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On the Cover

Top Left: Oscillating moments in a spin chain, forming a magnon (top). Neutron scattering data
(left) and corresponding theoretical models (right) in NaMnO> corresponding to one-, two-, and
three-magnon bound states. NaMnO: represents the first antiferromagnetic (antiparallel
alignment of magnetic moments) material that hosts a three-magnon bound state, demonstrating
that such quasiparticles are stable enough to form. Using multiple-magnon bound states as
carriers of quantum information is of interest in future quantum technologies and provides a
model material for studying the formation and properties of these new multiple-magnon
quasiparticles. (Image courtesy of Stephen Wilson and Rebecca Dally.)

Top Right: Heat usually moves by atomic vibrations that are limited by the speed of sound.
Heat also can move by quasiparticles (phasons) related to atomic rearrangements that change
with the movement of waves in the crystal structure. Using neutron scattering, this research
discovered supersonic phasons that could remove harmful heat in electronics and send signals
faster. Phasons were observed in a mineral containing titanium (gray) and silicate (orange)
polyhedrons linked at their corners. (Oxygen is red, while barium is the large blue spheres.)
Below a critical temperature, the polyhedrons began to twist and slide (arrows). (Image courtesy
of the Oak Ridge National Laboratory.)

Bottom Left: Energy versus momentum depiction of different conditions that give rise to a
Kohn anomaly in conventional metals (left), versus a Weyl semimetal (right). Theoretical
research has shown that the topology of the electronic states in a Weyl semimetal (a topological
material) can leave fingerprints on their phonon spectral properties. This happens due to
electron-phonon interactions called the Kohn anomaly that impacts how electrons screen
phonons through a material. Using a novel combination of neutron and x-ray scattering and
theory, topological electronic states were shown to alter the phonon spectra in materials, which
hold promise for future quantum applications. (Image courtesy of Mingda Li, Massachusetts
Institute of Technology.)

Bottom Right: Neutron diffraction from a lightly-doped SrTiOs crystal that was plastically and
compressively deformed by 4.5% along [010]. Note that instead of spots at integer positions, the
Bragg peaks are arc-like, with a fine pattern indicative of periodic dislocation walls. Inset:
Zoomed spot from the marked square showing a complex pattern indicative of ordering in the
material. Strontium titanate is an archetypical quantum material with intriguing ferroelectric and
superconducting properties. Superconductivity is characterized by zero electrical resistance and
the complete expulsion of magnetic fields, whereas ferroelectricity signifies a spontaneous
electric polarization that can be reversed by an electric field. This research shows that plastic
deformation of the material induces extended defects (known as dislocations) to self-organize
into periodic structures. These structural changes lead to surprisingly enhanced superconducting
and ferroelectric properties. (Image courtesy of Martin Greven, University of Minnesota.)

This document was produced under contract number DE-SC0014664 between the U.S. Department of Energy
and Oak Ridge Associated Universities.
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Foreword

This abstract book is a compilation of the scientific content presented at the 2021 Neutron
Scattering Principal Investigators’ (P1) Meeting (virtual due to Covid-19 pandemic) sponsored
by the Division of Materials Sciences and Engineering (MSED) in the U.S. Department of
Energy Office of Basic Energy Sciences (BES).

This biennial Pl meeting held on December 15-17, 2021, is seventh in the series for the Neutron
Scattering program. The purpose of the meeting is to bring together all the Pls supported by the
program on a periodic basis to facilitate discussions of recent research accomplishments of the
projects, to nucleate new ideas and to encourage collaborations among the groups, and to identify
new research opportunities. The meeting also serves BES to assess the state of the program, to
chart new research directions and to identify programmatic needs.

The program addresses the increasing complexity of DOE mission-relevant materials for various
energy applications requiring sophisticated experimental and computational tools to investigate
the structure and dynamics at relevant length and time scales. Its goal aligns well with the BES
mission in supporting fundamental research to understand, predict, and ultimately control matter
and energy at the electronic, atomic, and molecular levels in order to provide the foundations for
new energy technologies and to support DOE missions in energy, environment, and national
security. It supports projects at national laboratories and universities with scientific scopes on
transformative research on materials and phenomena using neutron scattering as a major tool,
coupled with the advancement of neutron scattering techniques and approaches primarily at the
BES user facilities. A continuing theme of the program is the integration of high-quality material
synthesis, single crystal growth, advanced neutron scattering measurements and computational
modeling needed for an in-depth understanding of the structure and dynamics of materials and
their relationship to macroscopic properties.

The co-chairs, Dr. Raphaél Hermann from ORNL and Professor YZ from UIUC, are highly
appreciated for their effort in reading the abstracts to develop an effective agenda and in
conducting the virtual meeting smoothly. Dr. Helen Kerch and Teresa Crockett from BES and
Tia Moua and Linda Severs from the Oak Ridge Institute for Science and Education (ORISE) are
thanked for their outstanding support from planning to the execution of the meeting.

Thiyaga P. Thiyagarajan
MSED, BES, Office of Science
U.S. Department of Energy
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Neutron Facilities in the USA and around the World

Ken Andersen
Associate Laboratory Director for Neutron Sciences
Oak Ridge National Laboratory, Oak Ridge, TN

Neutron scattering is an essential element in the materials science toolkit, providing unique structural
and dynamic information. It relies on an ecosystem of neutron facilities, which provide access to
researchers covering a vast range of scientific problems. This talk will provide an overview of the current
neutron landscape, both in the USA and in the global context, covering source performance, publication
output, instrument capacity, and ongoing upgrade projects.



Neutron Scattering: The Next Decade

BES Neutron Scattering Program Contractors Meeting

Sunil K Sinha, Univ. of California San Diego

ABSTRACT

It is of course almost impossible to predict the future. Our field may be transformed by
developments we are currently unaware of. Nevertheless, one can make guesses based on
current trends. The various scientific fields which are impacted by neutron scattering can be
expected to turn up exciting new materials and problems with regularity, as they have done for
decades, and as before, neutron scattering may be expected to provide key information.
Current examples are exotic superconductors, quantum spin liquids, manifestation of exotic
guasiparticles such as Majorana fermions, etc. In the absence of huge increases in source flux,
this will lead to emphasis on greater efficiencies on developments in neutron instrumentation
and more sophisticated data collection and analysis. This will involve rapid handling, collection,
analysis and transmission of massive amounts of data, and perhaps the application of Al and
Machine Learning, as well as advances in scattering theory.

We must also bear in mind that our world is facing serious challenges, and how these are
tackled will determine the fate of humanity. Thus, obviously our Science will be increasingly
directed to tackling these challenges, ranging from research on alternative energy sources, to
pollution remediation, to combating deadly diseases such as COVID or security threats to the
country. Neutron scattering has played and will continue to play a crucial role in these areas.
In my talk, | will try to develop these ideas using specific examples.



Scientific computing and research data management as tools for accelerating scientific
discovery at research infrastructures

Jonathan Taylor
European Spallation Source, Lund, Sweden

Research data management and scientific computing have become a fundamental core component of
research infrastructure operations. It is widely accepted that excellence in this area can positively
influence the scientific output of both photon and neutron facilities, such that facilities can execute their
mission of delivery of high impact scientific discovery across a broad thematic range.

e Collaborative development and the open-source community have over the last 20 years changed
the scientific computing landscape at facilities. Examples such as the Mantid project and the
nexus data standard are excellent examples.

e The movement towards FAIR data and data services catalyzes development of research data
management process and access to data services. Providing cloud like remote access to data and
compute for facility users and prompting structural developments such as the European Open
Science Cloud.

e Advances in underlying scientific computing technologies, such as machine learning and Al are
now being applied to complex scattering experiments and data analysis workflows.

In this presentation these advances will be discussed within the context of an evolving community of
research infrastructures, facility users, source and instrument development in Europe and the USA,
highlighting some of the key requirements for accelerating scientific discovery and maximizing the
experimental opportunities provided by high brightness sources and next generation instrumentation.
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Investigation of Short-Range Ordering in Transition Metal Compounds by Diffuse
Scattering

Jared M. Allred, Department of Chemistry and Biochemistry, University of Alabama

Program Scope

X-ray and neutron total scattering measurements are used to study the relationship
between observed electronic properties and the short-range, medium-range, and long-range
order. The main activity is associated with the structural instability component of the metal to
insulator transition (MIT) in rutile VO, especially focusing on effects that doping can cause on
the local structure. Methods of diffuse scattering analysis include 3D-APDF and using isotropic
group-subgroup relations to simplify structural models.

Besides the structural instability in VO, the program applies the same methods to other
correlated-electron quantum materials. For example, the relationship between superconductivity
and the hidden ordering in condensed Chevrel phases AnMsXs (n =2,4; M = Cr,Mo, X = As, S, Se,
Te).

Recent Progress

The metal-insulator-transition in VO, comes with a simultaneous structural phase
transition. Understanding how the two are linked is a significant portion of the ongoing effort to
understand the underlying physics driving the electronic properties. One of the biggest remaining
puzzles surrounding the structural instability is the fragile ordering in VO,—that is the way that
the low-temperature monoclinic (M1) phase in VO is rapidly suppressed by almost any external
perturbation despite the strong interatomic interactions that apparently drive the instability. For
example, Nb, Mo, and W as dopants in VO; all rapidly suppress all structural distortions despite
the fact that all of the pure dioxides are distorted rutiles themselves.!

For the past 40 years, the most widely accepted model explaining this apparent
contradiction is that impurity ions act as electron-localizing, charge-ordered d° defects, which
weaken ordering in a percolative manner..2 The most notable recent progress in this program has
been concerned with fully overturning this model and replacing it with a geometric frustration
model. This newer model, which had only been proposed theoretically until now, has important
implications on pure VO itself, and it is a necessary step toward a complete model for the
structural instability.



Total scattering in V, Mo O, We have arrived at the new solution
to this problem by systematically studying
100 the total neutron scattering and x-ray
scattering maps of compounds in the phase
diagrams V1.xMoxO2 (0 < x < 0.56) and
NbxV1xO2 (0 <x < 1). Firstly, the neutron
total scattering on Corelli (Oak Ridge
National Lab, Spallation Neutron Source)
combined with x-ray total scattering
collected on 6-1D-D (Argonne National
Figure 1: Geometric frustration simulation compared to Lab, Advanced Photon Source) together
experimental total scattering plot found that the bonding environment of the
V and Mo atoms are quite similar, which
fully invalidates the reigning percolative charge-ordered defects model for the Mo compounds.

Observed Simulated

We also found that the loss of long-range ordering in both sub families is accompanied
by strengthened symmetry-breaking correlations on nanometer length scales. This means that the
local correlations in the non-ordered rutile phase are paradoxically stronger than they are just
above the phase transition in the long-range ordered M1 phases for x < 0.19 for Mo- and x < 0.10
for Nb-substituted VO.. This appears to be an example of frustrated ordering.

Frustration occurs when the primary interactions compete so strongly that they inhibit
long-range ordering, and geometric frustration applies to examples where the interaction
geometry itself forces the frustration. While this model is normally used on magnetic systems, it
can just as easily be applied to displacive frustration, which was first done for VO, in 2017.3

In addition to these findings, we discovered at least three new short-range ordered phases
in both the Mo and Nb substituted phase diagrams.*°> At 19% Mo doping geometric frustration
suppresses long-range ordering in only one dimension, giving a two-dimensionally ordered
phase, which we named 2D-M2 to describe the dimensionality and type of ordering. The unique
pattern of sharp, wavey scattering rods were successfully simulated using a simple three unique J
interaction model drawn from theory, which supports this interpretation (Figure 1). Another
short-range ordered phase occurs around 50% Mo, and appears to be an isotropic version of the
2D-M2 phase.*

In the early 70s, similar scattering patterns were observed in 10% Nb doped VO2, which
was also described as a 2D-M2 like model. However, the complex rod shapes were not observed
and no geometric frustration model was used. We reproduced the same scattering experiments in
these phases from 11 to 22% Nb doping and showed that they are indeed the same phase as the
Mo 2D-M2 phase, showing that geometric frustration dominates the Nb-doped VO; phase
diagram as well. Additionally, we found a different 2D-correlated phase (2D-u, for unknown) at
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90% Nb, 10% V. This one shows different rod 450 - ,bevwloz ' : _
dispersions than the 2D-M2 and may be related to

the different time of structural ordering present in ‘ . 8.
NDbO.. In this work, we were able to fully redraw 300 By 4+ + ++ aild
the electronic and structural phase diagram of & i + 1;

NbxV1xO2 _ s ; metal 2D-u
This work shows that the structural instability in 130 i q
VO3 is itself unstable. The long-range ordering of ey i* t+ S
metal atom displacements to form dimers is BNC | II * ] ISC.—>
frustrated, which is why small perturbations tend to 00_0 02 04 06 08 10
push it over the edge into a strongly correlated X

short-raqge O”'Y regl_me. This new perspective will Figure 2: Revised electrostructural phase
have major ramifications on how the MIT and structural | giagram of NbxV1-02.
transitions in VO are linked.

Future Plans

Despite the major progress we have made, there are still many remaining questions about the
details in the local structure in the Nb and Mo substituted VO, total scattering data. The size
effect scattering is quite different between similarly ordered compounds in each sub family.
Efforts to model the size effect scattering are ongoing, but overall support the idea that the local
metal-oxygen octahedral bond anisotropy differs between V, Mo, and Nb.

We are also in the process of completing a complete analysis of the correlation lengths of
different ordering types in the Mo-substituted VO, compounds.

Additionally, using isotropy, we have categorized all of the known rutile subtypes in order to
better understand the potential structural distortions. The preliminary analysis has shown that at
least 6 of the 22 reported subtypes are probably incorrect and a many compounds’ structures are
probably misidentified.
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Collaborative Proposal: Dynamic Modulation of Structure and Phase Transformations in
Asymmetric Crystalline Colloidal Brush Alloys

Michael R. Bockstaller, Department of Materials Science and Engineering, Carnegie
Mellon University

Krzysztof Matyjaszewski, Chemistry Department, Carnegie Mellon University

Alamgir Karim, Department of Chemical and Biomolecular Engineering, University of
Houston

Program Scope

Progress in the chemistry and physics underlying the organization of surfactant-modified
particles now provides a framework for the controlled assembly of multi-component particle
systems into a range of superlattice structures that mimic atomic crystals [1]. The opportunities
for property engineering that are afforded by these processes suggest a new era for the
fundamental science and engineering of particle-based materials [2]. Recent advances in surface-
initiated polymerization have extended the range of possible ligand compositions to encompass
polymer chains of diverse structure and composition [3]. Polymeric ligands present new
opportunities to smoothly vary interparticle potentials, to selectively vary relevant material
characteristics or to reversibly switch from attractive to repulsive interactions between
constituents that could advance the development of a generalized physics framework for
interpreting structure formation in particle-based materials. The overarching scope of this
collaborative research project is to elucidate the governing parameters that control the structure
formation in mixed polymer-modified colloidal systems and to demonstrate that modulated
interactions between polymer ligands can drive the reversible transition between distinct ordered
o - States. Two material realizations to
-0 - validate this hypothesis are (1)
— @ . mixtures of polymer-modified
°/® nanoparticles undergoing spinodal

AV @ o7 g  decomposition to form
} — T e bicontinuous superstructures

ddddd

00 ' (Fig.1a) and (2) thermal-induced

polymorphic transitions of
colloidal brush crystal alloys (Fig.
1b). The scientific goals are to
elucidate the role of brush architecture (dense vs. sparse), composition, segment asymmetry,
interaction parameter as well as geometric constraints on structure formation and transitions.

Figure 1. lllustration of material system and scope. Blue and red
indicate distinct SLD of organosilica NPs.
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Neutron scattering in conjunction with deliberate SLD variation is being used to evaluate the
energetics and isolate the contribution of polymer ligands to structure formation processes.

Recent Progress

To enable contrast matched conditions for neutron scattering experiments, we have
developed a novel chemistry to synthesize organosilica (0SiO2)-hybrid particles (via crosslinking
of organosiloxanes) with a tunable and narrow disperse size in the range of d = 3-10 nm and
temperature stability up to T = 230 °C (Fig. 2a) [a, b]. By variation of the (H/D)-isotope
composition of the organic component, the scattering length density of the hybrid particles can
be tailored to be within the range SLD = 3.11 10%° cm™ (corresponding to fully deuterated 0SiO
core) and SLD = 1.23 10 cm™ (corresponding to a fully hydrogenated 0SiO2 core). SLD values
were validated using systematic contrast variation of solvent media (Fig. 2b).

a b [ ’

Figure 2. (a) Synthetic
scheme towards
organosilica nanoparticles
with controlled SLD
through condensation of
deuterated particle precursor
[1, 2]. (b) TEM and SANS
gt bl B curves of 0SiO, NPs as well
oo 123 sam Tttt " | as accessible SLD range [3].
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LCST-phase separation of 0SiO2-PMMA/0SiO2-PSAN blends was demonstrated in the
thin film form using TEM (Fig 3a, b) and in the bulk state using SANS (Fig. 3c). Phase separation
was induced by thermal annealing at varying quench depth and subsequent rapid vitrification at
25°C. Figure 3c displays the evolution of the scattered intensity from the initial (uniform) state

b Figure 3. TEM images for 0SiO2-g-PSAN (red  curve)
4| and 0SiO,-g-PMMA blend after a) after 48 h_ of

annealing at 130 °C for 24h and b) quenching

into the two-

annealing at 180 °C for 48h. Scale bar is

1(q) (t/cm)

e As cast
——180°C 480

v
(1A

0
Annealing time (h)

200nm; c) scattered intensity profile 1(q)
for contrast matched system after annealing
at 180 °C for Oh, 48h and then 130°C for
48h (EQ-SANS experiments were
performed by W.-R. Chen and C. Do at
ORNL); d) domain growth Kinetics of
symmetric blends at various quench depths.
Diffusion controlled growth (d ~ t3) is
preceded by anomalous growth (d ~ t2),

phase region
(blue curve).
Inter-
estingly, the
domain
growth
Kinetics
inferred
from the
low-q peak

position reveals two regimes that are distinguished by a growth exponent of 0.2 and 0.3,
respectively (Fig. 3d). The growth kinetics is consistent with anomalous growth behavior that is
induced by entanglements in brush particle films that act as constraints to the phase separation
process and represents the first demonstration of anomalous phase separation kinetics in polymer
blend films [4].
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We developed a dry processing methodology to achieve reversible control of the ordering
of PGNPs under topographic confinement.
The application of topographic constraints

onto the polymer thin films and

subsequent annealing near the lower- gzg "'I"r//

critical solution temperature (LCST)
induced pattern formation. The positive
enthalpic force (N > critical value) drives

the larger-sized PGNPs to selectively ..‘._// <

segregate to the less confined ‘mesa’ < l .
region (Fig. 4). More interestingly, after - =
annealing of the selective partitioned Figure 4. Reversible partitioning of topogr. patterned films.
films below LCST (in the presence of
topographic constraints), enthalpic forces (YN < critical value) caused the polymer blends to
homogenize and the PGNPs redistribute evenly in the patterned films (Fig. 4). This provides for
new opportunities to enable the reversible switching of ordered/disordered microstructure states.

T>LCST Complete Pamtlomn

Future Plans

Current research is focused on the synthesis of particle model systems with diameter in
the 30-40 nm range, size dispersity less than 5% and tunable SLD. Two strategies are currently
being pursued, i.e., the synthesis of 0SiO2 in more polar solvent media and in the presence of
tetraethoxysilane (Fig. 5a) as well as all-organic colloids through mini-emulsion method (Fig.
5b, 50) Silane crossllnkers are mtroduced to raise the crosslink density and hence modulus of the
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Figure 5. lllustration of synthetic pathways to organosilica (a) and organic (b) colloids for variable size control.

resulting hybrid particles. Both methods involve the inimer method, i.e., the polymerization of
ATRP-initiator-modified precursor. The inimer method is expected to result in particle systems
that are readily accessible to surface polymerization of PMMA and PSAN via SI-ATRP.
Concurrent research focuses on establishing the conditions for crystallization of brush particle
colloids. Advanced neutron methods will be employed to reveal the correlation between the inner
structures of polymer brushes and the corresponding microstructure changes in crystallized
colloidal crystal alloys. The instruments involved will be Neutron Scattering (R-SANS,
GISANS, VSANS, uSANS, SANS) and Neutron Reflectivity (NR).
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In Operando Neutron Diffraction Study of Phase Transitions in Si Electrode Morphologies
Using a Novel Electrochemical Cell

K. S. Ravi Chandran (PI)
Department of Materials Science and Engineering, University of Utah, SLC, UT 84112

Program Scope

The research focuses on the fundamental understanding of the phase transition and diffraction
phenomena in Si particle, Si nanowire and Si columnar electrodes for Li-ion batteries, using a
simple in situ cell developed in the current project. Particle Si electrodes (micro- and nano-sized
particles, nanowires (created by CVD or etching) as well as Si columns with sizes ranging in size
from mid-nano to micron scale and with varying wall and pore architectures were prepared for in
operando experiments in Vulcan diffractometer at SNS, ORNL. Using the in situ electrochemical
cell, the phase transitions and diffraction phenomena that occur during the reversible lithiation of
Si were investigated. The over-arching goal is to explore in detail the unexpected phenomena
observed in our recent in situ experiments and correlate energy storage capacity of the electrodes
to the phase transitions. This will help to resolve many electrochemical limitations which are
blocking the realization of very high-capacity energy storage Si electrodes for Li-ion batteries.
This research is done in collaboration with ORNL (Dr. Ke An, SNS).

The research mainly investigates the phase transitions in electrodes made of Si micro/nano
particles, Si nanowires and photolithographic Si structures. The experiments involve both Vulcan
diffractometer and NOMAD diffractometer. The premise is that by understanding the Si
morphology (particle vs nanowire vs columns) one can discover electrode microstructures that
facilitate reversible phase transformations upon Li insertion and extraction in Si electrode. Going
from particles to nanowires to Si columns is expected to vastly change the phase transition
behavior of electrodes. These morphologies help to understand (i) the effect of dimensions on
lithiation, since diffusion scales as t=L2/D (L is diffusion length and D is diffusivity), (ii) effects
of morphology on electron transport and phase transformation in electrode, (iii) the effect of high
size versus surface-to-volume ratio and (iv) mechanisms of volume change accommodationduring
Li insertion. The research is performed in collaboration with NOMAD and Vulcan scientists at
ORNL through beam time allocations.

Recent Progress

. In situ cell for the study of phase transitions in microcolumnar Si (100) electrode using ND

A major development is that we recently designed and built a modified in situ electrochemical
cell, in a very simple form, which has been validated. This cell works exceptionally well and
enables capturing of neutron diffraction patterns in VULCAN neutron diffractometer with high
signal to noise ratio, thus enabling the study of the lithiation phenomenon in Si columnar
electrodes. In recent beam time experiments in Vulcan, this cell was successfully shown to
perform well in multiple cell cycles with higher specific capacity (>3000 mAh/g). The simple
cell (Figure 1a & 1b) is the primary experimental device now used to study the phase transitions
in-situ in columnar Si (100) electrodes. The cell, containing the columnar Si (100) electrodes to
be diffracted, is oriented at 45° (Figure 1c) to the VULCAN beam. This is to enable Si (400) and
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Si (440)/(220) Bragg reflections to appear in the reflection bank and the transmission bank
respectively. Some real time ND patterns, collected during lithiation of Si, are shown in Figure 2
and 3. The intensity of Si (220) (and also (400), (440), not shown here) can be seen to be
increasing continuously, whereas that of Cu (200), acting as a standard, remains the same. The
resolution of Si (220), (400) and (440) peaks is remarkably high, allowing the study of
transformations in Si during lithiation and delithiation. An extensive data set, obtained in beam
time experiments in Fall 2021, is being analyzed in detail.

We currently investigating the relationship between the Si (hkl) intensity and the transformations
in Si (100) during lithiation. It is thought that, as Li diffuses in Si (100) along <110> direction,
the Si-Si bonds across {111} planes will be broken [2]. At the same time, incorporation of Li in
Si causes the volume change, leading to strong intensification of spots in Figure 2.

ND in Columnar Si Electrode Figure 1(a) Photograph of the new in-
- situ electrochemical cell with columnar

ol . Si (100) electrode, in the assembled

- : form, in Vulcan, (b) exploded view of
the in-situ electrochemical cell, with
glass as casing, (c) electrode
arrangement with respect to the beam.
In the preliminary experiments, the in-
situ cell was arranged such that the Si
(100) electrode makes an angle of 44°
with the incident beam (Figure 1(c)) in
Vulcan diffractometer. As a result
(400) and (440)/(220) planes in Si
electrode were Bragg diffracted into
the reflection bank and transmission
bank, respectively.

Figure 2. Sharp diffraction signatures, during lithiation of Si electrode, in east and west detectors in Vulcan.
The diffraction signatures recorded in the west (bank 1) and east (bank 2) detectors are shown in

Figure 2. The real time ND patterns collected during two charge-discharge cycles with Si (100)
electrode are shown in Figure 3. The intensities of the Si (220) reflections increase dramatically
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during lithiation and then decrease during delithiation (Figure 3(a)). A similar pattern was
observed for Si(400) but it is not shown here. The intensity of Si (220) (and also that of Si(440))
reflection were found to nearly triple toward end of lithiation. Surprisingly, the d-spacing and
FWHM of the (400) and (220) Si reflections remained the same through delithiation/lithiation. The
intensity of the Cu (200) reflection (Figure 3(c)) in both the banks remained the same, which serves
as a reference, indicating that the changes in intensities of (400) and (220) Si reflections are indeed
real and are due to lithiation of Si in the in-situ cell. This demonstrates the feasibility of in
operando ND experiments with the simple cell. The question of whether these changes are due to
mosaic structure formation due to bond breaking [2] is being investigated.

Si (220) Si (220) Cu (200)

\ 0,025 0,030 0.035 0.040 0.045 0.050

Capacity (mAh/g)

T Y T
1.86 1.88 1.90 192 194 1.96 198
d-spacing [A]

(b)

Figure 3. In-situ neutron data (extracted from the binned data) collected during the two cycles of PS1 Si,
(a) the continuous change in Si (220) peak during lithiation and delithiation, (b) is Si (220) 2D plot of top
view of (a) showing an increase during lithiation and decrease during delithiation of 1% and 2™ cycle, and
(c) Cu (200) peaks that do not change.

3200

Sample Psl PSZ P53 g 2800 ~—Specific capacity- previous work
A Specific capacity- current work
dpl\a\_ll’%reaiglei(ﬁ%)e 12 1.6 1 E 2400 —Pz\ynomialpFit (;Z=D‘9342)

2 2000
Average etched 8 7 9 g

depth(um) e 100

Pore Fraction 0.57 0.45 g 100
T T = &

800

Microstructure

400

0

Average Capacity A n» na na nR 1 17 14 1a 18 2
(mAh/g) Figure 4. Specific capacity vs Si wall

thickness/pore diameter

[1. Progress on the optimization of columnar Si electrodes for in operando neutron diffraction:
We have identified three different Si columnar structures (table above), which have different
columnar structural parameters and steady state cell cycling capacities. All the three structures
have been cycled to 30 cycles in the preliminary evaluation. These samples were obtained from
the electrode optimization experiments (figure 4), which have been completed in 2021. The
morphology of Si columns greatly impacts the specific capacity. Our primary objectives are to
study in Vulcan ND experiments that if any of these structures undergo mosaic pattern behavior,
which may explain steady state capacities and cyclic performances of the Si electrodes.
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111. Progress on the Si Nanowire and photolothographic patterned structures for Li-ion batteries’

Toward examining the effect of Si morphology, we have successfully prepared a series of Si
nanowires with different depth by metal-assisted chemical etching. Figure 5 shows the
microstructure of Si nanowire electrode with 9 um depth. The etching time vs. etching depth and
porosity is shown in Figure 6. Figure 7 shows the electrochemical performances of 9 um Si
nanowire electrode. This electrode showed a superior discharge specific capacity of ~3570 mAh/g
after 50 cycles, which is quite impressive. Work is in progress to study these in
NOMAD/VULCAN.
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Figure 5: Cross-section of the Si Figure 6: Etching depth vs. etching time (left Figure 7: Voltage profiles for SINW
nanowires etched for 15 min axis) and porosity (right axis) electrode etched for 15 min

We have also prepared various photolithographically patterned Si micro-pillar structures, as shown
in Figure 8. The peaks of cyclic voltammogram study of Si micro-pillar structure (Figure 9)
indicated the existence of various phase transitions during electrochemical cycling. The discharge
specific capacity remained ~3050 mAh/g after 50 cycles, as is shown in Figure 10. This is also
quite impressive and will be investigated in NOMAD/VULCAN experiments.

Current(mA)

0.0 05 1.0 1.5 0 1000 2000 3000 4000

Potential(V vs. Li"/Li) Specific Capacity(mAh/g)
Figure 8 Cross-section of Si pillar Figure 9: Cyclic voltammogram Figure 10: Voltage profiles for Si micro-pillar
(5 pm diameter, 22 um depth) for Si pillars (5 um diameter, 22 um depth)

Future Plans:

In recent beamtime experiments in VULCAN, a nice set of results have been obtained, which
enabled us to prepare a manuscript detailing the newly observed phenomenon. Following the
success of the simple in-situ cell, now is the opportunity to study, using VULCAN, the effect of
various Si column morphologies on the performance of Si electrodes prepared here. We hope to
complete all the key experiments by summer of 2022. Electron microscopy of lithiated and
delithiated columnar Si (100) electrodes will be performed. We are starting the NOMAD
experiments near the end of 2021 or early 2022. Plans are in place to do experiments in NOMAD
and perform PDF analysis of data obtained using the Si nanowire and photolithographic structures.
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Non-Reciprocal Effects in Non-Centrosymmetric Magnets: Neutron and Optical Studies

S.-W. Cheong (Rutgers Univ.), V. Kiryukhin (Rutgers Univ.), and A. Sirenko (NJIT)

Program Scope

Effects lacking symmetry under the exchange of source and detector are called
nonreciprocal. They are well-known in optics, but can occur for any (quasi)particles, including
neutrons, spin waves etc. Numerous possible applications for these effects are in all-optics
computing, quantum cryptography, and spintronics. While the non-reciprocal effects involving
magnetic (spin-waves) and mixed (electromagnons) quasiparticles are important for both
fundamental and applied science, they are not studied as well as those for photons. Neutron
scattering is an ideal probe for magnetic excitations, capable of measuring their spectra with an
unprecedented level of details. A team from Rutgers University and NJIT is engaged in a
collaborative effort to understand non-reciprocal effects and other exotic dynamic properties
utilizing inelastic neutron scattering, advanced crystal growth, and optical spectroscopy. This
program focuses on studies of polar magnets and magnets with structural chirality. Among these
compounds are toroidal magnets, a spin liquid, and unconventional magnetoelectrics. In these
systems, combination of absent inversion, time-reversal, and mirror symmetries leads to non-
reciprocal effects revealed, for example, in non-equivalent magnon/electromagnon spectra for the
opposite directions of the particle propagation, and as directional dichroism (difference in the light
absorption) in the far-infrared optical spectra. The high-quality monodomain single crystals
synthesized under this program are crucial for the studies of nonreciprocal and magnetoelectric
effects. Spectroscopic studies include utilization of THz vortex beams, which we recently
developed as a new probe of magnetism in matter. Combined neutron and optical studies should
reveal the physical mechanisms responsible for the exotic dynamic properties in low symmetry
materials and help identify prospective quantum materials for novel computational and theoretical
techniques.

Recent Progress

Quantum spin liquid (QSL) in a polar magnet. Strong evidence of the QSL behavior is
found by inelastic neutron scattering in ThinOs, an antiferromagnet on a nearly triangular lattice!.
It includes absence of any long-range order at the temperatures two orders of magnitude smaller
than the major interaction energy, and a very broad, diffuse inelastic magnetic signal centered at
the Brillouin zone boundary of the triangular lattice, see Fig 1. The data taken in the polycrystals
(partially supported by this Grant in the previous period) were interpreted as suggesting an
emergent honeycomb lattice. This study used single crystals, synthesized for the first time. It shows
that the low-energy physics is better approximated by the properties of the frustrated triangular
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lattice instead. To prove (or reject) the QSL state in
TbInOs, one needs to quantify the possible effects
of the disorder. The role of such effects is one of the
most important subjects in the field. Even in
stoichiometric compounds such as TbInOs, one
needs to exclude the disorder effects conclusively ;
for the compound to be a viable QSL candidate. We o T v of 4
are currently utilizing one of the possible -1 (}1 (}_ , 3\ -1 (}{ (}tl.g.) 3
approaches to this problem: investigation of the o (.c‘):.) S| d)l sTes|a(é)
magnetic excitations in an applied magnetic field in ‘ :
the (nearly) polarized state. So far, studies in 8 W‘
Tesla fields have been done. Significant narrowing | Doy WRTOANSEN  PRSTSN
of the magnetic excitations was observed (Fig 1), Eig T (a) INS pattern for £20.8 meV ant T=L5 K2
indicating that the disorder is probably irrelevant. |(b) Theoretical calculation of the uncorrelated
We found that higher fields, currently available at |alence bond model.” (c)-(€) INS spectra in various
. ) magnetic fields (unpublished).
the SNS, are needed for a conclusive experiment
that may also allow to determine the relevant magnetic interactions (experiments planned).
Importantly, TbInOs is a polar magnet with the symmetry admitting non-reciprocal effects in an
applied magnetic field, independent of any magnetic order or lack thereof. Thus, this system
presents a unique opportunity: investigation of potential directional nonreciprocal effects in a spin
liquid compound. Studies of TbInO3z in the context of nonreciprocal effects is one of our future
research directions.
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Fig. 2. (a) Linear scaling of Q=(1,0,—0.04) magnon.

either the momentum transfer = Q or applied |p) Representative constant momentum scans?2.
magnetic field =H, see Fig 2. When the field is

applied within the crystallographic ab plane, the spin-wave dispersion is directionally isotropic
and symmetric, but a directional anisotropy is observed in the spin-wave intensity. While related
anisotropies have been previously observed in antiferromagnets, they all involved spin-orbit
interaction providing a direct means of coupling the magnetism to an applied magnetic field. We
find that nonreciprocal response can also occur in the absence of the Dzyaloshinskii-Moriya (DM)
interaction or other effects resulting from spin-orbit coupling, thereby significantly increasing the
range of magnets in which such response may occur. BasNbFesSi>O14 is structurally and
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magnetically single-domain chiral with the magnetic helicity induced through competing
symmetric exchange interactions. Using combined polarized neutron and x-ray scattering®, we
determine the absolute structural and magnetic chiralities of enantiopure crystals and show that the
magnetic handedness is pinned by the structural one.

Imaging  fluctuating AFM
domains. To observe many of the effects
described in this project, monodomain
(structural or magnetic) samples are
essential. Imaging antiferromagnetic
(AFM) domains is a highly nontrivial
task. For some domain types, such as
antiphase AFM domains in collinear
magnets, there were no practical imaging
approaches. In 2018, we have invented*
a new imaging technique for AFM
domains which is applicable to many

Fig. 3. Two consecutive frames from a video showing fluctuating
IAFM phase domains in NizMnTeOs. Dark lines show the domain
boundaries. Scale bars are 10 um. The time interval between the
frames is 2x10 s. Vertical arrows point to a shifting domain
boundary. Horizontal arrows show a disappearing bubble domain.

Unpublished.

domain types, including the antiphase domains. It is based on magnetic diffraction of coherent soft
x-rays. We have now dramatically improved the sensitivity of the method, making possible
observation of fluctuating antiferromagnetic domains, see Fig. 3. This is the first observation of

this kind done in real space and time.

In addition to the obvious scientific interest, these

experiments open numerous possibilities for the studies of AFM spintronic devices in real

time/space.

Vortex beam spectroscopy. We
have introduced a new spectroscopic
probe for magnetism: light beams
carrying orbital angular momentum
(OAM), also called vortex beams.>®
Light beams carrying spin angular
momentum (circularly polarized light)
are among the most valuable probes of
magnetism. We demonstrate that THz
vortex beams also couple to magnetism,
exhibiting dichroic effects in a magnetic
medium. In ferrimagnetic crystals,
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Fig. 4. Vortex dichroism for THz vortex light beams with | = +1
in antiferromagnetic NisTeOs. Adapted from Refs. [5,6].

resonant optical absorption depends strongly on both the handedness of the vortex (vortex
dichroism) and the direction of the beam propagation with respect to the sample magnetization.
This effect exceeds the conventional magnetic dichroism for circularly polarized light.> In
antiferromagnets, strong vortex beam dichroism is observed at the AFM resonances,® see Fig 4.
The selection rules at the AFM resonances are governed by the total angular momentum of the
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vortex beam: j= o+|, where ¢ and | are the spin and orbital angular momentum, respectively. In
particular, for 1=£2, £3, and =4, the sign of | is shown to dominate over that for conventional
circular polarization o. Our results demonstrate the high potential of the vortex beams with OAM
as a new spectroscopic probe of magnetism in matter. Expanding this project into the x-ray range,
we have constructed an experimental setup producing soft x-ray vortex beams at the NSLS-II. It
will be used to study vortex dichroism at the x-ray absorption edges, and to search for the forbidden
collective magnetic modes that interact with vortex beams but remain invisible for conventional
light. This research is complementary to neutron scattering because it can address different types
of the nonreciprocal effects (e.g. polarization dichroism), and is applicable to small samples not
suitable for INS.

Future Plans

Inelastic neutron scattering experiments will be performed in the reduced-symmetry
compounds with expected nonreciprocal effects: enantiopure M2Mo030s, TbInO3, BaCoSiO4, and
(Ni,Mn,Co0)3TeOe crystals in high applied magnetic fields. We will continue sample-growth
optimization to obtain large enantiopure crystals, and monitor the most promising excitations for
the INS studies by optical spectroscopy, including the development of the vortex-beam
spectroscopy of magnetic materials using the listed systems as test subjects. We are expanding the
vortex beam spectroscopy into two directions: (1) soft X-rays at the NSLS-II, BNL for dichroism
in magnetic oxides, and (2) dichroism of the coherent THz beams, which carry the total angular
momentum as a combination of the spin and orbital angular momenta.
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Using neutron as a probe to study magnetic excitations in strongly correlated electron
materials

Pengcheng Dai (pdai@rice.edu)

Department of Physics and Astronomy, Rice University, Houston, Texas 77005

Program Scope

Understanding the electronic structure and magnetism in correlated electron materials continues
to be at the forefront of modern condensed matter physics. Compounds containing quasi-
localized d-electrons and extended f-electrons exhibit a wide range of phenomena, include high-
transition temperature and unconventional superconductivity. Elucidating the microscopic spin
excitations in these systems is central to understand their exotic macroscopic properties, which
continue to defy description of the conventional Fermi-liquid theory. Neutron scattering plays an
important role in determining the dynamical spin properties in these materials. The normal
operation of the spallation neutron source and upgraded high-flux isotope reactor at Oak Ridge
National Laboratory has created a unique opportunity for us to establish a strong materials
synthesis and neutron scattering program at Rice University. The scope of our present program
is to study spin excitations in iron-based superconductors, heavy fermion superconductors, and
quantum spin liquid candidate materials. In addition, we train the next generation of neutron
scattering scientists. We also establish a materials growth laboratory capable of producing some
of the best Fe-based superconductors and quantum spin liquid materials for the U.S. condensed
matter physics community.

Recent Progress
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topological states and Majorana fermions relevant for quantum computation. Since spin-triplet
pairing is usually mediated by ferromagnetic (FM) spin fluctuations, uranium based materials
near a FM instability are considered ideal candidates for realizing spin-triplet superconductivity.
Indeed, UTe,, which has a Tc=1.6 K, has been identified as a candidate for chiral spin-triplet
topological superconductor near a FM instability, although it also has antiferromagnetic (AF)
spin fluctuations. Here we use inelastic neutron scattering (INS) to show that superconductivity
in UTe> is coupled with a sharp magnetic excitation, termed resonance, at the Brillouin zone
(BZ) boundary near AF order. Since the resonance has only been found in spin-singlet
unconventional superconductors near an AF instability, its discovery in UTez suggests that AF
spin fluctuations may also induce spin-triplet pairing or that electron pairing in UTe2 has a spin-
singlet component. [C. R. Dun et al., Nature (in press) 2021; Phys. Rev. Lett. 125, 237003
(2020)].

Nature of the spin resonance mode in CeColns
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(2020)].
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Orbital selective spin waves in detwmned NaFeAs

The existence of orbital- R
dependent electronic “‘-
correlations has been ’ E&]: Qﬂ %
recognized as an essential 7 g B
ingredient to describe the
physics of iron-based
superconductors. NaFeAs,
a parent compound of
iron-based
superconductors, exhibits
a tetragonal-to-
orthorhombic lattice
distortion below Ts~60 K,
forming an electronic
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. M |
nematic phase with n n
two 900 rotated (twinned)
domains, and orders Fig. 3 Comparison of spin waves in detwinned NaFeAs with
antiferromagnetically DFT+DMFT calculations with different orbitals.
below Tn~42 K. We use
inelastic neutron scattering to study spin waves in uniaxial pressure-detwinned NaFeAs. By
comparing the data with combined density functional theory and dynamical mean-field theory
calculations, we conclude that spin waves up to an energy scale of Ecrossover~100 meV are
dominated by dy,—dy. intraorbital scattering processes, which have the twofold (C2) rotational
symmetry of the underlying lattice. On the other hand, the spin wave excitations above Ecrossover,
which have approximately fourfold (C4) rotational symmetry, arise from the dxy—dxy intraorbital
scattering that controls the overall magnetic bandwidth in this material. In addition, we find that
the low-energy (E~6 meV) spin excitations change from approximate C4 to C2 rotational
symmetry below a temperature T+ (>Ts), while spin excitations at energies above Ecrossover have
approximate C4 rotational symmetry and are weakly temperature dependent. These results are
consistent with angle-resolved photoemission spectroscopy measurements, where the presence of
a uniaxial strain necessary to detwin NaFeAs also raises the onset temperature Tx* of observable
orbital-dependent band splitting to above Ts, thus supporting the notion of orbital selective spin
waves in the nematic phase of iron-based superconductors. [D. W. Tam et al., Phys. Rev. B 102,
054430 (2020)].
Spinon Fermi Surface Spin Liquid in a Triangular Lattice Antiferromagnet NaYbSe>

Triangular lattice of rare-earth ions with interacting effective spin-1/2 local moments is an ideal
platform to explore the physics of quantum spin liquids (QSLs) in the presence of strong spin-
orbit coupling, crystal electric fields, and geometrical frustration. The Yb

delafossites, NaYbChz (Ch=0, S, Se) with Yb ions forming a perfect triangular lattice, have been
suggested to be candidates for QSLs. Previous thermodynamics, nuclear magnetic resonance,
and powder-sample neutron scattering measurements on NaYbCh; have supported the suggestion
of the QSL ground states. The key signature of a QSL, the spin excitation continuum, arising
from the spin quantum number fractionalization, has not been observed. Here we perform both
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2.5 meV. The comparison

between the structure of the magnetic excitation spectra and the theoretical expectation from the
spinon continuum suggests that the ground state of NaYbSe> is a QSL with a spinon Fermi
surface. [P. L. Dai et al., Phys. Rev. X 11, 021044 (2021)]

Future Plans

Our ultimate goal in this DOE supported project is to understand the microscopic origin of
superconductivity in the unconventional superconductors. We will continue our successful
program to study the interplay between magnetism and superconductivity. In particular, we will
focus on spin dynamics in spin triplet candidate UTe>, which reveal AF spin fluctuations coupled
with superconductivity. In the coming years, we will determine crystal field levels of UTey, the
strength of spin-orbit coupling and magnetic field dependence of the resonance, temperature
dependence of the resonance and spin fluctuations, search for vortex lattice, and determine how
hydrostatic pressure-induced AF order. Following the work on UTez, we used INS to study spin
excitations in another spin triple superconductor UPts, and also discovered that superconductivity
is also coupled with AF spin fluctuations. We will write up these results in the coming months.
We will continue our original proposed program to study (Ni,Co)2Mo03:0g and associated
materials. We already obtained exciting results, and are in the process writing up these results.
We will also continue our work on Ce2Zr>O7 family of materials in the hope to sort out how
disorder will affect the spin excitation continuum discovered a few years ago. Additional work
on detwinned FeSe is going well with results likely be published in Nature Physics (second
round of review). Very recently, we started to work on CsV3Shs kagome lattice superconductor,
and discovered that phonons are involved in the charge density wave order in the system, this
work is submitted and currently under review at PRL. By carrying out systematic measurements
on doping dependence of the phonon anomaly, we hope to identify the microscopic origin of the
charge density wave and its connection with superconductivity of CeV3Sbs.
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Flow-through Neutron Reflectometry — an in operando sample environment for active
polymer interface studies

Steven C. DeCaluwe, Colorado School of Mines Mechanical Engineering

Program Scope

Functional, ion-conducting polymers play critical roles in numerous emergent electrochemical
energy devices, including polymer electrolyte membrane fuel cells (PEMFCs), Li-O batteries,
and solid-state batteries. Improving polymer and electrode design are necessary to commercialize
these devices, e.g. for electric vehicles, but progress is hindered by poor fundamental
understanding of coupled transport and chemical processes in functional polymers during device
operation. This program’s aim is to develop a novel operando sample environment for neutron
reflectometry (NR) of non-equilibrated thin film polymer samples in the presence of species
fluxes.

NR is a powerful technique for thin film analysis, but operando measurements are impeded by
the need for very flat samples. Because PEMFCs and batteries require stable material interfaces
with fast interfacial reactions and species transport, measurement of active interfaces with species
fluxes is essential. This work will enable first-of-their-kind “flow-through” NR measurements of
non-equilibrated samples, for fundamental structure-property relationships for conductive
polymers in PEMFCs and batteries. Device simulations validated against the measurements serve
as a framework for correlating and interpreting the results for a mechanistic description of device
function and a scientifically guided, validated design tool for advanced electrochemical devices.

Recent Progress

Research activities have followed four tracks: (i) develop and verify the operando sample
environment; (ii) standard, “baseline” NR of Nafion on relevant PEMFC substrates (e.g. carbon);
(iii) develop complementary operando characterization techniques, and (iv) device simulations to
demonstrate the impact of accurate structure-property information in functional polymers.

Sample environment: The sample environment has two novel features: (i) a sample
chamber that allows two gas feeds (one for either side of the sample) and precise temperature and
relative humidity control, and (ii) a porous sample support that provides gas/liquid access to both
sides of the sample. The sample chamber has been designed and is currently being fabricated
(Figure 1) for delivery before year’s end. The sample support (Figure 2) consists of a 300 mm
thick Si wafer, made porous via deep reactive ion etching, coupled with a microporous spin on
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glass. The support has been fabricated and verified by NR measurements on the Liquids
Reflectometer at the SNS, and indeed provides a porous but flat support for high-quality NR data.
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Figure 1. Operando “flow through” NR sample environment design. a) sample chamber, held at constant T,
with two gas and electrochemical feedthroughs. b) Sample pedestal allowing for NR measurement of a
porous sample held between two separate gas environments. ¢) Close up of sample pedestal details.

10 N
02t 6l b) |
- ¢ - 70% RH _
g0y 70% Ri E ! ’ Diafion
é -6 SN it sl T b ettty ]
¢ 0T ; o |
% 10°¢ «—Nafion —
e 22 :
s |
-12 l . .I. . .I. &'SI 0 ‘ Hz? rlCI ayler I %\I ]
Qz (nm™) z (nm)

Figure 2. Porous sample support with Pt-Nafion sample a) Sample schematic and NR data, demonstrating

low surface roughness (good reflectivity out to Q = 3.5 nm). b) Fitted SLD profile shows details of Nafion-
Pt interfacial structure.

Equilibrium NR: While the sample environment is fabricated, we have filled gaps in
existing literature for NR on PEMFC-relevant materials (e.g. Carbon), using standard (equlibrium)
NR approaches. We have conducted a survey of NR on various carbon surfaces, to understand the
range of interfacial structures and water uptake in Nafion thin films. Results show an array of
possible structures, which depend on both the carbon morphology, surface chemistry, and sample
roughness (Figure 3). These results are in preparation for publication by year’s end.

Complementary techniques: we have developed a sample environment for precise, time-
resolved mass uptake measurements in Nafion thin films via quartz crystal microbalance (QCM),
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to quantify time-varying surface chemistry and transport rates. These will serve as an important
complement to the steady-state non-equilibrium NR. Data collection is currently underway.
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Figure 3. SLD profiles for Nafion thin films on varying carbon substrates. a) graphene oxide, annealed in
vacuum; b) graphene oxide, annealed in argon; c) C60 fullerenes. The resulting Nafion interfacial structures
varying according to the substrate roughness and hydrophobicity.

Numerical simulations: numerical simulation tools have been developed to incorporate
detailed structure-property relationships from NR measurements in predictions of PEMFC
performance. Results (Figure 4) show that the performance predictions are sensitive to the Nafion
structure-property model used, demonstrating the need for accurate property measurements.
Moreover, incorporating accurate structure-property relationships for Nafion thin films can
uncover new design rules to increase maximum power density by up to 40%, compared to catalyst
layers where Pt and Nafion are uniformly distributed (Figure 5).

Literature relationships Uniform properties Mixed properties
1.0 1.0
y2 =271

¥2 =392
0.2 mg/cm?
-0.1 mg/cm?

x2 =190

0.9
0.8
0.7
7~ 0.6
0.5

— Model
0.4 I[1)Owejan etal, 0.4 I[1]Owejanetal

0.0 05 10 15 20 0.0 05 10 15 20 00 05 10 15 20
Current Density [A/cm?) Current Density [A/cm?] Current Density [A/cm?)

Figure 4. Predicted and measured PEMFC performance under varying platinum loading (0.025 — 0.2 mg of
Pt per cm? of fuel cell area). Catalyst layer Nafion ionic conductivity derived from a) literature values for
thick membranes; b) NR-derived thin film conductivities that ignore interfacial structures; c) fully accurate
structure-property relationships derived from NR. Results show that accurate structure-property relationships,
as measured in this study, are required to understand limits under low Pt loading.

Numerical simulations: numerical simulation tools have been developed to incorporate
detailed structure-property relationships from NR measurements in predictions of PEMFC
performance. Results (Figure 4) show that the performance predictions are sensitive to the Nafion
structure-property model used, demonstrating the need for accurate property measurements.
Moreover, incorporating accurate structure-property relationships for Nafion thin films can
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uncover new design rules to increase
maximum power density by up to 40%,
compared to catalyst layers where Pt and
Nafion are uniformly distributed (Figure 5).

Future Plans

The remaining tasks involve
utilizing the operando platform for
simultaneous measurement of Nafion SLD
profiles and species fluxes across the
sample. By measuring the SLD gradients
and how they change as a function of the gas
phase boundary conditions on either side of
the thin film, we can quantify reaction rate
and species transport parameters as a
function of Nafion thickness, ambient gas-
phase conditions, and substrate material
properties. There are a wide range of

experiments enabled by the measurement platform to yield direct insights into limiting phenomena
in PEMFC electrodes. These results will be correlated with time resolved QCM and conductivity
measurements to improve the multi-scale simulation tool, for a scientifically guided electrode

design tool.
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Neutron scattering studies of phonon anharmonicity and coupling with spin and charge
degrees of freedom

Olivier Delaire, Duke University
Program Scope

Understanding the microscopic processes involved in the transport and conversion of
energy from the atomic scale to the mesoscale is critical for the development of next-generation
materials for energy sustainability and quantum information sciences. The fundamental
underpinnings of thermal transport in crystalline insulators and semiconductors reside in the
propagation of phonon quasiparticles through the lattice. These phonon vibrations also critically
modulate the interactions between orbitals and spins providing material functionalities. Significant
progress has enabled a nanoscale understanding of heat transfer based on novel experimental
techniques and first-principles modeling of Boltzmann transport for phonons. Yet, regimes of
strong anharmonicity close to lattice instabilities reside beyond perturbation theories currently
used to investigate phonon-phonon scattering rates. Further, the impacts of strong electron-phonon
coupling and spin-phonon coupling on phase stability and transport phenomena remain
insufficiently understood. Simultaneously, quantum effects involving coupled degrees-of-freedom
may impact the properties of materials over wide ranges of compositions and temperatures. This
project investigates phonon anharmonicity and phonon interactions with other degrees of freedom,
using a combination of neutron scattering, thermal and transport characterization, and first-
principles simulations. In particular, we investigate spin-phonon coupling and anharmonic effects
near phase transitions, for example in ferroelectrics and multiferroics, with the aim of better
understanding their thermodynamics and transport properties, as well as the role of quantum
fluctuations. The key role of soft phonon modes or hybrid-improper mechanisms involving
multiple coupled modes is investigated in both canonical and novel materials, taking advantage of
single-crystal measurements to map extended regions in wave-vector space.

Recent Progress

2D fluctuations and phonon breakdown near structural transitions in CsPbBrs [Nature Materials
20, 977-983 (2021)]

Understanding the atomic structure and dynamics of lead-halide perovskites (LHPS) is critical to
rationalize their performance in photovoltaic, radiation detection and thermoelectric applications
[1,2]. LHPs exhibit structural instabilities and large atomic fluctuations thought to impact their
optical and thermal properties, yet the structural and temporal correlations of their atomic
motions have remained poorly understood. We resolved these correlations in CsPbBr3 using
neutron and x-ray scattering as a function of temperature, complemented with first-principles
simulations [publ]. We performed single-crystal time-of-flight inelastic neutron scattering (INS)
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with the CNCS and ARCS spectrometers at the Spallation Neutron Source and the SPINS three-
axis spectrometer at the NIST Center for Neutron Research.
We probed phonons across large swaths of 4D (Q;E) space in
all three phases (orthorhombic, tetragonal, cubic). Further, x-
ray diffuse scattering was performed at the Advanced Photon
Source by our collaborators (R. Osborn and S. Rosenkranz,
Argonne Nat. Lab.). Strong temperature-dependent diffuse 0
rods were observed along Brillouin zone (BZ) boundaries in e Moo R g
both x-ray and neutron measurements. INS revealed striking
extended over-damped phonon modes forming a quasielastic
continuum across the BZ edges. The unusual atomic dynamics
revealed by INS reflect extended two-dimensional fluctuating
sheets of collective PbBrg octahedra rotations. We also
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performed anharmonic fist-principles phonon simulations - % g o g
based on ab-initio molecular dynam_lcs (AIMD), which _ Figure 1 Overdamped phonons along
captured the neutron/x-ray observations and revealed their M-R in the cubic phase of CsPbBr3. (a)
primary origin in the weak and anharmonic interatomic INS measurements (b) first-principles

. . simulations of anharmonic spectral
potential connecting Br atoms across PbBre octahedra. functions.

Further, the overdamped phonon modes identified here

strongly modulate the electronic band edge states and bandgap. These results provide key
insights to understand the origin of both the ultralow thermal conductivity and the large
amplitude vibrations coupling to the electronic structure in LHPs.

Magnetically driven phonon instability and metal—insulator transition in h-FeS [Nature Physics
16, 669-675 (2020)]:

Hexagonal iron-sulfide (h-FeS) exhibits intimately coexisting magnetic, structural, and metal-
insulator transitions in a simple stoichiometry, and was recently proposed to also harbor
magnetoelectric coupling [3]. Yet its microscopic degrees-of-freedom have remained little
explored and a solid understanding of the metal-insulator transition (MIT) had been lacking, with
in particular several conflicting theoretical scenarios. Recent studies predicted that h-FeS (troilite
phase) exhibits magneto-electric (ME) properties emerging at ~415 K, at the onset of a structural
phase transitions (SPT). Prior theoretical work proposed that the SPT is driven by zone-boundary
phonon instabilities coupled to a non-polar zone-center mode [3].

We used neutron and x-ray scattering measurements, together with first-principles simulations and
thermodynamic analysis, to determine the sequence of microscopic couplings triggering the MIT,
revealing a new and important connection between magnetic ordering and phonon instabilities
[pub2]. The AFM ordering enables the emergence of two zone-boundary soft phonons, whose
condensation couples to a zone-center mode, with the resulting lattice distortion opening the
electronic band gap. Simultaneously, spin-lattice coupling opens a gap in the magnon spectrum
that impacts the entropy and thermodynamics of the MIT.
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revealed the instability of the Hi distortion  [Figure 2 (ieft) Structure of FeS below Tc, showing tilts and
(Fig. 2 right). The phonon at ~5 meV in the [rotations of FeSe polyhedra and displacement of Fe atoms along

: c-axis. (right) Dynamics of primary lattice instability (H1) across
metallic phase condenses at the SPT to the MIT. (a) Constant-Q scans near (4,0,-3) Bragg peaks at

form a Bragg peak at (4,0,3). A similar arious temperatures fitted with the damped harmonic oscillator

behavior is observed for the Ks distortion. [Profile. (b,c) phonon dispersions measured below (blue) and
.. above (red) the metal-insulator transition in FeS, and S(Q,E)
Further, we performed finite-temperature

) ) o ) ) calculated from first-principles for both phase (gray scale).
phonon simulations, explicitly including

anharmonicity. Our simulations reproduced the measurements (Fig. 2). Beyond resolving the
mechanism of the MIT in h-FeS, our study highlights the importance of controlling anharmonic
lattice instabilities through magnetic interactions, a new direction to tune material response [pub2].

Anharmonic Eigenvectors and Acoustic Phonon Disappearance in Quantum Paraelectric SrTiO3
[Physical Review Letters 124, 145901 (2020)]

SrTiOs is an incipient ferroelectric perovskite, undergoing an antiferrodistortive (AFD) transition
(cubic to tetragonal) at Tc=105K, through the softening of the R2s phonon mode at the R-point
[4,5,6]. While the zone-center TO mode also softens on cooling, the ferroelectric transition is
suppressed by quantum fluctuations. In addition, theoretical studies of the dynamics of SrTiO3
have emphasized the competition between FE and AFD instabilities.

Pronounced anomalies in the SrTiO3 dynamical structure factor, S(Q,E), including the
disappearance of acoustic phonon branches at low temperatures, were uncovered with INS and
simulations [pub3]. Through combined experimental studies with inelastic neutron scattering on
single-crystals at the SNS and HFIR at ORNL, as well as first-principles lattice dynamics
simulations explicitly taking into account anharmonicity, we have rationalized the observation of
the disappearance of transverse acoustic modes at low temperatures on approaching the quantum
critical point. The striking effect reflects anharmonic couplings between acoustic and optic
phonons and the incipient ferroelectric instability near the quantum critical point. It is rationalized
using a first-principles renormalized anharmonic phonon approach, pointing to nonlinear Ti-O
hybridization causing unusual changes in real-space phonon eigenvectors, frequencies, group
velocities, and scattering phase space. Our method is general and establishes how T dependences
beyond the harmonic regime, assessed by INS mapping of large reciprocal-space volumes, provide
real-space insights into anharmonic atomic dynamics near phase transitions [pub3].
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Our results on SrTiO3 establish how a strong T dependence of
phonon intensities beyond the harmonic model can be
quantitatively measured with INS by mapping large S(Q, E). \. 4
volumes, providing direct insights into the anharmonic ) v“ggw
behavior of phonon eigenvectors, and also show how first- :
principles simulations including anharmonic effects can =«
reproduce and rationalize such effects. The identified T
dependence of force constants and dispersions is important to
quantitatively rationalize unusual thermal transport in SrTiOs.
Our methods directly carry over to the study of other o
anharmonic materials. 5 %)
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simulations (DFT and AIMD) will be performed at NERSC.  |curves.

Additional diffuse scattering measurements will be
performed with CORELLI. The zone-center soft mode in SrTiO3 was previously found to be
sensitive to an external electric field. We plan to investigate the field dependence of anharmonic
phonons in both STO and KTN.

We have recently performed measurements of phonon linewidths and shifts with micro-eV
resolution using neutron-resonant spin-echo (NRSE) TAS at HFIR in collaboration with Fankang
Li. We plan to continue our studies of anharmonic phonon scattering with high resolution to help
rationalize scattering processes at low temperature in the quantum regime.
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Equilibrium and Non-Equilibrium Vortex and Skyrmion Lattices

Morten R. Eskildsen, University of Notre Dame

Program Scope

The program is focused on the small-angle neutron scattering (SANS) studies of
mesoscopic magnetic structures, specifically the vortex lattice (VL) in type-11 superconductors and
the skyrmion lattice (SKL) in chiral magnets in nonequilibrium conditions. The vortex studies
have a dual focus: (i) Using the VL as a probe of the superconducting state in unconventional
superconductors, and (ii) Studies of the structural transition Kinetics and activated behavior in
vortex matter. Similarly, the SKL studies has a dual objective: (i) Determination of the activation
barrier for skyrmion formation/annihilation from hysteresis measurements, and (ii) using transport
currents to access and manipulate metastable or out-of-equilibrium SKL configurations. Both the
VL and SKL studies are complemented by molecular dynamics (MD) simulations.

Recent Progress

Skyrmion stability and manipulation, Our initial studies of the SkL focused on the topological
protection of the individual skyrmions, using SANS measurements of the field-hysteresis of the
SkL phase in combination with a minimum-energy path analysis based on atomistic spin
simulations [1]. This showed that the SKL in MnSi forms from the conical phase progressively in
small domains, each of which consisting of hundreds of skyrmions, and with an activation barrier
of several eV per skyrmion. The activation barrier is independent of temperatures, as expected if
this is topological in nature.

More recently, we have begun studies of the SKL under the influence of electric and thermal
currents, which both are known to cause skyrmion motion [2-3]. To resolve the SKL motion by
SANS we have adapted a Corbino geometry with a radial current flow. Here, the inhomogeneous
current gives rise to a torque on the SKL and hence a rotation directly visible by SANS. Our initial
measurements showed a non-monotonic response, with the SKL rotating in one direction for low
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Fig. 1 Difference between SKL diffraction patterns obtained at positive and negative currents of the same magnitude.
An intensity “dipole” is visible at all currents, except at the inflection point at £3 A where it switches polarity. Only
one of the six SkL Bragg peaks is visible in the region of reciprocal space shown.
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currents and in the opposite direction for high currents, as shown in Fig. 1. We understand this
switching to be due to a competition between the electrical current and the accompanying thermal
current in the sample. Experimentally, the two effects can be separated by having the two currents
flowing in the same or opposite directions. Modelling of the data, including a finite element
analysis of the sample current and temperature profiles, is in progress.

Reversible ordering and disordering of the vortex lattice in UPts. We have demonstrated a novel
approach to structural studies of vortex matter whereby [ P T
reversible quenched disorder can be introduced locally in :
superconducting UPt3 [4]. In this material, the VL

1.0

z
§
E 0.8
undergoes a gradual disordering on a time scale of tens of j‘c'; i ]
minutes when subjected to a beam of cold neutrons, as 3 oal
shown in Fig. 2. The disordering is due to local heating s +
5 0.2+ -
=

events caused by neutron induced fission of 23U, which I
leaves an increasing fraction of the sample in a vortex O 5 5 15 2o zmap
glass state. The VL does not spontaneously re-order once Absorbed neutrons

the local heating has been dissipated, but can be re- F9- 2 VL scattering rate vs absorbed
annealed by the application of a damped field oscillation.
Fission induced VL disordering will also be a factor in
potential SANS studies of other U-based superconductors

neutrons per area transmitted through the
sample for different fields. Intensities are
normalized such that linear fits extrapolate to
unity for the pristine VL.

such as UTe.

Field angle dependent vortex lattice phase diagram in MgB». The VL in MgB: has been used as a
model system for studies of kinetics and activated behavior in connection with the transition from
metastable to equilibrium states [5]. Rotation the applied field about the crystalline a-axis and
towards the basal plane in this material, is found to suppress the intermediate VL phase which
exists between end states aligned with two high-symmetry directions in the hexagonal basal plane
for H || c [6]. Above a critical angle, the intermediate state disappears entirely and the previously
continuous transition becomes discontinuous, as shown in Fig. 3. The ability to tune the VL phase
diagram makes opens up possible studies of the transition kinetics associated with a first order VL
reorientation transition, complementing our previous work.

i

Fig. 3 (a) Qualitative MgB;
VL phase diagram in the H-T
and H-Q planes. (b) Evolution
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Fig. 4 VL diffraction pattern obtained on
CsVsShs at 50 mT and 35mK.  Arrows
indicate the crystal-line a-axes, and the circle
shows the magnitude of the scattering vector
expected for a triangular VL.
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Exploratory VL studies in CsV3Sbs. Superconductivity in
the V-based materials AVsShs (A = K, Rb, Cs) have
attracted great attention since the initial discovery by
Ortiz et al. [1]. These materials represent a rare example
of an intrinsically superconducting layered kagome metal,
and the additional discovery that CsVsShs is a
topologically nontrivial Z> metal makes unconventional
superconductivity in these materials likely [1]. We
performed an exploratory SANS experiment on this
material to determine if VL studies are feasible. Asshown
in Fig. 4, scattering from the VL is visible although very
faint. This is as expected in a material with a long
penetration depth, which we estimate as A ~ 600 nm from
our measurements.

Molecular dynamics simulations of particle-based systems
with anisotropic interactions. = Both skyrmions and
vortices exist within materials which invariable possess a
degree of anisotropy. This gives rise to an alignment of
the SKL or VL relative to the crystalline axes of the host,
and can result in domain formation, as seen in MgB: [6]
and UPts [8]. To properly model such systems we have,
as the first, implemented anisotropic interactions in MD
simulations to provide information about individual
skyrmions/vortices in real space as a complement to our
SANS studies [9]. In contract to simulations with
isotropic interactions, dislocations and defects emerge
spontaneously in our studies, either in isolation or stringed
together in domain walls as shown in Fig. 5.

o AVAY \7 \

Fig. 5 VL grain boundary observed by MD.
For simplicity, only five- and sevenfold
coordinated vortices along with their sixfold
coordinated neighbors are shown. The
vortices are overlaid on a heatmap indicating
their relative energy.

Future Plans

Skyrmion manipulation in conducting and insulating chiral magnets. The SKL studies under the
influence of a radial current in MnSi will be continued. These will include high precision
measurements, both in terms of the current and the location within the sample. In the initial data,
a distinct azimuthal broadening of the Bragg peaks was observed as electric current was increased,
indicating that the SKL breaks into domains. Measurements on a smaller region of the sample will
reduce this effect, greatly simplifying the modeling and interpretation of the data. Furthermore,
measurements along the radial direction will also be carried out as both Magnus and drag forces
will decay with distance from the center.
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To complement the studies under the influence of both an electrical and thermal current,
measurements will also be carried out on the insulating skyrmion-hosting material Cu>0SeQOs.
This will allow studies under the influence of a purely thermal current.

Spatially resolved SANS measurements. This is both related to the SKL measurements discussed
above, and for the study of VL domain formation in MgB.>. Inthe latter we have studied metastable
VL phases and demonstrated a new kind of collective vortex behavior governed by nucleation and
growth of equilibrium VL domains rather than conventional vortex pinning [10]. We will also
complete studies of VL metastability and transition Kkinetics in this material, with the magnetic
field has rotated away from the c-axis to render the transition discontinuous.

SANS studies under strain. Strain has emerged as a powerful method for manipulating the Fermi
surface of materials and thereby their electronic properties. A prominent example is SroRuOs
where recent uSR measurements showed a splitting between the superconducting critical
temperature and the onset of time-reversal symmetry breaking [11]. We have performed initial
SANS experiments on in niobium which clearly showed that the VL in niobium is affected by
strain, and that it can thus be used to explore the effects on the superconducting state. These
measurements will be continued.

Molecular dynamics simulations of skyrmions and vortices. MD simulations will continue, carried
out by Notre Dame undergraduate students. We are currently the only group to perform such
studies for systems with anisotropic interactions, necessary to model real materials. This presents
us with a vast range of interesting problems for skyrmions, vortices and beyond. Currently
simulations are underway to study VL transitions between metastable and equilibrium states as
well as the formation of smectic phases in systems with a two-fold anisotropy.
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Probing Short-Range Structure and Magnetism in Next-Generation Energy Conversion
Materials

Benjamin Frandsen, Department of Physics and Astronomy, Brigham Young University

Program Scope

This project employs advanced neutron scattering methods and other complementary techniques
to study three classes of materials with significant technological potential for energy conversion
applications: magnetic thermoelectrics, magnetocalorics, and multiferroics. Given that the
properties of functional materials often depend sensitively on the details of local structural and
magnetic correlations, i.e. correlations that are well defined on length scales up to several unit
cells but that average to zero on longer length scales, we utilize atomic and magnetic pair
distribution function (PDF) analysis of neutron scattering data. The PDF data reveal the local
pairwise correlations directly in real space, providing an intuitive view of the relevant short-
range correlations and allowing for quantitative refinements of models of the local structure. In
addition to atomic and magnetic PDF analysis of neutron scattering data, we also utilize inelastic
neutron scattering, x-ray total scattering, and muon spin relaxation (uSR) experiments to gain a
comprehensive understanding of the local structure and dynamics of relevant materials.

Specific material systems under investigation include MnTe and related antiferromagnetic
semiconductors for potential thermoelectric applications, Mn-based ferromagnets such as
(Mn,Fe)2(P,Si) for exhibiting large magnetocaloric responses, and representative multiferroics
such as (Sr,Ba)MnOs and hexagonal rare-earth manganites. In addition to establishing the
influence of local atomic and magnetic correlations in these materials on their technologically
relevant properties, this project aims to develop magnetic PDF methods further, from new
experimental approaches (e.g. with polarized neutrons) to user-friendly software infrastructure
with novel data visualization and modeling capabilities.

Recent Progress

MnTe: The hexagonal antiferromagnetic semiconductor MnTe is a potential high-performance
thermoelectric material when doped with small amounts of Li or Na [1]. Remarkably, short-
range magnetic correlations that persist above the Neel temperature (Tn = 307 K) appear to play
a key role in enhancing the thermoelectric figure of merit zT through a phenomenon known as
paramagnon drag [2]. A major focus of this project has been to study the nature of these short-
range magnetic correlations using magnetic PDF methods. We have performed several neutron
scattering experiments on this material, including comprehensive atomic and magnetic PDF
measurements on powder samples of pure MnTe and Na-doped MnTe on the NOMAD
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instrument, single-crystal neutron
diffraction experiments on CORELLI
for three-dimensional magnetic PDF
(3D-mPDF), and inelastic neutron
scattering on ARCS. We have also
conducted x-ray PDF and pSR
experiments on MnTe. The powder
and single-crystal magnetic PDF
results have revealed robust
antiferromagnetic correlations on the
nanometer scale that persist up to at
least 500 K. As seen in Fig. 1, these
short-range correlations are spatially
anisotropic, with a significantly longer
correlation length along the c axis than
within the ab plane. The x-ray PDF
experiments have revealed an
unusually large and anisotropic
spontaneous magnetostriction across
the Neel transition, along with a very
localized distortion of nearest neighbor
Mn-Te pairs that is still under
investigation. The SR results are fairly
blind to the short-range magnetic
correlations at high temperature,
indicating they are mostly dynamical
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Fig. 1. Three-dimensional magnetic PDF results on MnTe at
340 K. () Slice in the xz plane showing antiferromagnetic
correlations along z and ferromagnetic correlations along x.
(b, ) Line cuts through the data showing the significantly
longer correlation length along z than within the xy plane.

correlations on a time scale that is too fast for muons. However, an unexpected low-temperature
dynamical feature is evident around 80 K in the uSR data but does not show up in the ARCS
data, suggesting the characteristic energy scale is too small for ARCS. Work to understand these

details is ongoing.

(Sr,Ba)MnO3: We have performed neutron and x-ray PDF experiments on four compositions of
the multiferroic system (Sr,Ba)MnOs, which exhibits systematic changes in the ferroelectric
transition temperature and the Neel ordering temperature as a function of Ba content [3]. We
have also performed uSR experiments on two of these samples. The PDF analysis reveals a local
enhancement of the ferroelectric distortion that persists over ~2 nm both above and below the
ferroelectric transition, suggesting an order-disorder transition mechanism in this material (see
Fig. 2). This also suggests that the average ferroelectric moment is not fully saturated and could
potentially be increased further if the locally enhanced distortion could be transferred into the
long-range structure. We are currently investigating how the magnetic dynamics revealed by
LSR relates to the observed properties of the local structure.
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Technique Development: We have recently 20
conducted polarized neutron scattering 450
measurements of MnTe on HYSPEC with the 40
intent of performing high-resolution magnetic

PDF analysis on the data. Polarization analysis
allows us to cleanly separate the magnetic o
scattering from the nuclear scattering, and 2501
characteristics of HYSPEC provide meaningful 200 4
data up to 6 A%, sufficient for Fourier
transformation into real space to yield the

350

150 4

100 4

magnetic PDF. With the magnetic scattering 15 26 =7 2
successfully isolated, we can generate a higher Fmia(A)
resolution magnetic PDF pattern by applying Fig. 2. Magnitude of the ferroelectric distortion in
additional normalizations that are not possible Sro.45Bao.ssMnO; as revealed by PDF boxcar fits as
when the magnetic scattering is mixed in with a function of temperature. The horizontal axis is

. the midpoint of the fitting range for the refinement.
the nuclear scattering. We are currently

developing best practices for obtaining this higher resolution magnetic PDF pattern. We are also
actively developing open-source software capabilities for magnetic PDF analysis. We have
written code to generate 3D-mPDF patterns from magnetic models, developed more effective
algorithms for combined atomic and magnetic PDF fits, introduced a hybrid small-box/big-box
modeling approach for complex magnetic correlations, and started developing a graphical user
interface for magnetic PDF analysis.

Future Plans

Having successfully characterized the short-range magnetic correlations that enhance the
thermoelectric properties of MnTe, we plan to perform similar magnetic PDF investigations of
related compounds, including the MnSb-CrSb solid solution and the classic antiferromagnet
MnF2. The MnSb-CrSb solid solution is intriguing because it switches from ferromagnetic
(MnSb) to antiferromagnetic (CrSb) while maintaining the same hexagonal structure, and it has
also been shown to exhibit paramagnon drag [4]. MnSb has also been identified for potential
magnetocaloric applications. MnF2 will allow us to revisit a classic antiferromagnet using
modern characterization techniques that are especially well suited for short-range correlations,
providing fresh insight into the conditions that give rise to robust short-range magnetism such as
those resulting in paramagnon drag in MnTe.

The observation of significant local enhancement of the ferroelectric distortion in (Sr,Ba)MnO3
invites investigation of other multiferroic systems. We plan to study the classic Type-I
multiferroics of the hexagonal rare-earth manganite family RMnOs. We will begin with neutron
and x-ray PDF studies of powder samples, followed by a polarized neutron study on HYSPEC to
perform detailed magnetic PDF analysis. The goal is to determine how short-range atomic and
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magnetic correlations interact with each other and influence the intertwined magnetoelectric
phases in multiferroic materials.

We also plan to study the giant magnetocaloric system (Mn,Fe)2(P,Si) using atomic and
magnetic PDF analysis. The objective is to determine how the local structure dictates the
behavior across the first-order magnetostructural/magnetoelastic transitions in this system. Initial
efforts to study this system have been on hold due to Covid-related delays, but we hope this will
be resolved soon.
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Inelastic Neutron Scattering Studies of Quantum Anharmonicity and Nonlinear Phonons

Brent Fultz, Dept. Applied Physics and Materials Science, California Institute of
Technology, Pasadena, CA 91125

Program Scope

Entropy is the central concept of thermodynamics, a subject that underlies the structure and
properties of materials. Atom vibrations are the primary source of entropy in materials, and
inelastic neutron scattering (INS) can measure the vibrational modes in detail. We use INS to
understand the main part of the entropy of phase transitions and thermophysical properties of
materials.

In crystals at high temperatures, the normal modes of vibration begin to interact with each other
and lose independence. This is "anharmonicity," which alters, and can dominate, the thermo-
physical properties of thermal expansion, thermal conductivity, and the temperature dependence
of elastic constants. Some of these anharmonic effects that be best understood with the efficient
inelastic neutron instruments at the SNS.

Many-body theory, as developed with perturbation theory [1], is useful for analyzing phonon
shifts and lifetimes for small departures from harmonic behavior, but modern computational
methods are applicable to large anharmonicities, and give the vibrational spectra that can be
compared to INS data. Our focus is on anharmonic effects that require approaches beyond many-
body theory. Some can be measured only with the instruments at the SNS. Here ideas from the
fields of quantum optics and nonlinear dynamics help interpret strong anharmonicity in
materials, making phonon physics a richer field.

Recent Progress

With single crystal methods for chopper spectrometers such as ARCS, it is possible to measure
simultaneously the energies and lineshapes of numerous phonons. We are exploiting this new
opportunity to analyze all phonons in the first Brillouin zone that account for thermophysical
properties such as thermal expansion or the temperature dependence of elastic constants. We
have found some unexpected results in the origin of thermophysical properties from phonon
physics, such as persistent failures of the popular quasiharmonic approximation to predict
thermal trends of measured phonons. Weak effects that were beneath the "noise" in the past are
appearing now, sometime giving fundamental surprises. We have discovered three new types of
nonlinear vibrations in crystals of NaBr and Cu20.
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The first is the generation of a pair of "intermodulation phonon sidebands” from strong
anharmonic interactions of two phonon modes. (These sidebands are conceptually similar to
intermodulation distortion in nonlinear amplifiers.) In a crystal of NaBr, the lower sideband is an
intrinsic localized mode (ILM), which was observed previously by Mike Manley. Our finding of
a partner upper sideband completes the picture, and allows a new explanation of the shapes and
intensities of phonon intermodulation sidebands by adapting the theory of sidebands from the
input-output theory of quantum optics [2]. The sideband excitations may be new quasiparticles
like those from the coupling between a laser and a mode of vibration of a cavity. We replaced the
noiseless laser with a thermally excited phonon, and solved the Heisenberg-Langevin equations
of motion to obtain susceptibility functions for inelastic neutron scattering. The spectral weight
was in good agreement with the experimental intensities, as shown in Fig. 1.
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Fig. 1. (a) Experimental phonon dispersions from ARCS at 300 K, 50 meV incident energy. Data were
corrected for multiphonon scattering, background, and folded into first Brillouin zone.

(b) Intensity calculated with input-output theory [2] for two anharmonic phonons TA and TO in the medium
coupling regime, assumed dispersionless.

We found another new nonlinear behavior in a single crystal of cuprite, Cu20. Its phonon
dispersions are crisp and clear at 10 K, but Fig. 2 shows a broad, diffuse inelastic intensity at 300
K, and at 700 K there are no longer distinct dispersions, only the diffuse inelastic intensity. Our
interpretation is evolving, but it has been possible to obtain some of this diffuse intensity in
molecular dynamics simulations. Our picture is that for the most part, the oxygen and copper
atoms vibrate independently. The mean frequency for O atoms is 6 times higher than Cu. Never-
theless, with movement of the Cu atoms around an O atom, the O atom oscillations are disturbed.
The O atoms undergo shifts in the phase of their oscillation cycles that occur at approximately
the frequency of Cu atom vibrations. This "phase noise" has a time-time correlation function that
gives a diffuse inelastic intensity as shown at the top of Fig. 2. Small changes in the phase uncer-
tainty spread, y, give a wide range of spectral shapes, as shown in the top figure.
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Fig. 2. Top: Shapes of intensity profiles for flat dispersions altered by a "phase noise" in oxygen atom oscillations,
caused by copper atom oscillations at mo. Bottom: experimental phonon dispersions from cuprite at 300 K.

Future Plans

After we better understand the highly nonlinear phonon effects in cuprite and NaBr, our plan is
to identify such effects in other crystals. An efficient approach may be to perform INS on
powders, and identify high-energy upper intermodulation sidebands in the phonon density of
states. Particular emphasis will be on (electronically) nonlinear optical materials that might be
able to encode phonon information after light scattering.

The nature of the intermodulation phonon sidebands is being investigated with a colleague at
Caltech who has developed an ultrafast pump-probe infrared laser system. The experiment will
test how long the energy resides in the sideband before it decays. If there is a reasonable lifetime
for sideband excitations, they may be treated as quasiparticles for purposes of thermal physics.

Finally, we are working to identifying phonon contributions to the latent heat of the glass
transition [3]. Results on a Pt-based metallic glass are nearly complete.
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Exotic Uses of Neutrons and X-rays as Probes for Chiral Magnets
Dustin A. Gilbert, Materials Science and Engineering, University of Tennessee, Knoxville

Program Scope

The current program proposes to use neutron and X-rays in creative ways to investigate
chiral and non-colinear magnetic materials. The scope includes fabricating thin-films and
heterostructures and performing magnetic, electronic and high-frequency measurements in our lab.
Informed by these measurements, appropriate neutron and X-ray experiment are designed to
investigate specific details of these systems. These measurements include polarized neutron
reflectometry (PNR) to access magnetic structures at interfaces, and small angle neutron scattering
(SANS) to identify mesoscopic structures. In both cases, the novelty of the measurement is a
product of the experimental design and the use of unique sample environments. The current
proposal included several projects: high-frequency skyrmion dynamics probed with SANS,* low-
frequency skyrmion lattice formation? probed with tine-resolved TSANS, 3D structure of magnetic
skyrmions® probed with grazing-incidence GISANS, measuring in-situ skyrmion kinetics* with
SANS, commensurate-locking of skyrmions with superconductors® with GISANS or off-specular
PNR, and imprint antiferromagnetic skyrmions® by proximity effects.

35 1e9

Recent Progress

The unforeseen shutdown of HFIR and then
NCNR — which is still shut down until April 2022 —
and the pandemic shuttering many other user facilities,
has had the potentially to significantly impact the
proposed projects. Part of the project, for example, was
supposed to station a student at NCNR for a year, but
this is currently in jeopardy. However, we have made
some progress on many of these projects and they are
all moving forward in some way. : W g T O™

The high-frequency dynamics in-particular has | Figure 1 2D FMR data showing the skyrmion
been very successful. This experiment was performed | 9gyration mode and saturated Kittel resonance
on dipole-stabilized hybrid skyrmions in Gd/Fe
multilayers.” These films were made by our collaborators E.E. Fullerton and S. Montoya. These
structures are comprised of three stacked skyrmions, with Néel-type skyrmions at the film surfaces
and Bloch-type skyrmions in the middle of the film thickness. We used a ferromagnetic resonance
(FMR) setup to apply an in-plane RF field, and out-of-plane static field; the FMR system was
designed and built within our lab to fit into a PPMS as part of this project. This configuration
excites the skyrmion gyration mode. The 2D FMR data is shown in Figure 1, with the skyrmion
gyration mode and saturated Kittel mode clearly resolved. We then took this system to NCNR and
prepared the same setup on VSANS: an in-plane RF field, and out-of-plane static field, with the
neutron beam along the static (out-of-plane) direction. To our knowledge, this is the only system
to have seen the characteristic 6-fold skyrmion diffraction pattern in thin-films with SANS, and
again we were successful. VSANS or GPSANS is necessary because the skyrmions in these

Frequency(Hz)

Kkyrmion Kittel
Gyration
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systems are very large (210 nm periodicity; g=0.003 A™). Initial considerations would suggest that
the signal should not change, that simple translations of the skyrmion lattice under periodic
gyration would be removed in the Fourier transform. However, it was observed that, approaching
resonance, the background and low-q scattering increases significantly, and wanes at frequencies
above the resonance. The experiment was also performed fixing the frequency and increasing the
magnetic field, again passing through resonance. This became a highly-charged result because the
total scattering increased by >5x at resonance, which our team could not explain. We repeated the
experiment at GPSANS, and had similar results, shown in Figure 2. With the GPSANS data, the
additional scattering could be modeled by an exponential decay function, and in doing so, it is
revealed that the signal from the skyrmion-derived hexagonal pattern does not change. Since most
scattering follows a power-law like fall-off, we propose that this is not traditional scattering. Our
current theory is that this is inelastic scattering
between the neutron and moving skyrmion.
What makes this possible is that the
measurements were performed with long
wavelengths (14 A) and so were moving very
slowly — comparable to the speed of the

H=100mT

20| e skyrmion. One could consider a thermodynamic
3 |\ 1680 0 argument about the probability of a transiting
1500w e .
= s 1900 O neutron absorbing a small amount of energy as

it passes through the film. We are currently
working on completing this argument and will
publish soon. These results may present an
opportunity for new SANS measurement

0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010

q (/A) capabilities of other high-frequency systems.
Figure 2 2D SANS data (|6ft) below, (center) at, and We have also had good success performing
(right) above the resonant condlt.lon. Data is shown GISANS on our skyrmion films, with the target
on the same scale. (below) Intensity versus q plots of .
the 2D data. of resolving the 3D structure. These

measurements were again performed on Gd/Fe
thin-films hosing hybrid skyrmions. Preliminary specular measurements were performed at NCNR
on the MAGIK reflectometer by Lizabeth Quigley, who was a SURF student at the time, and is
now in a Ph.D. program at Purdue. The PNR results were expected to show nothing, since the
depth-resolved average of the magnetic moment in a skyrmion is zero. However, features were
observed, with a net magnetization throughout the thickness, with increased magnetization at the
surfaces. We can attribute these features to two factors: (1) the measurements were performed with
an out-of-plane magnetic field, meaning all magnetic scattering contributes together in the spin-
flip channel, and (2) the neutron coherence length covers a relatively small number of skyrmions.
As a result of these factors, a net magnetization is captured in the diffraction pattern. A
measurement was also taken at saturation. The PNR results were fitted with Refl1D, providing the
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magnetic and nuclear scattering length density
(SLD) profile. Next, transmission and GISANS
measurements were performed on the same sample
on the VSANS instrument, and later on GPSANS
(ORNL). Transmission SANS measurements
confirmed the hexagonal skyrmion ordering. The
GISANS measurements, shown in Figure 3, Q, (x10% A

include the speculgr peak and flan_klng off_—specular Figure 3 GISANS data from () the saturated
peaks, from the in-plane skyrmion lattice. Note | tate, (b) strip state, (c) skyrmion state.

again, this is data from a single thin-film, =100 nm
thick. Measuring the intensity-versus sample angle traces a path through (qx, g,) space which
simultaneously encodes the in-plane and out-of-plane structure. To analyze the data, a
micromagnetic model was generated using the results from the PNR measurements. This model
generates a magnetic skyrmion lattice representative of our experimental system and grounded in
the relavent underlying physics. Using a custom Born-approximation Python code, the GISANS
pattern is tabulated and compared to the experimental results. By iteratively changing the model
parameters and comparing to the experimental results, we arrive at a 3D structure which accurately
reproduces the experimental results. We are currently writing this up and will publish the results
soon. The 3D structure of hybrid skyrmions is critical to understanding their robust stability. This
was the first GISANS experiment on GPSANS, and one of the few GISANS measurements
performed on a magnetic system. The Python code developed in this project has subsequently been
used to interpret the SANS results from other magnetic systems.

Progress has also been made on the lattice formation dynamics experiment. In these
experiments, transmission SANS measurements were made on bulk B20 materials as the applied
magnetic field is changed in a stepwise manner. The field step changes the system from the
skyrmion stability regime to the conical or helical state, and back. Using the time-resolving feature,
the diffraction-pattern is measured as the skyrmion lattice is generated or destroyed. On
NG7SANS, this feature is developed and provided promising data, showing that it takes several
10’s of milliseconds to create or destroy the lattice. This result was exciting because magnetic
dynamics is typically much faster than this (typically nanoseconds). However, this data faced an
issue that the magnetic field was poorly defined due to slow changes in the ferrous cores of the
electromagnet. We designed and fabricated a pair of water-cooled Helmholtz coils which were
designed to fit into MAG-H at GPSANS. The experiment was repeated and appears to show
comparable results. Current efforts are underway to apply the time-parsing functionality of the
GPSANS data.

Part of our program included performing these measurements on B20 materials. We have
recently been working to prepare thin-films of these B20 materials. First, using molecular beam
epitaxy (MBE) we are able to heat our Si(111) substrates, achieving the 7x7 surface reconstruction
necessary to prepare the B20 structure. The Mn source is prepared and we recently were able to
evaporate Si from the e-beam evaporator source. We view this progress as getting close. We also
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recently received a DOE surplus sputtering source, specific for preparing oxides. The system was
re-assembled and tested, generating an RF plasma in the magnetron sputtering source. Current
plans are to prepare a Cu.O+SeO3 sintered/pressed composite target and grow Cu.OSeOs
skyrmion films.

With NCNR being down, HFIR being consequentially oversubscribed, and the pandemic
blanketing everything, the supported students had the opportunity to contribute to other projects,
particularly on non-colinear magnetic systems. These have included the magnetism in bilayer films
with orthogonal coupling using PNR, magnetism and magnetic dynamics in alloyed and phase
separated magnetic nanoparticles, antiferromagnetism in alloys of immiscible FM/noble metal
systems, magnetostriction in CoTb systems and PDF measurements of high-entropy oxides.

Future Plans

We have current efforts to prepare the (Gd/Fe)/Nb system to demonstrate skyrmion/vortex
locking. Our preliminary measurements on this system with full-scale films yielded no identifiable
coupling. After discussion with collaborators who have worked on similar coupled-vortex systems,
we concluded that the system needed to be patterned to a dogbone structure, increasing the current
density. As noted above, we are also on the cusp of preparing B20 MnSi and Cu>0SeO3 by MBE
and sputtering, respectively. Once these films are prepared, FMR measurements will be performed
to identify the resonance, then we will perform the SANS and GISANS measurements, elucidating
the role of DMI in determining the dynamics and structure.
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University of Minnesota Center for Quantum Materials (CQM)
Turan Birol!, Rafael Fernandes?, Martin Greven (P1)?, Bharat Jalan®, Chris Leighton!
!Department of Chemical Engineering and Materials Science, University of Minnesota

2School of Physics and Astronomy, University of Minnesota

Program Scope

The University of Minnesota Center for Quantum Materials (CQM), founded in 2016, is
comprised of an inter-disciplinary team of five faculty and more than a dozen Ph.D. students and
post-docs. The team investigates the structural and electronic properties of select quantum
materials, particularly complex oxides. These embody many of the most fundamental questions
regarding quantum behavior of interacting electrons, and are relevant to important technologies,
including data storage, spintronics, catalysis, and fuel cells. In these quantum materials, the
interplay between electronic kinetic energy and interactions gives rise to myriad quantum states
and complex phase diagrams, which can, in principle, be controlled. The overarching CQM vision
is to substantially advance the understanding of quantum electronic phases and phase transitions
in these materials, thereby addressing multiple BES grand challenges. This is achieved through
the synthesis of exceptional quality model materials in bulk and thin-film form, the application of
cutting-edge neutron, x-ray, and other probes, the exploration of novel materials control
paradigms, and tight coupling to first-principles and analytical theory.

Recent Progress

Field-leading synthesis efforts, broad application of state-of-the-art neutron and x-ray
techniques, and the pursuit of new opportunities such as elastic and plastic deformation control,
have enabled significant recent CQM advances [1-45]. This has been accompanied by rapidly
increasing synergy among the CQM investigators, despite COVID-19-related challenges,
generating substantial increases in all aspects of center research output.

Examples of recent CQM progress — strain tuning and strain engineering. The high level of
synergy within the CQM is exemplified by recent advances in strain-tuning and strain-engineering
(Fig. 1), such as pioneering work on enhanced superconductivity and ferroelectricity in plastically-
deformed strontium titanate [35]. This breakthrough result involves three senior CQM
investigators (Fernandes, Greven, Leighton), state-of-the-art diffuse neutron and x-ray scattering
at ORNL and ANL, and uniaxial pressure techniques, which induce novel self-organization of
dislocation structures. A related recent example is the demonstration of strain-tuned Curie
temperature, understood at a deep theoretical level, in rare-earth titanate crystals (Birol,
Fernandes, Greven) [37]. Another example is the demonstration of strain-induced majority carrier
inversion in heteroepitaxial thin films of ferromagnetic LaCoOs3, again involving three senior CQM
investigators (Birol, Greven, Leighton) [2].
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Figure 1: Left: Diffuse neutron scattering (CORELLI, SNS) for lightly-doped SrTiOs, plastically
deformed by 4.5% along [010]. The response is arc-like, with a fine pattern indicative of periodic
dislocation walls, near which superconductivity and ferroelectricity are substantially enhanced [35].
Middle: Comparison of elastic stress dependence of Curie temperature of YTiO3 from ac susceptibility
with mean-field results from DFT [37]. Right: Neutron reflectivity (R) and spin asymmetry (SA) vs
scattering vector at 5 K in a 30 kOe in-plane magnetic field for a 200-A-thick LaCoOs. film on SrTiO3
(Polarized Beam Reflectometer, NCNR) [2].

Examples of recent CQM progress — rare-earth titanates. The rare-earth (RE) titanates RETiO3
are a major CQM focus due to fascinating Mott-insulating states, non-trivial magnetic
transitions/crossovers, and lattice/charge/spin/orbital coupling [6,16,22,26,27,37,39,42]. Jalan
and Greven completed a study of YTiOz (YTO) films and crystals that revealed the role played by
small polarons in this, and related Mott insulators [16], also obtaining fresh insight into the growth
of La- and Ca-substituted YTO, and enabling the first inelastic neutron scattering (INS)
measurements of spin-waves [42]. A comprehensive study by Greven and Leighton of La-
substituted YTO (Y1xLaxTiO3z), including neutron diffraction, SANS, and XAS/XMCD, revealed
that the ferromagnetic (FM) to antiferromagnetic (AF) transition is first-order, settling a long
debate [26]. Detailed subsequent INS measurements of spin-wave spectra in YixLaxTiOz by
Greven appear to defy theoretical predictions of changes in exchange across the FM-AFM
transition. This motivated Fernandes to develop a model that considers a local distribution of
exchange couplings induced by bond-disorder due to La-substitution, capturing experimental
observations; a manuscript (Fernandes and Greven) is in preparation. Going beyond Y1.xLaxTiO3,
and employing group theory, phenomenology, and first-principles calculations, Fernandes and
Birol then developed a general model for the FM-AFM crossover as a function of RE radius [39],
leading to a prediction of a possible quantum critical endpoint tuned by strain. Greven and Birol
also completed a combined XAS, transport, and DFT+U study of the insulator-metal transition in
Y14CayTiOzat y ~ 0.35 [27]; electronic phase separation into hole-rich metallic regions and hole-
poor Mott-insulating regions was revealed. Greven is currently working on a comprehensive
manuscript on neutron diffraction and muon spin rotation (with Y. Uemura, Columbia), revealing
strong suppression of local ordered moments, with volume-wise phase separation into FM and
paramagnetic phases at y ~ 0.2. This points to a first-order phase transition, highly complementary
to the work by Greven and Birol [27]. As a whole, these efforts with RETiO3 compounds have
employed both bulk and film samples, multiple neutron methods combined with other probes, and
have greatly advanced both experimental and theoretical understanding.
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Examples of recent CQM progress — strontium titanate. In addition to the plastic deformation
work described above [35] (Fig. 1), work on SrTiOs included a comprehensive analysis of the
superconducting and transport properties of Nd-doped epitaxial thin films over a wide electron
concentration range. Specifically, in a joint theoretical-experimental collaboration, Jalan and
Fernandes showed [43] that the changes in the residual resistivity and superconducting transition
temperature across the second Lifshitz transition agree with a model in which intra-band scattering
dominates over inter-band scattering. This is in contrast to what is expected to occur at the first
Lifshitz transition. This work also revealed direct manifestations of the antiferrodistortive
transition on the behavior of the Hall carrier density. Related to the above, Leighton and Jalan
completed a detailed study of structure-property relationships and mobility in the wide-gap oxide
BaSnOs, resulting in ~100 cm?V-1s? room temperature mobility in sputtered films.

Examples of recent CQM progress — cobaltites. Leighton’s data on bulk perovskite cobaltites
were interpreted in terms of a theoretical model previously developed by Fernandes in which
magnetic frustration plays a key, previously unconsidered role in shaping the phase diagrams of
these materials [40]. Magnetic frustration delays the onset of ferromagnetism relative to the
percolation of spin-state polarons, resolving a troubling inconsistency in these model systems. As
noted above, Leighton, Greven and Birol also extended their heteroepitaxial strain tuning of
LaCoOs and LaixSrkCo0s.s films [2,14]. This included strain-tuning of the majority carrier type
in LaCoOs, revealing that the extraordinary ferromagnetism under tensile strain is intimately
linked to n-type transport. Related efforts with La:.«SrxCoOs.s led to the discovery of a giant form
of anisotropic magnetoresistance [14], likely the largest reported in the 150-year history of this
phenomenon in ferromagnets, driven by strain-induced oxygen vacancy ordering.

Examples of recent CQM progress — cuprates. Greven made considerable advances with cuprates
[5,7,8,13,15,19,23,32,36,38], in part due to the nearly unique capability to grow high-quality
crystals of the model system HgBa>,CuQOs-s. In collaboration with D. Reznik (U. Colorado), new
insights into the phonon spectrum were obtained via INS (ARCS, SNS) and data mining of many
Brillouin zones [5]. Inelastic x-ray scattering provided evidence of dynamic charge correlations at
the superconducting pairing scale [7], whereas resonant x-ray diffraction and Raman scattering
(with Greven’s former student Y. Li, Peking U., China) revealed phonon anomalies for
HgBa>CuO4.s and double-layer HgBa.Cu2CaOs.s, Which precede the static charge correlations at
low temperatures. This indicates that charge order is an emergent phenomenon. Detailed transport
results for HgBa>CuOs.s enabled an important test of a phenomenological model for the cuprates
that Greven had previously developed [13] and led to new insight into the transport phase diagram
[38]. Neutron (CORELLI, SNS) and x-ray (6-ID-D, APS) diffuse scattering (with R. Osborn,
ANL) for two other cuprates revealed deep insight into unusual ‘hidden’ structural correlations
and their connection with superconducting correlations [36]. Further results include collaborative
photoemission work with 1. Vishik (UC Davis) [15] and second-harmonic generation
measurements with D. Hsieh (Caltech) [23].
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Examples of recent CQM progress — ruthenates. Fernandes advanced the theoretical proposal
that the debated experimental evidence for time-reversal-symmetry breaking in SroRuOs is
associated with extended defects (dislocations) [28]. In joint theory-experimental work, Fernandes
demonstrated that the unusual emergence of superconductivity, observed by Greven in nonlinear
magnetic response measurements of SroRuOs (and other oxide superconductors), cannot be
captured with a simple model of inhomogeneity, instead pointing to possible rare-region or phase
fluctuation effects [30]. Jalan demonstrated growth of epitaxial RuO: films by a novel solid-source
metal-organic MBE approach [34], paving the way for controlled synthesis of many other
challenging complex oxides.

Examples of recent CQM progress — review papers and other projects. Important additional
efforts include review papers on superconductivity in dilute SrTiOs (Fernandes) [3] and MBE of
complex oxide semiconductors (Jalan) [33], in addition to various exploratory and collaborative
projects. The latter encompass transition metal sulfides [10,20,44], which pose many challenges
and opportunities related to oxides in the realm of quantum materials, complex magnetic alloys
[25] that are a natural extension of CQM work on electronic phase competition, and extension of
neutron methods previously applied to oxides to nanoparticle systems [12].

Future Plans

Building on the success of our synergistic approach, we plan to advance the understanding
of exemplary quantum materials (the above, plus some new oxide systems) in three primary ways:
through entirely new experimental approaches, particularly around elastic and plastic strain
control; through further expansion of CQM activities in neutron scattering; and through yet
stronger emphasis on synthesis and processing of quantum materials. Pivotal to much of this will
be recent CQM successes with the development and use of unique, high-force strain cells, and
close coupling to theory [35,37]. For example, we plan to advance our work on plastic-[35] and
elastic-[37] deformation control of quantum materials through in situ tunable stress experiments
at DOE neutron (HFIR, SNS) and x-ray (APS) facilities, including INS. We also plan to combine
discrete heteroepitaxial strain with continuously tunable external compressive strain, dramatically
enhancing a widely adopted strategy in thin-film quantum materials, potentially opening up new
vistas on quantum critical behavior. We also plan to combine synthesis and stress control by using
stress applied at high temperatures to create bulk materials in non-equilibrium conditions. This has
the potential to enable tuning and selection of novel crystalline states of matter. We will
additionally continue to provide leadership in the application of emerging neutron techniques,
including diffuse scattering and A-PDF methods, polarized SANS, and white-beam PNR.
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Precise chain conformation and dynamics control for conjugated polymers in organic
electronic thin film devices

Xiaodan Gu, School of Polymer Science and Engineering, The University of Southern
Mississippi

Program Scope

The aim of this early-career project is to provide fundamental knowledge to bridge the gap
between solution state polymer conformations and deposited solid-state morphology, thus
enabling robust structure and property relationship correlation for organic electronic devices.
Filling this gap will help guide the rational design of proper processing parameters for controlling
microstructures for solution process electronic devices and promoting device performance. To
achieve the above goal, this proposal utilizes various DOE neutron and X-ray sources to probe the
chain conformation and dynamics in both the solution and solid-state. This project will also utilize
high-throughput instrumentation and machine learning to mine out key processing parameters that
influence final device morphology and performance. We propose the following aims: 1) harness
non-covalent interactions to pre-set CPs into preferred chain conformations; 2) utilize high
throughput robotic processing and machine learning methodology to mine out key determining
factors for obtaining highly ideal chain morphology; 3) develop grazing incidence scattering
techniques and use ex situ neutron scattering and deuterium labeling to study chain conformation
in solid-state bulk and thin films; 4) study heterogeneity of chain dynamics in bulk and thin film,
and investigate the impact of chain dynamics on CPs’ optoelectronic property.

Recent Progress

This early-career project started in Sept 2021, for the past two months, the team has been
focusing on the synthesis of deuterated conjugated donor-acceptor polymers, as well as perform
solution scattering.

Synthesis of deuterated DPP polymers with different deuterated sidechains.

We have synthesized a series of DPP polymers with different side-chain structures (Fig. 1).
A wide variety of polymers with both protonated and deuterated sidechains were synthesized. The
synthesis schematic is shown in Figure 1. The deuterated sidechains were synthesized at the CNMS
through an accepted user proposal using a hydrogen-deuterium exchange reaction®. After
successful deuteration sidechain synthesis was verified by NMR spectroscopy. Different alkyl
sidechains have been installed into the conjugated polymer backbone and then polymerized
through cross-coupling reactions?. Currently, four out of eight proposed DPP polymers with
different side chains were synthesized. We plan to study the effect of alkyl sidechain length on the
backbone rigidity and dynamics for CPs in the condensed solid-state, in contrast to our previous
focus on the solution state. We secured some SANS neutron beamtime for the next cycle. We plan
to blend protonated polymers into the deuterated polymer matrix, then perform transmission SANS
above the melting point of the conjugated polymers®. The scattering data will be analyzed and
compared to solution scattering for a single chain. Additionally, QENS experiments are also
planned for spring, 2022 at SNS.
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Figure 1. (a) Synthetic route of deuterated branched long alkyl sidechains. (b) Synthetic route of
conjugated polymers with protonated and deuterated branched alkyl sidechains.

Synthesis of DPP polymers with non-covalent sidechain to lock chain conformation.

In order to achieve more precise control of polymer chain conformation, non-covalent
interactions can be used to modulate the dihedral angle between different building blocks along
the polymer backbone*. In order to demonstrate this is feasible, we proposed two different DPP
polymers with different non-covalent interactions along its backbone. We have synthesized those
two DPP-based polymers, incorporating either pyrazine or benzene moieties flanked by thiophenes
with pendant amide side chains. Using either pyrazine or benzene moieties in the polymer’s -
conjugated backbone, control over the orientation and type of H-bonds is possible®. When pyrazine
is used, intramolecular H-bonds are promoted in the polymer, while benzene only allows for
intermolecular noncovalent interactions between the amide side chains. The intramolecular
locking effect is expected to have a vital influence on backbone planarity and rigidity. To
investigate this effect, small-angle neutron scattering (SANS) was performed on diluted solutions
of the polymer solubilized in a deuterated solvent and thereby isolating the effect of the lock on
the rigidity of single polymer chains. Using the flexible cylinder model, results obtained from
SANS in solution revealed that P1 has a persistence length (Lp) of 13.5 nm, while P2 has a shorter
Lp of 6.6 nm. The intramolecular H-bonding inter-actions along the conjugated backbone of P1
enhance chain rigidity by bringing the backbone into greater planarity, resulting in greater chain
rigidity and longer Lp. Currently, we are also exploring using MD simulation to further rationalize
our findings, as well as planning other non-covalent interaction functional groups to deepen our
understanding here.
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Figure 2. Small angle neutron scattering raw curve (dots) and fitted curve (solid lines) for P1
(red) and P2 (black).

Future Plans
1) We plan to perform a molecular dynamics simulation to develop an in-depth

understanding of the impact of non-covalent interactions on polymer chain conformation.  After
that, we will plan to develop different non-covalent interactions to further modulate the solution
chain conformation. Different non-covalent interactions will be engineered into conjugated
polymer backbones and use this interaction to promote chain rigidity and planarity.

2) Previously, our group have successfully investigated the solution assembly of
conjugated polymers and a few design rules were elucidated to control chain rigidity. As we
discussed in recent progress, we plan to use the unique capabilities of neutron and deuteration
chemistry to facilitate the study of the chain conformation for conjugated polymer in the solid
states, either bulk or thin film. We will study the chain conformation for polymer in the melt state
for obtaining a single chain conformation and compare it with the property in the solution state.
We have finished the initial synthesis, so additional synthesis and then scattering experiments will
be planned to execute this task. Our goal is to find a rational method to process the polymer to
further control the chain conformation in the solid state.

3) We plan to study the dynamics of the conjugated polymers using a suite of quasi-elastic
neutron scattering and neutron spin-echo methods. The ultimate goal for us is to understand the
dynamics of the polymer chain at different temperatures. The neutron experiment will be
complemented by ellipsometry, vibronic spectroscopy, and UV-vis spectroscopy characterization.
Additionally, the experimental finding will be compliment with molecular dynamics simulation to
understand the mean square displacement for our polymer. We hope to understand the role of chain
dynamics on the optoelectronic property, especially when operated at an elevated temperature.
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We do not have publications to report. The project initiated three months ago.
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Understanding the Structure and Dynamics of Conjugated Polymers by Advancing
Deuteration Chemistry and Neutron Scattering

Xiaodan Gu and Jason Azoulay, School of Polymer Science and Engineering, The University
of Southern Mississippi

Program Scope

This program aims to understand the structure and dynamics of conjugated polymers (CPs)
by new click based deuteration chemistry and neutron scattering. This project aims to: i) develop
new methodologies to efficiently deuterate sidechains of CPs; ii) understand the role of dynamic
and static disorder of the sidechains on backbone rigidity and how this impacts optical, mechanical
and electronic properties; and iii) formulate design principles for next-generation CPs that are
resilient to disorder through precise control of electronic structure through manipulating backbone
and side chain structure. This project will provide new methodologies to quantitatively measure
chain conformation of CPs, which is vital for further advancements, understanding underlying
structure-function relationships that lead to emerging CPs, discovering new phenomena,
improving device performance, and creating new energy-related technologies.

Recent Progress

In this second report, we performed an in-depth study of the conjugated polymer chain
conformation by combining synthesis, characterization, and modeling. Despite the COVID
situation, the team made the following progress regarding the development of CPs with deuterated
sidechains and characterization of conjugated polymer’s chain conformation or assembly by
solution neutron scattering. Our progress can be viewed in detail in our publications, which
includes ten major publications that benefited from this grant primary funding sources and another
eighteen associated publications with partial support. Here are five highlights of our progress.

Probe conjugated polymers backbone conformation by neutron scattering in contrast
varied solvents. ! Although considerable progress has been made to optimize the optoelectronic
properties of CPs, the rational design of CPs with tailored physical properties for end-use
applications remains a significant challenge. Specifically, experimental characterization of
conjugated polymer backbone conformations remains underexplored due to limited techniques that
are capable of distinguishing the backbone and side-chain structures at nanoscopic resolution. Thus,
relating the electronically functional backbone conformation to the material’s macroscopic
optoelectronic property is an ongoing challenge. We performed small-angle neutron scattering
techniques (SANS) with contrast-variation (CV) experiments on poly(3-alkylthiophenes) (P3ATS)
with  both  deuterated and
protonated side chains in a @ T -
mixture of protonated and
deuterated solvents to decouple % -
the backbone and side-chain [ A\ “1
scattering signals. We obtained ‘ G -
the form factor of P3ATSs’ B 4' %
backbone, side chains, and cross- ‘
scattering term by deconvoluting ‘

their respective scattering signals.

Poly(3-decylthiophene) shows a Figure 1: (a) Contrast matching experiments for polymer in contrast
persistence length of 1.05 + 0.1 varied solvents. (b) The persistence length for P3AT polymers with

. scattering from its backbone, sidechain, and overall chain.
nm for the conjugated polymer

L (nm)

Backbone Sidechain P3DT
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backbone and 2.10 £ 0.2 nm for the entire chain. The strong scattering signal from long and flexible
alkyl side chains leads to a seemingly more rigid conjugated polymer, which is further revealed by
coarse-grained molecular dynamics (CG-MD) simulations. This work offers a methodology to
decouple the scattering contribution from the CPs’ backbone and side chains, thus elucidating the
inherent conformation of the electronically active conjugated backbone, which provides guidance
for the rational design of next-generation polymeric semiconductors.

Effective of chemical building blocks backbone and sidechains on conjugated
polymer. The less studied chain

Molecular structure e

conformation of donor-accepter - e
conjugated polymers (D-A CPs) hinders E— /, S
the fundamental understanding on their e A O S P S
optical and electronic properties. Here, we S bissmy
explore the effect of sidechains and . .. 1. F 3FSED
backbones on chain  conformation % TF - sechsnbrnchpostion :,_ i %
experimentally as well as computationally ; Ly oy
and  optoelectronic  properties  of b I 2 i
diketopyrrolopyrrole (DPP) and isoindigo g -

(IID) based polymers. Using small-angle
neutron scattering (SANS) measurements,

Chain conformation

Accepter structure Donor length

we find that for DPP-based polymers with = %}w 5 Lpls.;;:n
the same side chains the chain rigidity “ 2%y
significantly decreases from 18.5 nm for oIS y,.,w«:w» L thoom

DPP-T-C2C10C12 to 10.0 nm for DPP-
T3-C2C10C12 as the number of thiophene  Figure 2: Combing SANS and MD to study the effect
increases. Chain rigidity of DPP-based  backbone and sidechain structures on chain conformation.
polymers increases with side-chain length,

from 15.7 nm for DPP-T-C2C6C8 to 20.5 nm for DPP-T-C2C12C14. The chain rigidity of 11D-
based polymers increases when moving the branch position farther away to the backbone, from
15.8 nm for 11D-C2C10C10 to 18.6 nm for 1ID-C5C10C10. Using atomistic molecular dynamics
(MD), we further validated the experimental results. This work fills the fundamental gaps in our
knowledge of the most basic relationships between polymer structure and chain conformation.

Effect of molecular weight on the chain conformation and conjugation length. *The
molecular weight effect on chain
conformation was also systematically ¢
evaluated here. There is a knowledge gap
about how the semi-rgid polymer 25 /.,-7' 3_
molecular weight impacts material / t““ 5
properties. Here, a discrete and / R
monodisperse  oligomer series and L )
conjugated polymers were synthesized RN IR 357 us ol e

Monomer Units (77) Monomer Units (1)
by C-H-activated cross-coupling. This Figure 3: (a) Persistence length of conjugate polymer oligomers
S_e”es revea.ls a rOd-FO-COII transition at n and polymer with different numbers of repeating units fitted by a
=15 and coil formf'itlon_ at p0|ymer length  fiexible cylinder model. (b) Contour length (LC)/persistence
scales of ~28 units via solution SANS  |ength (LP) change with repeat units.
characterization. The oxidation states are

deciphered via cyclic voltammetry, differential pulse voltammetry, spectroelectrochemistry, and

m
E

rod-to-coil
transition

Persistence Length (11m)
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density functional theory calculations. Oligomers 3-9 undergo successive one-electron oxidation
steps, while 15 and higher undergo multielectron oxidations per step. Furthermore, oxidized 15
has a lower electronic transition energy compared to its polymer homologue, as shown by
spectroelectrochemistry, revealing a synergy between the chain length and the oxidation state
properties. This study proves that the convergence limit between small molecule and polymer
behavior occurs at approximately 15 units and highlights the property transitions that occur as a
function of chain length for a DA CPs.

Influence of the backbone rigidity on the physical property of CPs.® For the past two
years, the research team also performed in depth understanding of the backbone rigidity on a wide
range of materials property. Specifically, our recent work provide the first holistic approach to
understand the fundamental influence of backbone rigidity on an n-type naphthalene diimide-based
conjugated polymer, through the insertion of a flexible conjugation break spacer (CBS). Solution
SANS and oscillatory shear rheometry (b)
were employed to provide the first
quantitative evidence of conjugation ™ . g |
break spacer influence over conjugated B &p i g I
polymer  chain  rigidity  and 0™ Toauo i
entanglement  molecular  weight, P .
demonstrating a reduction in the Kuhn K( e
length from 521 to 36 A for fully (g ' (d)
conjugated PNDI-CO and PNDI-C6,
respectively. Thermomechanical
properties, such as elastic modulus and
glass-transition  temperature,  were
shown to decrease with an increasing
length of conjugation break spacer. An
extraordinary ductility, upwards of
400% tensile strain before fracture, was Figure 4: (a) PNDI-Cx polymers structure. (b) Illustration of

observed for high-molecular-weight  solution SANS upon insertion of CBS. (c) 1D scattering profile
PNDI-C4. Overall, this work sheds obtained at 25 °C in deuterated chlorobenzene. (d) Kuhn length

light on the important role of backbone dependence on conjugation breaker spacer length as fitted using
rigidity in designing flexible and e flexible cylinder model.
stretchable conjugated polymers.
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Effect of the water/polymer interface on thin film mechanics. Additionally, the research
program assisted in the develop a new thin-film tensile tool that is capable of measuring the thin
film mechanic of sub-10nm polymeric thin film. This work has been granted a US Patent. This
technique is reviewed in our recent review article*. We first discussed the progression of thin-film
mechanical testing methods based on the supporting substrate: film-on-solid substrate method,
film-on-water tensile tests, and water-assisted free-standing tensile tests. By comparing past
studies on a model polymer, polystyrene, the effect of different substrates and confinement effect
on the thin-film mechanics is evaluated. These techniques have generated fruitful scientific
knowledge in the field of organic semiconductors for the understanding of structure—mechanical
property relationships. More recently, we present the shear motion-assisted robust transfer
technique (SMART) for fabricating free-standing sub-100 nm films and measuring their inherent
structural-mechanical properties®. This unique tool allowed us to compare thin-film mechanics for
freestanding film and water-supported film, exploring two phenomena: 1) The influence of
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confinement on mechanics and 2) the role of water on the mechanical properties of hydrophobic
films. Upon confinement, polymer thin films exhibit increased strain at failure, and reduced yield
stress, while modulus is reduced only for the thinnest 19 nm film. Water measurements
demonstrate subtle differences in mechanics which we elucidate using neutron reflectometry.

Overall, our work demonstrated that the backbone of the conjugated polymers plays an
important role in their physical and optoelectronic property. We propose additional works to
further our understanding and control the conjugated polymer’s backbone rigidity to further
enhance optoelectronic properties.

Future Plans

1) We plan to use non-covalent interactions to impose additional chain conformational
constraints to promote rigid and torsion-free backbone conformation. This will be achieved
through new material synthesis, solution-phase neutron scattering, and molecular dynamics
simulation to understand, predict, and control chain conformation for single-chain CPs. This aim
is built upon our previous work toward understanding backbone rigidity for D-A CPs in the
solution state. In our previous program, we systematically investigated the influence of backbone
moieties and sidechain length on the chain rigidity of P3ATs and D-A CPs. The next step is to
utilize the non-covalent interactions to further modulate the solution chain conformation. Different
non-covalent interactions will be engineered into conjugated polymer backbones and use this
interaction to promote chain rigidity and planarity.

2) We will also study the effect of the rigidity of polymer backbones on their physical,
optical, and electronic property. We plan to perform solution-based spectroscopy (UV-vis and
fluorescence spectroscopy) on previous synthesis CPs with or without deuterated sidechains. We
expect the rigidity of the polymer backbone would have an impact on their conjugated length and
optical property. We will study the temperature-dependent chain conformation to understand the
ability to make polymers that are robust to thermal disorder. One interesting question we had is
how does deuteration impact the physical property of conjugated polymers.

3) Understanding the correlation between the solution phase and solid film is critical for
material development and processing and has excited great interest in the organic electronic
community. Along this line, we have successfully investigated the solution assembly of conjugated
polymers. Moving forward, we plan to use the unique capabilities of neutron and deuteration
chemistry to facilitate the study of the structure and dynamics of CPs in the solid bulk states. We
will study the chain conformation for polymer in the melt state for obtaining a single chain
conformation and compare it with the property in solution state.
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Understanding the role of polymer topology on molecular deformation and scission
under extreme shear using in situ neutron scattering
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Program Scope

Engineered polymers for energy production, efficiency, and recycling/upcycling can
experience extreme deformation rates that break chemical bonds along the polymer backbone,
leading to mechanical degradation and compromised performance. Modern approaches to
engineer this behavior involve the design of topologically complex polymers including branched
and star-like architectures. However, previously established relationships between topology and
extreme shear rheology of polymers have remained largely empirical due to a lack of methods to
characterize fluid and molecular microstructure in extreme flows. The proposed research aims to
fill this gap by developing mechanistic, molecular-scale understanding for how topology affects
polymer deformation at very high shear rates, and how this deformation drives the breakage of
chemical bonds along the polymer. This will be achieved through in situ small angle neutron
scattering (SANS) measurements and parameter-matched molecular simulations and scattering
models that can resolve single-molecule deformations of polymers at extreme shear rates, which
will be applied to families of topologically complex polymers where synthetic control will be
used to understand how the type and degree of branching on a polymer influence the distribution
of molecular deformation and tension at extreme shear rates. Results will be combined with
theories for the chemical kinetics of chemical bond scission under tension to generate an in silico
model to predict the mechanical degradation of polymers observed in ex situ experiments.
Ultimately, these studies will provide guidelines for engineering polymers to enhance
mechanical stability, or conversely to engineer flows that direct the mechanical degradation of
polymers for targeted materials properties and applications. This project critically leverages a
recently developed in situ neutron scattering technique for SANS in high shear rate flows, called
capillary rheo-SANS, which will be disseminated to the national neutron scattering community
through established collaborations with beam scientists at neutron sources.

Recent Progress

In the previous reporting period, we developed expertise with in situ characterization of
polymer deformation by leveraging a novel capillary device developed by scientists at NCNR to
perform rheo-SANS experiments at shear rates of 10° s and higher.[1] Experiments to
investigate the role of topology at fixed polymer relaxation time are planned, but have been
postponed due to delayed re-establishment of in-person experiments at ORNL (due to the
COVID-19 pandemic) and NCNR (due to the fuel leak in early 2021). As a result, we have
redirected efforts in the current period toward simulation and modeling of scattering from
deformed polymers in shear flow in order to have a validated modeling workflow in place for
capillary rheo-SANS experiments when they become available.

Adapting and optimizing molecular simulations of polymers at high deformation rates for
comparison to scattering measurements. We have implemented Brownian dynamics (BD)
simulations to compute the conformations and dynamics in flow of (initially linear) deformed
polymers. The model takes the form of a coarse-grained bead-spring chain in which only a few
locations on the polymer are explicitly tracked (Figure 1a). The solvent is treated implicitly in
terms of the impact on the polymer conformations in flow, as well as through excluded volume
interactions (EV). Validations of the simulation have been performed. The two most important
features for connection with experimental measurements are the nonlinear elasticity due to finite
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extensibility (FENE) of the polymers and hydrodynamic interactions (HI) between polymer
segments through the suspending solvent. Both of these effects cause the behavior to deviate
from simple analytical (Gaussian) approximations.

Using these simulations we have computed how polymer conformations are distorted at
high shear rates (Figure 1b). We have done this at a range of levels of coarse-graining, i.e. how
much detail is explicitly tracked versus averaged. This allows us to determine the optimal
balance between speed and accuracy of the simulations. In analyzing the conformations, we have
focused on understanding when the assumptions used in interpreting scattering experiments are
valid and when the assumptions are not. The output of the simulations include measurement of
the probability distribution function (PDF) of displacements between beads i and j, (y;;(r)). In
this way, the simulations can be used as inputs to a forward scattering analysis and as a way of
testing inverse scattering analysis.
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Figure 1. (a) Cartoon of a FENE bead-spring chain with N = 5 beads. (b) Representative result for the 2-bead PDF
of a FENE chain with N = 5 beads including EV and HI at Wi = 10, projected into the x-y (flow-gradient) plane. The
shape of the PDF indicates that the chain is highly stretched in the flow-direction.

Developing model-independent forward and inverse scattering analysis to extract measures of
polymer deformation in flow. The BD simulations were used to develop and validate a model-
independent tool to obtain molecular descriptors of deformed polymers in flow from rheo-SANS
data. Such an approach is valuable for our purposes, as it is agnostic to the topology of the
polymer chain. Previous model-free approaches to analyze scattering from deformed polymers,
such as the spherical harmonics approach,[2] assume that deformed chains remain Gaussian in
conformation; this assumption is invalid for high shear rate flows of non-Hookean chains. Our
analysis aims to overcome this limitation by analyzing scattering from the entire segment density
distribution. The analysis scheme has two parts: a forward problem, in which two-dimensional
SANS patterns are predicted from a known ensemble of molecular configurations (from
simulation); and an inverse problem, in which various parameterizations of the PDF are extracted
from a 2D scattering pattern, such as components of the gyration tensor, @ = (R4R).

The forward scheme was implemented for calculating SANS patterns either from the full,
discretized PDF of bead separations, or from the ensemble-averaged gyration tensor components
(depending on the simulation output), and was validated comparisons between simulations on an
N = 5 bead-spring Hookean chain and the corresponding analytical result for a Gaussian chain at
equilibrium. The inverse scheme was validated for estimation of gyration tensor components for
a number of simulated chains in flow, including Hookean chains, FENE chains w/o HI, and
FENE w/ HI with N = 2 and 5, at Weissenberg numbers ranging from near equilibrium (Wi =
0.1) to strongly deformed (Wi = 10). Analysis of the predicted scattering in the gx«-qy (flow-
gradient) plane (Figure 2a). Validation was achieved by comparing estimations of the non-zero
components of the gyration tensor (Qxx, Qy, Qz, Qxy) extracted via the inverse method in the
low-q limit with those obtained directly from simulation, which produces quantitative agreement
to within numerical precision (Figure 2b). Importantly, the non-Gaussian nature of the bead
PDF is evident for sufficiently high Wi due to the non-Gaussian signatures of the FENE springs,
highlighting the need for an approach that directly expresses the scattering in terms of the PDF.
Ongoing efforts are focused on extending the inverse method to extract higher-order moments of
the PDF from higher-q scattering data, as will be described below.

81



(b)1301

0 0.2 0.4 0.6 0.8 1 1.2 1.4

¢ [472)

0.05

0.05 5 p— ’ (b) 0
0.04 :
0.05 FIRRE R;lm =4.994 nm
0.03
. ) R3¢t = 4,964 nm
0.02 ™., 0.2 g
0.01 /@
> 03
0 {018 -
002 s 0.5 o,
003 .."o...
a 0.6 e
0.04 H
Wi =3
005 03 0.7 - - - . - .
-0.05 0 0.05
ay [A7]

ay [A~]
Figure 2. (a) 2D SANS patterns in the flow (y)-gradient (x) plane calculated using (;; (1)) of polymers in flow for
Wi = 0.1 (left) and Wi = 3 (right). (b) Guinier plot for Wi = 0.1. Inset demonstrates quantitative agreement between
the radius of gyration obtained directly from the BD simulations (R5"™) and from the calculated scattering (R5°*‘*).
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Figure 3. (a) Schematic diagram of the TCCR model for scattering of polymers in flow. (b) 1D SANS predictions
of the TCCR model at equilibrium (A = 0) for chains with increasing number of rods, N. Power law slopes of -1 and
-5/3 represent those predicted for rigid rods and excluded volume chains, respectively. (c) 2D SANS patterns for
wormlike micelles measured using rheo-SANS experiments (top) and predicted by a form of the TCCR model with
polydisperse chain length (bottom) for the best-fit values of A indicated.
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Developing a connected-rod scattering model for (semi)flexible polymers in flow. Our first
attempts at t modeling the higher-q scattering of deformed chains have involved a
thermodynamically-consistent connected rod (TCCR) scattering model for flexible and semi-
flexible chains. The initial model formulation involves predictions of the scattering from a linear
chain of N (Figure 3a). Importantly, although the primitive chain is assumed to be freely-jointed
(i.e., no orientational correlations between adjacent rods), the orientation distribution of rods is
chosen such that the propagation of orientation along the connected rod-chain is consistent with
the overall stretch and orientation of the end-to-end vector of the chain. To achieve this, we
incorporated an approach previously developed by Underhill and co-workers,[3] in which the
segment orientation distribution is subject to an effective force, whose magnitude is chosen to be
thermodynamically consistent with the force required to stretch the contour of the chain using a
Boltzmann inversion scheme. The advantages of using a thermodynamically-consistent
formulation of the model are that it automatically produces the correct components of Q, and that
the non-equilibrium configuration of the chain is described by a adjustable parameter, the
fractional chain extension A; as such, the TCCR model can be integrated seamlessly with
molecular simulation and the model-independent scattering analyses just presented.

The TCCR model was validated through comparison to both analytical theory and
experimental data. In the former case, equilibrium predictions of the TCCR model at equilibrium
(A = 0) were compared to analytical results for the scattering of various chain models (Figure
3b) depending on the relative magnitudes of the persistence length, Iy, and the contour length, L.
We find that, as N is increased, the predicted shape of the scattering changes from that expected
for a rigid rod, to a semi-flexible chain with 2I, / Lc < N, and ultimately to a flexible excluded
volume chain with 21, / Lc << N (N > 10). In the latter case, anisotropic scattering predictions of
the TCCR model in flow were validated by comparing a formulation of the model with
polydisperse chain length to experimental rheo-SANS data on a model wormlike micellar
surfactant solution whose equilibrium structure was previously characterized,[4] such that all
model parameters were independently measured and held fixed except for A, which was allowed
to vary to fit the observed scattering anisotropy. The results of the model (Figure 3c) show near
quantitative agreement with the measured scattering, with a shear-rate dependence of A that is
consistent with previous observations on semi-flexible polymers in shear flow.

Future Plans

With the various pieces of the combined molecular simulation/scattering modeling framework in
place, we will work to integrate these pieces into a fully functioning tool for forward and inverse
scattering from across the entire g-range. To achieve this will require mapping of the BD
simulation parameters onto the parameters of the TCCR model, as well as integration of the
TCCR model of our recently-developed Bayesian approach to the inverse problem, maximum a
posteriori scattering inference (MAPSI),[5] in order to extract chain configuration parameters
from scattering data In anticipation of the re-establishment of in-person user experiments at
ORNL and NCNR in the coming year, we have submitted user proposals for SANS experiments
with the capillary rheo-SANS device aimed at validating our new modeling framework on a
series of high-molecular weight linear polymers. This will complete the studies described above,
and the results will provide, to our knowledge, the first complete integration of experiment,
molecular simulation and scattering models to describe the deformation of flowing polymers.

We will then extend this integrated approach to the study of high-shear deformation of
nonlinear chain topologies. In experiment, this will be achieved by synthesis and capillary rheo-
SANS experiments on a library of topology-defined polymers with equivalent longest relaxation
time to probe influence of nonlinear topology on global/local chain deformation at equivalent
Wi. In simulation and scattering modeling, this will require extension of the BD simulations and
the TCCR model to nonlinear topologies, resulting in a framework that allows branching to be
incorporated into the description of the chain and its various parameterizations under
deformation.
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Novel quantum phenomena in geometrically frustrated magnets near the
metal-insulator phase boundary

Xianglin Ke, Department of Physics and Astronomy, Michigan State University, M1 48824

Program Scope

Geometric frustration, which arises from the competing interactions between magnetic
ions placed on regular lattice sites, can often lead to a large degeneracy of spin states, giving rise
to a rich variety of unconventional magnetic phases. To date, most of the research on frustrated
magnets has focused on insulating materials, whose ground state properties are mainly
determined by short-range interactions between localized spins. In contrast, fewer studies have
been performed on metallic frustrated magnets, particularly on geometrically frustrated magnets
in close proximity to a metal-insulator transition, i.e., proximate itinerant frustrated magnets.
The primary objective of this proposal is to study novel quantum phenomena in geometrically
frustrated magnets near the metal-insulator phase boundary and understand how the interplay and
cooperation between electron itinerancy and magnetic frustration determines materials’ physical
properties.

Recent Progress

Since this program was awarded in September 2018, we have been investigating various
frustrated magnetic systems as described below.

A. Ruthenates and other frustrated magnets. The electron and magnetic correlation of d
and f electrons has been a core research topic in condensed matter physics. In ruthenates,
ruthenium ions possess extended 4d orbitals with reduced electron Coulomb repulsion energy
and enhanced orbital hybridization, providing a character intermediate between localized and
itinerant orbitals. This, combined with the large crystal electric field, strong spin-lattice coupling,
and the non-negligible spin-orbit coupling of ruthenium ions, enables ruthenates to display a
multitude of interesting electronic and magnetic properties. We have demonstrated complex
magnetism in BasRu3O12, a compound consisting of isolated RuzO12 trimers [1]. We showed that
this system develops long-range antiferromagnetic ordering at Tn ~ 60 K without structural
distortion or metal-insulator transition, which is in sharp contrast to other Barium Ruthenate
trimer systems such as 9R-BaRuOz and Ba;sRuszO10. A complex magnetic structure was revealed
which was attributed to different degree of hybridization (localization) of Ru-atoms and strong
spin-frustration in this system. We have also studied the important role of interactions between
4d and 4f electrons of Ru ions and rare earth ions (R) in BasRRu20g system which exhibits large
magnetodielectric coupling [2]. In particular, we showed that the strong Ru(4d) - Ho(4f)
coupling leads to cooperative magnetic ordering in multiferroic BasHoRu.Oo. At low
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temperature a phase coexistence was observed and a complex spin structure was solved that may
be responsible for the ferroelectric polarization observed in this system [3].

We have also studied the magnetic competition in GeNi2Os [4] and y-FexWOe [5]
systems. GeNi,O4 is a spinel compound where the magnetic Ni ions occupy on a pyrochlore
lattice and give rise to strong magnetic frustration. We have established a T-H phase diagram
where a new magnetic phase is revealed in the presence of magnetic field applied along the [111]
direction. This new phase is associated with field-induced spin-reorientation, resulting from the
synergetic effect of magnetic anisotropy, Zeeman interaction, and competing exchange
interactions. And Fe,WOs has been of significant interest recently for its photocatalytic activity
and possible uses in photoelectrochemical devices. We found that the magnetic ground state of y-
FeaWOse exhibits two coexisting phases which are sensitive to the structural distortion.
Furthermore, our first-principles calculations showed that these two magnetic phases are
correlated with electronic properties, with one being insulating and the other being metallic.
These features suggest that y-Fe,WQOs exhibits competing energetic states in which spin, charge,
and lattice degrees of freedom are strongly coupled to each other.

B. Quasi-1D spin chains. We have a unique quasi-1D compound Cuz(OH)sBr in which
Cu?" ions with S = 1/2 form a quasi-2D distorted triangular lattice. Despite the quasi-2D
triangular lattice of Cu?* ions, very interestingly we find that the local coordinates of Cu ions
relative to Br ions, combined with the magnetic frustration resulting from the triangular lattice
geometry, leads to quasi-1D nature of magnetic exchange interaction between Cu ions. In
another words, this system can be effectively treated as a unique quantum antiferromagnet
consisting of weakly coupled, alternating ferromagnetic and antiferromagnetic S = 1/2 chains, as
illustrated in Fig 1(a). As a result, this system exhibits the coexistence of two different magnetic
quasi-particles, i.e., magons and spinons associated with ferromagnetic chains and
antiferromagnetic chains respectively. These two magnetic quasi-particles interact with each
other via the weak interchain coupling, opening spin gaps and inducing spectral asymmetry in
the magnetic excitations (Fig. 1(b)). This study presents a new toy model which opens an
unexplored paradigm where one can study the interaction between two different types of
magnetic quasiparticles, magnons and spinons [6].

(a) Figure 1. (a) Schematics of spin

structure of Cu2+ ions and the
relevant exchange interactions in the
system, showing alternating
ferromagnetic and antiferromagnetic
quasi-1D chains. (b) Magnetic
excitation spectra of Cu,(OH)_Br and

the comparison to linear spin-wave
calculations. The lower-energy
branches are associated with wave
fittings. ferromagnetic chains (denoted by green line) while the higher-energy branches are
associated with antiferromagnetic chains (blue lines). The white curves are linear spin
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C. Topological properties in metallic frustrated systems. We have extended our research
to metallic frustrated systems, in which the integration of magnetism and nontrivial band
topology (induced by the lattice geometry) can lead to exotic quantum phenomena. Rare earth
half-Heuslers LnPtBi have been proposed to be candidates of topological materials. We show
that DyPtBi hosts a delicate balance between two different magnetic ground states, which can be
controlled by a moderate magnetic field [7]. Furthermore, it exhibits giant anomalous Hall effect
(64 =1540 Q71 em™1, 0,4 = 24 %) in a field-induced Type-1 spin structure (Figure 2),
presumably attributed to the enhanced Berry curvature associated with avoided band-crossings
near the Fermi energy and / or non-zero spin chirality. The latter mechanism points DyPtBi
towards a rare potential realization of anomalous Hall effect in an antiferromagnet with face-
center-cubic lattice.

We have also investigated magnetic and electronic properties of metallic systems with
Kagome lattice, including FeszSnz [8] and YMnsSne [9]. In addition to the potential magnetic
frustration associated with the Kagome lattice structure, the intrinsic spin-orbit coupling
associated with the lattice gives rise to artificial magnetic flux and opens the bandgap on the
Dirac points, resulting in nontrivial electronic bands. For instance, we have showed that the
magnetic ground state of YMneSnsxGax (0 < x <0.61) evolves from incommensurate
antiferromagnet to ferromagnet with increasing Ga substitution x, a feature which is
accompanied by the decrease in magnetoresistance. Furthermore, the topological Hall effect
observed in the pristine compound is absent in the Ga-substituted ones; instead, the anomalous
Hall effect persists which may be associated with the Berry curvature of gapped Dirac bands
near the Fermi energy. These results suggest strong correlation between electronic properties and
magnetism in this topological magnet that can be readily tuned via Ga substitution.

Figure 2. (a) Crystal structure of DyPtBi. (b)
Field dependence of magnetization and
neutron diffraction intensity of magnetic
Bragg peaks showing the field-induced
magnetic phase transitions. (c) Anomalous

o Hall conductivity as a function of temperature

o T and magnetic field. (d) Anomalous Hall angle
measured above and below Th.

Future Plans

Our initial studies of metallic frustrated systems discussed above have shown that
magnetism and topological electronic properties intertwine each other. In the future we will
study the effect of lattice geometry on magnetism and topological electronic properties and the
application of topological concept to magnetism.
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Role of Organic Cations in Organic-Inorganic Perovskite Solar Cells
Seung-Hun Lee (PI) and Joshua J. Choi (Co-PI)
University of Virginia
Program Scope

Hybrid organic-inorganic perovskites (HOIPs) are among the most promising next generation solar
cell materials.> 2 HOIPs are unique in that they combine low-cost solution processability with
superb electronic quality that is comparable to, or surpasses, that of the state-of-the-art epitaxial
grown semiconductors. Moreover, the crystal structure and optoelectronic properties of HOIPs are
widely tunable by using different organic molecules and inorganic components.®

In this program, the structure and properties of HOIPs are investigated at multiple length
scales to achieve a full understanding of the microscopic mechanism of the photovoltaic effect.
Specifically, this research program is testing the hypothesis that the structure and dynamics of
organic cations and their associated electric multipoles cause screening and protection of charge
carriers which results in long carrier lifetime and high solar cell efficiency. The experimental
approach is to employ several complimentary techniques that can probe from atomic to
macroscopic properties: molecular structure and dynamics at the microscopic level, charge
recombination at the mesoscopic level, and the solar cell efficiency at the macroscopic level.
Neutron diffraction and time-of-flight neutron scattering spectroscopy are used to characterize
the structure and rotational and vibrational dynamics. Optical spectroscopy, electrical transport
measurements and solar cell fabrication and testing are employed to determine the impact of
organic cations on the bulk properties and photovoltaic performance of the three- and two-
dimensional HOIPs.

Recent Progress

We performed time-of-flight (TOF) inelastic neutron scattering (INS) experiments and first-
principles density-functional theory (DFT) calculations to investigate the lattice vibrations in
three-dimensional MAPbIz (methylammonium lead iodide, MA"™ = CHsNHs") and two-
dimensional (BA)2Pbls (butylammonium lead iodide, BA* = CH3(CH2)sNH3z*). The detailed
results, such as their time-of-flight neutron scattering data, vibrational energy fractions, and
energies and animations of phonon modes, are available for researchers in our website:
https://discovery.phys.virginia.edu/research/groups/nextlab/research.html

Our TOF neutron data as a function of temperature indicate that optical phonons lose temporal
coherence gradually with increasing temperature in both three-dimensional and two-dimensional
systems, which is due to the fact that they are ionic crystals. We have also performed low energy
TOF neutron scattering experiments on (BA)2Pbls to investigate the rotational dynamics of BA
molecule as a function of temperature. Our detailed analysis on vibrational and rotational dynamics
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HOIPs.

Future Plans

In order to investigate the relationship between the rotational dynamics of organic molecule and
photoelectronic properties, we plan to study two-dimensional (2D) HOIPs with different organic
molecules, such as (PEA)2Pbls (phenethyl-ammonium lead iodide, PEA* = CsHs(CH2)2NH3").
PEA molecule has a benzene at one end, and thus its rotational dynamics is expected to be very
limited, compared to (BA)2Pbls that does not have benzene. By analyzing vibrational as well as
rotational dynamics in detail using neutron scattering, DFT calculations, and point group theory
analysis, we will determine the rotational and vibrational contributions in the neutron signal, and
compare them with the photoelectronic properties of (PEA).Pbls. We will also perform muon
scattering measurements on both (PEA).Pbls and (PEA).Pbl..

References

1. E. H. Jung et al., Efficient, stable and scalable perovskite solar cells using poly (3-
hexylthiophene). Nature 567, 511 (2019)

2. Brenner, T. M., Egger, D. A., Kronik, L., Hodes, G. and Cahen, D. Hybrid organic—
inorganic perovskites: low-cost semiconductors with intriguing charge-transport
properties. Nature Reviews Materials 1, 15007 (2016).

3. Chen, T., Chen, W.-L., Foley, B. J., Lee, J., Ruff, J. P. C., Ko, J. Y. P.,, Brown, C. M.,
Harriger, L. W., Zhang, D., Park, C., Yoon, M., Chang, Y.-M., Choi, J. J. and Lee, S.-H.
Origin of long lifetime of band-edge charge carriers in organic—inorganic lead iodide
perovskites. PNAS 114, 7519-7524 (2017).

90



4. Chen, T., Foley, B. J., Park, C., Brown, C. M., Harriger, L. W., Lee, J., Ruff, J., Yoon, M.,

Choi, J. J. and Lee, S.-H. Entropy-driven structural transition and Kkinetic trapping in
formamidinium lead iodide perovskite. Science Advances 2, e1601650 (2016)

Publications

1.

Organic Molecular Dynamics and Charge-carrier Lifetime in Lead lodide Perovskite
MAPDI3, A. Koda, H. Okabe, M. Hiraishi, R. Kadono, K. A. Dagnall, J. J. Choi, S.-H. Lee,
Proc. Natl. Acad. Sci., under revision (2021).

Freezing of a disorder induced spin liquid with strong quantum fluctuations, X. Hu, D. M.
Pajerowski, D. Zhang, A. A. Podlesnyak, Y. Qiu, Q. Huang, H. Zhou, I. Klich, A. 1.
Kolesnikov, M. B. Stone, S.-H. Lee, Phys. Rev. Lett. 127, 017201 (2021).

Temporally decoherent and spatially coherent vibrations in metal halide perovskites, D.
Zhang, M. Kofu, W.-L. Chen, A. Z. Chen, M. Yoon, C. M. Raghavan, T.-P. Chen, D. L.
Abernathy, B. J. Foley, C. M. Brown, G. Xu, L. W. Harriger, R. Kajimoto, M. Nakamura,
S. Ohira-Kawamura, C.-W. Chen, Y.-M. Chang, J. J. Choi, S.-H. Lee, Phys. Rev. B 102,
224310 (2020).

Ultralow thermal conductivity of two-dimensional metal halide perovskites, A. Giri, A. Z.
Chen, A. Mattoni, K. Aryana, D. Zhang, X. Hu, S.-H. Lee, J. J. Choi, and P. HopkKins,
Nano Letters 20, 3331-3337 (2020).

Relationship between the Nature of Monovalent Cations and Charge Recombination in
Metal Halide Perovskites, K. A. Dagnall, B. J. Foley, S. A. Cuthriell, M. R. Alpert, X.
Deng, A. Z. Chen, Z. Sun, M. C. Gupta, K. Xiao, S.-H. Lee, Y.-Z. Ma, J. J. Choi, ACS
Applied Energy Materials 3, 1298-1304 (2020).

Crystal structure and rotational dynamics of a two-dimensional metal halide perovskite
(OA)2PDbl4, X. Hu, D. Zhang, A. Z. Chen, E. N. Holmgren, Q. Zhang, D. M. Pajerowski,
M. Yoon, G. Xu, J. J. Choi, S.-H. Lee, J. Chem. Phys. 152, 014703 (2020).

91



Scattering and Spectroscopic Studies of Quantum Materials

Young Lee (Stanford University and SLAC National Accelerator Laboratory)
Hongchen Jiang (SLAC National Accelerator Laboratory

Jiajia Wen (SLAC National Accelerator Laboratory)

Program Scope

We focus on studying quantum materials with a comprehensive effort involving crystal growth,
sample characterization, neutron and x-ray scattering, and theory. A primary goal is to synthesize
and measure materials with unusual quantum properties, such as quantum spin liquids which have
highly entangled ground states. Such states may be relevant to our understanding of high-
temperature superconductivity and has possible applications in quantum information. New
synthesis techniques for growing high quality single crystals are developed, and the unique crystals
serve as the basis for detailed inelastic neutron scattering and resonant x-ray scattering experiments
of the excitation spectrum. We aim to expand the base of spin liquid compounds and associated
experimental signatures and compare with theoretical predictions based on realistic Hamiltonians.
In addition, we will study the effects of disorder on the quantum ground states, including
intertwined spin and charge order in unconventional superconductors and quantum spin liquids.

Recent Progress

We performed comprehensive studies of several quantum spin liquid compounds, involving both
experiment and theory. In barlowite (the parent compound of the Zn-barowite QSL), magnetic
neutron scattering indicates a magnetically ordered ground state, and our numerical studies show
the stability of a nearby valence bond crystal state that is competitive in energy.[1] The barlowite
family appears to intertwine aspects of both valence bond crystal order and spin order, indicating
that these states are closely competitive with the quantum spin liquid phase, see Figure 1.
Surprisingly, even with only 50% Zn-substitution, the compound exhibits spin liquid behavior,
attesting to the robustness of the QSL on the kagome layers. Moreover, we performed the first
resonant inelastic x-ray scattering (RIXS) measurements on new quantum spin liquid (QSL)
materials.[2] Using single crystal samples of Zn-barlowite and barlowite, we measured spin
excitations which persist to energies as high as 14 times the magnetic exchange energy scale. This
is the first indication of significant scattering from multiple pairs of spinons (or spinon-antispinon)
in the kagome QSL. The high energy spectrum in barlowite is found to have similar features as
that in Zn-barlowite indicating that spinon-based scattering can dominate at high energies even if
magnetic order occurs at low temperatures.
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the structural environment around the impurities, which is crucial information to interpret the low
energy physics of the ground state. With this structural information, we can better understand the
magnetic properties. We investigated how the spin-gaps in the kagome QSL materials Zn-
barlowite and herbertsmithite are formed upon cooling into the ground state.[4] Using NMR
techniques, we discovered that the spin gap is spatially inhomogeneous, likely a result of the small
number of excess Cu impurities in between the kagome layers. The evidence confirming a spin
gap in the bulk material is key in classifying the QSL ground state.

We performed neutron scattering measurements of the spin correlations in superconducting
La1.8sSro.12CuO4. We determined that both the static and dynamic stripes are tilted by about 3
degrees with respect to the underlying crystallographic axes. We simultaneously performed
density matrix renormalization group (DMRG) calculations which show that the anisotopy of the
hopping term t' is important to describe the stripe state in this high-T¢ superconductor. [5] We
have also used x-ray scattering measurements to better understand the charge density wave (CDW)
order in La>,xSrxCuOs superconductors. This involved measurements at the LCLS using a high-
field pulsed magnet. These results suggest the simultaneous presence of two types of CDW in the
samples, on strongly intertwined with the superconductivity and one strongly intertwined with the
spin density waves. We find that short-range CDW correlations are compatible with local
superconducting pairing.

We studied the lightly doped Kitaev QSL on the honeycomb lattice within the t-J, model using
DMRG. Upon light doping, we find that the ground state of the system has quasi-long-range
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charge-density-wave correlations coexisting with superconducting correlations which oscillate in
sign. [6] Although these correlations fall rapidly at long distances, this is never-the-less the first
example where a pair-density wave is the leading instability in the pairing channel on the
honeycomb lattice. Our results may be relevant to Na2IrOs and a-RuClz upon doping. We have
also performed DMRG studies of square lattice t—J model with small hole doping. We include
frustration in the form of a second-neighbor exchange coupling such that the undoped parent state
is a QSL. In contrast to the relatively short-range superconducting correlations that have been
observed in the absence of frustration, the doped QSL has stronger power-law SC correlations. [7]
Additionally we addressed the nature of an enigmatic gapless paramagnetic phase in the
antiferromagnetic Kitaev model, under an intermediate magnetic field perpendicular to the plane.
Combining theoretical and numerical efforts, we identify this gapless phase as a U(1) quantum
spin liquid with spinon Fermi surfaces. [8] We also revealed the nature of continuous quantum
phase transitions involving this U(1) quantum spin liquid, and obtain a phase diagram of the Kitaev
model as a function of bond anisotropy and perpendicular magnetic field.

Future Plans

We will investigate the spin excitations in the kagome QSL materials (including our new Zn-
barlowite single crystals) with neutron scattering in high magnetic fields (up to 14 Tesla). We will
focus on changes to the low-energy kagome spin fluctuations as the spin-gap is closed with fields
above ~10 Tesla, which is indicative of a quantum phase transition. We will perform DMRG
calculations of the spin Hamiltonian in high fields to support the analysis of the data. We will also
perform DMRG calculations on the QSL states found on the triangular lattice and the honeycomb
lattice (Kitaev model). In these cases, we will investigate how longer-range magnetic or hopping
interactions affect the QSL, and whether doping with holes can give rise to superconducting
correlations.

We try to better understand the nematic phase transition in Tmi.xYxVOa using neutron scattering
data. We will investigate whether the doped system shows stronger effects of quantum critical
fluctuations near the critical point, and we will model the diffuse scattering. We will further
investigate the charge density wave (CDW) correlations in the cuprate superconductors in high
magnetic fields, using pulsed fields at the LCLS. We will compare samples which have the low
temperature orthorhombic and the low temperature tetragonal structures to better understand the
intriguing relationship between the CDW and the superconductivity. In parallel, DMRG
calculations in high fields will be performed to compare with the experiments.

References

1. Materializing rival ground states in the barlowite family of kagome magnets: quantum
spin liquid, spin ordered, and valence bond crystal states, R. W. Smaha, W. He, J. M.
Jiang, J. Wen, Y .-F. Jiang, J. P. Sheckelton, C. J. Titus, S. G. Wang, Y.-S. Chen, S. J. Teat,
A. A. Aczel, Y. Zhao, G. Xu, J. W. Lynn, H.-C. Jiang, Y.S. Lee, npj Quantum Mater., 5, 23
(2020).

94



2. High energy spin excitations in the quantum spin liquid candidate Zn-barlowite probed
by resonant inelastic x-ray scattering, Rebecca W. Smaha, Jonathan Pelliciari, Ignace
Jarrige, Valentina Bisogni, Aaron T. Breidenbach, Jack Mingde Jiang, Jiajia Wen, Hong-
Chen Jiang, and Young S. Lee, arXiv:2108.11506, submitted.

3. Site-specific structure at multiple length scales in kagome quantum spin liquid
candidates, R.W. Smaha, I. Boukahil, C. J. Titus, J. M. Jiang, J. P. Sheckelton, W. He, J.-J.
Wen, J. Vinson, S. G. Wang, Y.-S. Chen, S. J. Teat, T. P. Devereaux, C. D. Pemmaraju, and
Y. S. Lee, Phys. Rev. Materials, 4, 124406 (2020).

4. Emergence of spin singlets with inhomogeneous gaps in the kagome lattice Heisenberg
antiferromagnets Zn-barlowite and herbertsmithite, Jiaming Wang, Weishi Yuan, Philip
M. Singer, Rebecca W. Smaha, Wei He, Jiajia Wen, Young S. Lee, and Takashi Imai, Nature
Physics (2021), https://doi.org/10.1038/s41567-021-01310-3.

5. Prevalence of tilted stripes in La1gsSr0.12CuO4 and the importance of t* in the
Hamiltonian, W. He, J.-J. Wen, H.-C. Jiang G. Xu, W. Tian, T. Taniguchi, Y. Ikeda, M.
Fujita, and Y. S. Lee, arXiv:2107.10264, submitted.

6. Precursor of pair-density wave in doping Kitaev spin liquid on the honeycomb lattice,
Cheng Peng, Yi-Fan Jiang, Thomas P. Devereaux, Hong-Chen Jiang, npj Quantum
Mater. 6, 64 (2021).

7. High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid, Hong-
Chen Jiang and Steven A. Kivelson, Phys. Rev. Lett. 127, 097002 (2021).

8. Field-induced quantum spin liquid in the Kitaev-Heisenberg model and its relation
to a-RuCls, Yi-Fan Jiang, Thomas P. Devereaux, Hong-Chen Jiang, Phys. Rev. B 100,
165123 (2019).

Publications

1. Observation of two types of charge-density-wave orders in superconducting Lax-
xSrkCuOs, J.J. Wen, H. Huang, S.-J. Lee, H. Jang, J. Knight, Y. S. Lee, M. Fujita, K. M.
Suzuki, S. Asano, S. A. Kivelson, C.-C. Kao, J.-S. Lee, Nature Communications 10, 3269
(2019).

2. Field-induced quantum spin liquid in the Kitaev-Heisenberg model and its relation
to a-RuCls, Yi-Fan Jiang, Thomas P. Devereaux, Hong-Chen Jiang, Phys. Rev. B 100,
165123 (2019).

3. Materializing rival ground states in the barlowite family of kagome magnets: quantum
spin liquid, spin ordered, and valence bond crystal states, R. W. Smaha, W. He, J. M.
Jiang, J. Wen, Y.-F. Jiang, J. P. Sheckelton, C. J. Titus, S. G. Wang, Y.-S. Chen, S. J. Teat,
A. A. Aczel, Y. Zhao, G. Xu, J. W. Lynn, H.-C. Jiang, Y.S. Lee, npj Quantum Mater., 5, 23
(2020).

4. Site-specific structure at multiple length scales in kagome quantum spin liquid
candidates, R.W. Smaha, I. Boukabhil, C. J. Titus, J. M. Jiang, J. P. Sheckelton, W. He, J.-J.

95



10.

11.

12.

13.

14.

15.

16.

Wen, J. Vinson, S. G. Wang, Y.-S. Chen, S. J. Teat, T. P. Devereaux, C. D. Pemmaraju, and
Y. S. Lee, Phys. Rev. Materials, 4, 124406 (2020).

Doping Quantum Spin Liquids on the Kagome Lattice, Cheng Peng, Yi-Fan Jiang, Dong-
Ning Sheng, and Hong-Chen Jiang, Adv. Quantum Technol. 2000126 (2021).

Precursor of pair-density wave in doping Kitaev spin liquid on the honeycomb lattice,
Cheng Peng, Yi-Fan Jiang, Thomas P. Devereaux, Hong-Chen Jiang, npj Quantum
Mater. 6, 64 (2021).

Emergence of spin singlets with inhomogeneous gaps in the kagome lattice Heisenberg
antiferromagnets Zn-barlowite and herbertsmithite, Jiaming Wang, Weishi Yuan, Philip
M. Singer, Rebecca W. Smaha, Wei He, Jiajia Wen, Young S. Lee, and Takashi Imai, Nature
Physics (2021), https://doi.org/10.1038/s41567-021-01310-3.

High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid, Hong-
Chen Jiang and Steven A. Kivelson, Phys. Rev. Lett. 127, 097002 (2021).

Superconductivity in the doped Hubbard model and its interplay with next-nearest
hopping t’, Hong-Chen Jiang and Thomas Devereaux. Science 365, 1424-1428 (2019).

Kondo physics in antiferromagnetic Weyl semimetal Mnz+xSn;—x films, Durga Khadka, T.
R. Thapaliya, Sebastian Hurtado Parra, Xingyue Han, Jiajia Wen, Ryan F. Need, Pravin
Khanal, Weigang Wang, Jiadong Zang, James M. Kikkawa, Liang Wu and, S. X. Huang, Sci.
Adv. 2020; 6, 35, eabc1977 Aug. 28 (2020).

Anomalous Hall and Nernst effects in epitaxial films of topological kagome magnet
FesSny, Durga Khadka, T. R. Thapaliya, Sebastian Hurtado Parra, Jiajia Wen, Ryan Need,
James M. Kikkawa, and S. X. Huang, Phys. Rev. Materials 4, 084203 (2020).

High quality epitaxial thin films and exchange bias of antiferromagnetic Dirac
semimetal FeSn, Durga Khadka, T. R. Thapaliya, Jiajia Wen, Ryan F. Need, and S. X.
Huang, Appl. Phys. Lett. 117, 032403 (2020).

Ground state phase diagram of the doped Hubbard model on the four-leg cylinders, Yi-
Fan Jiang, Jan Zaanen, Thomas P. Devereaux, Hong-Chen Jiang, Phys. Rev. Research 2,
033073(2020).

Topological superconductivity in the doped chiral spin liquid on the triangular lattice,
Yi-Fan Jiang, Hong-Chen Jiang, Phys. Rev. Lett. 125, 157002 (2020).

Orbital Chern Insulator and Quantum Phase Diagram of a Kagome Electron System
with Half-Filled Flat Bands, Yafei Ren, Hong-Chen Jiang, Zhenhua Qiao, D. N. Sheng,
Phys. Rev. Lett. 126, 117602 (2021).

Alloying a single and a double perovskite: a Cu*?* mixed-valence layered halide perovskite
with strong optical absorption, Bridget A. Connor, Rebecca W. Smaha, Jiayi Li, Aryeh Gold-
Parker, Alexander J. Heyer, Michael F. Toney, Young S. Lee and Hemamala I. Karunadasa.
Chem. Sci., 2021, 12, 8689.

96



Tracing the Topological Fingerprint of Weyl Semimetals Using Neutron Probes
Mingda Li, Massachusetts Institute of Technology
Program Scope

This program aims to use neutron scattering to investigate the fundamental physical properties in
a class of emergent quantum materials called topological Weyl semimetals (WSMs). WSMs have
attracted wide recent research attention, due to exotic fundamental aspects of the topological
singularity of Weyl points, surface Fermi arcs, and chiral anomaly?, and vast applications ranging
from high-speed electronics to high-efficient energy harvesting?, from broadband photodetectors®
to qubits for quantum computing. However, conventional probes detecting WSMs face a series of
limitations. Since a WSM has nontrivial bulk singularity, it can induce giant observable effects on
its bulk structural, magnetic, and excitation properties, thus enables the exploration through elastic,
magnetic, and inelastic neutron scattering. A number of exotic effects are expected to be directly
probed with neutrons, such as the pseudo-scalar phonon induced by Adler-Bell-Jackiw chiral
anomaly, which can hardly be examined by any other means. High quality, large-size single
crystalline WSMs are synthesized PI’s lab, ensuring the steady sample supply. The neutron
scattering observations will further be supported by combined efforts including electrical and
thermal transport measurements, theoretical models, and first-principles calculations. Since the
neutron scattering studies on topological materials are scarce, this proposal may unveil many
fundamental discoveries in WSMs, and promote the neutron scattering utilization to the
topological materials research in general.

Recent Progress

In the past 2 years, with the powerful techniques of neutron and synchrotron X-ray scattering,
supported by theories and other measurements, we have made a few fundamental breakthroughs
of topological materials and scattering, including

a) Discovery of topological Chiral Kohn anomaly in topological Weyl semimetal (inelastic
scattering, Phys. Rev. Lett. 2020 with Editors Suggestion; Fig. 1a, b)*.

b) Discovery of “quantized thermoelectric Hall effect” and shows a 10-fold power factor
enhancement comparing to best-reported value in Weyl semimetal (inelastic scattering,
Nat. Commun. 2020, Fig. 1c).

c) Demonstrate exotic many-body localization (MBL) in disordered superlattices, as the first
demo of MBL in solid-state systems (grazing incidence inelastic X-ray scattering, Nano
Lett. 2021, Fig. 1d)°.

d) Develop a machine-learning model that can rapidly predict phonon density-of-states using
atomic coordinates, which has open-source codes, and has been implemented in ORNL
vibrational beamline and supporting their LDRD effort (Adv. Sci. 2021, Fig. 1e)®.

e) Discovery of the extended Kohler rule in Wayl semimetal (Phys. Rev. X 2021, Fig. 1f)’.
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Besides, we are actively making progresses for the following milestone projects:

f) Discovery of exotic quantum ordering above magnetic transition, originated from the
coupling between topological Weyl fermion and magnetic fluctuations (neutron
diffraction, field-dependent inelastic scattering, under review, Fig. 2a).
Significance: First work showing we show novel phases can be created when topology
couples with symmetry-restoring magnetic fluctuations.
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g) Discovery of phonon chiral anomaly and PT-symmetric non-Hermitian physics in Weyl
semimetals (field-dependent inelastic scattering, Fig. 2b, to submit).

Significance: First time we were able to show the phonon signature of chiral anomaly, and
non-Hermitian physics in solid-state material.

h) Derivation of a comprehensive theoretical framework showing the strong neutron signal
for Weyl semimetals when passing through a current (Fig. 2c, under review).

Future Plans

Future plan will be focused on topological materials with 4 Thrusts, including topological
flatbands, topological quantum criticality, topological superconductors and detection of long-
range entanglement.

Thrust 1. Colossal electron-phonon interactions in topological flat-band materials. Thrust 1 aims
to achieve giant electron-phonon interaction phenomena caused by dual topological flat-electron-
band flat-phonon-band coupling. Our preliminary heat capacity results show an anomalously large
magnetic-field-tuning even without magnetic ordering and our preliminary inelastic scattering
results show the flat band phononsError! Reference source not found.. In particular, we plan to
synthesize the single crystals of a few non-magnetic and magnetic flat-band materials using recent
database (Task 1.1), and perform field-dependent elastic and inelastic scattering to determine their
phonon structures and flat band evolution (Task 1.2), and perform inelastic spin-echo
measurements for high-precision linewidth determination (Task 1.3).

Significance: The success of Thrust 1 could lead to the largest electron-phonon interaction
strength ever reported, and enable the electrical tuning of phonon properties with order-of-
magnitudes enhancement.

Thrust 2. Discovery the topology driven quantum criticality.

The goal of Thrust 2 is to demonstrate the exotic quantum orderings through the coupling of
topological states and heavy 4f electrons. In particular, from the recent database!, we have
identified a few Nd-based compounds that contain both nontrivial band topology, heavy fermion
behaviors and magnetic orderings, such as NdCoSi, NdsRusAli2, NdsSis, and NdZn. We will
synthesize the Nd-based compounds and perform doping with La, Ce, and Pr atoms (Task 2.1),
and perform in-house electrical, thermal transport to reveal the quantum criticality (Task 2.2), and
send the co-aligned crystals to perform elastic, diffuse and inelastic scattering near the quantum
critical regime to measure the correlation properties and clarify the role of topology in neutron
scattering (Task 3.3).

Significance: The Thrust 2 could lead to fundamental discoveries of new universal classes of
quantum critical behaviors, and enter into a no-man’s land to study topological states near quantum
critical regime.
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Thrust 3. Three-dimensional profile mapping of topological superconductors.

Thrust 3 aims to design a new methodology based on dual analysis of grazing-incidence small-
angle neutron scattering (SANS) and polarized neutron reflectometry (PNR) to reliably recover
the neutron signature of topological superconductivity through neutron spectra. The preliminary
results show the feasibility (Error! Reference source not found.d, €). We plan to complete the
theoretical ground (Task 3.1), and to study thin film topological superconductor samples such as
FeSeosTeos and 2M-WS2 grown by molecular beam epitaxy and perform the PNR (Task 3.2) and
SANS measurements in (B, T) space (Task 3.3), which can directly be used to characterize the
spatial profile of the Majorana fermions.

Significance: Thrust 3 will enable an alternative probing route of topological superconductivity,
which largely complements the current probes such as STM, which are local and surface-sensitive.

Thrust 4. Design a new architecture to identify the long-range entangled states.

Long-range entangled states such as quantum spin liquid are technologically important for
potential quantum computing applications. However, current thermal transport measurements
often give inconclusive results, and inelastic scattering does not have any excitation feature. We
propose to use entangled neutrons to measure the materials. Our preliminary results show
promising outcome that can conclusively distinguish a long-range entangled toric code to a short-
range Heisenberg model (Error! Reference source not found.f). The work may have far-reaching
impact.
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Machine Learning-Augmented Multimodal Neutron Scattering for Emergent Topological
Materials

Mingda Li, Massachusetts Institute of Technology
Program Scope

The goal of this project is to test our overarching hypothesis that neutron scattering augmented by
new machine learning architectures can be employed to 1) measure the topological properties of
materials that are difficult or impossible to assess using current methods; and 2) measure
topological properties of materials under multimodal sample environments, such as gate voltages,
and external electrical and magnetic fields; and 3) enable massive searches for materials with
desirable phonon states. This research will focus on three classes of topological materials:
topological insulators (TIs), materials with topological magnetism (TMs), and materials with
topological phonons (TPhs). We will implement and design novel machine learning architectures
applied to —in-situ multimodal measurements. Machine learning will enable the direct extraction
of materials information without the need for fitting models. The multimodality will provide new
neutron scattering parameter spaces to be compared with theory. This project is organized around
three thrusts, focused on Tls, TMs and TPhs, respectively.

Recent Progress

In the past 4 months since the start of the Project in July 2021, by combining the neutron scattering
and machine learning, we have completed the following two works:

a) Construct a machine-learning-based framework that can resolve the small signals for
polarized neutron reflectometry (PNR, Fig. 1)1. We have built a conditioned variational
autoencoder framework that can bring down the spatial resolution of PNR to ~0.5nm,
almost half comparing to the current resolution limit from manual analysis. Moreover, we
have made the codes publicly available in GitHub?. Using this framework, we were able to
conclusively resolve the elusive magnetic proximity effect in a topological insulator
heterostructure, which is The work is currently being reviewed under a high-impact
journal.

b) Develop a machine-learning based framework that can enable the classification of
magnetic order, including ternary classification of ferromagnetism, anti-ferromagnetism,
and non-magnetism, and also the magnetic propagation vector with zero and non-zero
propagation vector (Fig. 2). The main results are shown in Fig. 3, where an 80% accuracy
on magnetic order prediction and a 72% accuracy on propagation vector prediction is
achieved.
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Fig. 1. Machine-learning analysis of PNR. (a) A topological insulator heterostructure sample being studied by PNR.
(b) The PNR spectra and the (c) scattering length densities fitting. (d) Variational autoencoder structure showing the
machine-learning based fitting procedure.
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Fig. 2. (Left) the architecture of the magnetism classifier and the corresponding element-wise accuracy of the classifier.

0.80
class | precision | recall | fl-score
NM 0.93 | 0.93 0.93
0.75 AFM 0.72 0.68 0.71
g M 0.74 | 077 0.75
3
2070 Table 1: Metrics of a representative magnetic order clas-
sification model.
0.65 class precision | recall | fl-score
Zero 0.66 | 0.79 0.72
Non-zero 0.78 | 0.66 0.71
0.60

Table 2: Metrics of a representative propagation vector
classifier.

Fig. 3. Summarized results in the magnetic classifier.
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Fig. 4. Ongoing research machine-learning ultrafast diffraction .

Besides, we are actively making progresses for the following milestone project:

c) Construction of a machine-learning framework that leads to a comprehensive phonon
transport mapping from time-resolved diffraction (Fig. 4).

Future Plans

Future plan will be focused on machine-learning for topological insulators, topological magnetism,
and topological phonons.

In Thrust 1, we aim to test our hypothesis, supported by preliminary results, that the effect on
polarized neutron reflectometry (PNR) spectra of the magnetic proximity effect in Tls can be
captured by well-designed convolutional neural network architectures that correlate and amplify
small spectral features, even under a noisy environment. We will design a true fitting-parameter-
free, autoencoder-based predictive model to analyze the proximity effect in TI thin films based on
PNR spectra in the presence of noise. Such a model will be further applied to PNR measurements
on multilayer axion insulator heterostructures at various gate voltages.
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In Thrust 2, we aim to test our hypothesis that machine-learning architectures, when applied to 2D
small-angle neutron scattering (SANS) data, can be used to directly determine magnetic phases
and extract microscopic interaction parameters in topological magnetism such as skyrmions with
improved reliability. Our preliminary results demonstrated the capability to perform magnetic
structure and SANS pattern calculations from microscopic parameters. We will further apply
Koopman operator formalism for dynamic systems to study magnetic dynamics, and carry out
SANS under multimodal magnetic fields in Kagome Weyl semimetals, which may host both
momentum-space and real-space topology.

In Thrust 3, we will build a symmetry-imposed graphic neural network model that directly predicts
phonon dispersion from atomic coordinates, which incurs small computational costs but accuracy
comparable to ab initio calculations. Our recent work on phonon density-of-states predictions
demonstrates the feasibility of this approach. We will carry out a massive materials search for
topological phonon systems with low-energy band-crossings, and perform strain-dependent
inelastic neutron scattering to test our predictions on the evolution of topological bands, which are
inaccessible with current methods.
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Structure and Dynamics of lon-Containing Nanostructured Ternary Polymer Blend

Timothy P. Lodge and Frank S. Bates, University of Minnesota

Program Scope

A central challenge in next-generation materials is to develop a broadly applicable
strategy to systematically tailor nanostructure, in order to simultaneously optimize two (or more)
orthogonal properties. A prime example of this competition is to prepare polymeric membranes
that exhibit both (a) high transport for selected small molecules or ions, while (b) concurrently
exhibiting superior mechanical, thermal and chemical robustness. For a single component
polymeric material, any strategy to improve mechanical strength will impede molecular motion.
The key to achieving this goal is to prepare a co-continuous nanostructure, in which one domain
is responsible for molecular or ionic transport, while the other imparts mechanical strength.
Systems containing at least two polymeric components are therefore required, and their attributes
and the mixture composition must be designed to impart co-continuity. We have shown that
ternary blends comprising A and B homopolymers, plus an A-B block copolymer surfactant,
present a broadly tunable and widely applicable strategy to accessing functional co-continuous
nanostructures, especially the polymeric bicontinuous microemulsion (BUE),! in systems with
both added salt? and with an ionic polymer component.® The focus for this project is to build on
these discoveries by expanding both the range of molecular variables and the range of the ternary
phase prisms to be explored. Our experimental approach relies on synthesis of model polymers
with well-controlled molar mass, composition, architecture, and charge density. Phase behavior
is examined by a powerful combination of small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS), bolstered by optical transmission and electron microscopy. Model
systems will be selectively crosslinked, in order to achieve exceptional combinations of
mechanical and conductivity properties.

Recent Progress
g Fig. 1. C15 Laves phase in a salt-doped ternary blend.

In the context of ternary blends with added salt,
we have explored the system polystyrene (S), st%
polyethylene oxide (O) and added salts such as LiTFSI. ~_+ = —

& D
We showed that this system can exhibit the BuE along  Ps, Peo ‘
the volumetrically symmetric isopleth (equal amounts LiTFsI Reonm  a=121nm

of S and O homopolymer, with a symmetric SO diblock).? We have extended this study to the
full isothermal phase triangle; remarkably, we uncovered a C15 Laves phase over a significant
region of the phase diagram, and rationalized its appearance as a joint effect of increasing
segregation strength and differential wet-brush to dry-brush transitions in the S and O domains
(Fig. 1).* Interestingly, this structure has a unit cell parameter of 120 nm, almost in the photonic

106



1 % UsANS

Q.
w;

1 %, SANS-lenses
107 L
1

1 R

10° b
1 3 SANS
1 Cm—

Intensity (cm™)

10 10° 107 10"
q (A7)

Fig. 2 SANS from dPEO
(40 kDa) with added
LiTFSI (r = 1/64) with
three different instruments.

Using SANS and different contrast conditions, we were able to
quantify the intermingling of S homopolymer and SO diblocks
within the BUE; an example of the relevant SANS profiles are

shown in Fig. 3.

regime, even though the largest component molecule is only 2-3 nm
Is size. Using deuterium labeling, we conducted an in-depth SANS
analysis of chain locations within the BUE,® and also of salt effects
on the conformations of the O chains.® This latter study also exposed
a recalcitrant problem in isotope labeled polymers, a substantial low-
g coherent component in the pure polymer, which is attributable to
microvoids (see Fig. 2). In i C— #,= 086, r=0.03,49°C

P © dS/0/dSO

particular, measurements at NIST o Souso
and at ORNL were consistent, as ~1010%, \

l 13 e """',,,
were measurements on different = ]

configurations, eliminating
instrumental issues as the cause.

q(A™)
Fig. 3 SANS for dS/0/dSO,
dS/0/S0, and S/O/dSO with
#n=0.86, r = 0.03 at 49 °C.

We have developed convenient synthetic routes to several new block copolymer systems
with charged (“single-ion-conductor”) blocks (Fig. 4), and are exploring the phase behavior both
as pure copolymers, and in ternary blends. In all cases the length and dispersity of each block can
be carefully controlled, and the fraction of charge-bearing groups can be tuned continuously.

) "o 2 ANW 5"7r°j< N‘.éo A A~ )s o o~ i oo b Br
3 “Ncﬁ § | N I x' Ty |’z I o
o 0”™¥0 070 NC "o 0N 7 o oo oo oo
. 5 I’ oL n=0,5 11 Cl\ 2 J)

POEGMA#-b-PS

POEGMA#-b-POEGMA

85 82 ] KO,S'
(PmEGA-co-PsPA)-b-PtBA

PAMA-ran-POEGMA#-b-PS

Fig. 4. Four new model charge-bearing block copolymer systems under study; # denotes fraction of charged monomers.

We previously showed that pure POEGMA#-PS can form a
novel superlattice structure,” and also that it could form the BUE
along the symmetric isopleth.® We have now extended this study to
the full phase prism by SAXS; an example is shown in Figure 5.
The region labeled “disordered” is likely includes a BuE, but we
await access to SANS to confirm this. The system is remarkably
symmetric, given the strong charge interactions. Another
interesting feature in this system is that the domain spacing along
the isopleth increases very steeply with added homopolymer,

* LAM/HEX
1.00 e LAM
e DIS
Macro-phase separation

%

Fig. 5. Phase diagram POEGMA#15
/ PS /POEGMA#15-PS at 120 °C.

suggestive of the same dry-drush phenomenon that drives C15 formation in salt-doped blends.

An interesting theatrical prediction in the literature is that in charge-neutral diblocks, the
phase diagram can become extremely asymmetric with only modest amounts of charge. We
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explored this idea in detail with a series of POEGMA#-PS diblocks of
varying molecular weight and charge density. Interestingly, in all cases the
samples remained lamellar, and the phase diagram could be anticipated on
the basis of a “mean-field” idea, that added charge simply increases the
effective interaction parameter, as shown in Fig. 6.° In the figure the
experimental phase diagrams are shown, along with the mean-field
correlation for the order-disorder transition (ODT). The important
conclusion from this study is that when the dielectric constant mismatch
between the two blocks is large, the counterions never leave the
corresponding domains (due to the huge differential in Born solvation
energy). To try and overcome this, we have developed the second and third
systems shown in Fig. 4, which we are now exploring.

Fig. 6. Phase portraits as a function of charge fraction
NSR>S for polymers with the indicated molecular weights.

* Storage modulus (G)
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¥ In addition to these studies of phase behavior, we have begun
> 1™ developing effective strategies to crosslink the insulating domains, to
% afford robust bicontinuous materials. This goal is not straightforward
to achieve, as changes in volume and molecular weight with
o 6] crosslinking can disrupt the delicate thermodynamic balance required

PP for a BUE, leading to unwanted changes in nanostructure. We have
Fig. 7. Cr osslinkin gofa deylsed a p'hotoactlvated approach through cou'rr'larlr) dw_nenzaﬂon
model coumarin- (Fig. 7), using the fourth polymer system identified in Fig. 4. As a
containing block polymer promising first test, the rheological properties of a coumarin-labeled
under long-wave UV diblock show a clear gelation transition on steady illumination.

Future Plans

We will characterize the phase behavior of these newly synthesized polymers and will
construct phase diagrams as a function of volume fraction, charge fraction, and alkyl chain
length of the charged block. To investigate the potential of these systems as polymer electrolytes,
conductivity will be measured for different morphologies as a function of temperature. The
transference number of cations will also be determined and compared with previous reports. We
then intend to incorporate different ions into the conductive domains, in order to study how
molecular parameters affect material properties. We will extend the coumarin-based
photocrosslinking to selected BUE blends, and use SANS to verify the preservation of

nanostructure during solidification.
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Quantum Materials with non-trivial Electronic Topologies and Flat Bands Studied via
Neutron Scattering

Despina Louca, University of Virginia

Program Scope

The scope of this program is to investigate the nature of electron-lattice interactions and
quantum fluctuations in the presence of flat bands, by probing materials with broken time-reversal
symmetry (TRS), as in the VVan der Waals layered kagome lattices of FeSn, FesSn,, and MnsSn
and the honeycomb lattice of CrClz. We seek to obtain a fundamental understanding of flat band-
enabled electron localization by focusing on its real-space features to deduce lattice distortions and
local interactions. We further seek to explore defect-enabled electron localization in the presence
of broken spatial inversion, P, and TRS in NaxMnBiy by focusing on charge modulations and
magnetic fluctuations and their resultant effects in momentum-space. A central knowledge gap is
what happens to topological signatures when translational symmetry is broken due to distortions
and momentum conservation is compromised. At present, there are no experimental studies that
systematically examine the effects of localization and interactions in these classes of materials.

It is expected that interactions modify the electronic states within the flat band manifold
and these can best be visualized in real-space by local probes such as the Pair Density Function
analysis technique. This work seeks to delineate the role played by electron correlation effects due
to electron-lattice and electro-magnetic interactions in the emergence of excitations. Specific
objectives are: (1) focus on the tunability of the 3D topological materials and their protected
surface states where strong localization is expected due to the presence of flat bands. This will be
achieved by tuning the selected topological flat band materials by modulating spin-orbit coupling
(SOC) through doping/substitution and changing the interlayer interactions, and applications of
electric, magnetic and strain fields; (2) perform a systematic investigation of the static and dynamic
structures via neutron scattering and make connections with quantum behaviors and identify
relevant quantum characteristics; (3) understand the persistence of gapless phases in disordered
solids and identify key topological signatures; (4) characterize atomistic traits of unconventional
topological phases that become stable (or get destroyed) in the presence of strong localization.
This work seeks to elucidate the topological structures in real-space rather than in momentum
space because of the spatially localized character of the states in the flat bands.

This project involves neutron scattering studies on novel topological insulators and
semiconductors that have been identified as promising candidates for the development of the next
generation spintronic and optoelectronic devices. Knowledge obtained and transferred from our
studies on layer stacking faults, lattice defects and the effects of disorder will feed into identifying
key components to modulating the VVan der Waals interactions across layers in the kagome and
honeycomb structures which will in turn control interactions. It may also lead to an understanding
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of the origin of charge modulations and large magnetoresistance (MR) in antiferromagnetic
spintronic materials such as NaMnBi.

Successful completion of this project will elucidate the relation between short-range
coherence of lattice signatures and the mechanism(s) giving rise to topological features in
disordered/flat band topological phases. Importantly, we will be positioned to answer what
happens to the flat band topology when long-range coherence is suppressed. In an extension to
the findings from the current grant, to predict and control topological phase transitions in the
presence of disorder, the proposed project will focus on disorder-induced flat bands and on flat
band induced disorder. The proposed program integrates synthesis, physical properties
characterization and neutron scattering to resolve the atomic structures and dynamical properties
as they evolve with strain, magnetic and electric fields and tuning of SOC. The experimental output
can be fed directly into theoretical modeling that can help improve the predictive capabilities of
the next generation of materials. If successful, this research could pave the way to new emerging
fields of semiconductors and their applications.
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Quantification of Dynamic Disorder in Electronic and Excitonic Organic Materials

Adam J. Moulé
University of California, Davis
Department of Chemical Engineering

Program Scope: The long-term goal of this project is to gain a comprehensive understanding of
and the ability to predict optoelectronic and excitonic materials properties of organic
semiconductors. Our central hypothesis is that the use of electronic (DFT) and molecular dynamics
(MD) modeling methods validated by neutron scattering data will yield new understanding of the
relationship between structural heterogeneity and charge delocalization, charge transport, exciton
transport, dopant site choice, and dopant transport. To fully explore and develop this research area,
we proposed three specific hypothesis driven aims:

(1) Quantify effects of inter- and intramolecular dynamic disorder on charge
transport: We studied molecular crystals to determine which dynamic modes affect
charge transport.

(2) Develop modeling methods to interpret INS data from non-crystalline samples: We
developed DFTB and MD methods to interpret INS data and systematically tested the
accuracy, computational expense, and transferability of the models.

(3) Develop new optical excitation sample environment at VISION beamline: We
hired and trained the student that will carry out this project, but we could not start due
to COVID-19 travel restrictions.

In addition to these proposed aims, we had two backlogged projects from before 2019 and one
new side project that produced interesting neutron science but was not part of our main program.

Recent Progress: We have made significant progress on our research goals, resulting in six
published and one in progress new peer reviewed publications in the last 2 years. The progress and
challenges in each sub project are described below.

Developing Low-Cost methods to Simulate INS spectra: In our past work, we showed that the
INS can directly measure the dynamic disorder in crystalline OE materials. The dynamic disorder
coupled to a charge transport model yields accurate quantitative prediction of the charge mobility
in OE crystals for the first time.> However, most OE materials are not crystalline. Even samples
with strong diffraction patterns have high levels of internal disorder (para-crystallinity). The
simulation method to determine the phonon spectrum accurately depends on DFT, which is
computationally expensive and scales with the atom number (N) to the third power, thus a doubling
of the system size results in an eight times increase in computational expense.

We proposed to separately develop MD and density functional tight binding (DFTB) methods to
simulate INS spectra and to compare the methods to determine which yields the best combination
of accuracy and reduced computational expense.
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Publication 1: In this paper we develop a series of simulation steps that enables the use of DFTB
to simulate INS spectra. We found that DFTB approximates the INS spectrum much less well than
DFT because the DFTB does not simulate repulsive van der Waals forces as well as DFT. We can
make this assignment because intramolecular phonons are simulated accurately whereas
intermolecular phonons fit poorly. We improve the fit to DFTB using ChIMES, which is an
empirical machine learning potential that corrects the repulsive potentials. We showed that using
the combination of DFTB and ChIMES vyielded an accurate simulation of measured INS data. We
also showed that the ChIMES potential was transferrable to other similar OE crystals, which an
important demonstration of model transferability.?

Publication 2: In this paper we develop a method to simulate INS spectra from MD trajectories.
We choose the polymer P3HT as our sample because we had previously attempted to simulate
P3HT and found that we could get a good fit to intramolecular phonons (>700 cm™) but could not
accurately simulate intermolecular phonon modes. Our new method used a fourier transform of
the velocity autocorrelation function to solve the spectrum. We also developed a method to fit the
overtone spectra from a classical method (classical codes only have 0-1 harmonic transitions).
Using this method we showed a better fit to the low energy part of the P3HT INS spectrum than
using DFT.2 The method we developed is nearly identical to that of (Chen/Ramirez 2020). More
on the differences in results below.

Publication 3: The goal in this publication was to compare the methods developed in Publ and
Pub2 to see which is more accurate and has lower computational cost. This study was exhaustive
and took very very very much effort. We studied the crystalline material Rubrene (highest mobility
recorded). We compared DFT, DFTB, DFTB/ChIMES, MD, Machine Learning (many version of
our own code), and Machine Learning (ANI-1). The figure below shows the comparison between
spectra. DFT fits the best followed closely by DFTB/ChIMES.# The MD fits very poorly, whereas
the MD fit well in (Chen/Ramirez 2020). The difference is because we studied large non-polar
molecules that are heavily influenced by dispersion forces. In comparison (Chen/Ramirez 2020)
studied simple materials (glass, ice) with strong bonds. MD forces are well developed for
covalent/ionic bonds but poorly describe dispersion forces — thus only samples with really
excellent MD forces can be accurately simulated using MD. DFTB and DFTB/ChIMES were each
~1000x less expensive that DFT. Interestingly, since MD and ML methods needed to converge but
the dispersion forces are very week the potential energy surface being fit is fairly flat. As a result
the training times are extremely high for ML and MD methods, making them also less
computationally efficient that DFTB. Also, ML and MD forces are specific to one molecule, but
ChIMES potentials can be transferred between molecules.
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Publication 4: The process for simulating INS spectra using DFTB / ChIMES involves multiple
different simulation codes that all have different input requirements. In general we had to (1) relax
the structure using DFTB, (2) train ChIMES forces by comparing DFTB and DFT simulations, (3)
calculate restoring forces using Phonopy, and (4) the load forces into the ORNL program
OCLIMAX to simulate the INS spectrum. We took all of these steps and made a single useful
workflow. We published this workflow as a GITHUB site so that it is freely available to the Neutron
community and simulation community (https://gitlab.com/lucassamirl/DCS-Flow ). We put considerable
effort into bug-checking DCS-Flow and making an instruction manual and examples for how to use DCS-
Flow efficiently (https://dcs-flow.readthedocs.io/en/latest/index.html). We also published DCS-Discover,
an online searchable database of INS spectra would DFT, DFTB, and DFTB/ChIMES fits to the data
(https://dcsdiscover.org/) The research article demonstrated that the ChIMES potential could be fit from
small molecule samples, for example toluene, and still yield an accurate fit to large molecules. The training
molecule must have all relevant bonds. Toluene has SP2 and SP3 hybridized C-C and C-H bonds, so the
ChIMES model is valid for samples with these bond types. This transferability is critical if we ever want to
simulate polymers accurately.®

Publication 5: Is an examination of which phonon modes contribute to the dynamic disorder and
how should they be simulated. The Moule group published that all of the modes contribute to
dynamic disorder and that the full Brillouin zone (FBZ) needs to be sampled in the DFT to
accurately reproduce an INS spectrum and thus to validate the simulation. A competitor from
Cambridge published a competing idea that I"-point simulations are sufficient and that only one
“killer” long axis phonon mode is responsible for the majority of the dynamic disorder. The appeal
of the “killer mode” model is that it yields a synthetic design criteria. We compared I'-point and
FBZ simulations and showed that I'-point underestimates dynamic disorder by 20-30%. In
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addition, we show that simulation assuming only a single mode results in almost 300%
underestimate of dynamic disorder. This paper is in review for the 3™ time.®

Publication 6: In this article we studied a mixture of small molecule donor and acceptor molecules
for organic PV applications. The donor are merocyanines that had previously not shown good PV
properties due to a tendency to phase separate from the fullerene. We studied the mixtures using
SANS and GISANS (Gl data did not work out). Our measurements allowed us to determine the
mixing ratios in the two phases as a function of the side chain length. This is a nice materials study.
The SANS study was pretty standard.

Publication 7: This study started in 2014. We had accidentally shown that we could optically
pattern conjugated polymers but had no clue what the mechanism was. My undergrads developed
a simple optical model based on shadow mask experiments. We submitted in 2015 but the paper
was rejected. So, we got more data — the undergrad left — the project floundered. More recently we
completed the paper on NSF funding and published in ACS Nano. The work in the first 4 figures
is from the DOE work in 2014.7

Future Plans: We made an enormous investment in improved and lower cost methods to simulate
INS spectra, specifically of OE materials for which intermolecular forces are mostly weak van der
Waals forces. Next, we will use our recently developed methods to improve our ability to simulate
structural disorder. One new possibility for gaining better insight to which atoms contribute to
each dynamic mode is a new method to produce single atom INS spectra. We recently realized
that we can create a separate spectrum for each atom (not just each proton) and we can use
correlation methods to determine which atoms do and do not participate in correlated modes. We
plan to apply this new method to the study of ever more complex OE samples.

A second goal is to simulate disorder. With MD the force field is poor and with DFTB we require
repeating boundary conditions. We will work on a method to implement repeating supercells that
contain disordered molecular geometries. Also we will develop a method to calculate restoring
forces (the phonon energy) in non-relaxed molecular geometries. We plan to use differences in the
peak widths and the single atom spectra method to fingerprint which parts of the sample are more
and less ordered. The long-term goal behind all of these steps is to achieve high accuracy
simulation of INS spectra for semi-crystalline and amorphous samples.

We will design and submit plans for a optical excitation sample environment on the VISION
beamline. Daniel VVong is a 4" year PhD student from my group that received a SCGSR fellowship
to work at SNS to design this sample environment. He will start in January 2022. The current best
design uses a fiber optic to illuminate a powder sample that will be agitated or stirred to constantly
mix the powder. Our goal is to achieve high density of excited states so that the INS spectrum of
excited state sites can be detected and compared to the neutral sites. We believe that we can
determine the triplet state transport rate in relation to excited state dynamic disorder using this
measurement.
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Quantum multipolar fluctuations in spin-orbit magnets

Martin Mourigal, Georgia Institute of Technology, Atlanta, GA

Cristian Batista, University of Tennessee, Knoxville, TN

Program Scope

Insulating quantum magnets, where correlated magnetic moments reside at the vertices of
a periodic lattice, are a central experimental and theoretical platform to understand the fundamental
behavior of quantum materials. Quantum magnets are interacting quantum systems with the
potential to host topological states that may form the bedrock of future energy and quantum
technologies. The search for such topologically ordered states of matter, dominated by long-range
quantum entanglement between spins rather than conventional magnetic order, is one of the grand
challenges in contemporary material science [1]. Several controllable materials components are
known to enhance quantum over classical correlations in spin-1/2 magnets: low lattice
dimensionality as for chain- and ladder-based quantum liquids, geometrical frustration as for
kagome, and pyrochlore lattice quantum spin-liquids, and exchange frustration as for the Kitaev
honeycomb model. Although it is widely appreciated that higher spin-S systems (such as those
comprising spin-1 moments) can realize unusual quantum states, for example, the Haldane and
Affleck-Kennedy-Lieb-Tasaki chains, higher-spin systems have not been investigated for their
quantum properties as thoroughly as their spin-1/2 counterparts.

The scope of this program is to explore a different class of quantum magnetic systems
comprising spin-1 magnetic moments. The first objective of this program is to demonstrate that
despite apparent conventional magnetic ordering at low temperature, the excitations of these
compounds are highly unusual in that they carry multipolar moments with purely quantum
dynamics (vanishing in the limit # = 0). By using external material control tools such as magnetic-
field, chemical substitution, and pressure, a second objective is to drive these quantum excitations
to become the lowest-energy fluctuations in the systems under study. As a result, an outcome of
this program is the emulation and understanding of magnetic materials proximate to quantum
melting points and the development of tools and concepts to certify the existence of topological
quantum states in materials.

This program combines expertise in materials science and neutron scattering at Georgia
Tech and theory at the University of Tennessee to achieve its goals. A distinctive aspect of this
program is the complete integration of experimental and theoretical efforts through the high-
fidelity modeling of magnetic excitations measured on high-quality single-crystalline materials by
time-of-flight inelastic neutron scattering. Materials growth is performed in-house or through
collaborations with the Platform for the Accelerated Realization, Analysis, and Discovery of
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Interface Materials (PARADIM). Neutron scattering experiments are performed at the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL) with a strong engagement of
the researchers in forward-looking activities developing next-generation instrumentation for the
High Flux Isotope Reactor and the Second Target Station of the SNS. Experimental neutron
scattering data modeling is achieved by developing efficient spin dynamics simulations codes to
tackle the direct and inverse problems for generalized magnetic Hamiltonians, including higher
spin systems, anisotropic exchange, and dipolar interactions. These open-source resources are co-
designed with a broader community of researchers at Los Alamos National Laboratory, University
of Tennessee, and ORNL with broad expertise in computer simulations, quantum physics,
magnetic materials, and scattering.

Recent Progress

= |dentification of Fel, as a model spin-1 system to understand quadrupolar excitations

One of the achievements of this program is
to have identified Ferrous lodide (Fely) as
a realization of the spin-1 antiferromagnet |
with hybridized dipolar and quadrupolar
spin fluctuations. Fel.  crystallizes in a
trigonal space group with Fe?* ions
forming layers of perfect triangular lattice
with strong single-ion anisotropy along the
c-axis [Fig 1a]. In zero magnetic field, an
antiferromagnetic ordered phase (AF)
develops below T = 9.3 K and the magnetic
structure features alternating stripes of up-
up and down-down spins in the triangular

plane. Two-magnon bound states (TMBS) |-Fig. 1 (a) Crystal structure of Fel, (purple spheres: Fe,

. . orange spheres): I; (b) mechanism of hybridization between
were observed in this compound as early as dipolar and quadrupolar excitations through symmetric off-

the 1970’s in this compound by far-infrared | diagonal exchange interactions in Fels,
spectroscopy, triple-axis neutron scattering,

Raman scattering and electron-spin resonance. The TMBS excitation in Fel, is unusual and
corresponds to a AS? = £2 transition. The bound-state is formed in a single site by flipping a spin
twice from S* = +1 to S* = —1. Because this violates the dipolar selection rule, TMBS excitations
have a quadrupolar character. We have uncovered the precise mechanism that makes such TMBS
visible to various experimental techniques by measuring the entire momentum dependence of both
single-magnon and TMBS branches in Fel> using SEQUOIA at ORNL. Spin-orbital coupling and
local crystal field environment give rise to a triplet ground state with a large gap (>30meV) to
higher multiplets. At low energy, Fel. can be described by a Se=1 model with a large uniaxial
anisotropy. The key to the resolution of the apparent violation of the selection rule is to go beyond
a simple Heisenberg exchange model and include anisotropic exchange interactions allowed by
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symmetry. In Fely, the off-diagonal exchange interaction J** term is unusually large and dominates
other exchanges. The J* term leads to an hybridization between single-magnon and two-magnon
bound-state bands, that accidentally overlap in zero field, hence making two-magnon states visible
to neutron scattering and various other probes [Fig. 1b]. Using a generalized spin-wave theory
(GLSW) approach for SU(3) spins explains all details of the zero-field data when including up to
third-neighbor interactions in the triangular planes and between those planes [See publication 8
below].

= Magnon pairing and decay of excitations in Fel

Given the presence of significant off-diagonal exchange interactions, parameterized by exchange
interactions J** and J**, new forms of spontaneous (zero-temperature) magnon decays are possible
in Fel,. Using neutron scattering in an applied magnetic field on the HYSPEC spectrometer, this
program observed these instabilities [Fig. 2a], which correspond to a new mechanism for
spontaneous decay between conventional and heavy magnons (TMBS). We also observed the
recombination of these quasiparticles into a super-heavy bound state. Akin to other contemporary
problems in quantum materials, the microscopic origin for new physics in Fel, is the quasi-flat
nature of excitation bands and the presence of Kitaev-like anisotropic magnetic exchange
interactions. What is truly remarkable is to observe such purely quantum phenomena in a well-
ordered magnet [See publication 4 below].
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Fig. 2 Excitations of Fel, measured at 1 T on HYSPEC revealing the Zeeman splitting of zero-field
excitations. (b) Excitations at 4 T evidencing the finite lifetime of one of the excitation branches (orange
square). (c) Excitations at 4.74 T evidencing a dramatic broadening of the entire excitation spectrum when
one of the two-magnon bound-state excitations approaches the elastic line and gets thermally populated.

= Finite-temperature dynamics of SU(N) magnets

When a large magnetic field is applied to Fely, a series of high-field meta-magnetic phases occur.
In proximity to the transition, thermal fluctuations are important as shown by our neutron results
[Fig. 2b]. It is an open theoretical question to understand how quantum and classical spin dynamics
differ in the proximity to such transition, when the individual degrees of freedoms are spin-S and
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not spin-1/2. To understand this problem this program introduced a classical limit of the dynamics
of quantum spin systems based on coherent states of SU(N), where N is the dimension of the local
Hilbert space. This approach, that generalizes the well-known Landau-Lifshitz dynamics from
SU(2) to SU(N), provides a better approximation to the exact quantum dynamics for a large class
of realistic spin Hamiltonians, including systems with large single-ion anisotropy [See publication
6 below]. This idea was illustrated by comparing the spin structure factors of a single-ion S=1
model that are obtained with the SU(2) and SU(3) classical spin dynamics against the exact
solution. These results pave the way to generalized approach to deal with finite temperature, finite
magnetic field spin dynamics for S>1 systems such as Fel..

Future Work

= High-field extraction of accurate spin Hamiltonians for Fel, and FeBr»

8

Combining these theoretical and experimental developments, our
future work involves modeling the excitations of Fel. over its entire ¢
temperature-magnetic-field phase diagram. Doing so requires
understanding the spin Hamiltonian in detail. Using the new high-
magnetic field capabilities at ORNL, we have measured [Fig. 3] the -
saturated dispersion of magnons in Fel, at 14T and related material
FeBr, at 3T to extract model Hamiltonians and understand the role of
ligand spin-orbit coupling in this class of magnetic systems. The future
work is to implement an inverse modeling technique to extract the
many-parameters Hamiltonian from data at zero and high fields.

= Modeling exotic meta-magnetic phases and near-magnon
condensation in Fel,

-06 -04 -02 00 02 04 0.6

With accurately determined Hamiltonians at hand, future work will , —

. .. . Fig. 3. Comparison of
measure and model the spin dynamics in the meta-magnetic phases of Fel2 | qaturated magnetic field
and FeBr» to understand excitations in multipolar spin systems proximate | excitations for Fel at

to quantum melting points. 14T and FeBr, at 3T.

= Development of community-led open-source spin dynamics simulation codes

The above activities will rely on the on-going development and acceleration of computer codes to
simulate the spin dynamics of generalized SU(N) Hamiltonians including complete treatment of
bilinear spin interactions (off diagonal, and dipolar). Future work involves participating in the
community development of a Julia-based code “Su(N)ny”: https://github.com/MagSims/Sunny.jl
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Encoding Material Structure Into the Primary Sequence of Polymers

Bradley Olsen, Department of Chemical Engineering, Massachusetts Institute of
Technology

Program Scope

One of the largest research challenges in soft materials is using chemistry to design
molecules where the arrangement of atoms encodes for the formation of exquisite, hierarchically
structured materials that can approach the complex and highly functional systems made in biology,
variants of which have been identified in several key DOE-BES reports as priority research
directions. The problem of encoding material structure using primary sequence for linear chains
requires the ability to construct a polymer with a given function, f(s) where s is the path length
variable along the backbone of the polymer chain and f is a vector of relevant properties along the
length of the chain such as hydrophobicity, polarity, presence of specific hydrogen bonding
groups, charge, or aromatic groups. Second, one must learn the translation function by which a
chain with a given f(s) forms a specific nanostructure, such that one can solve the problem of
designing an f(s) in order to achieve a given nanostructure. This problem has been approached
with great success for several decades using relatively simple f(s); for example, step functions
characterize diblock copolymers and monotonically increasing or decreasing curves characterize
gradient or tapered copolymers. There is potential for further transformative advance if we could
design polymers with arbitrary f(s) because it would enable us to potentially discover new phases
and material structures and to more carefully encode the free energy surface and consequently non-
equilibrium behavior of the material in a way that could enable us to exquisitely tune the phase
formed based on the processing pathway utilized. Synthesis of an arbitrary f(s) is easily achieved
today using biological synthesis of elastin-like proteins (ELPs), enabling the preparation of long
macromolecules in comparatively high yield. In this proposal, we will therefore exploit biological
sequence-controlled polymerization as a well-established tool to specifically encode material
structure and free energy surfaces, developing new paradigms for designing equilibrium and far
from equilibrium structures. To enable these scientific developments, we will also develop new
methods of experimentation and data analysis, particularly related to the use of neutron scattering
techniques, that facilitate the characterization of equilibrium and non-equilibrium structure and the
dynamics of these materials.

Recent Progress

Development of a Model for Sequence-Defined Self-Assembly. A novel formalism for self-
consistent field theory (SCFT) was developed allowing fast and simple simulation of the ordered
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d!mens!ons and the C‘?”t?”r Figure 1: (A) Sequence-defined polymers can be represented by
dimension) and a scalar pairwise | g set of interaction functions of any form (B). (C) The novel
interaction model. Figure 1 shows a | SCFT formalism we developed to handle sequence-defined

schematic of how this novel SCFT | polymers hasa Hamiltonian containing fields defined in four

method (sequence-SCFT) operates dimensions (direct and contour space). (D) Using this
The Hamiltonian term which is formalism, we have successfully validated our SCFT results

o ; with those of classic diblock structures (left), and simulated the
minimized in  SCFT under the | ordered phases of more complex polymers such as triblocks
sequence-SCFT formalism is shown. | (center —shown is the minority block), and inverse tapers

Numerical solution of this novel | (right).
formalism was performed using a

custom code. By pseudospectrally solving the SCFT propagator equations and using basis
functions reflecting the space group symmetries of the self-assembled structures, sequence-SCFT
has successfully been (1) validated against the classical diblock phases (lamellar, hexagonally
packed cylinders, and body-centered cubic), and (2) used to recreate structures formed by more
complex sequences such as those of triblocks and inverse tapers.

Design and Synthesis of Sequence-Defined ELPs. As a basis for sequence-controlled
design, we must connect the sequence functions used in theory to specific identities of ELP repeats.
To do this, we designed and synthesized a set of seven different ELPs with guest residues V, I, K,
D, N, G, and S, spanning the majority of the different chemical functionalities accessible using
amino acids. To parameterize the interactions of these materials, we are measuring their thermal
transition temperatures under a variety of salt and cononsolvent conditions, providing detailed
maps of their interactions. The cononsolvency effect in ELPs itself is a very new phenomenon in
protein materials that has not yet been thoroughly explored, and this ongoing study will represent
the first work systematically exploring residue substitution and its effect on cononsolvency.
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These interactions measured during this fundamental study will then be used as the basis
for the design of micellar self-assembled materials with novel structural transitions governed by
their kinetic assembly pathway. To prepare for these studies, we are developing both a custom
dialysis holder for SANS as well as new analysis methods that will enable us to speed up data
acquisition to capture more of the kinetics of structural transitions. Our technique for higher speed
data acquisition will rely on using parameter estimation errors to systematically shorten data
acquisition times without compromising data quality, as illustrated in Figure 2.

) 4.8 T T
- - ~ -~ oY ] 46T B
E E E E E
S S S S St
: g E : : 441 .
10 [ ] -
421~ -
10° - ‘E‘ =TT Siners S i
10 c | |
afm™) = “4lr i i s
10’ r *4 N
@) SH| | ) P [ [ S DTLIRGE (o
5 T % s s . i\: o |
E E E E E .
810 S S S S0k
g 4 s I/ i/ 34 .
10 [ ] 107 1 107 ]
10" ol 10° . 10° k. 3.2% 12 lu
10° 10 10 10™ 10
qlnm™) afm™ qlnm™) afnm) Fraction of Counts

Figure 2. (Left) Bootstrapped SANS intensity curves with predicted uncertainties from reducing the number of
total counts. The data were simulated for fractions of the total counts collected from 0.001 to 1. The red lines
illustrate the fit of each bootstrapped dataset to the Debye form factor. (Right) Radius of gyration of PNIPAM in
100% D20 as a function of the number of neutron counts, estimated as a fraction of the total number of counts
collected from a SANS experiment. The error bars are 1 standard deviation calculated from bootstrapped
replicates. The blue lines represent a 5% error tolerance.

Quantification of Bound Water in Concentrated Systems. A key aspect of understanding
the self-assembly of sequence-defined proteins is the way that these systems interact with water.
Therefore, we have developed tools for quantifying bound hydration water that can be applied to
these systems. While this challenge has been extensively addressed in dilute solution, moving to
concentrated systems relevant to self- ‘[ =
assembly  (micellar  cores, bulk
nanostructured phases) presents a novel
challenge. To address this issue, we have
applied existing dilute solution methods
for hydration number estimation and
developed several new methods that . | ) . | .
generalize to high concentration for a total DIFFSLD CUINF-SLD GVIFE-SLD OV (FF -ty CVISFSLO CVSF oy
of six different fitting methods. We have
then performed detailed SANS contrast | Figure 3. Six different fitting methods for dilute (13.75
matching experiments for three different | M3/mL PNIPAM solutions.
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water-soluble polymers, and the data was modeled using each of the six different approaches to
explore both the stability of fitting and the values of hydration number they produced. Error was
estimated with a novel bootstrapping technique that we find produces significantly more
representative errors for SANS parameter extraction tasks (Figure 3). The most robust fitting
workflow for dilute solutions was found to be form factor fitting without CV-SANS (i.e. polymer
in 100% D-0). For semidilute and concentrated solutions, structure-factor based approaches were
found to be most successful. The measured hydration numbers were consistent with the number of
tightly bound water molecules associated with each monomer unit, and the concentration
dependence of the hydration number was largely governed by the chemistry-specific interactions
between water and polymer. Polymers with weaker water-polymer interactions (i.e. those with
fewer hydration water molecules) were found to have more bound water at higher concentrations
than those with stronger water-polymer interactions due to the increase in the number of forced
water-polymer contacts in the concentrated system.

Future Plans

Now that we have developed the underlying SCFT to serve as a structure prediction and
design engine, we will make the next step in development of this theory by imposing specific
lattice symmetries and then solving for chain functions f(s) which are predicted to preferentially
self-assemble into those symmetries. A straightforward approach to finding such functions is to
explore f(s) space with a given set of symmetry-adapted basis functions that represent the lattice
symmetry we are targeting, identifying functions that yield a minimum free energy. The functions
that lead to local minima must then be screened in other lattice symmetries to compare phases and
determine that the target phase is in fact the lowest free energy. Using the phase diagram studies
of ELPs that are currently underway, we will then parameterize thermodynamic models for
polymer solutions that will then serve as the basis for translating different sequence functions into
specific chemical manifestations which we will express and use to evaluate the overall predictive
workflow developed here. In addition, these interactions determined from cononsolvency studies
will be used in the design of micellar systems with triggered transitions as described in our original
proposal.

Using elastin-like polypeptides (ELP), we have designed domains capable of forming
dynamic interactions that can produce kinetically controlled phases. These dynamic interactions
will be used as orthogonal levers in conjunction with global thermodynamic variables such as
temperature or salt concentration to control the assembly pathway of ordered phases in ELP and
to investigate nonequilibrium structure. Ordered micelles are formed from these ELP due to the
difference in coil-globule transition between the endblocks in triblocks and in one of the two blocks
in diblocks. The percentage and distribution of histidine (fuis) in the midblock region was varied
to investigate the use of histidine-metal coordination bonds as an additional dimension of control
over self-assembly, and the distance between pairs of cysteines (lcys)—staples—was varied to
control the degree of single-chain “stapling”. Material synthesis is currently underway.
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lonic Polymers Under Dynamic Conditions
Dvora Perahia, Clemson University

Program Scope

The program aims to resolve the structure and dynamics of ionic polymers under fields using
neutron scattering and computational tools. In their many applications, 1 such as clean energy,
water purification, protective layers, memory shape material and a large variety of biotechnologies,
ionic polymers function under external fields such as shear, elongation flow, and electrical fields.
In the quiescent state the segregation between ionic and non-ionic domains enables their function
and stability. *°

Even though the quiescent state has been thoroughly interrogated, the fundamentals that correlate
the ionic assemblies characteristics with the dynamics of the polymers that ultimately affect their
function is yet to be achieved. The current program focuses on probing the inter relation between
ionic clusters and inherent dynamics through the study of the polymer response to shear and flow
fields. Detailed neutron scattering studies including in situ measurements under fields, coupled
with molecular dynamics simulations, are used to derive quantitative structure-dynamics-forces
correlations in model ionic polymers.® Polystyrene sulfonate was chosen as a model polymer for
this study. This polymer either by itself or as a block in a structured polymer has been thoroughly
studied, allowing us to focus on understanding the relation between the characteristics of the
ionizable domains, the inherent dynamics and shear response. The research consists of two main
efforts: a) resolving structure and dynamics of quiescent ionic polymers as the cohesiveness of
ionic clusters is tuned, b) resolving effects of shear and flow fields on the ionic clusters.
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capture detailed structure and dynamics in ionizable polymers on 08
the nanometer length scale. Computational studies are used to 06
provide molecular insight into the systems studied by neutron
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that cannot be captured directly by scattering techniques. Neutron
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needed to capture the inherent dynamic processes and those that o1 2ted polystyrene
take place under applied fields. sulfonate in a 10Wt% solution

0.4

$(9./5(a,0)

0.2

Toluene
f

Figure 1. Experimental and
computational neutron spin
echo results for a 3%

Finally, through bridging across length, time and energy scales, ~ °f polymer in toluene at room

transformative fundamental knowledge that underline dynamic
ionic assemblies under fields are probed. The excellent match between neutron scattering and
molecular dynamics (MD) simulations demonstrated in Figure 1 for NSE of PSS in toluene,
provide a first of a kind insight into the structure and dynamics of ionizable polymers.®> 1 The
fundamental insight attained by neutron techniques and MD simulations provide a critical insight
for the design of new ionic polymers with controlled properties.

temperature.

129



Recent Progress

The interrelation between neutron scattering and computational studies provide molecular insight
to the ensemble averaging attained by neutron techniques. Here we will discuss the molecular
insight attained into SANS, QENS and NSE coupled with MD simulations, followed by MD
studies of response of melts and dense slurries to shear and elongational flows. These MD studies
are carried out along the research plans with neutron studies awaiting beam time allocation.

I-Cluster Characteristics Effects on Inherent Structure and Dynamics of Polystyrene Sulfonate
Solutions.
Polystyrene sulfonate solutions in toluene were studied by SANS, QENS and NSE. The ionic
assemblies were modified by controlling the degree of sulfonation, varying the concentration of
the polymer, as the ionic groups are formed and addition of aliquots of polar solvents that affect
the polarity of the solvent. The excellent match of the experimental and computational SANS
patterns is shown in Figure 2-a and
Py the impact of addition of a polar
*ompotationsl solvent is depicted in Figure 2-b.
] Large domains, attributed to
concentration  fluctuations,  are
. evident at low g, independent of the
; . ‘“{’ % % ] polymer concentration. In the middle
@y i ik ‘ q range, a characteristic Gaussian
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Figure 2. SANS results for a 10Wt% PSS in toluene with a 3% chain form factor is observed in low
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Note that the backbone is not shown.
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added the solutions, the solution become significantly more homogenous and the signature at low
concentrations disappears. In parallel to this experimental study, S(q) was calculated and
analyzed. Due to computational limitations, S(q) captures only the intermendiate g range. The
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as observed in both NSE, shown in Figure 1 and in QENS. Using NSE
we were able to attain the motion of ionomer networks on the length scale
of propagation of electrostatic interactions and that of the ionic clusters. The

Figure 3. NSE data of the
PSS in toluene and
toluene-ethanol.
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data were analyzed by a sum of two exponentials resulting in an excellent fit. We were able to distinguish
two characteristic environments, confined to the ionic clusters and the ionic region. Further we were able
to show that the presence of polar solvents affects the packing of the ionic groups and accelerate dynamics,
as shown in Figure 3. The excellent match between the experimental data and the simulations has allowed
us to identify the motion of the polymer on different time and length scales moving from general models
traditionally used to analyze NSE results to a comprehensive insight into dynamics.

QENS measurements of the same polymer were then carried out in cyclohexane (to avoid
overlapping signals from the polymer and the solvent). The samples were heated to ensure that the
backbone of the polymer is in good solvent. The scattering patterns were analyzed by Kohlrausch-
Williams-Watts (KWW) to extract characteristic relaxation times. Here we show for the first time
that in hydrophobic solvents, the segmental dynamics, which is relatively fast, is constrained in
solutions on the length scale of smallest rigid segment. Addition of small amounts of ethanol
enhances dynamics across the entire q range measured, however, the effects become larger for
larger q values, demonstrating the coupling of length scales. Here we show that both ionic clusters
and ionic clouds affect segmental motion on multiple length scales even though the ionic clusters
are only slightly modified.

9

The results attained from simulations are marked by an
extraordinary matching between neutron scattering results and
those obtained by computations, opening the way to new
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the interrelation between ionic clusters and ionizable polymers
response to shear has been probed by non-equilibrium MD
simualtions of PSS melts and dense slurries, as a model
polymer. Initially, the melts were prepared and slightly
swollen with THF. THF that is a non-solvent for PSS, thus
swells the ionic clusters and affect their cohesion without plasticizing the PS backbone. S(qg) and
S(q,t) were calculated. With increasing THF concentration, the melts are dominated by finite size
ionic clusters. While these melts are locked in by the clusters, as observed by mean square
displacement measurement, S(q,t) was able to depict segmental dynamics on a nanometer and
bond length scales.

Figure 4. Average cluster size for
PSS with 20% sulfonation as a
function of shear rate at T = 500 K
for the neat melt and swollen with
THF.

The response of these melts to shear was then probed. Cluster size as a function of shear rates is
shown in Figure 4 and the shear viscosity as a function of time is depict in Figure 5. We find that
the shear response strongly depends on cluster size and shape which is also affected by the
interrelation with the degree of swelling.
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Finally, the response to elongational
14000 ——————————— flows was measured and the

NEC . P viscosity was correlated with chain
o ,/.,/"\"* conformation and the ionic cluster
. e characteristics. We find that with
=R &gy | extensional flow, the ionic clusters are
m[;: ,’iﬁ;muw S e A dynamic, rapidly breaking and
W T | reforming.  For low sulfonation
Time of shear /ns fractions, the chains are stretched

. . ) while at higher sulfonation fractions
Figure 5. Shear viscosity for polystyrene sulfonate as a function .
of shear rates at the indicated THF concentrations as time elapses. a very broad distribution of end-to-
The right panel visualized one representative cluster. end distances of the chains s
observed.

The experimental part is awaiting beam time.

Future Plans

With our neutron studies fully coupled to molecular dynamics simulations, we were able to
achieve for the first time an in-depth insight into the correlation of cluster cohesion and
dynamics of ionic polymers. Selected neutron experiments are planned to study the structure
evolution of polystyrene sulfonate as shear and elongational flow are applied.
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Deciphering Low Energy Spin and Orbital Dynamics in Frustrated Quantum Magnets
Kemp Plumb, Brown University, Department of Physics, Providence, RI1 02912

Program Scope

Quantum spin liquids are novel states of matter that exist in magnetic materials near absolute zero and
are defined by the presence of long-range entanglement. They are of fundamental interest because they
defy the conventional paradigm of symmetry breaking and local order parameters, while at the same time
have great practical significance for future quantum information applications. These quantum states are
predicted to appear in frustrated magnetic materials where magnetic interactions compete to destabilize
classical magnetic ordering. Typically, these phases emerge in materials with many closely competing
electronic energy scales, but they are notoriously difficult to predict. Tantamount to this theoretical
challenge is the experimental task of identifying such quantum states of matter.

The overarching goal is to obtain a detailed quantitative understanding of the interplay between spin,
orbital, and lattice energy scales in materials where strong spin-orbit coupling and strong electronic
correlations compete to determine the ground state. We employ a suite of inelastic and elastic neutron
scattering techniques to uncover the order and collective excitations that characterize quantum ground
states in model materials. Particular emphasis is placed on materials with strong-spin orbit coupling and
orbital degeneracy. In this case, spin orbit coupling can overcome the tendency towards degeneracy
breaking Jahn-Teller distortions and quantum fluctuations between the spin+orbital configurations can
dominate the ground state giving rise to multipolar orderings and quantum spin-orbital liquids [1, 2] .

Recent Progress

Spin+orbital magnets: In GaTasSes a single unpaired electron occupies the highest molecular orbital of
tetrahedral clusters. The molecular orbital wavefunctions maintain the character of the d-orbitals and
strong spin-orbit coupling results in the formation of highly quantum j.#=3/2 molecular orbitals. [1,2]
Exchange interactions between the spin-orbital entangled jes=3/2 states can potentially stabilize
multipolar ordering and/or a spin orbital liquid phase on the FCC lattice of GaTasSes. On the other hand,
depending on the balance of energy scales, Jahn-Teller instabilities can also act to locally remove the
orbital degeneracy and stabilize a classical Neel state. We have completed a detailed investigation of the
lattice dynamics around a spin-orbital singlet transition in the lacunar spinel GaTa4Se8 and find evidence
for the formation of a spin-orbital singlet phase mediated by inter-cluster orbital exchange interaction.

Using single crystal diffraction, we have found that GaTasSeg undergoes a unit cell doubling structural
transition concomitant with the formation of magnetic singles between Ta4 clusters. Neutron pair
distribution (PDF) measurements shown in Figure 1 reveal that local distortions of Ta4 clusters are
present at all temperatures and the structural transition corresponds to an orientational ordering of the
distorted clusters, not involving any atomic translations within the unit cell. Neutron phonon density of
states measurements reveal an anomalous phonon mode above the structural transition that is forbidden
by the symmetry of the cubic structure, but allowed in the tetragonal one. Through DFT modeling we
have found that this anomalous mode modulates inter Tas cluster bond geometries and may potentially
mediated orbital exchange. Owing to the large magnetic exchange energy scales, and the expected
reduction in on-site Jahn-Teller coupling for heavy transition metals [3], we believe the orientational
symmetry breaking and dimer singlet formation is driven by this intercluster orbital exchange.
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Figure 1: (a) Temperature dependent neutron PDF measurements in Gala4SeS8. (b) Detailed view of the
local structure showing the absence of an redistribution in atomic pair spacing across the dimer singlet
transition. (c¢) Temperature dependence of normalized PDF intensities showing that the local structure is
not sensitive to the dimer singlet transition at 50 K. (d) Measured and (e) calculated neutron weighted
phonon density of states for the high temperature cubic and low temperature tetragonal phase. The
anomalous phonon mode appears at 13 meV.

These measurements reveal that when spin orbit coupling is strong, inter-site orbital exchange can
dominate over on-site Jahn-Teller instabilities and act to generate magnetic phases with fluctuating spin
and orbital degrees of freedom.

Highly frustrated magnets with anisotropic exchange: We have completed measurements of the spin
wave spectra in the frustrated FCC iridate K>IrCls. This compound harbors both strong nearest neighbor
Kitaev interactions as well as strong next nearest neighbor Heisenberg exchange resulting in a high
degree of magnetic frustration. We found a complex magnon spectrum that is consistent with strong
magnetic anisotropy and Kitaev interactions, but not consistent with model Hamiltonian's previously
deduced by other groups from thermodynamic data. We have also found evidence for magnon decay and
excitation continua over large portions of the Brillouin zone. Analysis of the neutron data should allow
us to constrain a microscopic mechanism for the decay. In turn, our measurements will provide a more
detailed understanding of how excitation continua arise in frustrated magnets with strong anisotropic
interactions, when there is no fractionalization of magnon quasiparticles.

Future Plans

We have recently succeeded in preparing single crystals of GaTasSes suitable for inelastic neutron
scattering experiments and plan to carry out a full investigation of the magnetic excitations emerging
from the spin-orbital singlet phase using the MACS spectrometer at NCNR.

Following our successful program investigating the lattice and orbital dynamics in GaTas4Ses, we are
aiming to develop a systematic understanding of the relative influence of spin-orbit coupling and Jahn-
Teller instabilities in orbitaly degenerate systems, since the balance of these energy scales is tuned by
chemical composition. We plan to take advantage of this and carry out an investigation of the lattice
dynamics across the family of lacunar spines GaMiXg, M=(V, Nb, Ta), X=(S, Se) , where atomic spin
orbit coupling can be systematically varied by changing the transition metal site from V to Ta, and ligand
hybridization varied by changing from S to Se. We have completed phonon DOS measurements and plan
to carry total scattering measurements across this series.
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We are also exploring the possibility to use hydrostatic pressure to tune the magnetism in the FCC Kitaev
irridates. Proof of principle experiments are planned for January 2022 and if successful, we aim to test
the possibility of stabilizing quantum fluctuating magnetic states in this highly frustrated magnet.
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This is a new program (September 2020), we have two publications in preparation.
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Neutron Analysis of Structure-Property Relationships in Conductive Polymer Plastic
Composites

Prof. Lilo D. Pozzo, Department of Chemical Engineering, Department of Materials
Science and Engineering. Prof. Christine Luscombe, Department of Materials Science and
Engineering. University of Washington Seattle
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Organic electronics, including
photovoltaics, wearable electronics, and
field-effect transistors, are low-cost,
flexible, and lightweight alternatives to
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integrity, are prone to cracking and have
low environmental stability when
compared to commaodity polymers such
as polystyrene, polyethylene and
synthetic rubbers. A promising solution
to achieving balanced properties is to
use blends of conjugated and
commodity polymers, resulting in | Figure 1: a-c) USANS and SANS data for CCPC blends from
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impact on device performance, even at

CP concentrations as low as 1 wt%.! In spite of the success that has been demonstrated, there is
much that is left to learn about conjugated polymer plastic composite (CPPC) blends and about
how fundamental interactions between conjugated and commodity polymers enable optimization
of morphology and performance metrics. This project uses small angle neutron scattering (SANS)
to improve our understanding of how CPPC conformation, self-assembly and electronic
performance are affected by composition, processing, and mechanical deformation.
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Recent Progress

Multi-Scale Structural Analysis of Polythiophene — Polystyrene Blends: Recent work focused on
systematically evaluating the effects of solvent and CPPC blend composition (i.e. conjugated
polymer concentration and molecular architecture) on the multi-scale structure in model blends of
polythiophenes and polystyrene. We characterized blend structures over a wide range of length
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scales via contrast variation small-angle and ultra-small-angle neutron scattering (SANS and
USANS). For this, deuterated polystyrene (D-PS) and conjugated polymers of variable molecular
architecture (e.g. regio-regularity, side-chain identity) were mixed in solvents of variable
thermophysical properties and heat processed to produce solid blends. We further employed
analytical fits as well as Porod analyses to SANS and USANS data to demonstrate that there is a
critical point (Figure 1) associated to the large-scale phase-separation in CPPCs and that this point
IS sensitive to the molecular architecture of the CP. Wide-angle X-ray scattering (WAXS) was also
used to assess the local crystallinity of the CP components and these morphological features were
related to bulk conductivity tests.?

Induced Assembly of Conjugated Polymers in Solutions with Non-Interacting Polymers: Most
CPPCs are produced by co-dissolution of CP and commodity polymers in a common solvent
followed by coating and drying during processing. Contrast variation SANS experiments were
performed to analyze the influence of increased osmotic pressure, due to the presence of non-
interacting d-PS, on the association of CPs in solution prior to coating. CV-SANS demonstrates
that addition of d-PS, even in very good solvents, results in an increased driving force for assembly
of CPs in solution. This suggests a potential mechanism to understand how 'ink' formulation
parameters (e.g. molecular weight, concentration, solvent) influences the resulting CPPC
morphology and performance metrics. Here, CV-SANS is essential to demonstrating that self-
association of the CP component is occurring in mixtures with high concentrations of the
commodity polymer, where it would otherwise dominate the scattering intensity.

Templated Conjugated Polymers in Thermoplastic Elastomer Lamellar Phases: CPPCs produced
from thermoplastic elastomers, such as polystyrene-polyisoprene-polystyrene (SIS) and
polystyrene-polybutadiene-polystyrene (SBDS) triblock copolymers, are of particular
technological importance because their high elasticity enables uses in electronic skin, haptics and
wearable device applications.® Ongoing work also focuses on scattering analysis of P3HT-SIS and
P3HT-SBDS CPPCs to characterize multi-scale morphological transitions. High-throughput
remote SAXS and USAXS experiments were performed at APS, during COVID lockdowns, to
evaluate the influence of the CP additive on the structure of the lamellar morphology of the triblock
matrix. Results show that significant loadings (~ 5wt%) of CP can be incorporated into structured
mesophases without negatively impacting organization and preservation of the template. WAXS
experiments also demonstrate that CPs crystallize within the CPPC, which is important for
sustaining electronic conduction. Swelling of the lamellar periodicity also suggests that the CP is
incorporated into the mesophase and that this strategy produces structured CPPCs with long range
order. Ongoing experiments will correlate their morphology to electronic conduction.

Organic Mixed lonic Electronic Conductors (OMIEC) from Structured Blends with Conjugated
Polymers: CPPCs were also produced from blends of ionic conducting polymers and CPs. Here,
triblock copolymers containing polyethylene oxide (PEO) blocks were used as a structured
template for co-assembly of the polar conjugated polymer poly-3-potassium-butanoate-thiophene
(PPBT). Such composite materials conduct both ionic (PEO) and electronic charges (PPBT),
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matrix (PEO-PPO-PEO)_ Nearly Figure 2: (left) When mixed with 1wt% PPBT, cylindrical micelle
500 composite OMIEC samples structures are formed at low concentrations of Pluronic P123 and
were prepared using laboratory hexagonally packed arrays of cylinders (HPC) result at high

. . concentrations. In the absence of the CP, the triblock-copolymer
robotic automation to map the forms spherical micelles at low concentrations and a 2-phase
compositional parameter space. | mixture of body-centered cubic and HCP mesophases at higher
Figure 2 demonstrates that the loadings. (right) Increased loading of PPBT to P123 mesophase
addition of CP to the triblock results in pure HCP phase up to ~1 wt%, followed by significant
swelling of the lattice and the loss of long-range order.

mesophase, up to a critical loading
concentration, results in structured composites with long range order. Beyond this critical
concentration, the CP additive will negatively impact the organization of the mesophase leading
to disorder.

Future Plans

In the following years, we will continue to perform electrochemical and mechanical
characterization of CPPC samples to enable drawing direct links between multi-scale morphology
and material properties. Electrochemical impedance spectroscopy (EIS) and organic
electrochemical transistors (OECTSs) will be used to measure conductivity in electronically
conductive CPPCs and transistor switching performance in structured OMIECs. Rheological
measurements are also planned for OMIEC blends and tensile tests for elastomeric CPPCs. In
addition to this, we aim to continue to develop tools to enable more efficient analysis of the
complex multi-variate design spaces in CCPCs and OMIECs (e.g. concentration, MWs, molecular
architecture, solvent, processing, dopants). In the next phase of this project, we plan to further
explore integration of laboratory automation, advanced sampling (Bayesian) and classification
analysis for accelerated mapping of phase space in structured OMIEC materials with neutron
scattering. During the COVID19 lockdown, our team produced hardware and software tools to
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increase efficiency of scattering experiments, via integration of automation and data-driven design
of experiment practices, that also enabled remote execution with higher beamtime-utilization
efficiency than ever. These will be now applied to the analysis and optimization of these complex
class of materials.
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Inelastic Neutron and X-ray Scattering Investigation of Electron-Phonon Effects in
Quantum Materials

Dmitry Reznik, University of Colorado-Boulder
Program Scope

This program combines scattering experiments with first principles (Density functional theory,
DFT and molecular dynamics, MD) calculations to gain insights into electron-phonon
interactions that lead to charge localization and delocalization, phonon damping, thermal
conductivity and electrical current-driven structural defect generation via phonons. We are
also developing, upgrading, and training users in Phonon Explorer software, which is a great
productivity tool with an order of magnitude improvement of the speed with which time-of-flight
neutron scattering data can be analyzed.

Recent Progress
We made several important discoveries outlined below. This work is still mostly unpublished.

1. Electron-momentum dependence of electron-phonon coupling underling dramatic
phonon renormalization in YNi2B2C. Electron-phonon coupling, i.e., the scattering of lattice
vibrations by electrons and vice versa, is ubiquitous in solids and can lead to emergent ground
states such as superconductivity and charge-density wave order. A broad spectral phonon line
shape is often interpreted as a marker of strong electron-phonon coupling associated with Fermi
surface nesting, i.e., parallel sections of the Fermi surface connected by the phonon momentum.
Alternatively broad phonons are known to arise from strong atomic lattice anharmonicity. We
showed that strong phonon broadening can occur in the absence of both Fermi surface nesting
and lattice anharmonicity, if electron-phonon coupling is strongly enhanced for specific values of
electron-momentum, k. We used inelastic neutron scattering, soft x-ray angle-resolved
photoemission spectroscopy measurements and DFT-based lattice dynamical and electronic band
structure calculations to demonstrate this scenario in the highly anisotropic tetragonal electron-
phonon superconductor YNi2B2C. This new scenario likely applies to a wide range of
compounds.

2. Effect of the electronic charge gap on LO bond-stretching phonons in undoped
La2CuO4 calculated using LDA+U. Typical DFT calculations wrongly predict undoped
cuprates (known to be Mott insulators) to be metallic. They also predict Cu-O half- and full-
breathing phonon energies that are significantly softer than observed, presumably because of
weak on-site Coulomb repulsion on the Cu 3d orbitals. We used DFT+U calculations with
antiferromagnetic supercells of La2CuOs to establish correlation between the on-site repulsion
strength, tuned via adjusting the value of U, and phonon dispersions. We find that breathing and
half-breathing phonons reach experimental values when U is tuned to obtain the correct optical
gap and magnetic moments. We demonstrated that using distorted supercells within DFT+U is a
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promising framework to model phonons in undoped cuprates and other perovskite oxides with
complex, interrelated structural and electronic degrees of freedom [1]. These calculations have
already played a key role in a different investigation led by J.M. Tranquada that focused on
chiral phonons that may be responsible for the thermal Hall effect in the same compound [2].

3. Spinons and damped phonons in spin-1/2 quantum-liquid Ba41r3010 observed by
Raman scattering. In spin-1/2 Mott insulators, non-magnetic quantum liquid phases are often
argued to arise when the system shows no magnetic ordering, but identifying positive signatures
of these phases or related spinon quasiparticles can be elusive. We used Raman scattering to
provide three signatures for spinons in a possible spin-orbit quantum liquid material Baslr3O10:
(1) A broad hump, which we show can arise from Luttinger Liquid spinons in Raman with
parallel photon polarizations normal to 1D chains; (2) Strong phonon damping from phonon-spin
coupling via the spin-orbit interaction; and (3) the absence of (1) and (2) in the magnetically
ordered phase that is produced when 2% of Ba is substituted by Sr ((Bao.gsSro.02)4lr3010). The
phonon damping via itinerant spinons seen in this quantum-liquid insulator suggests a new
mechanism for enhancing thermoelectricity in strongly correlated conductors, through a neutral
quantum liquid that need not affect electronic transport [3].

4. Disorder-induced flattening of phonon branches in the clathrate BasGaisGeso. In the
search for high-performance thermoelectric materials, phonon-glass electron crystal (PGEC)
materials such as clathrates have drawn attention due to having both glass-like low phonon
thermal conductivity and crystal-like high electrical conductivity. BasGaisGeszo (BGG) has a
guest Ba atom trapped inside Ga/Ge cage structures is known for avoided crossings between
acoustic phonons and the flat guest atom modes proposed to be the source of the low lattice
thermal conductivity. Ga/Ge site disorder with Ga and Ge exchanging places in different unit
cells has also been reported. We used TOF neutron scattering to measure the complete phonon
spectrum in a large single crystal of BGG. Calculations assuming the structure where Ga/Ge
atoms occupy their nominal sites, as well as a disordered configuration showed that the latter
agrees much better with the data. (Fig. 1) Disorder strongly reduces phonon group velocities
despite nearly identical masses of Ga and Ge, which accounts for exceptionally low thermal
conductivity. Our work points at a new path towards optimizing thermoelectrics.

5. Automating Analysis of Neutron Scattering Time-of-Flight Single Crystal Phonon Data.
We have been developing software called Phonon Explorer that implements a data mining
workflow for large datasets of the neutron scattering function, S(Q, ®), measured on time-0f-
flight neutron spectrometers. This systematic approach takes advantage of all useful data
contained in the dataset. It includes finding Brillouin zones where specific phonons have the
highest scattering intensity, background subtraction, combining statistics in multiple Brillouin
zones, and separating closely spaced phonon peaks. Using the software reduces the time needed
to determine phonon dispersions, linewidths, and eigenvectors by more than an order of
magnitude. We recently published a paper describing the software as well as released a new
version 1.1, with significant performance improvements and new functionality [4].
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Fig. 1. Summary of the lattice dynamical phenomena in BGG. The top left panel shows part of the Ba rattler atom
containing (Ga, Ge)24 cage portion of the 3d unitcells of (top) perfectly ordered and (bottom) disordered BGG. In
the disordered phase, the Ge/Ga atom occupations are scrambled and the Ba sites are no longer equivalent. The
bottom left panel shows the neutron-weighted densities of states (DoS) (inelastic neutron scattering intensities
integrated over the 3<H<6, 3<K<7, 4.5<L.<6.5r.l.u. region of reciprocal space.) Black dotted lines are experimental
data taken with incident energy Ei=52 meV (top) and Ei=22 meV (bottom). The green/pink lines are the same
quantity calculated from DFT using the ordered/disordered unitcells. The disordered calculation and the
experimental curves for Ei=22 meV are offset vertically by 250 counts to aid visibility. The experimental curve has
an additional large (~250 counts) background that is not present in the calculations. For Ei=52 meV, the disordered
and experimental curves are offset by 400 and 600 counts respectively. The top (ordered unitcell) and bottom
(disordered unitcell) panels on the right show phonon dispersions (left column), phonon group velocities vk = |do|
(middle column), and atom projected densities of states, PDoS (right).

Future Plans

1. Interplay between phonon anomalies and polaron formation in perovskite oxides.
Recently we performed inelastic neutron scattering measurements at the SNS and JPARC of
optic phonons in several stripe-ordered nickelates, superconducting cuprates, and colossal
magnetoresistance manganites. We plan to use the Phonon Explorer software to establish how
phonon anomalies in these compounds correlate with features in published electrical
conductivity and optical properties associated with polarons. DFT calculations will establish the
degree to which DFT can be used to model phonons in materials with polaronic physics.

2. Atomistic mechanism underlying the effect of flash. Subjecting most materials to strong
electric fields drastically changes their properties. In particular their electrical conductivity
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increases dramatically, and they start glow due to intense luminescence, hence the name “flash”.
This fascinating phenomenon has been discovered recently and has an immense potential for
applications, yet, its atomistic mechanism remains a mystery. There is a lot of circumstantial
evidence that local structure is strongly modified and that phonons are intimately involved. We
leverage our expertise in phonons and in neutron scattering to investigate the flash phenomenon
in collaboration with the SNS, which invested significant funds into engineering and building
the sample environment that allows passing large currents at high temperatures through single
crystal samples. The first experiment on CORELLI was very successful and we hope to get
beamtime for the followup measurement of phonons on ARCS. This will be followed by detailed
data analysis with the purpose to discover of new physics of this phenomenon.

3. Upgrades of the Phonon Explorer software. We plan to incorporate instrument resolution
functions into multizone fit. This will significantly improve fitting accuracy, especially
extracting intrinsic phonon linewidths from the fits. We will also try to parallelize generation of
slices, which will increase the speed of the program by an order of magnitude.
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Structure-Property Relationships in Porous Electrodes for Electrochemical Energy
Storage
Dr. Jeffrey J. Richards, Department of Chemical and Biological Engineering Northwestern
University
Program Scope

Lithium-ion batteries are a mature electrochemical energy storage technology deployed at the
TW scale today. This wide-scale adoption has only been made recently possible after 40 years of
research and development.® In part, the slow pace of research and development and the reduction of
system cost was a result of insufficient knowledge regarding the fundamental connection between the
processing-performance relationships that persists today. In particular, the porous electrodes, a key
component of rechargeable lithium-ion batteries?, are highly non-equilibrium structures whose

optimization was only realized after careful

g Formulation: . control of the formulation, coating, and post-
= * Polymer/Carbon Interaction . 3

= - Aggregate Structure processing steps.” The performance of a
£ Electrode: battery is therefore currently dependent on
£ » Shear Rate, Elasticity the details of the manufacturing process and

* Porosity, Tortuosity not on a more fundamental appreciation of the

material properties. Understanding the link
between how porous electrodes are
manufactured and the structure-function
relationships that determine the
microstructure is critical to accelerating the

development of  emergent battery

Figure 1: Manufacturing porous electrodes requires technologies with higher rate cycling and
understanding the formulation and processing steps that capacity

determine the microstructure of porous electrodes. The
electrode is a composite manufactured through the combination Porous electrodes are manufactured

of carbon black (CB), active material (AM), and polymer binder by suspending a mixture of micron-sized

(PB) dispersed in a solvent (S). These components are mixed . . .
and then coated into a thin-film electrode that is post-processed electrochemically ~active material - (AM),

to yield a porous electrode. polymer binder (PB)*®, and carbon black
(CB) "®inasolvent (S) and depositing it onto
a metallic current collector® as depicted in Figure 1. The complex processing conditions encountered
during formulation crate many challenges for quantifying structure-property relationships. The overall
goal of this project is to leverage advanced neutron scattering techniques to understand how
formulation, coating, and electrochemical cycling influence the structure of porous electrodes and how
that structure can be influenced by the processing conditions.
To gain this fundamental understanding, the focus of the research effort includes three
objectives:
1. Quantifying polymer-particle interactions in flow using neutron scattering.
2. Processing-structure relationships in slurries using slot-die coating.
3. In operando studies of porous electrodes in relevant electrochemical contexts.
What will emerge from this proposal is a comprehensive microstructural picture of how porous
electrodes gain and maintain their properties. On the way to this goal, this project will develop new

Mixing Coating Drying
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sample environments that will be available to the broader scientific community to examine
technologies that go beyond batteries, such as fuel cells and coating formulations. Finally, this proposal
will also serve to train the next generation of graduate student engineers in advanced neutron scattering
methods.
Recent Progress: Our initial work has focused on Objective #1, understanding polymer-particle
interactions in flow using neutron scattering. In preparation for these studies, we performed
rheological and structural characterization on solutions containing poly(vinylidene fluoride)
(PVDF) and carbon black (CB) in n-methyl pyrrolidine (NMP), typical of slurries used for
cathodes.
TR - Initially, we examin(_ad the
e My, =680 kg/mol ’ rheology of PVDF/NMP solutions for
two commercial polymers (Arkema 741
(A-741) and 761 (A-761)). The results of
these measurements are shown in Figure
2a. In the dilute limit, the reduced

1/v viscosity exhibits a linear scaling with

e Cpypr (@S Shown by the solid lines). This

o 0 B lg inm_l)lﬂﬂ linear scaling is preserved up to the

2) ) overlap concentration, C*, where the
My c* R, Rg v scaling becomes enhanced indicating a

(kg/mol) (gL) (nm) (nm) transition from the dilute to the semi-

A-T741 350 76 194 20 o057  dilute regime. Our measurements show

that C* decreased with increasing
polymer molecular weight (as indicated

A-761 680 4.0 30 30 0.63

Figure 2: Property summary of Arkema polymer conformation . . . .

in NMP: a) Reduced viscosity versus PVDF concentration. IN the table in Figure 2). For a dilute
. . L ] 1

O_verla}ld on tlje curves are thg linear predlcthns based on the polymer in a good solvent — = [1,] =

Einstein equation and the experimentally determined values of C* c

b.) Small angle scatt_ering form factor, P(Q), versus wavevector Q m_”MRS’ where R, is the viscometric

for two polymers. Fits to the polymer excluded volume model are 3 Mw

overlaid on-top of the experimentally determined form factors. The radius of the polymer coil.® The

power-law slope is indicated on the plots. numerical values of the intrinsic
viscosities agree well with scaling predictions based on molecular weights measured using GPC
the radius of gyration of the polymer, determined from fits to the measured polymer form factor
shown in Figure 2b. The power-law index determined from these fits yields a confirmation
consistent with swollen chains!! and close quantitative agreement between the viscometric radius
and the radius of gyration.

Our prior work has shown that suspensions of CB subjected to well-defined shear flow
undergo structural break down with increasing shear intensity.*?>-1* This break up can be described
by a Mason number, a dimensionless balance of the shear forces acting to tear the agglomerates
apart against the cohesive forces holding them together. The Mason number is given as Mn =

2 .
M where o () is the measured shear stress at a given shear rate y, g,, is the yield stress, and
y
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¢ is the volume fraction of carbon black. While our prior work showed well-defined scaling
behavior that depended on the solvent viscosity, suspensions consisting of mixtures of CB+P are
expected to have an additional polymeric stress that has an unknown contribution to break down
of carbon black agglomerates when suspended in polymer solutions.

To test this hypothesis, we seek to measure the shear-driven break up of carbon black
agglomerates in suspensions of PVDF and NMP at relevant weight loadings for slurry coatings. In
our preliminary work, we have measured the shear dependent steady state stress, a(y), for a 3 wt%
suspension of CB (Vulcan XC 72R) as a function of polymer concentration (0.0, 1.0, 2.0, and 3.0
wt%). We found that in general the shear stress depended on the polymer concentration at all shear
rates. We fit our steady state flow curves to o(y) = o, (1 + (t7)°%%) + 1oy , Where o, is the yield
stress, T is a pseudo-plastic deformation timescale, and 7., is the infinite shear viscosity. We
expect that n,, = n, + ncp, Where the n, should exhibit similar numerical values as those
measured in Figure 2a. Figure 3 shows that this model describes the steady state stress well over
the entire shear rate range for each sample.

In this representation, we
F=—P+CB . .

——P observed a non-monotonic scaling of the
10" g, and T with polymer concentration,
indicating that PVDF influences the
| structural trajectory of the carbon black

10 _ i
,—-/ agglomerates. Interestingly, this
transition to non-monotonic scaling
- : A occurred at concentrations
b Covor (/L) approximately equivalent to C* for the

Figure 3: Nonlinear rheology of carbon black and polymer A-741 polymer. This indicates that there

suspensions - four polymer concentrations (shown in g/L in the may be important differences in the way
legend) at a fixed carbon content (3 wt%): a.) Structural

contribution to the shear stress versus shear rate for 0.0, 1.0, 2.0, thatpolymeric stress couples to the shear

and 3.0 wt% samples. The solid lines are model fits, and b.) force in the dilute vs. semi-dilute

concentration dependent reduced viscosity and infinite shear :

viscosity for samples with (P+CB) and without carbon black (P). _reg_m_]es' We (Ean ff”ther compare the
infinite shear VISCOSIty to measurements

performed on A-841 and we see close agreement between 7, for CB +P and neat P solutions with
CB+P sample showing a viscosity enhancement, likely due to the polymer-carbon interactions.
Future Plans

Over the next year, we will initiate work on Objective #2 with the acquisition of a slot-die coater
to study the structural evolution of slurries. We have two pending beam-time proposals to study
the structural evolution using ultra small angle neutron scattering (rheo-USANS) to study the
breakup of carbon black agglomerates as a function of shear rate for these samples and to examine
using small angle neutron scattering (SANS) the contrast dependent polymer form factor to
quantify PVDF-CB interactions. These studies will be carried out at the Spallation Neutron Source
(SNS) and the High-Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory. Finally, we

2 [ 0.0
107 7 = 10.
« 2

31
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will initiate collaboration with Jeff Lopez at Northwestern in the Spring/Summer of 2022 to begin
fabrication of electrochemical half cells capable of in situ electrochemical cycling (Objective 3).
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Discovering Toroidal Materials with Spherical Neutron Polarimetry

Efrain E. Rodriguez
Dept. of Chemistry and Biochemistry, University of Maryland, College Park, MD 20742

Program Scope

Neutron scattering remains one of the most

versatile and useful methods for probing the OPACE CHANGE INVARIANT
internal structure of condensed matter. Here, we e
use two aspects of the neutron’s interaction with
matter, its momentum and spin, to explore how a) Ferrotoroidic | b) Ferromagnetic

symmetry is broken in ferroic materials and T e 5
specifically ferrotoroidic materials. Briefly, a CHANGE S

ferrotoroidic material is one in which toroidal C#; ¢
moments order spontaneously at a given

temperature and break both space inversion and c.) Ferroelectric | d.) Ferroelastic

time reversal symmetries simultaneously, making

it a unique member of the ferroic classification NVARIANT 4 ﬂﬂ
table.[1,2] Currently, our project has two main T M

components: 1) the exploration of toroidal
materials with neutron scattering and 2) the Figure 1. The four ferroics according to how they
development of spherical neutron polarimetry break space inversion or time reversal symmetries.
capabilities within North American sources. With

respect to the first part of the project, we have furthered our understanding of how toroidal
moments, which are much less understood than electric dipole and magnetic axial moments, can
develop in magnetoelectric materials. We have explored transition metal phosphates and metal
thiophosphates as the antiferromagnetic systems that can support such toroidal moments. With
respect to the second part of our project, we have built an SNP apparatus that can be operated in a
small angle configuration and have a design and components to extend it to wide angle operation.

Recent Progress

Understanding the design of ferrotoroidics and magnetoelectrics: Since this funding period
started in 2019, we have a better understanding of how materials can be designed to express
ferrotoroidic behavior. The toroidal moment is a ‘moment of a moment’, and in our case it is
specifically derived from a ring of spins centered on a transition metal such as iron, cobalt, and
nickel [5]. These materials have implications for all materials where spontaneous breaking of
symmetry can be harnessed for memory and sensing applications, as has been the case for
ferromagnets, ferroelectrics, and ferroelastics. We conclude four major findings on the subject of
ferrotoroidics.
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I. Candidate materials for toroidal behavior should include
complex oxoanions such as phosphates, germanates, and
silicates that facilitate super-super exchange interactions
between metal centers. It is not enough for M—O—M
superexchange (where M = magnetic metal) to be present in
a candidate material. Within a ferrotoroidic material, M—
O—O—M interactions promote toroidal arrangement of
spins where the O—O pathway is provided by the (PO4)*,
(GeO4)*, or (SiO4)* anions.

ii. The location of the toroidal moments is exactly at the location

of the symmetry operation 1°. In literature, the location of
toroidal moments is ambiguous and much the confusion
comes from a lack of consensus on where toroidal moments
should be located in a crystal. My student Stephanie Gnewuch
has advanced the crystallography of these materials, and we
now hypothesize that these toroidal moments need to be
located at the point where both time-reversal and space
inversion symmetries simultaneously occur. This location
also happens to be located at the center of rings that consist of
M—(PO4)*—M —(PO4)* in LiFePO4 and LiCoPOs. Hence,
our hypothesis that these oxoanions are necessary in the
composition is strengthened by our crystallographic
arguments.

Figure 2. The location of the
toroidal moments are centered in
the 4b Wyckoff site for magnetic
space group Pnma' in LiCoPO, and
LiFePO4. These toroidal moments
are located at the center of rings
that include super-superexchange
interactions between the transition
metal centers (in orange) that
include the O—O edges of the
phosphate (PO,)* groups (grey
tetrahedra).

. We can increase the Néel temperature (Tn) in the olivine-type

LiMPOg4 by de-intercalation of the lithium cation using a chemical oxidative technique. For the
case of LiFePO4, however, the magnetic space group switches to one that does not support
ferrotoroidicity. We work around this challenge by making the solid solutions LiFe1.xMnxPO4
and then de-lithiate these phases. This way, we arrive at a magnetic space group that supports
ferrotoroidicity and raises the temperature from Ty = 47 K to 121 K, which makes potential
investigation of these materials for applications more probable.

. SNP can be used to solve the domain population of a ferrotoroidic material. We have now

successfully performed a CryoPAD experiment on a single crystal of LiFePO4 under zero-field
and field-cooled conditions. Under zero-field, we see equal domain population of the up and
down toroidal state. Once we cool in a conjugate field of E x H (where E = electric field and
H = magnetic field), we observer nearly 100 percent population of one domain over the other.
This is easily demonstrated in the off-diagonal terms in the polarization matrix one measures
during an SNP experiment. By reversing the field (e.g. -E x H), we can populate the other
domain. We have now systematically demonstrated this in LiFePO4 and hope the technique
can be extended to other candidate ferrotoroidic materials.
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S Q-frame
a) % % z c)

(E x H) Field Cooled (-E x -H) Field Cooled
(E x -H) Field Cooled (-E x H) Field Cooled

Figure 3. Rotation of the polarization 2 of the neutron beam after interacting with a LiFePO, single crystal that has
been field cooled. In a) the toroidal moment t is oriented in one direction after being cooled in either the (E x H) or (-
E x -H) field, and the rotation angle -6, is about the magnetic interaction vector ML. b) When the LiFePO, crystal is
cooled under the opposite crossed field (E x -H) or (-E x H), then the polarization is about the +6 angle. ¢) The
components of the 3x3 polarization matrix for the (101) Bragg reflection as shown by circles proportional to the
percent polarized. One can see that it shows how the off-diagonal terms are filled in to represent a rotation about the
z-axis. Red is negative, blue is positive.

Spherical neutron polarimetry: At the NIST Center for Neutron Scattering (NCNR), we worked
with the polarization team (Wangchun Chen) to build a prototype whereby we tested the major
components for an SNP experiment. Namely, we built electrically-controlled adiabatic rotation
devices (ARD), before and after the sample space in order to prepare and analyze the beam’s
polarization in the x,y,z-directions. We then constructed a sample space consisting of a
superconducting niobium shield connected to a cryogen-free closed cycle refrigerator (CCR).
After building the software and hardware to interface with the PHADES instrument at NCNR, we
were able to carry out enough measurements to calibrate the apparatus, which we called SANPA
(Small Angle Neutron Polarimetry Apparatus).[3] Unfortunately, we hit a major roadblock in
2020, which was the pandemic and the exclusion of users from NCNR and other neutron facilities.
Our current plan is to migrate our work to Oak Ridge National Laboratory to collaborate with the
Neutron Sciences group to continue to develop neutron beam polarization techniques.

Future Plans

Inspired by our work on ferrotoroidic materials and a study that proposed MnPSz is a
ferrotoroidic,[4] we are interested in pursuing such 2D materials that have a van der Waals (vdW)
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gap, which allows us to manipulate them to study magnetism at the 2D limit. For the next phase
of our neutron scattering work, we would like to continue our polarized neutron work but broaden
our work and pivot from only ferroic materials and towards materials where the magnetism is
confined to 2D-vdW materials. These 2D-vdW magnetic materials could play a crucial role in
novel electronic materials since they can be isolated as monolayers.[5-7] We propose to elucidate
the magnetic structures of new 2D-vDW magnetic materials with polarized neutron scattering. We
are specifically interested in the transition metal thiophosphates and selenophosphates, which are
2D-vDW magnetic materials. These materials may express either long-range magnetic order or
spin glassiness (i.e short-range order), and polarized neutrons will allow us to isolate the magnetic
from the nuclear contribution and distinguish between multiple domains that can develop in these
2D-vDW materials. Furthermore, since these are vdW-materials, they exhibit extensive
intercalation chemistry. Complex organic structures can be inserted to affect the magnetic,
optoelectronic, and transport properties. Such hybrid organic-inorganic materials traditionally
pose many challenges to unpolarized neutron diffraction, but with polarized neutron capabilities,
we can solve their magnetic and nuclear structures.

As stated earlier, we are pivoting our polarized work away from NCNR to ORNL for the next
couple of years. We have already sent several components of SANPA to the High Flux Isotope
Reactor (HFIR) and hope to send the rest of it by the end of the year, so we can test it along with
other apparatus at ORNL. We are currently purchasing a CCR that will be used to cool the
superconducting Meissner shield for the wide-angle analogue to SANPA.
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Non-Equilibrium Effects in Quantum Magnets

Kate A. Ross, Colorado State University

Program Scope

The project aims to achieve non-equilibrium conditions in solid state quantum magnets and
measure the resulting properties via neutron scattering and ac susceptibility. I will report on the
following areas: 1) Exploration of Kibble Zurek scaling effects in a transverse field Ising magnet
using ac susceptibility, generated by quantum quenches (in this case, magnetic field ramps at low
temperatures) performed at different quench rates spanning several orders of magnitude [1], 2)
The study the spin-spin correlations after "quantum annealing™ protocols vs. "thermal annealing”
protocols in glassy Transverse Field Ising Model material using neutron scattering [2].

Recent Progress

Using AC susceptibility, we have investigated whether Kibble-Zurek (KZ) scaling is observable
in the transverse-field Ising model material CoNb2O¢ following magnetic field quenches [1]. As
part of this work, we re-discovered and characterized (for the first time) a frozen state in this
material that exists within its previously reported antiferromagnetically ordered phase at zero
field. By varying the field quench rate and observing the initial ac susceptibility at zero field, we
determined that Kibble-Zurek scaling is not observed. Namely, we do not observe strong
evidence for a power-law scaling of initial ac susceptibility with quench rate. Instead, quenches
into this phase result in a logarithmic scaling of the initial ac susceptibility. Our results are
consistent with coarsening of domains over the timescale of the quench. Thus, we have not
observed any form of Kibble-Zurek scaling in CoNb2Os, which itself is a somewhat surprising
result; KZ scaling is expected to be ubiquitous for quenches across all
second order transitions, including quantum, classical, and freezing
transitions [3-6]. Our results imply that when coarsening happens on
the timescale of the quenches, KZ scaling is possibly obscured.

We have also studied the effect of quantum annealing in the spin-spin
correlations in the disordered Transverse Field I1sing Model material,
LiHoxY 1xF4 (x=0.44) [2]. We used the CORELLI instrument to

track the diffuse magnetic scattering this material for two annealing
protocols; one which involves cooling in zero field (Thermal The transverse field induces
Annealing, TA), and the other involving cooling in a transverse field | gyantum fluctuations, but also
that induces quantum fluctuations (Quantum Annealing, QA). These | increases randomness.

Figure 1: Cartoon of the effect of
annealing protocols in LiHoxY 1xFa.

two protocols in this material had been studied decades ago via ac
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susceptibility, a study which provided the first evidence for a “quantum speedup” in this material
[7]. In our neutron scattering experiment, at the shared end-point for both protocols, we
observed very similar final spin-spin correlations, which produced of pinch-point scattering as
expected based on critical scattering a phase boundary in the dipolar Ising ferromagnet model.
However, comparing the time evolution at the end of the protocols, we find that the spin
correlations evolve more significantly after TA, suggesting that QA produces a state closer to
equilibrium. We also observe experimental evidence that the transverse field produces random
fields, which had been previously predicted for this material and studied in other contexts. Thus,
we argue that while the material does exhibit a “quantum speedup” under quantum annealing
conditions, it is not a simple annealing problem; the energy landscape being optimized is
changing as the optimization proceeds (see Figure 1).

Future Plans

We are now focusing on exploring non-equilibrium quantum dynamics via inelastic neutron
scattering. In particular, we are interested in measuring non-equilibrium states via a departure
from detailed balance. We will use a pulsed magnet setup on CNCS to try to measure higher
effective temperatures in quantum magnets following a field quench, by comparing the inelastic
signals at positive and negative energy-transfers. Once this principle is demonstrated, will then
use this “effective thermometry” to investigate many-body localization (known as MBL [8]) by
systematically introducing disorder into the materials of interest.
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Fundamental Understanding of Bottlebrush Polymers Based on Structure and Dynamics

Gerald J. Schneider, Department of Chemistry and Department of Physics & Astronomy,
Louisiana State University, Baton Rouge, LA 70803

Program Scope

Our goal is a better fundamental understanding of bottlebrushes. Figure 1 illustrates the
classification of graft polymers, from comb polymers to bottlebrushes, accomplished by increasing
the number of side chains per backbone unit. The polymer A
reaches the bottlebrush regime once it can no longer form W
a random coil.! The high grafting density of side chains é
attached to a backbone leads to materials with ultralow %}
viscosities, and hyperelasticity.? %}’ 3&2

To understand systems with increasingly complex
architectures, the project is divided into sub-tasks. (i) ; N’
Identification of scaling relationships. (ii) Understanding ~Figure 1. C'_aSSiﬁca“_O” of graft polymers

. . . by the grafting density, z, and degree of
of underlying molecular relaxation mechanisms. (iii) Cor-  hojymerization of side chains N.., distin-
relation of results with viscoelastic data. Step (i) requires guishing 4 regions, (1) loosely grafted
acquirir'lg information on structure, and dypamics over a g’gb('é')kféo';gly (é)raﬂZS,se'LyB?rifﬁd(éf)or;nba
broad time and temperature-range. Step (ii) needs high-  densely grafted bottlebrush, DB.3
spatial resolution provided only by neutron spectroscopy
and identification of local relaxations which requires isotopic sensitivity. Knowledge of scaling
relationships and underlying relaxation mechanisms is highly transformative and can be utilized

to further advance the understanding of viscoelastic data.

Recent Progress

11500 g/mol
1800 g/mol 3§
=208 g/mol ]

This project combines information on structure and
dynamics to advance fundamental understanding of bottle-
brushes. Only neutron spectroscopy can provide simultane-
ous information on length- and timescale, e.qg., central to dis-
tinguish two processes with the same relaxation time by the
length-scale.

Our key results are: (1) We synthesized PDMS based TEotosbe N
bottlebrushes and verified stretching of the backbone by o oy
SANS experiments, which shows chain stretching occurs in-  Figure 2. Small angle neutron scattering
dependently of side chain or backbone flexibility. (2) Via ?:erz[v)v';fhs ;ﬁ;ler)e'\rftssigg té:;??ﬂ:]gﬁ?g
variation of the length of the side chains, we accomplished
spherical and elongated shapes, as illustrated in Figure 2. Both shapes are of equal interest, e.g.,
as additives or standalone elastomers. (3) We showed that the shape of bottlebrushes is independ-

ent of the chemical environment and can be retained changing the host system from solvent to

bQ) (em™)
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polymer. (4) Bottlebrushes can be used as shell-only particles, with SANS being the unique tool
to verify particle shape, size, and spatial distribution of shell-only particles in host matrices such
as linear polymer melts. (5) Unlike any other system, the core of these shell-only particles has a
negligible dimension, which facilitates a detailed investigation of the shell, compared to other sys-
tems like grafted nanoparticles, micelles, and star polymers. Additionally, it creates the oppor-
tunity to develop new light-weight materials by avoiding nanoparticles.

Figure 3 is a graphical illus- _ _ _
tration of the results obtained by % Jow matrix % igh matrix, %
SANS. It shows that the shell can
swell in low molecular weight poly- \ /
mer melts. Shrinkage at higher mo- high concen- 53
lecular weight matrices is accompa- % tration
nied by agglomeration, at higher con-
centrations reflecting decreasing mis- ~ Figure 3. Pictorial illustration of the size changes and agglomera-
cibility. (6) Knowledge of the ratio of tion behavior of bottlebrush polymers in linear host matrices.
side chain and host matrix molecular weights can be used to switch between colloidal and agglom-
erated systems.®

Dynamics largely determine the macroscopic material behavior. The recent progress con-
centrates on the fast relaxation at smaller length-scale. (7) Seg-
mental relaxation of bottlebrushes strongly depends on the

T(C)
227 60 23 73 106 130

PDMS-g-PDMS

10 N length of the side chain. In our project, the relaxation times of
o7 | the segmental dynamics of bottlebrush polymers compared to
s 1 their linear side chain changed by more than 2 orders of magni-

tude. A comparison with simulations on our samples reveals the
surprising fact that this change can be turned to its opposite
when going from stiff to flexible side chains. (8) Similar to lin-
: ear polymers, the segmental dynamics of bottlebrushes changes
Figure 4. Segmé?fggl(lfglaxation time OVver more than 10 orders of magnitude in time with temperature,
as a function of inverse tempera- Obtained from complementary dielectric spectroscopy and fast
ture.? field cycling relaxometry as seen in Figure 4. (9) Using the time
scale of QENS in combination with the length scale resolution, reveals a length scale or Q depend-
ent relaxation time, giving information whether the dynamics is homogenous or heterogenous. In
case of our bottlebrush polymers, the segmental dynamics is heterogenous which is only visible
due to the length scale resolution of QENS (Figure 5). Since dielectric spectroscopy would suggest
homogenous dynamics due to a temperature independent shape of the segmental relaxation spec-
tra, length scale information is an important part for understanding the dynamical processes.

Experiments on materials, including but not limited to polymer melts, are often conducted

at elevated temperatures to draw conclusions on the relaxation behavior at ambient temperature.

FFC NMR

. I I 1
3 4 6 7
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This assumption plays a crucial role in basic science in the
construction of master plots from several measurements at
various conditions. It is often the only way to predict the prop-
erties of a material over its lifecycle. However, the breakdown
of the underlying time temperature superposition principle is
known since a long time.® Understanding the reason for its
breakdown has an enormous societal impact, and only neu-
tron spectroscopy can give the answer, using a combination
of experiments that covers a frequency/time range broad
enough to create time temperature superposition together with

107"
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Figure 5. Segmental relaxation times
as a function of momentum transfer.’
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Figure 6. Mean square displacement as

a function of time for the three different

bottlebrush polymers.®

Here, we selected the small length-scale region less than the
size of a polymer segment and concentrate on PDMS bottle-
brushes and a broad time range to capture vibrations, methyl
group rotation, and segmental relaxation. We demonstrate
that the superposition of two or more processes is the main
reason for the breakdown of the scaling at this small-length
scale. However, we also demonstrate that the heterogeneity,
very typical for the segmental relaxation, does not impact the
time temperature scaling. The method we have developed is
useful for the expert, but also designed for a beginner. It is
highly transformative, e.g., shows why characterization tools
like rheology and dielectric spectroscopy report a breakdown

at vastly different temperature values. It is important, because it explains that a change of the MSD
in the intermediate time range of Figure 6, is due to the superposition of the methyl group rotation
and the segmental relaxation. The partial mean square displacement shows the independence of

the methyl group rotation on temperature and molec-

ular weight of the bottlebrush. lf:' o [mconerennsE] | [oEns]
Future Plans Sl I R N ]
Lo-sf M;de hain = 208 gfmol N 1

Up to now, our experiments concentrated on o 3 N Q{,a;ﬂ{.l SRR
the fast relaxations, with a length-scale at the polymer : ot o pe
segment scale or below. Our experiments identified 0} ) pson 1500 gl kka_ﬂg&
the segmental relaxation as heterogeneous based on Lo == PR R 1
the Q dependence of the relaxation time.” The next 2 ig;: e o ]
step forward will capture the transition to the homo-  * 10°F aszan - 11500 gmol ° ©- \«...“
geneous region, and the homogeneous region itself. L S 01: s
Estimates suggest a molecular weight dependent Q* 0 (A

between 0.1 to 0.6 A (Figure 7). At this value we Figure 7. Estimated relaxation times and Q*.
expect a change of the power law. This beamtime is already granted at NIST, Gaithersburg.
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Inspired by the combined results of dielectric spectroscopy and QENS, which are in favor
of a gradual relaxation behavior from the grafted to the free chain end, we are going one step
further and conducting QENS experiments on specifically labeled bottlebrush polymers, highlight-
ing two parts of the side chain to study the segmental dynamics as a function of the distance to the
backbone, cf. Figure 8. Here we emphasize the important difference, because we use polypropyl-
eneoxide, PPO, with the advantage that chain relaxation, or normal mode, is visible in dielectric
spectroscopy.

By means of the planned QENS experiments (two out of
three beamtime proposals are already scheduled, the third beam-
time proposal is submitted) v_ve can (_:ompare the confinement of Figure 8. Specifically labeled bot-
the different blocks of thg side chaln Wlth the f_uIIy protonated tlebrush bolymers with inner part
sample and unattached side chain using the time and length  (1eft) and outer part (right) high-
scale resolution of neutron spectroscopy. lighted.
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Neutron and X-Ray Studies of Spin and Change Manipulation in Magnetic Nanostructures

Sunil K Sinha, Dept. of Physics, University of California San Diego and Eric Fullerton,
Center for Memory and Recording Research, University of California San Diego

Program Scope: Our program is focused on the study of competing, frustrated and disordered
magnetic systems. In particular, we are interested in (i) the static and dynamic properties of chiral
magnetic systems, (ii) spin fluctuations in jammed and frustrated magnetic systems, such as spin
glasses, domain walls in antiferromagnets, and slow fluctuations in spin liquids and spin glasses,
which can be probed with neutron spin echo techniques and XPCS and (iii)
magnetic/superconducting heterostructures. We believe this research could lead us to new
understandings of basic physics processes in magnetic and electronic systems using a combination
of neutron and x-ray techniques.

Recent Progress:

(a) Magnetic Skyrmions: We have continued to use Fe/Gd multilayers as a model system to study
chiral magnetic
structures and we
have probed them
by SANS (see Fig.
1), resonant soft x-
ray scattering,
resonant soft x-ray
imaging,  XPCS,
Lorentz TEM,

1
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Figure 1: SANS pattern at sequential fields for Fe/Gd multilayer. (&) SANS pattern
showing two peaks indicating a well-ordered stripe domain structure. The inset is an

illustration of the artificially ordered stripe phase. The out-of-plane magnetic field was ferromagnetic
increased to poH = 185 mT (not shown). SANS patterns were measured as the magnetic resonance,
field was reduced towards negative saturation, with measurements shown at (b) poH = magneto-transport
0 T (skyrmion phase), (¢) poH =—30 mT, (d) poH =—200 mT. and modeling. In

particular we demonstrated that the tunable magnetic properties of amorphous Fe/Gd mulitlayers
enable the formation of well-ordered
skyrmion lattices which are stable over a
large temperature and magnetic field
parameter space, including room
temperature and zero magnetic field (see
Fig. 1). We further used SANS to capture
the skyrmion. Using perpendicular DC
fields and in-plane RF fields, we
explored the gyration modes of hybrid
skyrmions away, below, at, and above
resonance [Fig. 2(a-d)]. We find the
dynamic modes of hybrid skyrmions

6 33 0 33 0 3
Q, (x107° &™)

contribute to the SANS signal in two | Figure 2: 2D SANS pattern of magnetic skyrmions under

ways: first, the scattered neutrons incur gg{g“égt_rgagé‘lfﬂig)ﬁe(gs Sgl‘i') 3\;“;23"";‘;?1Zze‘it‘:t?i(e:_(lagosﬁt;c
additional transve_rse momentum a5 a | pp=12 GHz), (c) at-resonance state (H=150 mT, RF=1.3
result of scattering from a moving | GHz) and (d) above-resonance state (H=150 mT, RF=1.4
GHz). All 2D images are plotted with the same intensity scale.
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source, and second, the gyration skyrmions disrupt ordering of the lattice giving rise to
enhancement form-factor scattering.

By using coherent resonant x-ray magnetic scattering, we studied spontaneous fluctuations
on nanosecond time scales in thin films of multilayered Fe/Gd that exhibit ordered stripe and
skyrmion lattice phases. We first measure spontaneous fluctuations of the skyrmion lattice phase
and find an inherent, collective mode showing an underdamped oscillation with a relaxation of a
couple of nanoseconds. Further observations track the response towards the continuous phase
transition and a “critical-like” slowing down of fluctuations is observed well before the critical
point. These results suggest that the skyrmion lattice phase never fully freezes into a static crystal.
This constant state of fluctuation indicates that the physics of topological magnetic phases may
have more in common with high-temperature superconductors with disorder.

(b) Study of the Griffiths Phase and high-field magnetic phase transitions in disordered
binary rare earth compounds: The binary rare-earth dialuminides reveal interesting physics,
such as strong crystal field (CF) effects due to anisotropic 4f charge density as well as the
competition between different magnetic and crystal structures. PrAl, and ErAl, exhibit
ferromagnetic to paramagnetic transitions at 32.5 K and 14 K, respectively. On the other hand,
(Pr,Er)Al> undergoes a paramagnetic to ferrimagnetic (FIM) transition at Tc = 24 K. In the FIM
phase, the Pr and Er moments are aligned antiparallel, and this material shows several further
magnetic transitions at high applied magnetic fields. In particular, at low fields and below a
temperature of 26 K, it shows what is believed to be a Griffiths phase [1]. We have used a
combination of SANS and XMCD to understand several of the novel magnetic phases observed in
(ProsEro4)Al, including the detailed nature of the ferrimagnetic phase. For reasons of space we
will not include the XMCD results in this report. We have used SANS at the NIST NCNR facility
to study the Griffiths phase in a single crystal of (Pro.6Ero.4)Al in the temperature region just above
Tc. The Griffiths phase [1] in a system with quenched-in disorder, is a phase which exists at
temperatures above the true long-range ordering temperature where quantities such as the
magnetization, free energy, etc. are non-analytic functions of magnetic field and temperature. It is
characterized by local clusters of ordered spins, presumably ferrimagnetic clusters in this case.
Using polarized SANS we have confirmed the existence of these clusters, demonstrated that they
are anisotropic and measured their temperature dependence. Unfortunately, we were unable to get
a complete set of data, as the detector on the spectrometer had to be replaced and then the NIST
reactor shut down. We were able to get beam time at the SANS instrument at the ANSTO neutron
facility in Australia (which have to be run remotely as we are barred from access due to COVID
restrictions) which is now scheduled for January. We then hope to measure down to Q values of ~
10 ~-4 A and get a complete set of temperature data, which will enable us to publish these results.

(c) Interfacial Spin Structure, Spin-Triplet Superconductivity, and Long-Range Proximity
Effects in Magnetic-Superconducting Heterostructures: Combining superconductivity with
spintronics can lead to different superconducting states which can be useful for spin transport
applications. For superconducting/ferromagnetic (S/F) composites, the penetration of the spin-
singlet Cooper pairs into a ferromagnet typically decays quickly over the order one or two
nanometers. However, if the magnetization vectors at the S/F interface are non-collinear with
respect to the magnetization vector in the ferromagnet, one can obtain spin-triplets, which persist
over long distances giving rise to a long-range proximity effect. We have used polarized neutron
reflectivity combined with transport measurements to probe the interface spin structure of this
heterostructure consisting of a fixed hard magnetic layer (F), a free magnetic layer (F’) and
superconducting layer (S).
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The samples studied are MgO(110)/Cr/Co/Au/NiFe/Au/Nb/Au with different thicknesses of a free
magnetic (NiFe) layer (F’).. Figure 3(a) shows the resistivity measurement in magnetic field along
MgO[100] direction (black curves), and MgO[011] direction (red curves) for multilayer sample
MgO(110)/Cr(6nm)/Co(2.5nm) /Au(4nm)/NiFe(0.6nm) /Nb(21nm) /Au(4nm). The GMR effect
(Fig 3(a)) is directly related to the angle between the magnetic orientations of two magnetic layers.
It shows that the maximum resistance state shows up at antiparallel magnetic orientations and
switch to the minimum resistance state when magnetic orientations are in parallel.

The indirect
manifestation of spin-
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Figure 3: (@) GMR curves measured at 10 K with the field parallel and
perpendicular to MgO[100], and (b) Tc at a different angle and field strength for
multilayer sample with d(NiFe) = 0.6 nm.

linear configuration
(when applying magnetic
field 90 degree to the
easy axis of Co layer below the saturation field and above the NiFe switching field) (see Fig. 3(b)).
However, a multilayer with NiFe=3 nm (not shown here) shows the opposite trend, where non-
linear configuration shows higher T¢. The transport measurements were done off-line, but in
principle could be done simultaneously with the neutron measurements. A device with no F’ layer
with a Nb film showed an overall downward shift of Tc with increasing field (presumably due to
the field penetration into the Nb film) but no relative shift of Tc dependent on the direction of
applied field.

We performed our preliminary studied of polarized neutron reflectometry (PNR)
measurements at temperature 4 K at NIST. We measured at three different conditions to achieve
three different magnetic orientation configuration: a) H = 5000 Oe and field applied along with
MgO[100] direction: parallel orientation; b) H = -200 Oe and field applied along minus MgO[100]
direction: antiparallel orientation; ¢) H = 3000 Oe and field applied along with MgO[011]
direction: perpendicular orientation. We observed that the relative angle between the two layers is
consistent with the value we get from VSM and GMR measurements. We observed that the

behavior of the spin valve is highly sensitive to the thickness (d) of F’, F and S. We have a proposal
in to pursue more exhaustive measurements at the SNS.

(d) Development of theory for phase retrieval imaging in GISAXS mode using the Distorted
Wave Born Approximation.

“Diffraction Imaging” has attracted much attention over the last few years. The method
uses oversampling methods and iterative schemes to retrieve the phase of the speckle pattern
produced by the scattering of a coherent X-ray beam to reconstruct the image of samples at
nanometer length scales. Most of such measurements have been made in transmission geometry
set of samples that show spin triplet behavior with different signs of critical temperature when the
magnetic configuration of two layers is perpendicular to each other. We have a proposal in to
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pursue more exhaustive measurements at the SNS.and have assumed that the speckle pattern is the
Fourier Transform (FT) of the object, as in the Born Approximation.

However, for many experiments it may be desirable for many reasons to mount the samples
on a surface or interface, so that GISAXS would be the technique of choice. In this case the
existence of a reflected beam from the substrate causes the speckle pattern to deviate significantly
from the simple FT of the object. We have extended the phase retrieval method to use the full
DWBA expression for the speckle pattern which takes the specularly reflected beam into account.
The results obtained from detailed computer simulations of the scattering and reconstruction are
very encouraging in showing that the method works. (see Fig. 4) Verification with real experiments
is planned.

Figure 4: (c), (e) and (g) show
the 3 projections of the model
objects (assumed to be gold,
sitting on a smooth Si surface — 1000
not shown) in the x-y, x-z and y-
z planes, respectively. The | £
GISAXS scattering from these

Reconstructed

Original

objects was simulated using the
DWBA and reconstructed using 3000
the DWBA-extended phase
reCOﬂStrUCtlon methods (d)’(f) 0 500 1000 WSD!D/miE;DD 2500 3000 3500 1} 500 1000 WSDE;U‘;D)DD 2500 3000 3500

and (h) on the right show the
reconstructed  images  and
corresponding projections.
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(e) XPCS and X-ray microscopy studies of ion transport in polymer electrolytes
Quantitative understanding of ion and mass transport in liquid and polymeric electrolytes is at
the heart of electrochemistry and many other energy related fields. Here, the goal is to accurately
predict the concentration-dependent transport properties of the electrolyte and the resulting
performance of an electrochemical device. In this context, one challenge is to unravel the
transport phenomena occurring in concentrated solutions and determine the corresponding
transport coefficients, as these are foundational to the performance of electrolytes in ion
batteries. In this study, we employed a novel approach to understand the ion transport
mechanism and evaluate transport coefficients, including transference numbers, in a baseline
polymeric electrolyte. Specifically, we utilized in-situ synchrotron XPCS and X-ray microscopy
to directly measure the electrolyte velocity and ion concentration profiles in a Li—polymer
electrolyte cell. These were directly compared to calculations based on macroscopic concentrated
solution theory, which contain the transference numbers as an input. Our results provide length-
and time-scale bridging understanding of ion transport. The results have been published in
Energy and Environmental Science.
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Revealing the molecular origin of interactions between nanocrystals

James Swan, MIT (PI)

William Tisdale, MIT (co-PI)

Program Scope

The goal of this research program is to identify and quantify the role of surface-bound molecular
ligand layers in directing the self-assembly of colloidal nanocrystals into ordered superlattices.
Apart from shape-driven excluded volume
interactions or ligand-driven enthalpic
interactions, we hypothesize that molecular Incident
.. Neutron Beam
organization on and around nanocrystal
surfaces sensitively biases the self-assembly
of particular  nanocrystal  superlattice
morphologies. To test this hypothesis, we are

2D Detector

Scattered
Neutrons

Integrate
using small angle scattering (Fig. 1) and 2D SANS
molecular simulation to investigate how Colloidal PbS Pattern

Nanocrystals Azimuthally

interactions among surface-bound ligands,
solvent, and free ligands in solution control
the formation of nanocrystal superlattices.

Figure 1. Schematic illustration of small-angle neutron
scattering (SANS) of oleate-capped PbS nanocrystals in

The specific aims of this program are 1) to -
solution.

quantify molecular structure on isolated

nanocrystal surfaces using small-angle neutron scattering (SANS), 2) to understand how free and
bound ligands mediate nanocrystal interactions in concentrated solutions, and 3) to determine the
structural organization of molecular ligands in self-assembled nanocrystal superlattices.

Recent Progress
1) Quantifying interaction potentials between nanocrystals in dense solutions

In Year 1 of the program, we used small-angle neutron scattering (SANS) to measure the solution
structure factor in dispersions of fully passivated, oleate-capped PbS NCs up to concentrations of
16 v/v%. Fitting the data by assuming an attractive square well interaction potential between NCs
yielded a repulsive core diameter larger than the physical NC core diameter. This repulsive core
stems from a densely packed region of the ligand-shell near the NC surface. The spatial extent of
the repulsive core increases with temperature as ligand motion increases, becoming repulsive
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farther out in the ligand-shell, while the portion of ligand-shell outside of the repulsive region
remains attractive with a strength ~1 k5T (Fig. 2). SANS provides a molecular interpretation of
the fundamental inter-particle interactions in colloidal nanocrystal suspensions, ultimately relevant
to understanding the self-organization of nanoscale materials. This work is summarized in
Publication #1.

(@) T=125°C

Figure 2. Schematic comparison across temperature. (a-c) Comparison of the square well fit dimension parameters
(red) to the physical dimensions of the NC (black) for the high ligand coverage batch of PbS NCs (D = 6.1 nm, op <
3.4%, y = 5.8 ligands/nm?, ¢ = 0.12). The repulsive core diameter o is larger than the NC core diameter and
increases with temperature as ligand bulk material density decreases.

2) Prediction of superlattice structure with large-scale patchy particle simulations

Predictive control over the assembly of
PbS nanocrystals (NCs) into ordered,
oriented superlattices (SLs) and a
comprehensive theoretical framework
consistent with experimental observations
has remained elusive. PbS NC SLs can
adopt any number of configurations along
the Bain path from body-centered cubic
(BCC) to face-centered cubic (FCC)
pathway through body-centered tetragonal
(BCT) intermediates. In early work from
this program, we showed that NC
interactions are well-characterized by an
isotropic, repulsive, densely packed Figure 3. Comparison of atomistic and patchy particle NC
ligand-shell larger than the NC core with  representations. (top row) Bare NC core, NC with ligands,
weak attractions also present (Publication and patchy particle with ligand patches on the 8 (111)nc
#1). Recently, we have extended that facets. (bottom row) Equivalent patchy particle

. . representations with ligand patches matching length of
molecular understanding to parameterize a o

. . oleate capping ligands (L = 2.19 nm).

patchy particle representation of PbS NCs
for large-scale Brownian dynamics (BD) simulations (Fig. 3).
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The ligand patch attractive strength is determined by comparison of the solution structure to that
measured by small-angle neutron scattering (SANS) for oleate-capped PbS NCs (Fig. 4). The
patchy particle self-assembly behavior is probed using a sedimentation equilibrium methodology
which returns a complete equation of state with a single simulation and allows extraction of the
SL parameters and NC orientations. As the size of the repulsive ligand core increases, the lattice
transitions predictably along the pathway BCC — BCT — FCC with unit cell axes lengths that
perfectly match experimentally realized PbS NC SLs characterized by grazing-incidence small-
angle X-ray scattering (GISAXS). Weak attractions between ligand patches, consistent with
anisotropic ligand coverage on lead chalcogenide NCs, stabilize NC orientations in the SL. The
nearest-neighbor spacing corresponds well with the repulsive core size. We have mapped the phase
diagram across typical NC core diameters and ligand lengths and present a predictive framework
that agrees with the observed SLs. A manuscript detailing these advances is in preparation.
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Figure 4. Comparing simulation and experimental structure factors. (a) Solution structure factor from patchy particle
simulations (colored) and fits to the square-well model (black, dashed) for semi-dilute solutions (¢ =1, 3, 5, 9, 14,
and 18 v/v%) of patchy particles with comparable dimensions to those measured using SANS at an interaction strength
of 1.1 kcal/mol. (b) Experimental structure factor from SANS experiments for 6.1 nm diameter oleate-capped PbS
NCs. Volume fractions (¢ = 1.0, 3.2, 5.6, 9.4, 14.2, and 16.5 v/v%) are different from panel (a).

Future Plans

Work under this program so far has focused exclusively on understanding interactions between
NC ligand layers in solution. Moving forward, the focus will shift toward understanding molecular
organization in self-assembled NC superlattices. A key goal for the coming program year is
acquisition of high-quality SANS data on NC superlattices. This is a challenging undertaking, as
this will require an unusually large quantity of NC material.
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Orbitally-Active AMX; as a Platform for Novel Magnetism and Entangled Electronic States
Stephen D. Wilson

Materials Department, University of California, Santa Barbara

Program Scope

This program supports the synthesis and study of orbitally-active AMX. (A=alkali metal,
M=transition metal or rare earth ion, X=chalcogen ion) compounds. These compounds typically
form into delafossite-like structures comprised of triangular lattice, edge-sharing networks of MXe
octahedra separated by layers of A-site ions (though other interesting structures occasionally also
form). The goal is to understand whether members of this family of materials that host magnetic
ions with intertwined orbital and spin degrees of freedom can stabilize new magnetic states and
quasiparticles. For instance, novel Higgs-like amplitude modes, quantum spin liquid states, and
emergent Majorana quasiparticle excitations are predicted to emerge in certain scenarios.

The specific structural motifs of AMX; systems targeted in this program form highly frustrated
networks of M-site spins either in a layered triangular lattice structure or within a stretched,
diamond-like lattice. By tuning the interaction energies, single-ion anisotropies, and exchange
anisotropies, a rich frontier of emergent electronic phase behavior is predicted to be accessible.
Furthermore, in layered triangular lattice variants, the large ionic mobility of the A-site cations
provides a materials-based tuning parameter for controlling doping and vacancy- coupled
electronic order. Key variants under exploration are the NaMO, compounds with M=Mn, Ru
transition metal cations and ARX> compounds with A=Li, Na, K, Rb and R=Yb, Ce and X=0, S,
Se, Te. This program endeavors to synthesize both powders and single crystals of these compounds
and to explore their electronic ground states via an array of neutron scattering techniques.
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Fig. 1: Side view of the AMX; delafossite-like structure comprised of layers of edge-sharing MXe octahedra (purple
spheres coordinated by orange spheres) separated by A-site ions (black spheres). Triangles show targeted M-site
ions, their electronic configurations and resulting angular momenta. Periodic table illustrates the relative positions
of targeted M-site cations.
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Recent Progress

Our recent work has focused on the study of AMX; variants with M=Mn, Yb, and Ce. This
involved the synthesis of powders and single crystals of select variants as well as neutron
scattering-led studies of their spin/lattice structures and spin dynamics. Brief highlights of
progress realized in select materials are provided below.

NaMnO.: Building from our previous discovery of a o MGl
longitudinally polarized, highly coherent two-magnon
bound state in this NaMnO., we continued our study in
search of higher-order bound states. In particular, due
to the relatively strong binding energy and anomalously
long lifetime of the two-magnon bound state, NaMnO.
presents a unique platform for attempting to realize a
native three-magnon bound state in an antiferromagnet
for the first time. Our measurements indeed provided
the first observation of a three-magnon bound state
quasiparticle predicted to form from DMRG
calculations [2]. This demonstrated that remarkable
“few-body” states with relevance to droplet models - - :

. . . . Fig. 2: (a) Inelastic neutron scattering
pursued in the cold-atom community can form in quasi- showing the dispersion of single, two-,
1D “classical” S=1 chains with uniaxial anisotropy. and three-magnon bound states. (b) A cut

. ] ] through the K=0.5 zone center showing
NaYbO:: In exploring the delafossite rare-earth oXide | peaks at n=1, 2, and 3 magnon states.

with Yb®" M-site ions, we sought to understand how a | From Ref. [2]
frustrated lattice of Jerr=1/2 Yb ions would order and
how the spin-orbit intertwined f-electron orbitals (and their associated anisotropies) would affect
the predicted patterns of order on the triangular lattice. By studying this system, we discovered
that the Yb moments form a chemically clean lattice and an intrinsically quantum disordered
ground state [1]. What makes this quantum disordered state unique is its clean evolution into an
ordered “up-up-down” collinear ordered state under the application of a magnetic field. The
presence of this sharp phase boundary and the stability of the up-up-down state relative to the
predicted zero-field ordered states on a triangular lattice preclude extrinsic chemical disorder as
the origin of the zero-field quantum disorder and establish NaYbO, as an ideal platform for
understanding the formation of quantum spin liquid states.

(snun "que) (1)u

Energy (meV)

We further explored the phase boundary in NaYbO. between quantum disorder and field-driven
(fluctuation-stabilized) order. A first-order phase boundary was observed at the high-field phase
boundary of the ordered state [3], consistent with numerical models of classical spins on the
triangular lattice. The crystal electric field split excitation scheme of the Yb®* was also modeled
and the evolution of the low energy spin dynamics studied as an H-field drove NaYbO- from its
native spin liquid state into the ordered phase and then into the quantum paramagnetic regime.

175



5K
300 meV
ARCS

170.5 meV

146.2 meV

. 118.8 meV

Intensity (arb.)

0 5 10 15 20
1QI (A1)

Fig. 3: Inelastic neutron scattering data
collected on ARCS showing the CEF level
scheme of KCeO, as well as an additional,
extra mode present at 170 meV. Fig. from
Ref. [10]
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Fig. 4. The diamond-like lattice of
moments in the 14,/amd structure of AMO,.
The J1-J2 phase diagram for Heisenberg
spins on this lattice is illustrated below.

KCeOz2: Furthering our studies of NaYbO2, we explored
the impact of using a single electron M-site ion Ce*".
This material forms the same triangular lattice network
of Jer=1/2 ions; however the introduction of the Ce3*
spin-orbit entangled wavefunction in place of Yb%*
causes the system to order. We established signatures
of the formation of long-range order below 300 mK in
this material [10] and also verified predictions of an
anomalously large crystal electric field (CEF) splitting
of the Ce® J=5/2 states. By solving the CEF
Hamiltonian, we established that this system is far from
predictions of a dipole-octopole doublet and instead has
conventional dipole-dipole character; however we also
discovered an anomalous excitation in the CEF
spectrum.  This additional mode is a subject of
continued study, and likely originates from a dynamic
Jahn-Teller-like mode in this and related materials.

LiYbO2/NaCeO2: AMO; compounds with a rare-earth
M-site can also form an unusual, distorted diamond-like
lattice if the ratio of the A-site and the M-site sizes
exceeds a certain threshold. The rare earth ions form a
frustrated, diamond-like network that is predicted to
harbor spiral spin liquid and other unusual magnetic
states. We explored two such variants: LiYbO2 with
single-hole Yb** Je=1/2 moments [7] and NaCeO:
with single-electron Ce** Jer=1/2 moments [5]. While
NaCeO: orders into a conventional Neel state, LiYbO>
forms a highly unusual spiral magnetic state that hosts
an intermediate partially disordered phase. Fluctuations
in this partially disordered state drive a rich magnetic
phase diagram that we mapped out via neutron

scattering measurements. The resulting phase diagram and ground states can be well fit with a J;-
Jo> Heisenberg model on a stretched diamond lattice.

Future Plans

The program is focusing on the study of single crystal specimens of rare-earth based delafossites
that realize quantum disordered ground states. This allows us to establish the precise details of
their magnetic phase diagrams in order to inform more precise computational models of their
underlying Hamiltonians. The goal is to provide deeper insights into the mechanism that stabilizes
guantum spin liquid states in these triangular lattice systems.
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We are also working on exploring the magnetic ground states of M-site ions that realize a Jef=1/2
ground state wavefunction built from d-electron toq orbitals rather than f-electron orbitals. We are
completing a series of initial studies of materials like NaRuO: in this space, and it is an exciting
new direction where strong anisotropic exchange (e.g. Kitaev-like interactions) can provide an
alternative pathway to realizing quantum disordered ground states. New materials synthesis, new
crystal growth, and neutron scattering-based characterization are ongoing activities that will
develop further in the coming year.
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Bound Layer Exchange in Polymer Nanocomposite Melts

Karen I. Winey, Materials Science and Engineering, University of Pennsylvania
Robert A. Riggleman, Chemical and Biomolecular Engineering, University of Pennsylvania

Program Scope

Polymer nanocomposites (PNCs) are an important class of materials in a variety of applications ranging
from structural materials to membranes for separations or to membranes in battery applications. Preventing
aggregation of nanoparticles (NPs) in PNCs frequently requires systems with strong attractions between
the polymer and the particles, leading to polymer adsorption on the particle surfaces. This bound layer of
polymers exhibits conformations and dynamics distinct from bulk polymers and are critical to the properties
and performance of polymer nanocomposites. In fact, bound polymer layers can prevent NPs aggregation
and promote dispersion and are responsible for the superior mechanical and transport properties of PNCs.
The goal of our collaborative proposed work is to develop and demonstrate a small-angle neutron scattering
(SANS) technique to probe chain-scale exchange of bound polymers in bulk PNCs and polymer-
nanoparticle suspensions. We will combine this technique with course-grained molecular dynamics (MD)
simulations to study the effect of annealing temperature and time on bound layer exchange dynamics and
demonstrate control of exchange dynamics by altering the NP-polymer and NP-polymer-solvent
interactions. Achieving these goals will broadly impact the fabrication and use of polymer nanocomposites.
When polymer nanocomposites are fabricated from polymer-nanoparticle suspension, the characteristics of
the bound polymer in solution controls the nature of the bound layer and subsequently the exchange
dynamics in the polymer nanocomposites.

Recent progress: Simulations of Nanoparticles and Polymers in Solutions

Details of MD Simulation: To model the bound layer formation process in polymer-nanoparticle
suspensions, we constructed a series of systems that has one amorphous nanoparticle (or flat surface) fixed
in the center of the simulation box. We then fill the simulation box with polymer chains and solvent, where
polymer density is 0.1 and solvent density is 0.6. The polymer chains are modeled using a canonical bead-
spring coarse grain model [1]. Each polymer chain consists of N LJ interaction sites connected fully flexible
harmonic bonds. We employed the same interaction parameter setting presented in our group’s recent
work [2], and the nanoparticle-polymer interaction, &, , is varied. We define Ae,,r = €, — &y 10
measure the relative affinity of the polymer and solvent with the nanoparticles, and for Ae,, s > 0, polymers
preferentially wet the nanoparticle
surface. The primary aim of this work is
to study the effect of nanoparticle
curvature, polymer chain length, and
polymer-nanoparticle interactions on
the bound layer formation process. Thus,

Figure 1. Visualizations of our MD simulation systems with (a) we emplayed three different curvatures
nanoparticle ryp = 6 o, (b) nanoparticle ry, = 10 o, and (c) flat (rvp = 60,10 0, and flat surface) and
surface in a polymer solution. Nanoparticle (red), polymer chains three different chain lengths (N =
(blue), and solvent (yellow) are all modeled as LJ interaction sites. 10,40, and 100). For each chain length,
The visualizations presented are a cut through the center of the
simulation box for clarity.

we have four different polymer-
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nanoparticle interaction strengths, which is controlled through Ae, s (Ag,r = 0.1,0.3,0.5, and 0.7).
Typical snapshots of our systems are shown in Figure 1.

Bound polymer density: After equilibrating our systems at constant density where both the polymer and
the solvent do not wet the particle surface, we then turn on the particle/solvent and particle/polymer
interactions to induce adsorption. We begin our analysis by measuring the polymer density in the bound
layer. Representative results are presented in Figure 2. In Figure 2a, we plot the polymer density as a
function of distance to nanoparticle center for systems with N = 40 at four different Ae,, -. As expected, a
more favorable polymer-nanoparticle interaction can increase the polymer density in the bound layer. We
then plot the peak height of the density profile as a function of time in Fig. 2b and find that Ae,, ¢ has little
effect on the bound layer formation time. If we compare the formation process of different chain lengths,
we can find that for a given interaction strength, it takes longer for long polymer chains to form the bound
layer, though the final polymer densities are quite similar (Fig. 2c). We also measured the total number of
adsorbed polymer monomers, which is defined as monomers within 2.5 o to the nanoparticle surface,
observing qualitatively similar results as the density peak height shown in Figure 2.

(a)os — Aewr=0.1 (b) — Aew=0.1 (C)
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Figure 2. Representative results of bound polymer density (using systems with ry, = 6 ¢): (a) polymer density
as a function of distance to nanoparticle center for chain length N = 40; (b) density peak height of different
polymer-nanoparticle interactions for chain length N = 40; (c) density peak height of different polymer chains
lengths for Ae,, = 0.7.

o
(=1

Average coordination number: We also studied the chain scale dynamics of bound layer formation, by
measuring the average coordination number of bound polymer chains. Here, we define the coordination
number as the number of monomers in contact with the nanoparticle (within 2.5 ¢ to the nanoparticle
surface). Interestingly, we observe a hon-monotonic trend in the average coordination number when the
interaction is large enough (Ae,, s > 0.5), and the effect is more pronounced for short polymer chains. These
results indicate that there are two stages during the bound layer formation. Initially, a large portion of bound
polymer chains adsorb to the nanoparticle since there is enough available space on the nanoparticle surface.
Later when more polymers get adsorbed and cover the nanoparticle surface, new adsorbed chains with only
a few monomers adsorb, and the chains that initially had a large fraction of their monomers adsorbed
become less tightly bound by desorbing some of their monomers.

Implicit solvent simulation: Our simulations become much more expensive when chain length exceeds
N = 100. Therefore, we employed systematic coarse-graining methods to model systems with an implicit
solvent by varying the effective polymer-polymer and polymer-nanoparticle interactions (&,,). Like the
explicit solvent systems, we also vary &, to study the effect of polymer-nanoparticle interactions. Implicit
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solvent enables us to simulate much longer chains with a reasonable computational cost and we can
reproduce the analyses from the explicit solvent simulation.

Longer chains enable us to
study the development of
entanglements  during the
bound layer formation. To do
this analysis, we define bound
layer as regions within 2.5 o
to the nanoparticle surface,
and a polymer chain is defined e N U U
as a bound polymer if at least ~ Figure 3. (2) Bound polymers (N=400) used to calculate the entanglements.
one of its monomers is in the Different colors repr_ezsent_different polymer chains, and the nanoparticle is
bound layer. A typical removed for_better_wsuallzatlon. (b) Average' entanglements per bpund
polymer chain during the bound layer formation. The black dash line
snapshot of the bound represents the average entanglements in the bulk region. Results are averaged
p0|ymer chains can be found over five configurations.
in Figure 3a. We then calculate the entanglements between these bound polymer chains using the Z1
algorithm [4]. In Figure 3b, we plot the average entanglements per bound polymer chain as a function of
time for three different ¢,,,. We observed a significant increase of average number entanglements for all
three interactions, suggesting that chains unentangled with each other are more likely to be adsorbed by the
nanoparticle first during the bound layer formation. This result is important for experimental systems where
polymers are commonly adsorbed to the nanoparticles in solution prior to drying, and it shows that even
within the bound polymer layer, the bulk entanglement density is reached when the interactions are
sufficiently strong.

— Epn=0.6 Epn=0.8

Average number of entanglements (Z)

0.0 0.0

Recent progress: Small Angle Neutron Scattering of Nanoparticles in Polymer Melts

We have devised a method by which nanoparticles are preferentially coated with non-deuterated polymers
within a matrix of mixed deuterated and non-deuterated polymer. Ex situ small angle neutron scattering can
be used to detect the extent of exchange between the bound polymer at the NP surface and the free polymer
in the matrix as a function of annealing time. Limited and unpredictable access to neutron sources since
March 2020 has significantly hampered the progress of these experiments. For example, contrast matching
experiments are necessary for selecting the ratio of deuterate to non-deuterated polymer in the matrix to
maximize the contrast between the initial state and the fully exchanged state. After our beam time at NIST
was canceled, we secure time at the Quokka Beamline in Australia to perform these experiments in early
August 2021. Closures at that facility due to the pandemic postpone our (remote) beamtime until
November/December 2021 (tentatively). Thus, we were forced to estimate the contrast matching conditions
for the nanocomposites measured at ORNL in October 2021. Initial analysis of those data is intriguing in
that the polymer exchange is faster than expected, but the nanoparticle SLD is necessary to quantify the
rate of polymer exchange. Moreover, in person SANS experiments are necessary to track the polymer
exchange in solutions.

Future work

For our future work, we plan to extend our simulation to systems with implicit solvent and block copolymers
consisting of two different types of monomers, A and B. We use the same system setting as discussed above,
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except we fix the interaction between the nanoparticle and monomer A (&,4) and monomer B (&,p) to be
1.0 and 0.6, respectively. Both the ratio of monomer A, f,,, and monomer sequence are varied to study their
effects on the bound layer formation. We have used diblock copolymers with 5 different f, (0.1~0.5) and
five different monomer sequences with a fixed f; = 0.2. Preliminary results suggest that a higher £, leads
to a higher polymer density in the bound layer, and polymer sequence can affect both the adsorption rate
and polymer density in the final bound layer.
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Unraveling Emergent Quantum States in Magnetic Topological Insulators using High
Pressure Neutron Scattering

Weiwei Xie, Chemistry and Chemical Biology, Rutgers University — New Brunswick

Program Scope

This program supports a combined neutron scattering and materials discovery of novel
magnetic materials that display the coexistence of magnetism plus other physical phenomena such
as a non-trivial electronic band topology under high pressure. The goal of this project is to close a
long-standing knowledge gap in quantum materials research by developing a high-pressure
neutron scattering (HP-NS) toolbox to systematically determine the magnetic structures and
electronic interactions present at high pressure. To attain this goal, we have designed and tested
multiple high-pressure experimental approaches through the study of trigonal 122-type AMn;M>
(alkaline earth manganese pnictide) and 112-type phases using neutron scattering with a focus on:
1) quantifying the effect of pressure on magnetism and crystal structure; 2) validating the role of
magnetism in stabilizing its coexistence with topological electronic states; 3) modeling magnetic
interactions and spin dynamics by computational theory. and 4) centrally, using high pressure to
manipulate the interplay of multiple quantum phenomena both experimentally and theoretically.
Moreover, stabilizing these metastable phases detected under high pressure is another goal of
proposed research. The proposed high-pressure neutron scattering studies will open new avenues
for unraveling the effects of pressure on the interacting electrons that dominate the magnetic
properties in various quantum materials. The establishment of structure-magnetism-electronic
property relationships in forefront quantum materials is critical for understanding and predicting
the properties of matter and energy at the atomic and molecular level, thus inspiring new strategies
for materials discovery and characterization, and, over the long term, benefits the development of
future energy technologies.
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Recent Progress

1. Incommensurate Magnetic Ordering in 122-phases: To obtain the accurate magnetic structure
and understand how magnetism behaves under high-pressure, high-pressure neutron scattering
measurements were conducted on 122-phases. Single crystal CaMn2Bi, was crushed into a powder
and measured using a Paris-Edinburgh cell up to 7 GPa and down to 100 K at the Spallation

Neutron and Pressure

14

Diffractometer (SNAP) ——200K
at Oak Ridge National | |~ caicuates
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Laboratory ~ (ORNL). | % Magentic o O
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Fig. 1 (Left) Neutron powder scattering on CaMn;Bi. at 5 GPa at
both low (85 K) and high (290 K) temperatures. (Right) Refined
magnetic structure of CaMnzBio.

CaMn2Bi> at ambient
and high pressures.
Moreover,
incommensurate
magnetic ordering was observed, which is consistent with what we observed in the high-pressure
electric resistivity measurements.

2. Structural Phase Transition Observed in other 122-type Compounds: To experimentally explore
structural transitions in other 122-type compounds, we studied the materials using high pressure
X-ray diffraction. High-pressure X-ray diffraction can provide information about crystal
orientation and geometrical relationships in addition to the d-spacing commonly obtained by
powder X-ray diffraction. According to the high-pressure PXRD results, we successfully obtained
the structural information and

critical pressures for structural
transitions.  For  example,
CaMn;Sh,  transforms into
monoclinic structure at around
5.0 GPa shown in Fig. 2; the
structural transition occurs
around 2.1 GPa in EuMg:Bi>.
However, no structural
transition was detected in
EuSn,P, and EuSn;As; up to
25 GPa.

Intensity (a.v.)

0.2 and 7.3 GPa.
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Fig. 2 (Left) X-ray powder scattering on CaMn,Sh; at 0.2 and
7.3 GPa. (Right) Refined crystal structures of CaMn,Sh, at
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3. Eu,MgsBig in Buckled Honeycomb Structure obtained under High Pressure: Honeycomb lattice
and its derived variants are paramount in modelling and designing quantum magnets. A novel
magnetic material, Eu2MgsBis, which stabilizes in a previously unknown buckled honeycomb
lattice, was discovered by high-pressure and high-temperature methods. On the synthesis
exploration of pure single crystals, structural determination of buckled honeycomb lattice of
Europium moments, and experimental observation of competing magnetic phases in metallic
Eu>MgsBis. The crystal structure of EuMgsBis is orthorhombically centrosymmetric with the
space group Cmca. Eu atoms form an Eu buckled honeycomb lattice in perfect layers. The
dominate antiferromagnetic interaction associated with magnetic coupling within the buckled
honeycomb layers is confirmed based on the high Curie-Weiss fitting with Tcw ~ -24 K. However,
the long-range magnetism orders in the temperature range far below Tcw. Two transitions observed
at Tny = 4.0 Kand Tnz = 6.0 K originate from the competing magnetic interactions in EuoMgsBia.
Two sharp anomalies occur in the magnetic susceptibility, zero-field resistivity, as well as heat
capacity all suggest successive evolution of magnetic order parameters, which is frequently
observed in magnets with competing interactions. This magnetism and structure entanglement
provides an ideal platform to study the interplay between honeycomb lattice rare-earths and
guantum magnets, thus realizing the design and control of magnetism from the structural aspects.
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Fig. 3 (Left) Crystal structure of Eu2MgsBis synthesized at 6GPa, 800 °C. (Right) Magnetic
properties of Eu2MgsBis with competing magnetic orders in buckled honeycomb lattice.

4. Tuning Chemical Pressure to Discover a New Type Pyrochlore Lattice: The single crystal of
LiYbSe; was grown from LiCl flux. Distinct from the quantum spin-liquid candidate NaYbSe:
hosting a perfect triangular lattice of Yb**, LiYbSe: crystallizes in the cubic pyrochlore structure
with space group Fd-3m (No. 227). The Yb** ions in LiYbSe; are arranged on a network of corner-
sharing tetrahedral, which is particularly susceptible to geometrical frustration. According to our
temperature-dependent magnetic susceptibility measurements, the dominant antiferromagnetic
interaction in LiYbSe; is Ocw ~ -1.5 K and no long-range magnetic order is observed in
thermomagnetic measurements above 70 mK, likely due to geometrical frustration. Specific heat
measurements also show magnetic correlations shifting with applied magnetic field with a degree
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of missing entropy that may be related to the slight mixture of Yb*" on the Li site. LiYbSe: is an
important material to understand exotic magnetic effects with anisotropic Yb*" moments on the
pyrochlore lattice.
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Fig. 4 (Le) Crystal structure of LiYbSe;. (Right) Heat Capacity measurements on LiYbSe, with
down to 70mK without observing any long-range or short-range magnetic interactions.

5. Non-centrosymmetric Sr2lrO4 obtained under High Pressure: Sr2lrO4 with strong spin-orbit
coupling (SOC) and Hubbard repulsion (U) hosts Mott insulating states. The similar crystal
structure, magnetic and electronic properties, particularly the d-wave gap observed in Sra2lrO4
enhanced the analogies to cuprate high-T. superconductor, La2CuOas. The incomplete analogy was
due to the lacking in broken inversion symmetry in Sr2lrO4. Here, we describe the synthesis of
non-centrosymmetric Sr2lrO4 under high pressure and high temperature. The crystal structure and
non-centro-symmetry were determined by both single crystal X-ray diffraction and high-resolution
transmission electron microscopy (HR-TEM). The magnetic characterization confirms the Ir#
with S = % at low temperatures in Sr2lrO4 with magnetic ordering temperature around 80(2) K,
which is much larger than the moment observed in ambient pressure Sr2lrOs. Moreover, the
resistivity measurement shows the non-centrosymmetric high pressure Sr2lrOs phase exists a
bandgap around 68(1) meV without an applied magnetic field and keeps decreasing as increasing
the magnetic fields. Non-centrosymmetric Sr2lrO4 appears to be a unique material to understand
high-T¢ superconductivity.
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Fig. 5 Crystal structure changes of Sr21rO4 under high pressure.
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Future Plans

We will experimentally study how pressure impacts structural stability and structural preference.
We will perform chemical bonding analysis and theoretical assessment of the new phases obtained
under high pressure and compare the results to the phase obtained at ambient pressure to
investigate how the chemical bonding dominates structural stability. We will study the comparison
between chemical pressure and physical pressure in other 122-type and 112-type phases. Sr and
Bi are larger than Ca and Sb, which indicates that solid solutions will have different degrees of
chemical pressure present. We will investigate structural stabilities of these materials at various
chemical and physical pressures and map the tuning parameters between chemical and physical
pressures to obtain targeted phases. Moreover, we will perform high pressure neutron scattering at
the ORNL high pressure neutron scattering facility to gain knowledge of the atomic interactions
and spin dynamics emerging in these materials at various temperatures and pressures. We will
focus on the construction of magnetic and potential superconducting domes and possible non-
Fermi liquid behavior. We will study the surface band structures of high-pressure phases both
experimentally and theoretically with a focus on the search for emerging interacting magnetic and
topological surface states in new high-pressure phases. To understand the interplay of band
topology and magnetism deeply in the metastable phases synthesized by high pressure high
temperature methods. Finally, to understand the atomic and electronic interactions deeply,
theoretical calculations using WIEN2k DFT-calculations will be performed. Moreover, the
electron-electron coupling strength will be calculated and compared to illustrate the effect of
pressure on the magnetic interactions. We will perform theoretical calculations, especially band
structure and Fermi surface calculations, to study how the electrons in 3d orbitals interact with
electrons in 4f orbitals under high pressure.
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Program Scope

Since broken symmetry often accompany new physics, new physical phenomena are bound to
happen in chiral magnets where all of space inversion, mirror, and timer reversal symmetries are
broken.*” For instance, chiral magnets exhibit various exotic magnetic structures including the
chiral soliton lattice and Skyrmions which originate from the interplay between the asymmetric
Dzyaloshinskii Moriya (DM) interactions, the symmetric exchange interactions, and the magnetic
anisotropy.® Moreover, when chemical substitution is introduced in chiral magnets, the magnetic
interactions and anisotropy could be significantly changed, and their complicated correlations with
the modified structural features may result in exotic magnetic orders and dynamics. The chemical
substitution effect in chiral magnets has been little studied. It is quite essential to make clear the
role of the chemical substitution in chiral magnets, as chemical substitution provides an effective
way to tune the physical properties for desired material functions. We choose 2 chiral material
systems to study the effect of chemical substitution: NizxMxTeOg (M = Mn, Co) with0 < x < 3
and the CryzxMxTaS2 (M = Fe, Co and Ni) with 0 < x <1/3. In the chiral lattice environment of
the parent compounds, the chemical substitutions could modify the chiral lattice structure, adopt
various magnetic anisotropies and tune the competing magnetic interactions, giving rise to novel
physics in chemical-substituted chiral magnets. The ultimate goal of this project is to reveal the
complex correlations between chemical substitution, chiral crystal structure, magnetic interactions
and exotic magnetic orders in chemical-substituted chiral magnets, through a series of neutron
diffraction and inelastic neutron scattering experiments.

Recent Progress
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group.®!! NisTeOg has been
found to exhibit a collinear antiferromagnetic order with spins aligned along the c axis below 50
K111 In pure NisTeOs, the magnetic Ni?* ions occupy 3 distinct sites denoted as TM', TM" and
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TM" respectively. Our neutron powder diffraction results (obtained at BT1 at NCNR) suggest
that Mn doped NizxMnTeOs (NMTO) is isostructural to NisTeOs. Mn?* ions substitute Ni** ions
and mainly occupy the TM" site.}> The ground state of NMTO (x = 0.9) maintains the
commensurate collinear (CC) antiferromagnetic order (T < 63 K) as depicted in Fig. 1(B) and (C),
but a new phase with XY -type magnetic anisotropy is discovered at an intermediate temperature
range (63 K < T < 75 K). Our neutron single crystal diffraction experiments (performed at WAND?
at HFIR) reveal that the intermediate phase is an incommensurate (IC) helical magnetic state
propagating along the c¢ axis with a vector k = (0, 0, 1.5 + ¢) with ¢ = 0.146, as shown in Fig. 1(D).
Moreover, the temperature and magnetic field dependence of neutron diffraction experiments
(performed at BT1 at NCNR and WAND: at HFIR) indicates that the balance between these two
magnetic states can be readily manipulated with magnetic fields. Our neutron diffraction results
are summarized in the H-T phase diagram in Fig. 1(E) which is consistent with the phase diagram
obtained from magnetic susceptibility and dielectric constant.*?

We also obtained high-quality single
crystals of NiCo2TeOs (NCTO). Neutron
powder diffraction results (obtained at
BT1 at NCNR) confirm that the space
group of NCTO is chiral and polar R3.
However, different from the two magnetic
transitions in NMTO, neutron diffraction
experiments on NCTO indicate that the
spins order into an IC helical magnetic
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ground state below Ty ~ 54 K, as shown Figure 2. (A) Neutron single crystal diffraction intensities
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Fig. 2(C). The helical magnetic structure diffraction intensities near (0, 0, 1.5) vs magnetic field at 2

consists of spins aligned in the ab-plane K. (C) Helical magnetic structure of NCTO.
which stack helically along the c-axis with

an incommensurate propagation vector k ~ (0, 0, 1.5 + ) with 6 = 0.255. Figure 2(A) exhibits the
temperature dependence of the two IC magnetic peaks at (0, 0, 1.5 + §) (data obtained at HB-1A
at HFIR). Furthermore, as shown in Fig. 2(B), the magnetic field dependence of the two IC peaks
reveals that the IC helical magnetic structure can be readily switched to commensurate structure
with a vector k ~ (0, 0, 1.5) by external magnetic fields.
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analysis, we clearly clarified the magnetic chirality of the helical magnetic structure of NCTO. As
shown in Fig. 3(A), at 4.5 K, the intensity of the ox+ channel is much higher than that of the ox-+
channel near the I1C peak of (0, 0, 1.755), whereas near the IC peak of (0, 0, 1.245) the intensity of
the ox+- channel is much lower than that of the ox+ channel. The magnetic chirality is estimated by
(ox+- - ox+)I2Pi where P; is the polarization of the incident neutron beam. The temperature
dependence of magnetic chirality is shown in Fig. 3(C).

For the metallic Cri3xMxTaSz, we W T
confirmed the chiral helimagnetic  su|
transition in the pure Cri3TaS; and
observed nontrivial magneto-transport
properties  associated  with  the
topological chiral magnetic solitons.*® Lo ]
The propagation vector of the helical S aony (1.0.1)
magnetic structure in Cry3TaS2is (0, 0, | Figure 4. (A) Neutron single crystal diffraction intensities near
0.042). Our neutron diffraction | (1, 0, 1) for Co doped CrisTaS,. (B) Neutron single crystal
experiments on the Co and Ni doped diffraction intensities near (1, 0, 1) for Ni doped Cry3TaS,.
Cr13TaS; single crystals suggest that the Co and Ni substitutions can significantly tune the chiral
helimagnetic structure. As shown in Fig. 4(A), the Co doped Cry3TaS: exhibits a pair of IC peaks
which can be indexed by a k vector of (0, 0, 0.038). The Ni doped Cry3TaS> also exhibits a pair of
IC peaks and the peaks can be indexed with a k vector of (0, 0, 0.09). The Co and Ni ions are
expected to modify the microscopic magnetic interactions in Cry3TaS2 and induce the significant
change in the k vector.
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Future Plans

We will continue our efforts to understand the complex correlations between chemical
substitution, chiral crystal structure, structural disorders, magnetic interactions and exotic
magnetic orders in chemical-substituted chiral magnets.

The magnetic chirality of the IC helical phase in NMTO has not been clarified. We will perform
polarized neutron diffraction on NMTO single crystal to reveal the magnetic chirality for the
intermediate IC helical phase. It is not clear why the NMTO exhibits two magnetic transitions
whereas the NCTO only shows one IC helical magnetic transition. We have obtained high-quality
inelastic neutron scattering data on NCTO and we will perform inelastic neutron scattering
experiments on NMTO. We will compare the data, analyze the magnetic interactions in these two
samples, and figure out the microscopic reasons for the exotic magnetic transitions. Furthermore,
the chiral helical magnetic phases of these doped chiral magnets are also expected to show novel
non-reciprocal spin wave features.)” We will perform polarized inelastic neuron scattering
experiments on NMTO and NCTO single crystals to verify the possible non-reciprocal spin wave
features. The magnetic field dependence of the magnetic structures of NMTO and NCTO also
indicate that the topological chiral magnetic solitons could exist in these insulating oxides. To
search for the possible topological chiral soliton state in NMTO and NCTO, we will perform small
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angle neutron diffraction experiments on these single crystals. The Co and Ni substitutions can
significantly tune the chiral helical magnetic structure of the pure CrysTaS: single crystals.
However, the underneath reasons are still not clear. To reveal the microscopic reasons, we will
also perform inelastic neutron scattering experiments on the doped Cr13TaS; single crystals.
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Program Scope

Liquids, including complex fluids, as one of the three phases of matter, are ubiquitous on
earth and are prototypical disordered condensed matter. However, the physics of liquids is far
from being completely understood and therefore excluded by Landau and Lifshitz from their
Course of Theoretical Physics. As the mediate phase between non-structured gases and ordered
solids, liquids possess intriguing complexities that are absent on either extreme counter phase,
especially when they are driven away from equilibrium. Despite decades of studies, the physics
of liquids still keeps surprising us and challenges our understanding of condensed matter,
emergent phenomena, and complex systems. Furthermore, numerous soft and biological
materials of amazing far-from-equilibrium complexity seem to share many intriguing features of
liquids. Therefore, quantitative descriptions of the structure and dynamics of liquids and liquid-
like matter will likely impact a wide range of disciplines.

Among the many interesting properties of liquids, the nature of collective dynamics in liquids
remains elusive because of both the presence of strong interactions and the absence of
translational invariance. Our research activities center around the understanding of collective
density fluctuations (or collective modes), which include both phonon-like excitations and
collective relaxations, in the Q-dependent generalized hydrodynamic regime in liquids and
liquid-like matter both at and away from equilibrium. We perform systematic studies of the fast
collective dynamics of a variety of liquids characterized by different fragilities and interactions
(ionic, metallic, hydrogen-bonded, van der Waals) using synergistically integrated coherent
neutron scattering experiments, a ViscoElastic Hydrodynamics theory we have been developing,
and Molecular Dynamics (MD) simulations and our analysis package LiquidLib. The
transformative knowledge of the collective dynamics in liquids is important to understand and
ultimately control the transport of mass, energy, and charge in liquids, both at and away from
thermal equilibrium, which may will likely impact a wide range of disciplines.

Recent Progress

1. Using a combination of the new wide-angle neutron spin-echo (WASP) at ILL and the time-
of-flight direct geometry chopper spectrometer AMATERAS at J-PARC, we measured the
collective relaxation dynamics of a model fragile glass-forming liquid CKN covering a
wide Q range and time range. The results show, for the first time experimentally, temperature
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independent dynamic heterogeneity with more Arrhenius-like behavior at the local length
scales. (Nature Communications, in revision) [1]

It has been known that the relaxation of glass formers is spatially heterogeneous, however, the
dynamics at different microscopic length scales are not fully explored. Employing wide-angle
neutron spin-echo spectroscopy, we measured the Q-dependent coherent intermediate scattering
function of a prototypical ionic glass former Ca0.4K0.6(NO3)1.4, in the equilibrium and
supercooled liquid states beyond the hydrodynamic regime. de Gennes narrowing is observed in
all characteristic variables of the slow a-relaxation: the relaxation time, amplitude, and stretching
exponent. In contrast to that around the structure factor peak, the stretching exponent exhibits no
temperature dependence and concomitantly the relaxation time shows smaller deviations from
Arrhenius temperature dependence at the structure factor valley, indicating temperature
independent dynamic heterogeneity with more Arrhenius-like behavior at the local length scales.
These observations reveal the length scale dependent relaxation dynamics and shed new light to
the microscopic relaxation mechanism of supercooled liquids.

1.26 A*[ Figure 1. ISF of CKN covering a broad time window at
woak | three representative Q’s: (1.26, 1.86 and 2.60) AL, The
480K | data presented by open symbols from 0.1 ps to 6 ps are
483K 1 Fourier deconvoluted time-of-flight spectra measured on

1423 ﬁ AMATERAS, those presented by solid symbols from 2.6

424K | psto 1.2 nsare the WASP data. The AMATERAS data are

jggi measured at T = 420 K and 480 K, and the WASP data are

2.60A1| at T = 424 K and 483 K. These two sets of data match in
420K 1 the overlapping time range without any artificial

424 K i
asok | adjustment.

483 K

~—AMATERAS —

2. Using neutron spin-echo (NSE), we measured the microscopic structural relaxation of a
prototypical network ionic liquid (also molten salt) ZnCl, at two characteristic length
scales associated to the nearest-neighboring ionic correlation and the ordering of the
tetrahedral motifs. We discovered an unusual increase of the stretching exponent upon
cooling, which is rationalized by the formation of network structure on cooling from
simulations. (JPCL) [8]

ZnCl, constitutes a rare prototype of ionic network glass former and has received recent
technological interests because of its relevance in applications as heat transfer fluid for molten
salt reactors and concentrated solar power plants, and in applications of molten salt synthesis of
electrodes and luminescent materials. Liquid ZnCl> has been found to exhibit unique properties
in contrast to other molten salts, for example, it melts at a fairly low temperature and has nearly 3
orders of magnitude larger viscosity than other salts, together with low ionic mobility and
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conductivity at the melting point. These striking properties imply distinct dynamical behaviors of
liquid ZnCl>. Our results show that the relaxation at the primary peak is faster than the pre-peak
and the activation energy is ~33% higher. Stretched exponential relaxation is observed even at
temperatures well above the melting point Tm. Surprisingly, the stretching exponent shows a
rapid increase upon cooling, especially at the primary peak, where it changes from stretched
exponential to simple exponential on approaching Tm. These results suggest that the appearance
of heterogeneous glassy dynamics typical of the supercooled state even in the equilibrium liquid
state of ZnCl, as well as the different temperature dependence of the relaxation time at the two
investigated lengthscales, suggesting that the formation of network structure on cooling induces
qualitative modifications of the microscopic dynamics.

3. Using QENS, we revealed the distinctively different collective dynamics behavior in the
kosmotrope as opposed to the chaotrope aqueous solutions of salts, increasing with the salt
concentration in the former and decreasing in the latter. (JPCL) [10]

Aqueous solutions of salts are the focus of ever-present scientific interest because of their
relevance in chemistry, biology, and physics. In fact, the presence of ions plays a critical role in
many processes, for example in biology, in the selectivity of ion channels; highly concentrated
aqueous salt solutions are also the object of increasing interest in the search of novel electrolytes
for better performing batteries. Despite the intense scrutiny, one of the most intriguing
phenomena, the reduction of the viscosity observed for aqueous solutions of certain salts, is still
not fully understood. In fact, no significant difference has been observed in the way the
molecular structure of water is affected by the presence of kosmotrope (which increase the
viscosity) or chaotrope (which decrease the viscosity) salts in solution. Spectroscopic and
computer simulations studies suggest that the effect of salts on the H-bond lifetime is mostly
limited to the first solvation shell. Using QENS, we studied the structural relaxation in heavy
water solutions of kosmotrope (structure maker) and chaotrope (structure breaker) salts, namely
sodium chloride, potassium chloride, and cesium chloride. Our data indicate that kosmotrope
salts dynamically stabilize (increase the lifetime of) the hydrogen bond network, whereas
chaotrope salts have the opposite effect. In both cases the trends are proportional to the
concentration dependence of the relative viscosity of the solutions. These results indicate that
kosmotropes and chaotropes influence the solution’s viscosity by impacting in opposite ways the
hydrogen bond network of water, strengthening it in one case and softening it in the other, and
thus provide a new perspective to the understanding of the effect of salts on water, underlying
the relevance of the hydrogen bond network dynamics beyond a physical picture, strictly
structural, and the insight from spectroscopic studies of the H-bond lifetime.

4. Using neutron vibrational spectroscopy, QENS, and MD simulation, we continue studying
the unique molecular dynamics of ionic liquids. [2, 11, 14]

The competition between Coulomb and van der Waals interactions brings forth unique dynamic
features and broad applications to ionic liquids. We use neutron vibrational spectroscopy, QENS,
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Raman, far-infrared, calorimetric, X-ray diffraction, and MD simulation to study the relaxational
dynamics of the liquid, supercooled liquid, crystalline, glassy, and glacial states of two model
ionic liquids: tributylmethylammonium (a good glass-former) and butyltrimethylammonium (a
good crystal-former) cations and the bis(trifluoromethanesulfonyl)imide anion, over a wide
temperature range.

5. Using QENS and MD simulation, we continue to measure the atomic dynamics of metallic
glass melts and surfaces and elucidate the role of phonon softening induced by anisotropic
fluctuations in the enhanced surface mobility. We also used low-energy ion irradiation and
created highly coherent atomic-scale ripple patterns on bulk metallic glass surfaces, which is
attributed to the enhanced surface mobility of glasses. [3, 7, 9]

6. Using neutron PDF, QENS, neutron vibrational spectroscopy, and MD simulations, we
continue to study the structure and dynamics of concentrated electrolyte solutions used in
flow batteries. [12, 13]

7. We continue to develop and maintain LiquidLib® for computing various weighted statistical
quantities of liquids and liquid-like systems from classical and ab initio molecular dynamics
trajectories, which can be directly compared with both elastic and inelastic neutron scattering
experiments. Up to date, LiquidLib® has >250 wusers worldwide. [http://z-
laboratory.qgithub.io/LiquidLib/]

Future Plans

We will perform systematic studies of the collective dynamics (including both phonon-like
excitations and collective relaxations) of four classes of liquids characterized by different
fragilities (fragile vs. strong) and interactions (ionic, metallic, hydrogen-bonded, van der Waals)
using synergistically integrated coherent neutron scattering experiments (Inelastic Neutron
Scattering (INS), Quasi-Elastic Neutron Scattering (QENS), and Neutron Spin Echo (NSE)), a
ViscoElastic Hydrodynamics theory we have been developing, and Molecular Dynamics (MD)
simulations and our analysis package LiquidLib®. We will use a combination of several
INS/QENS/NSE spectrometers to cover a wide dynamic/time range and wave vector transfer
range. We will measure the “dispersion relation” (Q dependence) of the representative model
liquid systems over a wide temperature range. All the systems are picked to minimize incoherent
scattering by choosing elements with small incoherent cross sections or with isotope substitution.
Furthermore, we will use polarization analysis to further suppress the incoherent scattering when
available. We will use MD simulations to achieve robust interpretations of the experimental
results and gain deeper insights from computed physical quantities otherwise inaccessible by
experiments. Inspired by the experimental data and simulations, we will develop a ViscoElastic
Hydrodynamic (VEH) theory by generalizing the classical hydrodynamic theory to provide a
unified framework to analyze the inelastic scattering data and understand the collective dynamics
in liquids. We will maintain and further develop the functions and usability of LiquidLib.
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Local Site Magnetic Susceptibility for Quantum Materials
Huibo Cao

Neutron Scattering Division, Oak Ridge National Laboratory

Program Scope

Understanding the interactions leading to magnetic quantum phenomena in a wide range
of quantum materials is extremely important for development of new quantum materials and future
technologies. Quantifying these interactions in materials is currently being limited by a range of
challenges including the lack of sizable high-quality crystals, limited high pressure capabilities,
and the ability to disentangle the intrinsic quantum phenomena versus effects from the material’s
defects and site-disorder. This project is to develop Local Site Magnetic Susceptibility methods
based on polarized neutron diffraction (PND) to understand the balance of subtle magnetic
interactions in quantum materials that lead to the key quantum states.

Recent Progress

In the past two years since the instrument HB-3A was upgraded to DEMAND from the
traditional Four-Circle Diffractometer, we have achieved polarized thermal neutrons with an in-
situ-pumped 3He polarizer at the polarization rate of 90%, all developed in-house. We studied
several frustrated magnets with PND techniques. Both single crystal and powder samples were
selected for commissioning experiments. With an optimized permanent magnet set, both powder
(sample volume is limited) and single crystal samples can be studied. We are installing an
automatic polarizer changing system to make this capability more convenient to general users. It
will be available for commissioning in the January HFIR fuel cycle in 2022. An asymmetric
cryomagnet has been commissioned with the 3He polarizer, however the stray field and the sample
environment background need to be further reduced for high-quality data. The small vertical
opening of the current cryomagnet also limits the application of PND. We are working on a long-
term instrument optimization package, which will overcome these issues. We are now focusing
our ECA team’s efforts on the theoretical modeling to extract exchange interactions from the PND
data measured at low temperature, where the local magnetic susceptibility tensor is not symmetric
anymore, i.e., beyond the application range of the current local magnetic susceptibility analysis
software. We have defined the boundary of the current local magnetic susceptibility method and
are working on the Hamiltonian optimization to fit the magnetization data measured by PND. The
following lists the detailed scientific progress of the projects in the past two years.

Magnetization density map on a magnetic topological insulator MnBisTe7. Inserting magnetic
layer MnTe into topological insulator Bi>Tes is one of chemical routes to design magnetic
topological insulators. Structural defects occurring in these hybrid compounds seem to control the
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magnetic and topological properties. We used neutrons to characterize such magnetic and
structural defects. This was the first publication on the magnetization density map reconstructed
from the DEMAND data. The map indicates the density of magnetic impurity is low in MnBisTe,
It helps to understand the origin of ferromagnetism in the Mn-Bi-Te family and guide the design
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Figure 1 (a) The observed and calculated flipping ratios of 136 reflections. (b) Projection of the magnetization
density within the unit cell on the ab-plane for MnBisTe; under the magnetic field of 0.83 T.
L. Ding et al., Journal of Physics D: Applied 54 174003 (2021)

of magnetic topological insulators (L. Ding et al., Journal of Physics D: Applied Physics
54 174003 (2021)).

Field-tunable toroidal moment in a chiral-lattice magnet. Being one of few macroscopic
manifestations of quantum coherence, magnetic order is at the crux of condensed matter physics.
For millennia, only ferro(antiferro-,ferri-)magnetism had been known to humankind. Only in the
last decades has it been realized that magnetism may extend to topologically nontrivial orders and
in several ways on the next level compared to the ferromagnetic (dipolar) order. The notion of a
toroidal order, which corresponds to a toroidal solenoid, was proposed around 1980, as an abstract
theoretical concept, but came into the limelight lately after being found, or at least suggested in
some real materials. Experimental studies of complex magnetic textures (such as skyrmions) and
deep theoretical interest in topological orders led to recognition of several other unconventional
magnetic orders, such as vector and scalar chiralities. All these orders break various combinations
of global symmetries, such as time or space inversion. A toroidal order, a pseudovector in response
to both spatial and temporal inversion, cannot be manipulated with either magnetic or electric field
separately (without coupling to additional ferroic order), but only with a combination of both. This
is rather impractical, and, besides, coupling of the toroidal moment with the electric field is
extremely weak. This work presents the field-switching multi-stair toroidal transitions manifested
by switching the arrangement of magnetic vortices and their chirality, which is unique and has not
been observed before. Direct coupling to the magnetism (multi-stair magnetization) makes the
chiral magnet BaCoSiO4 an unusual multiferroic and serves as the driving force for the magnetic-
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field switchable toroidal orders. The work was published in Nature Communications (L. Ding et
al., Nature Communications, 12 5339, 2021). The published work was selected as a highlight to
DOE.

Realizing magnetic vortex liquid state in a rare-earth bilayer square lattice. By introducing Ising

Mz tllz Ml -z tll -z

Figure 2 Field-induced ferri- to ferrotoroidal transition in BaCoSiO4. Top-left: Magnetization data (circles) with
the field H//c and the theoretical calculations (line) from the full spin Hamiltonian. Top-right: Minimal energy
configurations for three spins S; (i = 1,2,3) on a triangle with an antiferromagnetic Heisenberg interaction and an
in-plane DM interaction D; (i = 1, 2, 3). Itillustrates how a field can switch a toroidal moment t. Bottom two plots
show the magnetic structures at zero field and H = 2 T and corresponding toroidal moment t (+, - represent the
toroidal moment up and down). L. Ding et al., Nature Communications, 12 5339 (2021).

spins on a 2-dimensional bi-layer square lattice Th2SrAl.O7, we realized a frustrated magnet where
no long-range magnetic order was found upon cooling to 100 mK. Using the local magnetic
susceptibility method through PND, we revealed spins’ Ising anisotropy and determined the tilt
angle of Ising direction. With this information, we were able to simulate the neutron diffuse
scattering patterns observed at 100 mK under selected magnetic fields through machine learning
assisted spin Hamiltonian optimization. Our studies revealed a short-range ordered stripe magnetic
phase wrapped by domain-wall phases. By applying magnetic field perpendicular to the square-
lattice plane, the stripe magnetic phase melts and the condensed domain wall phases form a short-
range ordered vortex lattice, so-called magnetic vortex liquid state, at a critical field of 2 T (see
Fig. 3). Further application of the magnetic field to 4 T, makes all of the spins aligned nearly along
the field direction, i.e., a polarized paramagnetic phase. Here the evolution of stripe phase and
domain wall phase can be precisely controlled by a magnetic field and tracked by neutron
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scattering. A Z4 vortex was found to be originated from two crossed domain walls. While the
density of the domain wall and vortices increase with the field and reach their maximum before
entering the fully polarized paramagnetic phase. The discovery highlights the role of local
magnetic susceptibility

method based on PND. The
work is draft form and will be
submitted this year.

Besides the studies on single
crystal
explored the 2D polarized
neutron diffraction on powder
sample, which will help to
understand local magnetic

samples, we also

anisotropy of a frustrated i, <=

magnet when single crystals

are not available. Figure 3 (left) Local site magnetic susceptibility tensors versus temperature

(animated image). The purple ellipsoids indicate the susceptibility tensors on
the major Th-sites, and the green ones represent the Th impurity on the Sr-
sites. The tensors can help to identify the roles of Th-spins on the major and

Future Plans impurity sites for forming the magnetic vortices shown on the right.

We have achieved the

capability of studying the rare-earth magnets and the 3d-transition metal topological 2D magnets
by the local magnetic susceptibility method through PND. The plan in the following years includes
two directions.

1)

2)

By optimizing and stabilizing the performance of the neutron polarizer and the
transportation of polarized neutrons, we will start to study 4d and 5d transition metal
systems and other weak magnetic systems in the last two years of the ECA project. In this
year, we are going to install the automated lifting device to conveniently switch between
PND and unpolarized neutron diffraction, which can stabilize the performance of the *He
polarizer and make PND available to all users.

Extracting magnetic interaction parameters from low temperature magnetization density
measurement through PND. The current local magnetic susceptibility method assumes
that the magnetic susceptibility tensor is symmetric, which is not true at low temperature.
We reached the point where we need new methodology and new codes to model the PND
data at low temperature to determine magnetic interaction beyond measuring single ion
magnetic anisotropy. By achieving this, the local magnetic susceptibility method can
become one of the important ways to understand spin Hamiltonians and magnetic ground
state of a quantum material.
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Program Scope

Our knowledge of how topological invariants influence a material’s physical properties
continues to evolve and is driving a “topological revolution” in condensed matter physics. Despite
significant progress, understanding how topology impacts all the static and dynamic properties of
quantum materials is a grand challenge of modern condensed matter physics. The Overarching
Goal of this project is to achieve a fundamental understanding of how anisotropy, frustration, and
topology acting in concert produce collective quantum phenomena. To achieve this goal, the
Specific Aims of the project are: (1) Reveal the quantum mechanical origins of magnetic continua
and how multi-magnon interactions both impact and reveal the nature of quantum magnetism; (2)
Understand and tune topologically nontrivial character reflected in the excited states of quantum
magnets; (3) Unravel the formation and properties of multi-Q magnetism with an emphasis on
novel spin textures. These topics are pursued by employing sophisticated theoretical modeling and
simulation to exploit the multi-faceted information available from various neutron scattering
techniques. The principal outcomes will be the construction of physical models that describe how
quantum magnetism and topology together influence macroscopic properties and guidelines for
identifying and manipulating systems to produce specific, quantum phenomena.

Recent Progress

I. Breathing pyrochlore magnetism: A breathing pyrochlore lattice consists of a static array of
alternating small and large corner-shared tetrahedra. Breathing pyrochlore materials provide an
interesting lattice geometry to probe for novel behavior, ranging from frustrated magnetism to the
possibility of Weyl magnons. We have studied several examples of breathing pyrochlore lattice
materials, including LiGaCrsSg and CulnCrsSg that are ordered variants of the well-known ACr,Ss
spinel structure.

To understand the nature of the spin-spin interactions in the Cr-based breathing pyrochlore
materials, we studied the magnetic diffuse scattering and magnetic excitations in LiGaCr4Sg, and
these investigations have led to several interesting discoveries[1]. Through field theoretic
simulations, we extracted the interaction parameters to reveal that further neighbor interactions, at
least up to third nearest neighbors, play a key role in the magnetic properties. We additionally
determined that the magnetic behavior was controlled by interacting ferromagnetic clusters
(effectively) decorating an FCC lattice. Under these circumstances, conventional magnetic order
is avoided due to frustrated interactions between clusters. The picture of interacting clusters is
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likely to be important for many different breathing pyrochlore materials. Another important aspect
of this work is that the methodology developed by the project demonstrates that diffuse scattering
from powders can be extremely valuable for rapidly screening quantum materials, particularly
when used in conjunction with more conventional techniques.

We have also studied CulnCrsSg to examine a long range ordered example of a breathing
pyrochlore lattice material [2]. Using inelastic neutron scattering, we showed that the spin
excitations in the ordered phase are hierarchical and can be approximated at low energies by an
effective model of correlated tetrahedra. At higher energies, intra-tetrahedron excitations and
strong magnon-phonon couplings are observed, which suggests the possible role of the lattice
degree of freedom in stabilizing the spin tetrahedra. The effective cluster model demonstrated can
be generalized to understand spin dynamics in different breathing-type lattice compounds.

Il. Quantum magnetism on the honeycomb lattice: Our work on the honeycomb lattice material
YbCls has resulted in the first observation
of a Van Hove singularity in the
continuum scattering of a quantum
magnet [3]. The honeycomb lattice is a
fascinating structural motif for the
generation of collective  quantum
behavior.  For instance, magnetic
frustration on the honeycomb lattice can
arise from geometric frustration in
isotropic systems with further neighbor - :
interactions or from exchange frustration (0K0)

'_[hrOUgh_ competing ) _an'SOtr(_)p'C Figure 1: Inelastic neutron scattering data for YbCls
interactions. When the SpIn Interactions measured at T=0.24 K ((a)-(c)) and linear spin-wave
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interactions, frustrated quantum magnetism can arise through the competition of nearest neighbor
and next nearest neighbor interactions. Complementary to these research directions, our work on
YbCls [3] was the first to carefully characterize such a system in the limit of the nearest neighbor
honeycomb lattice Heisenberg model. This model, like many important models of quantum
magnetism, is elegantly simple — only nearest neighbor Heisenberg interactions are considered,
there is no frustration, and the ground state at T=0 is the antiferromagnetic Néel state. In such a
simple case, quantum effects can be the subject of rigorous investigation.
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Our initial investigations of the basic physical properties showed that YbCIs could be viewed as
an effective spin-1/2 quantum magnet [4]. We then synthesized large single crystals so that the
collective properties could be examined though inelastic neutron scattering studies. These studies
[3] revealed a rich excitation spectrum. In addition to conventional spin waves, the spectrum
exhibits an unusually sharp feature within a broad continuum (Fig. 1). The spectrum is explained
by a linear spin wave theory (LSWT) that includes both transverse and longitudinal channels of
the neutron response. In particular, the broad continuum corresponds to a two-magnon
contribution from the longitudinal channel, while the sharp feature within this continuum is
identified as a Van Hove singularity in the joint density of states. The experimental demonstration
of a sharp Van Hove singularity in a two-magnon continuum is important as a confirmation of
broadly held expectations that such features should be present in the continua of quantum magnets.
Also, analogous features in two-spinon continua could potentially be used to distinguish quantum
spin liquids from classically disordered systems.

I11. Understanding magnon decay and spectral renormalization in a S=1 quantum magnet: An
ongoing challenge in the study of quantum materials is to incorporate quantum effects that are not
captured by the simplest semiclassical approaches. This is particularly important for quantum
magnets where one of the strongest signatures of quantum behavior is spontaneous quasiparticle
decay. This many body process has been found to be accompanied by a significant renormalization
(~40 %) of the overall spectrum [5,6] in triangular lattice materials. This spectral renormalization
has an important implication, namely that the renormalized single-magnon dispersion provides a
stringent test for theories that attempt to reproduce measurable effects of magnon decay. In other
words, approaches which do not fully incorporate these many-body effects will not yield correct
values of the interaction parameters extracted from fits of inelastic neutron scattering data. Our
work clearly demonstrates these effects and also provides a new approach to understand them.
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Figure 2: (a) Contour map of the inelastic neutron scattering data from Ba,FeSi»O- as a function of energy and
momentum transfer along the [H,0,0.5] direction measured at T=1.6 K (< Tn). The two transverse modes and the
longitudinal mode are labeled with Ty, T, and L, respectively. (b),(c), INS intensities calculated by the generalized
linear spin wave theory (GLSWT) and GLSWT plus one-loop corrections (GLSWT+one-loop). [7]

Our combined neutron scattering and theory study [7] shows that BaFeSi»Oy is a realization of a
quasi-2D easy-plane antiferromagnet in the proximity of the quantum critical point (QCP) that
signals the transition into a quantum paramagnetic phase. Previous examples of low-dimensional
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easy-plane quantum magnets in the proximity of this QCP were typically on the quantum
paramagnetic side of the quantum phase transition. BaxFeSi>O7 thus provides a unique platform
to study the strong decay and renormalization effects of the transverse and longitudinal modes of
the AFM state. In particular, we have measured the magnon spectrum over an entire Brillouin
zone with inelastic neutron scattering measurements and used the data as means to test a loop
expansion approach based on an SU(3) spin wave theory (Fig. 2). This loop expansion, which
generalizes the well-known 1/S expansion of the SU(2) spin wave theory, allows us to reproduce
the measured width and renormalization of the longitudinal and transverse modes near the zone
center by just including a one-loop correction. This confirms that Ba-FeSi>O- is an ideal model
system for studying many-body effects in the proximity of an O(2) QCP in D=3+1 dimensions.
More generally, our work demonstrates a general scheme for treating quantum magnets with more
than one type of low-energy mode.

Future Plans

¢ Investigate the fundamental aspects of quantum magnetism on the honeycomb lattice (such
as magnon decay and continuum scattering) using sophisticated models to enable a deeper
understanding of collective quantum phenomena.

e Understand mode interactions and resulting decays of various types in quantum magnets,
with an emphasis on tuning magnon decay with applied field in square lattice materials.

e Study and manipulate topological magnons and the novel ground states they emerge from
in honeycomb lattice, kagome lattice, and Shastry-Sutherland lattice geometries via diffuse
and inelastic neutron scattering.

e Understand how novel spin textures are generated though geometric frustration and
competing interactions. For example, we will use diffuse and inelastic neutron scattering
to determine under what circumstances a spin texture can emerge from a spiral spin liquid.

e Understand the interplay of spin textures and chemical disorder. Knowledge of chemical
disorder will be coupled with our neutron diffraction studies of the magnetic spin
configuration to understand mechanisms for spin texture formation.

e We will develop techniques to rapidly screen new candidate quantum materials using
diffuse neutron scattering and inelastic neutron scattering on polycrystalline materials.
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Neutron Studies of Hybrid Excitations
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Program Scope

This project studies how hybridized atomic vibrations control energy transport and
functionalities in energy materials. First, we aim to understand how non-linearities modify lattice
energy propagation. To this effect, we have focused on lattice dynamics in hybrid photovoltaic
perovskites where the interplay of charge and lattice is crucial for energy conversion and we have
focused on understanding the limits of thermal transport through the phonon, diffuson, and phason
channels. Second, we aim to understand how to control spin directions and transport through the
spin channel. Here, we have focused on how spin disorder affects magnon dispersions and on the
spin structure and dynamics in MnTe. Our third aim is to understand how lattice topology and
quantum fluctuations impact thermal transport and phase stability in the quantum regime. We have
focused on identifying the microscopic origin of glass-like thermal transport in the BaTiSs
hexagonal perovskites and on how structural chirality impacts dynamical structure factors and
phonon polarization in TeO,. Our work also includes methods and procedure, e.g., for absorption
correction, enhanced resolution, and high-pressure. Investigating the microscopic energy transport
mechanisms by inelastic neutron scattering contributes to fill the knowledge gaps in the
interrelation of functionality and lattice dynamics in systems hosting hybrid excitations.

Recent Progress

Giant isotopic shift keeps charge carriers hot in photovoltaic perovskite. Neutron scattering from
photovoltaic methylammonium lead iodide (MAPbI3z), (MA= H3CNHz), reveals a giant effect of
isotopic substitution on phonons due to coupling with molecule dynamics that results in increased
thermal resistivity and hot-carrier cooling times [1]. Harnessing charge carriers before they lose
energy to heat could dramatically increases the solar-
cell conversion efficiency. A big challenge is finding
absorber materials from which charge carriers can be
extracted before they have time to cool. Halide
perovskites show a unique slow cooling of charge
carriers owing to a “phonon bottleneck™ that jams
cooling [2]. Our neutron scattering study of phonons
and molecular modes in protonated and deuterated
MAPDI3 reveals a coupling of phonons to molecular

. ) Fig. 1. The methylammonium libration
modes (Fig. 1) that leads to a giant effect: Heat mode slows down when the mass of

transport is reduced by half and the charge-carrier | hydrogen is doubled by deuteration. This

. . . . e e - slow down, in turn, dramatically slows down
cooling time doubles with deuteration — highlightinga | nart of the longitudinal acoustic phonon

route for enhancing hot-carrier solar cell efficiency. branch. Image credit: Jill Hemman/ORNL,
U.S. Dept. of Energy.
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Diffuson thermal transport. We have explored the boundaries of thermal conductivity in systems
poised at two extremes: crystalline Yb1aMnSbii, which has traits of an amorphous thermal
conductor [3], and amorphous silicon, with the traits of a crystal-like thermal conductor [4]. These
studies provide new insights into the thermal conductivity mechanisms near or at the amorphous
limit and ultimately can inform the future design of materials with tailored thermal transport.
Yb14MnSb1;: is a thermoelectric material with an extremely large unit-cell [5], with 312 phonon
modes, all located below 25 meV. The proximity of these modes suggests the importance of
diffuson channel transport i.e., the hopping of vibrational energy between neighboring phonon
modes made possible by their quasi-degeneracy, for which a framework was recently developed
[6]. Our work explains the low, almost constant thermal transport above 295 K, which does not
exhibit the traditional 1/T Umklapp-scattering behavior. Using inelastic neutron scattering and
calculations we have shown that this behavior corresponds to diffuson-, rather than phonon-
channel-, dominated thermal transport at high temperature.

Spin structure and dynamics in MnTe and disorder materials. MnTe is an antiferromagnetic
semiconductor with the NiAs-structure and has a Néel temperature of 307 K [7]. In earlier work,
we linked the strong increase in thermopower at the Néel temperature to the robust long-lived
paramagnons [8]. Besides yielding paramagnon lifetimes, our recent measurements on 0.3%-5%
Li:MnTe suggest that, when doped with Li, MnTe exhibits a new magnetic structure with axial
instead of the in-plane spins seen in pure MnTe. As little as 0.3%-Li doping is sufficient to tune
the magnetic anisotropy [9]. Modelling also suggests that injecting small amounts of charge
carriers reorients the spins and that Fermi-level-tuning of the magnetic anisotropy could
functionalize this material as a spin-valve. We have also characterized and modelled spin disorder
in entropy stabilized (Mg,Co,Ni,Zn,Cu)O. Inelastic neutron scattering and muon spin resonance
showed the quasi-continuous nature of the ordering transition and the persistence of magnetic
fluctuations at low temperatures[10]. Modelling the excitation spectrum reveals a coherent and
incoherent component at low and high energies, respectively, and a spin-wave gap proportional to
the average moment size per lattice site [11].

Atomic tunneling explains glass-like heat transport in simple crystal. Neutron measurements of a
double-well local structure and associated two-level excitation, see Fig. 2, reveal that atomic
tunneling is the source of an ultralow glass-like 2 e

thermal conductivity in BaTiS3 [12]. These were the ;Tume"ngvﬁ L B Cs ey
first observations of translational atomic tunneling _— : S
other than hydrogen using neutrons in a crystal.
Such two-level systems are known in glasses, but
this is first time where tunneling has sufficiently
high frequency to disrupt thermal transport over a

Energy (meV)
o
o

IQl=[0.8,2] 1
T I
4 6 8 10

Intensity (arb. unit)

a1
Qi (A

large temperature range in a crystal. This |Fig. 2. High-energy-resolution inelastic neutron

mechanism suggests an alternative route to |SCAttering of BaTiS, powder at 2.4 K at HYSPEC,

controlling thermal transport in functional materials. | SNS- A localized excitation is observed at 0.46 meV.
Right: momentum-integrated spectra.
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Dynamical structure factors in chiral materials. Structural chirality 5
directly imposes non-trivial topology on electronic and phononic bands 0
[13]. More simply, when the structural number Z of formula units per  -s
primitive unit-cell is larger than 1, i.e., in non-symmorphic systems,
crossing points and additional symmetries are expected in the phonon
bands. We have analyzed in detail the phonon dispersions and
polarizations, see Fig. 3, in chiral paratelluride, o-TeO>. A novel kind of
quantum number emerges from the chirality which yields conservation
laws for phonon-phonon scattering terms and determines the dynamical
structure factors [14]. In particular, phonons measured in a purely
longitudinal geometry exhibit alternatingly all group velocities allowed

frequency (meV)

2.0 2.5 3.0 3.5 4.0 4.5
10,0, L] (r.l.u.)

by the three polarizations. These findings have implications for future |Fig- 3 S(QE) in a-TeO:.

thermal conductor and insulator design. (a_) HYSPEC, SNS; (,b) DFT
with matched resolution; (c)

DFT without convolution.

Intrinsic absorption correction for time-of-flight instruments. As part of

efforts to understand electron-phonon coupling and anharmonicity in simple systems, we have
investigated iridium, one of the least studied elements, in part due to its large neutron-absorption
cross-section [15]. To address the critical absorption, we have developed a method based on the
principle of detailed balance which provides intrinsic absorption correction procedure [16]. This
enabled a quantitative study of the density of phonon states and lattice thermodynamics in iridium
as a function of temperature. Interestingly, the phonon anharmonicity determined by the van Hove
singularity energy shift with temperature is substantially larger than calculated [16].

Future Plans

Lead-free hybrid perovskite photovoltaics. Whereas MAPbI3 hybrid perovskite photovoltaics have
spearheaded a revolution in photovoltaics research, lead-free alternatives are desirable. Our work
on deuterated MAPbI3 suggests the working hypothesis that tuning the moment of inertia of the
organic (A-site) cation could extend the hot-carrier lifetime. We will use this idea to investigate
the lattice dynamics in lead-free materials, based on the Snls and Sh.lg units, by means of
vibrational neutron spectroscopy, using the SNS VISION spectrometer, which we will
complement with nuclear resonant scattering to obtain Sn and Sb element-specific vibrational
modes, and optical transient absorption work by collaborators. These investigations will benefit
from and inform modelling efforts for the vibrational modes, which are challenging for these
hybrid materials because they require dispersion corrections for van der Waals type interactions.

Clarifying the role of vibrational entropy in charge density wave (CDW) transitions. We have
recently observed a catastrophic CDW that develops around 100 + 20 K, that shatters the crystals,
in the intermetallic compound BaFe»Alq.[17] BaFe2Als is a hexagonal, aluminum rich compound
dominated by a 3D Al network, which is a rare example of a 3D intermetallic compound with
CDW order. Intriguingly iron-57 Mossbauer spectroscopy indicates two discrete iron sites in the
CDW phase, which contrasts with the incommensurate density wave. The driving mechanism of
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the CDW transition is also still elusive. To understand the origin of the CDW, we will analyze
inelastic neutron scattering data of BaFe>Aly and BaCo2Als, which does not exhibit this CDW, and
determine the relative contribution of vibrational and electronic entropy to the phase transition.

Quantifying the impact of supersonic phasons on thermal transport in incommensurate crystals.
Fast propagating acoustic-like waves in the phase of incommensurate structures, called phasons,
have long been implicated to enhance thermal conductivity. Although faster than phonon (sound)
group velocities have been observed in phason dispersion measurements [18], the linewidths, from
which phason mean free paths can be determined, have never been resolved. Mean free paths and
group Vvelocities are both needed to evaluate the thermal conductivity. We will quantify the role
that phasons play in piezoelectric fresnoite using high-resolution inelastic neutron scattering of the
phason and phonon line shapes and temperature-dependent thermal conductivity measurements.

Beyond incoherent tunneling states in BaTiSz. Tunneling phenomena are a hallmark manifestation
of quantum mechanical that reveals the possibility of an object residing in a superposed state.
Neutron scattering has played a critical role in identifying tunneling behavior, mostly in hydrogen-
based materials. Tunneling of heavier atoms is, however, much more elusive — mostly because of
the small energy scale and the destruction of tunneling states by thermal energy. Going beyond
our first observation of Ti tunneling in BaTiSs [12] we will better characterize the tunneling peaks,
their intrinsic linewidth, their thermal population, and their interaction with the phonon bath.
Furthermore, we plan to probe and model possible correlations between Ti that would go beyond
a simple double-well behavior, and provide the form factor of the tunneling state, and temperature
dependence of the tunneling energy due to thermal expansion.
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Realization of Full Neutron Polarization Control: Next Generation Spherical Neutron
Polarimetry for Neutron Scattering

Chenyang Jiang, Oak Ridge National Laboratory

Program Scope

The overarching goal of this project is to enable neutron scattering studies of complex
noncollinear magnetic structures and investigations of hybrid correlation functions coupling
different degrees of freedom (spin-lattice, spin-orbit, spin-chirality) using full polarization
analysis. This will be accomplished by developing next generation Spherical Neutron
Polarimetry (SNP) capabilities to be deployed across multiple neutron instruments at the High
Flux Isotope Reactor (HFIR) and the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory (ORNL). The new SNP capability will help resolve questions that are otherwise
intractable or cannot be unambiguously determined using traditional methods. SNP enables full
control over the neutron polarization for both incoming and outgoing neutrons and measures all
components of the change in polarization due to the scattering process. The change in
polarization contains information on the magnetic structure and dynamics. After validating the
SNP capability at HFIR, our goal is to deploy it at the SNS on both direct geometry time-of-
flight spectrometers featuring large detector arrays as well as on diffractometers. Ultimately,
with the addition of the SNP capability, this project will introduce a program whereby we
synergistically examine high scientific-impact systems and develop the analysis tools that will
allow for routine use of SNP by neutron facilities users with a clear path leading from
experiment to results to publication.

Recent Progress

A prototype SNP device PHitPAD (Portable High-
Tc Polarization Analysis Device) has been built at ORNL
[1, 2] and initial test was performed on the Polarized
Triple-axis Spectrometer (PTAX) at HFIR (Fig. 1).
PHIitPAD utilizes a combination of adiabatic and non-
adiabatic transitions of neutron polarization in magnetic
fields to realize the full control of neutron polarization.
High-Tc YBCO films create sharp magnetic boundaries
between each polarization control section to ensure precise
polarization manipulation. A zero-field chamber made of high-
permeability mu-metals at the sample position fully decouples
the incoming and outgoing neutron polarization, which allows for measuring the neutron

Figure 1. PHitPAD setup on PTAX
at HFIR with an orange crystat.
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polarization change in each direction and thus enables full polarization analysis. The test on
PTAX calibrated the device using a single
crystal Si sample and then performed SNP

SNP in chiral magnet NiCo,TeOg (00 1.77) magnetic Bragg peak at 1.4 K

Circular helical structure with a single helical domain

on a couple of single crystal samples with s IR P PR—r—
known structures including BiFeOs and & ’ ’
Ca2Y2CusO1o to demonstrate its validity on p. woreo | Pmren 15 Mesgmend
magnetic samples. SNP was also conducted ~ r=ox _ﬁ_/;_
on NiCo2TeOs, a chiral magnet sample, to 0,012

wo imbalanced chirality domains

demonstrate PHitPAD’s sensitivity to chiral ' .
structures. Preliminary results are shown in

Fig. 2.

Finite ellipticity
Tilted ellipsoid (finite o)

Figure 2. SNP measurements on NiCo,TeOg

In addition, in SNP all neutron optical
components require precise alignment to achieve aberrationless polarization transport. The
conventional calibration protocol may not catch all
misalignments in the device. The newly developed 3-
dimensioinal calibration protocol [3], however, can
unambiguously show where the misalignment is, and with this
information the SNP device can be easily tuned to compensate
for this misalignment. Fig. 3 shows a test of the 3-dimenional

40

Z Axis
o

calibration protocol with a direct beam on HFIR CG-4B test w0 L,
beamline, which shows largely good polarization transport N

through the whole instrument. K YA
Future Plans Figure 3. The 3D calibration of

PhitPAD on HFIR CG-4B. A perfect
1. PHIitPAD is being optimized now and will go back  device would have all the points on a

to PTAX early next year. On PTAX, a thorough 3D sphere.

calibration of the device at different scattering angles will be performed to ensure the
consistency of its performance before any real experiment. Meanwhile, we aim to
develop a next generation software application that effectively manages both SNP
related hardware and beamline related hardware while providing the user with
powerful data visualization tools. We expect PHitPAD to go into HIFR user program
later next year and will leverage HFIR’s strong neutron scattering expertise to choose
suitable samples for each experiment.

2. Right now, PHitPAD can only be used on PTAX because PTAX is the only polarized
neutron instrument that can do polarization analysis. For some samples like skyirmon
lattice systems, using a SANS instrument may be a better option. We want to enable
the polarization analysis capability on HFIR GPSANS instrument and perform SNP
on this beamline.

3. To date, there is no SNP devices for time-of-flight instruments in the world because
the conventional SNP can only deal with monochromatic beams. In order to move
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SNP to SNS, a new strategy needs to be developed both theoretically and
experimentally. We will seek different options and find the most viable one to extend
SNP to Hybrid Spectrometer at SNS. New data analysis software also needs to be
developed for the new device.
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Resolving the Structure and Dynamics of Advanced Materials with Unprecedented
Resolution

Fankang Li, Oak Ridge National Laboratory, Oak Ridge, TN, 37831

Program Scope

Quantum materials present a range of remarkable properties with enormous potential for
future energy-relevant technologies. Fundamental research to comprehensively understand the
interplay of collective modes with quasiparticle dynamics and the discovery/characterization of
new electronic phases in such materials is critical for explaining macroscopic physical-chemical
properties, such as thermal transport, electrical conductivity, and
magnetism. The capability to direct and control the properties of
materials at the relevant length, time, and energy scales is essential
for the development of next-generation materials for energy
sustainability. Even though instrumentation has been advanced
dramatically over the past ten years, there are still fundamental
challenges to obtaining deeper insights into the structure and
dynamics of energy related materials with ultra-high-resolution - .

. . . . . The Inelastic Neutron Spin
probes. Revolutionary advances in capabilities associated with | ¢ o apparatus developed at
neutron techniques, as described in this proposal, will lead to a | oRNL[1].
significant improvement in the understanding of advanced
materials. The goal of this project is to develop the next generation neutron scattering techniques
by fully using neutron’s freedoms, which will ensure the world-leading performance of high-
resolution instruments at the High Flux Isotope Reactor (HFIR) of Oak Ridge National Laboratory
(ORNL). With this goal, this project will be focused on the following aims:

Specific Aim 1: Develop ORNL’s Capabilities and Expertise in the Ultra-High-Resolution Larmor
Encoding Methods. As stated by the Basic Energy Sciences Advisory Committee (BESAC, 2020)
on “The Scientific Justification for a U.S. Domestic High-Performance Reactor-Based Research
Facility”, to get deep insight into the quantum materials, the development of Inelastic Neutron
Spin Echo (INSE) and Larmor Diffraction (LD) should be prioritized in a high-performance
reactor-based neutron source [2]. It states “In fact, several types of polarized neutron scattering
instruments can only be constructed at a high-power research reactor (HPRR). These include the
neutron Larmor diffractometer, which can be used to very precisely measure lattice parameter
variations; the neutron triple-axes spin echo spectrometer, which has extremely good energy
resolution (~1 peV) at large energy transfers and large wave vectors.” INSE allows for the
linewidth measurements of dispersive quasi-particle excitations, such as phonons and magnons,
over the entire Brillouin zone with peV resolution, which are otherwise inaccessible to neutron or
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X-ray spectroscopies, or any other method such as Raman scattering [3]. With similar equipment,
LD can also be implemented, permitting high-intensity measurements of lattice constants with a
resolution of Ad/d~107%, allowing us to investigate the lattice distortion induced by weak
interactions such as spin lattice coupling [4].

Specific Aim 2: Develop Collaborations with US Researchers to Ensure a Robust Long-Term User
Program for LD and INSE at ORNL. To encourage the scientific user community to use these
techniques, | propose to demonstrate their potential applications by utilizing them to investigate
the structure and dynamics of several quantum materials. LD and INSE can interrogate these
materials with previously inaccessible resolution in momentum and energy. Such experiments may
also uncover new routes for accessing and manipulating previously unknown states of quantum
matter.

Specific Aim 3: Explore and Develop Novel Concepts and Methods using Polarized Neutrons that
Will Underpin Next Generation Neutron Scattering Instrumentation. | will develop new Larmor
encoding methods using polarized neutrons and | will also explore the application of entangled
neutron probe and Orbital Angular Momentum (OAM) probe in the characterization of quantum
materials, such as entanglement and chirality. The success of the project will also pave the way for
the future neutron spin echo related instrumentation at the HFIR cold and thermal guide hall.

In addition to the BESAC report, our proposal also addresses the item PRD4-Trust 4b in the report
of Basic Research Needs Workshop on Quantum Materials (BRNQM) for Energy Relevant
Technology “Develop New Windows into Quantum Materials” [5], which states “To enable new
and better windows into quantum materials, the following instrumentation research areas look
particularly exciting to pursue:...Advanced photon, electron, and neutron probes, including hybrid
probes...” and it explains that “Spectroscopic probes based on THz to x-ray photons, neutrons,
and electrons are needed to probe the full range of material response functions, with enhanced
efficiency, speed, and resolution”. Furthermore, the report states that “New tools to probe solid-
state quantum entanglement in spin and orbital sectors” will have great impact.

Recent Progress

Since the project was launched in August of 2021, two full time postdoctoral research
associates have been hired. In collaboration with the scientific community in the US, three
beamline proposals have been submitted to HFIR to develop and demonstrate the technique
outlined in this proposal.

Future Plans

This project will establish the expertise of ORNL in the ultra-high-resolution diffraction
and spectroscopy with unprecedented resolution, which allows for the lattice parameter
measurements with Ad/d~10-6 resolution and linewidth measurements of dispersive quasi-particle
excitations over the entire Brillouin zone with peV resolution. The techniques developed with this
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proposal will be routinely accessible by scientific community to study the basic organizing
principles and their responses to external perturbations that are at play in quantum materials. To
encourage the scientific user community to use these techniques, | will develop collaborations with
US researchers to ensure a robust long-term user program at ORNL. The new scattering methods
developed with this proposal will form a basis for next generation neutron scattering
instrumentation. The success of this project is essential to ensure world-leading performance of
high-resolution instruments in future HFIR guide halls and is a necessary step towards new
capabilities that will ensure ORNL’s scientific leadership in the study of complex materials using
the DOE BES funded neutron sources.
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Neutron and x-ray scattering investigations of the influence of short-range correlations,
interfaces, and complex disorder on materials properties

S. Rosenkranz, O. Chmaissem*, R. Osborn, D. Phelan, S.G.E. te Velthuis
Argonne National Laboratory; *and Northern Illinois University

Program Scope

Advanced functionality in many crystalline materials derives from the presence of
complex disorder, short-range correlations, or interfaces. Materials that harbor such disorder
generally exhibit strongly enhanced responses, with electronic, magnetic, optical, and thermal
properties that are extremely sensitive to perturbations such as magnetic or electric fields and are
of considerable importance for future energy applications. This program develops and utilizes
the latest advances in neutron and synchrotron x-ray scattering techniques to study the structural
and magnetic correlations of such materials on a range of length and time scales in order to
obtain an understanding of the role of heterogeneity. We address important scientific questions
regarding phenomena driven or enhanced by atomic and lattice disorder and short-range
correlations and intercalation, complex spin correlations, and competing spin, charge and lattice
correlations. In particular, we use our previously developed methods for efficient diffuse single
crystal diffuse scattering measurements and 3D-APDF analysis to investigate energy conversion
materials and ionic conductors, and we combine this with neutron reflectivity to investigate solid
electrolyte interfaces. We use diffuse scattering and 3D-APDF analysis and inelastic neutron
scattering to determine the origin of structural phase transitions and to study structural
correlations of relaxors in the quantum limit. We further utilize single crystal diffuse scattering,
inelastic neutron scattering, and polarized neutron reflectivity to investigate the influence of
complex spin correlations in anisotropic spin-glassed, frustrated magnets, and thin films and
heterostructures exhibiting anomalous magnetic behavior.

Recent Progress

lonic and Lattice Correlations: Short-range atomic correlations and local distortions embedded
in an otherwise long-range ordered crystalline structure play a critical role for many materials
properties of importance for energy applications, including thermoelectricity, ionic conductivity,
and relaxor ferroelectricity. Our recent development of efficient methods for the measurement of
the total scattering in single crystals, comprising both Bragg peaks and diffuse scattering, over
full volumes of momentum transfer and its rapid transformation into three-dimensional pair
distribution functions provides unprecedented microscopic insight into such subtle structural
distortions. Utilizing these methods, we have observed an order-disorder transition in NaxV20s
and obtained a direct, model-free visualization of the short-range ordering. In this prototype
battery material, Na-ions sit on partially occupied two-leg ladders within the rigid vanadium
oxide framework. The 3D-APDF (Fig. 1) directly shows that at all temperatures, the sodium ions
tend to form a zigzag pattern that minimizes Coulomb interactions. The spatial extent of the
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diffuse scattering, indicating the presence

of short-range 2D correlations. Using inelastic neutron scattering combined with ab-initio
molecular dynamics simulations, this was shown to be due to overdamped phonons across entire
Brillouin-zone edges, which directly modulate the electronic states and strongly impact the
materials opto-electronic properties [6]. We have also combined quasi-elastic neutron scattering,
x-ray PDF analysis, and ab-initio molecular dynamics simulations to show that the recently
discovered KAgsSe is a first of its kind, 2D type-I superionic conductor [3].
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Complex Spin Correlations: Diffuse neutron scattering and polarized neutron reflectivity (PNR)
provide uniquely detailed insight into phenomena associated with complex spin correlations. For
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Ising-like spin-glass
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Fig. 2: Observed and calculated (based on model shown on the left)
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p diffuse magnetic scattering from Fe,TiOs.

regions of correlated
spins and we showed that the glass transition results from the freezing of transverse fluctuations
of these quasi-spins, providing the first example of a purely magnetic van der Waals effect [4].
Of great interest is the impact of spin correlations induced at interfaces and the potential
impact of topological spin structures on transport properties in heterostructures. We observed a
large intrinsic topological anomalous Hall effect (AHE) that emerges at the interface between a
ferromagnetic manganite, Lao7Sro3sMnQO3z (LSMO), and a semi-metallic iridate, SrirOs (SIO).
This AHE originates in the proximity-induced magnetism of the strong spin-orbit coupling
iridate, demonstrating that the AHE can be artificially engineer in heterostructures [5]. Polarized
Neutron Reflectometry (PNR) and x-ray circular dichroism measurements further reveal
significant differences in the magnetic properties of these bilayers depending on the order in
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which the layers are grown on the substrate. We observe that a interfacial layer with a net Ir
moment is only present when SIO is deposited first on the substrate.

Coupled spin, charge, and lattice correlations: Many phenomena of interest emerge from the
simultaneous presence of complex correlations involving spin, charge, and lattice degrees of
freedom. A longstanding question is whether metal-insulator transitions (MIT) are primarily due
to Mott localization or a Peierls instability. Utilizing single crystal diffuse scattering and
performing a detailed 3D-APDF analysis [2], we showed that the 3D structural order in MoxVO>
collapses at x=0.19 while the MIT persists. Below the electronic transition, we find a novel
frustrated two-dimensional order with extremely short-range correlations between well-ordered
[110] planes. These observations suggest that the MIT is not driven by a Peierls instability alone
and confirms the importance of Mott physics. We have also used diffuse neutron scattering to
demonstrate that the metal-insulator transition in a trilayer nickelate results from the formation of
and intertwined charge and spin density waves [22].

The coexistence and coupling of magnetic and ferroelectric order is important in many
applications. Following an elaborate multi-step procedure, we have been able to synthesize the
series of SrixBxMnyTi1yO3 compounds. Neutron and x-ray powder diffraction measurements
reveal the presence of ferroelectric order with large polarization similar to those of BaTiOs. A
detailed investigation of the temperature and pressure dependence further shows a large coupling
of magnetic and ferroelectric order and a wide tunability of this coupling as a function of
stoichiometry and pressure [19].

Lastly, we continued our investigations of the influence of structural and nematic
correlations in hole-doped iron arsenide superconductors. Following our previous discovery of
the double-Q Cs4 magnetic order in a hole doped 112 arsenide compound, we performed a
detailed investigation utilizing high-resolution synchrotron x-ray and powder neutron diffraction
of the conditions under which this state is stabilized. We found a hidden relation between
structural and magnetic properties that enabled us to construct a universal phase diagram
capturing the states of all the hole-doped AFe,As; compounds. We further expanded the search
for the presence of the C4 phase in other families of iron-based superconductors. In the 1111-type
La1-xPxFeAsO series, we discovered a complex phase diagram, in which a double-Q C. collinear
magnetic state is stabilized between C; stripe antiferromagnetism and a double-Q non-collinear
C4 phase, as a function of P substitution. This observation is in agreement with new theoretical
predictions, providing unique insight into the universality of the magnetic order across different
families of iron pnictides.

Future Plans

lonic and Lattice Correlations: In order to obtain a better understanding of the mechanisms of
ionic conductivity, we plan to combine our diffuse scattering techniques with single-crystal
quasi-elastic neutron scattering to investigate the dynamics of ionic correlations. By measuring
volumes of 4D-S(Q,®), we obtain the complete momentum dependence of the coherent diffuse
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scattering as well as, in some materials, both the coherent and incoherent quasi-elastic
linewidths, which provide unprecedented insight into the microscopic diffusion pathways,
residence times, and activation energies. We plan to perform initial investigations on the well-
known fluorite compound SrCl, which serves to lay the groundwork for investigating other
systems of interest. We will also use neutron reflectivity to investigate Li-intercalation in
diffusion in solid state electrolyte films in order to investigate the dependence of interfacial
reactivity on electrolyte crystal orientations and crystallinity.

We will investigate the prevalence and impact of 2D structural correlations in perovskite
compounds using inelastic and single crystal diffuse scattering to study inorganic and double
perovskites. And we also plan to start studies of structural correlations in relaxors in the quantum
limit, such as K-Li>TasO1s, by performing temperature dependent single-crystal diffuse scattering
studies and 3D-APDF analysis.

Complex Spin Correlations: To study the effect of magnetic dilution on the anisotropic spin
freezing in Fe TiOs, we will measure diffuse neutron scattering from Ga-substituted samples. We
will also perform inelastic neutron scattering measurements to investigate the behavior of the
spin fluctuations up to the spin freezing temperature. We will also use diffuse neutron scattering
to study the spin correlations in the geometrically frustrated magnet Bi2FesOs in order to perform
a detailed comparison to conventional spin glasses.

The origin of an anomalous Hall effect observed in certain heterostructures and often
attributed to a topological Hall effect (THE) will be investigated using PNR. PNR uniquely
characterizes the depth-dependent magnetization and provides insight whether behavior
resembling THE instead results from the presence of multiple magnetic domains with different
coercivities. We will investigate thin films of SrRuOs as well as various heterostructures
exposing ferromagnets to different layers with or without heavy elements that can create
interfacial DMI and can induce topological spin textures.

Coupled spin, charge, and lattice correlations: Utilizing single crystal diffuse scattering, we will
investigate the structural phase transitions in BaTiOz, SrTiOs, and NaNO>, to address the long-
standing debate about the origin of their order parameter, i.e., whether they have order-disorder
or displacive character. Using our latest developments in advanced 3D-APDF analysis, we can
resolve the question by directly measuring the amplitude of local distortions below the transition.

We will further investigate the evolution and impact of lattice correlations on electronic
properties in a number of materials of interest, including vanadates and nickelates. Following our
initial studies of Mo-doped VO; [2], we will investigate the MIT as a function of other dopants,
such as Nb, Cr, and Al, and we will extend our investigations to V203, another canonical MIT
system. We also plan to utilize diffuse scattering and 3D-ADPF analysis to investigate the
influence of correlated lattice fluctuations on the MIT in perovskite nickelates RNiO3z and to
study coupled spin and charge correlations in layered nickelates.
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Program Scope

The National School on Neutron and X-ray Scattering (NXS) provides a
comprehensive introduction to the underlying theory of neutron and synchrotron x-ray
scattering and related experimental techniques that are available at national facilities. The
program includes both classroom lectures from experts in the field and hands-on
experiments. The school plays an important strategic role in educating the United States
scientific community in the capabilities of its national neutron and x-ray user facilities. The
NXS was initiated at Argonne National Laboratory (ANL) in 1999, but since 2008 is jointly
organized by ANL and Oak Ridge National Laboratory (ORNL) with participants spending
equal time at both sites. However, due to COVID related travel and access restrictions,
NXS was forced to be held in a virtual format for the last two years. NXS distinguishes
itself from other topical schools in the United States by providing a broad grounding in the
fundamentals of both neutron and x-ray techniques. NXS emphasizes the complementarity
of the various structural, spectroscopic, and imaging probes and exposes participants to a
wide cross-section of the techniques available at national neutron and x-ray facilities.

Fig. 1: NXS logo composed from the photos of all 2020 participants (credit: Genevieve Martin, ORNL).
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Recent Progress

The 22" and 23" NXS were held from June 13-27, 2020, and July 12 — 30, 2021,
respectively. Interest from the scientific community in the school remains strong with a
high oversubscription rate, by a factor of 3 or more. In 2020, 256 students applied from
most states of the US as well as from Canada for the nominally 60 seats available. However,
just when the review of the applications started, the format of the NXS had to be changed
due to the COVID-19 pandemic. The subsequent change on short notice to a virtual format
meant that no hands-on training - the pinnacle of the NXS - could be offered. But on the
upside, it was possible to admit all applicants (see the collage in Fig.1) and provide them
the opportunity to learn the theoretical basics from extended lectures. Because of the larger
number of participants and the platform available at the time, interactions were very limited
with students not being able to ask questions in person, though questions could be posted
in the chat window. In order to enable interactions and networking with lecturers, beamline
scientists, and fellow participants, ten parallel interaction ‘rooms’, setup as bluejeans
meetings with students able to talk and enable their camera if they wanted, were offered
three times each week in the evenings with scientists and lecturers present. While these
rooms led to lively and inspiring interactions and were appreciated by the students, the
feedback received at the end of NXS clearly revealed that more direct interaction during
the lectures and hands-on experiments were dearly missed by students, lecturers, and all
scientists participating in the school. However, the students were very thankful that the
school took place, when many other programs were canceled during the first year of the
pandemic.

While NXS in 2021 still had to be held in a virtual format due to continuing travel
and site access restrictions, APS at ANL and SNS and HFIR at ORNL all offered remote
user experiments by the time the school took place. Based on the lessons learned and
feedback received from NXS2020, the virtual format for NXS2021 was therefore adapted
to allow for more mteractlons of the students with Iecturer and staff scientists and to
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Fia. 2: Participants and oraanizers of the NXS2021 (credit: Genevieve Martin. ORNL).
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provide practical experience via remote experiments. The latter however again imposed a
limit of 60 participants (shown in Fig. 2), out of 197 applications received in 2021, as was
also the case for previous regular onsite schools. Because the students and lecturers were
spread across all continental US time zones as well as one student from Hawaii, there was
a reduced number of hours available for lectures and experiments each day. NXS2021 was
therefore extended to three weeks, with the first week focused on introductory lectures and
the second and third weeks in the more traditional format of being focused on ANL and
ORNL respectively, with lectures covering more advanced topics and remote experiments.
For most of the lectures a ‘flipped’ classroom format was utilized, whereby students were
instructed to watch the recorded lectures from the previous year ahead of time, followed
by live sessions where lecturers could revisit the most important points and students had
ample time to directly ask questions. Though demanding on the student’s efforts, this
flipped classroom concept led to lively interactive sessions. Further online tools such as
Slack for persistent questions/answers, Gather.town for social interaction and allowing
students to present posters of their research (Fig. 3), and Microsoft forms for daily feedback
were used. The remote experiments were performed in small groups of 4-5 students. Each
student was assigned 8
experiments out of 46
different experiments
offered, taking into
consideration the
students’ preferences
while also ensuring
they cover a wide
range of techniques
across all facilities.
Using various online
platforms,  students
could interact with the Fig. 3: Example of a busy evening in Gather.town.

beamline  scientists,

analyze data, and for many experiments remotely control the instruments. At the APS,
some experiments further utilized Hololens and HMT-1 headsets that provided the students
a live view of the facility, beamline, and experiment control and data analysis through the
experimenter’s eyes. The feedback for NXS2021 and in particular the remote practical
experience was very positive, though the format to watch prerecorded lectures ahead of
time and the extended duration over three weeks was generally regarded as to demanding
for the students.

To date, a total of 1322 students have attended NXS, not including NXS2020 when
all applicants were admitted and no experiments were offered. While students are selected
solely based on qualifications and merit evidenced in their application, the yearly NXS
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cohort are very diverse and represent a wide range of scientific areas. The national
character of the school is also reflected in the wide geographic distribution of the
participants that have attended. Participating students have represented 178 unique North
American colleges and universities, spread over 49 different states, Washington DC, Puerto
Rico, Canada, and Mexico. About 18% of the participants were students at schools in
EPSCoR states. The distribution of the participants over the different states or territories
generally tracks the distribution of the applicants.

The long-term impact of NXS was most recently assessed in 2019 through a survey
sent to participants from all previous schools, 1999-2018, supplementing an earlier survey
conducted in 2014. These surveys show that a large fraction of NXS alumni used at least
one DOE-funded facility as part of their thesis research, and many are still using these
facilities, see Fig. 4. A large number of NXS Alumni are now faculty at U.S. Universities
and an equal number have staff positions at U.S. National Laboratories, in programmatic
and facilities divisions (Fig. 5), highlighting the impact NXS has in training future users
of, and beamline scientists at, national neutron and x-ray facilities.

Future Plans

Based on feedback received in previous years, NXS will be held again for a period
of two weeks, with dates chosen to minimize overlap with the academic year, other schools,
and conferences, yet coinciding with the operation of the three facilities involved. If
conditions in 2022 allow, the school will be held again in person with students spending
one week at ANL and one week at ORNL. The 24™ NXSchool is planned to be held July
11-22, 2022. Because of the foreseen upgrade of the APS in 2023, experimental sessions
will be recorded in 2022 as the base for meaningful instructions and introduction into the
data analysis to provide enhanced virtual synchrotron x-ray experiments even when APS
is not running.
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Fig. 4: Percentages of 1999-2018 participants who are | Fig. 5: Distribution of positions held in 2019
still using neutron and or x-ray facilities. of NXS 1999-2018 participants.
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Program Scope

We combine exploratory synthesis, crystal growth, and neutron scattering techniques to
address key questions associated with strong interactions in quantum materials, from high-
temperature superconductors to magnetic semi-metals. In particular, how can we properly
understand itinerant antiferromagnetism, and what is the role of intertwined orders in cuprate and
iron-based superconductors? Can one exploit the interaction of spin-polarized itinerant states
with local magnetic moments to obtain unprecedented responses to external stimuli? Advanced
synthesis techniques are used to discover new model compounds, and high-quality crystals are
grown of the most interesting materials. We exploit the latest neutron-scattering technologies
available at national neutron user facilities, such as the Spallation Neutron Source and the High
Flux Isotope Reactor, to obtain direct information on spin correlations and atomic displacements
necessary to provide transformative answers to these questions. One such technology, in whose
development we have actively participated, is time-of-flight, polarized, inelastic neutron
spectroscopy. Complementary characterizations and theoretical analysis are performed in
collaboration with other groups in the Condensed Matter Physics and Materials Science
Division, especially using the National Synchrotron Light Source Il and the Center for
Functional Nanomaterials.

Recent Progress

Charge stripes and superconductivity in cuprates: Analysis of neutron scattering
measurements of the temperature-dependent appearance of one-dimensional spin excitations in
stripe ordered La167Sr0.33NiO4 [8] led to us to the recognition that antiphase spin stripes cause a
decoupling (through geometric frustration) of the spin degrees of freedom within the charge
stripes from the surrounding order. Taking this lesson and applying it to cuprates leads to a new
understanding of the “hourglass” spin excitation spectrum observed in superconducting cuprates,
including La,xBaxCuOs (LBCO) with x = 1/8 [76]. The absence of low-energy spin excitations
at the antiferromagnetic wave vector indicates that the spin excitations on the charge stripes must
be gapped. The gap magnitude is indicated by the energy at which spin excitations appear at the
antiferromagnetic wave vector, commonly interpreted as the neck of the hourglass. This
argument leads to a picture of charge stripes as hole-doped 2-leg spin ladders, which are known
to exhibit a spin gap associated with singlet-triplet spin excitations and pairing of holes.
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Antiphase Josephson coupling between charge stripes would lead to pair-density-wave (PDW)
superconducting order [16]. Collaborative transport measurements have now provided direct
evidence for PDW order in LBCO with x = 1/8 [A]. Evidence that Zn impurities locally pin
PDW correlations has also been obtained [98].

Charge-stripe correlations are also observed in Lax.xSrxCuOa4 [77,100], but because of differences
in the structural symmetry from LBCO, it has been less clear what might cause pinning of charge
stripes. We have now demonstrated by neutron scattering that the structure of the parent cuprate

La,CuOs has lower symmetry than previously assumed, such that orthogonal Cu-O bonds are
inequivalent, which can lead to charge-stripe pinning when doped with holes [74].

Electronic properties of the bulk and surface states of Fei+yTe1xSex. By combining polarized
neutron scattering with scanning angle-resolved photoemission spectroscopy and microprobe
composition and resistivity measurements, we characterized the electronic state of Fei+yTeixSex
[69]. This led us to establish a phase diagram in which the superconductivity is observed only at
lower Fe concentration, in association with distinct antiferromagnetic correlations, while the
coexisting topological surface state occurs only at higher Te concentration. We find that

Fei+yTeos5Sess, @ composition
for which a topological
surface state was initially
reported, is located very close
to both phase boundaries,
which explains the
inhomogeneity of
superconducting and
topological states detected in
the follow-up experiments.
Our results demonstrate the
compositional control required
for use of topological
Majorana zero modes in
practical applications and pave
the way for translational
engineering of Fer+yTe1xSex
based topological
superconductor materials.
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Figure 1. Magnetic and superconducting phases in Fei+yTeixSex. (a, b)

Magnetic neutron scattering (P||Q, spin-flip channels) at 5K for non-
superconducting (NSC) and superconducting (SC) samples A and B,
respectively, at 6(1) meV. The color bar indicates absolute neutron
scattering intensity from 0 to 1.5 mbarn/sr/meV/f.u. (c, d) Model fit of
the neutron scattering patterns in (a, b), respectively. The scattering for
the NSC sample A reveals double-stripe (Qaoute) Mmagnetism (e), while for
SC a single-stripe (gsingie) pattern (). (g) Schematics of the Fermi surface
in two-Fe unit cell indicating Qsingle and qdounte Wave-vectors. (h)
Temperature-composition and Fe-Te (insert) phase diagrams. Stars show
the average chemical composition of Fei+yTe1xSex samples A and B.

Topology and strong correlations in intermetallic and 2D van der Waals (vdW) materials. As
part of the exploratory materials effort, numerous Dirac and Weyl materials have been
synthesized (typically as single crystals) and characterized with a variety of techniques. For
example, LaAlGe is a type-11 Weyl material in which very small effective electronic masses have
been inferred from measurements of quantum oscillations in magnetic fields up to 35 T at the
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National High Magnetic Field Laboratory [68]. FesSn., containing Fe layers with a breathing
Kagome lattice structure, exhibits magnetic skyrmions at room temperature that are detectable by
thermoelectric measurements [B]. Small-angle neutron scattering measurements revealed the
variation of ferromagnetic domain texture with applied magnetic field, and its correlation with
anisotropic magnetoresistance [3]. The discovery of EuZnSh, [14] provides a platform for
investigating the interaction of charge fluctuations, localized Eu magnetic moments, and Dirac
states with Sb orbital character. Other examples of 2D vdW materials that have been synthesized
and characterized in the last two years include MnzSi>Tes [35,73,102], 2H-Co00.22TaS: [72], 2H-
Mno2sTaS; [71], FeCroTes [7,70], Vi3 [4], CrCls [6], FesxGeTe, [42] and Cr.GezTes [27].

Signatures of coupling between spin waves and Dirac fermions have been investigated in
antiferromagnetic semimetal YbMnBi2. The inelastic neutron scattering measurements of
magnetic excitations revealed finite spin-wave lifetimes consistent with a direct coupling of
magnetic excitations to Dirac charge carriers [10]. In contrast with the large broadening of
magnetic spectra observed in antiferromagnetic metals such as the iron pnictides, here the spin
waves exhibit a small but resolvable intrinsic width, consistent with our theoretical analysis.
Accounting for the Dirac fermion dispersion specific to YobMnBi> leads to predicted signatures,
such as the nearly wave-vector-independent damping, which was observed in the experiment.
While its effect on spin waves is weak due to the vanishing density of states for Dirac fermions,
the spin-fermion coupling constant refined from the comparison of our data with theory is quite
large, implying potentially significant impact of magnetism on charge transport.

Future Plans

Polarized neutron scattering study of magnetic correlations across superconducting and
non-superconducting phases of Fe1+yTe1xSex in the topological regime at x<0.45. Our recent
studies including polarized measurements at HYSPEC of Fe1+yTeos5Se0.45 have established a
composition-dependent phase diagram of Fei+y(Te1.xSex), where local magnetism greatly impacts
the emergence of superconductivity and the topological phase. This phase diagram (Fig. 1h) is
isomorphous to a diagram of correlated quantum phenomena in the strong spin-orbit regime,
which predicts a wide variety of topological states (including Weyl semimetal and axion
insulator) that have not been identified so far in Fei+y(Te1.xSex). This comparison inspires our
planned further investigations of this system. The previous measurements were performed on
FeTeossSeo.ss, which is at the boundary of quantum and topological phase transitions (Fig. 1h),
and on samples both inside the coherent superconductor and incoherent metal phases. In follow-
up work, we plan to undertake full neutron polarization analysis of the low-energy magnetic
excitations in non-superconducting (NSC) Fe1+yTe1xSex, where topological band structure is
disrupted by the local magnetism associated with slight Fe off-stoichiometry, and
superconducting (SC) samples, in the strong spin-orbit regime, x<0.45, where topological
superconductivity exists. As a first step, we will address these questions by performing polarized
neutron measurements on SC and NSC FeTe1xSex system with x=0.3.
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Neutron scattering signatures of possible Weyl state and spin-fermion coupling in layered
antiferromagnetic semi-metals. In the A/RMnXz (A = Ca, Sr; R = Yb, Eu; X = Bi, Sh) materials,
the X layers hosting itinerant Dirac electrons are separated by strongly-correlated magnetic Mn-X
layers, which order antiferromagnetically, near, or above room temperature. The coupling of
Dirac charge carriers and Mn magnetism can lead to novel physics, including Weyl semi-
metallic behavior, which can be induced by the canting of the Mn moments that breaks time
reversal symmetry and induces in-plane ferromagnetism (FM). However, our polarized and
unpolarized diffraction measurements on a prototypical representative of the family, YbMnBio,
revealed no spin-canting, albeit measurable spin-fermion coupling was observed through spin-
wave damping [C]. Here, we plan to carry out polarized neutron diffraction study of sister
materials, CaMnBi> and YbMnSh,, where spin canting indicative of Weyl-state formation was
reported based on bulk magnetometry measurements. In both cases, the putative in-plane spin-
canting is associated with an anomaly in electrical conductivity. Neutron refinement of
magnetism in these materials is fundamental to establish the Weyl physics. Using neutron
scattering, we will also search for the signatures of spin-fermion coupling in spin-wave spectra
of YbMnSh, following up on our previous work on YbMnBi2. A/RMnSh, compounds have
smaller (compared to Bi) spin-orbit coupling (SOC) on the 2D Sb square net. This implies
closed, or reduced, SOC-induced gap near the Dirac point, which is favorable for coupling to
magnons.

Lattice dynamics, structural stability, and thermoelastic properties of perovskites. In our recent
work [15,75], an understanding of the unusual lattice dynamics and negative thermal expansion
of ScFs-type empty perovskites was developed based on the concept of Coulomb Floppy
Networks (CFNs). This understanding led to a quantitative description of empty perovskites,
which is in excellent agreement with experiment. In future work, we plan to apply the CFN
description to the equation of state, VV(P,T) of ScFz and explain the colossal pressure-induced
softening observed in this material close to structural phase transition. We will also undertake
additional neutron diffraction measurements, under pressure, of the equation of state and the (P,
T) phase diagram of ScFs and confront the new results with the CFN theory. Finally, we will
extend the CFN description to other perovskite classes with the goal to develop an intuitive
description of lattice properties of SrTiO3, which is important for understanding the low-carrier-
density superconductivity observed in this material at low doping.
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Fingerprinting Macromolecular Flow and Deformation with Neutrons

Yangyang Wang
Center for Nanophase Materials Sciences, Oak Ridge National Laboratory

Program Scope

Flow and deformation of macromolecules is ubiquitous in nature and industry, and a clear
understanding of this phenomenon at both macroscopic and microscopic length scales is of
fundamental and practical importance. Historically, the development of neutron scattering
techniques has provided powerful tools for investigating the microscopic details of polymer
motions in the quiescent state. However, the application of neutron scattering to polymers
undergoing mechanical deformation and flow has not achieved a satisfactory status and is strewn
with practical and theoretical difficulties. The objective of this project is to unearth the full
potential of small-angle neutron scattering (SANS) and neutron spin-echo spectroscopy (NSE) for
understanding the flow and deformation behavior of polymers at the molecular level, by directly
addressing the key scientific issues in anisotropic scattering. To realize this goal, we have pursued
the following three specific aims: (1) Establish protocols to reconstruct 3D anisotropic structures
from 2D SANS spectra; (2) Develop new methods to examine dynamic fluctuations and
viscoelastic “fingerprints” of polymers under deformation by exploiting the spherical harmonic
expansion technique and taking advantage of the time-of-flight neutrons at the Spallation Neutron
Source; and (3) Reveal real-space anisotropic structures via a new Fourier transform platform.
These developments will allow us to address some of the most important scientific questions
regarding the application of neutron scattering to polymer rheology.

Recent Progress

Quantification of flow-induced demixing in polymer blends: Flow-induced mixing, demixing,
and phase transition phenomena in polymeric liquids are ubiquitous and practically important [1-
4]. Small-angle neutron scattering by such systems often yields exotic scattering patterns, with the
most famous example being the so-called “butterfly patterns”. Despite the intense experimental
and theoretical efforts since the 1980s, a clear understanding of these complicated phenomena has
not been obtained and a systematic framework for quantitative analysis of those scattering patterns
has not been developed. Previously, we successfully demonstrated how the spherical harmonic
expansion technique could be employed to quantitative analyze the SANS spectra from deformed
polymers, where the scattering was dominated by the single-chain structure factor [5-8]. In a more
recent development [9], we show that the large concentration fluctuations of polymeric liquids
under deformation and flow can be quantitatively studied by applying the spherical harmonic
expansion technique to small-angle neutron scattering.

The basic idea of the spherical harmonic expansion analysis is to 1(Q) = X, [ (Q)Y"(Q) ,
where 1(Q) is the measured scattering intensity and 1;*(Q) is the spherical harmonic expansion
coefficient corresponding to each Y,/ (). This approach allows us to decompose the measured 2D
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scattering spectrum into components with
different symmetry. Because of the axial
symmetry of the uniaxial extension problem, all
the m =0 terms and the odd | terms are
forbidden. It follows that 1(Q)=
Zl:even IZO(Q)YZO(BJ ¢)a with YIO(B, ¢) = 91(0) =
V21 + 1P,(cos 8). More details about the data
analysis procedure can be found in refs. [5-9].
The physical interpretation of such an expansion
is that each coefficient 17 (Q) represents the Q-
dependent deformation anisotropy
corresponding to the spherical harmonic
function Y,°(6, ¢). I3 (Q) represents the isotropic
component whereas I3 (Q) is the leading term of
the anisotropic components.

Using a series of binary polymer blends, we
show in a recent work [9] that the emergence of
the butterfly patterns is caused by the change of
sign in the leading anisotropic component of the
small-angle spectrum, when the scattering is
dominated by intermolecular correlation
associated with flow-induced demixing (Fig. 1).
The increasing fluctuations of concentration are
evidenced by the enhancement of the isotropic
component of the scattering spectrum in the
zero-angle limit and peak shift of the leading
anisotropic  coefficients towards low Q.
Additionally, the spherical harmonic expansion
framework permits real-space analysis of
anisotropic scattering length density correlation
in a convenient form. This new approach
provides a concrete venue for quantitative
studies of phase transitions of fluids under
deformation and flow via SAS techniques,
where mainly qualitative approaches were
previously employed.

Microscopic reinforcement mechanism in
deformed polymer nanocomposites: Polymer
nanocomposites (PNCs) exhibit many superior
macroscopic properties than their individual
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building blocks, the matrix polymer and the nanoparticle (NP). However, the molecular
mechanism leading to the strong enhancement of macroscopic properties remains largely
unresolved. Early studies argued an enhancement in the matrix polymer deformation to
accommodate the non-deformable NP phase in PNCs to satisfy the overall macroscopic
deformation [10]. Although such a concept of strain amplification is widely used by the PNC
community, microscopic experiments regarding its existence have been inconclusive and
controversial. Our recent work [11] helps to shed light on this longstanding problem. With proper
polymer deuteration, the average scattering length density of the matrix polymer can be matched
with that of the NP phase. At the zero-average-contrast point, the anisotropic structures of
deformed polymers can be quantitatively determined by SANS with the spherical harmonic
expansion technique. A combination of SANS and rheology [11] demonstrates the polymer
deformation dominates the stress response of PNCs (Fig. 2). Despite a substantial mechanical
reinforcement in the deformed PNC, a lack of molecular overstraining in the polymer phase has
been identified. This observation cannot be explained by the NP-NP contribution but is consistent
with the hydrodynamic effect of particles where a redistribution of the strain field in the polymer
matrix is envisioned. This finding helps to clarify the molecular origin of the mechanical
reinforcement in deformed PNCs and provides a new perspective for understanding the influence
of NPs on the structure and

dynamics of the polymer phase. ' " stepper motor
Development of a rotatable : : :

sliding plate shear cell: To / T ’ o :
overcome the limitations of the - ) | T
current rheo-SANS shear cells and 3

establish protocols for

reconstructing 3D  anisotropic
structures from 2D SANS spectra,
we have developed a rotation
transformation method based on
spherical harmonic  expansion
analysis [12]. The basic idea is to
perform rheo-SANS experiments
on a sliding plate shear cell with a Figure 3. Schematic .representation of the coordinaFe.s.ystem setup
central rotary axis along the flow and the rotatable sliding-plate shear cell. (a) In the initial state, the
] ) . sample reference frame (X', y’, z') and the laboratory reference frame
direction. By rotating the shear cell, (%, y, z) are aligned. x’ is the velocity direction, Yy’ is the velocity
all  the  spherical harmonic | gradient direction, and z' is the vorticity direction. The incident
expansion coefficients of the | neutron beam is along the y axis. (b) Rotation of the sample (shear
anisotropic structure factor can be cell) along the x axis. (c) Conceptual design of the rotatable sliding-
determined from measurements on plate shear cell. (d) The sliding-plate shear cell that has been
constructed at ORNL. Bottom panel: evolution of SANS spectra

a finite number of planes. Based on | yithin one period of steady oscillatory shear for a deformed polymer
this concept, a rotatable sliding- | plend.
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plate shear cell (Fig. 3) have been constructed and tested at the EQ-SANS beamline of SNS/ORNL.
The new sample cell overcomes the difficulties associated with the traditional shear cells,
including beam size, sample aspect ratio, sample viscosity, and path length problems. The
successful demonstration of this new sample environment provides a powerful technique to
understand the rheological behavior of polymeric materials using neutron scattering.

Future Plans

We plan to further explore the benefits of the recently developed rotatable sliding plate shear
cell and study the connection between the viscoelastic response of polymers and the measured
SANS spectra by performing time-resolve SANS/large-amplitude oscillatory shear experiments.
Secondly, building upon the success of real-space analysis for flow-induced demixing in polymer
blends [9], we will carry out further real-space investigations of large-scale conformations of
deformed polymers using SANS and computer simulations. Lastly, a specific aim of this project
is to explore the nonequilibrium dynamics of deformed polymers using neutron spin-echo
spectroscopy. We have proposed a method to circumvent the doppler effect in order to properly
carry out such experiments. Nevertheless, much is unknown about the dynamics in the deformed
state. To inform the design of our neutron scattering experiments, we will first investigate the
nonequilibrium dynamics using computer simulations. This work is a logical extension of our
recent computational and experimental work on liquid dynamics in the equilibrium state [13,14],
where we explored new model independent approaches for data analysis. The results of this
theoretical/computational investigation will provide guidance for the design and interpretation of
neutron spectroscopy experiments under flow and deformation.
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