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Schematic illustration of cylinder-forming diblock copolymers, where the first block is
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ZnCus(OD)eCl, revealed that the scattered neutrons have a broad spread of energies
(light green diffuse regions in figure), a hallmark signature predicted by theory (Han et
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Image from Goldman et al., Nature Materials, 12, 714-718, 2013).

Electric field amplitude for terahertz light transmitted through bismuth selenide
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Foreword

This volume comprises the scientific content of the 2014 Neutron Scattering Principal
Investigators' (P1) Meeting sponsored by the Division of Materials Sciences and Engineering (MSED) in
the Office of Basic Energy Sciences (BES) of the U.S. Department of Energy (DOE). This meeting on
July 28-30, 2014 at the Hilton Washington DC North/Gaithersburg, Maryland, is the fourth in the series,
covering the projects funded by the Neutron Scattering Program. BES MSED has a long tradition of
supporting a comprehensive neutron scattering program in recognition of the high impact neutron
scattering and spectroscopy tools have in discovery and use-inspired research.

The MSED Neutron Scattering Core Research Activity (CRA) supports basic research on the
fundamental interactions of neutrons with matter to achieve an understanding of the atomic, electronic,
and magnetic structures and excitations of materials and their relationship to materials’ properties. Major
emphasis is on the application of neutron scattering and spectroscopy for materials research, primarily at
BES-supported user facilities. Development of next-generation instrumentation concepts, innovative
optics for time-of-flight instruments and application of polarized neutrons are distinct aspects of this
activity. The increasing complexity of DOE mission-relevant materials for various energy applications
requires sophisticated scattering and computational tools to investigate the structure and dynamics at
relevant length and time scales. Additionally, neutrons allow access to the behavior of matter in extreme
environment such as high temperature, pressure and magnetic field. A continuing theme of this program
is the integration of material synthesis, neutron scattering measurements and computational modeling as
this is vital to obtain controlled samples for experiments and modeling for an in-depth understanding of
the structure and dynamics of materials and their relationship to macroscopic properties.

The purpose of the BES biennial Pl meetings is to bring together all the researchers funded by the
Neutron Scattering Program at BES-MSED on a periodic basis to facilitate the discussion of new results
and research highlights by Pls, to nucleate new ideas and collaborations among participants, and to
identify new research opportunities. The meetings also serve MSED to assess the state of the program, to
chart new research directions and to identify programmatic needs.

We thank all the meeting participants for their active contributions in sharing their ideas and
research accomplishments. Sincere thanks are also due to the speakers from other BES programs involved
with neutron scattering in multidisciplinary research. We wish to thank Teresa Crockett in MSED and
Tammy Click at the Oak Ridge Institute for Science and Education (ORISE) for their outstanding work in
all aspects of the meeting organization.

Thiyaga P. Thiyagarajan and Helen Kerch
MSED, BES, Office of Science
U.S. Department of Energy
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Improper Ferroelectricity and Frustrated Magnetism in Hexagonal Multiferroics:
Neutron and Ellipsometry Studies

Principal Investigator: S-W. Cheong. Co-Pls: V. Kiryukhin and A. Sirenko

Program Scope

Colossal magnetoelectric effects in multiferroics open up an entirely new way of the
phase control with potential for device applications in many areas, such as transducers, field
sensors, data recording, etc. Colossal magnetoelectric properties of multiferroics are closely
associated with the collective nature of simultaneous magnetic and ferroelectric phase
transitions. This Project aims to reveal the features of the magnetic structure and the
corresponding magnetic and lattice excitations underlying the giant effects associated with these
transitions. We focus on studies of multiferroic materials in which magnetic frustration and
closely related effects of geometrical constraints on ferroelctricity could lead to enhanced
functional properties, such as improper hexagonal ferroelectrics REMnO3; (RE=Ho-Lu). A
complementary combination of neutron scattering and far IR ellipsometry, together with closely
coordinated crystal growth activity, is used.

Recent Progress

Studies of spin waves are “bread and
butter” of inelastic neutron scattering.
They are of the key importance for physics
of magnetism because they provide the
direct way of measuring magnetic
interaction parameters in crystals. Linear
spin wave approximation is generally
accepted to hold for large spins at zero
temperature, making such measurements
possible. However, for some geometrically , i | £
frustrated magnets, it fails for any spin (g stk bs ko Y Do
value. This fact is not well known, and (a,b) Flat mode and rotonlike minimum, and (c)
demonstration of the spin-wave picture | anomalously broad magnetic excitations in LuMnOa.[1]
failure in a well-known magnetic system is
clearly of significant importance. We have investigated [1] hexagonal LuMnOs, in which
Heisenberg Mn spins (S=2) reside on a 2D triangular lattice, forming a well-known 120°
structure. Linear spin-wave approximation fails for this system. We observe all three key
features of the predicted nonlinear effects: a rotonlike minimum, a flat mode, and a (zero-T) line-
width broadening. This is a direct demonstration that quasiparticles in a system commonly
thought of as classical can break down.

80 i ©

w©s040 I
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Inelastic neutron experiments are typically time
consuming. To efficiently monitor the relevant
excitations in a large number of compounds, we use
our Mueller matrix ellipsometry setup. Optical
properties of hexagonal multiferroic oxides RMnQOs,
where R= Ho, Er, Tm, Yb, and Lu were studied in
the far-infrared spectral range (100 to 2000 cm™) and
temperatures between 1.5 K and 300 K. Spectra of
the optical phonons have been described in terms of
the temperature dependencies of their frequency,
damping, and oscillator strength. For all studied
oxide materials, clear signatures of the spin-phonon
interaction have been found below the temperature
of the antiferromagnetic phase transition Ty due to
magnetic ordering of Mn®" spins. A decrease of the
ionic radius for R** ions between Ho®*" and Lu** in
the corresponding RMnO3z compounds resulted in a
systematic variation of the frequency for several
optical phonons. A magnetic excitation at ~190 cm™
was observed at low temperatures below Ty and
interpreted as due to two-magnon absorption.

The physical nature of magnetoelectric coupling
was also investigated in other multiferroics,
including a high-importance compound BiFeOs.
Using high-resolution single crystal neutron
diffraction techniques, we have determined [2] the
contributions of each individual element to the
electric polarization in BiFeOs, and concluded that
magnetostrictive coupling suppresses the electric
polarization at the Fe site below Ty. The observed
negative sign of the magnetoelectric coupling was
surprising, contradicting the regular expectation of
the positive sign due to the spin current
contributions arising from the cycloid spin structure.

Temperature {(K)
0 100 200 300

270 a E
T
260F o T
e 2500
&
@
)
€
3
c
@
>
gsou
295
- L3

0 100 200 300
Temperature (K)

Temperature dependence of the frequency for
two ab-plane E;-symmetry optical phonons
with the strongest spin-phonon interaction for
RMnO;, The AFM ordering temperature for
Mn®" spins is shown in (b) with small vertical
arrows. The long arrows in both (a) and (b)
show schematically an increase of the R**

ionic radius I, from Luto Ho.

z-aKis 2'-axis
|deal Perovskite R3c Bi 2=0 O z=0
Pm-3m L 4

Atomic positions in the paraelectric (left) and
ferroelectric (right) phases of BiFeOs [2].




Future Plans

Continue our efforts to understand the connection between the improper ferroelectricity and
magnetic frustration in hexagonal multiferoics using advanced growth, neutron scattering, and
Muller matrix spectroscopic ellipsometry. We shall study effects of structural constraints and
magnetic geometrical frustration on the ferroelectric, magnetic, and magnetoelectric properties of
multiferroics including (R,In)(Ga,Mn)QOs, RInOs, and several related systems such as Ca3Co0,0s.
Static and dynamic properties of structural and magnetic transitions will be investigated. The
resulting understanding of the mechanism of these phase transitions should help identify the
specific systems with a potential for giant static and dynamic response to external fields. In
particular, we plan the following: (i) Studies of the low-energy magnetic excitations and search
for hybrid modes using polarized inelastic neutron scattering experiments, as well as optical
measurements. (ii) Measure the degree of electric- and magnetic hybridization for
electromagnons, magnons, and phonons in the compounds described above, as well as in 2H-
BaMnO;, and RFeO; using far-infrared ellipsometry, identify the most interesting
materials/experimental regimes, and investigate them in detail using neutron scattering.

Publications

[1] Joosung Oh, Manh Duc Le, Jaechong Jeong, Jung-hyun Lee, HyungjeWoo, Wan-Young Song,
T. G. Perring, W. J. L. Buyers, S.-W. Cheong, and Je-Geun Park, Magnon Breakdown in a Two
Dimensional Triangular Lattice Heisenberg Antiferromagnet of Multiferroic LuMnOgs, Phys.
Rev. Lett. 111, 257202 (2013).

[2] Sanghyun Lee, M. T. Fernandez-Diaz, H. Kimura, Y. Noda, D. T. Adroja, Seongsu Lee,
Junghwan Park, V. Kiryukhin, S.-W. Cheong, M. Mostovoy, and Je-Geun Park, Negative
magnetostrictive magnetoelectric coupling of BiFeOs, Phys. Rev. B 88, 060103(R) (2013).

[3] Shin-ichiro Yano, Despina Louca, Songxue Chi, Masaaki Matsuda, Yiming Qiu, John R. D.
Copley, and Sang-Wook Cheong, "Intertwining of Frustration with Magneto-Elastic Coupling in
the Multiferroic LUMnO3", Journal of the Physical Society of Japan 83, 024601 (2014).

[4] Jae Wook Kim, Y. Kamiya, Eun Deok Mun, M. Jaime, N. Harrison, J. D. Thompson, V.
Kiryukhin, H. T. Yi, Y. S. Oh, S.-W. Cheong, C. D. Batista, and V. S. Zapf, Multiferroicity with
coexisting isotropic and anisotropic spins in CazCo,-,MnOg, Phys. Rev. B 89, 060404(R)
(2014).

[5] Nara Lee, Young Jai Choi, and Sang-Wook Cheong, "Magnetic control of ferroelectric
polarization in a self-formed single magnetoelectric domain of multiferroic BazNbFe3SioO14",
Appl. Phys. Lett. 104, 072904 (2014).



[6] R. D. Johnson, P. Barone, A. Bombardi, R. J. Bean, S. Picozzi, P. G. Radaelli, Y. S. Oh, S.-
W. Cheong, and L. C. Chapon, X-Ray Imaging and Multiferroic Coupling of Cycloidal Magnetic
Domains in Ferroelectric Monodomain BiFeO3, Phys. Rev. Lett. 110, 217206 (2013).

[7] U. Nagel, Randy S. Fishman, T. Katuwal, H. Engelkamp, D. Talbayev, Hee Taek Yi, S.-W.
Cheong, and T. Room, Terahertz Spectroscopy of SpinWaves in Multiferroic BiFeO3 in High
Magnetic Fields, Phys. Rev. Lett. 110, 257201 (2013).

[8] J. Lee, S. A. Trugman, C. D. Batista, C. L. Zhang, D. Talbayev, X. S. Xu, S.-W. Cheong, D.
A. Yarotski, A. J. Taylor, and R. P. Prasankumar, Probing the Interplay between Quantum
Charge Fluctuations and Magnetic Ordering in LuFe,O4, SCIENTIFIC REPORTS | 3 : 2654 |
DOI: 10.1038/srep02654 www.nature.com/scientificreports

[9] R. D. Johnson, K. Cao, L. C. Chapon, F. Fabrizi, N. Perks, P. Manuel, J. J. Yang, Y. S. Oh,
S.-W. Cheong, and P. G. Radaelli, MnSh,0¢: A Polar Magnet with a Chiral Crystal Structure,
Phys. Rev. Lett. 111, 017202 (2013).

[10] N. Lee, C. Vecchini, Y. J. Choi, L. C. Chapon, A. Bombardi, P. G. Radaelli, and S-W.
Cheong, Giant Tunability of Ferroelectric Polarization in GdMn,0Os, Phys. Rev. Lett. 110,
137203 (2013).

[11] Y. J. Choi, N. Lee, P. A. Sharma, S. B. Kim, O. P. Vajk, J.W. Lynn, Y. S. Oh, and S-W.
Cheong, Giant Magnetic Fluctuations at the Critical Endpoint in Insulating HoOMnO3, Phys.
Rev. Lett. 110, 157202 (2013).

[12] T. N. Stanislavchuk, T. D. Kang, P. D. Rogers, E. C. Standard, R. Basistyy, A.
M. Kotelyanskii, G. Nita, T. Zhou, G. L. Carr, M. Kotelyanskii, and A. A. Sirenko,
“Synchrotron-radiation based far-infrared spectroscopic ellipsometer with a full Muller matrix
capability”, Rev. Sci. Instr. 84, 023901 (2013).

[13] T. N. Stanislavchuk, A. A. Sirenko, A. P.Litvinchuk, X.Luo, and S.-W. Cheong,
“Electronic band structure and optical phonons of BaSnO3; and Bagg7Lap03SnO3 single crystals:
Theory and experiment”, J. Appl. Phys. 112, 044108 (2012).

[14] T. D. Kang, E. C. Standard, P. D. Rogers, K. H. Ahn, and A. A. Sirenko, A. Dubroka, C.
Bernhard, S. Park, Y. J. Choi and S.-W. Cheong, “Far-infrared spectra of the magnetic
exchange resonances and optical phonons and their connection to magnetic and dielectric
properties of DysFesO1, garnet”, Phys. Rev. B 86, 144112 (2012).



Neutron Scattering Studies of Cobaltite Crystals and Heterostructures
Chris Leighton, Chemical Engineering and Materials Science, University of Minnesota

Program Scope

Complex oxides such as perovskites display extraordinarily diverse physical phenomena
and a rich interplay between structure and properties. These properties define grand challenges to
our understanding of correlated electrons (such as high temperature superconductivity and
electronic inhomogeneity/complexity), at the same time providing application potential in areas
as diverse as oxide electronics and spintronics, ferroelectric RAM, solid oxide fuel cells, gas
separation, and catalysis. Significantly, highly-controlled growth of epitaxial films and
heterostructures of these oxides is now possible with atomic-level precision, opening up a
plethora of additional opportunities in fundamental science (e.g. discovery of new ground states,
strain-stabilization of non-equilibrium structures, etc.), in addition to novel device concepts.

ThlS program (Flg 1) iS Neutron Diffraction Polarized Neutron Reflectometry Small-Angle Neutron
focused on two  central (ND) (PNR) Scattering (SANS)
challenges: The need for a | s&teees 08— Smamin
comprehensive understanding of
electronic behavior in complex | &~
oxides, and the need for a full |i..° :
appreciation of what can be RS
achieved with oxide hetero- [ SR e ot ey
structures. We are tackling these | D47 ;fi? :
questions using the doped
perovskite cobaltites, due to
unique attributes that make them
model  systems  for  the
phenomena of interest. These
phenomena include nanoscale
electronic inhomogeneity, spin-
state  transitions, and the
influence of interfaces, defects,

and strain on magngt!sm and Figure 1: Schematic of the primary experimental and theoretical
tranSPOFt- In addition  to | approaches applied in this project, particularly neutron scattering.
synthesis, and a battery of

complementary property measurements, the work relies on neutron scattering methods, including
small-angle scattering (SANS), neutron diffraction (ND), and polarized neutron reflectometry
(PNR). Recently the project has evolved to apply the concepts developed for cobaltites to other
systems where magnetic inhomogeneity is important, such as complex fluorides and alloys.
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Recent Progress

Nanoscopic inhomogeneity in lightly-doped La;«SrkCoO3 single crystals. Following from
the detailed understanding of the phenomenology, consequences and origins of the magnetically
phase-separated state of La;«SrxCoO3 developed under prior DOE support, in the last two years
we have studied the most important remaining issue with the physics of this system: How the
magnetic polarons forming around Sr at light doping evolve into the ferromagnetic clusters that
are so dominant at higher x. This is an issue of general importance as little is known about how



we connect established ideas regarding magnetic polarons in classic magnetic semiconductors
with our understanding of magnetic phase separation in higher carrier density systems such as
manganites and cobaltites. By examining carefully-characterized single crystals with AC and DC
magnetometry, SANS, magnetotransport and heat capacity, and comparing the results with
extensive simulations, we have developed a deep understanding of this doping-driven crossover,
emphasizing both it’s statistical nature and the key role of spin and charge dynamics.

Narrow bandwidth cobaltites. Narrow electronic bandwidth systems such as Pri.
«CaxCo03 and Nd;.xCaCoOs represent another important frontier as; (a) the narrow conduction
bands weaken ferromagnetism, accentuating competition with other phases, (b) the
accompanying distortions stabilize low spin-states, leading to the anticipated interplay between
phase separation and spin-state physics, and (c) Pr-based systems have recently been discovered
to undergo first-order transitions where the Pr valence abruptly shifts from 3+ to 4+. The latter
drives charge transfer from the Co-O hybridized bands, inducing unique first order insulator-
metal transitions. Our recent work has contributed to the understanding in this area by making
the first detailed comparison between Pr;.,CasCoO3 and Nd;xCaxCoO3 (using ND and SANS),
enabling deconvolution of the effects of bandwidth narrowing from the phenomena unique to Pr
[5]. Using Y-doping to apply chemical pressure we have also studied (again with SANS) the
magnetic inhomogeneity beneath the valence transition, which we find occurs across a broader
range of length scales than in simpler systems [4], likely related to the additional disorder.

Cobaltite films and heterostructures. Our first major finding in the
area of cobaltite heterostructures was the discovery that not only can
magnetic inhomogeneity be induced at interfaces, but that this provides the
first complete explanation for the “dead layers” that plague such systems.
Building on this, our recent work has been the first to directly image the
nanoscale inhomogeneity, using scanning tunneling microscopy and
spectroscopy [1]. We have also now converged on the concept that the
interface-induced magnetic phase separation is due to hole depletion arising
from oxygen vacancy accumulation, the driving force being oxygen
vacancy ordering. In essence the oxygen vacancies in these materials
undergo crystallization (Fig. 2) in order to achieve lattice parameters that
accommodate lattice mismatch. This creates a direct link between strain
and stoichiometry, which we have exploited to demonstrate strain and
orientation manipulation of the modulation vector of the defect ordering
(Fig. 2) [7]. This in turn controls the oxygen depth profile and thus the
transport and magnetism, creating an entirely new means to fine-tune
interfacial properties, of broad interest for applications. The magnetization
depth profile has been probed with PNR (Fig. 3) directly revealing the
suppression in dead layer thickness on appropriately chosen substrates.
Finally, we recently discovered a family of phenomena that appear to exist
solely due to the presence of oxygen vacancy ordering, the most dramatic | Figure 2: TEM
example being giant anisotropic magnetoresistance in LaAlO3(001) | images of oxygen

/LapsSrosC00s.5. These phenomena are being intensively studied. vacancy _ordering
in  LagsSre5C00s3.;5

Magnetic inhomogeneity in complex metal alloys. Motivated t0 | on substrates with
apply the approaches developed above to other inhomogeneous magnetic | differing strain and
systems we performed detailed studies of a fascinating set of recently | Orientation.
discovered metal alloys [2,11]. These take the form NisoxCoxMnas+yZas.y (Z = Sn, In, etc.), being
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shown that this
leads to  such
phenomena as
spontaneous nanoscale magnetic inhomogeneity, collective cluster freezing, and intrinsic
exchange bias [2,11]. In terms of applications these alloys exhibit field-induced phase
transformations, magnetic shape memory, magneto-caloric effects, and low hysteresis, making
them attractive for sensors and actuators, magnetic refrigeration, and energy conversion. Our
work was the first to directly probe magnetic inhomogeneity (using SANS [11]), the first to build
strong evidence for antiferromagnetic order in key regions of the phase diagram (using SANS
and ND [2]), and the first to apply transport, heat capacity and NMR. These studies reveal
surprisingly high effective mass and remarkable parallels with correlated oxides.

Complex metal fluorides. Working with collaborators in synthesis and theory at the
University of Houston and Cornell we are also exploring the magnetic properties of newly-
synthesized transition metal oxides [9] and flourides [10]. RbFe,Fs and K,;FesF;, are noteworthy
examples, the former being a charge-ordered pyrochlore-related material with strongly frustrated
antiferromagnetic interactions [10], the latter being a charge-ordered system with competing
ferromagnetic and antiferromagnetic interactions, leading to complex metamagnetism.

Figure 3: PNR data (10 K, saturating magnetic field) and extracted magnetic depth
profiles from LagsSrysC00s.5 films on SrTiO3(001), SrTiO3(110), and LaAlO5(001).

Future Plans

In terms of bulk crystals, the Pr systems exhibiting the unique first-order valence
transitions are of high interest. We already have underway studies probing this via crystal field
excitations (which are very different for Pr®* / Pr**) using inelastic neutrons, as well as the first
spatially-resolved measurements using electron microscopy / electron energy loss spectroscopy
(with R. Klie, U. of Illinois). Exploration of generality of this phenomenon will also be pursued,
using wider bandwidth cobaltites (e.g. PrixSrkCo0O3), as well as manganites. First-principles
electronic structure calculations are ongoing with R. Wentzcovitch (U. of Minnesota), seeking to
understand the f-electron trends across the lanthanide cobaltites. The other major area of new
interest is in La;xBaxCo0Os3;, where the possibility of the first true colossal magnetoresistance
effect in the perovskite cobaltites has recently been reported. Our initial ND experiments to
probe the possibility of field-driven antiferromagnet to ferromagnet conversion are already



complete and large magnetoresistance effects have been confirmed. With regard to the complex
alloys discussed above, the two highest priorities are Mn and Co zero-field NMR with the
National High Magnetic Field Lab (with the potential to directly verify antiferromagnetic order),
and high field transport to probe the possibility of magnetoresistive effects due to nanoscale
inhomogeneity. In terms of thin films and heterostructures, the highest priority is to elucidate the
fascinating oxygen-vacancy-order-induced anisotropic transport effects we recently discovered,
combining this with PNR to fully explore the attractive concept of controlled defect ordering for
stabilization of new phenomena. Vertical transport across cobaltite/titanate magnetic p-n
junctions is also of interest as a novel means to probe the dramatically different dead layer
effects on SrTiO3(001) vs. SrTiO3(110). Finally, the Pr-based systems discussed above are also
exciting prospects for thin film experiments, strain stabilization of the two states, and
control/enhancement of the insulator-metal transition being particularly appealing.
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Neutron and x-ray scattering studies of the structure and dynamics
of bulk and heterostructures of strongly correlated materials
S. Rosenkranz (srosenkranz@anl.gov), O. Chmaissem”, R. Osborn, S.G.E. te Velthuis

Materials Science Division, Argonne National Laboratory, Argonne, IL 60439
Department of Physics, Northern Illinois University, DeKalb, IL 60115

Research Scope

Many phenomena of recent interest are associated with the presence of complex disorder and
short-range correlations that result from the presence of multiple ground-states with incompatible
order. Materials, in which long range ordered phases have been suppressed by competing
interactions, generally exhibit unusual and often strongly enhanced responses to external stimuli
such as magnetic or electric fields and are of considerable technological potential for future
applications. We utilize, and when necessary in order to advance the scientific program also
develop, the latest advances in neutron and synchrotron x-ray instrumentation to study how bulk
and heterostructures of strongly correlated materials respond on a range of length and time scales
to competing interactions, in order to obtain an understanding of material functionality. Our
programs focus on studies of the influence of different interactions on the formation of charge
density wave correlations and their connection to unusual electronic and physical properties,
studies of emergent phenomena and competing interactions at interfaces of magnetic
heterostructures, and studies of the influence of magnetic and orbital fluctuations in strongly
correlated electron systems, particularly in iron-based superconductors.

Recent Progress

Charge density wave (CDW) correlations: Our inelastic x-ray scattering investigations of the soft
phonons, combined with ab-initio calculations, show that the CDW instability in the prototypical
compound 2H-NbSe; is primarily driven by strongly momentum-dependent electron-phonon
coupling, rather than by the commonly assumed textbook Fermi surface nesting scenario.

In another canonical CDW compound, 1T-TiSe,, our synchrotron x-ray diffraction investigations
combined with transport and specific heat measurements, reveal the transition to a chiral CDW
state. These observations confirm theoretical predictions based on orbital ordering of Ti 3d and
Se 4p electrons and provide the first scattering evidence for chirality in a CDW compound.

Magnetic heterostructures. Polarized neutron reflectivity studies, combined with XMCD and
theoretical modeling, reveal a strong effect of an induced interfacial magnetization in cuprates on
the transport properties of magnetic junctions consisting of ferromagnetic manganite
Lag;CapsMnO; and insulating, as well as, superconducting cuprates, PrBa,Cu3;O; and
YBa,Cuz07.5. The induced magnetization arises from the orbital reconstruction at the interface
between interfacial Mn spins and localized states in the CuO; planes. Our results, which are of
significant interest for both basic research and spintronics applications, provide evidence for a
novel emergent spin-filter functionality not previously considered and explain the unusual
inverse superconducting spin-switch behavior, respectively. Furthermore, in the case of
PrBa,Cu3O;, we find a novel form of magnetoelectric coupling arising from the induced
magnetization. This results in a ferromagnetic coupling between the manganite layers that can be
controlled by a voltage and consequently provides a device can be electrically toggled between
two magnetization states in the absence of a magnetic field.
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Iron based superconductors: A detailed investigation of the phase diagram of (Ba,Na)Fe,As;, by
high resolution neutron powder diffraction reveals the existence of a novel state, a magnetic
phase that restores tetragonal symmetry. Such a tetragonal, magnetic phase is predicted by spin-
nematic theories, showing that nematic order in iron-based superconductors is driven by
magnetic, rather than orbital, interactions. We also continued to investigate the influence of
magnetic and orbital order and correlations in a variety of strongly correlated systems.

Instrument and technique development: We have successfully developed and employed the
Sweep-mode, a method to measure the full four-dimensional scattering function S(Q,w) from
single crystals utilizing continuous sample rotation in combination with an event-based data
acquisition system [20]. In contrast to the traditional method, whereby data is taken sequentially
at a predetermined fixed number of angles and the full data can only be reconstructed a
posteriori, the sweep method allows the complete result to be monitored immediately, and to
adjust the experimental conditions based on scattering features and measurement statistics.

Corelli, the dedicated single-crystal diffuse scattering instrument that was proposed by our group
IS now under commissioning at the Spallation Neutron Source.

Future Plans

CDW correlations. We will study how various different interactions and their competition lead to
short range CDW correlations and how they affect unusual electronic properties in canonical
CDW compounds by combining scattering with angle resolved photoemission and scanning
tunneling microscopy measurements. Of particular interest is how the suppression of CDW
correlations as function of doping, temperature, and pressure leads to the presence of a persistent
gap in the electronic spectra over large regions of temperature and doping where long-range
order has been suppressed, a phenomenon similar to the pseudogap of relevance to many
strongly correlated systems such as the cuprates.

Complex oxide interfaces. We will continue our investigations of superlattices of complex oxide
materials. Of particular interest will be to determine the prevalence and influence of induced
interfacial magnetization, such as at interfaces between ferromagnetic manganites (LCMO) and
cuprates (YBCO and PBCO), as well as titanate and ferrite compounds. The later systems, in
which a ferroelectric is sandwiched between two ferromagnetic layers, also provide a pathway to
study magneto-electronic coupling. Preliminary work shows that at LSMO/BaTiO; interfaces
there is indeed an induced interfacial Ti-moment. We will explore the impact of this moment on
transport properties and how the ferroelectric polarization influences the magnetization in the
adjacent ferromagnetic layers (LSMQ) and vice versa. It is anticipated that since polarization
switching is correlated with changes in the lattice, distortions will be induced in the
ferromagnetic layers as well, and that the polarization field could modify the charge carrier
density close to the interface. Both these effects can strongly modify the magnetization in the
vicinity of the interface. Finally, we will investigate the effects of applied electric fields on the
magnetization by performing XMCD, optical Kerr, and PNR experiments on heterostructures of
strongly correlated materials, which show strong voltage-controlled magnetic anisotropy with in-
situ applied electric fields.

Magnetic and orbital fluctuations in Strongly Correlated Electron Systems. We will investigate
the extent and universality of the re-entrant magnetic tetragonal C, phase that we recently
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observed in the Na-doped 122 compounds. To do so, we plan to investigate several series of
hole-doped A;,A’xFe,As, materials (A=Ba, Sr, Ca, A’=K, Na, Cs, Rb). The different
electronegativity and ionic size variance of these alkaline earth metals and alkali metals (A and
A’, respectively) is proven to produce significantly different Ty values, thus providing a
systematic investigation of the presence and influence of the C4 phase over a wide range of
transition temperatures. We will also perform high-pressure neutron and x-ray diffraction
measurements in order to determine whether this phase can be stabilized by external pressure, as
was suggested for the K-doped systems from transport measurements and we plan to determine
the magnetic structure and excitations using elastic and inelastic neutrons scattering from single
crystals.

A related topic that is currently attracting greatest interest is the nature and role of nematic
fluctuations in the magnetism and superconductivity of iron-based superconductors. The
presence of anisotropic electronic correlations, through their coupling to the lattice, leads to
diffuse scattering signatures, albeit very weak and possibly dynamic in nature. We will measure
in detail the diffuse scattering over a large range of temperature and doping on a variety of hole-
doped as well as isovalent (P-substituted) compounds in order to determine the presence of
nematic correlations and their relation to superconductivity. These experiments are enabled by
our ongoing development of both; diffuse scattering measurement techniques and big data
analysis tools. The diffuse scattering can be from both static disorder (e.g. Huang scattering from
local distortions) as well as dynamic fluctuations (e.g. thermal diffuse scattering), but with data
of high accuracy and coverage over large range of temperatures and momentum transfer, it is
possible to separate these components with the comprehensive set of analysis tools that we are
currently developing. These new experimental tools can also be applied to address similar
questions in cuprate superconductors. In particular, this approach could yield important new
insight regarding the extent of the short-range CDW correlations recently observed in the
pseudogap phase of underdoped compounds as well as the influence of strong electron-phonon
coupling. We will therefore perform comprehensive survey of the x-T phase diagram, e.g. of La,.
xSrkCuQy, to investigate whether a pseudogap line can be associated with either a change in the
temperature dependence of CDW correlations, or with anomalies in the thermal diffuse
scattering that indicate renormalized electron-phonon coupling.

We will continue to explore other strongly correlated systems in which unusual physical
properties are related to magnetic and orbital correlations. Systems of recent interest are the
novel class of frustrated cobaltities RBaCo0407.x, Which exhibit very different magnetic and
structural properties depending on R and extrinsic conditions, with both long-range and short-
range frustrated magnetic order present in R=Y and Lu, respectively. We will perform neutron
scattering measurements on powders and single crystal samples to obtain an understanding of the
disparate magnetic properties across the series (Lu;<Yx)BaCo,0.
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Program Scope:

Electronic and magnetic materials are some of the most important and highly tunable
materials systems with a wide range of new scientific discoveries. Understanding of the
dynamics and the fundamental nanoscale physics of these materials is a crucial cornerstone for
developing ways in which electronic and magnetic order parameters can be designed, controlled
and manipulated. By combining skills in neutron and synchrotron techniques with sample
fabrication, magnetic and transport measurements in films, nanostructures and devices we probe
fundamental properties of nanoscale magnetic materials. The ongoing research has two research
thrusts:

e Time-dependent studies of magnetic nanostructures

This research probes the physics of magnetic nanostructures by studying the underlying

excitations of the system with atomic depth resolution and nm lateral resolution. The time

scales, physics to be studied and techniques used are divided into three distinct regimes: (i)

Microseconds to seconds cover the time-scales of dynamics of slow magnetic fluctuations in

materials, such as thermally-induced domain wall motion. (ii) Tens of nanoseconds to tens of

picoseconds correspond to magnetic processional frequencies and we will study the dynamic
response of nano-magnetic systems to nanosecond current, temperature and field pulses and

(iii) pico-seconds to femto-seconds cover the time scales for energy and angular momentum

transfer between orbital, spin and lattice degrees of freedom and can be used to probe the

fundamental nature of phase transitions and the ultra-fast magnetization dynamics.
e Interfacial phenomena in oxides

We propose to study the fundamental interfacial phenomena in complex oxide interfaces.

This includes understanding the role of electric field effects in piezoelectric-ferromagnetic

heterostructures and probing electronic reconstruction that occurs at oxide interfaces.

Recent Results:

We have recent results on both time-dependent studies of magnetic nanostructures and interfacial
phenomena. Here we focus on recent studies of the latter. In a piezoelectric-ferromagnetic
heterostructure or nanoscale device, the applied electric field induces a strain field in the
piezoelectric that propagates into the ferromagnetic material and alters its magnetization. Recent
theoretical calculations suggest that in ferroelectric insulator/ferromagnetic heterostructures the
ferroelectric displacements of the interfacial atoms may be reversed by electric fields,
significantly altering the interfacial moment or anisotropy. On the other hand, if the
ferromagnetic film is a metallic oxide, the electric field at the surface of the piezoelectric can
produce large electric fields at the interface and thus add or remove charges from the

15



ferromagnetic  film, changing the

magnetization of the film, as reported oo ol s
recently by Molegraaf et al. [1] for a L L Pt (2nm)
Lead Zirconium Titanate (PZT)/ Sr- LSMO(5nm/20nm)

doped Lanthanum Manganese Oxide
(LSMO). More generally magneto-
electric effects may be a common
feature of interfaces between dielectrics
and metals [2,3]. Understanding and STO
control of these effects may ultimately
lead to new memory and spintronic
logic elements. Figure 1: Schematic of samples used for neutron and X-ray

V\_/e have carried out several [)eoftlteocr::\/éltg/cter);%eersl.rnents. The voltage was applied across the top and
polarized neutron and resonant X-ray
reflectivity studies of LSMO/PZT heterostructure, with and without an external voltage applied
to the heterostructure to determine the depth dependence of the change in the magnetization
induced in the ferromagnetic LSMO and to attempt to distinguish strain-induced effects from
charge carrier injection effects. The samples studied consisted of 75 nm of PZT deposited on a
conducting Nb-doped Strontium Titanate substrate (which constituted the bottom electrode),
followed by either a 5nm thick or 20 nm thick layer of LSMO on top, finally capped with a 2nm
Pt film which constituted the top electrode. (Shown schematically in Fig. 1).

The sample was fabricated by our collaborators at Universite’ Paris Sud. The voltage could
be applied in-situ on the sample inside a cryostat during the reflectivity experiments. By
applying voltages of up to 4 V of either polarity, electric fields of up to 5 x 10" VV/m could be
applied to the heterostructure. The neutron reflectivity measurements were carried out at the
polarized neutron reflectometer at the Spallation Neutron Source with Valeria Lauter and her
colleagues and Dr. Edwin Fohtung of the Shpyrko group at UCSD, and the X-ray reflectivity
measurements were carried out at the soft X-ray scattering beamline at the NSLS-I synchrotron
source with Cecilia Sanchez-Hanke. Most of the measurements were carried out at 105 K on a
6.5-nm-thick LSMO sample.

Both the neutron and X-ray reflectivity studies gave consistent results, which we summarize
here: (a) We found that dead layers existed in the magnetization of the LSMO film at both the
interfaces: 2-3 unit cells deep at the Pt/LSMO interface, and 4-5 unit cells deep at the
PZT/LSMO interface. This is consistent with findings by Hujiben et al. [4]. (b) Applying a
voltage of 2 V across the heterostructure decreased the magnetization of the central region of the
LSMO by about 30 %. (c) Applying a voltage of 4 V of either polarity was sufficient to quench
the magnetization in the LSMO film completely. This could be ascribed to either the
piezoelectric strain produced by the PZT or due to carrier injection due to the electric field at the
PZT/LSMO interface. As we shall see below, we tend to favor the strain effect. The effect of
strain on magnetization in thin films has also been seen by the Los Alamos group [5]. (d) The
Pt/LSMO interface had a 3 nm thick Mn* -rich layer in the LSMO film, probably induced by
preferential Sr enrichment at the interface, as has been noted by other authors [6].

These results are shown in Figs. 2 and 3.

PZT (75nm)
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Figure 2: The measured asymmetry ratio from resonant X-ray reflectivity measurements (top) and the fitted magnetization
depth profile (bottom) for the PZT/LSMO bilayer with 0 V and 2 V applied voltage respectively from X-ray reflectivity
(upper panel) and for OV , +4V and -4V applied voltage respectively from neutron reflectivity (lower panel) showing the
magnetic dead layers at both interfaces of the LSMO film, and the decrease in magnetization induced by the applied voltage.

During the course of these experiments, we had considerable problems with leakage
currents in the PZT, which became worse as the voltage was cycled more times. This resulted in
some uncertainty as to the - ]

validity of the results, since in ) il : \

R P o)

@
some cases it was not W“W‘ Sl . :\
possible to saturate the : ' / A
e ,
a

electric moment of the PZT i’
for one direction of applied
voltage. However, as stated
above, the results were
repeatable and verified both
with polarized neutron and
resonant X-ray reflectivity, so . _ : :
we feel they are valid. Voliage (V)
Nevertheless, we plan to Figure 3: The asymmetry ratio for resonant X-ray reflectivity (a measure of the
repeat these measurements | magnetization) for the LSMO film for different applied voltages.
with fresh samples.

We have also used neutron scattering techniques to probe arrays of patterned magnetic
nanostructures. A recent example is shown in Fig. 4 on a [Co0(0.25 nm)/Pd (0.7 nm)]5/Fe(2

2 20}

Asymm Ratio (%)
’\
X

e —
+ —Huclear Profile

.| |——Magnetic Profile

0.;)? 0.;}4 0.06 0.08 O.IID 012 D..I-I 0186 0L = -
! 5“' . OKIA"'l 00 [ 100 :01?'-\"]
: Polarized neutron reflectometry results for a patterned multilayer structure: Ta(3 nm)/Pd(2 nm)/[Co (0.25 nm) /Pd
(0.7 nm)]s/Fe (2 nm) /[Co (0.25 nm) Pd (0.7 nm )]s patterned to form 25-nm dots on a 35-nm pitch. The left panel shows an
SEM image of the patterned structures. The middle-left panel shows the non-spin-flip (R*™ and R™) scattering with least-
squared fit (solid lines). The middle-right panel shows the resulting fit of the nuclear and magnetic profiles. The magnetic

profile shows a non-uniform magnetic structure along the depth of the structure shown schematically in the right panel.

17



nm)/[Co(0.25 nm)/Pd(0.7 nm)]s heterostructure of interest for high-density storage patterned into
nano-dot arrays using a using self-assembled di-block copolymer as the etch mask. This allows
patterning over 1.5 x 1.5 cm” areas. Shown in Fig. 4 is the non-spin-flip (R"* and R™) scattering
giving a depth dependent structural and magnetic profile of the nano islands. The results show a
clear incoherent magnetic configuration in an applied field where the Fe responses more strongly
to the field and relaxes toward the surface. Research on these structures is expected to continue,
including grazing incidence small angle scattering measurements. A manuscript on the neutron
scattering is being finalized for publication.
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Future Plans:

We plan to follow up our work on slow magnetic domain wall fluctuations by looking at other
antiferromagnetic systems to see to what extent the glassy and jamming behavior we find is
universal. We are exploring novel capacitor approaches to apply electric fields to complex
heterostructures that avoid the issues of leakage current on large area samples suitable for
neutron experiments. We also plan to pursue our pump-probe studies of FeRh, Cr and FePt films
which include experiments at the LCLS.

Recent Publications:
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Impact of Dynamic Lattice Instabilities and Microstructure on Functional Materials

J. D. Budai, O. Delaire, M. E. Manley, E. D. Specht and G. E. Ice
Materials Science & Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN

Program Scope

Motivated by the central role of dynamic lattice instabilities in controlling the physical
properties of functional materials, we are currently investigating how anharmonic vibrations and
local microstructure interact to enhance materials properties. Our goal is to understand the
underlying origins of energy transport and phase stability in functional materials by integrating
neutron and synchrotron x-ray scattering studies with first-principles investigations of lattice
structure and dynamical excitations. Our studies are focused on interrelated, representative
material systems where issues of anharmonic lattice dynamics and broken static symmetry play
key but as yet unresolved roles in their properties, in particular: the impact of dynamic
instabilities and microstructure on thermal transport in high-efficiency thermoelectrics; the origin
of nanoscale dynamic instabilities in relaxor ferroelectrics; and the role of anharmonic dynamics
in driving metal-insulator phase transitions in metal oxides.

Recent Progress
Glass-like thermal transport in AgSbTe,
The origin of the extremely-low glass-like
thermal conductivity of AgSbTe, was
elucidated with neutron and x-ray scattering,
and electron microscopy. Inelastic neutron
scattering measurements on both powders ||
and  single-crystals  established  that ate)
anharmonicity is not the dominant phonon F_ig. 1 _Inelastic neutron_ scattering showing phonon

. . . . dispersions (a,b), and diffuse scattering from nanostructure
scattering mechanism in this compound at (©) in AgSbTe,
low T. From a systematic mapping of ‘
linewidths and group velocities, we accounted for the experimentally observed very low lattice
thermal conductivity. From our diffraction and diffuse scattering measurements, we showed that
cations exhibit short-range ordering on a length scale of a few nanometers, similar to the
observed phonon mean-free-paths. Large static atomic displacements were also inferred from
elastic scattering measurements, and are independent of temperature. The nanostructure arising
from cation short-range ordering is thought to be the main contributor to the large, temperature-
independent phonon linewidths observed with INS.

Energy (meV)

2 N B @ @

Origin of anomalous neutron scattering spectra in SnTe and PbTe. Rocksalt chalcogenides
achieve some of the highest known thermoelectric figure-of-merits, favored by an unusually low
thermal conductivity for a simple cubic structure. We previously showed that the low thermal
conductivity of PbTe arises from strong scattering of heat-carrying acoustic modes by the
incipient ferroelectic transverse-optic (TO) branch. In new studies, we have elucidated the
differences between the dynamical structure factors, S(Q,E), of SnTe and PbTe crystals. The TO
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mode exhibits a clear splitting at the zone center in PbTe, but does not in SnTe, although SnTe is
closer to the ferroelectric instability. From first-principles simulations including anharmonic
effects at finite temperatures, we computed the Q-dependent phonon self-energy and dynamical
susceptibility, and reproduced experimental observations. The origin of the effect was traced to
an amplification of anharmonicity by a larger phase-space for coupling to the TO mode in PbTe.

Phonon localization drives polar nanoregions in a
relaxor ferroelectric. Relaxor ferroelectrics are
chemically disordered, technologically useful
ferroelectrics, with polarization developing in
polar nanoregions (PNRs) rather than long-range
order. The origin of PNRs is not well understood.
Using neutron scattering to characterize the lattice T— Intonsity
dynamics of relaxor PMN-30%PT, we discovered  Fig. 2. Inelastic neutron scattering showing
a new phonon localization mechanism that localizing modes (LMs) betv_veen transverse opt_ic
. . (TO) and transverse acoustic (TA) phonons in
explains the size and shape of the PNRs as well s ojaxor ferroelectric PMN-30%PT.
the zone-edge antiferroelectric nanoregions in
terms of the coherent trapping of the TO phonons by randomly distributed localized resonance
modes. Near the Burns temperature (Tq4) a dispersionless mode forms in resonance with the TO
phonon, indicating a fully localized stationary mode (Fig. 2). On cooling towards the ordering
temperature, T¢, however, the localized mode intensity peaks at the crossing with the TO phonon.
These localized modes develop a coherence length (size) that equals a single TO wavelength at
the crossing, and this size matches the PNRs. Furthermore, near the zone edge high-symmetry M
point (antiferroelectric), intensity becomes enhanced at a 2" crossing. The size of the localized
modes are set by the wavelength of the TO phonon where its dispersion surface crosses the
resonance local mode. This relationship explains the evolution of the size, shape, and positions in
reciprocal space of the PNR and antiferroelectric nanoregion diffuse scattering patterns in PMN-
XPT. Our results are explained in terms of an Anderson-type localization mechanism, where
constructive interference of the TO phonons interacting with randomly distributed localized
resonance modes results in the localization of both the ferroelectric and antiferroelectric TO
phonons. This mechanism is generic and should apply to other frustrated ferroic-type materials.

Impact of lattice dynamics on metal- AN S LR I SN BURLELL R

T=425K

insulator transition in VO, The relatively ol o T-8l0k ]
simple binary oxide, VO,, challenges our I l 1
ability to wunderstand how a high- EZO\ I ] i l IJ[ 1 ] /A
temperature metal emerges from a low- & [\, ' / 1 ]L I“h TURRAn

. I.IE.I \ ] 1 1:\ \ LA_.';_."I .
temperature band (Peierls) or strongly- ol 1\1\; " HI 1\]” i = .,(./'

correlated (Mott) insulator. An accurate
description of lattice dynamics near the VL

coupled structural (tetragonal-monoclinic) Fig. 3 Phonon dispersions measured using inelastic x-ray

and electronic metal-insulator transition  scattering at HERIX at 425K and 800K. Vertical bars show
(MIT) in VO is not available due to the  very large energy widths due to anharmonicity.
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incoherent V cross-section. We have recently determined the changes in lattice dynamics and
vibrational entropy associated with the MIT. We used inelastic neutron scattering to obtain the
Q-integrated phonon density of states, x-ray scattering to obtain 3-D maps of energy-integrated
thermal diffuse scattering, inelastic x-ray scattering to directly measure phonon dispersions, and
ab initio calculations to interpret the atomic mechanisms. Our results show that the entropy
change driving the MIT is dominated by vibrational rather than electronic contributions.
Moreover, we show that “soft mode” phase transition models are incorrect, and instead, strongly
anharmonic phonons stabilize the metallic phase.

Future Plans

Phonon scattering for low thermal conductivity. We will continue to investigate the influence of
strong anharmonicity, lattice instabilities and structural inhomogeneities on thermoelectricity, in
which low thermal conductivity is beneficial. We will extend our inelastic neutron scattering and
x-ray diffuse scattering studies of AgSbTe, to the case of AgBiSe,, which undergoes an order-
disorder transition of cations at 560K, amenable to in-situ measurements of the effect of ordering
in single-crystals. We will also extend our measurements in rock-salt chalcogenides to the case
of orthorhombic systems with GeS structure, which have very low thermal conductivities, yet
show 1/T behavior indicative of anharmonicity. Large single-crystals have been obtained and
preliminary neutron scattering measurements have been performed. Neutron scattering studies
will be complemented with first-principles simulations.

Phonon anharmonicity and competition between ferroelectric and antiferroelectric orders. We
will continue our on-going studies of BaTiO3z, K(Ta,Nb)Os, and SrTiO3z under electric fields. By
tuning the ferroelectric instability with an applied electric field, the coupling of optic and
acoustic modes can be controlled, providing fundamental insights into the role of anharmonic
effects in the lattice instabilities. Preliminary measurements have been obtained.

Phonon localization in frustrated ferroic materials. A new class of disordered shape memory
alloys, commonly called “strain glasses”, has recently emerged with behavior that in many
respects parallels relaxor ferroelectrics. They exhibit precursor nanoregions and frequency
dependent relaxation behavior, and the “parent” displacive transitions exhibit soft-phonon
precursors. We plan to measure the lattice dynamics and diffuse scattering of these to see if a
similar phonon localization mechanism drives the superelastic nanoregions responsible for their
properties. We will analyze short-range order to see whether short-range displacements
correspond to the long-range displacements in shape-memory alloys or to a novel short-range
order. We also plan to investigate phonon localization in additional relaxor ferroelectric
materials, including heterovalent PZN-PT and homovalent KTN.

Phonon anharmonicity in metal-insulator transitions Motivated by our finding of strong
anharmonicity in VO, in the near-term, we will investigate the origins of an elastic “central
peak” in VO, (reminiscent of SrTiO3) as the transition is initiated. We will then investigate the
effect of doping and external strain on lattice dynamics in VO,. Reducing dopants such as Nb or
Mo are known to suppress the MIT temperature, while oxidizing dopants such as Cr or Al or
tensile strain stabilize other low-symmetry phases. Understanding how lattice dynamics change
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with doping or strain will provide benchmarks guiding predictive theoretical treatments for this
prototypical material. In the long term, we will address the broad question of whether or not
phonon anharmonicity plays a central role in phase stability for other classes of materials, such
as spinel oxides, that exhibit a MIT coupled with displacements caused by dimerization.
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Design and Validation of an in situ Electrochemical Cell for Neutron Diffraction
Investigation of Phase Transitions in Mg/Si Electrodes for Li-ion Batteries

K. S. Ravi Chandran
Department of Metallurgical Engineering, University of Utah, Salt Lake City, UT 84112

Program Scope

The performance of Li-ion battery is determined by the kinetics of the phase transitions occurring in the
bulk of electrodes. The nature of these phase transitions governs the battery performance metrics such as
maximum charge capacity, reversible number of cycles and capacity fading [1]. The effectiveness of
electrochemical techniques in understanding bulk phase transitions is very limited, although they give
information about the reactions occurring at the surface [2]. The phase transitions in the bulk electrodes
can be more appropriately investigated using neutron diffraction (ND) techniques, but an in situ cell,
capable of using small volume electrodes, has been lacking so far. Specific objectives of this research are

e Design of a novel in situ electrochemical cell to obtain Rietveld refinable neutron diffraction
experiments using small volume electrodes of various laboratory/research-scale Li-ion batteries

e Use this cell to investigate the complexity of phase transitions in Li(Mg) alloy electrodes, which occur
under electrochemical lithiation and delithiation, and to determine aspects of phase transition that
enable/limit energy storage capacity

o Investigate the phase transitions in electrodes made of nano- and micron-sized Si particles and etched
micro-columns and investigate the effect of particle/column size on phase transitions and
nonequilibrium structures

Recent Progress

I. Design and validation of novel in situ electrochemical cell for ND experiments

A major objective of the project is to design and validate an in situ electrochemical cell suitable for
obtaining Rietveld-refinable neutron diffraction patterns from VULCAN neutron diffractometer at SNS,
to study the phase transitions in battery electrode materials. Several cell designs were pursued and
revised and the unworkable ones were dropped. Finally, one successful design emerged during 2013-14
project period using which ND experiments in Vulcan, SNS were conducted. Several challenges,
including Si windows [3] design and sealing, reliable connections to electrodes, electrolyte retention and
making the cell work when compressed between springs etc. were solved after several months of efforts.
The final cell design shown in Figure 1 has proved to be very successful in that it yielded very good
diffraction patterns even with small volume electrodes of C/LiCoO, and C/LiMn,O, cells. Several
validation experiments were successfully run in Vulcan with this cell.

For validation, the designed electrochemical cell (Figure 1) was used to study the phase transitions under
in-situ ND in both the electrodes (anode/cathode) simultaneously in graphite/LiCoO, and in
graphite/LiMn,0, cells each with two cells. The diffraction patterns fully validated the working of the in
situ cell. As an example, the indexed diffraction patterns collected from the graphite/LiCoO, during
charging is shown in Figure 2. The formation of various phases such as LixCs, LiCy,, LiCg during the
lithiation of graphite can be clearly seen (Figure 2). The gradual evolution, dissolution of various
electrode phases, change in their d-spacing’s can also be observed. In LiCoO,, first ordered transition that
was observed by others [4] has been observed here using small volume electrodes. The designed cell
facilitated the observation even weak Bragg reflections. The diffraction patterns were amenable for
Rietveld refinement with goodness of fit y°<8.2. The trends expected in the lattice parameters, unit cell
volume could be observed using this in situ cell. All of these are described in detail in the publications.
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Figure 1. Exploded view of the designed
in-situ electrochemical for ND studies.
The cell consists of single crystal Si (100)
sheets for casing and the charging of
graphite and LiCoO, electrodes to study
the phase transitions upon lithiation and
delithiation. Insets show the photograph of
the in-situ cell in the assembled form that
was used in VULCAN diffractometer in
SNS and the ND patterns obtained during
the charging of graphite/LiCoO; cell. The
ND experiments were conducted in the
VULCAN diffractometer at Spallation
Neutron Source beam line 7, ORNL. The
work is in collaboration with Dr. K. An,
ORNL.

Neutron Diffraction in
In-situ Electrochemical Cell

Figure 2. ND patterns obtained in
VULCAN using the in situ cell for the
electrochemical lithiation/delithiation of
graphite/LiCo0O, electrodes. The presence
of nearly zero background due to the use
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Our ND work revealed the transient nature of phase transformation in Li-ion batteries; the key finding is
that the multiple lithiated phases, for example, LixCs, LiC1,, LiCg, co-existed/overlapped in the bulk of the
electrode during the major period of charging of the Li-ion cell. Such finding has not been made in XRD
work. Lithiation proceeded by the consumption of the Li-lean phase by the Li-rich phase. This shows that
the phenomenon is akin to equilibrium solid-state phase transformation. This also provided indirect
evidence that phase transition occurs by planar front movement, raising questions about the porous
electrode theory [5] which is commonly believed.

The ND data was obtained in real time and simultaneously on both anode and cathode, which has not
been possible with XRD. This way, our work enabled direct one-to-one correlation of phase transitions in
anode and cathode and allowed us to directly identify which electrode is limiting the charge capacity of
the cell. In particular, we found out that for the LiMn,0O, electrode, the electrode thickness needs to be
increased to fully transform C to LiCs. Such simultaneous ND diffraction provides a clear illustration of
importance of optimizing electrode thickness, especially keeping mind the full phase transformation path.

The in situ cell ND has simplified lot of conventional XRD experimentation of Li ion cells--ND is one
experiment with a real cell as opposed to two separate experiments in XRD with reference electrodes and
yet with depth-of-penetration-limitation of XRD. Although the two separate XRD experiments could be
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combined to provide results similar to ND, there, one can never be certain about one-to-one correlations
of phase transitions in anode versus cathode. So this ND experimentation is a major advancement and is a
realistic experiment with respect to Li-ion cells.

To finish up the project, new Mg/Si electrodes of various compositions have been prepared and will be
the subject of study in Vulcan at SNS using the validated in situ cell. In the upcoming beam times at SNS
in 2014-15, we plan to experiment with these electrodes.

11. Neutron Tomographic Imaging of Lithiation and Delithiation processes in Li-battery Electrodes

In Li(Mg) alloy anodes actual Li distributions in the bulk of the electrode govern the charge/discharge
rates and the reversibility of cell performance and/or electrode utilization during the electrochemical
insertion/removal of lithium [6,7]. To investigate this, neutron tomographic imaging technique has been
used for 3D mapping of Li distribution in bulk Li(Mg) alloy electrodes. Four compositions (in wt.%): Li-
70Mg, Li-60Mg, Li-50Mg and Li-40Mg were prepared by melting Mg chips and Li rods under argon.
After rolling and annealing, each sample was delithiated to different depth of Li removal under the
constant current density of 0.5mA/cm? Theoretically, for a given degree of delithiation, the concentration
profile can be determined using Fick’s second law and appropriate boundary conditions. Our objective is
to determine this concentration profiles from neutron attenuation intensity [8] as well and compare with
theoretical calculations. The experiments have been performed at CG-1D Neutron Imaging Prototype

Station at SNS. The work is in collaboration with Dr. Bilheux.
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Figure 3. Pseudo-color plot of neutron attenuation intensity in Li(Mg) alloy electrodes. Pure Li (1) is used
as a reference to image the distribution of lithium after the electrochemically-induced phase transitions in
the following electrodes: One set of high-Li electrodes are of composition (wt.%) Li-70Mg: (2) Fresh I,
(3) Fresh 1, (4) 42%L.i removal, (5) 32%L.i removal, (6) 17%L.i removal, (7) 14%L.i removal and (8) 9%L.i
removal. The other set of low-Li electrodes are of nominal composition (wt.%) Li-50Mg: (9) Fresh I,
(10) Fresh I, (11) 16%L.i removal, (12) 12%L.i removal and (13) 14% Li removal.

Figure 4. Lithium concentration profiles across the thickness extracted from neutron tomographic data in
comparison with the calculated Li concentration profiles

Figure 3 shows the pseudo-color plot of Li distribution across the thickness after reconstruction—the top
surface is the active side to which current was applied during cell cycling. The blank space between each
sample is created by Aluminum tubing spacer for separation purpose. The green color in this figure
represents lower attenuation intensity, which means lower Li concentration in this Li(Mg) system. We
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find that even pure Li in this experimental set shows a green shell, which explains the color gradient of
the non-active side of Li(Mg) alloy. Also, it is thinner than the green shell from the Li removed one,
which is expected. Such edge intensity deviation was also observed by others [9,10]. We suspect that this
deviation might be caused by instrument limitation or the reconstruction method. Concentration profiles
without the correction and the calculated profiles are shown in Figure 4. This work is in progress and is
expected to be completed in 2014-15.

Future Plans

(i) Study of phase transitions in Mg/Li(Mg) electrode: We plan to perform in-situ electrochemical
experiments on nanostructured Mg/Li(Mg) electrodes using the in situ cell we have developed. The
objective will be to determine how phase transitions and Li diffusion is affected in the nanoscale regime.
(ii) Study of phase transitions in Si electrode: Si electrodes of various nanoparticle sizes and a novel
electrode architecture—microfabricated Si columnar structure [7] will be investigated using the in situ
electrochemical cell. The diffraction volume in the cell will be increased by adding one more electrode
layer. This facilitates in obtaining even better quality diffraction data.

(iii) Bulk Li Distribution Study of Delithiated Li(Mg) Alloy Using Neutron Imaging: We have started to
explore the fabrication method of porous Li(Mg) alloy which has good electrochemical reversibility.
After several cycles, neutron imaging of the Li distribution in the bulk electrode will help us to get further
understanding of delithiation/lithiation process and phase transition behavior. Also, the effect of different
C-rate to Li spatial distribution will be studied. We are working to developing a correction method for the
edge deviation in our neutron imaging data. It is possible to observe the boundary of Li(Mg) alloy which
indicating phase transition from Li-rich BCC B-phase to Li-lean a-phase once a reasonable correction has
been applied.
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Neutron Scattering Investigation of the Relationship between Molecular Structure,
Morphology and Dynamics in Conjugated Polymers

Prof. Lilo D. Pozzo, Dept. of Chemical Engineering, University of Washington Seattle

Program Scope

Our work focuses on developing fundamental relationships between chemical architecture,
morphology, dynamics and electronic properties in conjugated polymers. The project is divided
into the following objectives: 1) Evaluate effect of polymer molecular structure on conformation
and thermodynamics of dissolved conjugated polymers. 2) Determine role of the type and
location of substitution moieties on self-assembly of ordered conjugated polymer nanostructures.
3) Measure dynamic fluctuations in conjugated polymer phases and relate this to material
properties. 4) Structural investigation of P3AT self-assembly and network formation in
emulsions.

Recent Progress

We have completed a systematic study of self-assembly and gelation for a series of poly-
3-alkyl-thiophene (P3AT) derivatives. These conductive polymers all had identical backbones

but differing side-chains resulting in

differences in self-assembly and solubility.
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The study included rheological and
electrochemical characterization of the
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gelation (self-assembly) resulted in the 00 01 02
formation of a large number of defects and Fiber Fraction

branching. By performing SANS and

fiber fraction.
correlated structural parameters, such as the

total number of nanofibers, to the sample’s

conductivity. Figure 1 shows a plot for three different P3AT’s of increasing alkyl side-group
length. It was determined that the conductivity was primarily affected by the separation of the
polymer backbones (modified by the alkyl group) and the structure of the network over
micrometer length scales. Figure 2 shows that there is an optimum solvent quality for self-
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assembly of each polymer. Each of the polymers showed a distinct maximum in conductivity at
an intermediate value of solvent quality (i.e. the fraction of the poor solvent dodecane).

The correlation of polymer structure to 200
. . . . . ’
solvatochromism (i.e. changing optical properties as a Low M,
function of solvent) was also studied with SANS, 600 o

spectroscopy and MD simulations. Conjugated polymers
change optical absorption and fluorescence when dissolved
in different solvents. This is usually attributed to changes in

400

Conductivity / ge5/m

the stiffness of the polymer. We completed a thorough © 200 _ 1
study of conformation, optical absorption, and solubility for P ey
P3AT’s with variable side-chains. These experimental ol_° . —

. 20 30 40 50 60 70 80
results have been augmented by molecular dynamics (MD) )

and density functional theory (DFT) calculations in

Dodecane / wi%

collaboration with Prof. J. Pfaendtner (UW). It was found Figure 2: Conductivity for
that the major contributions to solvatochromism are from organogels of several P3ATs as a

changes to the polarizability of the solvent. MD simulations
(Figure 3) also show marked differences in packing density and orientation of solvent molecules
as they interact with the conjugated backbone and the alkyl side-chains. Small molecules like
chloroform pack closely to the backbone and result in more favorable interactions. Solvents of
lower quality result in extended side-chains and in stiffer backbones. This observation, which
was confirmed by SANS measurements, suggests that polymers undergo a coil-to-rod transition
before self-assembly.
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A neutron scattering and
photoconductive scanning probe microscopy
investigation has also been completed to
correlate the internal structure of conjugated
polymer nanoparticles to their photovoltaic
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)
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properties. Aqueous dispersions of conductive 4 i
polymer and fullerene nanoparticles have 16 | — Benzene g
applications in low cost organic photovoltaics, Ly | T aene 4{\* fl
OLEDs and other organic electronic devices. % 4 —DCB A

Typically, these particles contain both a £ 08

conjugated polymer and a fullerene derivative to < 0.4

act as the active layer for PV applications. Just , : :

like in thin-film devices, solar cell performance 0.0 s I | |

is greatly affected by the material distribution. 50 55 60 65 70 75 80
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We have used contrast variation small angle

) Figure 3: Key results from MD simulations
neutron scattering (CV-SANS) for the

showing the preferred orientation of two aromatic

determination of material distribution within
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photoactive nanoparticles. We adopted the classic method of Sturhman to relate the variation in
the radius of gyration of particles, dispersed in

solvents of variable contrast, to the 1000 — 1000 F
distribution of the internal phase materials.(1) e W ool
Figure 4 shows an example of one such s R,
experiment for two particles that form either a

core-shell structure or a Janus / asymmetric

particle. Composite particles tend to form 0.1r

core-shell structures with the polymer 0.01 L : : 0.01 L : :
enriched in the surface of the particles and the 0.001 8?}\—1}0'1 0.001 %%_]}0_1
fullerene in the core. Moreover, the particular 4 4
structure could also be tuned through changes 3t 3t
in relative composition or solvent quality.
Finally, it was also determined that an even
distribution of materials was only possible
when the conjugated polymer was gelled
before solvent removal.(2)
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Photoconductive probe microscopy
enabled measurement of photovoltaic properties | Figure 4: CV-SANS profiles and Sturhman plots
for individual particles. Here, a conductive path | for two P3HT/PCBM particles with different
is formed between a sharp metallic tip and the
underlying substrate and light is used to excite the particles. High photocurrents would occur for
samples with even distributions (pre-Gel samples). Figure 5 shows a schematic of the experiment
as well as photocurrent histograms for the different particles. Particles with uniform distribution
have larger negative currents and larger overall current densities.

Future Plans

)

Frequency

10" Uniform
We are now performing experiments to I
probe the dynamic relaxations of conjugated ! .
polymers in the solid state. These include (from 10" [ core-snel
10° A
Diode Laser o[

Frequency

slow to fast): low amplitude oscillatory !
rheology, dielectric spectroscopy, neutron spin 10

echo and neutron backscattering spectroscopy. ToPosrePy e g0’ f Janus

Figure 6 shows preliminary results obtained g’} /\
from neutron backscattering spectroscopy L R
(BASIS-SNS) where probed time-scales and a) b) Photocurrent (pA)
size-scales are most sensitive to monomer Figure 5: Schematic of photoconductive probe
fluctuations. We hypothesize that these motions microscopy (Left) and histogram for photocurrent

are strongly affected by the type and location of
alkyl side-chains and that they will also play a significant effect in modulating charge transport.
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X-ray diffraction, rheology and impedance spectroscopy are also being used to correlate
structure, molecular motions and electronic behavior. In addition we are preparing molecular
dynamic simulations that will be used to interpret the quasielastic neutron scattering results with
less ambiguity.(3) 10

Q=1.14A"

—@- P3HT-RR
—O- P3HT-RRa
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Engineering doping profiles in organic semiconductor materials
Adam J. Moulé* (amoule@ucdavis.edu) and Mark Mascal

Chemical Engineering and Materials Science and Chemistry Department, University of California,
Davis, Davis, CA 95616

Research Scope: It would greatly expand the fabrication toolbox for organic electronic materials if a
method to produce non-uniform and thermally stable doping profiles existed. We propose here a method
to establish p-type doping gradients in organic materials with potential applications towards organic
electronic devices. The main goal of the proposal is to develop a method to produce thermally persistent
non-uniform doping profiles.

Recently, a large number of doped and self-doped conducting and semiconducting polymers and polymer
electrolytes have been developed.” These materials can mimic most electronic properties of inorganic
semiconductors and have several advantages over inorganics including:

(1) high tunability range of properties with small changes in structure or sample processing*
(2) low-temperature, low-cost, low-toxicity, and solvent-based deposition®®
(3) material flexibility, light weight, and air stability for device applications

One remaining difference between organic and inorganic semiconductors in the control of materials
properties is that non-uniform and complex doping profiles can be established during deposition of
inorganic materials, while this is extremely difficult with organic materials. This problem will be
addressed by synthesis of multi-functional dopants that are designed for processability. In order to
effectively design functional dopants we will need to study the fundamental doping mechanisms. The
specific aims of this proposal are:

(1) to determine how neutral and ionic dopants differ in their effectiveness at p-type doping
polythiophene polymers

(2) to synthesize a family of p-type dopants for organic films with side groups that can be optimized
for solubility, cross-linking to the host film, and doping effectiveness

(3) to use the functionalized dopants to generate non-uniform doping profiles and study the doping
effectiveness, thermal persistence of the dopant, and diffusion mechanism.

(4) to develop neutron and x-ray methods to measure the dopant distribution profile, dopant diffusion
rate, and doping effectiveness.

Recent Progress: We received funding in August 2013 and have made consistent progress on all four
goal areas since then. Progress is listed in the separate areas.

(1) to determine how neutral and ionic dopants differ in their effectiveness at p-type doping polythiophene
polymers

We have studied the ionic dopants Kl and a polyfluorineated ionomer (PFI) as ionic dopants for the
polymers alternating polyfluorine benzodithiazol (APFO-3) and the self-doped thiophene, sulfonated
poly(thiophene-3-[2-(2-methoxyethoxy) ethoxy]-2,5-diyl) (S-PSMEET). A paper about the PFI work was
recently published.(J. Mater Chem C (2014), 2(1), 115). The main results were that PFI dopes SP3MEET
with noted changes in the work function and pre-edge peak in the NEXAFS spectrum. However the PFI
does not diffuse into the APFO-3 as did the PSS from PEDOT-PSS. Neutron Reflectometry showed that
PFI stays at the interface between the SP3BMEET and active OPV layers. We also showed improved
device function using PFI for high work function donor polymers. Note that this work was performed
before my BES-grant was awarded and was credited to previous DOE-EERE funding
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(DEFG3608G018018) from Moulé, and BES funding (DE-AC52-06NA25396) to the instrument
scientists at LANSCE.

For comparison, we also studied the neutral dopants I, Br, CeFs, N,N,N’,N’-Tetrakis(4-
methoxyphenyl) benzidine (F,TCNQ), and 2,3 dichloro 5,6 dicyano benzoquinone (DDQ). In the same
two polymers. In addition, we studied the CgoF35 and F,TCNQ in the small molecule hole transport matrix
of methyoxy-tri-phenyl diamine (MeO-TPD) and (BF-DPD). In both of these studies, the F,TCNQ was an
effective dopant that increases the hole mobility of the hole transport material. However, for neutral
polymer for polar self-doped polymer and for crystalline small molecules, the dopant was found to diffuse
through the material at well below the glass transition temperature of the host material. In both studies we
used neutron and x-ray reflectometry to measure the diffusion of the dopants (before and after heating
density distributions) and compared the samples using electrical and optical measurements as well.

We found that uncontrolled diffusion of small dopant molecules causes devices failure. But large dopants
like CgoF3s are not effective for polymers or solution coated small molecules because it is insoluble.
Mixed layers cannot be created. Therefore, it is necessary to design dopants that have high solubility but
can also be immobilized. This work motivated much of the proposal.

The polymer doping paper was submitted to Organic Electronics and is in review. The small molecule
doping paper is 95% finished. We are took new XRR data in late May of 2014 to verify several
inconclusive results and plan to submit during the summer.

(2) to synthesize a family of p-type dopants for organic films with side groups that can be optimized for
solubility, cross-linking to the host film, and doping effectiveness

We proposed to substitute cyano groups for ester groups using an F;,TCNQ base molecule. The Mascal
group was successful in synthesizing methyl- and octyl-esters and methyl and octyl- di-esters of F,TCNQ
using the proposed mechanism. As hoped, all of the dopants appear to efficiently dope P3HT and we see
increases in conductivity that are nearly identical as a function of concentration as for doping with
F,TCNQ.

Neat P3HT 22 2.40E-06

P3HT with 5 wt% F4TCNQ 8.25E-02 5.19E-03
P3HT with 5 wt% Dimethyl-F4TCNQ 4.51E-03 3.98E-04
P3HT with 5 wt% Dioctyl-F4TCNQ 1.40E-02 1.38E-03
P3HT with 5 wt% Methyl-F4TCNQ 2.95E-02 3.00E-03
P3HT with 5 wt% Octyl-F4TCNQ 1.86E-02 1.11E-03

While working with F,TCNQ, we came to the conclusion that we need stronger dopants. F,TCNQ is
capable of taking electrons from electron-rich polymers like P3HT and SP3MEET, but is not strong
enough to take electrons from APFO-3, MEH-PPV or F8BT, which are all commonly used polymers for
OPV, OLEDs, and OFETSs, respectively. To address the shortcoming, Prof. Mascal decided to adapt the
dopant DDQ (which has a larger electron affinity than F,TCNQ) to also be tailored with the ester and -R
group. The new dopant was successfully synthesized and we are testing it for the first time in June.
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(3) to use the functionalized dopants to generate non-uniform doping profiles and study the doping
effectiveness, thermal persistence of the dopant, and diffusion mechanism.

We worked mostly with dopants I, and F,TCNQ with the polymer P3HT. While trying to measure the
doping effectiveness, we found that deposition was difficult, as the F,TCNQ tended to make the P3HT
crash out of solution. At the same time, our diffusion study showed that F,TCNQ diffuses readily in
P3HT. The made us realize that F,TCNQ" is immobile in P3HT and F,TCNQ — neutral is very mobile.
Once we made this realization, we used these principles to design a patterning process that allows us to
study most of the basic science principles we would like. We evaporate F,TCNQ through a shadow mask
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1. Coat polymer film 2. Add dopant, for 3. Remove undoped polymer 4. Remove dopant from 5. Completed pattern;
example by evaporation with a suitable solvent patterened film chemically identical to
through shadow mask original film

onto a P3HT film. The neutral F,TCNQ readily penetrates the P3HT film, but quickly the molecules dope
the P3HT and become immabile. We then quickly immerse the film into a good solvent for P3HT and the
undoped polymer is washed away, while the doped polymer remains insoluble. Finally we can remove the
dopants using an orthogonal solvent and a mild base like pyridine. A cartoon of the full process is above.
Below are microscope and AFM images of P3HT patterned using a 2000 mesh copper TEM grid as the
shadow mask. Please note that this is the finest mesh TEM grid sold with 12.5 um features on a 20 um
grid.

TITT T LT e PO PR o0 9 . This figure shows an optical microscope
PP IIIBOP Ittt c s, - image of a P3HT film that was doped
186686000008 020088 ©  through a shodow mask with F,TCNQ
1000000000000000000s | = and then developed in Chlorobenzene.
1606600605 0000005088 °  We also found that the crystallinity of the
EEESEEEEEEEESEEEEEEE polymer prior to doping affects the
1060000000000 0000000 i sharpness of patterned features. The film
A AL AR AR R R R R R R R W W W

fessssssssssss s F was deposited with di-cholorbenzene
which is a high boiling point solvent that allows P3HT to crystallize into extended domains. We pattern
an entire TEM grid, which corresponds to >250000 features created simultaneously.

We have filed a preliminary patent on this process. We plan to submit a paper to a high impact journal in
June 2014.

(4) to develop neutron and x-ray methods to measure the dopant distribution profile, dopant diffusion
rate, and doping effectiveness.
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We applied for and received QENS measurement time at BASIS at SNS (scheduled for late October
2014). We applied for and received vibrational spectroscopy measurement time on VISION and SNS
(scheduled for September 2014).

Future Plans: In the immediate future, we are focused on completion of a publication describing the
patterning process.

lan Jacobs is focused on developing the patterning process, demonstrating the patterning capability, and
reducing the ideas to their most fundamental scientific principles.

Prof. Moule recruited and trained nine undergraduate researchers over the last year who will stay over the
summer 2014 in Davis and volunteer as researchers. This group of students will perform a large humber
of analytical experiments to (1) determine the electronic mechanism of doping using ultrafast laser
experiments (2) better describe the specific material features that affect patterning sharpness (differential
solubility of dopants) and (3) to make conductivity, mobility and optical measurements of various
polymer films doped with the newly synthesized dopant structures.

Jun Li will take the Neutron summer course and learn to acquire data on BASIS and VISION. He will
also take data on SPEAR for the last neutron run from LANSCE.

Mascal Group — will continue to synthesize dopants with various side chains and also new stronger
dopant molecules.

List of Papers:

1) Rochester, C. W.; J., L.; Jacobs, I. E.; Friedrich, S.; Stroeve, P.; Moule, A. J., Observing the
interlayer diffusion of molecular dopants in organic electronic materials. submitted 2014.

2) Rochester, C. W.; J., L.; Reide, M.; Moule, A. J., Investigating Molecular Dopant Diffusion in
MeO-TPD films. In Preparation 2014.

3) Li, J.; Jacobs, I. E.; Bilski, D.; Moule, A. J., Self-assembly of dopant domains controls
conductivity anisotropy in doped polymer films. In Preparation 2014.

4) Jacobs, I. E.; Li, J.; Berg, S.; Stroeve, P.; Augustine, M. P.; Moule, A. J., Photopatterning using
molecular dopants. In Preparation 2014
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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, with the dual purpose of describing
magnetic interactions in these materials and, at the same time, training the next generation of
neutron scattering scientists. We also establish a materials growth laboratory capable of
producing some of the best Fe-based superconductors for the U.S. condensed matter physics
community.

Recent Progress

Effect of Pnictogen Height on Spin
Waves in Iron Pnictides
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We use inelastic neutron scattering to
study spin waves in the
antiferromagnetic ordered phase of
iron pnictide NaFeAs throughout the
Brillouin zone. Comparing with the
well-studied AFe,As; (A = Ca, Sr, Ba)
family, spin waves in NaFeAs have
considerably lower zone boundary
energies and more isotropic effective
in-plane magnetic exchange couplings.

These rPfSUItS are ConSISte.n t with . Fig. 1 Comparison of spin waves obtained from ARCS,
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functional theory and dynamical mean  \aves for NaFeAs, a parent compound of iron pnictides.
field theory and provide strong

evidence that pnictogen height controls the strength of electron-electron correlations and
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consequently the effective bandwidth of magnetic excitations [C. L. Zhang et al., Phys. Rev. Lett.
112, 217202 (2014)].

Measurement of a double neutron-spin resonance and an anisotropic energy gap for underdoped
superconducting NaFeg 9g5C00,015AS Using inelastic neutron scattering

We use inelastic neutron scattering to
show that superconductivity in electron-
underdoped NaFep 955C00.015AS induces a
dispersive sharp resonance near E;;=3.25
meV and a broad dispersionless mode at
E;,=6 meV. However, similar
measurements on overdoped
superconducting NaFeg 935C00.045As find
only a single sharp resonance at E,=7
meV. We connect these results with the
observations of angle resolved
photoemission spectroscopy that the
superconducting gaps in the electron
Fermi pockets are anisotropic in the
underdoped material but become isotropic
in the overdoped case. Our analysis
indicates that both the double neutron spin
resonances and gap anisotropy originate
from the orbital dependence of the
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superconducting pairing in the iron
pnictides. Our discovery also shows the
importance of the inelastic neutron
scattering in detecting the multiorbital
superconducting gap structures of iron
pnictides [C. L. Zhang et al., Phys. Rev.
Lett. 111, 207002 (2013)].

Fig. 2 The phase diagram of Co-doped NaFeAs and the
comparison of evolution of the neutron spin resonance as a
function of increasing doping and angle resolved
photoemission measurements of the superconducting gap
anisotropy.

Doping dependence of spin excitations and its correlations with high-temperature
superconductivity in iron pnictide

High-temperature superconductivity in iron pnictides occurs when electrons and holes are doped
into their antiferromagnetic parent compounds. Since spin excitations may be responsible for
electron pairing and superconductivity, it is important to determine their electron/hole-doping
evolution and connection with superconductivity. Here we use inelastic neutron scattering to
show that while electron doping to the antiferromagnetic BaFe,As, parent compound modifies
the low-energy spin excitations and their correlation with superconductivity (<50 meV) without
affecting the high-energy spin excitations ( >100 meV), hole-doping suppresses the high-energy
spin excitations and shifts the magnetic spectral weight to low-energies. In addition, our absolute
spin susceptibility measurements for the optimally hole-doped iron pnictide reveal that the
change in magnetic exchange energy below and above T, can account for the superconducting
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condensation energy. These results suggest that high-T. superconductivity in iron pnictides is
associated with both the presence of high-energy spin excitations and a coupling between low-
energy spin excitations and itinerant electrons [M. Wang et al., Nature Communications 4, 2874
(2013)].
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Fig. 3 The electron and hole-doping evolution of the local dynamic susceptibility in BaFe,As,. The grey dashed
line indicate the parent compound BaFe,As,. Electron-doping to the parent compound suppresses the low-
energy spin excitations while leaving high-energy excitations unchanged, while hole-doping pushes the high-
energy spin excitation spectral weight to lower energies.

Future Plans

Our ultimate goal in this DOE supported project is to understand the microscopic origin of
superconductivity in the high-T, superconductors. We will continue our successful program to
study the interplay between magnetism and superconductivity. In particular, we will focus on
spin dynamics in Na(Fe,Co)As family of materials, with the plan of comparing and contrasting
the evolution of spin excitations in this family of iron based superconductors with those of the
most studies BaFe,As;, family of materials. Our ability to grow large enough single crystals of
Na(Fe,Co)As means that we can now carry out inelastic neutron scattering experiments to
determine spin excitations in this system throughout the Brillouin zone. Our recent work (see
example 1) on spin waves in NaFeAs has demonstrated that iron pnictogen height can directly
control the total spin excitation bandwidth of the system. In the coming years, we will determine
the evolution of spin excitations as a function of electron-doping and their relationship to
superconductivity. In addition, we will study the evolution of spin excitations in LiFeAs and its
Co-doping dependence. By comparing and contrasting the evolution of spin excitations in the
sister systems Na(Fe,Co)As and Li(Fe,Co)As and compare the outcome with angle resolved
photoemission spectroscopy experiments, we hope to establish if magnetism and
superconductivity in these materials arise from quasiparticle excitations between the hole and
electron Fermi surfaces. This work complements previous neutron scattering work on electron
and hole-doped BaFe,As, family of materials (see example 3). By systematically determining
the experimental facts concerning the evolution of spin excitations in iron pnictides, one can
establish a base for a future comprehensive theory of high-T. superconductivity.
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Neutron and X-Ray Scattering Studies of High-Temperature Superconductors
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Condensed Matter Physics & Materials Science Department
Brookhaven National Laboratory, Upton, NY 11973-5000

Program Scope

This program is organized around the challenge of understanding the antiferromagnetic
spin correlations characteristic of high-temperature superconductors, with particular focus on
systems such as copper oxides and the iron-based superconductors. The main experimental
tools are neutron scattering and high-energy x-ray diffraction, with experiments performed at the
best facilities in the U.S. and abroad. Problems addressed include: doping of correlated
insulators, self-organized spin and charge inhomogeneities (such as stripes), electron-phonon
coupling, spin dynamics, quantum magnetism in low-dimensional systems, and the impact of
disorder. Growth of suitable single-crystal samples is an essential part of the program, with
complementary characterizations performed in collaboration with other Brookhaven groups,
especially at the National Synchrotron Light Source. There are also close interactions with the
Center for Emergent Superconductivity, an Energy Frontier Research Center. This program leads
the Instrument Development Team for HYSPEC, an inelastic spectrometer with polarization
analysis, now operating at the Spallation Neutron Source; it also participates in the US-Japan
Cooperative Program on Neutron Scattering, which has partial access to the cold-neutron triple-
axis spectrometer at the High Flux Isotope Reactor.

Recent Progress

Charge-density-wave order in YBa,Cu3Og.x. There has been considerable excitement
over the observation of CDW order in YBa,Cu3Og:x (YBCO) and several other cuprate families.
Hucker has collaborated with Chang and Zimmermann on hard x-ray diffraction studies of this
problem at Petra 111 and the APS. Recent results [1] confirm that the order parameter is largest
for a hole concentration p ~ 1/8, falling away at optimal doping and for p < 0.08. The ordering
wave vector decreases with p, similar to the behavior of the antinodal 2k measured by
photoemission. This doping dependence is opposite to that of the charge-stripe wave vector in
La,xBaxCuO, (LBCO). Application of a c-axis magnetic field causes the CDW order to grow,
but only for temperatures less than the superconducting transition temperature, T.. Hucker has
demonstrated a similar magnetic-field response in LBCO.

Incommensurate spin correlations. In LBCO, the incommensurability of the low-energy
spin correlations is exactly half of that for charge stripes. Tranquada has collaborated with
Fujita (Tohoku) and Yamada (KEK) on a neutron scattering study of low-energy spin
correlations in Biz+xSr..xCuQOg+y. The observed spin incommensurability vs. doping is
quantitatively identical to that in LBCO and La,«SryCuO,4 (LSCO). Results for YBCO show
qualitatively the same trend. Thus, there appears to be a universal behavior for the spin
modulations, even when charge modulations show distinct trends between YBCO and LBCO.

To further test trends, a collaborative study was performed on the magnetic dispersion in
LSCO with x = 0.04 using a single-domain orthorhombic crystal. This sample has diagonal spin
modulations (at low energy) that have a unique orientation with respect to the orthorhombic
axes. Inelastic scattering revealed an hour-glass dispersion, with a unidirectional dispersion at

46



low energy, and isotropic dispersion at high energy. This change in dispersive character with
energy is similar to that previously reported in the “nematic” phase of YBCO.

Charge order survives under pressure. Building on previous work, a combined x-ray
diffraction and XAFS study was performed on LBCO x=1/8 to test how charge-stripe order is
affected by pressure. Even after the charge order superlattice peak becomes negligible, the local
atomic arrangement is consistent with the structure that pins stripes, and its evolution is
correlated with a very gradual increase in the superconducting Te.

Charge stripe fluctuations in La,xSr«NiO,. In separate collaborations with the Flucteam
(Bozin and Billinge) at BNL and with Reznik (U. Colorado), evidence has been obtained for
fluctuating charge stripes above the stripe melting temperature in La,.xSrxNiO4 (LSNO). In the
former, indirect evidence was obtained from the temperature dependence of the mean-squared
displacement for in-plane oxygen sites. In the latter, inelastic scattering provided direct evidence
for lattice fluctuations at the charge-stripe wave vector.

Stripes and superconductivity. Inelastic neutron scattering measurements have been
performed on LBCO with x = 0.095, a robust superconductor with T, = 32 K [2]. Contrary to
the commonly-expected behavior, no spin gap or resonance develops in the incommensurate
magnetic excitations below T.. To reconcile this result with other experiments, we propose that
the superconducting pair wave function must be spatially modulated in order to minimize local
coexistence with the gapless spin fluctuations.

Orbital order and phase diagram of Fe;+,Te. Recent studies by our group and others
have established that electronic properties of the 11 iron chalcogenides are very sensitive to non-
stoichiometric iron at interstitial sites. In particular, the antiferromagnetic end member Fei.yTe
has a complex magneto-structural (y, T) phase diagram. At intermediate y, the frustration effects
of the interstitial Fe decouple different orders, leading to a sequence of transitions. In our recent
work we have established that the development of bicollinear antiferromagnetic order and
metallic electronic coherence is uniquely associated with a hysteretic first-order transition to the
bond-order wave (BOW) phase, which follows the monoclinic lattice distortion and the
incommensurate magnetic order, but at a markedly lower temperature. The BOW state suggests
ferro-orbital ordering, where electronic delocalization in ferromagnetic zigzag chains leads to
metallic transport. This picture is also corroborated by our earlier study, where it was established
that the total amount of magnetic scattering in Fe; 1 Te decreases significantly, by about a factor 2,
upon cooling from 100 K to 10 K, corresponding to change in the local-spin value from S = 3/2
toS=1.

Plaquette liquid correlations in Fei+,Te1.(Se,S)x. Our analysis of inelastic and
quasielastic scattering in poorly-metallic magnetic state of Fe;.,Te reveals short-range spin
correlations where four-iron square plaquettes align ferromagnetically, with antiferromagnetic
correlations between the neighboring plaquettes. When this material is doped, with Se or S, and
begins to develop superconductivity, the structure of magnetic diffuse scattering changes. Here,
we observe a different liquid-like magnetic response, which can be described by the newly
emergent local structure of slanted four-iron antiferromagnetic plaquettes. These new local
correlations break the C, symmetry of the underlying square lattice and can therefore be related
to “nematicity” observed by other techniques. The competition between the two types of
dynamical local magnetic structures is suggestive of liquid-liquid phase transition in the
electronic spin system of FeTe when it is doped, with Se or S, to become a superconductor. Itis
revealed by the change in the relative population of the two phases with temperature, where the
C, square plaquettes present in Fe;+yTe become dominant at high T. The newly emerging slanted
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plaquettes perhaps reflect new electronic hybridization pattern, which is favored by the shift of
atomic energy levels that results from doping and which facilitates electron pairing.

Evolution of spin correlations in Fei+ gNi/Cu),TeixSex. We have studied the change in
low-energy magnetic dispersions with temperature and energy in superconducting FeTe;.xSex
and in samples perturbed by Ni or Cu substitutions, or excess Fe. Even in a good
superconductor, we have observed a change in the characteristic wave vector for the magnetic
correlations as a function of temperature. Substitutions that reduce the superconducting T, also
inhibit the change in low-energy correlations on cooling. At low temperature, the difference in
magnetic excitations between superconducting and nonsuperconducting samples becomes less
significant above 10 meV.

Future Plans

LTT character in the LTO phase of LBCO. Together with the Flucteam, we are
investigating the thermal evolution of octahedral tilt patterns in LBCO. Measurements indicate
that the tilt pattern characteristic of the low-temperature tetragonal phase survives the phase
transition into the orthorhombic phase at higher temperature. Such results appear to be
compatible with the theoretical proposal that the structural transition is driven by entropy.

Direct determination of longer-range exchange interactions. We plan to directly
measure magnetic bond energies in La,CuO, by applying the single-mode approximation to
excitation spectra. The goal is to obtain an independent test for magnetic interactions beyond
nearest neighbor, such as 4-spin cyclic exchange.

Dynamic charge stripes. Having established the existence of charge stripe fluctuations
in LSNO, we intend to obtain more detailed characterizations of such fluctuations. We also
intend to look for charge-stripe fluctuations in cuprates. In particular, we intend to collaborate
with the X-ray Scattering Group at BNL, using new capabilities at NSLS-11.

Magnetic correlations in superconducting FeTe;xSex. We will apply the short-range
plaquette correlation model to the analysis of the temperature and energy evolution of the
magnetic correlations. Diffraction studies will be used to test for anomalous lattice parameter
changes in these samples that might reflect the development of local orbital correlations.

Magneto-structural excitations associated with the BOW in Fei+yTe. We are
investigating possible magnetic contributions to phonon excitations near (100) and (010) Bragg
peaks, using polarized neutrons. We will also test to see whether the temperature-dependent
change in instantaneous magnetic moment is tied uniquely to the BOW transition.
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New insights into the cuprate phase diagram from neutron, X-ray
and transport measurements of HgBa,CuO.;

Martin Greven (greven@physics.umn.edu)
School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455

Research Scope

The cuprate superconductors continue to pose one of the most formidable intellectual challenges
in condensed matter physics. Among the well over 100 compounds, arguably the most desirable
ones for experimental study are the mercury-based materials HgBa,Can1Cu,Og, Which feature the
highest superconducting transition temperatures (T¢) and relatively simple crystal structures. We
are uniquely able to grow sizable, high-quality crystals of HgBa,CuO,.s (Hg1201; optimal T, =
97 K), the first (n=1) and simplest member of this materials family. This is enabling significant
new research activities aimed to understand the cuprate phase diagram through our neutron, X-
ray, and charge transport experiments, and through an extensive network of collaborations.

Recent Progress

Evidence for Fermi-liquid behavior from transport measurements. As part of our crystal
characterization work, we have pursued quantitative transport measurements. Our
accomplishments include: (i) the surprising finding of Fermi-liquid-like resistive behavior (p ~ T?)
deep in the enigmatic pseudogap regime [1]; (ii) the demonstration of universal gquantum
oscillations in the pseudogap regime, and hence of the fact that the quantum oscillation must be a
property of the quintessential Cu-O sheets [2]; (iii) the establishment of the universal resistance
of the Cu-O sheets [1]; (iv) the demonstration of the validity (in the pseudogap regime) of
Kohler’s rule for the magneto-resistance, which had long been thought to be violated in the
cuprates, and which provides further evidence for simple Fermi-liquid charge transport [3].
Importantly, these high-quality data serve as benchmarks for future sample quality control and
for understanding why the simple properties found for Hg1201 are masked in most other
cuprates. An updated temperature-doping phase diagram is shown in Fig. 1.
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Signatures of the pseudogap from inelastic neutron scattering. Building on earlier work, our
neutron scattering experiments led to the discovery of a second Ising-like mode associated with
the pseudogap formation, potentially a collective mode of a g=0 novel charge-current-loop state
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[4]. Concerning the antiferromagnetic (AF) response, we made the observation of commensurate,
gapped correlations associated with the pseudogap formation (Fig. 2) [5], in contrast to the
incommensurate “hourglass” response typically seen and often interpreted in terms of charge-spin
stripes in lower-Tc cuprates such as LayxSrCuO,. Remarkably, these AF correlations grow
significantly below the pseudogap temperature, and appear along with the universal quasi-static
g=0 order (Fig. 2). There exists a distinct theoretical possibility that AF fluctuations may drive
the unconventional g=0 magnetism, and the subsequent CDW order and superconductivity at
lower temperatures. Similar to our transport results, the high structural symmetry and minimal
disorder effects exhibited by Hg1201 enabled us to reveal the underlying AF response of the
quintessential copper-oxygen planes most clearly.
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New insights from synchrotron X-ray experiments. After numerous unsuccessful attempts to
observed charge-density-wave (CDW) order with hard X-rays, we eventually found relatively
weak, short-range CDW correlations in a moderately-doped sample [6]. We furthermore
established a simple connection between the reconstructed Fermi surface area and the CDW
modulation wave vector. This unifying insight would not have been possible without our new
quantum oscillation results for Hg1201 [2]. High-pressure X-ray data allowed the determination
of strain derivatives of T, in Hg1201 and, from comparison with the lower-T. compound LSCO,
this led to the conclusion that the Hg-O charge-reservoir layers of Hg1201 may play a role in the
very high T, of this compound [7]. In yet unpublished work, we carefully mapped out the doping
and temperature dependence of oxygen-chain order in the Hg-O reservoir layer and began to
investigate the effects of high pressure on this order.

New insights from collaborative work. Our extensive collaborative work [9-16] includes further
evidence for Fermi-liquid behavior in the PG regime [10,11] and the important demonstration of
the feasibility of quantitative photoemission measurments on the model cuprate Hg1201 [14].

Future Plans

Neutron scattering experiments. The intriguing connection between g=0 magnetism and the AF
correlations in Hgl1201 warrants full exploration as a function of doping and temperature.
Preliminary results obtained at the SNS indicate that the AF gap decreases monotonically with
decreasing hole concentration and that it might only close at the hole doping level of p ~ 5% at
which superconductivity disappears. It is of high interest to establish the nature of this quantum
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critical point from the superconducting to the non-superconducting state. It also will be important
to extend the present measurements to higher energy, and to observe the effects of a magnetic
field and of intentionally introduced disorder (e.g., Zn doping) on the g=0 order and AF response.

Synchrotron X-ray experiments. We plan to build on our observation for Hg1201 of CDW order
and of unusual interstitial oxygen order at moderate and high hole-dopant concentrations,
respectively. In order to better assess the role of CDW correlations in the high-T. phenomenon
and in the Fermi-surface reconstruction implied by the observed quantum oscillations, we wish to
determine the doping dependence and to investigate the effects of intentionally introduced
disorder. We plan to investigate the effects of high pressures on the chain order to establish a
possible (anti)correlation with the known pressure enhancement of the optimal T, from 97 K to
120 K. Using X-ray absorption spectroscopy, we plan to establish the exact hole occupancy of the
various O and Cu orbitals.

Transport experiments. Similar to the CDW X-ray work, it will be necessary to extend the
quantum oscillation and magneto-resistance experiments to a wide doping range. We also wish to
determine the transport properties to very high temperatures in order to better understand how the
Fermi-liquid-like state evolves into the strange metal state (Fig. 1a), and complete initial
measurements of the Hall and Seebeck effects. The effects of intentionally introduced disorder
can be expected to shed light on how the underlying Fermi-liquid behavior becomes masked
other cuprates.

Collaborations. Our work will continue to have a far-reaching impact beyond our scattering and
transport experiments. We will continue to pursue a comprehensive approach through discussions
with theorists as well as collaborations with experimental experts using complementary
experimental tools, including photoemission, STM, Raman scattering, optical spectroscopy, Kerr
effect, and NMR. At present, we have established more than a dozen such collaborations. A
significant number of these collaborators are presently supported by DOE-BES.
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Correlations and Competition between the Lattice, Electrons, and Magnetism
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McQueeney

Ames Laboratory and lowa State University, Ames, 1A 50011
Program Scope

The properties of novel materials, such as high-temperature superconductors, charge/orbital
ordering systems, and multiferroics, are all sensitively controlled by correlations and competition
among the lattice, electronic, and magnetic degrees-of-freedom. A complete understanding of
the interrelations between these systems and the necessary conditions for enhancing or tailoring
desirable physical properties have been identified as a Grand Challenge to the scientific
community. Neutron and x-ray scattering are powerful techniques that directly probe the
structural, electronic, and magnetic aspects of complex ground states, phase transitions, and
corresponding excitations. Within this FWP, the varied expertise of the Pls in different scattering
methods is employed in a synergistic approach and systems are studied using a wide range of
neutron and x-ray techniques. The experimental program is supported by a closely coupled
effort in ab initio band structure calculations, theoretical modeling, and scattering simulations.

Recent Progress

Iron Pnictides: Over the last two years, we have continued our investigations of the iron-based
superconductors and our major emphasis has turned to understanding the nature of spin
fluctuations and their connection with superconductivity [P2,P6,P7,P13,P19,P25,P31]. In
CaFe,As,, for example, the wide Q and high energy capabilities of ARCS allowed us to
conclusively show that the Fe moment is completely quenched in the non-superconducting
collapsed tetragonal phase [P25]. We have recently demonstrated that the onset of
superconductivity in Ba(Fe1xCox)2As; coincides with a crossover from well-defined spin waves
to overdamped and diffusive spin excitations. This crossover occurs despite the presence of long-
range stripe-like antiferromagnetic (AFM) order for samples in a compositional range from x =
0.04 to 0.055, and is a consequence of the shrinking spin-density wave gap and a corresponding
increase in the particle-hole (Landau) damping [P31]. We have also investigated the dispersion
of the spin resonance below T, that appears at Qarm = (1/2 1/2 1) in the 122 iron arsenide
compounds [P13]. In the cuprates, the dispersion of the resonance is downwards towards the
nodes in the d-wave superconducting gap forming the characteristic hourglass shape below T..
For Ba(Feo.963Nio.037)2AS,, however, we found that the resonance disperses upwards and showed,
with the assumption of an s* superconducting order parameter, that the details of the resonance’s
dispersion are determined by the normal state spin fluctuations (e.g. the in-plane anisotropic
magnetic correlation length). Finally, our inelastic neutron scattering measurements on a set of
co-aligned samples of antiferromagnetic LaFeAsO demonstrated that the magnetic interactions
are essentially two-dimensional [P19]. The spin-wave velocities, within the Fe layer, and the
magnitude of the spin gap, are similar to the AFe,As, based materials. However, the ratio of
interlayer and intralayer exchange is found to be less than ~10™ in LaFeAsO, very similar to the

cuprates, and ~100 times smaller than that found in AFe;As, compounds.

Manganese and cobalt arsenides: A closely related effort focuses on the manganese and cobalt
arsenides [P15, P16, P17, P22, P26]. At the previous Pl meeting, we reported that low levels of

57



K substitutions for Ba induce metallic behavior in BaMn,As;, however strong AFM ordering (Tn
> 500 K) remains, suggesting that charge conductivity and AFM order are independent of one
another [1]. In recent work we have shown: (1) that the local-moment AFM ordering is very
robust up to at least 40% K substitution [P15]; and (2) using polarized neutron diffraction, we
demonstrated that itinerant ferromagnetism coexists with the AFM order below =~ 100 K [P17].
These results are consistent the weak coupling described above. Turning to the cobalt arsenides,
we first note that dilute substitutions of Co for Fe in the AFe;As, compounds (A = Ca, Ba, Sr)
destabilizes the stripe-like AFM ordering by shrinking (enlarging) the hole (electron) pockets
and detuning the nesting condition. Ultimately, the suppression of stripe AFM ordering upon Co
substitutions of a only few percent allows a superconducting ground state to appear in the
presence of substantial spin fluctuations at Qarm. Further Co substitutions (> 12% Co) lead to a
complete suppression of both stripe-like spin fluctuations and superconductivity. We have
discovered that, at the other end of the compositional range, SrCo,As; is close to an instability
toward stripe-like AFM order, exhibiting steeply dispersing and quasi-two-dimensional
paramagnetic excitations near Qarm [P26]. This is quite surprising for several reasons: (1) The
sister compound, CaCo,As,, orders antiferromagnetically in the A-type AFM structure
(ferromagnetic planes antiferromagnetically coupled along c) [P22]; (2) Band-structure
calculations find a large density of states at the Fermi energy that was proposed to drive a
ferromagnetic instability or A-type AFM ordering [2, P16]; and (3) There is no clear nesting
feature favoring stripe AFM order in SrCo,As,, raising the general issue of what drives the
stripe-like magnetic ordering in the iron pnictides. The ACo,As, compounds manifest other
interesting behaviors as well. For example, both BaCo,As; and SrCo,As, manifest negative c-
axis thermal expansion coefficients [P16], which is unusual for paramagnetic metals.

Magnetic oxides: We have grown a high quality single crystal FeV,04and conducted elastic and
inelastic neutron scattering to determine the phase diagram of this unique spinel oxide [P34].
FeV,0, features two transition metal ions that both possess spin and orbital degrees of freedom
that are strongly coupled, giving rise to unique properties that are manifested by three structural
transitions of which two are accompanied by magnetic transitions. Fe?* occupies the diamond-
like A-site in the cubic spinel structure whereas \/** occupies the pyrochlore B-site. FeV,0; is an
excellent candidate to investigate the roles of orbital ordering at not only the B site, but also at
the A site. The recent discovery of multiferroicity in FeV,0,4 with a coexistence of
ferroelectricity and non-collinear ferrimagnetism, in contrast to the antiferromagnetism in most
of the multiferroics, further motivates us to focus on this system. FeV,0,4 undergoes three
transitions from the high temperature cubic phase to Tetragonal-I at Ts = 140 K (due to Fe orbital
ordering); Tetragonal-1 to Orthorhombic at Tn; = 110 K accompanied by ferrimagnetic ordering
(iron up-spin — vanadium down-spin); and Orthorhombic to Tetragonal-11 accompanied by non-
collinear ferrimagnetic order at Ty, = 70 K (vanadium spins canted) and the emergence of
ferroelectricity. Our neutron scattering studies elucidated the different roles of the two orbital-
active Fe?* and V** species in the magnetic excitations. For example, the strong spin-orbit
coupling for Fe?* induces a significant energy gap below Ty: with little contribution from the
V3*. The absence of a change in the energy gap below Ty is evidence for either a very weak
spin-orbit coupling or significantly quenched orbital moment of the V**.

Magnetic guasicrystals and related compounds: We have started a new program to investigate
magnetism in quasiperiodic crystals. Our discovery [P10] of a new family of local-moment
bearing binary quasicrystals, i-R-Cd (R = Gd through Tm + Y) is particularly exciting because
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they represent the compositionally simplest system for the study of the magnetic interactions in
aperiodic systems. Furthermore, the existence of a corresponding set of cubic approximants,
RCds, to the icosahedral phase allows for direct comparison between the low-temperature
magnetic states of crystalline and quasicrystalline phases with fundamentally similar local
structures, since RCds may be described as a body-centered cubic packing of the same clusters of
atoms as found in the newly discovered i-R-Cd icosahedral phase. Using x-ray resonant magnetic
scattering and neutron diffraction on ***Cd enriched samples, we have demonstrated that the
RCds approximants manifest long-range magnetic order at low temperatures [3,P14], whereas the
related icosahedral phase exhibits only spin-glass-like freezing at low temperatures [P10].

Future Plans

Iron Pnictides: Our studies of magnetic fluctuations, and their relation to superconductivity in
the iron-based superconductors have led to several new research directions. In particular, we are
currently investigating the Ca(Fe;.xCox)2Fe; system where several “knobs” are available for
tweaking the system between AFM order and superconductivity. In contrast to Ba(Fe;xCox)2Fe;
where there is a continuous crossover between AFM order and superconductivity, the transition
from AFM to superconductivity in Co-doped Ca(122) is an abrupt function of Co-doping,
applied pressure, or sample annealing [4]. It is then quite interesting to study the modification of
the spin excitations as these “parameters” are tuned in comparison to our findings for Ba(Fe;-
XCOX)zFez.

Manganese and cobalt arsenides: The reappearance of stripe-like spin fluctuations in SrCo,As;
raises key questions about how such fluctuations come about in this compound, why this
compound is not superconducting, and whether it could be made superconducting by chemical
substitution or by the application of pressure. Alternatively, the so induced new ground state of
SrCo,As, may manifest long-range magnetic order, excluding superconductivity or, perhaps,
coexisting with it. If magnetic ordering is induced by “pressuring” SrCo,As; into the collapsed
tetragonal phase, will that magnetic order be A-type (as found in CaCo,As; which is in the
collapsed tetragonal phase at ambient pressure) or stripe-like (as suggested by the observed
magnetic fluctuations at ambient pressure). Both neutron and x-ray scattering measurements
under pressure are in progress.

Magnetic oxides: The extended spin wave dispersion curves of FeV,0, will be measured by
inelastic neutron scattering and analyzed to determine the various Fe-Fe, V-V, and Fe-V
exchange parameters in this system. These exchange parameters are crucial for correlating the
magnetic behavior and frustration in this system. Based on our previous results there is strong
evidence that magnon-phonon interactions lead to anomalies in the spin waves. We will
therefore investigate phonon dispersions in relation to these anomalies in the various phases to
further elucidate the extent of coupling between spin and orbital degrees of freedom in this
unique system.

Magnetic quasicrystals and related compounds: We have grown sizeable samples of both the
Tb-Cd icosahedral quasicrystal and the TheCd periodic approximant phase using the **Cd
isotope for inelastic neutron scattering measurements of the low-energy spin excitations in these
systems. Our preliminary measurements on the quasicrystal show that there is significant static
diffuse magnetic scattering, with overall icosahedral symmetry, that is likely related to short-
range magnetic ordering on the clusters of Th ions found in the structure. We are also working
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towards a refinement of the atomic-scale structure of the icosahedral phase with colleagues from
France and Japan to identify the site occupancies for Tb in these clusters.
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Experimental realization of a single crystal bond-disordered pyrochlore antiferromagnet*
Jason Krizan*?and R.J. Cava?

'Department of Chemistry, Princeton University
?Institute for Quantum Matter, Johns Hopkins University

We describe the crystal growth and magnetic characterization of the frustrated transition
metal pyrochlore NaCaCo;F;. This newly characterized fluoride pyrochlore of the A;B,F; type
has high spin Co?* in CoFs octahedra in a pyrochlore lattice (the B sites), and non-magnetic Na
and Ca disordered on the pyrochlore large-atom sites (the A sites). Large single crystals grown
by the floating zone method were studied. The magnetic susceptibility is nearly isotropic, and the
Co moment is larger than the spin-only value. In spite of the large Curie Weiss theta (-120 K),
the freezing of the spin system, characterized by peaks in the ac susceptibility and specific heat,
does not occur until ~ 2.3 K. This yields a frustration index of f = -Ocw/T¢~ 50, an indication that
the system is highly frustrated. The observed entropy loss at the freezing transition is low,
indicating that magnetic entropy remains in the system at 0.5 K. We propose that this compound
is the realization of a pyrochlore antiferromagnet with weak bond disorder. The high magnetic
interaction strength in this compound, and the availability of large single crystals, makes it an
intriguing alternative to rare earth pyrochlores for the study of geometric magnetic frustration in
pyrochlore lattices. Further, fluorides may represent an interesting new materials class for the
study of geometric magnetic frustration.

* This research was conducted under the auspices of the Institute for Quantum Matter (IQM) at
Johns Hopkins University, and supported by the U. S. Department of Energy, office of Basic
Energy Sciences, Division of Materials Sciences and Engineering under grant DE-FG02-
08ER46544. Discussions with IQM researchers C. Broholm, O. Tchernyshyov, and K. Ross, and
with A. Vishwanath, R. Moessner and L. Balents are greatly acknowledged. The work described
here was published as: Phys. Rev. B 214401 (2014).
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Thermodynamics of Self-Assembly in Globular Protein-Polymer Conjugates
Bradley D. Olsen
Department of Chemical Engineering, Massachusetts Institute of Technology
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Program Scope

Engineering enzymes and optically active proteins into bioelectronic devices for the production
of Hy,'? the reduction of CO,** or the production of biofuels®® allows the evolutionarily
optimized performance of the protein to be exploited to produce high-performance biomolecular
variants of catalysts. Engineering biocatalytic materials requires achieving a high protein
activity and active site density, controlling substrate/product transport through the material,
maintaining protein stability, and developing low-cost processes for material fabrication.
Analogous to synthetic catalysts’® or organic electronics,”' this requires the arrangement and
orientation of the protein at an interface between two phases that provide for the transport of
each reagent or charge carrier.

The self-assembly of block copolymers containing an enzyme or optically active protein block
provides a bottom-up method to produce nanostructures that simultaneously achieve control over
transport through two phases and yield a high density of oriented protein at an interface. This
project investigates the fundamental structure and thermodynamics of block copolymer systems
containing a globular protein block, enabling the production of functional nanomaterials (Figure
1). Both the folded protein chain shape and the specific interactions between globular proteins
differ significantly from the Gaussian coil block copolymers, adding significant complexity to
the phase behavior of these systems. Despite this complexity, we hypothesize that universal
rules of self-assembly may be elucidated for these protein-polymer hybrjds, and in the past two
years we have addressed three fundamental questions:

(1) How is the phase behavior for a protein-
polymer conjugate different than that of
traditional block copolymers?

(2) What is the effect of protein shape (steric
interactions) on self-assembly?

(3) What is the effect of protein-polymer
interactions on self-assembly?

Recent Accomplishments

In c_)rder to maintain the function_al secondary and Figure 1. Transmission electron micrograph of
tertiary structure of globular proteins, self-assembly  mcCherry-poly(N-isopropylacrylamide) block
must be performed in aqueous solution, as both  copolymer self-assembled into lamellar
thermal and organic solvent annealing methods are  structures. Protein nanodomains appear dark
incompatible with most proteins. In order to duetostaining.

understand the phase behavior of protein-polymer

conjugates, the self-assembly of a model conjugate mCherryS131C-poly(N-isopropylacrylamide)
(mCherry-PNIPAM) was studied as a function of temperature and concentration for a small set
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Figure 2. Phase diagram of (a) mCherryS131C-b-PNIPAMSk (b) that changes in
mCherryS131C-b-PNIPAM17k (¢) mCherryS131C-b-PNIPAM30k (d) hydration drive these
mCherryS131C-b-PNIPAM57k in aqueous solutions. thermal OOTs. The

phase diagrams change
significantly with coil fraction, and notably a number of phases traditionally observed in block
copolymer systems are not observed in these conjugate molecules. A more comprehensive study
of coil fraction effects reveals that the phase diagram of the conjugates is significantly different
than that of traditional diblock copolymers, with hexagonal and lamellar phases being primarily
observed and a strong asymmetry with respect to coil fraction. In addition, with increasing
conjugate fraction up to 70%, reentrant order-disorder transitions are observed. The same
transitions are seen in conjugates with varying polymer blocks and protein types, suggesting that
they may be universal for a broad class of similarly shaped molecules.

In order to explore the effect of protein interactions on self-assembly, a carefully controlled
experiment was performed to compare the self-assembly of mCherry conjugates with EGFP
conjugates. Both the red and green fluorescent proteins have very little primary sequence
homology and consequently significantly different electrostatic and hydrophobic surface
potential distributions; however, they have similar sizes, shapes, and second virial coefficients.
When conjugates with the same molar mass PNIPAM were prepared for both proteins, self-
assembly was largely identical. A further experiment was performed to mutate mCherry,
systematically altering its electrostatic surface potential. A set of 14 mutants was prepared, and
from these five were selected for their high expression and comparative change in surface
patchiness for detailed study. Again, only minimal effects on the order-disorder transition
concentration, symmetry of nanodomain structure, and domain spacing were observed.
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Comparison of self-assembly for
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poly(hydroxypropylacrylate) (PHPA) T T I S TR
and poly(oligoethyleneglycolacrylate)
(POEGA) illustrates the ability to
form previously unobserved phases,
including a cubic phase consistent
with a gyroid structure (Figure 3),
and the ability to tune the ODT based
on protein-polymer interactions. To
follow up on this observation, two
separate methods are currently under
development for quantifying these
protein-polymer interactions.  First,
protein-polymer  conjugates have
been synthesized from a variety of
different polymers, and the form  Figure 3. X-ray scattering patterns (top) and schematic

factors in dilute solution are being illustration (bottom) of the cubic phase (bicontinuous gyroid
measured using SANS. Fitting these structure) formed in mCherry-PHPA and mCherry-POEGA

form factors with structural models ~ Plock copolymers.

that have the protein-polymer

interaction as a parameter may provide a rapid, single sample method for estimating this
interaction. Second, partial structure factor decomposition analysis is being performed on
protein-polymer blends with varied H,O/D,0 solvent systems, enabling quantitative extraction
of the protein-polymer structure factor which can then be modeled as a function of interactions.

Future Plans

Building upon results from the first performance period of this project, our future work will aim
to address critical questions regarding the role of protein interactions in self-assembly and to
develop functional catalysts from enzymes such as lipase to perform fundamental studies of
structure-property relationships in active biocatalytic systems. To understand protein effects, a
variety of proteins with different coarse grained properties of shape and virial coefficient will be
systematically studied, and supercharged proteins will be used to understand electrostatic effects
in detail. Using proteins with highly anisotropic interactions will also facilitate an understanding
of crystallinity and packing in self-assembled systems. Continued development of SANS
methods for parameter extraction will be combined with simulations and collaborative
interactions with Dr. Chen at ORNL in order to develop robust methods for quantifying relevant
parameters, enabling a universal model for self-assembly to be constructed. Finally, DOE-
relevant enzymes such as lipase and carbonic anhydrase will be used in conjugates to study the
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fundamental science of biocatalysis in these self-assembled nanostructures, identifying the
effects of structure and processing on material performance.
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Program Scope

The hydration of small molecule surfactants with water drives their concentration-dependent
supramolecular self-assembly into nanostructured lyotropic liquid crystals (LLCs). These soft
materials exhibit structurally periodic aqueous and hydrophobic nanodomains, in which the
domain interfaces are decorated with the surfactant headgroup functionality. Network phase
LLCs (e.g., double gyroid) are potentially useful membrane materials for selective ion transport
and molecular separations, as a consequence of their three-dimensionally percolating, functional
nanopores with diameters ~0.7—4 nm. However, applications of LLC materials are impeded by
the lack of rational molecular design criteria that guide the synthesis of surfactants that form
useful network phases. Through the synergistic interplay of chemical synthesis, physical
materials characterization, and molecular simulations, we are investigating the aqueous self-
assembly behavior of anionic aliphatic gemini (“twin tail”) surfactants as a function of the
surfactant backbone structure, headgroup, and counterion. We established a new synthetic route
to aliphatic bis(sulfonate) gemini surfactants and demonstrated that they form aqueous lyotropic
gyroid phases, the breadth of which depends upon the specific headgroup/counterion
combination. Concurrent computational studies have focused on understanding the role of
gemini surfactant linker length in governing LLC network phase stability, leading to a new
molecular design criterion for stabilizing these useful phases to be tested in future experiments.

Recent Progress

Synthesis and Phase Behavior of Bis(sulfonate) Gemini Surfactants

We previously reported that aliphatic dicarboxylate gemini surfactants readily form normal
LLC gyroid (G)) phases over amphiphile concentration windows ~20 wt% wide between T = 22—
100 °C.! Subsequent molecular simulations of these self-assembling systems suggested that the
unusual stability of the G;-phase arises from a combination of intramolecular and intermolecular
interactions set by the gemini architecture, the magnitudes of which depend on the extent of ionic
headgroup-counterion dissociation.? Our simulations also showed that nanoconfining water in
the sub-2 nm pores of these lyotropic phases substantially decreases the water self-diffusion
coefficient. These studies suggest the potential utility of these functional LLCs as platforms for
studying how pore diameter and pore functionality affect the properties of water in hydrophilic
nanoconfinement.

To test the universality of the gemini architecture in stabilizing LLC network 0 0o
phases, we have studied the synthesis and phase behavior of aliphatic s
bis(sulfonate) gemini surfactants. We developed a modular synthetic route to 8 OH
amphiphiles such as HSO3-84 that provides ready access to a wide variety of )y
sulfonated gemini surfactants with variable tail and linker lengths in three steps OH
from commercially available starting materials, which is enabling ongoing studies 8 d’s ‘0
of the impact of surfactant structure on the observed aqueous LLC phase HSO, 84

behavior.
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Hydration of bis(sulfonate) gemini surfactant HSO3-84 e
with variable amounts of H,O readily produces ordered LLC E
phases over the wide concentration range 35-95 wt%
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scattering (SAXS), we investigated the phase behavior of a X
series of HSO3-84 LLCs with varying H,O contents. A E

complete phase diagram for this system is shown in Fig. 1. E .

As the LLC water content increases, we find the progression 40_: .

of phases: L, — G, — H; — micellar. This phase sequence 3 % o x
implies that these are normal LLCs, in which the domain o = a0 100

interfaces curve toward the hydrophobic domains. Notably, Weight Fraction Amphiphile (%)
the G, phase is accessible in the concentration range 62-70 Fig. 1. Aqueous lyotropic
Wt% HSO3-84 (headgroup hydration numbers wy = 8-9). ff.mperat“re v. concentration phase
; . . . iagram for HSO;-84, indicating a
This result supports the notion that the gemini architecture g yqantial G, network phase window
enables access to network phase LLCs, not observed in in the range 62-70 wt% amphiphile.
related single-tail amphiphiles. The wide LLC concentration
stability window and the modest G,-phase window width for HSO3-84 are similar to the LLC
phase behavior of dicarboxylate gemini surfactants with highly dissociated counterion-
headgroup ion pairs. Ongoing studies address the impact of the surfactant counterion (Na*, K*,
and NMe4") on the width of the LLC G,-phase window.

Computational Studies of the Effect of Surfactant Linker Length on Network Phase Stability

Our recent experiments uncovered unexpectedly strong odd-even linker length effects on
gemini dicarboxylate LLC network phase stability. While the surfactant derived from decanoic
acid with a Cs-linker (Na-74) exhibits the expected progression of lyotropic phases with
increasing water content L, — G; — H; — micellar, Na-73 with a Cs-linker exhibits no stable
H-phase. Additionally, the G,-phase window spans ~40 wt% in amphiphile concentration at 295
K for Na-73, and an unidentified LLC phase forms near 80-85 wt% Na-73 in H,O between T =
295-323 K.

Microsecond long MD simulations of Na-73
aqueous LLCs of varying compositions, employing
a GROMOS96 force-field and an explicit SPC
water model, have revealed significant differences
in the allowed surfactant conformations that
govern phase selection in these systems. We have
conducted simulations at 55 wt% Na-73 in H,O
with T = 300-370 K and 80 wt% _Na'73 In H0 at Fig. 2. MD simulation snapshots of: (a) a G-
T =300 and 350 K. Representative snapshots of  phase with 55 wt9% Na-73 at 300 K, and (b) a L,,
these phases shown in Fig. 2a and 2b replicate the  phase with 80 wt% Na-73 at 350 K.
experimentally observed L, and Gj-phases,
respectively.

Comparative analyses of the molecular conformations of Cs-linked Na-73 and Cy-linked Na-
74 surfactants in the G,-phases have revealed a completely new molecular design rule for
stabilizing gemini surfactant LLC network phases. The unusual stability of Na-74 gyroid phases
stems from the anisotropic shape adopted by this hydrated amphiphile, in which the tails splay
away from each other to mitigate intramolecular Coulombic repulsions between the ionic
headgroups. Changing the tail splay dihedral angle allows the formation of L, G,, and H, phases.
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However, the presence of the Cs-linker in Na-73 restricts the range of accessible dihedral angles
between the tails and seemingly prevents Hi-phase formation. Thus, our simulations demonstrate
that gemini surfactants with odd carbon linkers substantially favor the formation of G-phase
LLCs by destabilizing the adjacent lamellar and hexagonal phases.

Simulation snapshots of the LLC comprising 80 wt% Na-73 at 300 K suggest that the
simulated phase is similar to that of the Fddd (space group #70) network phase, which Bates and
co-workers have identified in ABC triblock terpolymers. Unlike the gyroid phase, the Fddd
network is a non-cubic network phase that occurs at intermediate interfacial curvatures between
the G and L, phases. Guided by the symmetry and unit cell parameters of this morphology
predicted by MD simulations, we are working to definitively assign this new LLC phase.

Future Plans

Neutron Scattering Studies of Water in Hydrophilic LLC Nanoconfinement

We have started quantitative SAXS studies of the LLC phase behavior of our gemini
dicarboxylate surfactants in D,O, in order to assess the extent to which isotopic substitution
affects the observed LLC unit cell dimensions and water channel diameters. These studies will
establish a foundation for our wide-angle neutron diffraction (WAND) H,0/D,0 isotopic
substitution studies of the structure of water confined within the hydrophilic nanochannels of a
gemini dicarboxylate LLC as a function of surfactant counterion and supramolecular
morphology. If strong incoherent background scattering from the hydrogenous surfactant
hampers our studies, we will synthesize perdeuterated dicarboxylate gemini surfactants. The
results of our studies will be compared to the results from molecular simulations, which predict
long-range O-O correlations and a decreased water density within the hydrophilic pores.

Bis(sulfonate) Gemini Surfactant Phase Behavior: Experiments and Simulations

We have already started MD simulations of disodium bis(sulfonate) gemini surfactant
aqueous LLC self-assembly, and we will extend these studies to the bis(sulfonates) with Na* and
(CHs)4N" counterions to enable quantitative comparisons with ongoing experimental studies.
Through both experiments and simulations, we will also study whether the odd-even linker effect
observed in gemini dicarboxylate LLC phase behavior may be extended to bis(sulfonate)
surfactants with a specific emphasis on enlarging the G,-phase window associated with HSO3-84
analogues. On this basis, we will use electrochemical impedance spectroscopy (EIS) to study the
proton conductivities of these sulfonated single-ion conductor LLCs in order to gauge how LLC
pore diameter affects proton conductivity in the lamellar, hexagonally-packed cylinders, and
gyroid phases. These studies aim to establish new molecular and morphological design criteria
for the development of ion transporting LLC assemblies.

Synthesis of Gemini Bis(phosphonate) Surfactants

Given the importance of counterion-headgroup correlations in dictating the LLC phase
behavior of gemini surfactants, we are working to establish a synthetic route to bis(phosphonate)
gemini surfactants that bear dianionic phosphonic acid headgroups. We anticipate that the
dianionic phosphonate headgroups will drive surfactant backbone conformations that favor G-
phase formation.
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Multiphasic Soft Colloids: Fundamentals to Application of Energy Sustainability
(ERKCSNJ)

Wei-Ren Chen, Oak Ridge National Laboratory, Oak Ridge, TN 37831
Program Scope

The central goal of this research program is to develop a fundamental understanding of the
chemical and physical processes occurring on the microscopic length scale that are critical for
the molecular-level design of multiphasic soft colloidal systems with desirable macroscopic
functionality. This class of structurally heterogenous materials has great promise as a platform
for energy related applications including light harvesting, organic light emitting diodes, photonic
bandgap devices and supercapacitor. To address the overarching goals, two specific aims form
the basis of the proposed research. The first seeks to understand the microscopic interaction
mechanisms giving rise to spatial organization on the length scale from that of an individual
colloid to collective phase behavior. The second aim focuses on elucidating the relationship
between dynamics and structure on both local and collective length scales that give rise to rich
equilibrium and non-equilibrium phase behavior. These two specific aims, providing critical link
between the bulk material properties in their functional form and the microscopic features of
their precursor liquid state, are all underpinned by specific tailored synthesis of targeted systems.
designed to optimize the experimental methodology. The knowledge gained from this program
will provide insight into fundamental guidelines for sustainable energy-related applications of
multiphasic soft colloids that will impact a broad range of DOE's needs in its energy mission.

Recent Progress
1. Structure and Dynamics of Soft Colloids

Previous experimental results show that the size of soft colloids remains invariant below the
overlap concentration. In contrast, we carried out neutron spin-echo (NSE) and small angle
neutron scattering (SANS) experiments, and discovered the existence of the crossover between
the two dynamical degrees of freedom, the inter-molecular translational diffusion and the intra-
molecular collective motion, well below the overlap concentration. The concentration, at which
the inter-molecular collision time is equal to the intra-molecular relaxation time, is defined as the
dynamical crossover point, as shown in Fig. 1 [1]. This is an important discovery, because it
discriminates the dilute regime where the inter- and intra-molecular dynamical processes can be
fully decoupled, which cannot be described using the existing concept of the overlap density.
The two characteristic times are retrieved from the NSE and SANS experimental data through
model fitting [1]. Moreover, we developed two new approaches to analyze the contrast variation
SANS experimental data, and found the continuous desolvation of soft colloids below and
beyond the overlap density due to increasing the concentration, as shown in Fig. 2 [1, 2]. One
method is to study the dependence of the total scattering power on the solvent contrast, to obtain
the variation of the amount of the associated solvent molecules at different concentrations [1].
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The other takes the advantage of the
features of the small angle scattering
functions of the core-shell spherical
colloids with varying the contrast, to
obtain the intra-molecular conformation
and the distribution of the associated
solvent [2]. Furthermore, to understand
the effect of the associated solvent
molecules on local structure of soft
colloids, we developed the small angle
scattering function of star polymers with
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Fig. 1 The average inter-molecular collision time gy (filled
circles) and intra-molecular relaxation time 7, (Open circles)

the excluded volume effect [3], and for (a) G4 and (b) G6 PAMAM dendrimers in water as a function
carried out the SANS experiment of  of concentration c. The dotted and dashed lines respectively give
polystyrene  (PS) star  polymers the concentrations of the overlap density ¢* and the dynamical
suspended in THF and cyclohexane at ~ Crossover point cp* of G4 and G6 PAMAM dendrimers.

different temperature. We plan to reveal
the relation between the associated

solvent and the local stiffness of polymer chains from the SANS data.

2. Phase Transition and Dynamics of Non-
Centrosymmetric Nanoparticles

We developed the small angle scattering
function for yolk-shell nanoparticles, a
category of functional materials with a mobile
core in a hollow shell. [4] It provides the
model for the investigation of these novel
materials using small angle neutron scattering.
Furthermore, we studied the dynamics of
yolk-shell nanoparticles using Brownian
dynamics  simulation and  generalized
Langevin equation theory. We predicted their
dynamical behavior in terms of the diffusion
coefficients which can be measured in neutron
scattering experiments [5]. Besides, we
studied the phase transition of another type of
non-centrosymmetric particles, shifted charge

Assuming both 7z and 7oy €volve exponentially with ¢, cp*
can be defined by the intersection of two solid lines. [1]
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20%wt (c* = 22.5wi%)
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distance from the center of a star polymer (A)

Fig. 2 The ratio of the volume fraction of the associated
solvent, THF, to that of the polymer, polystyrene, along
the radial direction of a polystyrene star polymer. [2]

colloids, using Monte Carlo simulation. We discovered a liquid-to-crystal transition at a
significantly lower concentration than centro-charged colloids. We also found that the system
undergoes a continuous disorder-to-order transition with respect to the charge orientation [6].
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These investigations have provided critical information for the practical applications of these
novel materials, and we plan to perform scattering experiments to test our predictions.

Future Plans

First, we studied the temperature dependence of the scattering contrast and local structure of star
polymers using SANS. The data will be analyzed using our recently developed model and
compared to the molecular dynamics simulation result, to understand the influence of the solvent
on the microscopic structure of soft colloids. Secondly, we have carried out Rheo-SANS
experiments on silica solutions at various concentrations to study the coherency in the response
of the inter-molecular structure to the applied shear force. We have developed the methodology
to desmear the instrument resolution from the 2D scattering pattern. More data will be
accumulated this September at SNS to complete this investigation. Third, we plan to study a
tracing amount of fully hydrogenated PS star polymers mixed with fully deuterated PS stars,
suspended in cyclohexane at the contrast matching point, at different concentrations using SANS
and NSE. The experiments will be carried out this December at SNS, and our goal is to
experimentally determine the self-diffusion coefficients, inter-molecular structure factor, and
hydrodynamic function, for soft colloids in the whole concentration range. Fourth, we plan to
measure the short- and long-time self-diffusion coefficients of generation 4 to 7 PAMAM
dendrimers in aqueous solutions in NSE and SANS, to understand the similarity of the
dynamical behaviors of the soft colloids with different softness in the scaling plot.
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From Interfaces to Bulk: Experimental-Computational Studies
Across Time and Length Scales of Multi-Functional lonic Polymers

Dvora Perahia® (dperahi@clemson.edu), Gary S. Grest? (gsgrest@sandia.gov )
1-Chemistry Department Clemson University Clemson SC 29634-0973
2-Sandia National Laboratories, CINT, Albuquerque, NM 87185-1303

Research Scope

Using a multi-scale approach, we probe the factors that control the behavior of structured
ionic polymers with segments tailored to enhance simultaneously transport and
mechanical stability. The results will enhance the design of materials for energy
generation, capture, and storage. Linking the knowledge obtained from complimentary
neutron and x-ray techniques with insight from atomistic and coarse grained molecular
dynamics simulations we provide unprecedented new insight into one of the major factors
that limits the use of ionic polymers, namely the control over the structure and dynamics
at their interfacial regions leading to transformative knowledge that will impact the
design of nano-structured materials for energy applications.

The structure and dynamics of tailored multiple
functionality co-polymers with a block to
J enhance transport, one to increase mechanical

Sy SR stability and one to facilitate mobility for the
wHACICY =™ polymer to rearrange into an optimal structure,
shown in Figure 1, are probed. Neutron

Figure 1 The chemical formula of the

pentablock model polymer. The blocks are t-
butyl styrene, bound to randomly sulfonated
polystyrene by polyethylene propylene (7%
random).

scattering coupled with molecular dynamics
(MD) simulations are employed to provide in
depth insight into the complex systems formed

by this class of polymers. Our studies thus far
have demonstrated the power of neutron-computational efforts. We demonstrated that the
incompatibility of the ionic segments drive the structure even in dilute solutions, as well
as in membranes, where the interfacial regimes are critical for dynamics.

Research Progress

Small angle neutron scattering, [1] neutron reflectometry [2] and inelastic scattering [3]
measurements were carried out in conjunction with MD simulations. An important
component, developing coarse graining methods to provide means to study large samples
while retaining the essential atomistic insight, are underway [4]. Work had been carried
out along several pathways including solutions and thin film using scattering, atomistic
and coarse grained computational studies, in parallel to development of computational
methodology [4-6]. We have resolved for the first time actual solution structure of a
complex polymer that serve as precursors for membranes and made significant strides
towards understanding membrane structure.

Solution Structure The structure of isolated structured ionic polymers has been resolved
by small angle neutron scattering and atomistic MD in solutions [1,5]. We have
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demonstrated that internal phase segregation controls solution structure in dilute solutions
of cyclohexane-heptane, an industrial used solvent to cast membrane of this pentablock.
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Figure 2: SANS profiles in terms of
(a) log 1(q) vs. log g, (b) ¢”I() vs. g for
the pentablock copolymer solution at
concentration from 0.01 wt% to 6 wt%
(orange — 0.01 wt%, blue -0.025 wt%,
pink — 0.05wt%, cyan — 0.1 wt%, green
— 0.5wt%, red — 1 wt%, violet — 2 wt%,
yellow green — 4wt% and navy blue - 6
wt%) at 25 °C. The symbols represent
the experimental data and the solid
lines represent the best fits. [ ]

Micelle in Cyclohexane/Heptane

Figure 3. Snapshots of pentablock
micelle with sulfonation level f = 0.30.
The ionic block is dark blue, the
aliphatic segment light blue and the end
block brown. Calculated S(qg) for entire
micelle as well as for the individual
blocks The number of molecules
included in the simulation is the
aggregation number obtained from the
experimental SANS studies.

The structure evolution as function of concentration of
the polymer in solution from SANS studies is shown
in Figure 2. In solution, the pentablock copolymer self-
assembles into ellipsoidal micelles with a sulfonated
polystyrene center surrounded by solvated rubbery
poly-ethylene-r-propylene and poly-t-butyl styrene
blocks. The radius of the micelle, the thickness of the
corona and the aggregation number increases rapidly
and levels off with increasing concentrations, while the
solvent fraction in the core decreases with increasing
polymer concentration. The increase of micellar size
with increasing concentration is attributed to the
enhance incompatibilities between the ionic center
block and the two outer blocks. These findings provide
first insight into the assembly process of a
multifunctional polymer that contains an ionic block.
In a selective solvent for the non-ionic block, the ionic
block dominates the assembly process and the shape
of the micelles. This in turn will impact the formation
of membranes from solution casting.

Concurrently, MD simulations probed the
structure evolution of these micelles from a single
molecule [5] to a micelle as shown in Figure 3.
The conjunction of neutron measurements with
MD simulations provide a detailed insight into the
micelle structure than cannot be resolved from
modelling the experimental work alone.
Membranes The thermal response of thin layers
was studied by neutron reflectometry for ultra-thin
films. These films are remarkably stable. The
interfacial layers however become rougher with
annealing. Computational results showed that the
ionic groups form percolating network within the
hydrophobic media with limited segregation of the
two hydrophobic groups. New studies were
initiated to follow the dynamics of water at the
interface with the pentablock. The initial results
show that the films swell in presence of water.
The amount of water uptake depends on degree of
sulfonation and film thickness. We attribute film
thickness effects to interface induced structures.
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Membranes Computationally several steps were taken to
g enable these large scale simulations. Maskey et.
al [6] have shown that polymers can be
collapsed in a cavity and transferred to a real
o= solvent without losing their properties. We then
o == =B developed pathway to probe the structure and
Sl o e sesmersmasennco—— Gtrength of interfaces [7-9]. To couple neutron

0 The slab.
> Formation of Layers

studies with MD simulations, a hierarchal

the interface

L0 A TG SRR GO coarse grained model, shown in Figure 5 was

pentablock layer as obtained from neutron developed and used to model interfacial
reflectometry and atomistic simulations. properties.

Future planes

Experimental Solution: Solvent matching experiments will be carried out in cyclohexane
heptane mixtures varying the ratio of the solvents. Polar solvents will be incorporated.
Dynamic studies will be carried out to resolve the internal dynamics of the components.
The dynamic of the ionic group will be resolved by tuning the ionic strength to allow
dynamics within the ionic clusters. The distinction between the regions will be done by
tuning the q range and energies.

Membranes: SANS studies will be carried out to resolve the internal structure of the
pentablock membranes. The degree of bi-continuity and the internal surfaces as a
function of solvent quality and ionic strength will be determined. Neutron reflectometry
will be used to study the interfaces between the blocks of the pentablock. Dynamic
studies will be carried out in membranes as well as in thin films using inelastic
Palik ity Model techniques. Beam time requests are currently
) pending. Macroscopic transport studies will be
carried out on selected samples.
—ur|  Computational Atomistic simulations will be used to
A follow the aggregation of pentablock co-polymers in
Fill solution as they form micelles. Solvent will then be
sty 2 removed to form three dimensional membranes. The
static and dynamic structure factors of the resulting
membrane will be calculated and compared to
Figure 5 Development of coarse  experiment, extracting correlations between the
g;g:ggg {“Sl‘fslspif;‘;?rﬁ?v%eiga{;z segments. The correlation between the motion of
A-beads capture the aliphatic part, the water molecules and the ionic group will be followed
B-bead the aromatic group and the C- for varying volume fraction of water. To reach larger
Ibeerf;th”(‘ﬁstr:’b“mﬁr:gSﬂg\’;‘rﬁ’[Lhe bond time and length scales, flexible blocks will be
incorporated into our coarse-grained model of t-butyl
and sulfonated polystyrene to model the full pentablock. The coarse grain model will be
used to build additional membranes with varying degrees of sulfonation and used both to
follow the long time dynamics of the membrane. The coarse grained model of the
membrane will be mapped back to a fully atomistic representation from which we can
follow the local dynamics of the ionic groups and water.

@ A - Backbone bead
@ B - Phenyl bead
C - Tertiary-butyl bead

3.0
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In-situ Neutron Scattering Determination of 3D Phase-
Morphology Correlations in Fullerene Block Copolymer Systems
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Research Scope

Nanoscale heterojunction systems consisting of fullerenes dispersed in conjugated
polymers are promising materials candidates for achieving high performance organic
photovoltaic (OPV) devices. We have two research thrusts focus areas. The first focuses
on understanding fundamental phase behavior of model bulk heterojunction thin films,
while the second focuses on correlating synthesis, properties and performance of new
electron acceptor nanomaterials. In order to understand the phase behavior in these
devices, neutron reflection to determine the behavior of model conjugated polymer-
fullerene mixtures is used. Specifically, the effect of Polythiophene-fullerene thin film
phase behavior on photovoltaic device performance is investigated. Neutron reflection is
particularly useful for these types of thin film studies since the fullerene generally have a
high scattering contrast with respect to most polymers. We are studying model bulk
heterojunction (BHJ) films based on mixtures of poly(3-hexyl thiophene)s (P3HT), a
widely used photoconductive polymer, and different fullerenes (C60, PCBM and bis-
PCBM). The characterization technique of neutron reflectivity measurements have been
used to determine film morphology in a direction normal to the film surfaces. The
novelty of the approach over previous studies is that the BHJ layer is sandwiched
between a PEDOT/PSS and Al layers in real device configuration. Using this model
system, the effect of typical thermal annealing processes on the film development as a
function of the polythiophene-fullerene mixtures is measured. On the new materials
research and correlation to properties we have synthesized and investigated fullero-
pyrillodone as electron acceptors and block copolymers as morphology modifying agents
of BHJ’s.

Recent Progress
In-Situ Neutron Reflection of Polythiophene-fullerene thin film phase behavior in Devices
J-V characteristics of devices made with bis-PCBM showed larger Voc than its
counter parts using PCBM as the electron accpetor. For the devices made with a certain
electron acceptor material, P3HT showed the best device peroformance, while P30T the
worst, Jsc (P3HT) > Jic (P3BT) > Jic (P30T). ie. P3HT best facilitates electron transport
towards aluminum cathode. Fill factor of the devices reflected the effect from the electron
acceptor in fullerene depletion layer. Most devices showed Fill Factors in the range of
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~50% except for P3OT-bisPCBM and P3BT-Cg. From J-V curve under dark, only
P30T:bis-PCBM and P3BT-Csy showed poor diode characteristics. The value for the
PCE% was calculated from the Isc, Voc and FF values obtained and subsequently plotted
versus the number of C chains in the polyakylthiophene side chain to obtain a trend and
subsequently used to correlate with the data on the morphological state of these systems.
P3HT-PCBM was seen to give the best device efficiencies among all the devices, as is
well known in literature. Interestingly, on annealing, the devices showed negligable
improvement in the PCE even in the case of P3HT-PCBM. Number of previous research
have cited parameters such as fullerene —polymer segregation, domain sizes of the
polymer and fullerene, interfacial interaction energy with the electrodes among others as
some of the factors affecting the performance of these devices.

We conducted neutron reflection (NR) measurements on these BHJ systems in full device
format for the first time to obtain the morphological profile of the heterojunction area and
correlate to the trend in identical device performance. Bulk heterojunctions made with a
procedure identical to the ones used for device measurements were used for neutron
reflectivity measurements at the SNS facility in DOE’s Oak Ridge National Laboratory.
The measurements provided us with a plot of the Reflectivity (R) versus momentum
vector (Q). Figure 1 a) shows the NR plot variation of the bulk heterojunction of PCBM
with different Polyalkylthiophene (P3AT) compounds P3BT, P3HT and P3OT before
being annealed. The data was fitted using the software RASCal (developed at ISIS) to
determine the corresponding scattering length density distribution of the polymer and
fullerene in the heterojunction layer. Figure 1b) shows similar fitted data for the same
samples, post annealing. The fitting of the data was obtained by optimizing the three
main parameters of the different layers - the scattering length density (SLD), thickness
and roughness of the layers. We could thus plot the scattering length density profile for
these samples which using the formula given allow us to also predict the composition of
the different component in a given layer knowing their standard SLD values. Figure 3c)
shows the scattering length density variation for the pre annealed and post annealed
sample, as we increase distance from the top Aluminum-air interface.
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Fig 1 Neutron reflectivity plots (Reflectivity vs momentum transfer) for a) pre and b)
post annealed P3AT- PCBM devices
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Novel fulleropyrrolidine in P3HT blended bulk heterojunction solar cells

Synthesis of novel fullerene derived electron acceptors and characterization of their
organic photovoltaic (OPV) properties is important for next generation organic solar cells.
We report the synthesis of a novel fulleropyrrolidine derivative C60-fused N-(3-
methoxypropyl)-2-(carboxyethyl)-5-(4-cyanophenyl)fulleropyrrolidine (NCPF) by 1,3-
dipolar cycloaddition reaction and characterization of NCPF by 1H NMR, 13C NMR,
MALDI-TOFMS, FT-IR, UV-Vis and CV. The synthesized NCPF fullerene derivative
showed good solubility in common organic solvents such as chlorobenzene and 1,2
dichlorobenzene important for film formation, with optical absorbance and electronic
properties comparable to PCBM. Optical micrographs of P3HT:PCBM thin films reveal
formation of sparse, phase segregated needle shape PCBM micro-crystalline aggregates
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after 1h of annealing at 150 oC whose length follows nucleation and growth kinetics over
24 h. In contrast, the P3HT:NCPF thin films exhibit homogeneity over 24 h, possibly due
to weaker interparticle vanderWaals forces and/or stronger interactions with P3HT. This
long term morphological stability of P3HT:NCPF is important for extended use in OPV
applications. At an order of magnitude smaller scale, AFM of as cast and 10 min
annealed at 150 °C P3HT:PCBM and P3HT:NCPF films reveal mostly smooth surfaces,
with some NCPF cluster formation. Grazing incidence wide angle X-ray scattering
(GIWAXS) measurements of P3HT:NCPF films indicate an increase of P3HT
crystallinity with thermal annealing, leading to improvement in device performance.
Photovoltaic devices fabricated with the active layer of P3HT:NCPF and P3HT:PCBM
sandwiched between ITO/PEDOT:PSS and Al layer showed comparable performance
upon short term annealing. NR measurements of these BHJ systems is underway at NIST.
Future Studies: NR studies of these BHJ thin film systems at SNS, NIST and ISIS. Pl
will have a dedicated post-doc at NIST on NG-7 NR beam line starting Fall 2014.
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Development of New Methods to Study Materials Structure using Spin Echo Scattering
Angle Measurement (SESAME) of Neutrons

Roger Pynn, Indiana University, Bloomington

Program Scope

Neutron scattering is a signal limited technique. Although there have been many incremental
advances in neutron measurement technology over the past few decades, the only fundamentally
new methods that have been introduced to address this issue involve Larmor encoding. These
methods allow one component of the neutron velocity to be encoded in the Larmor phase of a
neutron as it propagates through a well-defined magnetic field. The best known of these methods
is energy-resolving neutron spin echo (NSE), which is now well established as a method for
measuring slow (10 ns to a few 100 ns) dynamics in condensed matter systems such as complex
fluids. Our program focuses on the development of Larmor labeling as a technique for measuring
static structure. The method, called SESAME or Spin Echo Scattering Angle Measurement, is
complementary to conventional SANS in that it provides information as a real space correlation
function instead of a structure factor in Q space; it extends the size range that can be accessed by
SANS into the range addressed by USANS (up to about 25 microns); and its sensitivity is
unaffected by either incoherent or multiple scattering of neutrons. Because it does not require
tight monochromatization or collimation of the neutron beam, it offers the possibility of making
high-resolution measurements while maintaining strong signal intensity. These potential
advantages require sustained development if they are to be realized. The key issues that we have
recently addressed include designing suitable magnetic field components; exploring methods to
deal with unscattered neutrons, which tend to corrupt the measurement; and exploring science
areas where the method can make unique scientific contributions.

Recent Progress

Colloidal Confinement: In a series of experiments using the OFFSPEC instrument at ISIS in the
UK, we used SESAME to probe the structure of colloids in confinement?. Layering of micron-
sized colloidal particles has been observed in wedge shaped confinements using optical
microscopy. Our goal was to probe such confinement effects for sub-micron particles in a
simpler geometry involving two parallel, planar walls separated by distances slightly greater than
the particle size. To this end, periodic arrays of deep (5 to10 microns) microfluidic channels of
various widths from 400 nm to 700 nm were etched in silicon wafers by our collaborators at the
Center for Nanophase Materials Science (CNMS) at ORNL (cf Fig (B)). The equally spaced
channels were separated by either 1 micron or 2 microns and covered an area of ~1 square
centimeter. These gratings were placed in contact with a charge-stabilized colloidal suspension
of ~185-nm-diameter silica particles and SESAME was used to interrogate the structure. The
experiments were done in transmission geometry with the grating tilted with respect to the
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neutron beam in order to enhance the scattering contrast. The SESAME signal would be a simple
Fourier transform of the Bragg intensities from the periodic grating if constant-wavelength
neutrons were used. However, because we used a time-of-flight method at a pulsed neutron
source (IS1S), the SESAME pattern is somewhat distorted. Nevertheless, there is a clear
difference between the SESAME signal when pure solvent is replaced by colloidal fluid next to
the grating. This implies that the average scattering length density (SLD) of the material in the
channels changes when solvent is replaced with colloidal suspension. We have previously
reported the development of a dynamical theory® that accurately accounts for SESAME signals
measured with periodic structures and we are using that theory to analyse our data. However, in
some cases such a theory is unnecessary as Fig A shows, since we can overlap solvent and
colloid data simply by changing the tilt of the sample. It is obvious that the introduction of any
colloidal particles into the channel will result in some difference between the SESAME signals
obtained with solvent and colloid: we are simply changing the contents of a unit cell in a
diffraction experiment so the Bragg intensities will also change. The real issue is whether the
volume fraction of the colloid in the channels is the same as that in the bulk or not i.e. whether
confinement has an effect on its structure. To make this assessment it is important to know the
exact scattering properties of the silica colloidal particles. Both SANS and SESAME have been
important in establishing these properties: contrast-matching SANS yielded the SLD and density
of the silica; SANS and SESAME both gave the same result for the percentage of each particle
occupied by solvent; and SESAME provided an unambiguous volume fraction for the swollen
particles. Depending on the width of the channels, we found that the volume fraction of the
particles in the grooves could be either greater or less than that of the bulk fluid. The values
appear to be consistent with the occurrence of close packed layers in the channels with the
number of layers determined by the size of the silica particles and their Debye screening lengths.
Data analysis for the most recent experiment is on-going and we will take more data in August
2014.

Although previous experiments using x-rays produced qualitatively similar results we believe
that those data should be re-examined because they used incorrect values for the size and shape
of dispersed particles (which are only obtained easily using SANS and SESAME). Our
experiments show that neutrons can make measurements on very large structures (2 micron
period) using SESAME. These measurements complement x-ray diffraction exactly in the cases
one would expect, namely where contrast differences between light materials can be exploited.

Structure of Colloids with Depletion Interactions: Using SESAME we have explored the
structures of concentrated, prototypical, hard-sphere colloids (PMMA) that are difficult to
measure with more traditional neutron methods because of signal contamination by multiple
scattering and/or incoherent scattering®. Our most important conclusion from this study is that
SESAME shows exactly where correlations change in real space when external conditions are
changed. The addition of small amounts of depletant caused only a small change in the first-
neighbor correlations between colloidal particles (panels a, b, ¢ and f of Fig C). Beyond a certain
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depletant concentration, long-range, power-law correlations occurred with no further change in
short range correlations (panel d of Fig C). Importantly, the power-law correlations do not extend
to short distances. Rather they simply cease to exist for inter-particle distances of less than about
3 particle diameters. This type of information is reminiscent of that obtained by pdf analysis at
much shorter distance scales and is a powerful adjunct to SANS.

High-Tc Wollaston prisms: Our most important technical development has been the design and
manufacture of magnetic fields for SESAME, We use the Meissner effect in high temperature
superconducting (HTS) films deposited on thin sapphire substrates to define spatially confined,
uniform magnetic fields that mimic the optical device known as a Wollaston prism. Given the
performance that we have observed to date, we expect these devices to greatly improve
SESAME and to have applications in other areas such as Larmor diffraction, sensitive
measurement of line-shapes of phonons using triple axis spectrometers and neutron radiography.

3000 ~

Fig (A): SESAME signal

(€)
H i obtained with a grating
_ ﬁ "-i*ﬁtg- [f like that shown in Fig (B)
e Boadia i 771 | with (red) and without
] (blue) colloids. The data
with colloids are taken
with a 1° smaller tilt of
the grating than the data
without colloids. The
overlap of the two curves
allows the concentration
of the colloids to be
determined very
accurately. Fig (C): The
difference between
correlation functions for
a 40% sample of
spherical 100 nm
diameter PMMA
particles, with and
without polystyrene
depletant. Panels (a), (b),
(c) and (f) have depletant
concentrations below the
clustering transition
while (e) and (f) have
Z (nm) larger concentrations

2000

1500 m—

1000

500 )

Future Plans

Our experiments to date have demonstrated several niche areas where we expect SESAME to
make unique contributions and we hope to exploit these. Examples include sheared colloids and
oil-bearing rocks. In both of these cases, the fact that real systems of interest often scatter
strongly makes the use of conventional scattering methods suspect because of multiple scattering
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contamination. In some cases this problem can be overcome by appropriate choice of scattering
contrast. However, especially in cases where time-dependent information is of interest, such a
strategy is obviously self-defeating.

We will continue development of the HTS Wollaston prisms. An LDRD proposal has been
submitted at ORNL to build a phonon focusing device for a triple axis spectrometer using this
technology.

The one area where progress continues to elude us is in dealing with the unscattered neutrons. At
the moment, SESAME measures a signal that includes both scattered and unscattered neutrons
making it unsuitable for measurement of weakly scattering systems. We have investigated and
rejected various near-field neutron-optical methods of overcoming this problem. In the next
month we will try a much simpler method using simple beam blocking.
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Vibrational Thermodynamics of Materials at High Temperatures
Brent Fultz (btf(@caltech.edu), Dept. of Applied Physics and Materials Science, Keck Laboratory
138-78, California Institute of Technology, Pasadena, California 91125

Research Scope

Entropy, S, is central to the thermodynamics of materials, especially at high temperatures where
the contribution to the free energy, —75, is increasingly important. Most of the entropy of solids
comes from phonons, and our program is designed to measure changes in phonons at high
temperature. This includes measurements of phonon density-of-states (DOS) from powders, and
phonon dispersions from single crystals. Much of materials engineering involves processing
materials at high temperatures, where it is well-known that the harmonic model of atom
vibrations is not reliable.

The usual next step beyond harmonic models is the quasiharmonic approximation, where
phonons are assumed harmonic, but their frequencies are altered by thermal expansion. This
contribution is easy to estimate, given the thermal expansion, bulk modulus, heat capacity and
density. Unfortunately, it rarely proves adequate by itself. For example, phonons interact through
the cubic and quartic parts of their displacement potential. This causes additional frequency
shifts and finite phonon lifetimes that give rise to thermal resistivity, for example. Many-body
theory has been developed to account for the effects of phonon-phonon interactions, and with
modern computing we have found it practical to calculate them. In some cases, such as materials
with anomalous (negative) thermal expansion, the anharmonicity is so large that many-body
perturbation theory is not reliable. Here ab-initio molecular dynamics methods seem to be
successful, but only a few cases have been tested to date. Finally, metals have additional degrees
of freedom where phonons can interact with electrons or magnons.

Recent Progress

Oxides and Semiconductors In work with rutile TiO, and rutile SnO,, we were able to use many-
body phonon perturbation theory to show how the lifetimes of different phonons varied with
temperature. This required summing all three-phonon processes involving the cubic part of the
anharmonic potential. For Raman spectra, which are simpler than neutron scattering spectra, we
were also able to calculate the many-body contributions from the quartic part of the phonon
potential. A thermal phonon anomaly in SnO, was attributed to the energy gap between the low-
frequency modes dominated by Sn motions, and the high-frequency modes dominated by O
motions, in conjunction with thermal phonon softening.

Cubic Ag,O has a large and negative thermal expansion. This is associated in part with the low
coordination around Ag atoms, which are in linear chains with O-Ag-O bonding. The nonlinear
restoring forces for transverse displacements of Ag atoms are not easy to interpret, however,
since the vibration is not local, and energy is transferred to other Ag atoms through the light O
atoms. We were successful in interpreting the highly nonharmonic lattice dynamics in Ag,O
with ab-initio molecular dynamics calculations. These simulations showed that recent prior
interpretations with the quasiharmonic model are capable of accounting for only about a third of
the negative thermal expansion.
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Metals Metals are distinguished by their free electrons, which can screen charge disturbances.
When metal ions are displaced from their equilibrium positions, metals with more free electrons
are generally able to screen the Coulomb forces more effectively, reducing the energy and the
restoring forces. Over the years, we have found a reasonably good correlation between the
number of electrons at the Fermi level and the reduced stiffness of the interatomic forces in
transition metals and their alloys. Our paper on Fe-Ni alloys showed such trends, but the effects
were small.

We recently studied a free electron metal, Au, alloyed with Fe. The electronegativity of Au is
greater than Fe, so the Fe atoms tend to donate electrons to the conduction electrons of Au. This
increase in electron density causes an increase in stiffness of the alloy, but that is only part of the
story. The other piece is a hybridization between the occupied 5d electrons at Au atoms and the
unoccupied 3d states at Fe atoms. The combination of these two effects was obtained by density
functional theory calculations, which predicted a phonon stiffening when Fe was dissolved in
Au. This was in good agreement with the basic trends from inelastic neutron scattering on Au-
Fe, and nuclear resonant inelastic scattering from the >’Fe in these alloys.

Alloys of fcc Cu-Fe are unstable, but can be prepared by high energy ball milling. The unmixing
of Fe from the fcc Cu matrix is rapid, as shown by atom probe tomography in a collaboration
with G. Thompson. The phonon spectra from Fe atoms, however, did not change significantly
during the spinodal unmixing in the fcc phase. Only when the bcc phase began to nucleate and
grow did the vibrational entropy change significantly.

Finally, in an international collaboration we participated in an assessment of the thermodynamics
of aluminum metal. In short, we evaluated the vibrational entropy from phonon measurements by
inelastic neutron scattering, and added the electronic entropy (which is small and well-known).
We found superb agreement with the entropy of aluminum from historical heat capacity
measurements. Although the methods of measurement, heat capacity versus counting phonons,
were completely different, the accuracy of both is good enough for thermodynamic predictions.
In the course of this work, we made an observation relevant to using many-body theory for
predicting thermodynamic properties — the imaginary part of the phonon self energy should be
ignored to first approximation.

Future Plans

Methods Part of our work is developing tools for computation and analysis. This summer we will
be working to develop better visualization tools for these multidimensional datasets, perhaps
including translucent 3D printing of a dataset. In early March 2014 we acquired inelastic neutron
scattering data from ARCS on a silicon single crystal at several temperatures. The silicon crystal
may be one of the highest quality crystals ever run on the ARCS instrument. A single slice
through the data is shown in Fig. 1. Notice the sharpness of the dispersions between 20 and 60
meV, owing to an optimal orientation of the energy resolution of the ARCS instrument. These
data may prove important for evaluating the capabilities of ARCS for measuring phonon
dispersions. We will be simulating these results to understand how to optimize the use of ARCS
for best resolution, and out-of-plane dispersion information.

Silicon In addition to the single crystal dataset, typified by Fig. 1, we acquired full phonon
energy spectra from silicon powder at high temperatures, and have extracted the phonon density
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of states. There is a significant anharmonicity beyond the quasiharmonic approximation. Our plan
is to publish these polycrystal results first, and return to the detailed atomic mechanisms of
anharmonicity when we have more thoroughly explored the single crystal data.

Metallic Glass Thanks to the high neutron flux at ARCS we were able, for the first time, to
measure the phonon DOS of a metallic glass (CuZr) as it was heated through its glass transition,
where it went from a rigid solid to a liquid before it crystallized. The analysis and manuscript are
nearly complete. Surprisingly, there is a negligible change in phonon DOS through the glass
transition, less than 0.02 kg/atom. This is an important result for the theory of the glass transition,
where vibrational contributions are frequently assumed to be large.
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Figure 1. One slice through a large dataset
from (110) silicon crystal measured at 100
K. Recall that the diamond cubic structure
has systematic absences of the (4 -4 2), (0 0
-6) and (-4 4 -10) diffractions owing to
structure factor rules, so this intensity is
missing around E=0 meV. On the other
hand, the optical modes, which have out-of-
phase motions of adjacent Si atoms, show
strong intensity at 62 meV for the (0 0 -6) momentum transfer.
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Rutile TiO, An issue with all previous computational phonon dynamics work on rutile TiO; is
that the calculations predict the structure is unstable. During thermal expansion, the calculated
low transverse acoustic phonons develop imaginary frequencies, leading to structural collapse.
We recently found, however, that the unstable modes are in fact highly anharmonic and their low-
temperature behavior changes dramatically with temperature. Our ab initio molecular dynamics
calculations have shown that these unstable modes are so anharmonic that they actually increase
in frequency with increasing temperature, and do not soften as predicted by less complete
theoretical treatments. We acquired inelastic neutron scattering data on TiO, that have been
reduced to phonon DOS curves. These data confirm that a region of the phonon DOS that
includes these anomalous modes does increase in energy with increasing temperature. A
manuscript is in preparation.

C16 Laves Phase An anomalously large vibrational entropy was calculated by Wolverton and
Ozolins for the 6-phase of ALLCu (C16 structure) [Phys. Rev. Lett. 86, 5518 (2001)]. In fact they
calculated the electronic energy of the 6-phase to be rather high, and concluded that the 6 -phase
of Al,Cu is stabilized at finite temperature by vibrational entropy. With the ARCS spectrometer,
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we acquired inelastic neutron scattering data from a single crystal of of FeGe, with this same C16
crystal structure. The data have been reduced, and we see clear phonon softening with
temperature. An assessment of the thermal softenings of different phonons is the next step, and
this will be undertaken in the next months.
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Neutron Scattering Studies of Classical and Quantum Fluids in Porous Media

Henry R. Glyde

Department of Physics and Astronomy
University of Delaware

Newark, Delaware 19716

Program Scope

The goal of this program is to reveal the interdependence of Bose-Einstein condensation (BEC),
well-defined, collective phonon-roton (P-R) modes and superfluidity in liquid “He confined in
porous media. It is particularly to determine how BEC and P-R modes create superfluidity in
disorder. Of the three properties, BEC and modes are uniquely observable using neutrons. The
superfluid fraction is measured in torsional oscillators [R1, R2].

When liquid *He is confined to nanoscales in porous media (in disorder), the onset temperature
of superfluidity, Tc, is reduced below the bulk liquid value T,. The smaller the pore diameter, the
further T, lies below T;. Our measurements show that the onset temperature of BEC, Tgec, and
P-R modes, Tk, is little changed by confinement, Tpr = Tgec = T, Observable superflow in a
porous media (in disorder) sets in at a lower temperature, Tc, when the regions of BEC that
support P-R modes overlap and provide phase coherence and an energy gap throughout the
whole liquid. In porous media there is a temperature range, Tc < T < Tgec Where there is BEC
and P-R modes but no superflow, much like the pseudogap phase in cuprate superconductors.

We are measuring the Bose-Einstein condensate fraction of liquid “He in the porous media
MCM-41 (47 A diameter pores) and in Vycor (70 A diameter pores) at the Spallation Neutron
Source (SNS) in collaboration with S. O. Diallo (SNS), R. T. Azuah (NIST Center for Neutron
Research) and D. L. Abernathy (SNS) and at ISIS, Rutherford Appleton Lab, UK. We are also
measuring the P-R modes, chiefly at the Institut Laue Langevin, in collaboration with J. Bossy, J.
Ollivier and H. Schober. Thirdly, we are making path integral Monte Carlo (PIMC) calculations
of the BEC condensate fraction, no(T), and the superfluid fraction, ps (T), of liquid *He in pores
as a function of pore diameter and temperature, for direct comparison with and improved
interpretation of our experiments. Fourthly, on a quite different topic, we are demonstrating how
the intrinsic motional dynamics in proteins can be obtained from neutron scattering experiments,
dynamics that is independent of the instrument energy resolution [P6, P10] and the scattering
wave vector [P2] used.

Recent Progress

We have recently made the first ever successful measurements of the Bose-Einstein condensate
fraction of liquid “He in any porous media. This was made on the ARCS instrument at SNS on
liquid “He under its saturated vapor pressure (p ~ 0) in the porous media MCM-41. This success
follows a number of unsuccessful attempts that actually slowed progress in our program
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significantly. This success has opened up new science. These measurements of BEC show
unequivocally, when combined with our previous measurements of P-R modes in MCM-41, that
well-defined P-R modes exist where there is BEC (in the same temperature range). This confirms
theory which proposes that well-defined P-R modes exist because there is BEC. The two are
common properties of a Bose condensed fluid. When combined with measurements of
superfluidity in MCM-41[R2], the measurements also show that there is a temperature range, Tc
< T < Tggc, Where there is BEC but no superfluidity.. The temperature range, Tc < T < Tgeg, IS a
range of “localized BEC” as shown in Fig. 2.

The condensate fraction, no(T), of liquid helium in MCM-41 is shown in Fig. 1. At low
temperature no(T) =3 %. Since roughly ¥ the “He in MCM-41 is solid on the MCM-41 walls,
the actual ng in the liquid in the interior of the pores is 6 %, very close to the bulk value 7.25 %.
The onset temperature for BEC, Tgec, (Where ng(T) goes to zero in Fig. 1) in MCM-41 is also the
same as the bulk liquid value, T,. In bulk liquid “He, BEC and superfluidity coincide, Tgec = T
In MCM-41, however, the onset of superfluidity is suppressed to Tc = 1.6 K as shown in Fig. 2.
In earlier measurements [P8], we have shown that the P-R modes exist up a temperature Tpg. The
present measurements show that Tpr = Tgec Within precision. P-R modes exist where there is
BEC. Fig.2 shows the superfluid and localized BEC (LBEC) temperature ranges.

There are two competing theories of superfluidity: one based on the existence of well-defined P-
R modes proposed by Landau (1941 and 1947) and the other based on BEC and consequent
phase coherence in the fluid proposed initially by London (1938). Since the present
measurements show that BEC and P-R are common properties of a Bose condensed fluid, the
two theories are really complementary rather than competing pictures of superfluidity [P3].
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Future Plans

The immediate future plan is to publish our unique, combined measurements of BEC and P-R
modes and superfluidity of liquid 4He in the porous media MCM-41. The BEC and P-R modes
are observed by us using neutrons and the superfluid density by our collaborators, J. Taniguchi
and M. Susuki, from Chofu, Tokyo, Japan [R2]. The combined measurements show that (1)
well-defined P-R modes exist where there is BEC and only where there is BEC (2) and either can
be used as a basis for a theory of superfluidity, and (3) superflow in MCM-41 is suppressed to a
lower temperature, T, leaving a temperature range where there is localized BEC that supports P-
R modes but there is no superflow. This has been submitted to Nature [P3].

The successful measurements of BEC and momentum distributions, n(p) in porous media at SNS
have opened new science. An immediate goal is to publish a full account of these measurements
in MCM-41 and Vycor. We plan to conduct further measurements of BEC and n(p) of liquid 4He
under pressure up to solidifcation (35 bar) in Vycor. The superfluid and thermal properties of
liquid “He in VVycor have been extensively investigated, more in Vycor than in any other media.
The aim is measurements of BEC to complement those of ps(T), Cy(T) and P-R modes. A
specific goal is to reveal how the onset temperatures of BEC, Tgec, of superflow, T¢, and the
peak position of Cy(T) and other thermodynamic properties are related in disorder.

We have measured the P-R modes in films of liquid 4He in the porous media (2D bosons in
disorder). The aim is to determine whether there is an decaying ordered state (BEC in 2D) at
temperatures above the superfluid phase in 2D as in 3D. Our immediate goal is to complete the
manuscript [P1].

We plan to complete extensive path integral Monte Carlo (PIMC) calculations of the superfluid
fraction, ps (T) and the condensate fraction, no(T) of liquid 4He in pores as a function of pore
diameter and the degree of disorder. These calculations were begun in September 2013 in
collaboration with Dr. L. Vranjes, University of Split, Croatia. She was a Fulbright Scholar with
HRG at the University of Delaware (Sept. 2013-June 2014) at no cost this program. The
calculations use the current state of the art “Worm”, PIMC algorithm. The goal is to evaluate
how ps (T) and ng (T) are modified from their bulk liquid behavior as a function of pore diameter.
Generally, the smaller the pore diameter, the lower is T.. However, 2D behavior appears to enter.
Finite size scaling analysis suggests that ps (T) is more 2D like than 3D like in small pores. The
no (T) is less affected by confinement but it also shows 2D behavior in small pores. These
calculations will greatly enhance interpretation of our measurements in this program.

Motional mean square displacements of nuclei, particularly of H, in proteins are extensively
measured in proteins using quasielastic neutron scattering. We plan to explore how the
dynamical diversity of hydrogen (H) in proteins might be extracted from neutron scattering data.
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In the future, we plan further measurements of the momentum distribution of liquid and solid
helium confined in porous media on the ARCS instrument at SNS. Essentially, the helium in
porous media is an interfacial quantum system, the quantum analog of interfacial water which
has properties quite different from that of bulk water. The variation of properties as a function of
filling to reveal how n(p) depends on how far the “He is from a surface is of special interest.
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Scattering Studies of the Liquid-Liquid Transition in Supercooled MCM41 Confined Water,
Protein Hydration Water and Microstructure of New Green Cement

Sow-Hsin Chen
Department of Nuclear Science and Engineering, Massachusetts Institute of Technology

Program Scope: Neutron and X-Ray Scattering Studies of the Liquid-Liquid Transition in
Supercooled Confined Water and the Phonon-Like Collective Excitation in Globular Proteins

Recent Progress

A. Evidence of the existence of both high- & low-density phases in deeply-cooled confined
heavy water under high pressures, and the phase diagram of the deeply-cooled confined heavy
water

We study the density of D,O confined in a nanoporous silica matrix ¢
(MCM-41) with neutron scattering. We determine the phase diagram 5 [ fiauia
of the deeply-cooled confined heavy water by detecting the density 4

- . . I Liquid-liquid
hysteresis phenomenon under different pressures. The phase diagram £ ; | ansitoniiee
obtained here is shown in Fig. 1. 2 R

In order to confirm the above phase diagram, we measure the o

P (kbar)

average density of the confined heavy water ppzo in both sides of the o == =—— ==—1"
liquid-liquid transition line (LLTL). The result shows that ppyo in the T (K)

high-density liquid (HDL) region is higher than that in the low- - -

density liquid (LDL) region by ~16%. In addition, the isothermal ch'g' L. The phase diagram of
e S . . e deeply- cooled heavy water

compressibility in the LDL region is smaller than that in the HDL | ., fined in MCM-41 1.

region. This phenomenon shows that the LDL phase is more rigid

than the HDL phase, and is consistent with the structure difference between LDL and HDL.

B. The Boson Peak in deeply-cooled confined water: A possible way to explore the existence of
the liquid-liquid transition in water

The Boson peak is a broad peak observed at low frequencies (2 - 10 meV) in the inelastic neutron,
X-ray and Raman scattering spectra of many amorphous materials and supercooled liquids. It is
widely believed that the Boson peak originates from the collective vibrations of the condensed
matter. We systematically investigated the Boson peak in the supercooled water confined in the
MCM-41 at different pressures and temperatures. We find that the Boson peak is a possible way to
explore the existence of the liquid-liquid transition in water [2].

We study the Boson peak in deeply-cooled water confined in nanopores with inelastic neutron
scattering. The quantitative analysis suggests that the frequency of Boson peak and the density of
the deeply-cooled water are positively correlated. The width of the Boson peak also exhibits such
a behavior. This result is of particular importance to water. In the LLCP hypothesis, the order
parameter to distinguish the low-density liquid (LDL) phase and the high-density liquid (HDL)
phase is just the density. With this in mind, one may distinguish the hypothetical LDL and HDL
phases in deeply-cooled water by looking at the shape of the Boson peak. In other words, the
frequency or the width of the Boson peak may exhibit abrupt change as the water transforms
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between LDL and HDL, due to significant differences in density and local structure of the
different sides of the hypothetical first order transition line between LDL and HDL.

C. Hydration water in proteins: key to the “softening” of the short time intraprotein collective
vibrations of a specific length scale [3,4]

Protein exhibits phonon-like excitations based on collective vibrations in the sub-picosecond time
scale. In our previous works, we observed that as the temperature increases from 200 K to the
physiological temperature, the energies of the intraprotein phonon-like excitations significantly
decrease. We call this phenomenon “phonon energy softening”. At the same time, the phonon
population also increases. Such “phonon energy softening” phenomenon can also be observed by
increasing the hydration level of protein sample in a certain range. Understanding of these
phenomena is important for clarifying the essence of the intraprotein short time collective
vibration and its relation to the protein enzymatic function. By using the inelastic X-ray scattering
(IXS) method, here we investigated the effect of the protein native structure and the hydration
water on the intraprotein short time collective vibrations. The result shows that the protein
hydration water, rather than the protein native structure, plays a central role in intraprotein short
time collective vibrations.

Fig. 2 () and (c) show the dispersion :' ”I‘T‘ B Native Lya 7300 K ) . : k] V:323‘:::?2:{:3:iﬂ[t
relations of the native lysozyme and £+ = N1t | B0 S S a1 o N
denatured lysozyme. Fig. 2 (b) and L [ Lt T T w] MRS W Vs
(d) show the area of the Brillouin /7 v — Ty ol

peaks, which is propotional to the _°* T | | 1
phonon population, of the above wt e T T I B b UL

mentioned two samples. Both sam-  ““ R mE s TR

ples are with the hydration level of - —— - - —
Fig, 2. (a) Dispersion relations of the phonon-like excitations and

0.3. For the der_]atumd sample, nearly (b) fractional area of the Brillouin peaks A at T = 200 K and 300 K
all the tertiary structures are for hydrated native lysozyme. (c) Dispersion relations of the
removed, and a large amount of the | phonon-like excitations and (d) fractional area of the Brillouin
secondary structures are destroyed. | peaks Ajat T =200 K and 300 K for hydrated denatured lysozyme.

From Fig. 2 one can find that the dispersion relations of 16 K * Oy LTk
R . ¥-~3 ® DryLys T=300K
these two samples are very similar: for both of them, as _» 7 et = S :
temperature increases from 200 K to 300 K, the energies of £ °f ;= | Rl Loe]
the phonon-like excitations decreases significantly inthe Q = VLT
-1 H % 5 10 15 025 3 35
range from 14 to 30 nm™. This phenomenon shows that the T — A

0.20f ® Dry Lys T=300 K

“phonon energy softening” phenomenon is not directly
related to the protein native structure. The weak - T s |
dependence of the “Phonon energy softening” on the oo Al =1
tertiary and secondary structures indicates that this ooy "..x-o'(“:n],m‘ 330 3
mtng_umg ph_enomenon may be closely re'.ated to the Fig. 3. (a) Dispersion relations of the phonon-
protein environment, I.e., the hydrat'on water. likeexcitations and (b) fractional area of the
Therefore a dry lysozyme sample was measured. Its  Brillouin peaks A, at T = 200 K and 300 K
dispersion relation and the fractional area of the for the dry lysozyme. The dashed lines are
Brillouin peaks are shown in Fig. 3(a) and (b) drawnasaquide tothe eve.

respectively. From Fig. 3(a) one can find that for the lysozyme without water, the “phonon energy
softening” is considerably suppressed within Q < 24 nm™. This indicates that the hydration water

plays a key role in the onset of the “phonon energy softening”.

0.15
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D. SAXS study on the microstructure of M-S-H gels show that the “globule” is composed of
poly-dispersed spheres, which pack into a smaller and more compact fractal structure having
weak mutual interactions due to the point contact of the spheres

Although the ordinary concrete based on CaO is the world’s most widely used building material,
its production generates large amounts of anthropogenic emitted CO,. Therefore, one of the main
challenges in the cement industry is to develop alternative binders that have similar mechanical

robustness but generate less CO,. Recently, a strong attention
has been focused on hydraulic binders based on highly
reactive periclase (MgO). This oxide reacts with water and a
silica source, forming an amorphous solid phase magnesium-
silicate-hydrate ((MgO)x-SiO,-(H20), abbreviated as M-S-H)
responsible for the structural arrest of the hydrated matrix
(“setting” of cement). The newly developed MgO-based
cements, though currently still suffering from inferior
mechanical properties, can be generated with far less CO;
emissions. We identify differences in the multiscale structure
of the two hydrates: C-S-H gel for CaO-based cements and
M-S-H gel for MgO-based cements. By combining wide-
angle X-ray scattering (WAXS), SAXS, and SEM, we found
the primary unit at the nanoscale level of C-S-H to be a
multilayer disk-like globule, whereas for M-S-H it is a

a C-S-H

b M-S-H

Fig. 4. The illustration of the
microstructure of (a) C-S-H (Ca/Si=1)
and (b) M-S-H (Mg/Si=1) both
synthesized by double-decomposition
of solutions. The big light-blue circles
show the cutoff of the fractal structures
within which there are globules with
different shapes and size distributions.
The orange part represents the Ca or

spherical globule [5]. These primary units organize
themselves to form fractal structures below the micrometer
length-scale. The globules pack more compactly in the fractal
of the M-S-H case even though the fractal domain is much smaller. The difference in the
microstructure of the C-S-H and M-S-H gels can be illustrated as Fig. 4. Structure at nanometer to
submicrom length-scale and morphology at micrometer length-scale of C-S-H all suggest a
stronger binding force and better mechanical properties because both of the multilayer disk-like
globules and foil-like objects in C-S-H have contact rather than point contact between the
spherical particles found in M-S-H gel. Finally, results from WAXS, SAXS, and SEM all suggest
that the interaction between the fractal structures of C-S-H and M-S-H is negligible in the blend
sample although the domains of both fractals become much smaller as indicated by SAXS
analysis. Therefore, increasing the interaction between the C-S-H and M-S-H particles can be a
potential way to solve the compatibility issue.

Mg silicate hydrate and the dark-blue
part, only shown in panel (a), denotes
the interlayer water [5].

Future Plans

The future plan is to carry out further research developments of the activities described in Plans A-
D as described above. More attention is expected to be given to the research development of
“Green Cement” described in Plan D.
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Inelastic Neutron and X-ray Scattering Investigation of Electron-Phonon Effects in
Quantum Materials
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Research Scope

Many quantum materials, i.e. materials where quantum effects are crucial for key properties,
undergo phase transitions driven by electronic charge and/or spin fluctuations. These fluctuations
influence electrical and thermal conductivity, specific heat, thermal expansion, etc.
Coulomb/magnetoelastic coupling of charge/spin fluctuations to the atomic lattice can induce
competing or mutually reinforcing phenomena such as real or incipient structural phase transitions
and superconductivity.

My group focuses on inelastic scattering of neutrons (INS) or x-rays (IXS) from atomic lattice
fluctuations coupled to charge/spin fluctuations associated with real and/or incipient phase
transitions in quantum materials. These lattice fluctuations are either phonons or incoherent
fluctuations. During the last two years we 1) directly measured the spectrum of dynamic charge
stripes for the first time; 2) found evidence of a novel charge collective mode that correlates with
the superconducting T, in a family of copper oxides; 3) clarified the origin of the kink in electronic
dispersions in cuprates, 4) Developed a new Multizone Phonon Refinement (MPR) time-of-flight
data analysis technique that clearly resolves phonon branches separated by as little as 10% of the
energy resolution by using data from all measured Brillouin zones. Thanks to MPR an efficient

and systematic search for electron-phonon effects in a
wide variety of materials is now possible. 12

Recent Progress

Detection of dynamic charge stripes. In layered
compounds, such as La,SrkNiO; and La,—«BayCuOy,
doped charge carriers can segregate into periodically-
spaced charge stripes separating narrow domains of
antiferromagnetic order. Although the phase transition to
the static stripe phase takes place only in a few special
compounds, the role of incipient stripe formation

Energy (meV)

h(r.l.u)

Figure 1. A momentum-energy cut through
the stripe-ordering wavevector in

characterized by dynamic (fluctuating) stripes is still not
understood. There have been theoretical proposals of
dynamically fluctuating stripes, but direct spectroscopic
evidence of their charge component has been lacking.

We directly observed and carefully characterized the
dynamic charge stripe spectrum in La,—SrxNiOg. [1] The
spectrum of these lattice fluctuations is narrow in g and

L3.1.67S|'0.33Ni04: Q:('1,767,0) ngh
intensity in the corners in both panels is due
to acoustic phonons that are not interesting.
At 10K (@) there is no signal near h=1,
whereas at 300K (b) a column of scattering
intensity from dynamic stripes is clearly
visible. Data are from ARCS.

broad in energy and appears only above the temperature where magnetic stripes melt. For example,
Figure 1 shows that there is no signal at 10K, but a column of scattering at the stripe-ordering
wavevector Q=(-1,7.67,0) is clearly seen at 300K. Our results opened the way towards the
quantitative theory of dynamic stripes and for directly detecting them in other systems, including
copper oxide superconductors. This work showcased the effectiveness of using pulsed and reactor
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sources in tandem by combining surveys of reciprocal space on the ARCS spectrometer with
detailed temperature-dependent studies on triple-axis spectrometers at HFIR and at Saclay.

Electron-phonon and related effects in cuprates. Discovery of the giant electron-phonon anomaly
in the Cu-O bond-stretching branch in La, \SryCuO4 and La; g7sBag125CuO4 implied that strong
low-energy charge fluctuations are present in cuprates. My group showed that this anomaly was
strongest near optimal doping and disappeared in nonsuperconducting compositions. Our
quantitative measurements correlated the phonon anomaly with other experiments. [2,3] The
phonon branch of interest is the Cu-O longitudinal bond-stretching branch (Cu and O vibrating

against each other) dispersing in the [100]-direction
from the zone center energy of 85meV. The zone
boundary for this dispersion is at q=(.5,0,0). The giant
phonon anomaly is characterized by a large linewidth
enhancement and softening near q=(0.25,0,0). [3]

In superconducting copper oxides electronic dispersion
kinks are near 70 meV, which is close to the energy of
the phonon showing the giant electron-phonon
anomaly. These observations suggest that phonon
broadening may originate from quasiparticle
excitations across the Fermi surface and the electronic
dispersion kinks may originate from coupling to
anomalous phonons. We compared the doping
dependence of the strength of the phonon anomaly
with the doping dependence of the strength of the
ARPES kink, which we also measured. [2] These
doping-dependences turned out to be very different, i.e.
the two phenomena are not connected. We showed that

E L (_/—'0__0_ a0
g adl Pe— ‘_/) —
£ , B A oCu 002 . 420
3 B o N |
s L \
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< 1 L

0.10 0.20
Doping (x)

Figure 2. Average bond-stretching phonon
“anomalous” linewidths near half-way to the
zone boundary as a function of doping. Dashed
line represents T. of LSCO. Green solid line
indicates a plateau of T, that may originate from
competition with another order parameter such
as stripes. Inset illustrates coupling between the
Cu-O bond stretching mode and electronic
density fluctuations at h = 0.25. Black and red
lines indicate charge densities with and without
atomic displacements (red arrows). resoectivelv.

0.30

&)°1

the phonon anomaly likely originates from novel collective charge excitations (somehow
analogous to plasmons) as opposed to interactions with electron-hole pairs. Their amplitude
follows the superconducting dome (Fig. 2), so these charge modes may be important for
superconductivity. It is intriguing that the wavevector of the giant phonon anomaly is the same as
the wavevector of charge stripes discussed above. At the moment the connection with stripes is

possible, but it has not been proven.

Development of a new, better, method to measure phonons in materials with large unit cell at
the SNS: Multizone phonon refinement. Fe-based superconductors exhibit a sensitive interplay
between the lattice and magnetic degrees of freedom (e.g., the crystal structure is better reproduced
by magnetic than nonmagnetic DFT calculations). However, it is not known what effect, if any the
long-range magnetic order has on phonons above 28 meV where several branches are very close in
energy and it is extremely difficult to isolate them from each other. So we developed a new
method to measure phonons in such materials. In order to be able to search for phonon anomalies
in these closely-spaced branches, we developed multizone phonon refinement (MPR). [8] It works
well for extracting phonon frequencies and linewidths from chopper spectrometer data even when
phonon frequencies are an order of magnitude closer than the experimental resolution. It is based
on a global fit to the data in many Brillouin zones. (See Fig. 3) We successfully applied this

method to measure high energy phonons in SrFe,As;.
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After measuring these phonons on ARCS in = 40

R R . q=0.7 OI,O
Brillouin zones, we used MPR to determine phonon v 0-337.0
frequencies and eigenvectors. Although some raw o gz2a33
data scans showed hints of nontrivial temperature soeliud
dependence, we found that these phonons are e $tatt

conventional and soften with the thermal expansion
of the atomic lattice. Experimental dispersions agreed
with DFT calculations of our collaborators. Magnetic
transition had no effect on phonons.

Intensity (arb. unit)

Future Plans
The new generation of neutron scattering user
facilities brings qualitatively new experimental
capabilities. For inelastic scattering, it is producing
complete maps of reciprocal space of single crystal
samples. The idea behind MPR (see above) of B 0\
routinely measuring phonons in many different EASE EBETSC & S L I
Brillouin zones is new compared with the way 24776 28 30 32 34 36

. . . . Energy (meV)
phonons are measured by the triple-axis technique:
one wavevector at a time. This capability makes the | Figure 3. Phonon spectra of SrFe,As; at =
complex art of knowing in advance, which Brillouin | [0.7,0,0]in 5 Brillouin zones (out of 154
zone is the best for which phonon, unnecessary. Thus Zﬁ?;rgférvyepr’g'cr;ﬁyufﬁ?sg?%?iféﬁ'&g)ﬁi Tz e
one can envision a future, when measurements of the | ¢ phonons in this energy range. The refined
complete phonon spectrum become as routine as the | values of the centers obtained with MPR are
measurements of the electrical conductivity once a | shown by the vertical dashed lines. The
big enough single crystal sample of a new material is | individual phonons are shown with thin
made. So far we demonstrated that MPR works well | lines, and the overall fit obtained with solid
in conjunction with DFT calculations of phonons and lines
on high quality datasets. In the future we would like to extend the MPR method to cases when no
DFT results are available and to cases where statistics are insufficient to extract phonon peak
positions and linewidths from a single Brillouin zone.

The long-term goal of our research is to learn how to use observed features of lattice dynamics
spectra as markers of microscopic physics of quantum materials responsible for their macroscopic
properties of fundamental and practical interest. In this context one benefit of the new capability of
MPR to generate complete experimental phonon spectra in a straightforward way is to use these
spectra to calculate physical properties that directly derive from phonons such as the lattice
specific heat, thermal conductivity, thermal expansion, etc. In fact we will attempt to calculate
phonon thermal conductivity of a thermoelectric compound in this way.

The second benefit is that such datasets can be mined for signatures of hidden inner workings of
guantum materials such as charge fluctuations, Fermi surface nesting, electron-phonon coupling
incipient phase transitions etc. While extending capabilities of MPR, we would like to uncover
new microscopic mechanisms behind electron-lattice effects in carefully selected specific
compounds, so that ultimately it will be possible to go in the opposite direction: Observation of
similar effects in new materials will point at the underlying physics.
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Vortex Lattices Studies in Type Il Superconductors

M. R. Eskildsen (eskildsen@nd.edu)
Department of Physics, University of Notre Dame, Notre Dame, IN 46556

Program Scope
The program centers on the study of vortices and the vortex lattice (VL) in type-ll superconductors and
has two main themes.

The first is fundamental studies of superconductivity. The formation and condensation of Cooper
pairs varies for different materials, and in many cases the exact microscopic mechanism remains elusive.
An important step towards a microscopic understanding is detailed knowledge of the order parameter.
This is especially important in materials such as UPt; and Sr,RuO, where the carriers in the Cooper pairs
are believed to form a triplet, but where the detailed order parameter is not well established. We use
the vortices to probes the intrinsic nature of the superconducting state in unconventional and/or new
materials.

The second theme is the study of vortex matter dynamics and in particular the recently discovered
metastable VL phases in MgB,. Vortex motion will lead to dissipation and is responsible for limitations in
the critical electrical current density and of direct importance to the practical use of superconductors.
However, the VL metastability is not due to traditional vortex pinning and instead it appears to be due
to VL domain effects. This has opened up a new direction in the study of vortex dynamics with
analogues to jamming in granular materials.

Recent Progress

Vortex lattice studies in Sr,RuQ,

Despite intense studies the exact nature of the order parameter in Sr,RuQ,4 (SRO) has remained elusive.
Multiple experimental and theoretical studies provide compelling support for triplet pairing and an odd-
parity, p-wave order parameter symmetry [1,2]. At the same time, seemingly contradictory
experimental results leaves important open questions concerning the detailed structure and coupling of
the orbital and spin parts of the order parameter [3].

The Fermi surface in SRO consists of three sheets with Fermi velocity anisotropies ranging from 57
to 174 [1], and one would expect an upper critical field (H.,) anisotropy within this range. Experiments,
however, find a much smaller 'y, = 20 at low temperature and a near constant H,, when the applied
field is within £2° of the basal plane [2]. Within the same angular range the transition at H,, becomes

B Counts/3 min. 80 T =40 mK
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Fig. 1 SANS VL measurements in Sr,RuQ,. (A) Experimental geometry, showing the “misalignment” angle (Q2) and
the currents (red arrows) giving rise to the transverse magnetization. (B) Spin flip scattering due to the transverse
VL magnetization. (C) VL anisotropy vs. Q. The fit to the data is for a superconducting anisotropy I',. = 58.5 + 2.3.
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first order, suggesting a subtle coupling between the magnetic field and the triplet order parameter [4],
or Pauli limiting, which is inconsistent with triplet pairing with the Cooper pair zero spin projection along
the c-axis [5].

We have performed extensive small-angle neutron scattering (SANS) studies of the VL in Sr,RuQ,
with the field applied close to the ab-plane in order to measure the intrinsic anisotropy of the
superconducting state. Taking advantage of the transverse magnetization in this highly anisotropic
superconductor, we were able to measure the VL anisotropy as a function of the field angle and
determine the intrinsic superconducting anisotropy (I"..) between the c-axis and the Ru-O basal planes,
see Fig. 1. The value of I',. = 60 is much larger than I';, , and is found to be largely independent of field
and temperature. Our result imposes significant constraints on possible models of triplet pairing in SRO
and raises questions concerning the direction of the zero spin projection axis.

Vortex lattice studies in UPt;

One of the most striking properties of UPt; is the fact that the H-T superconducting phase diagram has
three distinct mixed (vortex) phases that can only be explained by an unconventional superconducting
order parameter [6]. Like the case of SRO a complete theoretical description of the superconducting
state of UPt; has not been settled.

The order parameter structure that is consistent with a number of experiments is an odd-parity, f-
wave (L=3) orbital state of E,, symmetry [7,8]. However, with some success, comparisons with
experiment have also been made for an even-parity, d-wave (L=2) orbital state of E;;, symmetry [9].
Both order parameters are chiral and break time reversal symmetry in the low temperature B-phase. In
contrast, a recent proposal for an odd-parity, f-wave (L=3) model with E;, orbital symmetry is non-chiral
and time reversal symmetric in the B-phase [10]. All of these order parameters have nodes in the
superconducting energy gap, each with different nodal structure in the three vortex phases.

Using SANS from the VL, we have measured the temperature dependence of the components of the
London penetration depth, A(T), that probe the gap nodal structure along the principal directions of the
crystal finding a linear behavior in the low temperature limit. Our measurements, shown in Fig. 2 (left
panel), are consistent with calculations based on an order parameter with E,, symmetry.

To investigate possible effects of a chiral phase on the VL, SANS measurements were performed H ||
c following different H-T histories, see Fig. 2 (right panel). These showed a field-dependent azimuthal
splitting of the vortex lattice Bragg reflections, indicating a rotation of the vortex lattice away from the
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Fig. 2 SANS VL measurements in the B-phase of UPt;. Left: Temperature dependence of the measured penetration
depth along (a) the a-axis (A1) and (b) the c-axis (A3). The data is best described by calculations using on a E,,
symmetry. Right: Scaled VL splitting (¢) for H || c¢. Solid (open) symbols correspond to measurements performed
without (following) a field reversal.
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high-symmetry crystalline directions. Most notably a difference in the splitting was observed between
measurements following a reduction of the fields from above H,, to respectively a positive and negative
field. However, the splitting was found to scale with the neutron wavelength, complicating the
interpretation of the results and necessitating further measurements. Still, the measurements strongly
suggesting a coupling between the vortex lattice and a chiral superconducting state in UPts.

Vortex lattice metastability in MgB,

The VL configuration is known to depend sensitively on the anisotropy of the screening current plane in
the host superconductor. As a result, field- and/or temperature-driven symmetry and reorientation
transition are common. In MgB, the hexagonal VL undergoes a 30°, second-order rotation transition
that is most likely due to a suppression of the superconducting n-band [11]. Surprisingly, the VL exhibits
extensive metastability in connection with this transition as discovered by our group a few years ago.

Using SANS we recently observed that a fraction of the VL remain in the metastable configuration
even in the presence of significant vortex motion, as shown in Fig. 3 (left panel). This demonstrates
conclusively that the metastability is not due to vortex pinning, but rather must be understood in terms
of interacting VL domains. This opens up an entirely new direction in studies of collective vortex
behavior.

To further investigate the VL metastability and specifically the dynamics governing the transition to
the ground state, we have performed extensive measurements subjecting the VL to an increasing
number of small-amplitude AC magnetic field oscillations. Fig. 3 (right panel) shows the metastable VL
volume fraction as a function of applied AC cycles for a range of amplitudes. In all cases we observe a
cross-over from a slow to a fast power law, and with a transitioning that decrease with increasing AC
amplitude. This indicates a two-step process, possibly beginning with a nucleation of ground state VL
domains followed by their rapid growth once the VL domain walls reach a critical density. This behavior
is reminiscent of behavior seen in jamming of granular materials, and the VL metastabilty may then be
due to a jamming of VL domains. Further, spatially resolved, measurements are necessary to verify the
jamming scenario.

Future Plans

Pauli paramagnetic effects in Sr,RuO, and KFe,As,

Measurements in SRO very close to H, will be attempted to explore a possible second superconducting
phase or to directly observe evidence for Pauli paramagnetic effects. In addition, we will take advantage
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of the special scattering geometry to perform direction resolved temperature dependence of the
penetration depth will be continued. We will use a similar SANS geometry to investigate the VL in
KFe,As, where there are presently open questions concerning possible Pauli limiting for fields close to
the basal plane. The objective is to provide a measure of the intrinsic superconducting anisotropy as a
functionof Hand T.

Chiral superconductivity in UPt; and Sr,RuQ,

Measurements to clarify possible effects of chirality on the UPt; VL will be carried out, using a varying
neutron wavelength and a polarized beam to test whether the direction of the splitting is associated
with neutron spin state. Similar measurements will performed on SRO with H || ¢ to search for possible
effects of chiral superconducting state.

Vortex lattice metastability

Measurements will be extended to regions of phase space closer to the ground state phase transition,
with the objective to look for glassy dynamics and critical slowing-down. Spatially resolved (“scanning-
SANS”) measurements will be developed using a multi-beam configuration.
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Center for Accelerating Materials Modeling from SNS Data

Th. Proffen, Neutron Sciences Directorate, Oak Ridge National Laboratory, Oak Ridge,
TN 37831

Program Scope

Neutron scattering enables simultaneous measurement of structural and dynamic
properties of materials from the atomic scale (0.1 nm, 0.1ps) to the meso scale (1um, 1us). These
ranges are remarkable complementary to current capabilities of computational modeling and the
simplicity of the scattering cross section allows the prediction of neutron scattering data straight
forwardly from atomic trajectories in a computer model. The Center for Accelerating Materials
Modeling from SNS Data (FWP-ERKCSNL) is accelerating the rate of scientific discovery by
integrating modeling into all aspects of the experimental chain, enabling refinement of model
parameters such as force fields and allowing researchers to compare model and experimental
results in near real time.

Recent Progress
1. Phonon anharmonicity and ferroelectric instability in SnTe and PbTe

Inelastic neutron scattering (INS) of rock-salt thermoelectric compounds SnTe and PbTe
show that, surprisingly, although SnTe is closer to the ferroelectric instability, phonon spectra in
PbTe exhibit a more anharmonic character. This behavior is reproduced in first-principles
calculations (supported by CAMM) of the temperature-dependent phonon self-energy. The
simulations reveal how the nesting of phonon dispersions induces prominent features in the self-
energy, which account for the measured INS spectra and their temperature dependence. We
establish that the phase-space for three-phonon scattering processes, rather than just the
proximity to the lattice instability, is the mechanism determining the complex spectrum of the
transverse-optical ferroelectric mode.

Figure 1 shows a comparison of the dynamic susceptibility, x”’(Q,E), for SnTe and PbTe,
measured with the CNCS at SNS (T=50K and 300K), and computed with SimPhonies at 300K.
The simulation included a rigorous description of the anharmonicity in terms of the full
wavevector-dependent phonon self-energy. In particular, our simulations were able to reproduce
the anomalous splitting of the transverse optic mode at the zone center in the case of PbTe, and
revealed the detailed anharmonic mechanism that gives rise to this effect. This first-in-kind
calculation paves the way for systematic simulations of the full shape of phonon spectra, instead
of the usual Lorentzian or damped-harmonic-oscillator approximations. Results are published in

[1].
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2. “Live CAMM” simulations of anharmonic
phonons in SrTiO; measured on HYSPEC

The ultimate goal to truly integrate modeling
into the experimental chain is the ability of a
researcher to interact even with complex simulations
‘live’ before and during an experiment. In a recent
experiment on SrTiO3 on the HYSPEC instrument at
the SNS, we ran ab-initio molecular dynamics (AIMD)
simulations on the OLCF EOS cluster concurrently
with the experiment. The CAMM developed
SimPhonies software was used to compute the neutron
scattering intensity that was simultaneously being
measured on the HYSPEC instrument. The AIMD
simulations used 23,000 computing cores on EOS (a
Cray XC30 cluster), and were executed at the same
time as the neutrons scattered by the sample were
accumulated by the HYSPEC detector system, thanks
to the OLCF mechanism for scheduling jobs
synchronized with the SNS experiment. The

calculations ran for 5 hours, in order to compute
100,000 configurations of ions in the simulation box,
using density-functional theory, from which
anharmonic interatomic force-constants were
extracted to compute the 4D phonon dynamical

Figure 1: Comparison

s+ of INS measurements
*of phonon dynamic

susceptibility in SnTe

- and PbTe, and
. comparison with
*anharmonic first-

principles calculations.
The white arrows point
to the peak splitting of
the transverse-optic
mode at the zone center
in PbTe (ona
broadening without
splitting is seen in the
case of SnTe).

Figure 2: Comparison of plan of S(Q,E) along
[HH1] direction. Top shows the experimental
data from HYSSPEC and the bottom shows
calculated intensities.

structure factor S(Q,E). Concurrently, the experimental 4D S(Q,E) was mapped on HYSPEC by
rotating a large, high-quality single-crystal (grown at ORNL) over a large range of orientations.
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Because the paraelectric cubic phase of SrTiOg is stabilized by anharmonicity (it distorts
into a lower symmetry antiferroelectric phase at low temperatures), it is crucial to perform these
large AIMD calculations in order to capture the anharmonic renormalization (stabilization) of
phonon dispersions, and achieve good agreement with the experiments (in the sample, thermal
agitation at room temperature naturally performs the renormalization). Simpler harmonic
calculations would otherwise predict unphysical results. By slightly adjusting the volume in the
AIMD simulations, based on the observed scattering intensity, we were able to achieve pretty
good agreement between theory and experiment, as illustrated in the plots below. The
simulations also helped us refine the range of crystal orientations that were collected on
HYSPEC. The results are currently being analyzed in more detail.

3. Coarse grained simulations of polymer electrolyte Polyethylene Oxide-Acrylic Acid

Organic electrolyte batteries are widely used for practical energy storage, however due to
fast discharge and thermal problems among others, polymer electrolyte-based batteries are
currently being considered as possible next generation power sources for portable electronics. In
this project we have focused on the fundamental physics of charge and counterion transport in
model polymer electrolyte systems. The material that was used for this purpose is also known as
an ionomer electrolyte because of the very low charge density on the backbone of the polymer
chain. As a first step, we have already performed coarse-grained Molecular Dynamics (CG-MD)
simulations to develop understanding of the effects of the dielectric constant on the microphase
separation and counterion transport of this class of ionomer electrolytes The CG-MD results
allow us to connect the “dots” between structural inhomogeneity and counterion hopping in
ionomer electrolytes at a molecular level thereby providing guidelines for the design of better
materials for future technologies. Using the program SASENA, we also calculated the dynamic
structure factors (1(q,t)) for counterions showing a slowdown of counterion relaxation with
decreasing dielectric constant. We also began working on a fully atomistic MD study (this
enables capturing dynamic processes with shorter time and length scales) for ionomer
electrolytes using LAMMPS (Large Scale Atomic/Molecular Massively Parallel Simulator)
which will be compared with neutron experiments. We have constructed polyethylene (PE) oxide
polymers in a highly concentrated solution and then replaced the -oxygen- with acrylic acid (AA)
monomer. This allows a fully atomistic model of PE-AA to be generated which can be used as an
input to LAMMPS.

We used different force fields (FF) between different bonded and non-bonded atomic
interactions and equilibrated the structures to a melt state. Those studies show morphological
details, however, the dynamics require more careful observation. There are certain
numerical/physics issues in the fully atomistic model that needs to be addressed before a
conclusive result can be obtained. A test simulation of a polyethylene melt using the Dreiding
force field equilibrates well and the statistical quantities were calculated that match well with
previous results. It should be noted the Dreiding force field is united atom not a fully atomistic
FF, therefore additional work needed towards a fully atomistic simulation is currently under way.
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Future Plans

In the hard matter science thread future work will extend modeling and simulation to the
case of anharmonic phonons at finite temperatures and simulations of thermal diffuse scattering.
Work on improvements to the calculation of the resolution function into the 4D dynamical
structure factor will enable a more quantitative comparison to inelastic neutron scattering data
collected on SNS neutron spectrometers.

The soft matter science thread will continue work on poly(3-hexylthiophene) (P3HT)
blended with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). Samples have been obtained
from A. Moule (UC-Davis) and neutron scattering experiments will be carried out on BASIS and
VISION. In addition to extending the MD capabilities of CAMM, this work will also extend the
accessible experimental data to inelastic scattering using aClimax.

As part of CAMM we have developed a refinement loop using classical molecular
dynamics (MD) as modeling technique in combination with quasielastic neutron scattering data
from the BASIS instrument, demonstrating the successful refinement of MD force field
parameters for LiCl. The developed tools have been successfully used in several projects
initiated by SNS users. We have also recently demonstrated the feasibility of live simulations
performed concurrently with a neutron scattering experiment. We will continue to work on tool
development relevant to the science drivers within CAMM and make tools available to the wider
user community.

Beyond the immediate future plans discussed above, we have started developing a longer
term vision for CAMM both being at the cutting edge of science and spinning off tools critical to
the materials and neutron scattering community in the future.
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Program scope

New techniques and tools for manipulating neutron beams offer significant, even
transformative, improvements of neutron instrumentation, enabling new science. We are nearing
completion of a program, which has successfully developed such a new tool: an achromatic lens
based on axisymmetric grazing-incidence mirrors, often referred to as Wolter mirrors [1]. This
project has been a close collaboration between the MIT and NASA groups, synergistically
combining our expertise in neutron methods and glancing-incidence focusing optics. Making use
of x-ray technologies, which were developed with significant NASA investments, is a substantial
benefit for the neutron community.

As a result of our program, NIST has funded a construction of a new instrument (begun in
the Fall 2013), a neutron microscope, which will be equipped with Wolter mirrors. This
instrument will use the mirrors as a focusing lens for both cutting-edge neutron imaging and
SANS. The neutron-imaging instrument VENUS, which is proposed at SNS, could immediately
benefit from these developments. We believe that other planned and existing instruments at SNS
and other DOE facilities could take advantage of our developments, including SANS, grazing-
incidence SANS, and inelastic spectrometers. In addition, the technology used for fabricating
Wolter mirrors could be used to make neutron guides.

The current objective of our program is to design the optics for neutron imaging, in
collaboration with the imaging group at NIST. The design will optimize the neutron flux on the
sample while minimizing aberrations. Another objective is to demonstrate and characterize
axisymmetric supermirrors.

Recent progress

We have demonstrated experimental prototypes of focusing SANS and imaging instruments
using Wolter optics and demonstrated axisymmetric neutron supermirrors.

SANS is a very important neutron technique, exploited by a large and diverse community of
users. The basic instrument design remains the same since original SANS instruments were built:
a very small aperture, relative to the source size, is used to collimate the beam illuminating the
sample. Such a design is not only very inefficient in terms of the neutron flux, it also requires
complex and costly detectors, which move inside large vacuum tanks, reaching 10 meters in
length and two meters in diameter. This design is still in use after decades of developments,
demonstrating the enormous challenge of building efficient optics for thermal and cold neutrons.
To address this challenge, we pioneered the use of Wolter mirrors, which play the role of
achromatic lenses with a short focal length and high throughput. We demonstrated the prototype
SANS instrument at the instrument development beamline at HFIR [2]. The schematic layout

& bkh@mit.edu
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Figure 1. (Top) Schematic layout of the focusing-mirrors-based SANS instrument. The source aperture and the
detector are located at two foci of the mirror. A sample is placed between the optics and the detector. Solid lines
indicate trajectories of incident and reflected neutrons, focused at the detector. Dashed lines indicate trajectories of
neutrons scattered by the sample. The shaded area of the sample indicates the area, which is illuminated by the
beam. The drawing of the mirror is not to scale. (Bottom) Photograph of a section of the test SANS set-up. Only the
part between the mirrors and the detector is shown, with corresponding distances marked. The detector, the beam
stop, the sample aperture, and the mirrors are shown.

and the photograph of the experimental setup are shown in Figure 1. The mirrors create an image
of the source aperture at the detector.

This demonstration experiment was done using small test optics with focal length of 3.2m.
Standard SANS calibration samples were measured. Measurements of Silver behenate, a powder
with the first Bragg peak at Qo = 0.1076 A™, showed that the Q-resolution is approximately 14%.
The Q-range was measured using the Debye-Bueche plot of the porous silica data, /=1/2 vs Q?,
demonstrating that the instrument range extended down to Q = 0.02 A™. Based on these results,
we would expect fully optimized mirror-based SANS instruments to have a 50- to 100-fold
combined improvement in signal rate and resolution [2].

Neutron imaging is a developing method, which is useful for many applications, such as
multi-phase flow in porous media, water transport in fuel cells, degradation mechanisms in
lithium batteries, texture propagation in crystalline materials, magnetic domains, etc. Traditional
neutron-imaging instruments resemble pinhole cameras, as shown schematically in Figure 2(a).
In order to achieve high resolution, the source aperture is often reduced to less than 10 mm,
severely restricting the flux illuminating the sample. The goal of the imaging community is to
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achieve the spatial resolution of ~1 pum,
without reducing the signal rate to
impractically low levels. Available
neutron fluxes have so far prevented
reaching this goal, but focusing optics
can be wused to overcome these
limitations. In the neutron microscope
shown in Figure 2(b), the resolution
depends on the optics itself.
Consequently, the source size, and thus
the number of neutrons illuminating the
sample increase substantially, leading to
higher signal rates. In addition, optical
magnification would result in better
spatial resolution at the same detector
pixel size. We demonstrated the
achromatic neutron microscope at NIST
using the same test mirrors as for SANS
[3]. The spatial resolution and neutron
flux were consistent with simulations.
Subsequently, we tested larger mirrors at
NIST and measured aberrations due to
three contributions: gravity [4], figure
errors of the mirrors and field curvature
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Figure 2. Schematic illustrations of neutron imaging

instruments. A conventional pinhole-imaging system using a
small aperture (a) and a microscope, equipped with
axisymmetric grazing-incidence mirrors (b). The mirrors used in
the test have diameters of approximately 30 mm and the total
length of 60 mm. The focal distances are f; = 0.64 m and f, =
2.56 m, the source to detector distance is 3.2 m and the
magnification is 4.

(the image is formed at the focal surface,
which is not a plane).

Axisymmetric supermirrors were prepared and tested at the Magnetism Reflectometer at
SNS. The test sample was a surface of a conical frustum, shown in the inset of the Figure 3, with
an opening angle of about 2°, a height of 45 mm, and a diameter of about 30 mm. The mandrel
was coated with TiN separation layer, followed by NiC/Ti multilayer, followed by the Ni shell.
The multilayer-coated Ni shell was then separated from the mandrel. Neutron reflectometry
confirmed that the inner surface of the cone indeed formed an m=1.9 supermirror. The
reflectivity is shown in Figure 3. For the tests, the cone was installed with its axis parallel to the
neutron beam, while a very narrow beam was formed and reflected from a small section of the
surface. ldentical reflectivity was measured at different sections of the surface. (The paper
describing the reflectivity in details is in preparation).

Future plans

While designing the optics for the neutron microscope, we must analyze in detail the three
main contributions limiting the resolution of the image: field curvature, figure errors and gravity.

127



Reflectivity

5
SLD [108A3)
MoNbS@D
T T 7T

1 |
0 100 200 300 400 500
z[A]
1

I I I
0.06 0.12 0.14 0.16 018 0.2 0.22

QAT

0 0.02 0.04 0.08 01

Figure 3. Reflectivity of an m-1.9 conic supermirror, as a function of
the wave-vector transfer Q (A™). Black circles with error bars are
experimental points, while the red line is the fit. The lower insert shows
the fit of the scattering-length density as a function of thickness. The
upper insert shows the photograph of the cone held in the hand of an

Field curvature means that the
best image of an object is formed
at a curved plane, as opposed to a
flat detector. This is the leading
aberration of Wolter optics. Figure
errors are imperfections in the

B shape of the mirrors; these errors

are measured figure errors of the
mirrors, as an angular size of an
image of a point source. Gravity
changes the neutron trajectory
between the sample and the
detector, leading to image
distortions, which become
noticeable as the resolution
approaches 10 um. The correction
is done by prisms, similar to SANS
[4]. Aberrations are analyzed by
ray-tracing simulations, which are

compared with previous
experimental results. Minimizing
aberrations is the subject of the
ongoing and future work.
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Neutron Scattering Instrumentation Research and Development for High Spatial and
Temporal Resolution Imaging at Oak Ridge National Laboratory

J.P. Hayward (jhayward@utk.edu), University of Tennessee, Knoxville TN 37916

I. Program Scope

Neutron scattering facilities like those available at Oak Ridge National Laboratory are enabling
the discovery and development of advanced materials including those to be used for next
generation energy storage systems. In spite of all the success that neutron imaging has enjoyed in
recent years, even higher-impact research is limited by the current temporal and spatial resolution
of neutron detection devices. In particular, the spatial resolution of all neutron imaging methods
in use and under development is fundamentally limited by the variance introduced by the charged
particles emitted from neutron absorption. Thus, we are investigating, designing and
demonstrating an array of ~1 um-sized glass scintillating fibers arranged via photonic-crystal-
fiber patterning techniques— with particle tracking (a must) so that position resolution can be
finer than that allowed by the charged particle ranges. The processes, knowledge and algorithms
developed will allow for spatially (1 um) and time resolved (<100 ns), high throughput neutron

transmission imaging in large areas at reasonable costs in the near term.
0 12 24 36 48 (1]

Fabrication of glass scintillator arrays
Measurements in neutren beamlines
Reconstruction algorithm development, analysis

Work on He3 replacement technologies at SN5

l

Develop and deliver neutron sciences modules

Figure 1. Project schedule with five tasks listed in rows at left and time given in months.

The planned project schedule is given in Figure 1, including the timeline for the first year of
effort.

1. Recent Progress

Task 1 is the fabrication of glass scintillator microfiber arrays, and it includes 6 subtasks
over the first 4 years. Inyear 1, significant effort was spent on performing light transport
simulations to support optical design of the microfiber array (Task 1.6). For a rapid, simple
analysis to guide our starting design, simulations were first performed using available TRIM (the
Transport of lons in Matter) and ZEMAX codes. As illustrated in Figure 2, the former was used
to transport the charged particle reaction products from neutron absorption, and the latter was
used to propagate the generated optical light photons to the photosensor. This code was used to
rapidly form expected images of charged particle tracks while varying fiber size, fiber spacing,
bundle geometry, interaction depth, track orientation relative to the 2D photosensor, and
scintillation brightness. From this initial modeling, it was known that fiber size should be ~1 um
and that the short arrays should be kept to a thickness of ~1 mm for light collection
considerations. Subsequently, we completed a detailed model of the interaction and light
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collection physics of our microfiber array design in a new Geant4.10.0p1 Monte Carlo
workspace. One important role of this detailed model is to guide further iterations of the
microfiber array optical design. It models the neutron interactions, scintillation light generation,
light transport from the scintillator through a lens to the Image Intensifying CDD (ICCD), and the
performance of the ICCD in recording the charged particle tracks. This model has been used to
begin to examine the details of the scintillator array design, the effects of the ICCD design,
neutron position reconstruction, and neutron gamma discrimination. We are now working on
validating this model with a simple experiment, and a journal paper about this work is in the first
stages of preparation.
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Figure 2. a) Illustration of Monte Carlo model output for a neutron interaction in scintillating microfiber
array, shown along with simulated example image output from a neutron interaction. b) Measurement of a

blue LED behind a 1 pum wide, 100 um long slit in a photomask using our new ICCD camera.

As planned, work is also beginning on fabrication of a short glass scintillating glass fiber array
using photonic crystal patterning techniques, starting with doped Li glass rods for the preform
(Task 1.1). Our partner at the University of Southampton’s Optoelectronics Research Centre is
carrying out the fiber drawing work to our specifications. The initial design went through five
design iterations, driven in part by the simulation output from Task 1.6. The selected first design
for fabrication is shown in Figure 3. Each 1 um diameter Li doped rod is surrounded by air-filled
capillaries of the same diameter, and the doped rods are arranged in a 6 X 6 structure that is square
in shape, surrounded by a soft glass jacket.

From our first experiments melting and drawing the Li glass fibers, we learned that: 1) a soft
glass similar to fused silica must be used rather than fused silica, and 2) that the light output is
improved when drawing fibers in a reducing atmosphere compared to the case where it is drawn
inair. Specifically, the Li glass fiber light output is 6.9% higher when a set of 200 um diameter
Li glass fibers were redrawn in a reducing atmosphere at the University of Southampton
compared to the case where they were drawn in air. Furthermore, our measurements and analysis
suggest that those fibers redrawn in the reducing atmosphere scintillate only about 2% less
brightly than the original monolithic Li glass rod from Nucsafe from which the fibers were
redrawn. Altogether, these are encouraging first results, suggesting that we understand how to
fabricate Li glass fibers for our microfiber array without reducing the scintillation light output
compared to our monolithic starting material.
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Capillary
Li/B doped rodZ%

a) a capillary

Figure 3. a) lllustration of the base structures in the first mircrofiber array being fabricated now at the
University of Southampton. At left, a Li scintillating rod (red) is shown surrounded by a set of air
capillaries. Atright, a structure that holds 6 x 6 rods is shown surrounded by a glass jacket (not to scale).
b) Photos are shown of our collaborator at Southampton holding a structured preform in his lab similar to
the one that is about to be fabricated for the University of Tennessee according to the plan shown in (a).
These photos were taken during the PI’s visit to the UK.

Furthermore, we have prepared to begin our investigation of controlled thermal diffusion to
drift ion dopants in undoped samples of Li glass (Task 1.2) this summer. We have procured
samples of Li glass that do not scintillate because they are not doped with Ce**. These samples
are being cut with a diamond saw to make more small samples for analysis. Furthermore, we
have procured a Ce sputter target, and sputtering of samples will begin within the next few weeks.
Following this step, the diffusion experiments will begin using an available tube furnace. We
will first determine the diffusion coefficient of cerium in undoped lithium glass across a range of
temperatures and drift times.

As an alternative approach to that described in our SOW, we are also investigating a different
microstructured scintillator design in partnership with Radiation Monitoring Devices (RMD).
Based upon our specifications, RMD proposes to make us a thin (~100 um) layer of Csl:Tl
pillars, each 1 um wide, interlaced with LiF. The benefit of using Csl:Tl is that it is known to
brightly scintillate at 65,000 photons/MeV. They would make this with available evaporators at
RMD employing a structured substrate that would cause the Csl: Tl to nucleate and grow in the
proper positions. The first version would be grown with natural Li for lower cost. Our Monte
Carlo simulations have indicated that this design is worth pursuing in parallel with the described
effort because the high light yield should allow us to achieve our target position resolution and
neutron detection efficiency. Furthermore, to save cost, only a thin layer of LiF will be deposited
in our first try, so it is not expected to penetrate deeply in between the Csl pillars. Yet, we expect
that we will still be able to measure charged particle tracks, thereby demonstrating proof-of-
concept of this alternative micro-fabrication method. Pursuit of two methods in parallel reduces
the overall project risk, particularly the main risk of having 1 um thin Li fibers not scintillate
brightly enough to image charged particle tracks. We anticipate needing to use even more
internal resources to fund this development work.

Referring back to Figure 1, Task 2, consisting of measurements at neutron beamlines, also
begins in Year 1, and this task continues until the end of Year 5. Tasks 2.1 and 2.2 require that
the microfiber array be coupled to an ICCD device for readout. During the first part of the year,
we were loaned an ICCD device for evaluation from ANDOR, and we subsequently purchased it
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with cost sharing from the University of Tennessee. The ANDOR DH334T-18F-A3 ICCD is 18
mm in dimension and has 1024 x 1024 pixels with 13 x 13 um pixel size, 40% peak QE, and
contains a P43 phosphor with 5 ns gate width. It may be cooled to -40°C for low noise single
photon sensitivity. We first evaluated the ICCD to demonstrate to ourselves that the more
expensive, faster P46 phosphor was not required for our application, which it is not.

Figure 2a demonstrates that we were able to properly set up the optical imaging system to
observe a 1 um feature size in our university radiation instrumentation lab. In fact, this is an
image of a slit in a custom photomask that is about the same size we expect our charge particle
tracks to be in our scintillating microfiber array. The reader should note that this integrated
image (Figure 2a) is brighter than we expect single charged particle tracks to be. The optical
components that we procured for our measurements include a microscope objective lens to
magnify the light emitted from the scintillator and a tube lens to properly focus that light onto the
ICCD. The operation of the ICCD also required us to write software to control the ICCD, starting
with the software development kits provided. Our application programming interface includes a
python wrapper for C, multiprocessing capability, and remote monitoring functionality.

Furthermore, Task 2.4 specifies that we perform full system Monte Carlo simulations to
support our understanding of the experimental results. As discussed already, our detailed
simulation workspace in Geant4 includes the complete physics from neutron interaction to ICCD
performance, so progress on this task is well underway.

Referring back to Figure 1, Task 3, titled reconstruction algorithm development and
analysis, begins in Year 1, and extends through Year 3. In Task 3.1, we are to research and
develop algorithms for using measured charged particle track data from our glass fiber array to
determine the interaction location of neutrons with resolution of 1 um, first using simulated data
for development and evaluation of the algorithm’s sensitivity. The excellent progress on our
detailed simulation workspace (Tasks 1.6 and 2.4) has already allowed us to get a significant start
on Task 3.1. A few different reconstruction algorithms have been investigated. Our first results,
which assume a conservative 6000 scintillation photons/n in Li glass, suggest that we can expect
to achieve position resolution better than 2 um using a design like that shown in Figure 3.
Furthermore, first algorithm development results that consider the alternative Csl:Tl and LiF
microstructured scintillator design described above show that expected position resolution for the
alternative design is estimated to be ~ 1 um using the first reconstruction algorithm investigated,
which is based on a Hough transform.

I11. Future Plans

We plan to follow the work plan detailed in the proposal according to the schedule shown in
Figure 1. Fabrication and investigation of microfiber arrays will continue (Task 1), and testing of
these arrays at ORNL beam lines will commence (Task 2). Algorithm development for
reconstruction will continue, as planned (Task 3). Development and delivery of neutron science
modules (Task 5) will commence during Year 2, as planned. Submission of peer-reviewed
publications (Task 6) is also expected to accelerate in Year 2.

1V. Publications

Nothing to report. A journal paper is in the first stages of being prepared for submission to IEEE
Transactions on Nuclear Science on the simulation work and supporting experimental validation.
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National School on Neutron and X-ray Scattering

Suzanne G.E. te Velthuis (tevelthuis@anl.gov)
Materials Science Division, Argonne National Laboratory

Bryan C. Chakoumakos
Quantum Condensed Matter Division, Oak Ridge National Laboratory

Jonathan C. Lang, Esen E. Alp
Advanced Photon Source, Argonne National Laboratory

John D. Budai
Materials Science and Technology Division, Oak Ridge National Laboratory

Participants
1999 - 2014

Program Scope

Since 1999, the National School on Neutron and X-ray Scattering has provided a
comprehensive introduction to the underlying theory of neutron and x-ray scattering and
related experimental techniques that are available. 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. While the two-week school was initially held at
Argonne National Laboratory, in 2008 ANL partnered with Oak Ridge National
Laboratory, and now participants spend equal time at both sites. The program includes
both classroom lectures from experts in the field and hands-on experiments.

Recent Progress

The 14™ 15" and 16™ National School on Neutron and X-ray Scattering were held
August 12-25" 2012, August 10" — 24™ 2013, and June 14™-28", 2014, respectively.
Interest from the scientific community in the school is strong as the school has been
consistently oversubscribed, by over a factor of 3.6 in recent years. During the school, the
participants (64 in 2012, 66 in 2013, 66 in 2014) each performed a total of four neutron
scattering experiments using Oak Ridge National Laboratory’s Spallation Neutron Source
and High Flux Isotope Reactor beamlines. They also performed three to four x-ray
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experiments at Argonne National Laboratory’s Advanced Photon Source. On the last day
of the school as small groups the students give a short presentation on one of the
experiments they participated in. The feedback from the students is positive each year,
and many of the students subsequently apply for postdoctoral positions at Argonne and
other neutron and X-ray scattering facilities, or continue to use the facilities for their
research.

To date, 961 participants have attended the school. The national character of the school is
reflected in the wide geographic distribution of the participants that have attended as is
shown in Fig. 1. Participating students have represented over 161 unique North American
colleges and universities, spread over 48 different states, Washington DC, Puerto Rico,
and Canada. About 18% of the participants attended schools in EPSCoR states. The
distribution of the participants over the different states or territories generally tracks the
distribution of the applicants.

Many of the participants continued to utilize these sources well past their graduate studies
in their post-doctoral research positions and beyond. In fact, 70% of the participants who
attended the school in the first year (1999) are currently active facility users, while
averaged over 1999-2006 this percentage is at least 44% (see Figure 2). To date, three of
the school’s alumni have been invited to return to the school as lecturers, as they have
become recognized experts in the field.

Figure 1: Geographic distribution of school participants from North America, 1999-2014.

Future Plans

The purpose of the school is to give the participants the opportunity to learn the
fundamentals of the interaction of x-rays and neutrons with matter, as well as the
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Figure 4: Percentages of 1999-2006 participants that are still using \_Nlth a_” details of the
Neutron and or X-ray facilities. interactions of x-rays and

neutrons with matter, will
be taught by leading experts in the field working at national facilities and universities and
will represent a unique educational opportunity. The continuing participation of lecturers
from outside the two organizing national laboratories is considered essential to preserving
the national character of the school.

The school’s directors will select at least 60 participants each year, consisting of graduate
students from North American universities, postdoctoral researchers, investigators from
U.S. universities, national laboratories and industries. The primary audience for the
school is graduate students from U.S. institutions near the beginning of their thesis
studies; therefore this group will make up at least 75% of each class. Due to capacity
limitations, we expect no more than 70 students a year.

The National School on Neutron and X-ray Scattering will continue to be held 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. The students will spend approximately one week at Argonne National
Laboratory and one week at Oak Ridge National Laboratory, and if possible, the site at
which the school starts is alternated each year.

Publications

Jonathan C. Lang, Suzanne te Velthuis, Bryan C. Chakoumakos, John D. Budai & Allen
Ekkebus

National School on Neutron and X-ray Scattering

Synchrotron Radiation News, 26 (2013) 9-12.

!As determined by searches of the internet and facility user records between 2009-2011.
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Neutron Scattering Study of Strongly Correlated Systems

T. Egami, Joint Institute for Neutron Sciences, University of Tennessee, Knoxville, TN 37996,
Oak Ridge National Laboratory, Oak Ridge, TN 37831

Program Scope

Neutron scattering study is an important component in two research projects supported by DOE-
BES, Atomistic and mesoscopic study of metallic glasses (FWP-ERKCM40) and Neutron
Scattering Research Network for EPSCoR States (DE-FG02-08ER46528). In the metallic glass
FWP neutron scattering is used in the study of the atomic dynamics of metallic glasses and
liquids in order to determine the mechanism of viscosity, atomic transport and glass transition in
metallic glasses. Inthe EPSCoR project it is used in the study of spin dynamics and local lattice
distortion in Fe-based superconductors. In both cases strong correlations, among atoms in the
case of liquids and glass, and among electrons in the case of Fe superconductors, pose a major
challenge in scientific efforts to understand these systems. We use a real-space approach to
analyze the results of neutron scattering in order to determine these correlations directly.
Neutron scattering research is closely coupled with the effort on simulation and theory,
particularly in the case of research on metallic glasses.

Recent Progress

: . o 4— —_—
1..At9m|c Dynamics in Metallic Liquids and % O Liquid Fe
Liquid He ® v KA model
3l B Zr44Cuse (EAM) |
Phonons are the vibrational elementary ° O ZrasCuse (Ab initio)
L . . . . @ ZrsoCuaoAl10
excitations in solids, but in liquids they are S o
strongly scattered and overdamped. Instead, Q__ o}
we discovered that the local topological e
excitations, the action of cutting or creating an = B B A
atomic bond, are the elementary excitations in 1 vvvvh v v
high-temperature liquids, by showing by s I
molecular dynamics (MD) simulation that the ol %{} o
Maxwell relaxation time, oy = 7/G, where 7 is 0 1 ?)2/"1‘ 3 4
A

viscosity and G is the high-frequency shear Fig. 1 The ratio of the Maxwell relaxation time, zy, to

modulus, is equal to the time to lose or gain
one nearest neighbor, 7c, as shown in Fig. 1
[P11]. This is an important discovery, because
it relates a macroscopic quantity, zy, directly

the time to lose or gain one nearest neighbor, 7,
obtained by molecular dynamics (MD) simulation with
various classical potentials and by the ab initio MD
[P11]. Ta is the crossover temperature.
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to the microscopic quantity, zic. To prove this
by experiment we carried out neutron and x-ray
inelastic scattering measurements on heavy and
light waters, liquid aluminum and liquid helium.
The measured dynamic structure factor, S(Q,w),
is Fourier-transformed into the dynamic pair-
density function (DPDF), p(r,w) [1]. Fig. 2
shows the difference in the DPDF of He* below
(1.8 K) and above (2.85 K) the superfluid
transition at Tgg = 2.17 K. The measurement of
S(Q,w) was carried out at the CNCS of the SNS.
The intensity at 2 A and @ ~ 0 indicates the
evidence of tunneling in the Bose-Einstein (BE)
condensate. In the normal state He atoms are : 2 : . s s
distinguishable, but in the BE condensate they A

are indistinguishable, resulting in tunneling Fig. 2 Difference between the neutron DPDFs of
between the closest neighbors at 2 A. We also  liquid He* below (1.8 K) and above (2.85 K) the
studied the dynamics of heavy and light waters  superfluid transition at 2.17 K.

and liquid aluminum. We plan to obtain the

DPDF as well as the Van Hove function, o(r,t) [2]. In particular by changing the amount of H,O
in D,O we will determine the self-part of the Van Hove function. Then from the time evolution
of the Van Hove function it will be possible to determine 7 ¢ directly by experiment.

1.8K-2.85K

E [meV]

2. Local Lattice Distortion and Spin Dynamics in Fe Based Superconductors

In Fe-pnictides we found strong local lattice distortion coupled to spin and superconductivity. By
examining the neutron PDF of the parent (undoped) Fe-pnictides, we found that the local
orthorhombic distortion is significantly larger than the average because of nano-scale twins [P6].
The formation of nano-scale twin must be the consequence of the phonon softening over a wide
range of Q [3]. This partially explains the discrepancy between the AFM magnetization observed
by neutron diffraction and the local spin polarization observed by spectroscopy [4]. We also
found that local orthorhombic distortion persists even in doped superconductors which show no
macroscopic orthorhombic distortion. It is most likely that the local orthorhombic distortion
supports local AFM spin correlation, which is incoherent along the c-axis. We also continued
the study of the spin dynamics in Fe-pnictides using inelastic neutron scattering [P8, P13, P16].
We established the presence of strong magnetic anisotropy, which can be understood only in
terms of the orbital ordering and local lattice distortion.

Future Plans
We studied the atomic dynamics of heavy and light waters using inelastic x-ray scattering. The

data will be combined with those of neutron scattering to separate H(D) dynamics from O
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dynamics. We have recently built an electro-static liquid levitator for neutron scattering in
collaboration with K. Kelton of Washington University. We will use the system with NOMAD
(SNS) to study the structure, and with ARCS (SNS) to study the atomic dynamics. Our goal is to
detect the local topological excitation which results in rapid increase in viscosity. With Fe
superconductors we focus on establishing the ubiquitous nature of nano-twins observed earlier
[P6], by examining a wide variety of compounds. We also plan to prove through the DPDF
analysis that the loss of c-axis coherence due to random pinning of nano-twins by impurities
cause the loss of long-range magnetic order, not the change in the Fermi surface.
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Program Scope

The Institute for Quantum Matter brings together expertise in materials synthesis, theory, and
spectroscopy with neutrons and THz photons to discover, understand, and control materials
dominated by collective quantum physics. Areas of interest include quantum spin liquids in
frustrated magnets, superconductivity near magnetism, and topological insulators.

Recent Progress

(a) (IID) N T— — Sm*5d

Bg Cluster 7

0 15
Q1A

Fig. 1. Q-dependence within the 1% Brillouin zone of the integrated intensity of a spin resonance near 14 meV in the
putative topological Kondo insulator SmBg. (b) Q-dependence of the integrated intensity of the 14 meV resonance
beyond the first Brillouin zone as a measure of the form factor, which resembles that of 5d electrons.

Following the recognition their band structures can be topologically non-trivial, there is renewed
interest in Kondo insulators. For SmBg a mysterious surface conductivity might find explanation
in topologically protected surface states. We show the surface conductivity of SmBg increases
with carbon content. C is linked to more n-type carriers, larger low T specific heat, and a broader
crossover to the insulator. XAS shows a change in Sm valence at the surface.

We present a full Q-space map of inelastic neutron scattering for the putative topological Kondo
insulator SmBg. The data reveal a collective exciton and we show the pseudo nesting conditions
of a body diagonal dominated tight binding band structure accounts for the intensity pattern. The
form factor indicates a prominent role for 5d electrons. The band structure is topologically non-
trivial indicating a close connection between the pattern of inter-band neutron scattering and the
topology of the band structure. Implementing strong f-electron repulsion through slave bosons,
we show fluctuations within RPA can account for the exciton.
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THz spectroscopy can probe low energy magnetic excitations of ferromagnetic and/or
anisotropic spin systems that command intense interest due to unique collective properties. For
quantum spin ice, THz photons provide access to the emergent electrodynamics of the U(1) spin
liquid phase. At large B, both magnon and two-magnon excitations are observed in a <001>
directed magnetic field and an unexpected left-hand polarized magnon. The g-factors are
enhanced at low B indicating a crossover from magnons to the IQM proposed quantum string.

Using IQM crystals, we studied excitations in the 1D ferromagnetic Ising chain compound
CoNb,0Og with THz spectroscopy. When antiferromagnetic (AFM) order develops at low T, nine
spin flip bound states appear. Their energies are modeled by Airy function solutions to a 1D
Schrodinger equation. The sequence of meson bound states terminates at a threshold near twice
the lowest bound state energy. Above we see the two-particle continuum. At energies just below
this threshold there is a prominent excitation from a bound state of bound states on neighboring
chains. This assignment was corroborated by Tchernyshyov with theoretical evidence for a
bound state below the 4-kink continuum.

As part of a larger study of cluster based inorganic magnetism, microwave and terahertz electron
spin resonance, Li nuclear magnetic resonance, muon spin rotation spectroscopies and neutron
scattering was used to probe LiZn,Mo30g. The results show magnetism in LiZn,Mo3Og arises
from a single isotropic S = 1/2 electron per Mo3O3 cluster. The molecular spins form a
triangular lattice with no magnetic ordering to T=0.07 K. Neutrons show this triangular-lattice
AFM hosts collective magnetic excitations from spin %2 Mo3O13 molecules. Apparently gapless
(A< 0.2 meV) and extending at least up to 2.5 meV, this scattering involves 1/3 of the spins
present above 100 K. The data are compatible with static or dynamic valence bonds.

The kagome spin-1/2 system is a central reference in frustrated magnetism. There is much
progress in materials, experiments and theory and in the reporting period Tchernyshyov revisited
the low-energy singlet sector of the model with an effective quantum dimer model. With exact
diagonalizations we found embedding of a given process in its kagome environment leads to
dramatic modifications of the amplitudes of the elementary loop processes. The resulting
parameters are consistent with a Z2 spin liquid rather than with a valence-bond crystal, in
agreement with the most recent density matrix renormalization group results.
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Fig. 3. Left: (a) spin distribution on Mo;O3 clusters that form spin-1/2 degrees of freedom in LiZn,Mo30g. The
corresponding form factor in (b) limits magnetic scattering to Q<1.3 A™. Right: Inelastic magnetic scattering for (a)
magnetic LiZn,Mos0g and (b) non-magnetic Zn,Mo3Og. (¢) Shows the scattering for LiZn,Mo30gis T-dependent.

The seminal theoretical work of Kitaev triggered interest in quantum magnets on honeycomb
lattices. Spin-orbital models and anisotropic spin models are sought because they may display a
spin-liquid state. Cava and his group commenced a search for interesting new physics and
chemistry associated with the honeycomb lattice. We discovered two new delafossite honeycomb
systems, CusNi,SbOs and CusC0,SbOg. Magnetic Ni** and Co®* form a honeycomb lattice when
Sb°* orders on the triangular lattice. Non-magnetic Cu** sticks separate the planes. Inspired by
the hydrated superconductor Na;3C00,:1.6H,0, a similar hydration attempt was pursued here.
The result was two new 2D materials NaCo,SbhOg:2.3H,0 and NaNi,ShOg:2.3H,0. There are
two positive results: high oxidation states with improved M-O hybridization and enhanced 2D
character. Clearly demonstrating the former effect, NaCo,Sb0O:2.3H,0O is non-magnetic.
However, NaNi;SbhOg:2.3H,0 with Ni** realizes a honeycomb lattice magnet in the extreme
spin-1/2 limit. Neutron scattering shows these compounds are quasi-2-D quantum magnets.

Future Plans

Informed by and coupled to theory, much synthesis work is ongoing to form materials with
structures, quality, and energy scales for detailed neutron and THz experiments in quantum
magnetism. Topological materials are playing an increasing role and THz photons and neutrons
provide critical information. The high quality crystals from IQM are subjected to many
measurements such as ARPES, XMCD, and STM through collaborations. We hope to probe
guantum systems out of equilibrium with pulsed X-rays and pulsed neutrons in research linked to
the theoretical work of Turner. There are continuing efforts to improve neutron methods to probe
dynamic magnetic correlations in superconductors near magnetic instabilities.

147



Na,Ni,SbO, - 1.5 D,0

Y A T A (‘D A
.‘!C;;LY_ AY

I~LAL
AT A YA

PRI

TAY

Fig. 4. Image of the new honeycomb S=1/2 quantum magnet Na;,Ni,ShOg:1.5D,0 discovered at IQM. (b) Image of
three NN interactions. (c) neutron scattering from a powder sample showing strong inelastic scattering localized in
Q-space though only extremely weak static short range spin order is detected.
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Program Scope

Complex electronic behaviors are most pronounced near magnetic/non-magnetic and
metal/insulator boundaries in correlated materials and become particularly poorly understood as
these boundaries are tuned to absolute zero temperature, i.e., to a quantum-critical point. With
typically small characteristic energy scales, states of strongly correlated intermetallic compounds
based principally on Ce, Yb, U and Pu can be tuned to these interesting boundaries with rather
modest changes in a control parameter. The goal of this project is to develop an understanding of
complex electronic materials and phenomena by discovering new examples of these and related
materials that reveal both new states of electronic matter and the essential physics underlying
their complex and collective states. Knowledge gained from studying correlated f-electron
materials in parallel with technologically important d-electron materials provides a broad
perspective necessary to guide the development of a microscopic theory of complex electronic
materials. Success in this project of discovering new physics through new materials requires
integration of materials preparation, in single crystal form where possible, with a necessarily
broad suite of materials characterization techniques that probe static and dynamic degrees-of-
freedom and their interactions on multiple length and time scales. Our approach is two-fold: one
of initial exploratory research on new materials and phenomena and a second of in-depth
investigations. At the exploratory stage, structure, transport, magnetic and thermodynamic
measurements, often at very low temperatures, high pressures and high magnetic fields, are
sufficient to identify new states that deserve more detailed study by various spin and charge
spectroscopies, particularly neutron scattering, nuclear quadrupole/magnetic resonance and
photoemission. DOE neutron and photon facilities, the Los Alamos NHMFL Pulsed Field
Facility and Center for Integrated Nanotechnologies as well as an extensive network of
experimental and theoretical collaborators substantially leverage in-house capabilities and are
important to success of this project.

Recent Progress

Unconventional superconductivity in heavy-fermion CeColns is ‘born’ out of strange
normal state characterized by a linear-in-temperature resistivity and diverging specific heat
divided by temperature. Just above a T, of 2.3 K, the pressure-dependent resistivity deviates
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slightly from its T-linear dependence, and long ~nag SaiEe i
ago we had attributed this to the emergence of a
pseudogap at Tps(P).[1] That speculation has
been confirmed by tunneling conductance
measurements carried out in collaboration with o Tasmk N\ {CTPGX-OZ
Yazdani’s group at Princeton [2] and with Steffen » S5 06 5 W §FTi 3 o
Wirth [3] at the Max Planck Institute for e i
Chemical Physics of Solids. As shown in Fig. 1a,
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We do not know if this pseudogap might ~ ~ 4l ~(T/ Trf T
influence the so-called Q-phase found just inside the low-temperature, high-field
superconducting phase when H L [001], but coexistence of antiferromagnetic order and d-wave
superconductivity in the Q-phase is even more interesting
than previously thought. Careful neutron-diffraction
measurements of the Q-phase find that the population of
antiferromagnetic domains with orthogonal propagation
wavevector changes abruptly as the field is rotated by only
0.2° away from the [100] direction.[4] This extreme
sensitivity to field direction appears to be a consequence of
the emergence of a Cooper-pair density wave (PDW) of

_ o _ mixed L=2,S=0/L=1,S=1nature that is predicted [5] when
Fig. 2 SChemzfmC. Hllustration of a PDW antiferromagnetic order and d-wave superconductivity are
inferred to exist in the Q-phase of . o
CeColns, coupled. In this model, the magnetic field couples to the S=1

component of the PDW and controls the line node of the p-
wavefunction, in turn determining the direction of the antiferromagnetic magnetic wavevector. A
schematic illustration of the proposed PDW is shown in Fig. 2.

The ‘hidden order’ (HO) phase that develops below 17.5 K in URu,Si, continues to be
mysterious and the subject of multiple theoretical proposals. Two recent proposals argue that the
HO arises from hastatic order or a rank-5 superspin density wave. Both predict a small in-plane
static magnetic moment of ~ 0.015 pg/U. Our neutron-diffraction measurements on a 7-gm
crystal of URu,S; give a conservative upper limit of < 1x10°ug/U on the in-plane moment,
placing severe constraints on these interpretations. [6] Other theories associate HO with
properties of a 5f° localized configuration. Our high resolution ARPES measurements rule out
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this possibility and further show that the HO produces a . : Tol !

strongly momentum-dependent reconstruction of the I , PM |
Fermi surface.[7] Finally, our very high field NMR N B 51, N Ly
studies find that itinerant 5f electrons in the HO state = 4 e axis 0 O 1 i.-_—
undergo a first-order transition at a critical field of 35.6 T > \ Il md
to phase Il (Fig. 3), characterized by ordered Ising-like N A 1 i
chains along the a-axis with ordered moments po ~ 2 AN, B 40

0.65.[8]

Ising-spins AFM order

Future Plans

.. .. - Fig. 3 Temperature-field phase diagram of
Initial exploratory and preliminary in-depth URU,Si, indicating phase 11 studied by

studies during the past few months suggest promising NMR and proposed magnetic structure.
directions for research. In the area of new materials, we

have started to explore a family of tetragonal materials CeMAl,+2,Si; (M=Au, Rh, Ir, Pt).
Several of these are magnetic and might become superconducting with applied pressure. Though
not a new material, modestly heavy-fermion U,PtC, has been explored very little, and our
preliminary measurements suggest that its superconductivity may be quite unusual. We will
continue these studies as well as search for Kondo-impurity responses in d-electron
intermetallics. CeRhlns is, in a sense, the ‘mother’ of Cel15 materials. We will determine the
magnon spectrum in it (as well as in the heavy-fermion ferromagnet UGe;) by neutron scattering,
and explore the possibility of new quantum states that might emerge near CeRhlins’s field-tuned
quantum-critical point at 50 T. The possibility of a topologically protected metallic surface state
in Kondo insulators has become an interesting topic. We have begun preliminary studies of some
candidate materials and will continue to pursue that subject using new techniques and
approaches that we are developing.
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Local complexity and the mechanics of phase transitions in novel materials

Despina Louca, University of Virginia

Program scope

Novel materials of interest today provide unique opportunities through which emergent exotic
states of matter that arise from the intricate coupling of the electronic and lattice degrees of free-
dom, and of their implications in the mechanics of phase transitions can be explored. Central to
our subject of study is the evaluation of distinct structural features that arise from circumstances
relating to the coexistence of two (or more) order parameters, the nucleation of different phases
in the parent matrix, spin/charge density waves, the formation of structural patterns that break the
global symmetry and are present even at equilibrium conditions. Such features have proven to
be key components to our understanding of the evolution across phase boundaries. However,
they cannot be readily characterized with traditional means used for probing single electron be-
havior. This is because their behavior is a collective effect, in response to strong interactions.

The impact of the crystal structure permeates deep into the
structure-property relationships. Many representative sys-
tems, old and new, provide a venue to explore unconvention-
al behaviors, potentially leading to new physics. The tre-
mendous interest stirred up from the discoveries of new topo-
logical insulators in two and three dimensions [1], graphene-
type physics [2], the Fe-based superconductors [3] and the
superconducting topological insulators [4], has led experi-
mentalists and theorists alike to new quests in this ever-
evolving field. Understanding the underlying mechanisms
will most likely lead to discoveries of new emergent phe-
nomena that may be better controlled. An important aspect
of the underlying physics is that these systems display
inhomogeneities at different length- and time-scales [5].
How does one cope with such complexity arising from this
collective behavior? Nowadays, it is possible to tackle these
problems because of unique experimental techniques, such as
the pair density function analysis technique.

Fig. 1: The crystal structure of
KxFezySez in the 14/m symmetry
with Fe vacancies at the Fel
site. The Fe2 site is always full.

Recent progress

In this talk, the local structure of the Fe-based superconductors will be discussed. These systems
provide an unprecedented possibility for manipulating their transition temperatures, T¢, by
changing the chemistry of their structures, and exploring fluctuations in the magnetic, charge and
orbital competing mechanisms. While the parent compound’s ground state can either be insulat-
ing or metallic, magnetic or non-magnetic, superconductivity can be brought about by inducing
disorder, by intercalation between the superconducting planes, and by spin wave fluctuations.

In the Fe-based superconductors [6], the close proximity of magnetism to superconductivity is as
important as in the cuprates [7]. However, the ground state properties of the Fe-based system are
quite and uniquely different from those of the cuprates, creating a fertile ground for substantial
work. For example, magnetic fluctuations or even a magnetically ordered state can be present in
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the superconducting phase, Fermi surface nesting leading to a spin density wave is important to
some systems, while the phonon contribution to the superconducting mechanism is not negligi-
ble. If an electron-phonon coupling mechanism is assumed, the value of T¢ obtained from the
calculation is not high enough which suggests that they are not of the BCS type. The Fe-based
crystal system consists of Fe tetrahedra coordinated by As/P or Se/Te. The calculations of elec-
tronic structures and magnetic properties point to an unusual sensitivity of the bond lengths be-
tween ions as well as the bond angles [8], and their precise nature has been determined via the
local atomic structure [9].

From the analysis of the local structure, the Fe ligand environment is revealed which is a key
component to determining the degree of hybridization of the Fe orbitals with their surrounding
ligand ions that in turn affects electron itinerancy, the magnitude of the local moment as well as
superconductivity. For instance, in FeSe;.xTey, we observed that the local symmetry is lower
than the average tetragonal P4/nmm crystal symmetry because the Se and Te ions do not share
the same site, leading to two distinct z coordinates that exhibit two types of bond angles and two
types of bond lengths with Fe. Such modulations of the ionic lattice can change the distribution
of valence electrons. At the same time, in Ba(Fe;xCox)2As;, we studied how the structure dis-
torts by overdoping that may in turn be related to the disappearance of superconductivity.

While suppression of long-range magnetic ordering occurs with the onset of superconductivity in
the above systems, this is not the case in KyFe,.,Se, with a T¢ of the order of 30 K or so [10].
The intercalated FeSe has a very complex phase diagram where the superconducting phase co-
exists with large magnetic moments and a high antiferromagnetic transition, Ty, close to 560 K
and is sandwiched between semi-metallic (x < ~0.7) and insulating (x > ~0.8) antiferromagnetic
states [11]. The crystal system shown in Fig. 1 consists of iron vacancies at one of the two pos-

sible crystal sites and of their ordering that gives rise to the +/5 x /5 x1 type unit cell with the
14/m crystal symmetry. The vacancies go through an order-disorder transition at Ts ~ 500 K,
while in the high temperature disordered state, the symmetry is 14/mmm. This system presents
an opportunity to investigate the interplay of magnetism, superconductivity and vacancies. It is
currently debated whether this system is phase separated or not.

@ In a series of K.Fe,.,.Se, we investigated the local lat-

o 4> ‘". o e o ". @ tice via neutron scattering [12]. The local structure
o —0 2 > o g O o present in the superconducting state (with x ~ 0.8) can
49 o ¥ 5" @ o ® ., bedescribed quite well using a superstructure consist-
2w s o .9 . ingof equal ratios of the experimentally determined
«2/ 5 /s local structures corresponding to the x = 0.6 and 1.0 as

3P ®
S ® = ® shown in Fig. 2. This suggests that atomically, the x =

Fig. 2: The crystal structure of KxFezySez in the 14/m 0.8 superconductor is not a different phase but evolves
symmetry with vacancies. The crystal structure of CONtinuously by doping K into the vacancy ordered
KxFexySez in the I14/m symmetry with vacancies. \/g X \/g x 1 structure. To reproduce the local configu-
ration observed in the x ~ 0.8 composition, it is necessary to expand the inner square Fe2
plaquette (drawn in green) from the short Fe-Fe (shown on the left and corresponding to the x =
0.6 composition) to the long Fe-Fe bonds (shown on the right and corresponding to the x = 1.0
composition).

Future plans
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This is indeed a very peculiar system partly because of the presence of vacancies both at the K
and Fe sites and partly because magnetic order coexists with superconductivity. The true nature
of the superconducting state has been hotly debated with many different scenarios put forth.
With the debate centered on the crystal structure, it has been proposed that the superconducting
state is stoichiometric and phase separates from the parent matrix. In another scenario, the su-
perconducting state is not necessarily stoichiometric, and depending on the preparation condi-
tions, different phases can be achieved. However, in yet another scenario, the vacancy ordered
state is presumed to be the superconducting state with no phase separation.

Given that the answers appear to be sample dependent, a more systematic approach is necessary
to address this issue. Thus we propose to continue exploring the sample growth conditions and
studying the local symmetry.
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A hierarchy of “meson” bound states in the 1D ferromagnetic Ising chain CoNb,Og
investigated by high resolution time-domain terahertz spectroscopy

C. M. Morris', R. Valdés Aguilar!, A. Ghosh!, S. M. Koohpayeh', J. Krizan? R. J. Cava?,
0. Tchernyshyov?, T. M. McQueen®, N. P. Armitage’*

YInstitute for Quantum Matter, Johns Hopkins University
Department of Chemistry, Princeton University

The Ising spin chain is one of the most paradigmatic examples of quantum complex material
system. In this work, “kink” bound excited states have been studied in perhaps the most ideal
realization of a one dimensional ferromagnetic Ising chain compound -- CoNb,Og -- using high
resolution time-domain terahertz spectroscopy. When magnetic order develops at low
temperature, nine bound states of kinks become visible. Their energies can be modeled
exceedingly well by the Airy function solutions to a 1D Schrodinger equation with a linear
confining potential. This sequence of “meson” bound states terminates at a threshold energy near
two times the energy of the lowest bound state. Above this energy scale we observe a broad
feature consistent with the onset of the two particle continuum. At energies just below this
threshold we observe a prominent excitation that we interpret as a novel bound state of bound
states -- two pairs of kinks on neighboring chains. I will also discuss our preliminary work on
this compound tuning with transverse magnetic field through the quantum critical point that is
putatively described by an emergent E8 symmetry group.

* This research was conducted under the auspices of the Institute for Quantum Matter (IQM) at
Johns Hopkins University, and supported by the U. S. Department of Energy, office of Basic
Energy Sciences, Division of Materials Sciences and Engineering under grant DE-FG02-
08ER46544.
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Neutron Scattering Studies of Magnetism, Orbital Hybridization and Electron
Itinerancy in Fe-based Superconductors

I. A. Zaliznyak (zaliznyak@bnl.gov), D. Fobes, M. Hicker, G. D. Gu, G. Y. Xu, and
J. M. Tranquada
Condensed Matter Physics & Materials Science Department
Brookhaven National Laboratory, Upton, NY 11973-5000
A. Savici, B. Winn, O. Garlea and M. Lumsden
Neutron Sciences Directorate, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6477

Program Scope

The physical mechanisms underlying the unconventional high-temperature superconductivity
(HTSC) both in cupric oxides and in more recently discovered iron pnictide and chalcogenide
materials remain poorly understood. Such understanding is needed because HTSC provides
attractive technological opportunities and because it is now widely recognized that fundamental
physical phenomena involved in HTSC are also common to many other material functionalities.
Namely, a competition between strong correlation, which favors local-moment magnetism and
kinetic energy of electron hopping (itinerancy), which depends on orbital hybridization and often
involves low-energy orbital degrees of freedom, leads to the formation of new electronic and
structural phases, and often to nano-scale phase separation. In addition to HTSC, these phases
exhibit thermoelectric, multiferroic and magnetoresistive responses, all with potential
technological functionalities. Their electronic nature is revealed by static and dynamical
magnetism measured by neutron scattering and its correlation with the structure and the bulk
transport properties.

In this project, we apply neutron scattering to investigate the nature of the magnetism and the
character of magnetic correlations, focusing primarily on the Fei.yTe1.x(Se,S)x system. In
particular, we address the relative role of magnetic moments from localized electrons (meaning
electrons at energies much greater than kT away from the Fermi energy, which do not participate
in charge transport) and the conduction electrons. We consider the interaction between these two
species and the role of degenerate 3d orbitals and orbital ordering in Fe-based materials, where
the orbital-selective Mott transition is possible. We also investigate competing magnetic
interactions and frustration and the role of hybridization of the electronic Wannier functions
revealed by magnetic form factor.

Recent Progress

Orbital order and phase diagram of Fe;.+yTe. Recent studies by our group and others have
established that electronic properties of the 11 iron chalcogenides are very sensitive to non-
stoichiometric iron at interstitial sites. In particular, Fei.+,Te1.xSex samples with same Se doping
can be either superconducting or non-superconducting, depending on y. It was further established
that the antiferromagnetic end member Fey.yTe has a complex magneto-structural (y, T) phase
diagram. At low concentrations, y < 0.05, there is a first-order magnetostructural transition from
the paramagnetic tetragonal P4/nmm phase to monoclinic P21/m with bicollinear AFM order
with propagation vector g = (0.5, 0, 0.5) and metallic resistivity, dR/dT >0 [8]. At highy > 0.12,
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the low-T phase is orthorhombic Pnmm, with an incommensurate helimagnetic spin order and
the resistivity remains semiconducting. At intermediate y, the frustration effects of the
interstitial Fe decouple different orders, leading to a sequence of transitions. In our recent work
we have established that the development of bicollinear antiferromagnetic order and metallic

electronic coherence at y ~ 0.1 is
uniquely associated with a hysteretic
first-order transition to the bond-order
wave (BOW) phase, which follows
the monoclinic lattice distortion and
the incommensurate magnetic order,
but at a markedly lower temperature.
The BOW state, Fig. 1, suggests
ferro-orbital ordering, where
electronic delocalization in
ferromagnetic zigzag chains leads to
metallic transport. This picture is also
corroborated by our earlier study,
where it was established that the total
amount of magnetic scattering in
Fe;.1Te decreases significantly, by
about a factor 2, upon cooling from
100 K to 10 K, corresponding to
change in the local-spin value from S
=3/2t0S=1.
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Figure 1. FeTe unit cell in the a-b plane, (a), and formation of

zigzag chains with the bicollinear magnetic structure, (b). (c), (d)

show elastic neutron scattering from Fey g9y T€ measured on

HYSPEC (E; = 7.75 meV). (1,0,0) and (0,1,0) Bragg peaks, which

measure the zigzag order are seen at 5 K (d) but not at 80 K (c).

Plaquette liquid correlations in Fei+yTe1.x(Se,S)x. Our analysis of inelastic and quasielastic
scattering in poorly-metallic magnetic state of Fe;+y Te reveals short-range spin correlations
where four-iron square plaquettes align ferromagnetically, with antiferromagnetic correlations
between the neighboring plaquettes. When this material is doped, with Se or S, and begins to
develop superconductivity, the structure of magnetic diffuse scattering changes. Here, we
observe a different liquid-like magnetic response, which can be described by the newly emergent
local structure of slanted four-iron antiferromagnetic plaquettes. These new local correlations
break the C, symmetry of the underlying square lattice and can therefore be related to
“nematicity” observed by other techniques. The competition between the two types of dynamical
local magnetic structures is suggestive of liquid-liquid phase transition in the electronic spin
system of FeTe when it is doped, with Se or S, to become a superconductor. It is revealed by the
change in the relative population of the two phases with temperature, where the C, square
plaquettes present in Fei+y Te become dominant at high T. The newly emerging slanted
plaquettes perhaps reflect new electronic hybridization pattern, which is favored by the shift of
atomic energy levels that results from doping and which facilitates electron pairing. The structure
of a plaquette is probably reflective of particular electronic Wannier functions, which define the
orbital content of electronic bands in the tight binding view. The experimentally observed extent
of magnetic scattering in the wave vector space suggests strong covalent reduction of magnetic
form factor, supporting strong hybridization of the 3d magnetic electrons of iron.
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Future Plans

Temperature dependence of magnetic inelastic and quasielastic diffuse scattering in Feq.,Tes.
«(Se,S)x samples where the superconductivity is present reveals competition of two types of
short-range plaquette correlations. We plan to further investigate the temperature and
compositional dependence of these plaquette liquid phases and their relationship with transport
and structural properties.

The BOW transition, which likely results from orbital ordering and electron delocalization, is
observed in Fe; 1 Te. While orbital degrees of freedom are universally considered important in
iron-based superconductors, they are still poorly understood and deserve further studies. In
particular, we plan to search for specific excitations, perhaps of magneto-structural character,
which are associated with the orbital order. These are expected near the corresponding (1, 0, 0)
and (0, 1, 0) Bragg peaks, where we have previously observed unusually strong phonon intensity.
Polarized neutron studies will be performed to identify magnetic component of these excitations.
We also plan to investigate whether the decrease of the inelastic magnetic scattering intensity,
which occurs in the same temperature range as BOW transition, is indeed associated with BOW
formation, as it has been speculated. There have also been recent reports that an irreversible
change in magnetic susceptibility of Fei+yTe can be induced by applying high magnetic field. In
our view, this change can be explained as a magnetic breakdown of the orbital-ordered, metallic
state, resulting in electron localization. We plan to investigate this idea by performing quasi-
Laue diffraction experiment on SEQUOIA and using pulsed magnetic fieldsup to 30 T.
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Exploring exotic states in URu,Si; and U,PtC;

E. D. Bauer!, A. M. Mounce?, H. Sakai?, N. Wakeham?!, G. Koutrolakis!, H. Sakai?, Y.
Tokunaga?, S. Kambe?, R. R. Urbano®, M.-T. Suzuki?, P. L. Kuhns*, A. P. Reyes’, P. H.
Tobash', F. Ronning®, H. Yasuoka?, N. Ni!, and J. D. Thompson'

!Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

2Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-
1195, Japan

*Instituto de Fisica “Gleb Wataghin”, Universidade Estadual de Campinas, 13083-859
Campinas, SP, Brazil

*National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida
32310, USA

Program Scope

A component of our project on ‘Complex Electronic Materials’ is to discover and
understand new states of matter that emerge from strong electronic correlations, particularly in f-
electron systems. Unconventional forms of superconductivity are an example of new states that
are of particular interest, and to understand the origin of unconventional superconductivity, it is
necessary to explore both the nature of that superconductivity and the, often unusual, normal
state out of which it develops.

Recent Progress

Novel states of matter arise from coupled spin, charge and lattice degrees of freedom in
strongly correlated electron materials. In URu,Si,, a transition into a “hidden” order state occurs
at Tho=17.5 K, whose origin is not known despite 30 years of intense research. At much lower
temperatures, superconductivity develops out of this hidden order. In part, progress on this
problem has been impeded by spurious responses due to less than perfect samples. To minimize
these complications, we have grown high quality single crystals of URu,Si, prepared from our
electro-refined elemental uranium. These new crystals permit more definitive tests of theoretical
predictions.

A recent theory of “hastatic” order has been proposed to describe the order parameter of
this novel state, involving two sets of U 5f electrons hybridized with a conduction electron bath.!
Our recent neutron diffraction measurements? of URu,Si; reveal that there is no induced
magnetic moment within the ab-plane, as predicted by this hastatic order model. Nuclear
magnetic resonance measurements have been performed in high magnetic fields up to 40 T to
further investigate the hidden order state and adjacent magnetic phases.® We find evidence for a
magnetic structure above H.=35 T caused by an Ising-type anisotropy of the uranium magnetic
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moments, providing a testable prediction for future theoretical models of the hidden order state
in URUZSiZ.

Superconductivity at T.=1.5 K in U,PtC; was discovered in 1969 but has remained
largely unexplored.* We have performed nuclear magnetic resonance measurements® on aligned
powders of this U-based tetragonal superconductor down to 100 mK and in magnetic fields up to
12 T. These measurements indicate the presence of ferromagnetic correlations in the normal
state above T and a Knight shift that remains constant in both field orientations in the
superconducting state. Along with a powerlaw behavior of the spin-lattice relaxation rate
1/T1~T2 below T, the experiments are consistent with an unconventional, spin-triplet
superconducting order parameter. Thus, U,PtC, may be a rare example of a spin-triplet
superconductor in close proximity to ferromagnetism, as is likely the case in Sr,RuO,.

Future Plans

In URu,Si,, there are indications that additional symmetries are broken upon entering the
hidden order state. In collaboration with Prof. lan Fisher (Stanford Univ.), we will investigate
the possibility that the hidden order is an electronic nematic phase, in which the rotational
symmetry of the lattice is broken, but the translational invariance remains. Such nematic states
have been observed in other correlated electron materials including the high-T. cuprates, iron-
pnictide superconductors and SrsRu,O-. In addition, certain symmetries of the hidden order can
be probed directly by Raman scattering techniques, which we will pursue in collaboration with
Prof. Girsh Blumberg (Rutgers). Determining these symmetries will allow additional tests of
theoretical proposals for the nature of the hidden order broken symmetries.

As these novel states of matter have appeared in the layered U-based materials URu,Si,
and U,PtC,, we will search for new physics in other layered materials. One promising family we
will explore is the CeT,Aln+2Si, (T=transition metal) tetragonal compounds, which are made of
TAIl, and CeAl,Si, atomic building blocks.
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Building Neutron Scattering Infrastructure in Louisiana for Advanced Materials
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Program Scope: This recently awarded DOE EPSCoR / Louisiana Board of Regents program
aims to build a major neutron scattering infrastructure capable of treating both soft and hard
materials. The objectives of this initiative include: discovery of the role of coupling of degrees of
freedom that determine the emergent properties of complex materials, training of highly talented
students and postdocs in synthesis and neutron scattering techniques who will become the next
generation of neutron users; and building a base of users of the Spallation Neutron Source (SNS)
and the High Flux Isotope Reactor (HFIR) in the southern region of the USA,;

The main scientific focus of this program is to understand the role of coupling in emergent
complex materials and its impact on the structure/property relationship, and to explore how this
information can be applied in the guided-design of materials with the desired properties. Our
goal is to tune dominant couplings to enhance critical properties in order to derive new
functionality. In particular, many of the most interesting materials display coupling both in their
static and dynamical behavior, making neutron scattering the ideal tool to elucidate fundamental
relationships. Understanding these relationships is key for the “directed design” of the next
generation of materials for both fundamental research and technological applications.

Future Plans: Hard Materials. The exotic properties of many complex transition metal
compounds are intimately related to nonlinear couplings between charge, spin, oribital, and
lattice degrees of freedom. Emergent phenomena such as unconventional superconductivity,
multiferroicity, colossal magnetoresistivity, metal-to-insulator transitions, and quantum phase
transitions are the consequence of these couplings. The challenge to be addressed is to unravel
these complex nonlinear couplings and to identify if a particular coupling gives rise to the
observed behavior or if the interactions are more intimately coupled. Transition metal
compounds offer exotic physical properties that are extremely susceptible to subtle changes with
doping, magnetic field, and pressure. In particular, many of the most interesting materials
display coupling between lattice and spin, both in their static and dynamical behavior so that
neutron scattering measurements are often invaluable to elucidate the fundamental relationship
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of this coupling to the observed phenomena. Our research will focus on the static and dynamic
coupling in a carefully selected set of materials using elastic and inelastic neutron scattering as a
function of uniaxial pressure and magnetic field.

We plan to explore the transition metal ruthenate SrzRu,07,
both in its nominally pure form and with Mn substitutions,
Sr3(RuixMny),07, to search for evidence of coupling
between phonon line width and dispersion and the magnetic
excitation spectrum in single crystals (Fig. 1). We then will
be able to compare with calculations to test our ability to
simulate the dispersion and, possibly, the line width of
phonons®. SrsRu,07 is a member of the Ruddlesden-Poper | Fig- 1: Single Crystals grown in our

. . .. laboratories a) Sr,RuQ, single crystals
ruthenates  Srn+RUnOgna With n=2. It is an itinerant | grown using the floating-zone method
paramagnet but close to both an AFM and ferromagnetic | (Z. Mao) b) Srs(Ru;.Mn);0; crystal

(FM) _instabilityz, with an observation of qu_aptugn-critical girr%‘f"g)vT'ig:g:}'Eg;if(r}eezi‘gl:lgus‘?n(;é
behavior coupled with a metamagnetic transition®. In fact, | crystal (15g) grown using the self-flux

FM fluctuations have been identified that may couple to the | method (Z. Mao). d) FeSi single

phonons*”. Comparisons with calculations of electronic crystal grown by flux method (D.
structure and phonons as a function of the magnetic states, induced by doping, magnetic field or
uniaxial pressure, will allow us to identify potential mechanisms associated with these properties.

In the same vein, we will explore the single layer ruthenate, Sr,RuQ,4, with Co and Mn dopants to
investigate whether disturbing the Ru sites causes a change in the p-wave superconducting state
of the parent and/or stabilizes a magnetic ground state. We will use our STM to study the
distribution of the dopants and how they perturb the electronic states nearby followed by
systematic neutron scattering investigations in collaboration with ORNL. The goal is to reveal
the evolution of magnetic excitation spectra and phonons with Co and Mn doping as well as the
structural changes caused by doping, to establish a structure-property-magnetic field phase
diagram. These proposed studies are expected to address the novel physics of orbital dependent
magnetism and superconductivity observed in Sr,RuQ,.

A second line of investigation involves the exploration of transition metal monosilicides and
germanides that form in the cubic B20 crystal structure which is unusual in that it lacks a center
of inversion symmetry®. As a result of this non-centrosymmetric structure, the Dzyaloshinskii-
Moriya interaction is active and causes the itinerant magnetic phases that tend to form to be
helimagnetic (HM) with wavelengths that vary from 3 to 90 nm’. This class of compounds
includes MnSi, MnGe, Fe;xCo,Si and FeGe which have all received enormous recent attention
because of the discovery of a novel topologically interesting magnetic phase®. In chiral magnets,
solitons take the form of one-dimensional kinks or two-dimensional vortices called
Skyrmionswhich are stabilized in a crystalline. They are extremely robust and can be
manipulated by electric currents. This Skyrmion lattice phase consists of a hexagonal array of
vortex-like swirls of spins with a 2-dimensional lattice constant set by the wavevector of the
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zero-field HM phase. In this program, we will explore the effect of uniaxial pressure on the
interesting magnetic states of B20 transition metal compounds.

Soft Materials: In the domain of soft matter, i.e. materials that include macromolecules,
colloids, and surfactants, a recurring theme is the autonomous organization of molecular
structures into mesoscale assemblies that give rise to a wide spectrum of properties.
Understanding the interplay between molecular interactions, structure, and function is key for the
“directed design” of next generation materials. Development of new strategies towards organic
films with novel chemistry and controlled mesoscale structures is an important area of research.
The main scope of our research is to investigate the growth and structure of optically or
electrically active organic thin films that are prepared by novel chemistry, i.e. surface-confined
controlled polymerization and layer-by-layer (LbL) deposition. These growth methods are
expected to produce thin films with controlled and ordered structures that can deliver enhanced
optical, electrical or mechanical properties relative to spin-coated films. The research will
combine materials synthesis, neutron and X-ray scattering techniques, and multi-scale
computational modeling to gain an understanding of the emergence and evolution of mesoscale
structures and defects during the complex thin film growth processes.

The control of mesoscale organization and molecular structure of the polymers is particularly
important in increasing the efficiency of organic polymer bulk heterojunction (BHJ) solar cells.
Surface-confined polymerization of monomers (“grafting from™ approach)® enables the in situ
preparation of semiconducting
polymer thin films (and devices
based on them) directly from the
small-molecule monomers, and
affords  greater control over
mesoscale organization in the
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Fig. 2. Schematic outline of the preparation of surface-immobilized
catalytic initiator 1, and surface-confined in situ polymerization of
monomer 2 to form PT thin film (on the right). Alternating exposure of
surface-immobilized 1 to deuterated and non-deuterated monomer 2 to
yield PT thin film deuterium-labeled in lateral layers (on the left). Insert
shows the possibility to incorporate selectively deuterated layer at
various positions to probe structural features across the film.
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catalyst transfer polymerization
(KCTP) method recently
developed by the Nesterov group
(Fig. 2)°. We will probe the
internal structure of these films
via a combination of neutron
reflectometry (NR) experiments and more traditional approaches available at LSU (GISAXS,
atomic force microscopy (AFMi), etc.). In particular, surface-confined polymerization will be
carried out via alternating exposure to solutions of the deuterated and non-deuterated monomer
so that the resulting stratified structure can be probed in NR experiments. The unique ability of
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neutron reflectometry to provide the distribution of the deuterated material coupled with our
ability to controllably obtain stratified deuteration will be used to probe polymer organization
and alignment across the film.

Our team will also investigate the synthesis and structure of one-dimensional photonic crystals
(1D-PCs) based on CP-dielectric polymer multilayered structures to explore the correlation of
the magneto-optic effect with film structure via NR. We hypothesize that the 1D-PC will exhibit
higher Faraday rotation than the pristine CP films at the photonic band edge due to the optical
quantum confinement effect'’. The mesoscale layers will be prepared using two approaches
which deliver contrasting molecular orientation and alignment in the resulting thin films; surface
—confined polymerization and layer-by-layer deposition. The multilayer structures will be
studied in detail using NR to determine the layer thickness and film morphology, the quality of
the interlayer phase separation (layer “intermixing”), and to optimize the experimental conditions
to prepare the structures. Achieving enhanced contrast will require using selectively deuterated
monomers, thus we will investigate layered thin films with deuterated PT or polystyrene layer.

We will also prepare laterally structured CP thin films using a combination of surface-confined
polymerization and particle nanolithography. In addition to potential applications in thin-film
electronic and optoelectronic devices, these films will be used as a testing ground to develop new
capabilities for neutron scattering experiments, in particular, the possibility to probe working
devices under operating conditions. To prepare the structured films, we will use particle
lithography to create a hexagonally patterned array of catalytic initiator 1 on a solid substrate
followed by surface-confined polymerization to prepare a patterned PT film as an array of
hexagonally spaced mesoscale pillars covalently attached to the substrate. The understanding of
molecular organization, polymer alignment, bulk morphology, and other important
characteristics of the CP films will require the development and validation of neutron based
methods in conjunction with computational simulations. The lateral periodicity of the films can
be probed using GISAXS whereas in situ polymer growth and molecular organization within the
mesoscale columns can be probed by NR and site selective deuterium labeling.
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Impact of Local Structure on Functional Materials
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Program Scope

Nanoscale structure impacts the lattice dynamics of functional materials, more directly by
scattering phonons and electrons to affect energy transport, and less directly by providing nuclei
for phase transformations and as a factor in phase stability. Taking advantage of recent advances
in neutron and x-ray diffuse scattering, local atomic arrangements in functional materials are
measured, along with the changes in local order with composition, temperature, and other
variables. Advanced computational methods are applied to understand how nanoscale order and
lattice dynamics combine to control properties such as energy transport and mechanical
behavior.

A complete description of the supporting FWP is provided in the accompanying abstract
Impact of Dynamic Lattice Instabilities and Microstructure on Functional Materials.

Recent Progress

AgCrSe,-type nanodomains in AgSbTe;

The low thermal conductivity of single-crystal AgSbTe, with a simple
(long-range) rock-salt structure has challenged the idea that low thermal
conductivity is found in disordered materials with a complex crystal
structure and loosely-packed atoms. Inelastic neutron scattering
measurements imply that the low thermal conductivity derives from
phonon scattering by nanoscale defects.[1] Diffuse neutron and electron
scattering shows that the material contains defects with a size ~ 5 nm:
various proposals have been made describing their atomic structure,
including local ordering of Ag and Sb atoms on the NaCl lattice and
nanoscale phase separation into coherent precipitates of Ag,Te and
Sh,Tes. [1-2] Our quantitative analysis of diffuse elastic x-ray and
neutron scattering at APS 33-BM and SNS/ARCS rules out all previous
proposed local atomic arrangements. The structure most consistent with

.. T Figure 1. Local AgCrSe,-
observed scattering is the AgCrSe,-type structure shown in Fig. 1. In the type structure of nanoscale

long-range NaCl-type AgSbTe, structure, atoms are distributed on a defects in AgSbTe,
simple cubic lattice which has a close-packed (ABC) topology along the
<111> directions. In AgCrSe; structure, the stacking is (ABAABCBBCACC), with some atoms

179



aligned in the [111] direction. This radical departure from the NaCl-type structure is made
plausible by the chemical similarity between AgCrSe, and AgSbTe,. While the actual structure
is likely to preserve this precise structural stacking sequence only for short distances along the
NaCl [111] direction, a robust result is that the structure consists of a mixture of fcc-type (ABC),
hcp-type (AB), and Wurtzite-type (AAB) stacking.

Future Plans

Nanodomains in AgBiSe;

We will investigate the influence of nanoscale atomic structure on energy transport in promising
thermoelectric materials using neutron and x-ray scattering combined with theoretical modeling.
AgBiSe; is chemically similar to AgSbTe,, and similarly contains nanodomains.[1] By
determining the local structure of defects in AgBiSe; related materials we will test whether the
AgCrSe,-type nanodomains found in AgShTe, are a common feature chalcogenide rock-salt
lattices.

Deformation mechanism of Ni-Co-Mn-In strain glass

We will initiate studies of the role of nanostructure in a related class of materials. Like AgSbTe;
and related thermoelectrics, they have a simple long-range structure and a more complex
nanostructure. While the nanostructure in thermoelectrics affects thermal transport, the
nanostructure in strain glasses produces extraordinary mechanical properties. For ordered shape-
memory materials, deformation phenomena such as shape memory and superelasticity originate
from a martensitic structural transformation. Small changes in composition can change these to
strain glasses, with similar deformation but no change in long-range structure.[3] Using diffuse
elastic x-ray scattering, we will determine the changes in local structure which accommodate
deformation. Working synergistically with studies of lattice dynamics using inelastic neutron
scattering, we will determine how the development of long-range structural order is hindered,
and how the absence of long-range order affects deformation.
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fermion antiferromagnet CeRhlns by means of neutron scattering

M. Janoschek, P. Das', S. Lin', F. Ronning’, E. D. Bauer®, C. D. Batista®, C. Pfleiderer?, T.
Keller’, G. Ehlers®, J. D. Thompson®

! Los Alamos National Laboratory, Los Alamos, NM, USA
2 Technische Universitat Miinchen, Germany

¥ Max Planck Institut, Stuttgart, Germany

* Oak Ridge National Laboratory, USA

Program Scope

The heavy-fermion antiferromagnet CeRhlns exhibits a particularly rich temperature-
pressure-magnetic field phase diagram, in which several complex magnetic phases,
unconventional superconductivity, and possibly charge degrees of freedom compete with each
other. The ambient pressure, zero magnetic field ground state of CeRhlns is antiferromagnetic
with a propagation vector k = [0.5,0.5,0.297] below Ty = 3.8 K [1] and can be suppressed to zero
temperature by application of pressure. This results in an antiferromagnetic quantum critical
point at P, = 2.3 GPa around which a broad superconducting dome emerges with a maximal T, =
2.3 K [2]. This has led to the proposal that the unconventional superconductivity in the family of
“115” compounds is mediated by quantum critical magnetic fluctuations [3]. On the other hand,
isotropic scattering of charge carriers observed at P. suggests that the unconventional
superconductivity is mediated by multi-critical quantum fluctuations that occur in both spin and
charge channels [2]. A crucial question thus is whether spin and charge fluctuations may arise
from distinct quantum critical points at different pressures.

Here we report on recent high-resolution neutron spectroscopy at ambient pressure that probe the
strength of magnetic interactions in CeRhlns for the first time, and will allow us to determine
whether magnetic interactions alone are strong enough to mediate the superconductivity in this
compound. We have further used Larmor diffraction measurements carried out at ambient and
high pressure in order to shed some light on the question of the existence of a second quantum
critical point.

Recent Progress

We have recently carried out high-resolution neutron spectroscopy measurements on CeRhins
using the Cold Neutron Chopper Spectrometer (CNCS) at the Spallation Neutron Source
operated by the Oak Ridge National Laboratory [4]. Due to the highly absorbing sample (1/e
length ~ 0.5 mm for 3 meV neutrons) a flat plate sample was employed in combination with the
new focusing guide recently installed at CNCS. As illustrated in Fig. 1 the measurements
performed with incident energy Ei = 3.1 meV at 2 K allowed us to determine the full spin wave
spectrum at ambient pressure. From fits to the spin wave dispersion the dominating nearest
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Fig. 1 Measured (top panels) and calculated (bottom panels) spin-wave dispersion for measurements

CeRhIns [4] . The solid lines in the top panels are fits to the measured dispersion. The point 0N CeRhIng
in the bottom panels illustrate peak maxima extracted from momentum and energy cuts. down to 500

mK and up to pressures of 1.9 GPa in a piston-cylinder pressure cell to investigate the question
of an additional quantum critical point below P.. At certain types of quantum critical points a
divergence of the Griineisen parameter (the ratio of the thermal expansion to the specific heat
capacity) is predicted to occur [5]. At ambient pressure, highly accurate measurements of the
thermal expansion coefficient are done best using capacitance dilatometry. Unfortunately,
capacitance-based dilatometry is not possible under high pressure environments where quantum-
phase transitions often occur, such as in CeRhlns. Larmor diffraction is not limited by Louiville’s
theorem as convention diffraction methods are, but instead encodes changes in the lattice
parameters in the neutron polarization [6]. Our measurements on CeRhlns have achieved a
resolution of Aa/a = 10, where suggested updates to the method may allow to reach an
improved resolution of Aa/a = 10”. A distinct change of the thermal expansion between 1.5 and
1.9 GPa is observed suggesting that the Griineisen parameter indeed diverges in this pressure
regime. This pressure regime is in agreement with results of electrical transport and thermal
measurements as function of pressure that suggest the existence of a distinct field-induced
magnetic phase with a different propagation vector above 1.8 GPa. However, more detailed
conventional and Larmor diffraction measurements with more pressure steps are required to
conclude this study.
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Future Plans

The exact knowledge of the spin wave dispersion of CeRhins will allow us to address the
role of the magnetic interactions in the complex temperature-pressure-magnetic field phase
diagram of this material in great detail. The theory developed to explain our measured spin-wave
dispersions in CeRhIns explains the general features of the known temperature-magnetic field
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phase diagram [7], but we will investigate changes to spin wave spectrum as function of
magnetic field to verify the predictions of this model. Moreover, we plan to investigate changes
of the dynamical magnetic susceptibility between the normal and superconducting state in
CeRhlIns (under pressure) or CeRh;xlrkIns. In combination with the already determined magnetic
exchange constant Jo this will allow us to calculate the change of the magnetic exchange
interaction between the normal and superconducting state. This quantity is a critical input
parameter for theories that propose that magnetic fluctuations mediate the unconventional
superconductivity observed in heavy fermion materials. Finally, we will also extend our Larmor
diffraction measurements to higher pressure above P to conclude our study.
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i-R-Cd and RCds: A matched set of magnetic quasicrystals and approximants
A. 1. Goldman, T. Kong, A. Kreyssig, A. Jesche, M. Ramazanoglu, K. S. Dennis, S. L. Bud’ko,
and P. C. Canfield
Ames Laboratory, US DOE and lowa State University

ABSTRACT

Since the initial discovery of quasicrystals, the search for new quasicrystalline systems, especially thermodynamically
stable ones, as well as an understanding of their structural and physical properties has been of keen interest to the solid-
state physics and chemistry communities. The discovery [1] of a new family of local-moment bearing binary
quasicrystals, i-R-Cd (R = Gd through Tm +Y) is particularly exciting because they represent the compositionally simplest
system for the study of the magnetic interactions in aperiodic systems. Examples of stable binary icosahedral
guasicrystals are quite rare and, before the discovery of icosahedral quasicrystals in the R-Cd system, there were no
known examples that featured localized magnetic moments. Furthermore, the existence of a corresponding set of cubic
approximants, RCdg, to i-R-Cd allows for direct comparisons between the low-temperature magnetic states of crystalline
and quasicrystalline phases with fundamentally similar local structures, since RCdg may be described as a body-centered
cubic packing of the same clusters of atoms as found in the newly discovered icosahedral phase. Interestingly, the RCdg
approximants manifest long-range magnetic order at low temperatures [2,3], whereas the related icosahedral phase
exhibits only spin-glass-like freezing at low temperatures [1,4]. These differences may be related directly to the effects of
aperiodicity on magnetic interactions in the quasicrystal. In this poster, the magnetic properties of both the
quasicrystalline and crystalline approximants via bulk susceptibility measurements, x-ray resonant magnetic scattering
and magnetic neutron scattering will be presented.
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Program Scope

Complex electronic behaviors often appear at the boundary between magnetic and non-
magnetic states. CeColns is one such material which fortuitously lies precisely at that boundary
in its virgin state. Consequently, its incredible high purity allows us to study many interesting
consequences of such a non-Fermi liquid system. One consequence is the observation of a field
induced phase transition to a magnetic state (the so-called Q phase) which lives strictly within
the superconducting phase [1]. Studies of this phase allow for insight into the general
competition between magnetism and superconductivity. In addition to novel phases, which
appear as a consequence of the high purity and quantum fluctuations in CeColns, the high purity
also allows us to better resolve the influence of intentionally adding impurities to a clean
strongly correlated system [2].

Recent Progress

Our recent work on the Q-phase reveals that the magnetic order has an incredible
sensitivity to the applied field direction. Careful neutron-diffraction measurements of the Q-
phase find that the population of antiferromagnetic domains with orthogonal propagation
wavevector changes abruptly as the field is rotated by only 0.2° away from the [100]
direction.[3] This extreme sensitivity to field
direction appears to be a consequence of the
emergence of a Cooper-pair density wave (PDW)
of mixed L=2,S=0/L=1,S=1nature that is predicted
[4] when antiferromagnetic order and d-wave
superconductivity are coupled. In this model, the
magnetic field couples to the S=1 component of

Real space the PDW and controls the line node of the p-
_ ) ) wavefunction, in turn determining the direction of
Fig. 2 Real space cartoon of Cooper pair density . . .
wave gap inferred to exist in the Q-phase of the antlft_err_omagne_tlc _magnetlc wavevector. A
CeColns. schematic illustration in real space of the proposed
PDW is shown in Fig. 2.

PDW gap

[mc
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By doping the ultrapure CeColns with as little as 1% Cd, one induces an antiferromagnet
state [5]. This can be driven back to a quantum critical point with the application of pressure, and
a robust superconducting state is found in the vicinity of the nominal quantum phase transition.
We have shown that the critical magnetic fluctuations which one would anticipate in the
presence of a quantum critical point have been quenched by the disorder in this system [6]. This
indicates that the fluctuations responsible for the non-Fermi liquid behavior are part of a
continuum of fluctuations that also induce the superconducting pairing.

Future Plans

Previous measurements of the phase diagram of CeColns under pressure demonstrated a
growth of the Q-phase with pressure, which is contrary to the typical observation of the
suppression of magnetism with pressure in Ce-based compounds. We will conduct NMR
measurements under pressure to investigate whether SDW state persists under pressure, a critical
test for the PDW scenario. In addition, NMR is an excellent local probe which we will allow us
to study the inhomogeneity of the spin fluctuations about impurity sites in CeColns. Finally,
pressure has been used incredibly effectively to suppress magnetic order in CeRhlns and reveal a
quantum critical point similar to that observed in CeColns. We will exploit the use of high
magnetic fields in conjunction with the BES 100 T science project, to explore the connection
between field tuned and pressure tuned quantum criticality. Preliminary work reveals a Fermi
surface transformation in applied magnetic field, as well as a sliding density wave of unknown
character [7].
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A phenomenological theory for the Z, spin liquid phase of S=1/2 Heisenberg kagome
Heisenberg antiferromagnet™

Yuan Wan and Oleg Tchernyshyov

Institute for Quantum Matter & Dept. of Physics & Astronomy, Johns Hopkins University

Quantum spin liquids are novel quantum phases of matter supporting fractionalized
quasi-particles. Highly frustrated magnets provide a natural ground for the search for quantum
spin liquids. The spin-1/2 kagome Heisenberg antiferromagnet (KHAF) stands out as one of the
most promising candidate systems. However, the precise nature of its ground state is still under
active debate. Recent numerical calculations based on density-matrix renormalization group
(DMRG) show evidence for a possible Z spin liquid phase, the effective description of which is
a Z, gauge theory. Yet, the DMRG calculations alone cannot tell the explicit form of the
effective theory. In this work, we construct a minimal Z, gauge Hamiltonian encapsulating the
DMRG phenomenology in the S=0 sector. We generalize Misguich’s Hamiltonian by including
dimer density interactions. We show that our minimal model naturally produces the diamond
resonance pattern observed in DMRG. Moreover, we show that the puzzling boundary effects
arises naturally in our model. We also calculate the valence-bond pattern induced by a pinned
singlet, which agrees well with the DMRG calculation.

*Phys. Rev. B 87, 104408 (2013). This work was supported by the US Department of Energy,
Office of Basic Energy Sciences, Division of Materials Sciences and Engineering, under grant
DE-FG02-08ER46544.
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