R P 010
included in Ref. [1]. A R AR A N -
sample of the results ERSI W 2 EE el VARESN

published there for STT i 7\ \Ji " eaf M | em

is shown in Fig. 5. The B e B e e SR T
figure  shows three Y

components of the STT Fig. 5. The three components of the STT plotted for three different bias values
for in a F/F/S structure, | inan S/F/F structure. The y axis is normal to the layers.

plotted as a function of
position. Only the important portion of the sample is included in the plot: the O in the horizontal
axis is at the S interface and -30 is at the interface between the two F 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 Square spin ice Charge |§e Cl:arge ice New pattern

artificial ~square spin ice __“.5..1.‘.‘__ o ] rl P
structure  [2-4]. However, % i 2 9 ' !
long-range  ordering could eee’e

only be realized for the L

diagonally polarized Type II - ' -

(two  neighboring  spins ".0.:??;. . 20.:.’

pointing in and two out) .ﬁ.: . .

magnetic state through
magnetization [5, 6]. For the
nominal Type I ground state
(two pairs of opposing spins

..

-

-

e

* -

L
LRl

-

-
LA

-

-
-s
° -
-

e
| -
..
| -
-
-

2 um

pointing in and out), sizable Fig. 1 (a) Square spin/charge ice strgcture consisting of magnetic nanoba.rs

. . (left) mapped to a new pattern which preserves the dumbbell magnetic
dom?‘ms and crysFalhtes WEIC  Ccharge ice structure — red (+) and blue (-) charges (right). (b) Scanning
obtained only in samples  clectron microscopy (SEM) image (left) of patterned nanomagnets (300 nm
heated above their Curie * 80 nm * 25 nm) and magnetic force microscopy (MFM) images (right) of
temperatures [2]. We solved Type I, II and III magnetic charge configurations obtained with an in-plane
magnetic field at various orientations. Inset demonstrates the local

the key issue of obfaining write/read/erase multi-functionality with an MFM.

long-range order of the Type I
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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 la 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 o . P
. : 120 -80 -40 0 40 80 120
derived from molecular dynamics Magnetic field (G)

simulations is shown in Fig. 2c. . .

ol - . Fig. 2 (a) Hybrid structure of an array of nanoscale bar magnets
Furthermore, the built-in asymmetric  ¢%, anificial spin ice on top of a MoGe superconducting thin
nature of the Type II and Type Il  fjjm, (b) Magnetic field dependent superconducting critical
magnetic charge ice configurations, currents under three magnetic charge-ice configurations (Type I,
could lead to vortex ratchet motion Il and I1I). Sharp features arise in the critical current at simple

where an AC current induced driving fractions and multiples of the matching field as indicated by the
force can rectify flux quanta dashed lines. The matching field, 40 G, corresponds to one

movement along a fixed direction. By vortex per magnetic plaquette (¢) Simulated flux quantum

L . ) distributions under Type | and Type Ill magnetic charge ice
n-situ tumng of the magnetic charge configurations at 1 and 2 times the matching field, respectively.
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.

—a—Type llI

1
| [
| [
| [
1 4
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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 LaAlOz and TiOz-terminated SrTiOs 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,
SrTiOz 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
LaAIO3/SrTiOs 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 Figure 1. Frictional drag device and
interactions; at large separations, non-Coulombic experimental setup.
interactions become apparent [2,3].

We have performed frictional drag measurements in coupled LaAlO3z/SrTiO3z hanowires.
Devices are fabricated by c-AFM lithography on LaAlOs/SrTiOz heterointerfaces with 3.4 u.c. of
LaAIlOs deposited on a SrTiOs 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 LaAIO3z/SrTiOs
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
pm, and separation d = 40 nm to 1.5 um. 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 R,; = dV,/dI; (Fig. 2(a,b)), measured
as a function of magnetic field B and drive current I,, 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”
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dR,,/dl, (Fig. 2(e)) provide a useful quantitative measure of the observed asymmetry, which is
highly correlated with the drag resistance. The strong antisymmetry of R, is highlighted by
taking line cuts of Ry,q4 at I4rive = 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.
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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 I, = £50 nA and 0 nA.

By comparing the maximum Rgrag 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 Rarag 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 SrTiOz-based heterointerfaces.
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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.

Device L d Ror,1 Ror, 2 Ri1 Roo Rprag,1 Rbrag,

1A  400nm 40nm 58-72 kQ 42-48 kQ 32-43.5kQ 8.4-9.2kQ 200 60Q
1B  400nm 40nm 22-30.8kQ 25.5-33.5kQ 8.6-125kQ 14-18.3kQ 14.1Q 40
1D 1um 300nm 36.5-46.5kQ 25-45.8 kQ NA 8.7-18kQ 5060 23.2Q
1E 1um 450nm  40-108 kQ 29-34 kQ NA 6.4-7.5kQ 2000 385Q
iF  15um 550nm  27-35kQ 29-63.4 kQ NA 7.8-11.8kQ 15Q 52Q
2A  15um 550nm 33-76.6 kQ 22-29 kQ NA NA 270 26Q
2B 1.5 ym 550 nm 23-36.2 kQ 22-51 kQ 11-16 k@ 3.7-55kQ 19Q 41Q
2C 15um 15um 16.5-26.5kQ 22-37kQ  10.2-14.8kQ 2.741kQ 10Q 85Q
3A  400nm 200nm 50-127kQ  26.6-37kQ 29-98 kQ 5.2-6.7kQ 136 86Q

Future Plans
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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 BaTiOz and BiFeOs. 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 SrTiOs/Lao.sCa0sMnO3/Lao.7Sro3sMnOz (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)
m _4; W_ 4 S‘
- | 25V (=] —_ o))
e T
S| =miAT T oo s ]
2. o i
2] > @) W >°
E -4V 3 E -4V 2
{4 ; . 5::; {14 ®©
1 i 1 i 1 G 1 Il L 0
-400 0 400 -400 0 400
Magnetic Field H (Oe) Magnetic Field H (Oe)

Figure 1: Magnetic hysteresis loops from STO/LCMO/LSMO heterostructure, (a) MSHG and (b) MOKE
measurements as a function of gate voltage Uq. 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 la 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 FesO4 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 Fe3Oa4 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
CooFeAl/(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
CooFeAl 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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Observation of spin and charge stripes in Lazx-yEuySrxCuOas

G. J. MacDougall, P. Abbamonte, S. L. Cooper, E. Fradkin, and D. Van Harlingen
Department of Physics, University of Illinois at Urbana-Champaign

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 La,-
xBaxCuQO4 (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 Lazx-yEuySrxCuQO4
(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 *>Eu. 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 (2, %2 + 8, 0) and
(Y28, YA, 0), with 8 = 0.11. X-ray scattering data (Fig. 1b) reveal the emergence of a peak at
(29, 0 3/2), with the same d. 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 0 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 LazxSrxCuOg [5].

The temperature dependence of the (a)
relevant Bragg peaks (Fig. 1d)
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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 T.=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.
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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