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On the Cover 

Top Left:  Atomic structure of organic-inorganic perovskite was determined by neutron and x-ray 

diffraction. A tetragonal structure (top left) transitions to a cubic structure (top right) upon 

heating. Black and purple spheres represent lead and iodine atoms, respectively. Also 

shown in the top figures are the positively charged organic molecules (cations) with 

different rotational degrees of freedom (preferential or random) derived from first 

principles calculations. The cations in the cubic structure have more rotational freedom 

than in the tetragonal structure. Photoluminescence measurements (bottom left) and 

lifetimes (bottom right) as a function of temperature and structure are shown. The higher 

lifetime () of the photo-excited charge carriers in the cubic phase correlates well with the 

higher rotational freedom (random orientation) available for the cations. Image courtesy of 

Seunghun Lee, University of Virginia. 

  

Top Right: An elusive state of matter called a “quantum spin liquid” may actually be enhanced rather 

than suppressed by disorder. In Pr2Zr2O7, rare earth ions with magnetic moments (green 

arrows in right image) occupy a lattice of corner-sharing tetrahedra. While the crystalline 

lattice frustrates conventional magnetism, weak disorder apparently promotes the rare spin 

liquid state. This is indicated by neutron scattering data (left) acquired near the absolute 

zero temperature. The signature of a “quantum spin liquid” is the persistence of intensity 

for >0 at low temperature. The variation in intensity with increasing magnetic field 

(bottom to top) indicates weak disorder can prevent spin freezing and preserve a spin 

liquid. Image courtesy of Collin Broholm, Johns Hopkins University. 

 

Bottom Left: Scientists discovered hidden superconducting flow of electrons in a layered copper-oxide 

material. Copper-oxide compounds can exhibit superconductivity at higher temperatures 

than traditional superconductors. One particular copper-oxide material is known to have 

striped phases (regions with different electronic properties, colored with light orange 

above). It was hypothesized that a 90-degree rotation of the stripes between the adjacent 

atomic layers causes a suppression of the bulk superconductivity to low temperature. What 

has not been categorically demonstrated until now is whether electrons can be manipulated 

to tunnel coherently between the adjacent layers at higher temperatures. The present study, 

for the first time, demonstrates that such tunneling can indeed be induced. In the 

schematic, the black arrows correspond to a superconducting state confined within the 

striped regions. Electrons from neighboring stripes can tunnel along the directions shown 

in the red arrows, but the currents tend to cancel out. By driving the electrons with high-

intensity light, a high-frequency reflected signal has been detected, characteristic of 3-D 

superconductivity that is otherwise hidden. Image courtesy of Srivats Rajasekaran, Max 

Planck Institute, Hamburg. 

 

Bottom Right: Scientists validated decades-old prediction of a crossover from random (left) to coherent 

(right) electronic excitations upon cooling a single crystal of a cerium palladium 

compound. This remarkable achievement was only possible with advances in both neutron 

scattering tools and theory. Image on the left shows the theoretical intensity at higher 

temperature where the electron excitations are random (dark blue). The image on the right 

with highs and lows in intensity (yellow to blue) corresponds to low temperature. The 

theoretical (left half) and inelastic neutron scattering data (right half) are overlaid for 

quantitative comparison. The strong variation in intensity at low temperature is due to the 

emergence of a coherent wave-like behavior of electronic excitations. Image courtesy of 

Argonne National Laboratory. 
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Foreword 

  This volume comprises the scientific content of the 2019 Neutron Scattering Principal 

Investigators’ (PI) 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 1–3, 2019, Gaithersburg Marriott Washingtonian Center, Gaithersburg, 

Maryland, is the sixth 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 environments 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 principal investigators' meetings is to bring together all of 

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 PIs, 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. We wish to thank Teresa Crockett in MSED and Linda Severs at the 

Oak Ridge Institute for Science and Education (ORISE) for their outstanding work in all aspects 

of the meeting organization. 

 

Thiyaga P. Thiyagarajan 

MSED, BES, Office of Science 

U.S. Department of Energy 
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Elucidation and Modulation of Ligand-Driven Segregation in Multicomponent Hybrid 

Particles for Dynamic Assembly of Nanostructures 

 

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

Mellon University, 5000 Forbes Ave., Pittsburgh, 15213 PA 

Krzysztof Matyjaszewski, Chemistry Department, Carnegie Mellon University, 4400 Fifth 

Ave., Pittsburgh, PA 15213 

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

Houston, 4726 Calhoun Road, Houston, TX 77204-4004  

 

Program Scope 

The unique physical properties of nanocrystalline materials with controlled size and shape have 

rendered inorganic nanocrystals and their assembly structures an important platform to realize 

technological breakthroughs in areas ranging from sustainable energy technologies to magnetic 

storage or medical diagnostics. However, while synthetic methodologies have significantly 

advanced, the processing of nanoparticles into functional material structures remains a challenge. 

Consider, for instance, the fabrication of multicomponent nanoparticle (thin) films in which 

different particle species are to be organized into uniform and micron sized domain structures that 

are deliberately shaped to optimize performance. The fabrication of this type of ‘microstructured 

multicomponent nanomaterial system’ presents a pervasive challenge in technology areas ranging 

from functional coatings to photovoltaics or solid-state lighting. This project builds upon recent 

advances in polymer and particle science that promise transformative progress in the high-

throughput fabrication of micro-structured multicomponent particulate films. First, advances in 

surface-initiated controlled radical polymerization have extended the range of possible ligand 

compositions to encompass polymer chains. This enables tailoring of the interactions between 

particle constituents by the deliberate design of the structure and composition of polymeric ligands 

[1]. Second, research revealed that tuning these interactions enables the autonomous organization 

of multicomponent particle mixtures (in which distinct particles are tethered with different 

polymer types) into monotype domain structures in a process similar to phase separating polymer 

blends [2]. Third, topographic confinement in athermal homopolymer/particle brush blend systems 

has been shown to enable the entropy-driven organization of particles into deliberately shaped 

array structures [3].  

 Building on these prior advancements, it is the fundamental objective of this project to test 

the hypothesis that ligand-interactions and topographic constraints can be harnessed to induce 

segregation processes in mixed nanoparticle systems that enable the reversible organization of 

particles into deliberately shaped uniform domain microstructures. In particular, the proposed 

research will (1) elucidate the conditions for ligand-interactions to facilitate enthalpy-driven phase 

separation of mixed particle brush systems in which the particle constituents are tethered with 

polymers of distinct chemical composition; (2) establish the thermodynamics and kinetics of 

enthalpy-driven phase separation processes in binary particle brush mixtures using concurrent 

3



electron imaging and neutron scattering analysis; (3) test the hypothesis that the connectivity 

between particle and polymer constituents gives rise to an anomalous growth behavior that 

eventually transforms into regular diffusion-controlled growth; (4) evaluate the role of pattern-

induced confinement and interactions on the entropy-driven particle segregation in binary blends 

of brush particles that exhibit tethers of distinct characteristic size; and (5) demonstrate the 

reversible organization of particles into deliberately shaped monotype domain structures by using 

confinement-induced segregation in binary asymmetric particle brush LCST blend systems near 

the critical temperature. Small and ultra-small angle neutron scattering (SANS/USANS) 

experiments are proposed to elucidate the mechanism and kinetics of the phase separation process 

of particle brush blend systems as a systematic function of brush architecture and quench depth. 

To enable neutron scattering analysis, brush particle blend systems are designed such that polymer 

tethers are matched to the distinct respective particle cores. This approach should enable the 

analysis of early-state phase separation through neutron scattering techniques that would otherwise 

be impractical due to the scattering of particle cores.  

 

Recent Progress  

At Carnegie Mellon University, the emphasis during the first year of project performance was on 

the development of synthetic routes towards contrast-matched poly(methyl methacrylate) 

(PMMA) and poly(styrene-r-acrylonitrile) (PSAN) tethered silica particles and the development 

of synthetic routes towards organosilica particles with distinct SLD. Experiments at the University 

of Houston were focused on the elucidation of the influence of spatial confinement on the 

properties of brush particles and the development of a process methodology (Direct Immersion 

Annealing, DIA) that enables the order-of-magnitude speed-up of phase separation processes in 

particle brush blends. 

   To avoid ‘parasitic’ scattering from particle cores, partially deuterated polymers are to be 

used such as to minimize SLD contrast between a particle core and its tethers. Different brush 

particles will be designed with distinct respective SLD so that scattering will arise in mixtures of 

distinct brush particle systems. Because phase separation requires the heating of brush particle 

blends to temperatures above the LCST (approx. 150 deg C for PMMA/PSAN tethered systems) 

brush materials are required to remain stable upto annealing temperatures. The constraint of 

thermal stability limits the choice of core 

compositions to silica chemistries. Thus an 

important objective during the first year has been to 

develop synthetic routes towards silica particles 

with different SLD. A more versatile approach was 

found to be the synthesis of organosilica particles 

which are formed by condensation of organic-

modified tri-alkoxysilane. By variation of the 

Deuterium content of the organo mojety, the SLD 

of particles can be varied by substantial amounts. 

Furthermore, suitable choice of the organic 

functionality allows the preparation of smaller 

particle sizes (within the range of 2-5 nm) that 

exhibit superior diffusion kinetics and are thus 

 

Figure 1. Illustration of synthesis and 

characterization of ATRP initiator-capped 

organosilica nanoparticles (d ~ 2 nm). 

4



more conducive to in-situ annealing/scattering experiments. The approach is illustrated in Figure 

1.  

One important challenge in designing brush particle systems with tethers that are SLD 

matched to the core is that the SLD of the particle core is unknown. This is because the density of 

silica (and other nanoparticle compositions) is sensitive to the synthetic process and varies 

significantly from the corresponding bulk value of 

materials. For example, in the case of silica 

nanoparticles, densities in the range of 1.7 to 2.4 g/cm3 

have been reported depending on the process that was 

used. To overcome this challenge, we propose to infer 

the particle density from the respective SLD that is 

determined via neutron transmission experiments. In a 

first step, SANS experiments on particle brush films 

(in which the SLD of tethers is systematically varied 

via controlled deuteration) are performed to determine 

ligand compositions that give rise to least scattering. 

Since the density of polymer ligands in the solid state 

can be assumed to correspond to the bulk density, this 

‘minimum scattering condition’ allows determination 

of the SLD of the particle core. From the SLD of the 

particle core, the mass density can be calculated since 

the elemental composition is known. The process will 

be illustrated below. For commercial silica particles 

used in our study, a mass density of 1.78 g/cm3 was 

determined using this methodology, in excellent agreement with literature values. Representative 

SANS spectra and the determination of minimum contrast condition for the various film samples 

are shown in Figure 2.  

Concurrent to the synthesis of brush particle systems, the relaxation behavior of 

topographically patterned particle brush/polymer blends was evaluated to assess the stability of 

topographically patterned films during film annealing conditions. Understanding the relaxation 

behavior of brush particle films is a prerequisite for the proposed application of topographic 

confinement to induce 

segregation in brush 

particle blends. The 

broader technological 

motivation for these 

experiments is that 

polymer films provide a 

versatile platform in 

which complex 

functional relief patterns 

can be thermally 

imprinted with a 

resolution down to few 

nanometers. However, a 

 

Figure 2. SANS curves (a) and SLD contrast 

(2) determined from scattering invariant. 

 

Figure 3. Illustration of Relaxation dynamics in homopolymer vs particle brush 

filled homopolymer systems. 

5



practical limitation of this method is the tendency for the imprinted patterns to relax (“slump”), 

leading to loss of pattern fidelity over time. While increasing the temperature above glass transition 

temperature (Tg) accelerates the slumping kinetics of neat films, we found that the addition of 

polymer-grafted nanoparticles (PGNP) can greatly enhance the thermal stability of these patterns. 

Specifically, increasing the concentration of poly(methyl methacrylate) (PMMA) grafted titanium 

dioxide TiO2) nanoparticles in the composite films did slow down film relaxation dynamics, 

leading to enhanced pattern stability for the tested temperature range. Figure 3 illustrates the effect 

of brush particle addition to the relaxation behavior of patterned polymer thin films. Interestingly, 

slumping relaxation time is found to obey an entropy−enthalpy compensation (EEC) relationship 

with varying PGNP concentration, similar to recently observed relaxation of strain-induced 

wrinkling in glassy polymer films having variable film thickness. The compensation temperature, 

Tcomp was found to be in the vicinity of the bulk Tg of PMMA. Our results suggest a common origin 

of EEC relaxation in patterned polymer thin films and nanocomposites. 

Future Plans  

Next steps will entail (a) the characterization of SLD and density of organosilica particles, (b) 

synthesis of PMMA- and PSAN tethered organosilica with appropriate degree of deuteration, (c) 

characterization of phase separation mechanism in blends of organosilica brush particle blends 

using SANS,  (d) SANS/USANS/NR characterization of phase separation under DIA conditions 

both at NIST and Oak Ridge National Laboratory. 
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Program Scope 

The Institute for Quantum Matter is a team of scientists spanning the materials by design triad of 

synthesis, characterization, and theory, to create, probe, and understand new forms of quantum 

matter with the potential for transformative impacts in energy and information technologies. 

Rather than having phase transitions and static magnetic order parameters, IQM explores materials 

where quantum fluctuations prevail and electronic topology impacts physical properties.  

Recent Progress  

Referring the reader to the IQM publication list for additional results and details (below and at 

https://iqm.jhu.edu/publications/papers/ ), here we present a synopsis of scientific progress at the 

Institute for Quantum Matter achieved since the last MSED meeting in December 2016.  

The quest for a quantum spin liquid: New materials with the potential to exhibit spin liquid physics 

were discovered. These include a family of trimer-based materials [9,33] exemplified by 

Ba4NbRu3O12 based on triangular planes of elongated Ru3O12 trimers oriented perpendicular to the 

plane. Despite a Curie-Weiss temperature of -155 K, there is no conventional magnetic ordering, 

only two broad maxima in the specific heat (9 K and 45 K). An anomaly in the DC susceptibility 

at 4 K indicates spin freezing.  

In three dimensions, NiRh2O4 realizes the spin-1 model on a diamond lattice [34]. Despite 

dominant antiferromagnetic interactions with QCW =−11.3(7)K, no phase transition to long-range 

magnetic order is observed by specific heat measurements down to T = 0.1 K. The material thus 

is a candidate to realize a theoretically predicted quantum spin liquid and topological paramagnet 

phases.  
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Figure 1. (a) Magnetic neutron scattering cross section measured for the Heisenberg pyrochlore antiferromagnet 

NaCaNi2F7 showing a broad continuum with a finite energy maximum (dashed line) in the intensity at an energy that 

corresponds to the nearest neighbor antiferromagnetic exchange constant [13]. (b) Classical spin wave calculation of 

magnetic excitations from a short range ordered state generated by Monte Carlo simulations. The spin Hamiltonian 

was that determined by measurements of the equal time spin correlation function for NaCaNi2F7. In contrast to the 

spin-1 experimental case the intensity for the classical calculation is maximum at the lowest energy [8].  

A broad continuum of scattering was documented in NaCaNi2F7, which was shown to realize the 

nearest neighbor Heisenberg antiferromagnet on the pyrochlore lattice [13]. A possible explanation 

for the continuum was presented in the form of spin wave excitations from the highly degenerate 

manifold of low energy spin configurations [8]. A pseudo-gap in the experimental excitation 

spectrum with a characteristic energy similar to the nearest neighbor exchange constant is 

however, not reproduced in spin wave theory nor is it present for the isotropic spin-5/2 system 

NaCaMn2F7 [65]. This admits the intriguing possibility that the pseudo-gap arises from quantum 

fluctuations.  

The quantum magnetism of highly anisotropic rare-earth based pyrochlore systems with 

ferromagnetic interactions was examined in Yb2Ti2O7 and Pr2Zr2O7. A novel travelling solvent 

floating zone method was used to create the first single crystals of Yb2Ti2O7 with a sharp peak in 

the specific heat at the phase transition to ferromagnetic ordering [59]. A detailed specific heat and 

neutron scattering study revealed a reentrant phase diagram for fields applied along the three-fold 

axis, that is not accounted for by classical Monte Carlo simulations [47]. For Pr2Zr2O7, which is a 

non-Kramers quantum spin ice candidate, we found evidence that a random transverse field with 

complex structural origin [30] may help to induce a spin-liquid-like state [64].   
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Raman scattering and heat capacity measurements were used to obtain evidence for emergent 

charge degrees of freedom and a quantum electrical dipole liquid in a molecule-based Mott 

insulator κ-(BEDT-TTF)2Hg(SCN)2Br[28].  

Exact theoretical models of spin liquids provide crucial existence proofs and insights that motivate 

the ongoing search for experimental model systems. At IQM an exactly solvable 2D model of a 

quantum spin liquid with Abelian anyons was presented and analyzed. It consists of spins 1/2 on 

a triangular lattice with a six-body interaction. The model has four bosons and three fermions and 

a topological degeneracy of 64 on a torus. Elementary excitations are boson-fermion pairs that 

come in 12 distinct flavors [61].  

Topology and Interactions: SmB6 continues to attract attention as a compound where topology and 

strong electronic correlations produce unique electronic properties. IQM provided evidence for a 

Kondo-like screening of defect-induced local moments both through thermomagnetic [35] and 

circular magnetic dichroism measurements [12]. The THz optical conductivity of SmB6 was shown 

to possess distinct regimes of either dominant free carrier or localized response contributions [27]. 

Raman spectroscopy was used to demonstrate that the hybridization gap in SmB6 is very sensitive 

to Sm vacancies. For Sm deficiency above 1% the gap fills in with impurity states and low 

temperature heat capacity is greatly enhanced. 

In a Weyl semimetal, the non-trivial Berry phase near a node yields a magnetic monopole in k 

space so the phase of a Cooper-pair wavefunction Δ(k) is no longer globally defined. This implies 

that a superconducting gap, if present, must be classified in terms of monopole harmonic functions 

rather than spherical harmonics. This never-before-realized, and topological, superconducting 

state is denoted a “monopole” superconductor [40]. A concrete approach to design, synthesize, 

and characterize materials that harbor this new state of matter has been developed. A number of 

material candidates have been identified, and specific experiments using microwaves, Raman, and 

neutron scattering to detect this unique state of matter are proposed. The pursuit of topological 

superconductivity in general and monopole superconductivity in particular is now one of the four 

thrusts of the IQM-EFRC (see below).  

A simple model of a domain wall in a thin-film ferromagnet was derived. A domain wall is 

represented as a nonreciprocal string, on which transverse waves propagate with different speeds 

in opposite directions. The model has three parameters: mass density, tension, and a gyroscopic 

constant quantifying the nonreciprocity. The unusual dynamics of a nonreciprocal string in finite 

geometry was discussed. It agrees well with numerically simulated motion of a ferromagnetic 

domain wall in a strip of constant width. 

A comprehensive review of Weyl and Dirac semimetals in three-dimensional solids was 

coauthored by IQM PI Peter Armitage, with E. J. Mele, and A. Vishwanath [42]. The paper 

provides the scientific background for the axion insulator and the topological magnetism thrusts 

of the IQM-EFRC (see below).  
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Future Plans 

IQM began the transition to become an Energy Frontier Research Center (EFRC) in the fall of 

2018. We have defined four specific quantum states of matter that we seek to realize and explore 

with an eye towards applications in energy and information technologies:  

The Quantum Spin Liquid: By combining chemistry with physical insight, IQM seeks to form an 

extreme quantum mechanical version of a magnet: The quantum spin liquid supports exotic 

emergent quasi-particles that could form the basis for quantum computing.  

The Axion Insulator: IQM seeks to form an “axion insulator” that responds magnetically to an 

electric field and electrically to a magnetic field within a quantum material. The strength of this 

effect is expected to be large and quantized. The axion insulator could become a unique new 

component in the engineering toolbox.  

Topological Magnetism: Magnetism can qualitatively change the geometrical (topological) 

character of the electronic wave function of electrons that conduct electricity in solids. Such 

topological magnets exhibit exotic electronic transport properties and unique sensitivity to 

magnetic fields. The anomalous Hall effect and related quantum transport properties in 

development at IQM may be utilized for energy harvesting and ultra-high-density information 

storage.  

Topological Superconductivity: When electrons with a topologically non-trivial wave function are 

the basis for superconductivity, the corresponding BCS wave function is profoundly impacted. 

IQM seeks to realize topological superconductivity because it constitutes a fundamentally new 

state of matter with unique and potentially useful physical properties.  

Publications 

1  “Spin phases of the helimagnetic insulator Cu2OSeO3 probed by magnon heat 

conduction,” N. Prasai, A. Akopyan, B. A. Trump, G. G. Marcus, S. X. Huang, T. M. 

McQueen and J. L. Cohn, Phys. Rev. B. 99, 020403(R) (2019). 

2  “Anisotropic spin fluctuations in detwinned FeSe,” T. Chen, Y. Chen, A. Kreisel, X. 

Lu, A. Schneidewind, Y. Qiu, J. T. Park, T. G. Perring, J. R. Stewart, H. Cao, R.Zhang, Yu 

Li, Y. Rong, Y. Wei, B. M. Andersen, P. J. Hirschfeld, C. Broholm and P. Dai, Nature 

Materials, 10.1038 (2019). 

3  “Magnetic interactions and spin dynamics in the bond-disordered pyrochlore 

fluoride NaCaCo2F7,“  J. Zeisner, S. A. Bräuninger, L. Opherden, R. Sarkar, D. I. 

Gorbunov, J. W. Krizan, T. Herrmannsdörfer, R. J. Cava, J. Wosnitza, B. Büchner, H.-H. 

Klauss, and V. Kataev, Phys. Rev. B 99, 155104, (2019). 

10

https://journals.aps.org/prb/pdf/10.1103/PhysRevB.99.020403
https://www.nature.com/articles/s41563-019-0369-5.pdf
https://www.nature.com/articles/s41563-019-0369-5.pdf
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.155104


4 “Resonating quantum three-coloring wave functions for the kagome quantum 

antiferromagnet,” H.J. Changlani, S. Pujari, Chia-Min Chung, and B.K. Clark, Phys. 

Rev. B 99, 104433, (2019). 

5 “Crystal growth, crystal structure and anisotropic magnetic properties of 

KBaR(BO3)2 (R = Y, Gd, Tb, Dy, Ho, Tm, Yb and Lu) triangular lattice materials,” S. 

Guo, T. Kong, F. Alex Cevallos, K. Stolze, and R.J.Cava, Journal of Magnetism and 

Magnetic Materials, 476, Pages 104-110, (2019). 

6 “Locating the Missing Superconducting Electrons in the Overdoped 

Cuprates La2−xSrxCuO4,“ F. Mahmood, X. He, I. Božović, and N. P. Armitage, Phys. 

Rev. Lett. 122, 027003, (2019). 

7 “A spin glass state in Ba3TiRu2O9 “ L. T. Nguyen and R.J. Cava, Journal of Magnetism 

and Magnetic Materials, 476, Pages 334-336, (2019). 

8 “Dynamical Structure Factor of the Three-Dimensional Quantum Spin Liquid 

Candidate NaCaNi2F7,“ S. Zhang, H. J. Changlani, K. W. Plumb, O. Tchernyshyov, and 

R. Moessner, Phys. Rev. Lett. 122, 167203, (2019). 

9 “Trimers of MnO6 octahedra and ferrimagnetism of Ba4NbMn3O12,“ L. T. Nguyen, T. 

Kong, and R. J. Cava, Materials Research Express, 6 (5), (2019). 

10 “Magnetic Excitations of the Classical Spin Liquid MgCr2O4,” X. Bai, J. A. M. 

Paddison, E. Kapit, S. M. Koohpayeh, J.-J. Wen, S. E. Dutton, A. T. Savici, A. I. 

Kolesnikov, G. E. Granroth, C. L. Broholm, J. T. Chalker, and M. Mourigal, Phys. Rev. 

Lett. 122, 097201, (2019). 

11 “From two-dimensional spin vortex crystal to three-dimensional Neel order in the 

Mott insulator Sr2F2(Fe1-xMnx)(2)OS2,” Bayliff, K. W., Wu, S., Loganathan, V., Zhao, 

L. L., Wang, J. K., Nevidomskyy, A. H., Broholm, C., Huang, C-L, Morosan, E., Phys. 

Rev. B. 99 (2), 024412 (2019). 

12 “Magnetic dichroism in the Kondo insulator SmB6,” Fuhrman, W. T., Leiner, J. C., 

Freeland, J. W., van Veenendaal, M., Koohpayeh, S. M.Phelan, W. A., McQueen, T. M., 

Broholm, C., Phys. Rev. B. 99 (2), 020401 (2019). 

13 “Continuum of quantum fluctuations in a three-dimensional S=1 Heisenberg 

magnet,” W. Plumb, H. J. Changlani, A. Scheie, S. Zhang, J.W. Krizan, J. A. Rodriguez-

Rivera, Y. Qiu, B. Winn, R. J. Cava, C. L. Broholm, Nature Physics 15 (1):54, 10.1038 

(2019). 

11

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.104433
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.104433
https://www.sciencedirect.com/science/article/pii/S0304885318323072?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304885318323072?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.027003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.027003
https://www.sciencedirect.com/science/article/pii/S0304885318333808?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304885318333808?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.167203
https://iopscience.iop.org/article/10.1088/2053-1591/ab0695/meta
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.097201
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.097201
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.024412
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.024412
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.99.020401
https://www.nature.com/articles/s41567-018-0317-3?WT.feed_name=subjects_nanoscale-materials
https://www.nature.com/articles/s41567-018-0317-3?WT.feed_name=subjects_nanoscale-materials


14 “Comparison of the magnetic properties of Mn3Fe2Si3O12 as a crystalline garnet and 

as a glass,” Cevallos, F. A., Cava, R. J., Journal of Magnetism and Magnetic Materials 

469, 510-514 (2019). 

15 “Field-dependent heat transport in the Kondo insulator SmB6: phonons scattered by 

magnetic impurities”, M-E. Boulanger, F. Laliberté, M. Dion, S. Badoux, N. Doiron-

Leyraud, W. A. Phelan, S. M. Koohpayeh, W. T. Fuhrman, J. R. Chamorro, T. M. 

McQueen, X. F. Wang, Y. Nakajima, T. Metz, J. Paglione, and L. Taillefer, Phys. Rev. 

B 97, 245141 (2018). 

16 “Magnetic properties of lithium-containing rare earth garnets Li3RE3Te2O12 (RE = 

Y, Pr, Nd, Sm-Lu),” Cevallos, F. A., Guo, S., Cava, R. J., Materials Research Express, 5 

(12), 126106 (2018). 

17 “Scaling and data collapse from local moments in frustrated disordered quantum 

spin systems,” Kimchi, I., Sheckelton, J.P., McQueen, T. M., and,Lee, Patrick A., Nature 

Communications 9, 4367 (2018). 

18 “SR study of spin freezing and persistent spin dynamics in NaCaNi2F7,” Cai, Y., 

Wilson, M. N., Hallas, A. M., Liu, L, Frandsen, B. A., Dunsiger, S. R., Krizan, J. W., Cava, 

R. J., Rubel, O., Uemura, Y. J., and Luke, G. M., Journal of Physics-Condensed Matter 30 

(38), 385802 (2018). 

19  “Energy-momentum tensor of a ferromagnet,” S. Dasgupta and O. 

Tchernyshyov, Phys. Rev. B. 98, 224401 (2018). 

20  “Exact results on itinerant ferromagnetism and the 15-puzzle problem,” E. Bobrow, 

K. Stubis, Y. Li, Phys. Rev. B. 98, 10.1103 (2018). 

21 “Crystal field levels and magnetic anisotropy in the kagome compounds 

Nd3Sb3Mg2O14, Nd3Sb3Zn2O14, and Pr3Sb3Mg2O14,” Scheie, A., Sanders, M., Krizan, 

J., Christianson, A. D., Garlea, V. O., Cava, R. J., Broholm, C., Phys. Rev. B. 98, 134401 

(2018). 

22 “Ferromagnetic domain wall as a nonreciprocal string,” O. Tchernyshyov and S. 

Zhang, Phys. Rev. B. 98, 104411 (2018). 

23 “The pyrochlore Ho2Ti2O7: Synthesis, crystal growth, and stoichiometry,” A. 

Ghasemi, A. Scheie, J. Kindervater, and S. M. Koohpayeh, Journal of Crystal Growth 500, 

38-43 (2018). 

24 “Hierarchy of Exchange Interactions in the Triangular-Lattice Spin-Liquid 

YbMgGaO4,” X. Zhang, F. Mahmood, M. Daum, Z. Dun, J. A. M. Paddison, N. J. Laurita, 

T. Hong, H. Zhou, N. P. Armitage, and M. Mourigal, Phys. Rev. X 8, 031001(2018). 

12

https://www.sciencedirect.com/science/article/pii/S0304885318304566
https://www.sciencedirect.com/science/article/pii/S0304885318304566
https://www.groundai.com/project/field-dependent-heat-transport-in-the-kondo-insulator-smb6-phonons-scattered-by-magnetic-impurities/
https://www.groundai.com/project/field-dependent-heat-transport-in-the-kondo-insulator-smb6-phonons-scattered-by-magnetic-impurities/
https://iopscience.iop.org/article/10.1088/2053-1591/aae22c/meta
https://iopscience.iop.org/article/10.1088/2053-1591/aae22c/meta
https://www.nature.com/articles/s41467-018-06800-2
https://www.nature.com/articles/s41467-018-06800-2
https://iopscience.iop.org/article/10.1088/1361-648X/aad91c/meta
https://iopscience.iop.org/article/10.1088/1361-648X/aad91c/meta
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.98.224401
https://arxiv.org/abs/1804.02347
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.98.134401
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.98.134401
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.98.104411
https://www.sciencedirect.com/science/article/pii/S0022024818303634
https://www.sciencedirect.com/science/article/pii/S0022024818303634
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.8.031001
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.8.031001


25 “Inertial effects in systems with magnetic charge,” N. P. Armitage, B-Condensed 

Matter, 536, 10.1016, Pages 353-358 (2018). 

26 “An Effect of Sm Vacancies on the Hybridization Gap in Topological Kondo Insulator 

Candidate SmB6,” M.E. Valentine, S. M. Koohpayeh, W.A Phelan, T.M. McQueen, 

P.F.S. Rosa, Z. Fisk, and N. Drichko, , Physica B-Condensed Matter, 536, 10.1016, Pages 

60-63 (2018). 

27 “Impurities or a Neutral Fermi surface? A Further Examination of the Low-Energy 

ac Optical Conductivity of SmB6,” N. J. Laurita, C. M. Morris, S. M. Koohpayeh, W.A. 

Phelan, W. A., T. M. McQueen, and N. P. Armitage, Physica B-Condensed Matter, 536, 

10.1016, Pages 78-84 (2018). 

28 “Evidence for Quantum Dipole Liquid State in an Organic Quasi-Two-Dimensional 

Material,” N. Hassan, S. Cunningham, M. Mourigal, E. I. Zhilyaeva, S. A. Torunova, R. 

N. Lyubovskaya, J. A. Schlueter, and N. Drichko, Science, 360, 6393, pp. 1101-1104 

(2018). 

29 “From Real Materials to Model Hamiltonians With Density Matrix Downfolding,” H. 

Zheng, H. J. Changlani, K. T. Williams, B. Busemeyer, and L. K. Wagner, Frontiers in 

Physics (2018). 

30 “Universal Geometric Frustration in Pyrochlores,” B. A. Trump, S. M. Koohpayeh, K. 

J. T. Livi, J. Wen, K. E. Arpino, Q. M. Ramasse, R. Brydson, M. Feygenson, H. Takeda, 

M. Takigawa, K. Kimura, S. Nakatsuji, C. L. Broholm, T. M. McQueen, accepted for 

publication in Nature Communications, 10.1038 (2018). 

31 “Lattice-mediated magnetic order melting in TbMnO3,” E. Baldini, T. Kubacka, B. P. 

P. Mallett, C. Ma, S. M. Koohpayeh, Y. Zhu, C. Bernhard, S. L. Johnson, and F. 

Carbone, Phys. Rev. B. 97, 125149 (2018). 

32 “Stability of the Nagaoka-type ferromagnetic state in a t2g orbital system on a cubic 

lattice,” E. Bobrow and Y. Li, Phys. Rev. B. 97, 155132 (2018). 

33 “A Geometrically Frustrated Trimer-Based Mott Insulator,” L. T. Nguyen, T. 

Halloran, W. Xie, T. Kong, C. L. Broholm, and R. J. Cava, Phys. Rev. Materials 2, 054414 

(2018). 

34 “Frustrated spin one on a diamond lattice in NiRh2O4,” J. R. Chamorro, L. Ge, J. Flynn, 

M. A. Subramanian, M. Mourigal, and T. M. McQueen, Phys. Rev. Materials 2, 034404 

“Editors’ Suggestion,” (2018). “ 

35 “Screened moments and extrinsic in-gap states in samarium hexaboride,” W.T. 

Fuhrman, J.R. Chamorro, P. A. Alekseev, J.-M. Mignot, T. Keller, J.A. Rodriguez-Rivera, 

13

https://www.sciencedirect.com/science/article/pii/S0921452617307500
https://www.sciencedirect.com/science/article/pii/S0921452617307500
https://www.sciencedirect.com/science/article/pii/S0921452617307846
https://www.sciencedirect.com/science/article/pii/S0921452617307846
https://www.sciencedirect.com/science/article/pii/S0921452617306026
https://www.sciencedirect.com/science/article/pii/S0921452617306026
http://science.sciencemag.org/content/360/6393/1101
http://science.sciencemag.org/content/360/6393/1101
https://www.frontiersin.org/articles/10.3389/fphy.2018.00043/full
https://www.frontiersin.org/articles/10.3389/fphy.2018.00043/full
https://www.nature.com/articles/s41467-018-05033-7.pdf
https://journals.aps.org/prb/pdf/10.1103/PhysRevB.97.125149
https://journals.aps.org/prb/pdf/10.1103/PhysRevB.97.155132
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.2.054414
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.2.054414
https://journals.aps.org/prmaterials/pdf/10.1103/PhysRevMaterials.2.034404
https://journals.aps.org/prmaterials/pdf/10.1103/PhysRevMaterials.2.034404


Y. Qiu, P. Nikolic, T.M. McQueen, and C.L. Broholm, Nature Communications, 9, 1539 

(2018). 

36 “Nonuniform carrier density in Cd3As2 evidenced by optical spectroscopy,” I. 

Crassee, E. Martino, C. C. Homes, O. Caha, J. Novak, P. Tuckmantel, M. Hakl, A. 

Nateprov, E. Arushanov, Q. D. Gibson, R. J. Cava, S. M. Koohpayeh, K. E. Arpino, T. M. 

McQueen, M. Orlita, and A. Akrap, Phys. Rev. B. 97, 125204 (2018). 

37 “Macroscopically Degenerate Exactly Solvable Point in the Spin-1/2 Kagome 

Quantum Antiferromagnet,” H. J. Changlani, D. Kochkov, K. Kumar, B. K. Clark, and 

E. Fradkin, Phys. Rev. Lett. 120, 117202 (2018). 

38 “Multi-q mesoscale magnetism in CeAuSb2,” G. G. Marcus, D.-J. Kim, J. A. Tutmaher, 

J. A. Rodriguez-Rivera, J. O. Birk, C. Niedermeyer, H. Lee, Z. Fisk, and C. Broholm, Phys. 

Rev. Lett. 120, 097201 (2018). 

39 “Viscous dynamics of vortices in a ferromagnetic film,” D. Reitz, A. Ghosh, and O. 

Tchernyshyov, Phys. Rev. B, 97, 054424 (2018). 

40 “Topological Nodal Cooper Pairing in Doped Weyl Metals,” Y. Li and F. D. M. 

Haldane, Phys. Rev. Lett., 120, 067003 (2018). 

41 “Large magneto-optical Kerr effect and imaging of magnetic octupole domains in an 

antiferromagnetic metal,” T. Higo, H. Man, D. B. Gopman, L. Wu, T. Koretsune, O. M. 

J. van ’t Erve, Y. P. Kabanov, D. Rees, Y. Li, M.-T. Suzuki, S. Patankar, M. Ikhlas, C. L. 

Chien, R. Arita, R.t D. Shull, J. Orenstein & S. Nakatsuji, Nature Photonics 12, 73–78 

(2018). 

42 “Weyl and Dirac semimetals in three-dimensional solids,” N. P. Armitage, E. J. Mele, 

and A. Vishwanath, Rev. of Modern Phys., 90, 015001 (2018). 

43 “Induced quadrupolar singlet ground state of praseodymium in a modulated 

pyrochlore,” J. van Duijn, K. H. Kim, N. Hur, D. T. Adroja, F. Bridges, A. Daoud-

Aladine, F. Fernandez-Alonso, R. Ruiz-Bustos, J. Wen, V. Kearney, Q. Z. Huang, S.-W. 

Cheong, S. Nakatsuji, C. Broholm, and T. G. Perring, Phys. Rev. B, 96, 094409 (2018).  

44 “Real-space investigation of short-range magnetic correlations in fluoride 

pyrochlores NaCaCo2F7 and NaSrCo2F7 with magnetic pair distribution function 

analysis,”B. A. Frandsen, K. A. Ross, J. W. Krizan, G. J. Nilsen, A. R. Wildes, R. J. Cava, 

R. J. Birgeneau, and S. J. L, Billinge, Phys. Rev. Materials 1, 074412 (2017). 

45 “Spin freezing in the disordered pyrochlore magnet NaCaCo2F7: NMR studies and 

Monte Carlo simulations,” R. Sarkar, J. W. Krizan, F. Bruckner, E. C. Andrade, S. 

Rachel, M. Vojta, R. J. Cava, and H. H. Klauss, Phys. Rev. B 96, 235117 (2017). 

14

https://www.nature.com/articles/s41467-018-04007-z.pdf
https://www.nature.com/articles/s41467-018-04007-z.pdf
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.97.125204
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.117202
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.097201
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.097201
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.97.054424
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.067003
https://www.nature.com/articles/s41566-017-0086-z
https://www.nature.com/articles/s41566-017-0086-z
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.015001
https://journals.aps.org/prb/pdf/10.1103/PhysRevB.96.094409
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.1.074412
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.96.235117


46 “Asymmetric Splitting of an Antiferromagnetic Resonance via Quartic Exchange 

Interactions in Multiferroic Hexagonal HoMnO3,” N. J. Laurita, Y. Luo, R. W. Hu, M. 

X. Wu, S. W. Cheong, O. Tchernyshyov, and N. P. Armitage, Phys. Rev. Lett. 119, 227601 

(2017). 

47 “Reentrant Phase Diagram of Yb2Ti2O7 in a < 111 > Magnetic Field,” A. Scheie, J. 

Kindervater, S. Saeubert, C. Duvinage, C. Pfleiderer, H.J., Changlani, S. Zhang, L. 

Harriger, K. Arpino, S. M. Koohpayeh, O. Tchernyshyov, and C. Broholm, Phys.Rev. 

Lett. 119, 127201 (2017). 

48 “Optical investigation of the strong spin-orbit-coupled magnetic semimetal 

YbMnBi2,” D. Chaudhuri, B. Cheng, A. Yaresko, Q. D. Gibson, R. J. Cava, and N. P. 

Armitage, Phys. Rev. B 96, 075151 (2017). 

49 “Gyrotropic elastic response of skyrmion crystals to current-induced tensions,” H. 

Ochoa, S. K. Kim, O. Tchernyshyov, and Y. Tserkovnyak, Phys. Rev. B 96, 020410 

(2017). 

50 “High-Pressure Study of Perovskites and Postperovskites in the (Mg,Fe)GeO3 

System,” C. V. Stan, R. Dutta, R. J. Cava, V. B. Prakapenka, and T. S. Duffy, Inorganic 

Chem. 56, Issue 14, p. 8026-8035 (2017). 

51 “Dynamic pathway of the photoinduced phase transition of TbMnO3,” E. 

Bothschafter, E. Abreu, L. Rettig, T. Kubacka, S. Parchenko, M. Porer, C. Dornes, Y. W. 

Windsor, M. Ramakrishnan, A. Alberca, S. Manz, J. Saari, S. M. Koohpayeh, M. Fiebig, 

T. Forrest, P. Werner, S. S. Dhesi, S. L. Johnson, and U. Staub, Phys. Rev. B 96, 

184414; arXiv:1705.10136. 

52 “Low-energy magnon dynamics and magneto-optics of the skyrmionic Mott insulator 

Cu2OSeO3,” N. J. Laurita, G. G. Marcus, B. A. Trump, J. Kindervater, M. B. Stone, T. M. 

McQueen, C. L. Broholm, and N. P. Armitage, Phys. Rev. B 95, 235155 

(2017); arXiv:1704.04228. 

53 “Gauge fields and related forces in antiferromagnetic soliton physics,” S. Dasgupta, 

S.K. Kim, and O. Tchernyshyov, Phys. Rev. B 95, 220407 (2017); arXiv:1701.05137. 

54 “Gapped excitations in the high-pressure antiferromagnetic phase of URu2Si2,” T.J. 

Williams, H. Barath, Z. Yamani, J.A. Rodriguez-Riviera, J.B. Leão, J.D. Garrett, G.M. 

Luke, W.J.L. Buyers, and C. Broholm, Phys. Rev. B 95, 195171 

(2017); arXiv:1607.00967. 

55 “Interface-induced phenomena in magnetism,” Hellman, F., Hoffmann, A., 

Tserkovnyak, Y., 

Beach, G. S. D., Fullerton, E. E., Leighton, C., MacDonald, A. H., Ralph, D. C., Arena, D. 

15

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.227601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.227601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.127201
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.127201
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.96.075151
https://journals.aps.org/prb/pdf/10.1103/PhysRevB.96.020410
https://journals.aps.org/prb/pdf/10.1103/PhysRevB.96.020410
https://pubs.acs.org/doi/10.1021/acs.inorgchem.7b00774
https://pubs.acs.org/doi/10.1021/acs.inorgchem.7b00774
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.96.184414
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.96.184414
https://arxiv.org/abs/1705.10136
https://doi.org/10.1103/PhysRevB.95.235155
https://doi.org/10.1103/PhysRevB.95.235155
https://arxiv.org/abs/1704.04228
https://doi.org/10.1103/PhysRevB.95.220407
https://arxiv.org/abs/1701.05137
http://dx.doi.org/10.1103/PhysRevB.95.195171
http://dx.doi.org/10.1103/PhysRevB.95.195171
https://arxiv.org/abs/1607.00967


A., Dürr, H. A., Fischer, P., Grollier, J., Heremans, J. P., Jungwirth, T., Kimel, A. V., 

Koopmans, B., Krivorotov, I. N., May, S. J., Petford-Long, A. K., Rondinelli, J. M., 

Samarth, N., Schuller, I. K., Slavin, A. N., Stiles, M. D., Tchernyshyov, O., Thiaville, A., 

Zink, B. L., Rev. Mod. Phys. 89, 025006 (2017); arXiv:1607.00439. 

56 “Statistics of fractionalized excitations through threshold spectroscopy,” S. C. 

Morampudi, A. M. Turner, F. Pollmann, and F. Wilczek, Phys. Rev. Lett. 118, 227201 

(2017); arXiv:1608.05700. 

57 “Annihilation of domain walls in a ferromagnetic wire,” A. Ghosh, K.S. Huang, and O. 

Tchernyshyov, Phys. Rev. B 95, 180408 (2017); arXiv:1702.02248. 

58 “Magnetism in the KBaRE(BO3)2 (RE  =  Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) 

series: materials with a triangular rare earth lattice,“ M. B. Sanders, F. A. Cevallos, 

and R. J. Cava,  Mat. Res. Express 4, 036102 (2017); arXiv:1611.08548. 

59 “Impact of stoichiometry of Yb2Ti2O7 on its physical properties,“ K. E. Arpino, B. A. 

Trump, A. O. Scheie, T. M. McQueen, and S. M. Koohpayeh, Phys. Rev. B 95, 094407 

(2017); arXiv:1701.08821. 

60 “Single-ion properties of the Seff = 1/2 XY antiferromagnetic pyrochlores 

NaA‘Co2F7 (A‘=Ca2+, Sr2+),” K. A. Ross, J. M. Brown, R. J. Cava, J. W. Krizan, S. E. 

Nagler, J. A. Rodriguez-Rivera, and M. B. Stone, Phys. Rev. B 95, 144414 

(2017); arXiv:1703.07468. 

61 “Quantum spin liquid with 7 elementary particles,” H. Wang, H.J. Changlani, Y. Wan, 

and O. Tchernyshyov, Phys. Rev. B 95, 144425 (2017); arXiv:1702.01359. 

62 “Rearrangement of van der Waals stacking and formation of a singlet state at T=90 

K in a cluster magnet,” J.P. Sheckelton,  K.W. Plumb, B.A. Trump, C.L. Broholm, and 

T.M. McQueen, Inorg. Chem. Front. 4, 481-490 (2017). 

63 “Spin excitations and the Fermi surface of superconducting FeS,” H. Man, J. Guo, R. 

Zhang, R. Schönemann, Z. Yin, M. Fu, M. B. Stone, Q. Huang, Y. Song, W. Wang, D. J. 

Singh, F. Lochner, T. Hickel, I. Eremin, L. Harriger, J. W. Lynn, C. Broholm, L. Balicas, 

Q. Si, and P. Dai, npj Quant. Mater. 2, 1383 (2017). 

64 “Disordered route to the Coulomb quantum spin liquid: Random transverse fields on 

spin ice in Pr2Zr2O7,” J. J. Wen, S. M. Koohpayeh, K. A. Ross, B. A. Trump, T. M. 

McQueen, K. Kimura, S. Nakatsuji, Y. Qiu, D. M. Pajerowski, J. R. D. Copley, and C. L. 

Broholm, Phys. Rev. Lett. 118, 107206 (2017); arXiv:1609.08551. 

16

https://doi.org/10.1103/RevModPhys.89.025006
https://arxiv.org/abs/1607.00439
https://doi.org/10.1103/PhysRevLett.118.227201
https://doi.org/10.1103/PhysRevLett.118.227201
https://arxiv.org/abs/1608.05700
https://doi.org/10.1103/PhysRevB.95.180408
https://arxiv.org/abs/1702.02248
https://doi.org/10.1088/2053-1591/aa60a2
https://arxiv.org/abs/1611.08548
https://doi.org/10.1103/PhysRevB.95.094407
https://doi.org/10.1103/PhysRevB.95.094407
https://arxiv.org/abs/1701.08821
https://doi.org/10.1103/PhysRevB.95.144414
https://doi.org/10.1103/PhysRevB.95.144414
https://arxiv.org/abs/1703.07468
http://dx.doi.org/10.1103/PhysRevB.95.144425
https://arxiv.org/abs/1702.01359
http://dx.doi.org/10.1039/C6QI00470A
http://dx.doi.org/10.1038/s41535-017-0019-6
https://doi.org/10.1103/PhysRevLett.118.107206
http://arxiv.org/abs/1609.08551


65 “NaSrMn2F7, NaCaFe2F7, and NaSrFe2F7: novel single crystal pyrochlore 

antiferromagnets,” M.B. Sanders, J.W. Krizan, K.W. Plumb, T.M. McQueen, and R.J. 

Cava, J. Phys.: Condens. Matter 29, 045801 (2017). arXiv:1608.02907.  

17

http://iopscience.iop.org/article/10.1088/1361-648X/29/4/045801/pdf
https://arxiv.org/abs/1608.02907


Non-reciprocal effects in non-centrosymmetric magnets: neutron and optical studies 

 

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

 

Program Scope 

 Effects lacking symmetry under the exchange of source and detector are called non-

reciprocal. They are well-known in optics, but can occur for any (quasi)particles, including 

neutrons, spin waves etc. Numerous possible applications for these effects are in all-optics 

computing, quantum cryptography, and spintronics. While the non-reciprocal effects involving 

magnetic (spin-waves) and mixed (electromagnons) quasiparticles are important for both 

fundamental and applied science, they are not studied as well as those for photons. Neutron 

scattering is an ideal probe for magnetic excitations, capable of measuring their spectra with an 

unprecedented level of details. A team from Rutgers University and NJIT is engaged in a 

collaborative effort to understand non-reciprocal effects utilizing inelastic neutron scattering, 

advanced crystal growth, and optical spectroscopy. This Project focuses on studies of polar 

magnets, magnets with structural chirality, and ferroaxial magnets. Among these compounds are 

toroidal magnets, a spin liquid, and unconventional magnetoelectrics. In these systems, 

combination of absent inversion, time-reversal, and mirror symmetries leads to non-reciprocal 

effects revealed, for example, in non-equivalent magnon/electromagnon spectra for the opposite 

directions of the particle propagation, and as directional dichroism (difference in the light 

absorption) in the far-infrared optical spectra. The high-quality monodomain single crystals 

synthesized under this Project are crucial for the studies of nonreciprocal and magnetoelectric 

effects. Spectroscopic studies include utilization of vortex beams, which we recently developed 

as a new probe of orbital magnetism in matter. Combined neutron and optical studies should 

reveal the physical mechanisms responsible for the exotic nonreciprocal properties in low-

symmetry materials, and help identify prospective quantum materials for novel computational 

techniques. 

 

Recent Progress  

High-quality single crystals of several low-symmetry magnets, including TbInO3, 

(Fe,Mn,Co,Ni,Zn)2Mo3O8, Ba3NbFe3Si2O14, Dy3Fe5O12, Ni3TeO6, and BaCoSiO4 were grown 

using various methods, including the new laser-diode-heated floating zone (LFZ) technique. The 

prospective functional properties of these and other compounds have been studied using 

laboratory probes, neutron scattering, and optical spectroscopy. Since the last PI Meeting, 29 

papers have been published. Below, we highlight the inelastic neutron scattering (INS) 

experiments resulting in the discovery of spin-liquid-like state in the nearly-triangular lattice 
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antiferromagnet TbInO3 [1,2], and the observation of nonreciprocal spin waves in 

Ba3NbFe3Si2O14 [3]. Our project also involves significant technique development activities. 

Improvements to the synthesis of the single-domain samples using the LFZ technique are 

introduced on a regular basis, and new growth protocols are developed. Large monodomain 

BiFeO3 and Ba3NbFe3Si2O14 samples recently obtained by this technique serve as good 

examples. We are also excited to report the development of two new experimental tools designed 

to investigate complex magnets, such as the ones we study. The first is a new approach for the 

imaging of antiferromagnetic domains using magnetic diffraction of coherent x-rays [4], and the 

second is creation of THz optical vortex beams and their utilization as a new probe of orbital 

magnetism in matter [5].  

TbInO3 is a layered antiferromagnet exhibiting a 

nearly triangular lattice of Tb3+ non-Kramers ions. Both 

the polycrystalline [1] and single crystal [2] samples have 

been studied. We observe strong evidence of the spin-

liquid behavior. It includes absence of any long-range 

order at the temperatures two orders of magnitude smaller 

than the major interaction energy, as well as a very broad, 

gapless, nondispersing diffuse inelastic magnetic signal 

centered at the Brillouin zone boundary of the triangular 

lattice, see Fig 1. The data taken in the polycrystals were 

interpreted as suggesting an emergent honeycomb lattice. 

Later study of single crystals has indicated that the low-

energy physics is better approximated by the properties of 

the frustrated triangular lattice instead. Our results 

emphasize that the systems with even numbers of the 

electrons in the magnetic ions (such as Tb3+) provide a 

fruitful ground for the search of the spin-liquid behavior, 

in addition to the more standard compounds containing the 

Kramers doublets. Importantly to this Project, TbInO3 is a 

polar magnet with the symmetry admitting non-reciprocal 

effects in an applied magnetic field, independent of any 

magnetic order or lack thereof. Thus, this system presents a 

unique opportunity: investigation of potential non-

reciprocal effects in a spin liquid compound. We have 

made significant progress towards the synthesis of the 

required single-domain TbInO3 samples. Studies of TbInO3 

in the context of non-reciprocal effects is one of the new 

future research directions of this Project.  

 

(a) 

(b) 

Fig. 1. (a) INS pattern for E=0.8 meV 

and T=1.5 K in TbInO3. Blue lines 

show the zone boundaries for the 

triangular lattice, H and K are indices 

for the actual unit cell. (b) Theoretical 

calculation for the uncorrelated 

valence bonds model consistent with 

the triangular lattice description of the 

magnetism.[2]  
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Ba3NbFe3Si2O14 (iron langasite) is 

structurally and magnetically chiral with the 

magnetic helicity induced through competing 

symmetric exchange interactions. We have 

grown large single crystals in the monodomain 

state for both the nuclear and the magnetic 

structures. Using neutron scattering, we show 

that the spin-waves display directional 

anisotropy, i.e. they are nonreciprocal.[3] On 

applying a time reversal symmetry breaking 

magnetic field along the c-axis, the spin wave 

energies differ when the sign is reversed for 

either the momentum transfer Q or applied 

magnetic field H. When the field is applied 

within the crystallographic ab-plane, the spin 

wave dispersion is directionally isotropic and 

symmetric in H. However, a directional 

anisotropy is observed in the spin wave 

intensity. Directional anisotropy can therefore 

occur in the absence of spin-orbit coupling. 

These results illustrate how spin waves can be 

controlled in materials when the constraints 

from Kramer's theorem and inversion symmetry 

are relaxed.  

Imaging antiferromagnetic (AFM) 

domains is a nontrivial task. For some domain 

types, such as antiphase AFM domains in 

collinear magnets, there are no practical 

approaches. We have invented a new imaging 

technique for AFM domains which is 

applicable to many domain types, including the 

antiphase domains.[4] It is based on magnetic 

diffraction of coherent soft x-rays. The images 

are obtained in a single exposure, and don’t 

require any algorithmic processing. Fig. 3 

shows an AFM antiphase domain pattern 

measured in a collinear antiferromagnet Fe2Mo3O8. The technique is fast, making possible 

collecting real-time movies of the domain evolution on the sub-second scale. Single-domain 

samples play a critical role for our Project, and this imaging technique will be used to 

characterize the relevant samples.  

(a) (b) 

50 µm 

Fig. 2. (a) Linear scaling of Q=(1,0,0) magnon 

showing a nonreciprocal behavior in 

Ba3NbFe3Si2O14. In a reciprocal system, the 

magnon energy does not change when the field 

changes its sign. (b) Representative constant 

momentum scans. (c-e) display constant E=1.6 

meV cuts at 6, 0, and 6 tesla with a fixed final 

energy of Ef=2.5 meV.[3] 
 

Fig. 3. (a) Detector image showing the AFM 

antiphase domain boundaries on the surface of bulk 

Fe2Mo3O8 as dark lines. (b) The corresponding 

AFM domain pattern.[4] 

50 µm 
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In a circularly-polarized beam, the photons carry 

spin angular momentum of 1. Vortex beams can carry a 

large orbital angular momentum l, providing a 

comlementary probe with many advantages. The 

selection rules, in particular, are modified for the vortex 

beams, increasing the range of the accessible materials. 

The interaction strength may be increased too. We 

present the first demonstration of THz vortex photon 

beam spectroscopy as a probe of magnetism in matter.[5] 

We have observed a strong dichroic signal for the vortex 

beams carrying l=1 in the ferrimagnetic Dy3Fe5O12, see 

Fig 4. The observed effect is larger than the regular 

circular dichroism, demonstrating the new probe’s 

potential. In this Project, we utilize the THz photon 

beams to study the magnetic state of the ions, as well as 

the magnetic excitations at low q, complementing the INS 

experiments.    

Future Plans 

 Inelastic neutron scattering studies of the reduced-symmetry compounds with expected 

non-reciprocal spin-wave effects: M2Mo3O8, monodomain TbInO3, hex-(RE)(Mn,Fe)O3, 

BaCoSiO4, and Ni3TeO6. Continuing sample-growth optimization. Monitoring of the most 

promising excitations for the INS studies by optical spectroscopy. Continuing development of 

the vortex-beam spectroscopy of magnetic materials using the listed systems as test subjects.  
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Program Scope 

There has been increasing interest in novel quantum materials where strong electronic correlations, 

frustration, and spin-orbit coupling are intertwined with topological considerations. This project 

seeks to advance our understand of such systems, with an emphasis on utilizing neutron scattering 

to probe complex behaviors.  The Overarching Goal of this project is to achieve understanding of 

quantum matter beyond the unit cell with focus on how topology, competing interactions, and 

frustration intertwine to produce new collective quantum states of matter.  To achieve this goal, 

the specific aims of the project are: (1) To elucidate the properties of novel spin textures, especially 

those that possess an internal chiral degree of freedom; (2) To understand how spin-orbit coupling 

alters the hierarchy of energy scales to stabilize novel magnetic ground states that are strongly 

coupled to electronic structure; and (3) To determine conditions under which the spin excitation 

spectra of noncollinear quantum magnets and quantum paramagnets contain topologically-

nontrivial character. These topics are pursued by combining materials synthesis and 

characterization and theory with experimental studies using neutron scattering techniques. 

Principal outcomes of this work will be the development of physical models that describe how 

quantum magnetism influences macroscopic behavior and clear guidelines for identifying and/or 

manipulating systems to produce specific, non-classical behaviors.  

Recent Progress  

I.   Novel spin order in transition metal dihalides 

Transition metal dihalides exhibit interesting magnetic properties as a consequence of geometric 

frustration due to triangular nets of magnetic ions as well as competing nearest neighbor and 

longer-range exchange interactions [1].  Here we focus on NiBr2, which undergoes a transition to 

commensurate magnetic order at 46 K and subsequently undergoes a transition to incommensurate 

magnetic order below 20 K. The low temperature magnetic structure is helimagnetic with in-plane 
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magnetic moments.  As a consequence of these magnetic properties, NiBr2 has been predicted to 

be a candidate for the realization of novel spin textures [2]. To explore the possibility of interesting 

spin textures in NiBr2 derived materials, we have studied how the physical properties of NiBr2 are 

tuned through chemical substitution and applied magnetic field.   Our studies of the Ni1-xCoxBr2 

pseudo-binary materials represent the first complete substitutional series from one end member 

(NiBr2) to the other (CoBr2) in this family of materials.   Cobalt-doping suppresses the 

commensurate transition whereas the incommensurate transition temperature initially increases 

slightly and is then suppressed and disappears around x=0.6.  A structural transition from the CdCl2 

to the CdI2 structure occurs near x=0.6-0.7.  Neutron diffraction studies of single crystals reveal 

that the hexagonal pattern of the incommensurate spots in NiBr2 transforms to a ring of magnetic 

scattering with cobalt doping, which may be due to the predicted impurity nucleated vortex 

lattice[2].  

 

 

II. Breathing Pyrochlores Lattice Materials 

Breathing pyrochlore lattice materials have recently been recognized as containing a novel 

structural motif to study quantum magnetism. Compelling examples are the enhanced stability of 

the quantum spin ice state [3] and a topologically nontrivial magnon band crossing termed a “Weyl 

magnon”, which is a bosonic analog of a Weyl fermion [4] that would be associated with magnon 

arc surface states.  Breathing pyrochlore lattices are a variation of the pyrochlore lattice where the 

size of the tetrahedra alternates so that large and small tetrahedra yield a hierarchy of exchange 

interactions.  To explore the novel physics hosted by this structural motif we have studied several 

examples of materials that contain a breathing pyrochlore sublattice. Here we focus on our studies 

of the family of breathing pyrochlores derived from Cr containing spinels. 

A breathing pyrochlore lattice of Cr tetrahedra can be realized through substitution of inequivalent 

cations on the A-site of a spinel such as ACr2X4 where X is a chalcogen and the Cr sublattice forms 

a pyrochlore lattice. When the substituted cations are ordered, the Cr pyrochlore sublattice is 

altered to an arrangement of larger and smaller tetrahedra on a corner sharing network. The 

Figure 1. (Left) Crystal Structure of Ni1-xCoxBr2. (Middle) Phase diagram of Ni1-xCoxBr2. (Right) Neutron 

diffraction around near (0 1 0.5) shows the developing ring of magnetic scattering with Cobalt doping. 
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resulting breathing pyrochlore lattice breaks inversion symmetry and is described by the space 

group F4̅3m. In this family of materials, the size difference between the large and small tetrahedra 

is less than 10 %.  Surprisingly, this modest difference leads to rather dramatic differences in the 

interactions within the large and small tetrahedra.  

We have studied LiGaCr4S8, which has lengths in the large and small tetrahedra of 3.394(2) Å and 

3.655(2) Å, respectively.  Interestingly, we have found that LiGaCr4S8 is the first example of a 

breathing pyrochlore material which exhibits a region of negative thermal expansion.  The 

magnetic behavior is also unusual, and we have found that magnetic correlations are apparent in 

neutron scattering data well above 100 K, consistent with theoretical calculations finding a large 

energy scale associated with magnetism.   No long range order is observed, however, a broad 

transition at 12 K is observed in thermodynamic properties such as the magnetic susceptibility and 

specific heat.  There is a corresponding increase in the static correlations and structure emerges in 

the spin excitation spectrum. However, no sharp phase transition is observed.  We have modelled 

the elastic diffuse scattering with a Heisenberg Hamiltonian with two exchange interactions [5].   

From this we determine that the exchange interactions within the small tetrahedra are 

antiferromagnetic while the interactions within the large tetrahedra are ferromagnetic.    This work 

shows that dramatic changes in the exchange interactions should be expected for modest changes 

in the relative sizes of the small and large tetrahedra in Cr-based breathing pyrochlore materials. 

 

 

III. Topological Magnons 

The Shastry-Sutherland lattice provides an important platform to study quantum magnetism [6] 

and has recently been shown to host nontrivial topological properties in the spin excitation 

spectrum [7]. BaNd2ZnO5 crystallizes in a layered tetragonal structure where the Nd3+ ions occupy 

well separated layers with a Shastry-Sutherland lattice geometry. Our studies of the crystal field 

Figure 2. (Left) Breathing pyrochlore structure.  J(J’) and d(d’) denote the nearest (next nearest) neighbor 

exchange and distances respectively.  (Middle) Lattice parameter of LiGaCr4S8 as a function of temperature 

showing a region of negative thermal expansion from 100 to 10 K.  (Right) Inelastic neutron scattering spectrum 

for LiGaCr4S8. 
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excitation spectrum indicate that the ground state magnetic order grows from a well-isolated 

Kramers doublet with a first excited state at 8 meV. Specific heat measurements indicate magnetic 

order at 1.6 K.  Using neutron diffraction, we have determined that the magnetic structure is a two-

Q structure that contains ferromagnetic dimers rather than the antiferromagnetic dimers in the 

canonical Shastry-Sutherland model.  The spin Hamiltonian has been extracted from fits to the low 

energy excitation spectrum determined from inelastic neutron scattering measurements.   The 

resulting Hamiltonian indicates that application of a magnetic field in combination with the 

Dzyaloshinskii-Moriya interaction will result in magnon bands with finite Chern number. This 

work shows that materials with a Shastry-Sutherland structural motif are a rich source for 

topological phenomena. 

 

Future Plans 

 Continue investigations of lattice geometries that have the potential for realizations 

of nontrivial magnon topologies. 

 Investigate additional materials for the formation of novel spin textures in both 

insulating and metallic systems including both centrosymmetric and non-

centrosymmetric unit cells. 

 Study frustrated magnetism, particularly 5d, 4d, and 4f systems where strong spin-

orbit coupling plays an important role. 
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Research Scope:  

 

Understanding the interplay between magnetism and superconductivity continues to be a 

“hot” topic in modern condensed matter physics.  The discovery of high-temperature 

superconductivity in iron-based materials in 2008 provided an unique opportunity to 

compare and contrast these materials with traditional high-Tc copper oxide 

superconductors.  Neutron scattering plays an important role in determining the 

dynamical spin properties in these materials. This proposal is a continuation of A 

previous DOE supported proposal. Our primary research is divided into three parts: (1) 

An advanced materials synthesis program that grows high-quality large single crystals of 

quantum materials; (2) Transport, magnetic susceptibility, and heat capacity 

measurements to establish the basic physical properties of quantum materials, and 

investigating uniaxial strain-induced changes in transport and magnetic properties of 

quantum materials utilizing a specially designed uniaxial pressure device; and (3) A 

neutron scattering program utilizing the most innovative, sophisticated neutron scattering 

facilities worldwide to study the magnetic properties of quantum materials. 

 

 

This report summarizes the progress we have made over the past 12 months from March 

2018 till March 2019.  Overall, we continue to carry out extensive neutron scattering 

experiments on Fe-based materials, focusing on understanding their magnetic properties.  

We have also investigated spin excitations in detwinned FeSe, the paper describing this 

result is published by Nature Materials.  We are also starting a new direction in searching 

for new quantum spin liquid materials.  Our first paper reporting discovery of quantum 

spin liquid candidate Ce2Zr2O7 is accepted by Nature Physics.  

 

In addition, our materials laboratory at Rice allowed us to grow new iron-based 

superconductors.  Because neutron scattering typically demands a large amount of 

samples, by growing these materials in our own laboratory, we can now pursuit neutron 

scattering experiments over the entire electronic phase diagram, focusing on regions of 

interests.  The material synthesis laboratory at Rice was established mostly with the 
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support of DOE funding, and Welch foundation provided partial funding for our 

materials efforts at Rice.   This not only allowed us to carry out neutron scattering 

experiments, but also permit us to provide samples to other US/International 

collaborators for studying these materials. Our papers are cited on average about 800 

times per year.  Over the past year, we have made significant progress in our 

understanding of the magnetic properties in Fe-based superconductors. In the following, 

we summarize key research progress made over the past 12 month. 

 

Recent progress: 

 

Dynamic Spin-Lattice Coupling and Nematic Fluctuations in NaFeAs  
 

We use inelastic neutron 

scattering to study acoustic 

phonons and spin 

excitations in single crystals 

of NaFeAs, a parent 

compound of iron-pnictide 

superconductors. NaFeAs 

exhibits a tetragonal-to-

orthorhombic structural 

transition at Ts ≈ 58 K and a 

collinear antiferromagnetic 

order at TN ≈ 45 K. While 

longitudinal and out-of-

plane transverse acoustic 

phonons behave as 

expected, the in-plane 

transverse acoustic phonons 

reveal considerable 

softening on cooling to Ts and then harden on approaching TN before saturating below 

TN. In addition, we find that spin-spin correlation lengths of low-energy magnetic 

excitations within the FeAs layer and along the c axis increase dramatically below Ts and 

show a weak anomaly across TN. These results suggest that the electronic nematic phase 

present in the paramagnetic tetragonal phase is closely associated with dynamic spin-

lattice coupling, possibly arising from the one-phonon–two-magnon mechanism. 

[Summary paper: Y. Li et al., Phys. Rev. X 8, 021056 (2018).] 

 

Local orthorhombic lattice distortions in the paramagnetic tetragonal phase of 

superconducting NaFe1-xNixAs 

 

Understanding the interplay between nematicity, magnetism and superconductivity is 

pivotal for elucidating the physics of iron-based superconductors. Here we use neutron 

scattering to probe magnetic and nematic orders throughout the phase diagram of 

NaFe1−xNixAs, finding that while both static antiferromagnetic and nematic orders 

compete with superconductivity, the onset temperatures for these two orders remain well 

 

 
Fig. 1 Acoustic phonons relevant to the spin-lattice 
coupling in NaFeAs.  We have discovered a new spin-
lattice coupling mechanism for iron based 
superconductors.  
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separated approaching the putative quantum critical points. We uncover local 

orthorhombic distortions that persist well above the tetragonal-to-orthorhombic structural 

transition temperature Ts in underdoped samples and extend well into the overdoped 

regime that exhibits neither magnetic nor structural phase transitions. These unexpected 

local orthorhombic distortions display Curie–Weiss temperature dependence and become 

suppressed below the superconducting transition temperature Tc, suggesting that they 

result from the large nematic susceptibility near optimal superconductivity. Our results 

account for observations of rotational symmetry breaking above Ts, and attest to the 

presence of significant nematic fluctuations near optimal superconductivity. 

[Summary papers: Nat. Comm. 9, 3128 (2018).]  

 

Anisotropic spin fluctuations in detwinned FeSe 

 

Superconductivity in FeSe 

emerges from a nematic 

phase that breaks four-fold 

rotational symmetry in the 

iron plane. This phase may 

arise from orbital ordering, 

spin fluctuations or hidden 

magnetic quadrupolar order. 

Here we use inelastic neutron 

scattering on a mosaic of 

single crystals of FeSe, 

detwinned by mounting on a 

BaFe2As2 substrate to 

demonstrate that spin 

excitations are most intense at 

the antiferromagnetic wave 

vectors QAF = (±1, 0) at low 

energies E = 6–11 meV in the 

normal state. This two-fold 

(C2) anisotropy is reduced at 

lower energies, 3–5 meV, 

indicating a gapped four-fold (C4) mode. In the superconducting state, however, the 

strong nematic anisotropy is again reflected in the spin resonance (E = 3.6 meV) at QAF 

with incommensurate scattering around 5–6 meV. Our results highlight the extreme 

electronic anisotropy of the nematic phase of FeSe and are consistent with a highly 

anisotropic superconducting gap driven by spin fluctuations. [Summary papers: Nature 

Materials  https://doi.org/10.1038/s41563-019-0369-5 (2019).] 

 

 

 

 

 

 
Fig. 2 Energy dependence of the spin excitations 
below and above Tc in detwinned FeSe.  
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Experimental signatures of a three-dimensional quantum spin liquid in effective 

spin-1/2 Ce2Zr2O7 pyrochlore 

 

A quantum spin liquid (QSL) is a state of 

matter where unpaired electrons’ spins, 

although being entangled, do not show 

magnetic order even at the zero-

temperature.  Their realization is a long-

sought goal in condensed matter physics.  

Although neutron scattering experiments 

on the two-dimensional (2D) spin-1/2 

kagome-lattice ZnCu3(OD)6Cl2 and 

triangular lattice YbMgGaO4 have found 

evidence for the hallmark of a QSL at 

very low temperature - a continuum of 

magnetic excitations, the presence of 

magnetic and nonmagnetic site chemical 

disorder complicates the interpretation of 

the data.  Recently, the three-

dimensional (3D) Ce3+ pyrochlore lattice 

Ce2Sn2O7 has been suggested as a clean, 

effective spin-1/2 QSL candidate, but the 

evidence of a spin excitation continuum 

is still missing.  Here we use 

thermodynamic, muon spin relaxation (μSR), and neutron scattering experiments on 

single crystals of Ce2Zr2O7, a compound isostructural to Ce2Sn2O7, to demonstrate the 

absence of magnetic ordering and the presence of a spin excitation continuum at 35 mK.  

With no evidence of oxygen deficiency and magnetic/nonmagnetic ion disorder seen by 

neutron diffraction and diffuse scattering measurements, Ce2Zr2O7 may be a 3D 

pyrochlore lattice QSL material with minimum magnetic and nonmagnetic chemical 

disorder.  [Summary papers: Nature Physics: in the press (2019).]  

 

Future plans: 

 

In the upcoming funding period, we will continue to work on iron based superconductors 

with a focus on FeSe and RbFe2As2 family of materials.  One unresolved issue is the role 

of electronic nematic phase to the microscopic origin of superconductivity. We will also 

move a part of our focus away from iron based superconductors and move to frustrated 

materials.  For initial experiment, we will focus on Ce2Zr2O7 family of materials.  In 

addition to pure Ce2Zr2O7, we will grow Ce2Zr2-xCexO7 and Ce2-xZrxZr2O7 to test how 

magnetic and nonmagnetic impurities will affect the observed spin excitation continuum. 

We will grow and test other classes of spin frustrated materials, focusing on most 

honeycomb lattice materials. This will be the new scheme for our renew efforts at DOE 

next year.  

 

 

 
Fig. 3 Summary of spin excitation 
continuum seen near the elastic line of 
Ce2Zr2O7 at 35 mK. 
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Quasiparticle Couplings in Transport of Heat, Charge, and Spin for Novel Energy 

Materials 

Olivier Delaire 

Mechanical Engineering and Materials Science & Physics, Duke University, Durham, NC 

 

Program Scope 

 This program focuses on elucidating the couplings between microscopic degrees-of-

freedom of atomic vibrations, spins, and electrons, which underpin heat, charge, and spin transport 

in novel energy materials. Understanding the microscopic processes involved in the transport and 

conversion of energy from the atomic-scale to the meso-scale is critical for the development of 

next-generation materials for energy sustainability. At a microscopic level, these couplings result 

from anharmonic phonon-phonon interactions, and interaction of phonons with electrons or spin 

degrees of freedom, which can lead to hybrid excitations. This project investigates these quasi-

particle interactions, how hybrid quasiparticles form or break down, and their consequences on 

transport properties. We use state-of-the-art neutron and x-ray scattering techniques, optical 

spectroscopy, synthesis and transport measurements, and first-principles computer simulations. 

Recent Progress  

Momentum-resolved observations of the phonon 

instability driving geometric improper ferroelectricity 

in yttrium manganite: We investigated the detailed 

mechanism of the improper ferroelectric (FE) 

transition in the archetypal improper ferroelectric (and 

multiferroic) YMnO3 [1,2]. We obtained direct 

experimental and theoretical evidence of an unstable 

zone-boundary (K-point) phonon driven FE transition 

and its coupling to a zone-center polar mode, leading 

to a gradual increase in polarization [1,3]. We tracked 

the condensation of a precursor phonon instability at 

the zone-boundary, acting as primary order parameter, 

and resulting in the formation of a trimerized unit cell 

at the FE transition temperature, TFE ~1260 K. Our 

detailed study explains the unusual T-dependence of 

the polarization [3], based on the strongly T-

dependent lattice dynamics and coupling strength of 

anharmonically coupled zone-boundary unstable phonon and zone-center stable, polar distortions. 

This microscopic picture differs from proper FE with second-order phase transitions. Our results 

demonstrate how experimental measurements of atomic structure and lattice dynamics combined 

with first-principles simulations including anharmonic effects provide a comprehensive 

 

Fig. 1 Dynamics and condensation of the K3 

distortion across ferroelectric transition in 

YMnO3. Phonon χ″(Q, E) along [H,0,10] 

measured at T = 1753K (b) and 300K (e) are 

compared with χ″(Q, E) intensity calculated 

from DFT for 1500K (c) and 0K (f) (white lines 

in are the calculated dispersions). [Pub6] 
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understanding of lattice instabilities driving novel ferroelectric transitions. This study was 

published in Nature Communications [Pub6]. 

Atomic dynamics in CuCrSe2 across its superionic transition: We performed neutron and x-ray 

scattering studies combined with 

first-principles calculations of the 

superionic compound CuCrSe2. 

Our results showed that long-

wavelength acoustic phonons 

capable of heat conduction remain 

largely intact in the superionic 

phase, whereas specific phonon 

quasiparticles for low-energy 

optical branches, dominated by 

motions of Cu ions, break down as 

a result of anharmonicity and 

disorder. Our measurements 

investigated both oscillatory 

atomic vibrations (phonons) and relaxational atomic dynamics characteristic of diffusive hopping. 

Anharmonicity introduces a damping mechanism for phonon states, via phonon-phonon 

interactions, and characteristic broadening of phonon spectral functions, increasing with 

temperature. INS and IXS measurements proved highly complementary for studying phonons in 

this compound. QENS probed the dynamics of ion diffusion (~GHz), complementing our 

measurements of THz lattice dynamics with INS and IXS, as shown in Fig. 2. Further, we analyzed 

our INS and QENS data by performing ab initio MD simulations, which provide detailed insights 

into the complex atomic dynamics and its evolution across the superionic transition. This study 

was published in Nature Physics [pub1]. 

Phonons in VO2 across the metal-insulator transition: 

Following on our previous INS and IXS investigations of 

phonons in VO2 [4], we performed x-ray scattering 

measurements (including ultrafast time-resolved diffuse x-

ray scattering at LCLS) and first-principles simulations of 

phonons in VO2, focusing on both the thermal transport 

properties and the mechanism of the photo-induced phase 

transitions. The thermal transport studies showed little 

change in thermal conductivity across the metal-insulator 

transition, resulting in a significant deviation from the 

Wiedemann-Franz law in the metallic phase [pub10]. The 

LCLS diffuse x-ray scattering measurements and ab-initio MD simulations revealed an ultrafast 

(<150 fs) disruption and disordering of V dimers upon photoexcitation, with a lack of coherence 

Fig. 2 (a) Quasi-elastic neutron scattering signal showing delocalization 

of Cu ions with increasing temperature. (b) Layered structure of CuCrSe2, 

showing liquid-like Cu layers in superionic phase above 365K. (c,d) Ab-

initio MD calculations of Cu ion trajectory, showing hopping across  and 

 sites at high T (adapted from [pub1]). 

Fig. 3  Time evolution of V-V dimer bond 

lengths in photoexcited VO2 predicted 

with AIMD (laser pulse at t=0fs). [pub4]. 
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across unit cells, manifested via a broad diffuse signature, and rationalized via the ultrafast change 

in bonding as seen in our AIMD simulations (Fig. 3). These studies on VO2 have led to two 

manuscripts published in Science [pubs 4,10]. 

Lattice dynamics, thermal transport, and coupling to magnetic fluctuations in delafossite 

multiferroic CuCrO2: Understanding the interplay of phonons and spin dynamics is critical to the 

development of novel multiferroics, and for controlling thermal transport in spin-caloritronics. 

While the spin excitations have been mapped with neutron scattering in multiferroic CuCrO2, no 

phonon dispersion measurements have been previously reported [5-8]. We have performed 

momentum-resolved studies of the phonon dispersions and density of states (DOS) in CuCrO2 

using INS and IXS. In addition, transport measurements have revealed a strong coupling between 

phonons and spin-fluctuations in this geometrically frustrated structure (antiferromagnetic 

triangular lattice). The determination of dispersions and their behavior as function of temperature 

was key to isolate the respective contributions of phonons and spin fluctuations to thermal 

transport. We found little effect of 

magnetic ordering at TN=24K on the 

phonon energies, despite the elastic 

signature reported from ultrasound 

measurements. On the other hand, our 

INS data clearly revealed spin 

fluctuations persisting above 300K, 

and our modeling of thermal 

conductivity showed that phonons are 

strongly scattered by these spin 

fluctuations. We performed first-

principles simulations of phonon 

dispersions and DOS with density 

functional theory (DFT), and found 

very good agreement with our 

measurements. Published in Phys. Rev. 

B [Pub9]. 

Neutron and x-ray scattering study of phonon dispersion and diffuse scattering in (Na,Bi)TiO3-

xBaTiO3 single crystals near the morphotropic phase boundary: Neutron and x-ray scattering 

measurements were performed on (Na1/2Bi1/2)TiO3-x at%BaTiO3 (NBT-xBT) single crystals (x = 

4, 5, 6.5, and 7.5) across the morphotropic phase boundary (MPB), as a function of both 

composition and temperature, and probing both structural and dynamical aspects. In addition to 

the known diffuse scattering pattern near the G points, our measurements revealed new, faint 

superlattice peaks, as well as an extensive diffuse scattering network, revealing a short-range 

ordering of polar nanoregions (PNR) with a static stacking morphology. In samples with 

compositions closest to the MPB, our INS investigations of the phonon dynamics showed two 

  

Powder INS data from 

ARCS (top) and CNCS 

(bottom) showing flat low-

energy phonon and spin 

fluctuations at 300K. 

Comparison between our 

DFT simulations of phonon 

dispersions and IXS data 

(HERIX, APS). 

37



unusual features in the acoustic phonon branches, between the superlattice points, and between the 

superlattice points and M/R points, respectively. These elements are not present in the other 

compositions away from the MPB, which suggests that these features may be related to the tilt 

modes coupling behavior near the MPB. A manuscript was published in Phys. Rev. B [Pub11]. 

Future Plans 

This Early Career Award project will come to a close in 2019. A new project “Neutron scattering 

studies of phonon anharmonicity and coupling with spin and charge degrees of freedom” will focus 

on the following areas of research. A first thrust will focus on structural transitions associated with 

soft-modes, especially in ferroelectric and multiferroics. This thrust focuses on the mechanism of 

the instabilities based on the anharmonic lattice dynamics, their origins in terms of electronic 

structure, and coupling with magnetic degrees of freedom. In particular, we will investigate 

SrTiO3, EuTiO3, and RMnO3 compounds. A second thrust will investigate how phonons and 

magnons both contribute to thermal transport, and how transport can be rationalized based on a 

full microscopic characterization of phonon/magnon dispersions and linewidths with INS/IXS. 

Further, the coupling between spin and lattice, and scattering between phonons and magnons will 

also be modeled based on first-principles simulations. In particular, we will perform investigations 

of MnO, yttrium-iron garnet (YIG), and FeS, for which our preliminary experimental data and 

simulations show interesting effects.  
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Program Scope: This DOE EPSCoR / LA Board of Regents program aims to build neutron 

scattering infrastructure capable of treating both soft and hard materials. Our objectives include: 

discovery of the coupling of degrees of freedom that determine the emergent properties of complex 

materials, training of talented students in synthesis and neutron scattering techniques who will 

become the next generation of neutron users; and building a base of users of SNS and HFIR. 

The scientific focus of this program is explore emergent complex materials with guided-design of 

materials in mind. Our goal is to tune dominant couplings to enhance critical properties in order to 

derive new functionality. In the hard materials we focus on non-centrosymmetric and chiral 

magnetic materials where topologically non-trivial magnetic structures can be found, complex 

Dirac systems and Dirac materials where magnetic ordering likely leads to the formation of Weyl 

semimetal states, and transition metal oxides where the coupling of electronic, magnetic, phononic, 

and orbital degrees of freedom lead to novel behaviors. In the soft materials we explore the role of 

secondary interactions in determining the structural and dynamic properties of polymeric systems. 

 Recent Progress  

I include examples of projects that demonstrate the progress we have recently achieved. These 

include investigations of electronic and magnetic topological materials and the investigation of 

tunable charged soft colloids where we make use of peptoid amphiphiles as a model system.  

According to electronic structure calculations [1], PdSb2 (Pyrite-type structure (space group Pa3̅)) 

is a candidate for hosting 6-fold-degenerate exotic fermions with a degeneracy stabilized by the 

non-symmorphic symmetry. Unlike linearly dispersing Dirac and Weyl bands, the electronic 

structure of PdSb2 displays a quadratic dispersion at the 6-fold degenerate R point [Fig. 1b]. For 

the first time, we have grown crystals and characterized the physical properties of PdSb2. We find 

metallic behavior with indications of a Fermi-liquid ground state. Surprisingly, an unusually large 
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transverse magneto-resistance is found that 

obeys Kohler’s law indicating that a single 

band dominates the charge transport. To 

directly probe the electronic structure of 

PdSb2, we have measured the de Haas-van 

Alphen (dHvA) effect apparent in our 

magnetization measurements in fields as 

low as 3 T [Fig. 1a, c, d]. The result is the 

identification of a single band having a 

dHvA frequency of 102 T, and a mass of m* 

= 0.045m0 (m0 is free electron mass). A 

Landau fan diagram is constructed for this 

frequency yielding a non-trivial Berry phase 

of Berry = 0.58*2 ~ 1.16, suggesting a 

topological nontrivial electronic structure. 

Remarkably, we discovered a super-

conducting transition for pressures, p>41 

GPa. Our discovery of nearly massless electrons with nontrivial Berry phase and superconductivity 

in PdSb2 offers a unique system for investigating metals with unusual topology [2]. 

We have synthesized high quality crystals and explored the magnetic, thermodynamic, and 

charge transport properties of Mn1/3NbS2, which forms in a chiral hexagonal structure (space 

group P6322) [inset of Fig. 2d]. The motivation comes from the recent discovery of a magnetic 

soliton lattice in isostructural Cr1/3NbS2[3]. Mn1/3NbS2 displays a magnetic transition at TC=45 K 

with a highly anisotropic magnetization and a significant magnetic entropy surviving to T<< TC 

unlike what was observed in Cr1/3NbS2 [4]. 

Small angle neutron scattering (SANS) 

[Fig. 2a] and neutron diffraction revealed a 

disordered helical state with a small wave-

vector, q, parallel to the hexagonal c-axis 

with magnetic moments lying in the ab-

plane. This long period helical state is 

confirmed by preliminary Lorentz Force 

TEM (LTEM) [Fig. 2c] taken at 12 K, 

which also displays variations in the period. 

The LTEM contrast is found only below 25 

K indicating significant disorder or 

dynamics for T>0.5TC. The ac magnetic 

susceptibility [Fig. 2 b and d] displays 

significant low field structure for T<TC, 

including a sharply peaked imaginary 

 
Fig. 2: Mn1/3NbS2: a) SANS data. b) Real part of the ac 

susceptibility at Temperatures identified in the figure. c) 

LTEM image. d) Imaginary part of the ac susceptibility. 

Fig. 1: PdSb2 electronic structure: a) Magnetization, M, 

with H//[111]. Inset: M after background subtraction. b) 

Electronic structure. c) FFT of oscillatory M. d) Landau 

fan diagram. 
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component which subsides at low T.  In addition, we observe significant temperature variation in 

the SANS data over the same range of T. These data reveal a much richer, and perhaps more 

dynamic, magnetic behavior in Mn1/3NbS2 than was discovered in Cr1/3NbS2[5]. 

Non-covalent interactions play important roles in the structure and dynamics of complex soft 

matter. Understanding the contribution and coupling effects of these interactions in the structural 

outcome is important towards the development of design rules for advanced soft materials with 

tailorable properties. Here, we investigated how sequence-encoded electrostatic interactions 

influence the solution structure of 

ionic peptoid amphiphiles in 

water. The peptoids are a model 

system due to our ability to 

control precisely the monomer 

sequence and discrete chain 

length. In addition, the absence of 

hydrogen bonding and secondary 

structures render it possible to 

reveal unambiguously the effects 

of sequence-encoded charge-

charge interactions on the 

structure. Specifically, we have 

designed and synthesized a series 

of amphiphilic peptoid diblock 

copolymer comprised of 5 hydrophobic monomer and 20 hydrophilic monomers (Fig. 3). Out of 

the 20 hydrophilic monomers, 1 or 3 monomers bear negatively charged carboxyl sidechains 

whereas the remaining 19 or 17 have polar and charge-neutral oligomeric ethylene glycol 

sidechains. Their solution self-assembly in aqueous solution was investigated by a combination 

of CryoTEM, DLS, SANS methods and MD simulations. Under dilute conditions at pH=9, the 

peptoid amphiphiles form micelles whose structures are strongly dependent on the position and 

number of charged monomers in the chain [6]. The structural parameters of the micelles (e.g., 

aggregation number, micellar size, Rg, interfacial areal density per chain, etc.)  are correlated to 

the position of the charged groups by scaling relationships. MD simulation and SANS analysis 

both revealed an inward mass relocation as the charged monomers are positioned increasingly 

close to the hydrophobic segment along the chain. MD simulations have revealed the preferential 

location of the charged monomers on the micellar surface to maximize their solvation resulting 

in a systematic deviation of the micelles from a classical spherical and core-shell like structure 

[7]. Increasing concentration results in the micelles steadily approaching a more compact core-

shell like structure. In addition, increasing concentration results in the reduction of interfacial 

water content, increased counter-ion association, and decreased repulsive potentials. These 

results have highlighted the potential to control the structures of ionic molecular assemblies or 

possibly other ionic soft matters by judiciously positioning the charged monomers along the 

Fig. 3: Schematics showing the chemical structure of sequence-

defined ionic peptoid amphiphile and sequence library as well as MD 

snapshots of micellar structures at different concentration and 

associated structural parameter changes with the concentration 

obtained by SANS analysis and MD simulation. 
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chain without changing the chemical composition, adding a new tool for the design of ionic soft 

materials for advanced applications. 

Future Plans 

 We will continue to develop a neutron-centric program in Louisiana in hard and soft 

materials. Several seed projects headed by assistant professors are funded and we continue to 

hire young scientists that make use of neutrons in their research. The hard matter program now 

focuses on quantum materials including topological electronic and magnetic systems. Areas of 

emphasis include the synthesis and exploration of materials that are thought to host free 

fermionic excitations with no high-energy counterparts due to the symmetry of their crystal 

structures. We will explore the consequences of these particle types on the electronic structure 

and physical properties. Our effort to identify and characterize magnetic Weyl systems will be 

expanded to make use of chemical substitutions to stimulate magnetic ordering. In addition, the 

exploration of chiral and non-centrosymmetric magnetic materials will be extended to materials 

from other crystal families to explore the variety of spin textures that can be discovered and 

controlled. For the polypeptoid research, we will be developing methods for the investigation of 

polymer synthesis at the neutron beam line; Lab-on-an Instrument. That is, we will work to 

create a chemistry lab on the neutron instruments to investigate reaction-driven self-assembly in 

complex fluids. The goal is to explore the structural and dynamic evolution of hierarchical self-

assembly resulting from the complex interplay between secondary (non-covalent) interactions 

and primary (covalent) interactions in a reactive system. The complex nature of the multi-length-

scale experimental system requires a combined approach: synthesis of well-characterized model 

systems, neutron scattering to identify the structural features, and simulations to suggest which 

interactions determine the morphology. 
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Equilibrium and Non-Equilibrium Vortex and Skyrmion Lattices 

 

Morten R. Eskildsen, University of Notre Dame 

 

Program Scope 

 The program is focused on the small-angle neutron scattering (SANS) studies of 

mesoscopic magnetic structures, specifically the vortex lattice (VL) in type-II superconductors 

and the skyrmion lattice (SkL) in chiral magnets in nonequilibrium conditions.  The vortex 

studies has a dual focus: (i) Using the VL as a probe of the superconducting state in 

unconventional superconductors, and (ii) Studies of the structural transition kinetics and 

activated behavior in vortex matter.  Similarly, the SkL studies has a dual objective: (i) 

Determination of the activation barrier for skyrmion formation/annihilation from hysteresis 

measurements, and (ii) using transport currents to access metastable SkL configurations.  Both 

the VL and SkL studies are complemented by molecular dynamics simulations. 

Recent Progress  

 Order parameter in the topological superconductor UPt3.  To provide a direct test of 

broken time-reversal symmetry in the UPt3 B phase, SANS measurements were carried out with 

H ∥ c where the VL is especially sensitive to changes in the superconducting.  The VL was 

prepared using one of two different field histories, illustrated in Fig. 1(a), to achieve states where 

the phase winding in the vortex cores is either parallel (+ + or − −) or anti-parallel (+ − or − +) to 

the global phase winding set by the direction of the applied field [1].  Figs. 1(b) and 1(c) show 

diffraction patterns illustrating the two main results: (i) a splitting of the VL Bragg peaks, 

indicating the presence of two triangular VL domain orientations rotated in opposite directions 

about the c-axis, and (ii) a different splitting for the two field histories providing direct evidence 

 

Fig. 1 Broken time reversal symmetry in UPt3.  (a) Phase diagram showing the three superconducting phases.  Inset 

shows energy of the superconducting condensate as a function of field history.  (b,c) VL diffraction patterns 

following a field reduction and a field reversal.  (d) Field dependence of the VL Bragg peak splitting. 
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for an internal degree of freedom associated with the vortex cores.  The field dependence of the 

VL splitting is shown in Fig. 1(d), where the difference between the two field histories is seen to 

vanish in the C phase.  From this we infer that time-reversal symmetry is broken in the zero-field 

B phase, and that the c-axis is an axis of chiral symmetry. 

 Structural transition kinetics and activated behavior in the vortex lattice.  The VL in 

MgB2 can be driven into metastable states (MS) by cooling or heating across (equilibrium) phase 

transitions [2,3].  Using SANS we have studied the VL in 

this material, as it gradually transition from the MS to the 

equilibrium state (ES) due to successive applications of 

ac magnetic field cycles.  Figs. 2(b) and 2(c) compares 

measurements sequences for a supercooled and 

superheated VL respectively.  In the supercooled case ES 

domains that nucleate in their final orientations and grow 

at the expense of the MS domains, making the transition 

discontinuous.  In comparison the VL in the superheated 

case rotate continuously towards the ES orientation.  This 

difference is due to the qualitatively different single-

domain free energy configuration, shown in Fig. 2(a). 

 The MS-ES transition can be analyzed in terms of 

an activated behavior.  In this context the ac amplitude 

(Hac) and cycle count (n) take the role of, respectively, 

the effective “temperature” and “time.”  This allows a 

determination of the activation field (Ĥ) shown in Fig. 3, 

representing the barrier between MS and ES VL domain 

orientations [4,5].  Here, the “transition coordinate” for 

the supercooled case is the remaining metastable volume 

fraction (fMS) and for the superheated case the VL peak 

splitting.  Despite the qualitatively different nature of the 

 
Fig. 2 MS to ES transition for supercooled and superheated VLs in MgB.  (a) Schematic single domain VL free 

energy curves corresponding to the supercooled and superheated VL configurations.  Solid (open) circles represent 

an ES (MS) VL.  (b) Azimuthal intensity distribution versus the number of applied ac cycles for the supercooled 

VL.  The left colorbar indicates the pristine MS VL.  (c) Similar data for the superheated VL. 

 
Fig. 3 Activation fields for the MS to ES 

transition in MgB2 for a (a) supercooled VL 

and (b) superheated VL.  Different symbols 

represent different ac field amplitudes. 
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transition, the activation field evolves in a similar way for both the supercooled and superheated 

VL.  Notably Ĥ increases as the transition progresses, equivalent to an aging of the VL.  We note 

the similarity to isothermal martensitic phase transformations in maraging steel which are 

governed by domain formation and growth, and where an increasing activation energy has also 

been observed [6]. 

 Activation barrier for SkL formation.  The transition between the conical and SkL phases 

is discontinuous and therefore one where it is natural to 

expect a hysteretic behavior.  Since these two phases are 

easily distinguishable in reciprocal space, SANS is an 

ideal technique to study the hysteresis associated with the 

creation or destruction of skyrmions.  In Fig. 4 we show 

measurements of the scattered intensity from the SkL in 

MnSi, showing a small but measurable shift between 

increasing and decreasing magnetic fields.  To model the 

observed hysteresis we have used an adapted Preisach 

model, from we may determine the activation barrier 

between the SkL and conical phases.  This yields an 

activation barrier of ~1 mT. 

Future Plans 

 Presence or absence of vortex lattice metastability without domain boundaries.  A main 

conclusion of our previous VL studies is that domain formation and interaction is responsible for 

the metastable phases observed experimentally in MgB2 and also govern the transition kinetics.  

To better model the domain-dominated kinetics, further measurements will be undertaken in 

systems where domain formation is suppressed.  This may be achieved by rotating the applied 

magnetic field away from the c-axis in a uniaxial superconductor, introducing a two-fold 

anisotropy which break the degeneracy and favor one VL domain orientation over another [7].  If 

the presence of domain boundaries is required to sustain the metastable states, the metastability 

will gradually become less pronounced and eventually cease to exist as the field rotation angle 

increases.  Furthermore, the VL activation field (see Fig. 3) will be suppressed. 

 Kinetics and activated behavior for first order vortex lattice transitions.  To fully 

understand metastability in vortex matter, it is important to study this in connection with 

discontinuous (first order) phase transitions which complement the continuous (second order) 

transitions previously studied in MgB2.  Non-magnetic members of the nickelborocarbide 

superconductors are known to undergo a discontinuous 90 rotation within a rhombic phase, as 

part of the transition from a triangular to square symmetry [8].  We will perform SANS studies 

of the VL in YNi2B2C, with an initial goal of establishing whether long-lived metastable states 

associated with the reorientation transition can be achieved.  If these states are observed, we will 

 
Fig. 4 Hysteresis of the SkL intensity in 

MnSi.  Lines are a fits to an adapted 

Preisach model. 
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proceed with measurements of the transition kinetics, in analogy with our previous studies of 

MgB2 discussed above. 

 An alternative approach to realizing metastable VL states in connection with a first order 

transition is the application of strain, which in recent years has emerged as a powerful “knob” to 

tune the Fermi surface of materials and thereby associated properties such as superconductivity.  

We have performed preliminary SANS measurements of in niobium, observing a change of the 

VL configuration at approximately 0.03% strain.  These studies will be continued. 

 Manipulating the SkL by electric currents.  While vortex motion may be induced by a 

change in the magnetic field, skyrmions typically require an electric current.  A rotation of the 

SKL may be achieved by combining a uniform current density with a thermal gradient [9].  We 

will use a Corbino geometry, where a radial current produces an azimuthal Magnus force, and 

hence a torque on the SkL without requiring a thermal gradient.  This approach presents several 

advantages: (i) the number of skyrmions entering and leaving the sample will be minimized, 

reducing complications or artifacts due to geometric barriers; (ii) the results will be easier to 

model since it does not require knowledge of an immeasurable temperature gradient; (iii) a lower 

current density will be required, since the Magnus force is directly working to rotate the lattice.  

At low currents the SkL is expected to rotate as one unit, with an angle versus current 

dependence that reflect the anisotropic interaction potential similar to the one shown in Fig. 2(a).  

At higher currents, a deformation or fracturing of the SkL is expected as the force on the 

skyrmions near the center will be greater than those on the perimeter.  Finally, we may be able to 

observe a compression or expansion of the SkL depending on the direction of the current and the 

corresponding radial drag force.  Together, we will be able to explore the strength and elastic 

properties of the SkL [10].  In the longer term, it may also be used to study the transition kinetics 

associated with metastable SkL phases, in analogy with the VL measurements discussed above. 

 In addition to the main projects outlined above, we will continue molecular dynamics 

simulations to complement our SANS studies of the VL and the SkL.  This will provide real-

space information, which is particularly valuable for understanding domain formation and 

growth in connection with structural transitions in these systems. 
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Program Scope 

 This program uses inelastic neutron scattering (INS) to measure thermal excitations in 

materials, especially atom vibrations (phonons), but also electron spins (magnons). Modern 

computational studies give the effects of electronic excitations, and help identify couplings 

between the different types of excitations at high temperatures. The primary effort is to measure 

accurately the phonon spectra and dispersions. Phonons are the most important thermal 

excitations for materials thermodynamics. They give the vibrational entropy, and show its 

importance to the Gibbs free energies of materials. Our experiments address cases where the 

vibrational entropy should be large and interesting. Measurements at high temperatures can show 

significant effects from anharmonicity and electron-phonon interactions. The work also focuses 

on the importance of vibrational dynamics for other thermophysical properties such as thermal 

expansion, and perhaps the temperature dependence of elastic constants.  

 This is primarily an experimental investigation based on INS measurements performed at 

the Spallation Neutron Source, ORNL. In conjunction with computation, INS is the most 

powerful approach today for understanding the different contributions to the entropy of 

materials. Some of the experimental work involves obtaining accurate phonon densities of states 

(DOS) at different temperatures. With the development of single crystal techniques with chopper 

spectrometers such as ARCS, it is now possible to measure phonon excitations at all 

crystallographic directions and wavevectors in a crystal (its Brillouin zone). These new 

measurements offer a more detailed understanding of why phonon energies and lifetimes change 

with temperature, and are a highly efficient alternative to measuring phonon dispersions with 

triple axis spectrometers.  

 Computational methods similar to ab-initio molecular dynamics computations can 

account for large anharmonicities beyond the realm of phonon-phonon perturbation theory, and 

they also show how the electronic structure changes with temperature. At high temperatures 

there is a hierarchy of anharmonic effects, and with computational support they can be separated 

into quasiharmonic entropy, anharmonic entropy, and effects of electron-phonon interactions.  

Recent Progress  

1. Effects of Temperature on Electron-Phonon Interactions   We interpreted neutron scattering 

measurements of the temperature dependence of the phonon DOS of bcc vanadium (Fig. 1a) 

using new first-principles calculations (Fig. 1b). Supercell calculations accounted for effects of 
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thermal atom displacements on electronic energies, and band unfolding was used to project the 

spectral weight of the electron states into the Brillouin zone of a standard bcc unit cell. These 

projections were used to generate the electronic structure around the Fermi surface of vanadium 

at elevated temperatures (Fig. 1c,d). We found, for the first time, that temperature caused an 

electronic topological transition (ETT, or Lifshitz transition) near the  point (new intensity at 

the center of Fig. 1d). However, the large thermal smearing of electron state energies from the 

atomic disorder and the Fermi-Dirac 

distribution reduced the importance 

of this ETT for electron-phonon 

interactions. The phonon dispersions 

showed thermal stiffening of their 

Kohn anomalies near the  point, 

and of the longitudinal N phonon 

mode.  

In short, the effects of the thermally-

driven ETT are overcome by the 

thermal smearing of the Fermi 

surface, which reduces the density of 

phonon spanning vectors across the 

Fermi surface. 

 

 

  

 

 

 

 

 

2. Phonon Anharmonicity and Thermal Expansion of NaBr 

 Thermal expansion is a fundamental thermophysical property that originates from a balance 

between phonon entropy (which increases as the material expands) and elastic energy (a penalty against 

expansion). The usual way to predict thermal expansion is based on the quasiharmonic approximation 

(QHA), which assumes a volume dependence of the phonon frequencies. Although a QHA theory of 

thermal expansion is logically self-consistent, it ignores pure anharmonicity, where phonon frequencies 

Fig. 1 (a) Experimental phonon DOS 

curves from bcc V at different 

temperatures [1]. (b) First moment 

phonon energies of experimental DOS 

curves from three neutron instruments, 

and our ab intio calculations (colored 

squares). Quasiharmonic calculations are 

dashed red curve. (c,d) (100) cuts 

through Fermi surfaces from supercell 

calculations and  band unfolding. (c) 0 K 

and (d) 1100 K (indices are for simple 

cubic structure). 
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depend on both temperature and volume. In our recent work on the thermal expansion of silicon, we 

found that the QHA gave the wrong sign for the temperature dependence of most of the phonons 

measured by inelastic neutron scattering. The QHA must therefore be physically incorrect, but it did 

predict correctly the thermal expansion (owing to a surprising cancellation of erroneous 

contributions from individual phonons). Convincing the materials physics community that the QHA is 

inappropriate for explaining thermal expansion requires a new example, and we have chosen NaBr.  

 Figure 2a shows that the QHA fails to predict the thermal expansion of NaBr. Anharmonic effects 

were included in our ab initio calculations (sTDEP [2,3]), which reproduced well the thermal expansion 

with temperature (Fig. 2a). Figure 2a shows that the large thermal expansion of NaBr depends on the pure 

anharmonicity. Figure 2b,c show how the LO phonon modes soften significantly with temperature, in 

both INS measurements and the full calculations.  We are attempting to identify the types of phonon-

phonon interactions that are responsible for these large changes in phonon spectral weight, and how they 

correlate to the thermal expansion of NaBr. 

 

 

Future Plans 

 In earlier work we found that the thermal softening of phonons in transition metal alloys 

depended on the electronic density of states at the Fermi level [1]. In general, the greater the 

electronic density of states, the more effective the electronic screening of ion core displacements, 

and the softer are the phonon frequencies. In 2016 we reported a new phenomenon in FeTi, 

where temperature created a new feature at the Fermi surface (an electronic topological 

Fig. 2 (a) Thermal expansion from QHA, anharmonic sTDEP 

calculations, and experiments [4].  

(b) 10 K calc: Phonons calculated from QHA(white dot line) with 

Phonopy [5] , 2nd-order force constants (FCs) with sTDEP (black 

dash line) and 3rd-order FCs with sTDEP (green intensity map).                 

10 K exp: folded INS data along [111] direction. 

(c) same as panel b, but calculations and measurements for 700 K.    
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transition, ETT) [3]. This ETT increased the electron-phonon interaction, and gave an anomalous 

temperature-dependence to the phonon energies. Very recently, for vanadium we found a new 

ETT that was driven by temperature, but other types of thermal broadening of the electronic 

energies largely cancelled its effects. The temperature dependence of the electron-phonon 

interaction remains of interest, but we need to decide on an experiment that will better separate 

these different effects. 

 In 2018 we showed that the thermal expansion of silicon is dominated by phonon 

anharmonicity, and at low temperatures the anharmonic leakage of the zero-point of optical 

modes causes negative thermal expansion. The materials physics community has a large 

investment in a more conventional quasiharmonic theory of the thermal expansion of silicon, and 

although this quasiharmonic theory makes highly inaccurate predictions of the temperature 

dependence of the phonons, it does give approximately the correct thermal expansion. We have 

therefore taken up the case of thermal expansion of NaBr, since it has a thermal expansion that 

cannot be predicted by the quasiharmonic theory. This work, discussed with Fig. 2, is coming 

along well. We need to plan another study to follow it.  

 A thermodynamic identity is ∂2F / ∂V∂T =  B, where the mixed second derivative of free 

energy with respect to volume and temperature equals the thermal expansion coefficient times 

the isothermal bulk modulus. If the anharmonic leakage of zero point energy from optical modes 

alters the thermal expansion of NaBr, it should also affect the temperature dependence of its 

elastic constants. This is a new opportunity for modern experiments with inelastic neutron 

scattering, supported by modern computational methods, to give new insights into the equations 

of state of materials.  
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Program Scope 

 The Center for Quantum Materials (CQM) at the University of Minnesota, established in 

2016, is comprised of an inter-disciplinary team of five faculty and more than a dozen Ph.D. 

students and post-docs. The team investigates the physics and materials science of quantum 

materials, primarily complex oxides, a vast class of materials that embody many of the most 

fundamental questions regarding quantum behavior of interacting electrons. These materials are 

also relevant to important technologies, in data storage, spintronics, catalysis, fuel cells, etc. 

Their rich phase diagrams are manifestations of the interplay between electronic kinetic energy 

and interactions, resulting in myriad quantum states that can, in principle, be controlled 

experimentally. The CQM vision is to substantially raise the understanding of quantum 

electronic phases and transitions in oxides, through investigation of exceptional quality 

materials. Emphasis is placed on synergy between bulk crystal and epitaxial film approaches, 

application of cutting-edge neutron, X-ray, and other tools, and microscopic modeling.  

Recent Progress  

 The primary recent CQM emphasis has been on model oxides from three representative 

families: perovskite titanates, cuprates, and perovskite cobaltites. Work on titanates has been a 

central focus, involving all CQM faculty. Major efforts were made to understand the 

foundational complex oxide SrTiO3, including the nature of its structural phase transition [2], 

normal state behavior [24], and superconductivity [14,15,26], which have remained unresolved 

for over half a century. A related direction has been the study of rare-earth titanates as model 

Mott insulators with controllable spin-orbital structures, with focus on the antiferromagnetic-

ferromagnetic (AF-FM) transition in Y1-xLaxTiO3. With respect to cuprates, the model system 

HgBa2CuO4+δ, and the overall temperature-doping phase diagram, have been specific foci 

[1,4,12,13,17,19,22,23,25-28,32,35]. CQM research has made significant advances, unraveling 

commonalities among oxide superconductors, the latter involving a natural extension to 

superconducting (SC) Sr2RuO4 [26]. In terms of cobaltites, CQM research has emphasized thin 

films and heterostructures, focusing on spin-state physics [7], magnetic and electronic 

inhomogeneity, and oxygen-vacancy-based control [5,6,16,18,20]. In addition to these main 

topics, CQM research included complex magnetic alloys, the magnetic mineral Fe7S8 [11], and 

61



 

 

Figure 1: Doping evolution of the T 

dependence of (a) the 020 (FM) and (b) the 

011 (G-type AF) Bragg intensity, normalized 

by the nuclear Bragg intensity. (c,d) Low-q 

(0.003Å-1, closed symbols) and high-q (0.1 Å-1, 

open symbols) SANS intensity vs. temperature 

for (c) x = 0 and (d) x = 0.2. (e) Momentum 

space map of SANS intensity at T = 3 K for x = 

0 (left) and x = 0.2 (right).  

 

 

BaSnO3 [9], the highest room temperature mobility perovskite oxide. Below, we describe a few 

examples of recent CQM progress; additional progress is highlighted in separate abstracts. 

Examples of recent CQM progress – titanates. Beginning with SrTiO3, Leighton shed new light 

on the nature of the antiferrodisplacive cubic-tetragonal transition by uncovering a key role for 

valence mismatch in the dependence of the transition temperature on substitution [2]. A 

quantitative relation between transition temperature and structure was unveiled, providing the 

first predictive capability [2]. The perplexing T2 

normal-state resistivity was then explored in doped 

SrTiO3 via the first comprehensive study of electronic 

specific heat (Leighton, Fernandes) [24]. The well-

known Kadowaki-Woods scaling was found to be 

qualitatively violated, pointing to the urgent need for 

new theoretical normal-state descriptions of SrTiO3, 

potentially beyond the standard Fermi liquid picture.  

 Chubukov and Fernandes shed light on the 

nature of the SC state in SrTiO3, which has remained 

elusive. In back-to-back papers, Fernandes addressed 

an important property of the SC dome, also observed 

in LaAlO3/SrTiO3 [14,15]. Chubukov and Fernandes 

further studied the origin of the attractive intra-band 

pairing interaction. In a related breakthrough, Jalan 

developed hybrid MBE of highly perfect, doped 

SrTiO3 films, with the goal to utilize controlled 

doping in strain-engineered heterostructures to 

understand SC phase behavior vs. doping, disorder, 

strain, etc. Using Nd, Jalan also established 

controlled doping of SrTiO3 films, discovered that 

they are indeed SC, and established the existence of a 

SC dome. Additionally, Jalan developed remote 

doping of SrTiO3 using a nonpolar/polar 

heterostructure, discovering superconductivity.  

 Greven and Leighton also initiated neutron-

based studies of bulk Y1-xLaxTiO3, in collaboration with ORNL and NIST. The phase behavior of 

the Mott-insulating rare-earth titanates RTiO3 has long been debated, due to the variety of spin- 

and orbital-ordered states. In particular, an AF-FM transition occurs vs. R ion, as the Ti-O-Ti 

bond angle decreases. This transition also occurs in Y1-xLaxTiO3, where it can be studied quasi-

continuously vs. x. Despite this opportunity, neutron scattering studies have been limited to the 

parent compounds YTiO3 and LaTiO3. We thus conducted an extensive study of Y1-xLaxTiO3 

crystals up to x = 0.3. Fig. 1(a,b) shows the doping evolution of the T-dependence of the AF 
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Figure 2: Neutron TOF data 

confirm Y-shaped magnetic 

response. Susceptibility  in units 

of μB
2eV-1f.u.-1 at 5 K (left), 70 K 

(middle) and 410 K (right) for 

Hg1201 (p ≈ 0.064, Tc ≈ 55 K, T ≈ 

400 K). Data averaged within 

indicated energy ranges. White 

dots (left): FWHM resolution.  

 

(011) and FM (020) Bragg intensities. Although Y-rich compounds are predominantly FM, AF 

reflections show nonzero intensity due to spin canting. From the x dependence of the magnetic 

Bragg intensities we find strong suppression of the ordered magnetic moment with doping. These 

data were supplemented with SANS measurements (Fig. 1(c,d,e)), on x = 0, 0.1, 0.2 crystals. 

Importantly, magnetic inhomogeneities are seen at 10 nm length scales, even in undoped 

YTiO3. The high-q (scattering wavevector) scattering (Fig. 1(c,d)) also suggests distinct changes 

in critical scattering as the magnetic crossover is approached in the x = 0.2 crystal. Moreover, a 

clear crossover from easy-axis to almost isotropic low T behavior is seen as x increases from 0 to 

0.2 (Fig. 1(e)), correlating well with angle-dependent magnetometry. The destruction of FM 

order with x is thus accompanied by a dramatic decrease in magetocrystalline anisotropy.  

Examples of recent CQM progress – cuprates. Exploiting the 

unique CQM capability to grow sizable crystals of the model 

compound HgBa2CuO4+δ, the single-CuO2-layer cuprate with 

the highest optimal Tc, Greven performed crystal growth [17], 

neutron [1,19], X-ray [4,35], transport [12,13,28,32], and 

nonlinear response [25,26] work, the latter with Leighton [26]. 

This enabled construction of a detailed phase diagram and led to 

numerous insights. For example, time-of-flight neutron work at 

the SNS yielded key insight into the AF response (Fig. 2; [1] 

and manuscript in preparation). The unusual Y-shaped AF 

excitation spectrum previously observed at moderate doping (Tc 

≈ 71 K), where charge order is prominent, was found to be even 

more robust at lower doping (Tc ≈ 55 K), and hence to be 

unrelated to the charge-order instability. The Y-shaped (wine-

glass) spectrum, rather than the X-shaped (hour-glass) 

excitations seen in structurally more complex cuprates, appear 

to be the underlying normal-state response of the cuprates. This 

insight is important, as SC pairing may be driven by AF 

correlations. The response is enhanced below the pseudogap 

(PG) temperature, indicating that AF correlations are affected 

by, but do not drive the PG formation. In the PG state, the 

cuprates exhibit unusual intra-unit-cell magnetism. Building on 

prior work, Greven performed polarized neutron diffraction 

measurements to determine the moment direction [19]. The 

observed angle of 70°±10° away from the normal to the CuO2 

layers rules out purely planar loop currents and high-symmetry 

Dirac multipoles, two prominent proposals for the microscopic 

origin. However, the data are consistent with Dirac multipoles 

of lower symmetry or, alternatively, with a particular configuration of loop currents along the 

faces of the CuO6 octahedra. 
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Examples of recent CQM progress – cobaltites. Emphasis has been placed on the use of tuning 

of oxygen vacancy (VO) density and spatial ordering to control electronic and magnetic 

properties (Leighton and Greven). Examples include VO-based control of thermal conductivity, 

which can be reduced to almost the amorphous limit even in highly epitaxial systems [5], and 

magnetic order and anisotropy [16]. Strain-based tuning of the orientation of long-range VO 

ordering in La1-xSrxCoO3- is now under exquisite control, enabling perpendicular magnetic 

anisotropy [16]. Large perpendicular anisotropy (up to almost 107 erg/cm3, despite the absence of 

high Z elements) occurs under compressive strain, where the naturally-formed in-plane 

superlattice associated with VO order plays the key role [16]. Other enhancements of anisotropic 

properties have been found under these conditions, including what may be the largest anisotropic 

magnetoresistance values recorded. Control of dead layers by this approach is currently being 

pursued. These methods are also being extended to other materials, such as BaSnO3, where VO-

based doping control has now been demonstrated [9]. Moreover, dynamical electrochemical 

control of VO density and order is being explored by Leighton, Greven, and Fernandes. In 

CQM/MRSEC collaborative research, synchrotron X-ray diffraction (SXRD) and polarized 

neutron reflectometry (PNR) are being used as powerful operando probes of electrolyte-gated 

perovskites [6,18,20]. Electrochemical control of Curie temperature in La1-xSrxCoO3- is now 

possible over a 220 K window (via VO induction, verified by operando SXRD and PNR) [6], 

while pure electrostatic gating has induced a record 150 K modulation of the Curie point [18]. 

The latter was verified directly by PNR at the SNS, on only 6 unit-cell-thick films.  

The perplexing problem of FM in tensile-strained films of undoped LaCoO3 is also under 

investigation. This has recently been tuned via chemical substitution [7], pointing to potential 

means to tune the spin gap, and thus approach the putative spin-state quantum critical point. 

CQM research has also discovered a majority carrier type inversion from p to n with tensile 

strain, revealing a previously unknown link to the existence of ferromagnetism (Leighton, Birol).             

Future Plans 

 Building on the success of our synergistic approach, we will deepen our efforts to tackle 

important questions pertaining to these model systems, and expand our reach to other promising 

oxides. These include bismuthates, which display charge order and unconventional 

superconductity, and metallic delafossites, which display record-breaking oxide conductivities, 

hydrodynamic electron flow, and possibly nontrivial electronic topology. We will emphasize a 

dual thin film/bulk crystal approach wherever feasible, model systems, neutron and X-ray 

investigations, and collaboration with experts in the use of complementary methods. Overarching 

questions are how such systems evolve from strongly-correlated insulators to weakly-correlated 

metals via interesting intermediate states, and the role of local vs. average structure in 

determining the myriad phases. A key cross-cutting aspect will be advancement and utilization of 

novel experimental approaches (hybrid MBE, plastic-deformation control, next-level diffuse 

scattering, nonlinear magnetic response, etc.), and state-of-the-art first-principles computation.  
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Understanding the Structure and Dynamics of Conjugated Polymers by Advancing 

Deuteration Chemistry and Neutron Scattering 

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

of Southern Mississippi 

Program Scope 

 This program aims to understand the structure and dynamics of conjugated polymers (CPs) 

by new click based deuteration chemistry and neutron scattering. This project aims to: i) develop 

new methodologies to efficiently deuterate sidechains of CPs; ii) understand the role of dynamic 

and static disorder of the sidechains on backbone rigidity and how this impacts optical, mechanical 

and electronic properties; and iii) formulate design principles for next-generation CPs that are 

resilient to disorder through precise control of electronic structure through manipulating backbone 

and side chain structure. This project will provide new methodologies to quantitatively measure 

chain conformation of CPs, which is vital for further advancements, understanding underlying 

structure-function relationships that lead to emerging CPs, discovering new phenomena, 

improving device performance, and creating new energy-related technologies.  

 Recent Progress  

 This project started in September 2018. During the past 9 months, the team made the 

following progress regarding development CPs with deuterated sidechains and characterization of 

those CPs by neutrons. 

Develop method to prepare deuterated conjugated polymers. The team prepared 

several CPs with deuterated sidechains. Two different routes for adding deuterated sidechain onto 

various CPs were used. The first route aims to use the click chemistry to add thiol-functionalized 

deuterated sidechains to the CP’s backbone. We focused on the polyfluorene polymers as a starting 

point, which previously we had experience to synthesis. Parallelly, another route was used to 

synthesize CPs with deuterated sidechains, starting from the monomer level. This bottom-up route 

focused on attaching deuterated functional sidechains to a conjugated monomer, then polymerizing 

the monomer. Both methods were performed in parallel to compare efficiency of deuteration of 

CPs. The bottom up synthesis route was performed by graduate student hosted full time at the 

CNMS, a user facility at ORNL, through approved user proposal.  

 

Figure 1. Scope of Thiol-X post-modification strategy on CPs providing linear and branched side-chains 
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In the first route to use click chemistry to prepare deuterated conjugated polymers, we 

accomplished the following synthesis work. The post-modification click-on methodology is highly 

efficient and allows the placement of various sidechains (different length, branching points, 

functionality) onto the same CP scaffold1. By “clicking” the functionalities onto the CP after 

polymerization, batch-to-batch variation can be reduced between polymers with different side-

chains, allowing for a more controlled assessment of structure-function-property relationships. 

Alkene and alkyne hydrothiolations, commonly referred to as thiol-ene and thiol-yne reactions 

respectively, or thiol-x chemistries collectively, have been widely utilized in the areas of material 

science, nanotechnology, and bioconjugation due to their fast reaction rates, high yields, functional 

group tolerance, and powerful thermodynamic driving force2. By synthesizing polymer backbones 

with pendant reactive handles, and subsequently functionalizing the CPs through these approaches, 

the synthetic rigor to access a library of structurally diverse CPs is reduced dramatically. This post-

modification approach is demonstrated in Figure 1, where pre-organized scaffolds with pendant 

alkene and alkyne functional groups are post-functionalized through thiol-ene and thiol-yne 

reactions respectively. Past progress involves controlling reaction conditions such as temperature, 

additives, catalyst, and stoichiometries to allow access to high molecular weight linear CPs with 

pendant olefins without the need of the organotin species required for the Stille reaction. We 

synthesized several PFO based polymers with deuterated sidechains using above approach. This 

approach will be further expanded to other D-A polymers.  

We also synthesized deuterated 

poly(3-alkyl)thiophenes (P3AT), a 

well-known conjugated polymer, with 

various length of side chains using the 

bottom up approach3. This chemistry 

allows the incorporation of fully 

deuterated side chains, leaving no 

protic regions between the polymer 

backbone and deuterated side chains.  

Therefore, it allows simplified 

interpretation of fundamental structural 

properties such as persistence length, 

dihedral angle, conjugation length, etc. P3ATs were synthesized by a modified GRIM method, as 

described in Figure 2. Briefly speaking, 3-bromothiophene and deuterated alkyl magnesium 

bromide participate in a Kumuda reaction with Ni(dppp)Cl2 catalyst to yield 3-alkylthiophene 

compounds4. After adding a bromide in the second position and fifth position by reacting with N-

bromosuccinimide in a mixture solvent of chloroform and acetic acid, 2,5-dibromo-3- 

alkythiophene monomers were obtained. The intermediate was reacted with Grignard reagent 

(isopropylmagnesium chloride) and Ni(dppp)Cl2 catalyst to polymerize the monomers to form 

P3ATs with various length of deuterated sidechains. P3ATs (P3PT-d11, P3HT-d13, P3OT-d17, 

and P3DT-d21) were synthesized with close molecular weight (20 kg/mol) and low PDI (e.g. 

Figure 2.  Synthesis of P3ATs with deuterated side-chains. Four 

deuterated conjugated polymers were prepared.  
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<1.05). High-resolution 1H NMR and 13C NMR spectroscopy were utilized to determine the 

chemical structure of the synthesized P3ATs. The results showed that side-chain deuterated P3ATs 

with various length of side chains were successfully synthesized. These polymers have very high 

regularities of over 97%. 

Probe conjugated polymers backbone conformation by neutron scattering in contrast 

varied solvents. We first performed solution scattering for the non-deuterated CPs (P3AT, PFO 

and DPP CPs) in solvents to study the chain conformation. Take DPP polymers for example, we 

put backbone building blocks with different flexibility and exanimated their property (Figure 3) 

at two polymer concentrations (1mg/ml and 

5mg/ml) and temperatures (room temperature and 

elevated temperature). We were able to develop an 

understanding for CP’s chain conformation, which 

would lay a foundation for the following up 

experiments for measuring the backbone rigidity of 

those polymers in contrast matched solvent with 

sidechains. The preliminary results suggested that 

those DPP polymer has a rigid backbone compared 

to P3ATs. The Kuhn length for the DPP polymer 

was measured to be around 10nm, which is around 

two times higher than P3AT polymer5. The 

preliminary result indicated that those rigid 

backbone could be responsible to improved charge 

transfer property. We are in the process of 

comparing DPP polymers from the same family but 

with different sidechains to understand the effect of 

sidechain’s influence on polymer’s backbone 

rigidity6.  

Influence of the backbone rigidity on the physical property of CPs. The research team 

designed and synthesized 10 different DPP polymers and studied their thin film mechanical 

property. We found the backbone rigidity play a key role in determining the thin film mechanical 

property probed by our thin film tensile stage. Several works based on this new technique were 

published early this year in Advanced Electronic Materials [Publication 3], Advanced Materials 

[Publication 4], and Chemistry of Materials [Publication 5]. We also started to look into the effect 

of backbone rigidity on the crystallization of conjugated polymers [Publication 2]. Preliminary 

results suggested that the rigidity of the polymer also strongly influences the crystallization 

kinetics.  The work to relate the backbone rigidity to the optical and electronic property of the CPs 

will start in year 2.  

 

Figure 3. Neutron scattering raw curve (black dot) 

and fitted curve (red dot) for DPP-T polymer. A 

flexible cylinder model was used to fit the data using 

a q range from 0.008 Å-1 to 0.9 Å-1 due to the strong 

aggregation behavior shown at low q. the contour 

length and persistence length were fitted to be 216 

Å and 90 Å, respectively.  
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Future Plans 

 Following the successful preparation of several deuterated CPs, we will focus on the 

following tasks in near future. 

1) We will further expand the deuterated chemistry by using both bottom-up and post-

modification approaches to prepared CPs with deuterated sidechains. We will focus on several 

state-of-the-art donor-acceptor CPs such as DPP or Isoindigo polymers, which are widely used in 

organic electronic device and have superior performance than P3AT CPs. 

2) We will continue to use neutron scattering to probe the chain conformation and 

backbone rigidity for CPs in solution. We will measure deuterated CPs in contrast-varied solvents 

to obtain scattering information originated from polymeric backbone and obtain degree of 

backbone rigidity. Along this line, we aim to establish collaboration with molecular dynamic (MD) 

simulation research group to compare the experimental results with simulations. We will also 

perform neutron spectroscopy to understand the heterogeneity of dynamics for a given polymer 

chain. We expect that understand the backbone dynamic potentially can provide new angle to 

under the charge transport phenomenon for organic electronic dynamics. 

3) We will study the effect of the rigidity of polymer backbone on the their physical, optical 

and electronic property. We plan to perform solution-based spectroscopy (UV-vis and 

fluorescence spectroscopy) on previous synthesis CPs with or without deuterated sidechains. We 

expect the rigidity of the polymer backbone would have an impact on their conjugated length and 

optical property. The electronic property of the polymerics thin film will also be measured in thin 

film transistor devices. We hypothesize that the rigid and planer polymer backbone could impact 

the charge transport property. 
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Rheo-structural spectroscopy: fingerprinting the in situ response of fluids to arbitrary flow  

 

Matthew E. Helgeson, Dept. of Chemical Engineering, UC Santa Barbara 

 

Program Scope 

 Small angle neutron and X-ray scattering (SANS/SAXS) are powerful tools for 

understanding and engineering flow-structure coupling during processing of complex fluids, 

such as polymeric liquids and colloidal suspensions. Although existing methods for in situ 

neutron scattering during flow have been successful in characterizing structure-processing-

property relationships for fluids under shearing deformation, most industrial processes involve 

more complicated deformations including combinations of shearing, elongation, and rotation. 

The goal of this research program is to develop new tools for in situ SANS/SAXS measurements 

under fluid flows involving arbitrary, time-programmable deformation types, and apply these 

tools to study microstructural transformations in energy-relevant complex fluids including 

polymeric liquids and nanoparticle suspensions. This is achieved through three primary 

objectives to: (1) design and validate a fluidic four roll mill (FFoRM) device and associated 

methods that are optimized for SANS/SAXS and flow velocimetry measurements; (2) combine 

the FFoRM with modeling to develop and refine microscopically-informed rheological models 

for complex fluids in complex deformations; (3) understand how deformation type and nanoscale 

architecture impact a number of flow-induced structural transformations observed during 

processing of a range of complex fluids. 

Recent Progress  

 In the previous reporting period, we successfully developed a FFoRM device capable of 

both flow visualization and in situ SANS measurements under programmable processing flow 

histories.[1] In the current period, we developed a general theory and computational workflow 

for simulating 2D SANS/SAXS patterns under flow. This powerful new tool has enabled a 

number of studies into detailed flow-structure coupling of orientable polymeric fluids including 

semiflexible polymers, cellulosic nanomaterials and surfactant micelles. We have also adapted 

the FFoRM-SANS device for SAXS imaging measurements, which enables high spatiotemporal 

resolution measurements to map the dynamic response of fluid structure to a range of 

programmed processing flows. These examples highlight the unique capabilities enabled by 

combining novel programmable flows within neutron and X-ray beams with advanced modeling.  

Modeling 2D SANS/SAXS patterns of orientable fluids.  Conventional analyses for anisotropic 

scattering from orientable microstructures in flow and other forcing fields has largely been 

limited to calculation of reduced scalar order parameters from raw scattering data that describe 

the average orientation and degree of alignment of the scattering anisotropy at a particular q-

value or discrete range of q-space.[2] Such low-dimensionality parameterizations, though 

generally applicable, fail to provide direct mechanistic detail about flow-structure coupling. For 

example, they are incapable of separating anisotropic intra- and inter-particle correlations that 

encode information about single molecule dynamics and intermolecular interactions. 
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 To gain deeper insight into the structures encoded by anisotropic scattering, we have 

developed a general theoretical framework and associated workflow for modeling 2D anisotropic 

scattering from orientable fluids (Figure 1, left panel). Two advances in scattering theory and 

analysis underlie the development of this powerful new tool. The first involves a general 

mathematical framework for describing the scattering from individual orientable particles 

relative to the scattering coordinate frame using a transformation matrix approach, enabling 

computationally efficient calculation of the scattering from particles with a prescribed 3D 

orientation probability distribution function (OPDF). The second involves a novel Bayesian 

inversion method that uses the former advance to provide a model-free “fit” of the 2D scattering 

pattern to a high-resolution 3D OPDF. This model-free approach allows for separation of the 

measured scattering into the contributions from the form factor, P(q), which encodes the 3D 

OPDF, and the effective structure factor, Seff(q), which encodes interparticle interactions. 

 

Figure 1. (Left panel) Workflow for our new framework to fit 2D SANS/SAXS patterns from oriented fluids, 

resulting in model-free estimations of the 3D orientation probability distribution function (OPDF) and effective 

structure factor, Seff(q). (Right panel) Model validation using parameter-free predictions of 2D SANS patterns from 

fd-virus solutions in shear flow. (a) Measured rheo-SANS spectra for the dilute fd-virus dispersion under shear flow 

(�̇� = 512 s-1). (b) Model predicted SANS spectra for physical parameters chosen to match this fd-virus dispersion in 

shear flow (�̇� = 512 s-1). (c) Error between the two spectra, where 𝐸𝑟𝑟𝑜𝑟 = |𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐼𝑡ℎ𝑒𝑜𝑟𝑦| 𝐼𝑡ℎ𝑒𝑜𝑟𝑦⁄ . 

Testing theories for rod-like polymers in flow. To test the framework described above as well as 

contemporary theories for rod-like polymers, we use flow-SANS measurements on dilute 

solutions of fd-virus, a model rigid rod-like polymer,[3] in shear flow (Fig. 1, right panel). The 

previously described Bayesian inversion method was used to estimate the 3D OPDF from 2D 

scattering patterns in the flow-vorticity plane (Fig. 1a). Independently, the Doi-Edwards-Kuzuu 

theory for the dynamics of Brownian rod-like suspensions [4] was used to predict the OPDF, and 

the resulting 2D scattering pattern (Fig. 1b). The results are in quantitative agreement over a 

range of shear rates (Figure 1c), validating both our modeling framework and the theory. 

Moments of OPDF
Form factor, P(q)

Effective structure 
factor, Seff(q)

74



Understanding the role of interparticle forces on flow-induced ordering of orientable fluids. 

Despite the accuracy of dilute theories for orientable particles in predicting flow-induced 

structure, theories for semi-dilute and concentrated systems have been largely untested due to the 

complicated coupling of flow with interparticle interactions. The measurement and analysis tools 

we have developed are ideally suited to addressing this challenge. As a model system, we choose 

to study rigid rod-like colloidal dispersions of cellulose nanocrystals (CNCs), which show liquid 

crystalline phases representative of many orientable particle and polymeric systems. Flow-SANS 

and flow-SAXS measurements (described below) were taken over a range of flow types 

spanning steady shear and elongation, as well as during transient changes in flow type. Our new 

modeling tools enable independent estimation of the interparticle form factor particle orientation 

and the anisotropic effective structure factor, Seff(q), which encodes information about 

interparticle interactions. To our knowledge, this is the first time the latter quantity has been 

directly accessible in SANS measurements. Representative results are shown in Fig. 1 (left 

panel). The anisotropic “peak” in Seff(q) suggests that CNCs exhibit both strong orientational and 

weak translational ordering due to the influence of interparticle interactions. The latter has not 

yet been predicted by any theory, and so our results call for new theories into the coupling of 

interparticle interactions and flow in the ordering of non-dilute rod-like systems.  

 

Fingerprinting strain-dependent structural response in processing-like flows. The long-range 

objective of this project is to enable the “fingerprinting” of how fluid microstructure evolves in 

response to an arbitrary flow history meant to simulate an industrial process of interest. 

Achieving this grand vision requires scattering measurements with fine spatial (<100 m) and 

temporal (<1 s) resolution that are outside the achievable parameters of existing SANS 

instruments. To bridge this gap, we have adapted the FFoRM-SANS device for SAXS 

measurements (Fig. 2a). The re-designed device also significantly increases the achievable 

deformation rates to >1000 s-1. Our first FFoRM-SAXS imaging experiments on CNC 

suspensions show the power of this approach, in which the microstructure within a programmed 

flow in the FFoRM can be mapped with high spatial (~10 m) and temporal (~100 ms) 

resolution (Figure 1b). In this way, the transient microstructure of a complex fluid can be 

mapped as it evolves in a Lagrangian frame during programmed changes in flow type and rate. 

 
Figure 2. (a) Re-designed FFoRM device for SAXS imaging measurements. Inset shows device dimensions and 

typical beam size. (b) Streamline image (left) and SAXS map (right) of a CNC suspension at a nominal rotational 

Peclet number of Per = 2. In the SAXS image, each pixel represents an independently measured SAXS pattern. Pixel 

hue represents the direction of average orientation (see inset scale) and intensity represents the degree of alignment 

along the direction of average orientation. Yellow line indicates the inflow and outflow directions. 

(a) (b)

Streamlines SAXS Imaging
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Future Plans 

We plan to use our new modeling framework to highlight both the limitations of conventional 

low-dimensional parameterization of anisotropic scattering patterns and the deeper information 

gained through model-free estimation of the 3D OPDF and Seff(q). In particular, we plan to use 

Seff(q) to develop a theoretical model to describe the coupling of flow with interparticle 

interactions and the resulting effect on non-equilibrium particle dynamics, ultimately to develop 

a new rheological model for semi-dilute and concentrated rod-like systems. Further FFoRM-

SAXS imaging experiments will be used to fingerprint the strain-dependent microstructural 

response of orientable particle and polymer solutions. Ultimately, we will demonstrate the utility 

of the our new integrated FFoRM-SAXS and modeling approaches by designing optimized flows 

for developing ordered morphologies, and testing them in model 3D printing flows. Each of 

these studies will be the subject of publications to be submitted in the next reporting period. 
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Neutron Studies of Hybrid Excitations 
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Program Scope 

 Our program is focused on understanding how hybridized atomic vibrations control energy 

transport and functionalities in energy materials. Understanding and controlling hybridized 

excitations that couple phonons with the charge or spin of electrons will provide critical knowledge 

needed to design new materials with tailored thermal transport and ionic mobility and to harness 

quantum fluctuations for advanced ferroic sensing. Simple theoretical descriptions of the behavior 

of individual electrons, spins, and phonons fail when strong coupling between these quasiparticles 

lead to hybrid excitations and we aim to understand and use these strong couplings to control 

thermal transport, diffusion and phase stability. This program evolved from our earlier program 

(FY16-FY18) that assessed the impact of dynamic instabilities and microstructure on energy 

materials. Our research primarily utilizes DOE neutron scattering facilities to assess the dynamical 

structure factor and integrates the scattering results with first-principle and model Hamiltonian 

calculations. Current research thrusts include investigations of emerging lattice dynamic modes 

through incommensurate periodicity and strong anharmonicity, spin-fluctuation-driven 

thermopower in magnetic semiconductors, the interplay of charge order, spins and phonons in 

mixed valence oxides, and the impact of chirality and topology on lattice dynamics and quantum 

fluctuations. 

Recent Progress  

Supersonic propagation of lattice energy by phasons in fresnoite. Using neutron scattering, we 

made the first observations of the supersonic propagation of pure lattice energy (heat) in the 

piezoelectric fresnoite (Ba2TiSi2O8)
 [1]. Our results show that 

energy moves at surprisingly high speeds of up to 4.3 times the 

speed of sound in the form of phasons and contribute a 

substantial fraction, ~20%, of the thermal transport. Phasons are 

quasiparticles that arise from an incommensurate modulation 

[2-3] in the flexible framework structure of fresnoite. 

Supersonic phasons enhance thermal conductivity and channel 

lattice energy at speeds well beyond the limits of phonons.  

Anharmonic localization of lattice vibrations in thermoelectric 

PbSe. We observed a novel nonlinear mechanism for stopping 

heat-carrying phonons in a perfect crystal of thermoelectric 

PbSe [4], see Fig. 1. A strategy for improving thermoelectric 

efficiency is to reduce the transport of heat without reducing the 

flow of electrons. The conventional materials science approach 

Fig 1. Calculated momentum resolved 

phonon spectrum of thermoelectric 

PbSe. Intrinsic localized modes, 

which halt transport of heat-carrying 

phonons, are the flat bands between 

the transverse optic phonon (top 

band) and the transverse acoustic 

phonons (lower “V” shaped band). 
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of introducing defects or nanostructures to reduce transport of heat in a crystal lattice suffers 

because such structures also tend to reduce electronic conductivity. Our research combines 

inelastic neutron and x-ray scattering with ab initio simulations to reveal a mechanism for halting 

vibrational energy that is intrinsic to the crystal. Isolated intrinsic local modes in perfect crystals 

were known to occur in nonlinear physics, but here nonlinear localization of a large fraction of an 

entire phonon mode was revealed for the first time and shown to play an important role in the 

transport properties of a thermoelectric material. This phonon stopping in a perfect crystal moves 

us closer to the theoretical ideal for a thermoelectric of a ‘phonon-glass electron-crystal.’ 

Phonons and magnons in antiferromagnetic semiconductor 

MnTe. Employing a combination of density functional theory 

(DFT), first principles phonon transport, advanced synthesis 

techniques, and inelastic neutron scattering, we advanced a 

cohesive picture of the electronic, magnetic, vibrational and 

thermal transport properties of MnTe [5], a promising room 

temperature antiferromagnetic semiconductor of interest for 

spintronics and thermoelectrics applications. In particular, this 

work provided a physically justified Coulomb correlation for 

the Mn atoms and the various exchange interactions, new 

element-specific phonon density of states by combining 

inelastic neutron scattering with nuclear inelastic scattering, 

and provided evidence of negligible coupling of the 

vibrational and magnetic degrees of freedom, of critical 

importance for spintronic and thermoelectric applications. 

Utilizing neutron spectroscopy on Li-doped MnTe, at ARCS, 

SNS, above TN=307 K, we have revealed slow long-range paramagnetic spin relaxation (~30 

fs;~2 nm) that is temperature independent [6]. These measurements establish Li:MnTe as the first 

paramagnon drag based high-performance thermoelectric material, with ZT=1.  

Normal modes of spin cycloids and helices. Although spin cycloids and helices are quite common 

in magnetic materials, remarkably little is known about their normal modes on a discrete lattice. 

Based on simple one-dimensional lattice models, we have numerically evaluated the normal modes 

of a spin cycloid or helix produced by either Dzyaloshinskii-Moriya (DM) or competing exchange 

(CE) interactions [7]. The normal modes depend on the type of interaction and the nearest-neighbor 

exchange, which can be antiferromagnetic (AF) or ferromagnetic (FM). In the AF/DM and 

FM/DM cases, there is only a single Goldstone mode; in the AF/CE and FM/CE cases, there are 

three. For FM exchange, the spin oscillations produced by non-Goldstone modes contain a mixture 

of tangential and transverse components. For the DM cases, we compare our numerical results 

with analytic results in the continuum limit and find excellent agreement. Materials that fall into 

the four cases are BiFeO3 [8] and Ba2CuGeO7 [9] (AF/DM), MnSi [10] (FM/DM), MnWO4 [11] 

and Ni3V2O8 [12] (AF/CE), and Sr3Fe2O7 [13] (FM/CE). Based on these results, we predicted the 

Fig 2. Measured (symbols) and 

calculated (curves) total and partial 

density of phonon states (DOS) of 

MnTe in the antiferromagnetic state. 

Mn and Te states normalized to red 

and blue tics (right). Total DOS and 

Te DOS obtained by inelastic neutron 

scattering (ARCS, SNS) and nuclear 

inelastic scattering (ID18, ESRF), 

respectively. 
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observability of cycloidal modes by inelastic neutron scattering or THz spectroscopy in all four 

cases.  

Future Plans 

Phason dynamics in incommensurate relaxor ferroelectric SrxBa1-xNb2O6 and in fresnoite. In an 

inelastic neutron scattering spectrum phasons appear as gapless (or near gapless) excitations 

emerging from the incommensurate reflections in a way similar to the acoustic phonons emerging 

from the primary Bragg reflections. Phasons can have an intrinsic glass-like overdamping at long 

wavelengths [14] that originates with the viscosity of sliding the phase of an incommensurate 

modulation through the crystal [14]. Interestingly, glass-like overdamping also appears to be an 

essential feature of relaxor ferroelectrics [15]. In the relaxor ferroelectric SrxBa1-xNb2O6 [16], we 

will explore whether phason glass-like damping can play a similar role in incommensurate relaxor 

ferroelectrics, and, more specifically, whether coupling between the optical phonon and the phason 

introduces any relaxor like effects in these systems. Finding evidence for phason mediated relaxor 

ferroelectric behavior has the potential to open an exciting new research direction because, unlike 

with phonons, the glass-like properties of the phason are always present (coll. D. Phelan and B. 

Wang at ANL). In fresnoite, we will establish the phason lifetimes and the existence of a potential 

pinning gap, which requires much better energy resolution than provided by our HB3 and ARCS 

measurements. 

Spin-phonon coupling and dynamics in charge ordered, entropy stabilized, and shape memory 

materials. We have established the long range magnetic structure of the entropy stabilized 

(MgCoNiCuZn)O rocksalt oxide[17], which also reveals the existence of well-defined spin waves 

that persist in the magnetically disordered phase and seem to couple to the lattice dynamics. We 

will develop a model for spin dynamics in the presence of disorder of the spins both in magnitude 

and the presence on non-magnetic cations. In mixed-valent Sr3Fe2O7 [13] crystals grown by high-

oxygen-pressure floating zone synthesis, we have obtain the 

first evidence of charge order superstructure peaks and will now 

explore the impact of the charge order on the spin dynamics and 

the lattice dynamics both by first principles calculations, 

Hamiltonian modelling[7] and inelastic neutron scattering. 

Furthermore, we will work to understand the observed phonon-

magnon coupling in the shape memory material 

Ni45Co5Mn36.6In13.4 near a magnetic and structural phase 

transition [18].  

Building insights into the impact of chirality and topology on 

lattice dynamics. Tellurium dioxide exhibits record negative 

linear compressibility, pressure driven phase transitions, and 

non-linear optical properties [19]. Chirality imposes 

topological quantum properties on materials [20] that we aim 

Fig 3. Constant energy cut of the 

scattering intensity in chiral TeO2 at 

295 K. Chirality leads to anomalous 

structure factors with ‘galaxy’ shaped 

phonon intensities that first principles 

calculations reproduce. A detailed 

explanation of the eigenvector mixing 

and mode width is still missing. 
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to reveal for the lattice dynamics. We are exploring chiral phonons in TeO2 by combining 

dispersion relation and structure factor calculations with inelastic neutron scattering data in order 

to understand how chirality leads to specific phonon lifetime modifications and structure factors. 

The Bi-Sb system has recently attracted much attention both for novel devices [21], theoretically 

[22-24] and experimentally [25], including some debate about the origin of non-Ohmic behavior 

of transport [23,25]. Our collaborators (J. Heremans, Ohio State University) have established 

Bi0.89Sb0.11 as a gold-standard composition for studying the transition from a topological insulator 

to Weyl semi-metal phase by application of moderate magnetic field of a few Tesla along the c-

axis of the trigonal system, in a wide range of temperature (34-200 K). We will explore the impact 

of this topological transition and the Landau-level crossings on the lattice dynamics by means of 

inelastic neutron scattering. 
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Program Scope 

HOIPs are poised to revolutionize the field of optoelectronic materials with their phenomenal 

performance.1, 2 HOIPs are unique in that they combine low-cost solution processability with 

superb electronic quality that is comparable to, or surpasses, that of the state-of-the-art epitaxial 

grown semiconductors. Moreover, the crystal structure and optoelectronic properties of HOIPs 

are widely tunable by using different organic molecules and inorganic components. For instance, 

three-dimensional HOIPs such as methylammonium lead iodide (CH3NH3PbI3) and 

formamidinium lead iodide (HC(NH2)2PbI3) exhibit optoelectronic properties that are heavily 

dependent on the structure and dynamics of organic cations.3, 4  

In this program, the properties of hybrid organic- inorganic perovskites  (HOIPs) are 

investigated at multiple length scales to achieve a full understanding of the microscopic 

mechanism of the photovoltaic effect. Specifically, this research program is testing the 

hypothesis that the structure and dynamics of organic cations and their associated electric 

multipoles cause screening and protection of charge carriers which results in long carrier 

lifetime and high solar cell efficiency. The experimental approach is to employ several 

complimentary techniques that can probe from atomic to macroscopic properties: molecular 

structure and dynamics at the microscopic level, charge transfer at the mesoscopic level, and 

the solar cell efficiency at the macroscopic level. Neutron diffraction and time-of-flight 

neutron scattering spectroscopy are used to characterize the structure and dynamics of organic 

cations. Optical spectroscopy, electrical transport measurements and solar cell fabrication 

and testing are employed to determine the impact of organic cations on the bulk properties 

and photovoltaic performance. Different organic cations, including methylammonium and 

formamidinium with different molecular symmetries and electric multipole moments are 

studied. These studies are revealing the microscopic origin of the high photovoltaic performance 

of HOIPs. 

 Recent Progress  

Our research program discovered a mechanism for the higher carrier lifetime that is responsible for 

the superior HOIP solar cell performance.3 The mechanism involves screening of excited charge 

carriers by the rotating positively charged (cationic) organic molecules in the crystal. The extent 

of rotational freedom available for the cations determines the magnitude of the lifetime of the 

photo-excited charge carriers. By combining neutron scattering, high-performance computing, 

and optoelectronic measurements, the excited carrier lifetimes were found to dramatically 

increase whenever the system enters from a phase with a lower number of configurations of 
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rotating cations (called rotational 

entropy) to a phase with a higher 

value. The lifetime increases upon 

transition from a tetragonal with 

constrained orientation for the cation 

to a cubic phase with random 

orientation. The enhanced rotational 

entropy screens the charge carriers, 

thereby extending their lifetimes. This 

combination of optical measurements 

and neutron scattering results provides 

new understanding of the peculiarly 

long lifetime of charge carriers in 

these HOIPs, which is the key 

property that makes them promising 

for solar cells. 

Future Plans 

Two-dimensional (2D) HOIPs with 

long chain organic cations are 

expected to have similarity to as well 

as distinctive differences from their 

3D counterparts that we have studied 

so far. First, we expect that the long 

chain organic cations and the varying 

crystal environments on different parts 

of the molecule (ammonium head 

group and methyl group for example) 

will alter the rotational modes 

significantly compared to those of 3D HOIPs. Second, we hypothesize that a combination of the 

limited rotational motions and quantum confinement of 2D HOIPs will contribute to the 

enhanced formation of exciton and, consequently, shorter PL lifetime compared to the 3D HOIPs 

with dominant polaronic characteristics. Third, phonon contribution in 2D HOIPs will be more 

significant to electronic structure through electron-phonon coupling, compared to the rotational 

contribution. We hypothesize that hybrid phonon modes between organic cations and inorganic 

components will have a major contribution to electron-phonon coupling, and therefore 

significant differences in optoelectronic properties in 2D HOIPs with organic cations with 

different structure. To test this hypothesis, we will perform inelastic neutron scattering combined 

with DFT calculations and optoelectronic property measurements to identify the phonon modes 

with strong electron-phonon couplings. 

Figure 1. Atomic structure of hybrid organic-inorganic perovskite 

was determined by neutron and x-ray diffraction. A tetragonal 

structure (top left) transitions to a cubic structure (top right) upon 

heating. Black and purple spheres represent lead and iodine atoms, 

respectively. Also shown in the top figures are the positively 

charged organic molecules (cations) with different rotational 

degrees of freedom (preferential or random) derived from first 

principles calculations. The cations in the cubic structure have more 

rotational freedom than in the tetragonal structure. 

Photoluminescence measurements (bottom left) and lifetimes 

(bottom right) as a function of temperature and structure are shown. 

The higher lifetime (τ) of the photo-excited charge carriers in the 

cubic phase correlates well with the higher rotational freedom 

(random orientation) available for the cations. 
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Scattering and Spectroscopic Studies of Quantum Materials 

 

Young Lee (SLAC National Accelerator Laboratory and Stanford University) 

Hongchen Jiang (SLAC National Accelerator Laboratory) 

Jiajia Wen (SLAC National Accelerator Laboratory) 

 

Program Scope 

 We pursue research on quantum materials with a comprehensive effort involving 

complementary experiment (neutron and x-ray scattering, crystal growth, and thermodynamic 

measurements) and theory (numerical simulations). A focus of this effort is on creating and 

understanding new states of quantum magnetism, such as quantum spin liquids. Such systems 

have ground states with long-range quantum entanglement, which break the classical paradigm 

of local order parameters. Only a handful of such materials have been synthesized, and the most 

promising are based on low-dimensional frustrated lattices. Spin liquids are relevant to theories 

of high-Tc superconductivity and has possible applications in quantum information. Our 

expertise allows us to follow a clear path towards improved understanding: performing scattering 

and spectroscopic studies on crystals of real materials and comparing the results with theoretical 

calculations for these materials. In addition, the theory effort sheds light on possible competing 

orders, and guides our pursuit of scattering measurements to perform. We also study closely 

related phenomena such as topological magnon bands and intertwined order in cuprate 

superconductors. 

 Recent Progress  

 We have studied the new quantum magnets barlowite and Zn-barlowite, using neutron 

and x-ray scattering on single crystal and powder samples.[1] These are examples of S=1/2 

kagome lattice materials, similar to herbertsmithite. In barlowite, we used magnetic neutron 

scattering on a co-aligned crystal sample to discover a new magnetically ordered ground state in 

a variant with a high-symmetry hexagonal crystal structure. Numerical studies were performed 

based on a Hamiltonian consistent with the crystal structure, and we find that a valence bond 

crystal state is competitive in energy. However, the spins between the kagome planes have a 

strong coupling to the kagome moments and eventually induce a "pinwheel q=0" order. This 

system appears to intertwine aspects of both valence bond crystal order and spin order, indicating 

that these states are adjacent to the quantum spin liquid phase depending on the microscopic 

coupling parameters. We have also performed the first inelastic neutron scattering on single 

crystal samples of barlowite, measuring the excitations of the "pinwheel q=0" magnetically 

ordered state. 
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 We have grown new large single crystal samples of herbertsmithite, and we have 

performed inelastic neutron scattering measurements to conclusively determine the nature of the 

spin liquid state by measuring the excitations from 0.1 meV up to 50+ meV. In particular, we 

have used polarized and unpolarized measurements at HYSPEC to distinguish the spinon 

continuum are high energies from phonon scattering. Numerical calculation of the structure 

factor aid our understanding of the underlying physics of the Heisenberg kagome model. In 

addition, we have used numerical methods to systematically studied the ground state phase 

diagram of the Kitaev-Heisenberg model under magnetic field proposed to describe the physics 

of α-RuCl3.[2] 

 We have performed resonant x-ray scattering studies of both La2-xSrxCuO4 and oxygen 

doped La2CuO4+y and found that the charge density wave order is closely coupled to the spin 

density wave order.[3] In La2CuO4+y, we have succeeded in varying the degree of dopant 

disorder in-situ during the soft x-ray resonant scattering experiment. We found that a higher 

degree of disorder enhances the charge density wave in a manner similar to the spin density 

wave. 

 

Future Plans 

 We will perform elastic and inelastic neutron scattering measurements on barlowite 

crystals to study the evolution of the magnetic order under large applied fields. We also plan to 

perform resonant inelastic x-ray scattering on our kagome spin liquid crystals to discern the 

differences in the high-energy spin excitations between the quantum spin liquid and closely 

related q=0 ground states. In herbertsmithite, we plan to perform inelastic neutron scattering 

experiments in high magnetic fields to examine the correlations related to the closure of the spin-

gap. Theoretical tools will be developed to help explore the phase space of new materials to 

target for synthesis, as well as aid in analysis of the data. 
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Fig. 1 A/B/A-B ternary blend phase prism. Shaded 

planes indicate an isopleth and an isothermal cut.  
 

 
Fig. 2 PS/PEO/PS-PEO isopleth for 

r = 0.03.  
 

Rational Design of Ion-Containing Nanostructured Ternary Polymer Blends 

 

T. P. Lodge, F. S. Bates, Chemical Engineering & Materials Science, U. of Minnesota  

 

Program Scope 

A central challenge in next-generation 
materials is to develop a broadly applicable 
strategy to systematically tailor nanostructure, in 
order to simultaneously optimize two (or more) 
orthogonal properties. A prime example of this 
prevalent competition is to prepare polymeric 
membranes that exhibit both high transport for 
selected small molecules or ions, while 
concurrently exhibiting superior mechanical, 
thermal, and chemical robustness. Key to 
achieving this goal is to prepare a co-continuous 
nanostructure, whereby one domain is 
responsible for molecular or ionic transport, while the other imparts mechanical strength. We 
propose that ternary blends comprising A and B homopolymers, plus an A-B block copolymer 
surfactant, present a broadly tunable and widely applicable strategy to access predictable and 
functional co-continuous nanostructures (Fig. 1). We have previously pioneered the 
development of an equilibrium co-continuous but globally disordered structure, the polymeric 
bicontinuous microemulsion (BE),1-3 which is the initial target for ion-containing materials. 

 We approach this target through three parallel thrusts. The 
first concerns ternary blends plus added salt. By choosing a 
system in which the salt dissolves exclusively in the A (= PEO) 
domains, and maintaining the ratio of salt to PEO, the resulting 
“pseudo-ternary” blends are amenable to systematic study. We 
build on our recent discovery that such systems can exhibit 
highly conductive, bicontinuous phases. 4 , 5  The second thrust 
encompasses ternary blends where polymer A is charged. Such 
systems have never been studied before, but recent theories offer 
provocative predictions about the phase behavior of both binary 
blends and diblock copolymers, which we can test en route to 
bicontinuous ternary phases.6-8 The third thrust targets a deeper 
understanding of the universal phase behavior of a ternary blend, near the predicted Lifshitz 
point (LP) anticipated by mean-field theory. 9  Our previous work over two decades was 
predicated on the assumption that the BE occurs near the LP, where large amplitude 
fluctuations invalidate mean-field assumptions. However, more recently we have seen 
indications that the BE may be even more prevalent away from the LP, along a constant 
homopolymer concentration plane.10 This provocative result merits deeper investigation. 

 Recent Progress: A/B/A-B plus salt 

 Diblocks of PS-PEO+salt have been extensively studied,11-13 but not homopolymer blends of 
PS+PEO+salt; we found that addition of even tiny amounts of salt (1 LiTFSI per 100 PEO 
chains) could move the phase boundary by 100 ºC; the diagram became extremely asymmetric, 
and the coexisting phase compositions did not follow the cloud point curve.14 A recent theory 
could describe these observations well.15 We have since studied the ternary blend carefully, 
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Fig. 4 (a) Normalized Rg for dPEO/PEO (40 kDa) with added salt; 

(b) Kratky plots show non-Gaussian behavior even with no salt.   
 

 

 

Fig. 3 (a) SANS vs. T for one blend, and (b) Teubner-Strey 

analysis for the same blend, plus one with r = 0.06. 
 

along the volumetrically symmetric isopleth (equal volumes of perdeuterated dPS (1kDa) and 
PEO (1.2 kDa) added to a symmetric dPS-PEO copolymer (5.2 kDa), with LiTFSI (r = 0.03). 
Phase identification relies on a combination of SANS, SAXS, and rheology, and an example is 
shown in Fig. 2. A well-defined BE is found over a remarkably wide range of homopolymer 
composition (ca. H ≈ 80-90%), compared to 
the neutral case, where a 1-3% range is 
typical. This result is both highly 
encouraging, and possibly surprising, given 
that the effective PS/PEO segregation 
strength clearly increases with r, which might 
be expected to disrupt the delicate balance of 
curvature that stabilizes a BE (note that this 
A+B+A-B combination is fully mixed in the 
absence of salt). Quantitative analysis of the 
SANS curves using the Teubner-Strey (T-S) 
structure factor (I(q) = 1/( a2 + c1q

2 + c2q
4), 

where I(q) is the background-subtracted 
scattered intensity and a2, c1, and c2 are 
composition-dependent coefficients of a Landau expansion of the free energy, Fig. 3a)16  yields 
evidence of an excellent BE (i.e., the amphiphilicity factor ƒ = c1/(4a2c2)

1/2 is as low as –0.8, 
with a 40 nm periodicity, Fig. 3b). Even doubling the amount of salt (r = 0.06) does not 
eliminate the BE (Fig. 3b). 

We have chosen PEO as the ion-solvating polymer, as it is by far the most studied, and 
typically shows higher ionic conductivity than most, if not all, common polymers, especially for 
Li+. However, an underlying question that is still not resolved, is whether the presence of salt 
modifies the conformational statistics of PEO. For example, in the Wang model Li+ is assumed 
to form physical crosslinks with a finite number of ether oxygens;15 other authors have invoked a 
“wrapping” of PEO around the 
cations, or other specific 
conformations. 17 , 18  An early study 
used SANS and a dPEO/PEO blend 
(M ≈ 25 kDa) to explore this, by 
measuring Rg in the presence of LiI 
with r ≈ 0.06.19 The authors reported 
a 10-15% contraction; MD 
simulations supported a model in 
which some chains were contracted 
by wrapping, and others were 
unperturbed. We have attempted to 
reproduce this result, while also extending the measurements to other M (22 kDa, 40 kDa, in 
collaboration with Dr. Kunlun Hong, CNMS, ORNL), salts (LiTFSI, LiClO4), and r values (0 – 
0.13), at 90 ºC.  Using random phase approximation analysis, we find surprisingly that Rg first 
increases with modest amounts of salt, before shrinking (see Fig. 4a). Equally interesting is the 
observation that the pure PEO is not Gaussian; the Kratky plots in Figure 4b suggest a fractal 
dimension above 2, or a slightly compressed chain. These results are quite sensitive to 
background subtraction, so further measurements are needed. 

A-B and A/B/A-B where A is charged 
 We have developed a highly tunable new system to study blends with a charged block; B is 
still PS, but A is poly[(oligo(ethylene glycol) methyl ether methacrylate–co–oligo(ethylene 
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Fig. 6 Symmetric isopleth for PS/ 

POEGMA23/POEGMA23-PS.  
 

 

 
Fig. 5 (a) POEGMA#-PS system; (b) SAXS plots for POEGMA#-PS, 

showing the superlattice peaks (open triangles); M ≈ 20 kDa. 
 

glycol) propyl sodium sulfonate 
methacrylate)] (POEGMA#), where 
# refers to the percentage of side 
groups with a pendant sulfonate 
(Fig. 5a). In this class of materials, 
even the pure A/B blend and the 
pure A-B diblock have not been 
studied systematically, although 
fascinating results are anticipated by 
theory.6 We prepared a series of 
compositionally symmetric diblocks 
(POEGMA#-PS) (M ≈ 20 kDa) with varying charge fractions #, by RAFT polymerization 
followed by installation of the charged groups, and examined the bulk self-assembly. The 
uncharged polymer (# = 0) is disordered, and at # = 36, the sample is lamellar, as anticipated 
given the increased segregation strength and the compositional symmetry. Remarkably, at 
intermediate charge fractions (5 < # < 25), an unprecedented superlattice structure appears (see 
SAXS patterns in Fig. 5b). The origins of this result remain to be elucidated, but possibly it 
reflects a competition between charge correlations (that might normally give rise to an “ionomer 
peak”) and the segregation of the two blocks. A first account of this work has just appeared.20 

 We have since begun to map out the phase diagram 
of a model ternary polymer blend by adding 
homopolymers POEGMA23 (Mn = 2.3 kDa) and PS (Mn 
= 2.5 kDa) to POEGMA23-PS. The experimentally 
determined phase diagram along the volumetrically 
symmetric isopleth as a function of homopolymer volume 
fraction (H) is presented in Fig. 6. Strikingly, the phase 
diagram largely mirrors those previously observed from 
neutral ternary blend systems, in that a narrow BE 
channel separates the ordered region on the block 
copolymer-rich side and macrophase-separated region on 
the homopolymer-rich side. Furthermore, TODT 
continuously decreases upon increasing the homopolymer 
loading, due in part to an overall decrease in the average molecular weight of the components. 
The pure BE channel persists in the composition range 0.85 ≤ H ≤ 0.89, which is close to the 
theoretical mean-field Lifshitz composition H, L = 1/(1 + 22) = 0.89, where  = (NANB)1/2/NAB. 
SANS and SAXS profiles of the representative blends containing H = 0.85 and 0.88 at 80 °C, 
which produces the BE morphology, were fit using the T–S model. Although there is a 
substantial deviation at low-q due to an intensity upturn (as often observed from charged 
polymer systems such as ionomers and polyelectrolytes, presumably due to large-scale 
inhomogeneities in the distribution of charged species21), the shape near the scattering peak is in 
a good agreement with the T–S model. The amphiphilicity factor falls in the range  –1 < fa ≤ 0, 
again revealing for the first time a well-defined charged polymer BμE.22 

Neutral A/B/A-B blends 

 In almost all previous studies of the ternary phase prism, the focus has been on the symmetric 
isopleth, i.e., equal volumes (A = B) of equal molar volume homopolymers (NA = NB), with a 
symmetric diblock (ƒA=0.5). However, even in the ideal case where such symmetries are realized 
precisely, conformational asymmetry confers an inherent bias for interfacial curvature toward the 
larger statistical segment block (PE). It is therefore of fundamental interest to explore phase 
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Fig. 7 (a) Phase slice for PE/PCHE/PE-PCHE at ϕH = 0.82, 

showing congruent ODT near 0.43; (b) Phase slices near the 

binary blend limit, showing critical points near 0.65.  
 

behavior off the symmetric isopleth, and in particular to see whether the region of BμE might 
actually be wider than reported. To this end we previously developed a new system of 
PE/PCHE/PE-PCHE (prepared from hydrogenating anionically polymerized 1,4-polybutadiene 
and polystyrene). One key finding was a line of congruent order-disorder transitions, where the 
lamellar phase disordered directly, with no region of phase co-existence.10 Even though the 
symmetry conditions were met closely, the congruent isopleth was rich in PCHE (ϕPCHE/ϕH ≈ 0.6). 
Furthermore, the critical point for the binary blend was similarly offset (ϕPCHE,c ≈ 0.63). To gain 
more insight into how the BE location is affected by the preferred interfacial curvature of the 
diblock copolymer monolayer, a compositionally asymmetric PCHE-PE block copolymer (fPCHE 
= 0.67) was prepared, and the congruent condition was determined by optical transmittance as a 
function of temperature. A representative phase diagram at ϕH = 0.82 is presented in Fig. 7a, 
showing that with this compositionally asymmetric copolymer, the congruent composition shifts 
to ϕPCHE/ϕH ≈ 0.43. On the other hand, starting from the binary blend, the line of critical points 
(Scott line) does not move much with added copolymer, as expected (Fig. 7b); critical scattering 
along the Scott line was confirmed using 
SANS measurements as a function of 
temperature. In fact, it will not approach 
the line of congruent ODTs at all, 
eliminating any possibility of approaching 
LP-like behavior. This important result also 
reveals that copolymer asymmetry is a 
useful tool to modulate interfacial 
curvature, and, potentially, widen the 
regime of accessible BµEs. 

Future Plans 

 In the area of ternary blends plus salt, the discovery of a remarkably wide region of BE is 
unexpected. As we have both dPS and dPS-PEO, we can use isotopic blends to extract all three 
partial structure factors, and thus a deeper understanding of the interfacial packing.23,24,25 Guided 
by the neutral blend case, exploration of phase behavior off the symmetric isopleth is warranted. 
We will also pursue measurements of ionic conductivity and rheological properties. We will 
complete the SANS study of PEO conformations in the presence of salt, which requires very 
careful background subtraction and also attention to unexplained low-q scattering in pure PEO 
homopolymers. For the charged polymer systems, we will explore ternary polymer blends 
using PS-POEGMA# containing various charge fractions and different counter ions. In the 
pure diblock limit, we will explore the role of copolymer composition and molecular weight 
to provide the first systematic experimental study of the charged diblock phase portrait. In 
the neutral ternary blend limit, we will use SANS, optical transmittance, rheology, and TEM 
to study in detail the region of the phase prism where the BµE is found, bounded by the 
lamellar (or other) ordered states and phase separation. This will provide the first 
quantitative mapping of the width of the BE channel in the homopolymer composition 
plane (i.e., varying ϕPCHE/ϕH at fixed ϕH), as opposed to the previously emphasized total 
homopolymer content axis (i.e., varying ϕH at fixed ϕPCHE/ϕH). These results will then feed back 
into explorations of phase behavior in the two charged systems. Publications describing (i) the 
wide BE window in the A+B+A-B+salt system, (ii) the conformation of PEO in the presence of 
salt, (iii) the discovery of a BE in charged polymer ternary blends, and (iv) the decoupling of 
congruency and criticality in neutral ternary blends, are currently in preparation. 
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The Physics of Exotic Magnetoresistive Systems  

 

Despina Louca, University of Virginia 

 

Program Scope 

 The goal of this program is to understand the mechanism behind the anomalously large 

magnetoresistance (MR) observed under high magnetic fields in semiconductors, induced by the 

introduction of defects, application of tensile strain and doping. Several exemplary systems have 

been selected for the study that are of fundamental scientific interest as well as promising 

candidates for the next generation of MR devices. Two classes of emergent materials are 

currently under investigation: these are the three-dimensional antiferromagnetic (AFM) 

semiconductors, i.e. I-Mn-V compounds with Néel temperatures (TN) above 300 K that are 

promising candidates for the next generation of AFM spintronics; and the quasi two-dimensional 

transition metal dichalcogenides (TMD) semiconductors with very versatile physical 

characteristics, fundamentally important for optoelectronic applications.  

 Recent Progress  

 Transition-metal dichalcogenides are hosts to exotic quantum states, with electronic 

features that are suitable for optoelectronic and quantum technologies (1,2). Their crystal 

structures consist of van der Waals–bound layers, where a change in the layer stacking can result 

in new properties such as superconductivity, recently observed in bilayer graphene with a 

“magic” twist angle (3), or transition to the Weyl semimetal state (4, 5) reported in the Td phase 

of MoTe2 and in the Kooi phase of Ge2Sb2Te5. MoTe2 is a prototype for understanding how 

stacking variations in layered materials can lead to exotic states of matter. Its crystal structure 

can be tuned by temperature and pressure between two phases; the topologically 

trivial 1T′ phase, and the noncentrosymmetric Td phase, the host of Weyl quasiparticles. The 

crystal symmetry is thus essential to predicting the emergence of topologically protected states. 

The mechanism of the structural transition has been of particular interest in MoTe2, since 

Weyl quasiparticles are predicted in the low-temperature phase of the noncentrosymmetric 

orthorhombic Td phase, protected by crystal symmetry. How the stacking pattern and disorder 

arise in MoTe2 has implications on many other van der Waals–bound layered materials where 

stacking can be controlled reproducibly by temperature or pressure. The Td phase can be thought 

of as having “AA” layer order, where “A” denotes an operation mapping one layer to the next. 

For Td, this operation involves translation along the c axis by 0.5 lattice constants and reflections 

about the a and b directions. Though there are two layers per unit cell, the operation is the same 

for both layers. In contrast, the layer stacking of 1T′ can be described by “AB”, where “B” 
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denotes an operation just like “A” but with an additional shift of about ±0.15 lattice constants 

along the a direction, where the sign depends on whether the “B” is in an even or odd position in 

the layer sequence. To elucidate the nature of the transition mechanism across the phase 

boundary, we employed high-resolution single-crystal neutron diffraction and showed that the 

diffuse scattering that appears on cooling through the 1T′ to Td transition is consistent with 

random layer shifts, driving the transition from ABAB layer stacking in the 1T′ phase to AAAA 

layer stacking in the Td phase. 

 

Moreover, MoTe2 is a candidate topological superconductor (TSC) in the orthorhombic 

phase at ambient pressure (6). In the superconducting state, Fermi arcs are proposed to still exist 

even though the Weyl nodes are completely gapped out by the superconducting gap, and the 

onset of superconductivity can generate a quantum anomaly (7, 8). The application of pressure 

enhances the superconducting transition temperature from 0.25 to about 8 K (9) and extends the 

superconducting phase over a wide pressure range.  Recent studies showed that while in the 

superconducting state, a phase transition occurs from the orthorhombic Td to the monoclinic 1T′ 

phase under pressure (10) with a large hysteresis region and coexistence of the two phases. A 

high-pressure muon-spin rotation study of superconductivity in MoTe2 suggested that a 

topologically non-trivial s+− state likely exists in MoTe2 at pressures up to 1.9 GPa (11). Key 

components to a TSC state are the crystal structure and band topology under pressure. Existing 

reports stop short of exploring the symmetry in the superconducting phase and no calculations 

exist on the electronic band structure under pressure.  Using single crystal neutron diffraction, 

the pressure-temperature phase diagram is mapped out (Fig. 1), and combined with band 

Figure 1: (a) Crystal structure of MoTe2 in 

the 1T′ and (b) Td. (c) Superconducting 

shielding and Meissner fraction in H = 

20  Oe at 1.2 GPa. (d) Magnetic hysteresis 

loop for MoTe2 at 2 K and 1.2 GPa. (e, f) 

Contour map of the neutron scattering 

intensity across the (2 0 l) Bragg peak along 

the [0 0 1] direction at 0.15 GPa. (g) 

Temperature dependence of the q integrated 

neutron scattering intensity for (201)1𝑇′
𝐷1  

peak (red squares), (201)𝑇𝑑
  peak (blue 

circles) and (201)𝑇𝑑∗  (green circles). (h and 

i) Contour map of the neutron scattering 

intensity obtained by scanning across the (2 0 

l) Bragg peak along the [0 0 1] direction at 

0.95 GPa on cooling (h) and at 1.2 GPa on 

cooling (i). (j) The phase diagram under 

pressure. (h) H0L plot. 
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structure calculations, we elucidate the effects of pressure on the electronic band structure 

topology.  

The emerging field of antiferromagnetic (AFM) spintronics aims at using room 

temperature AFM semiconductors to complement or replace ferromagnetic (FM) electrodes in 

hard drive read heads and magnetic random access memories (13, 14). Their resilience to 

external magnetic fields and the absence of stray fields make AFMs suitable for ultrafast, 

ultrahigh-density magnetic storage devices and AFM spin valves. AFM semiconductors can 

potentially integrate spintronics and microelectronic functionalities in a single material (15). 

New materials engineering holds the promise for realizing AFM spintronics. Three-dimensional 

AFM semiconductors of the I-Mn-V (with I = Li, Na, and K, and V = As, Sb, and Bi) class with 

Néel temperatures above 300 K are promising candidates for the next generation of AFM 

spintronics. Of this class, LiMnAs has been predicted to exhibit large spin orbit coupling induced 

magnetic anisotropy. Tetragonal phases of CuMnSb and CuMnAs are compatible with existing 

semiconducting technologies but show little magnetoresistance in bulk form. We recently 

reported that the narrow-gap NaMnBi semiconductor can exhibit a very large MR when defects 

are introduced in the crystal lattice. When quenched from high temperature, the MR increases 

thousand-fold, with the large increase observed upon cooling from room temperature to 2 K, and 

is not limited to the vicinity of the Neel transition temperature (Fig. 2). Quenching introduces 

vacancies on the Bi and Na sublattices, accompanied by reorientation of the AFM coupled spins 

which involves spin canting. Deviations of the local magnetization can propagate through 

magnons and may find use in information processing such as in magnonic devices. 

 

At present, it is difficult to specify the microscopic origin of the large MR in NaMnBi. One 

possible mechanism may arise from spin fluctuations. It is known that enhanced spin fluctuations 

in antiferromagnets under a magnetic field can raise MR. This is related to the well-known 

GMR, originating from the suppression of spin fluctuation of ferromagnets by the stabilization of 

the ferromagnetic order under a magnetic field, which, on the other hand, does not stabilize the 

AFM order. NaMnBi may be useful as a single magnetic electrode in devices because it carries 

both magnetism and a very large magnetoresistance. 

Figure 2: In an applied magnetic 

field the as-grown and quenched 

single crystals behave very 

differently. Greater resistivity is 

observed in the quenched crystals 

giving rise to a positive MR of 

more than 10,000 % at 9 T and 2 

K and 600 % at room 

temperature. 
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Future Plans 

 In the next year or so, we will continue the work on the dichalcogenides by doping W in 

MoTe2. We will also investigate other systems such as TaS/Se2, exhibiting similar 

characteristics. We will also continue to understand the origin of the huge MR in I-Mn-V, and 

continue to dope the system for better control of the defects. 
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Controlling quantum coherence in frustrated spin-orbit magnets 

 

Martin Mourigal, Georgia Institute of Technology, Atlanta, GA 

 

Program Scope 

Magnetism originates from the quantized nature of electrons’ magnetic moments (spins). 

Atomic-scale interactions between spins can lead to exotic quantum coherence and entanglement 

effects. In typical magnets, however, quantum entanglement is very short-ranged and collective 

phenomena such as broken-symmetry phases and their excitations are semi classical in nature. It 

is a central challenge to discover or design magnetic materials in which entanglement extends 

beyond the angstrom scale. Such quantum magnets promise applications in spintronics, energy 

materials or quantum computing. Many forms of highly-entangled magnetic matter, called 

quantum spin-liquids, have been predicted by theory and successfully classified according to their 

non-local (topological) properties. Distinctively, they host excitations with fractional quantum 

numbers, leading to a continuous (rather than sharp) excitation spectrum in spectroscopic 

experiments. The quest to detect these excitations in actual materials, and thus discover quantum 

spin-liquids, is extremely active with inelastic neutron scattering at the forefront.  

The working hypothesis of this program is that the detection of a continuous excitation 

spectrum at low temperatures is a necessary but not sufficient condition to the positive detection 

of a quantum spin-liquid. Intrinsic effects, such as non-linear spin dynamics or the presence of 

classical degeneracies, or extrinsic materials perturbations, such as chemical heterogeneities, none 

of which are generally well-understood, may generate continuous excitations spectra in absence 

of quantum entanglement. This program seeks to understand the latter effects to advance neutron 

scattering in its quest to identify the fabric of genuine quantum correlations in materials. The 

program uses a combination of neutron scattering experiments (primarily at ORNL), materials 

synthesis, and high‐fidelity modeling to amplifying the depth and breadth of our understanding of 

quantum phases and excitations in insulating magnets. In terms of target materials, focus is on 

geometrically-frustrated rare-earth and transition-metal magnets with kagome, pyrochlore and 

other geometrically frustrated structures for which spin-orbital effects endow spins with 

controllable quantum properties. 

The program, established in 2018, has three goals: (Goal I) – Study frustrated spin‐orbit 

materials as a central platform to design and interrogate model Hamiltonians; (Goal II) – Develop 

local and cloud material synthesis efforts at Georgia Tech to gain control on the structure and 

properties of crystalline materials under investigation; (Goal III) – Pair time‐of‐flight neutron 

spectroscopy and realistic simulations to reveal the development (or absence thereof) of quantum 

coherence in real magnets. 
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Recent Progress  

Highlight I: Nature of excitations in a classical spin-liquid MgCr2O4 

We performed a comprehensive inelastic 

neutron-scattering study of the frustrated 

pyrochlore antiferromagnet MgCr2O4 in 

its cooperative paramagnetic regime, 

using the SEQUOIA spectrometer at 

ORNL and crystals grown at Johns 

Hopkins’ IQM. At 20 K, MgCr2O4 is 

above its ordering temperature of 13 K 

but well below the Weiss constant of |-

400 K|, such that its S=3/2 spins are 

highly correlated. The ground-state of the 

pyrochlore Heisenberg antiferromagnet 

is known to be a degenerate manifold of 

spatially disordered (yet correlated) spin 

configurations [1]. Theoretical analysis of 

the energy-integrated response (diffuse 

scattering) yields a microscopic Heisenberg model with exchange interactions up to third-nearest 

neighbors, which quantitatively explains all the details of the dynamic magnetic response. This 

model is in contrast with the previous “emergent cluster” scenario brought forward to explain the 

paramagnetic response of both ZnCr2O4 [2] and MgCr2O4 [3,4,5]. Our further-neighbor exchange 

model allowed us to demonstrate that the magnetic excitations in paramagnetic MgCr2O4 are 

faithfully represented in the entire Brillouin zone by a theory of magnons propagating in a highly-

correlated paramagnetic background [Figure 1]. Thus, in a classical spin-liquid, dynamics is broad 

because spins ride a disordered background and, at least to first order, this is not because of 

fractionalization, nor because of magnon decay. Our theoretical approach works because the time-

scales of harmonic spin precessions and ground-state reconfigurations vastly differ. Our results 

also suggest that MgCr2O4 is proximate to a spiral spin-liquid phase distinct from the Coulomb 

phase, which has implications for the magneto-structural phase transition in MgCr2O4 below 13K 

and that we plan to study next. 

Highlight II: Quantum versus Classical Spin Fragmentation in Dipolar Kagome Ice  

A promising route to realize entangled magnetic states combines geometrical frustration with 

quantum-tunneling effects [6,7]. Spin-ice materials are canonical examples of frustration, and 

Ising spins in a transverse magnetic field are the simplest many-body model of quantum tunneling. 

We have shown that the tripod kagome lattice material Ho3Mg2Sb3O14 unites an ice-like magnetic 

Fig. 1. Comparison between experiment and theory 

for the spin dynamics of MgCr2O4 measured at 20K. 

Theory is linear spin-wave theory around a disordered 

spin configuration. 
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degeneracy with quantum-tunneling terms generated by an intrinsic splitting of the Ho3+ ground-

state doublet. Using a sol-gel technique, we prepared very high-quality polycrystalline samples of 

Ho3Mg2Sb3O14, free from magnetic impurity phases. Using neutron scattering and thermodynamic 

experiments, we observe a symmetry-breaking transition at 320 mK to a remarkable quantum state 

with three peculiarities: a continuous magnetic excitation spectrum; a macroscopic degeneracy of 

low energy ice-like states; and a fragmentation of the spin into periodic and aperiodic components 

strongly affected by quantum fluctuations. We explained these observations with a frustrated 

transverse Ising model using theoretical approaches, including random phase approximation, 

mean-field approximation, and exact diagonalization. Our results established the existence a highly 

entangled quantum spin fragmented state in a region where the transverse field remains a 

perturbation to the classical spin fragmentation energy. However, we find that hyperfine 

interactions play a crucial role for suppressing many-body quantum correlations in this frustrated 

magnet [Figure 2]. Hence, the spin fragmentation in Ho3Mg2Sb3O14 is quantum mostly at the single 

ion level, and semi-classical at the two-ion level, characterized by magnetic monopole-like 

excitations. Our work has advanced both the synthesis and modeling arms of our program by 

providing a complex and versatile material platform to investigate and train students and postdoc. 

Highlight III: Synthesis of new frustrated spin-orbit magnets  

We ramped-up the material synthesis arm in 

our laboratory at Georgia Tech. We 

synthetized several novel frustrated spin-

orbit magnets for neutron scattering 

investigations. In one instance, we benefited 

from the crystal growth facilities at Johns 

Hopkins PARADIM facility to grow a large 

single-crystal of a material with a complex 

field-induced phase diagram [Figure 3].  

(a) (b) (c)

Fig. 2. (a) Crystal structure of Ho3Mg2Sb3O14. (b) Local symmetry of magnetic ions in Ho3Mg2Sb3O14 and 

transverse-field effects induced by the non-Kramers nature of Ho3+. (c)  Combined effects of intrinsic 

transverse field and hyperfine interactions on the single-ion physics of Ho3+  in Ho3Mg2Sb3O14 compared to 

Ho2Ti2O7. 

 

CVT growth at Georgia Tech

Bridgman Growth at PARADIM

PM

Dipole

??

Fig. 3. Synthesis of crystals of a spin-orbit frustrated 

magnet and phase diagram characterization. 
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Future Plans 

Our future plans will leverage the discoveries and progresses highlighted above. On the front of 

the simulation of the complex neutron scattering response of classical frustrated magnets, as 

relevant for MgCr2O4, we will investigate the spin dynamics of this compound at high 

temperatures, where the separation of time-scales between harmonic fluctuations and ground-state 

reconfigurations is not valid. To do so, we will use the polarized neutron capability of the HYSPEC 

spectrometer to get rid of the phonon and incoherent background and continue to collaborate with 

theorists. We will also investigate the complex magneto-structural ordering below 13 K. To do so, 

we will use the spin-wave dispersions in the ordered phases to identify a magnetic structure, a 

problem for which traditional approaches have failed.  

We will continue our investigation of tripod kagome systems, with the detailed powder studies of 

Er3Mg2Sb3O14 and Yb3Mg2Sb3O14 which we have already obtained as high-quality samples using 

our sol-gel method. We will continue our promising and on-going work to produce single-crystal 

samples of members of this material family. This would enable detailed diffuse scattering studies 

using the CORELLI spectrometer at ORNL. 

Finally, we will perform inelastic studies on two families of frustrated spin-orbit materials that we 

recently produced in single-crystal form and that display putative quantum orders at high magnetic 

fields. 
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Measurement and Modeling of Organic Semiconductor Structure and Dynamics 

Adam J. Moulé 

University of California, Davis  

Department of Chemical Engineering 

Program Scope: The long term goal of this project is to gain a comprehensive understanding of 

and the ability to predict optoelectronic materials properties of organic semiconductors. Our 

central hypothesis is that the combined use of electronic (DFT) and molecular dynamics (MD) 

modeling methods validated by neutron scattering data will yield new understanding of the 

relationship between structural heterogeneity and charge delocalization, charge transport, exciton 

transport, dopant site choice, and dopant transport. To fully explore and develop this research area, 

we proposed three specific hypothesis driven aims:  

(1) Measure dopant and polymer diffusion between DISC processed layers: Our 

hypothesis is that entangled polymers do not mix with adjacent layers upon solvent 

swelling or dedoping but small molecule dopants diffuse and drift across interfaces. 

(2) Develop model interpretation for the inelastic neutron scattering (INS) spectrum: 

Our hypothesis is that the low energy portion of the INS spectrum, which measures 

delocalized phonon modes, contains information that governs fundamental aspects of 

the polymer mechanical stability, charge stabilization, and charge transport. 

(3) Develop multi-scale models of charged polymers: Our hypothesis is that an 

understanding of dopant site choice and the change in molecular structure upon doping 

can be achieved with combined electronic and molecular dynamics modeling validated 

by inelastic neutron scattering data. 

In addition to these proposed aims, we had a considerable backlog of projects from our 2013-16 

DOE-BES award that focused on development of doping gradients using solution methods.  

Recent Progress: We have made significant progress on our research goals, resulting in 14 new 

peer reviewed publications in the last 2 years. The progress and challenges in each sub project are 

described below. 

Experimental work related to doping and polymer patterning: This project was primarily 

carried out by Ph.D. student Ian Jacobs, who both graduated in early 2017 and is now a Newton 

Postdoctoral Scholar in Cambridge University. He developed methods to pattern semiconducting 

polymers called dopant induced solubility control (DISC). The mechanism involves adding and 

removing molecular dopants from the polymer. Addition of dopants charges the polymer and 

greatly reduces its solubility. Pub. 1 demonstrates the use of DISC to pattern the polymer P3HT 

with sub-diffraction limited resolution and Pub. 2 explores in detail the light induced reaction 

between the dopant F4TCNQ and the solvent THF that enables the rapid optical patterning of 

P3HT. Pub. 3 explores in detail the chemical reaction between primary amines and the dopant 

F4TCNQ that enables complete (quantitative) removal of F4TCNQ from any semiconducting 
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polymer film. This combination of ideas is very powerful and is the basis for two new NSF grants 

led by my group to fabricate short-channel thin-film transistors and light trapping structures for 

organic photovoltaic devices, respectively. We wrote an invited review (Pub. 7) for Advanced 

Materials describing the doping/patterning work, the dopant diffusion work described below, and 

the dopant synthesis work (older than 2 years) supported by DOE-BES.  

Measure dopant and polymer diffusion between DISC processed layers: This project was 

started by Ph.D. student Jun Li, who graduated in early 2017 and now works for Applied Materials. 

The project was taken over by Tucker Murrey, who is now in his 4th year. Our hypothesis was/is 

that doped polymers will not mix across a bi-layer interface even in the presence of solvent, but 

dopants will diffuse within and between the layers. Our previous 2016 paper1 proposed a Langmuir 

isotherm model to explain the uptake of dopants in polymer films. This model posits a fixed 

number of doping sites on the polymer that are increasingly difficult to fill with increased doping 

level. Pub. 6 used QENS measurements to characterize the local dynamics of a proton labeled 

dopant (F4MCTCNQ) in a deuterated (D-P3HT) sample. We then used confocal fluorescence 

microscopy to measure the macroscopic diffusion of both dopant species. These measurements 

allowed us to expand the interpretation of the isotherm model to include equilibrium between 

charged and neutral dopants within the P3HT film and to quantify the diffusion rate of both dopant 

species. This was a very important paper because it links the doping density, dopant diffusion rate, 

molecular energy landscape, and even dopant structure in a comprehensive picture.  

Pub. 12 explores evaporative addition of the dopant F4TCNQ through and shadow mask to P3HT 

films and subsequent patterning by development in various solvents. The important science in this 

paper is quantification of the dopant diffusion distance under the shadow mask. We show that the 

isotherm model predicts a larger diffusion distance in more highly crystalline P3HT films because 

fewer doping sites are available to the dopant. We also explore how local doping level and solvent 

quality combine to determine the pattern sharpness. Finally we show that dopants with lower 

diffusion rate (while neutral) lead to sharper polymer patterning.  

In Pub. 14 we quantify solvent swelling in neutral and doped P3HT films using NR. Then we 

fabricated a 4-layer alternating stack of P3HT and D-P3HT using our DISC method and used NR 

to measure the interface roughness. Importantly we show that each layer is pure with a sharp 

interface even though the polymer structure is identical and the deposition solvent is a good 

solvent. We then soaked the layer stack in this good solvent for 4 hours, removed the solvent and 

re-measured the layer stack using NR. Although all four films swelled to >50% of their original 

thickness and the solvent would instantaneously dissolve an undoped film, there was no change in 

interface roughness, which proved our hypothesis that doped polymer films will not mix across a 

bi-layer interface. This last result is interesting polymer physics and crucially shows that DISC 

patterning techniques can be used in an industrial setting (for example roll-to-roll coating with a 

slot-die or blade coater) for multi-layer film deposition. 
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Develop model interpretation for the inelastic neutron scattering (INS) spectrum: This 

project was carried out primarily by Ph.D. student Thomas Harrelson, who graduated in spring 

2019. Ph.D. Our first study was focused on P3HT/F4TCNQ with the goal to understand how the 

presence of F4TCNQ “stiffened” the P3HT with doping. We quickly learned that it was not 

possible to model amorphous P3HT using DFT and so we could not even begin to model the low 

energy (less than 800 cm-1) portion of the INS spectrum. Pub. 5 is therefore a study of the high 

energy >800 cm-1 portion of the INS spectrum. We first set out to model crystalline P3HT and 

found that we could not fit the INS spectrum using a single crystalline polymorph, but instead 

needed to include a weighted average of 3-4 different crystalline polymorphs to match the data. 

This result is important because interpretation of x-ray 

data and structure minimization yielded a single 

“accepted” crystalline polymorph in published 

literature. Our work shows that in a single crystal, 

multiple polymorph co-exist. The P3HT side chain 

angle instead varies as a function of the polymers 

position within the crystal as shown in Figure 1. In the 

same paper we also examined the structure of 

P3HT/F4TCNQ and concluded that in a highly doped 

sample, only one crystalline polymorph exists with the 

F4TCNQ intercalated between the P3HT chains. This was the first time any researcher identified 

the location of the dopant with respect to the polymer.    

We realized that the low energy phonon modes we measure using INS should affect the charge 

transport in organic semiconductors. But as stated above, we are not able to model these modes in 

polymers. So in Pub. 11 we measured INS spectra of small molecule organic semiconductors and 

used plane-wave DFT to model the full phonon spectrum. We had to adjust our functional and 

sampling of the Brillouin zones until our simulated spectrum matched the measured spectrum. 

Next we calculated the electron phonon coupling to determine which phonon modes reduce the 

charge mobility. Because there are 1000’s of modes, we found that the spectral density of modes 

was a better measure than individual motions. We also considered that only low energy modes 

(<200 cm-1) are populated at 300K, so only these delocalized modes will affect charge transport. 

We chose to use a transport model called transient delocalization that considers the reduction in 

delocalization induced by the molecular motions. This model along with accurate phonon 

measurements allowed us to predict the single crystal charge mobility with high accuracy, which 

had not been possible with other models that did not consider dynamic motions of the molecules.  

In Pub. 10 we collaborated with the group of Enrique Gomez (Penn St.) on dynamic measurement 

of P3HT side chains using QENS and solid state NMR. The study was led by the Gomez group 

and we provided the NMR measurement and interpretation. 

Develop multi-scale models of charged polymers: This aim is still a work in progress as we do 

not yet have all of the computational tools needed. We made some progress in several areas. Pub. 

Figure 1. Cartoon depicting how different 

polymorphs of P3HT can co-exist in 

different parts of the same crystal.  
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4 is an invited review of multi-scale modeling techniques for organic semiconductors written by 

Thomas Harrelson. 

Pub. 8 models exciton delocalization on the polymer PffBT4T-2DT, which is more crystalline 

than P3HT. We considered to measure this polymer with INS until we realized that we first need 

to develop a MD approach to modeling INS data. Our paper showed that this polymer becomes 

planar quickly when optically excited but relaxes slowly to a coiled configuration.  

In Pub. 9 we discovered a new crystalline structure of P3HT/F4TCNQ that forms in heated 

samples. Interestingly this polymorph of P3HT/F4TCNQ is blue (not purple/gray like the typical 

sample). Spectroscopic investigation showed that the blue color comes from a partial charge 

transfer (local CT state) instead of the quantitative charge transfer that usually forms in 

P3HT/F4TCNQ. While most of this study was funded from my NSF grant, Thomas Harrelson 

developed a DFT model of the new structure using funds and expertise developed in INS modeling 

of P3HT/F4TCNQ. Thus this part of the work was a direct extention of BES funded work.  

In Pub. 13, we collaborated with the group of Christian Müller from Chalmers University to 

investigate doping in a thiophene polymer with ethyloxy side chains. The Müller group discovered 

that this polymer could be double doped by F4TCNQ, two holes are created on the polymer 

backbone for every dopant. They also found that the dopant resides between the side chains, unlike 

our model of P3HT in which the dopant is between the polymer backbones. We developed a DFT 

model of the dopant in the side chain to determine the reason for the different placement of the 

dopant. We found that the ethyloxy side chains are attracted to the polar charged dopant and so it 

is the strong interaction between the side chains and the dopant that determine the dopant position. 

Future Plans: Most organic electronic materials are highly heterogeneous in structure and most 

devices are made with mixtures of materials, such as donor/acceptor or semiconductors with 

dopants. While we made progress by accurately predicting charge mobility in a perfect crystal for 

the first time using our INS validated DFT model, it is necessary to develop modeling tools that 

can incorporate structural and chemical heterogeneity and still predict materials properties. Our 

future work will involve development of MD and density functional tight binding (DFTB) methods 

to model phonons and INS spectra. These codes can incorporate much larger samples and more 

heterogeneity. Our other new research thrust will involve development of a new optical excitation 

sample environment for the VISION beamline. We will develop this new sample environment so 

that we can measure the phonon spectrum of optically excited samples. Our hypothesis is that we 

will see changes in the phonon modes that are important to understand exciton transport.  
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Program Scope 

 

Engineering enzymes and optically active proteins 

into bioelectronic devices for the production of H2,
1-2 

the reduction of CO2,
3-4 or the production of biofuels5-

6 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 catalysts7-8 or 

organic electronics,9-10 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.  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.  The goal of this 

project is to apply neutron methods and clever 

biological design of materials to elucidate the 

fundamental forces that govern self-assembly.  Over 

the past 2.5 years, we have addressed the following 

questions: 

 

(1) Why do some globular proteins self-assemble 

in block copolymers and some do not? 

 

 

 

Figure 1. Schematic illustration of proteins in 

the bioconjugate library (top), correlation of an 

ordering parameter with molecular weight 

(middle), and fit of the ordering parameter to a 

predictive model for protein self-assembly 

(bottom). 
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(2) What is the role that hydration and protein-polymer interactions play in governing self-

assembly behavior? 

(3) How can we model protein-polymer block copolymer self-assembly? 

(4) What are the interactions between charged polymers and patchy proteins, and how can they 

be engineered to promote self-assembly? 

 

Recent Accomplishments 

 

Why Do Some Proteins Self-Assemble and Some Do Not?  Early demonstrations of the ability to 

produce protein-based nanomaterials from proteins such as mCherry were extremely exciting,11-12 

but these demonstrations and the studies of phase behavior raised a major question:  can these 

techniques be generalized to other globular proteins, and if so, what are the key properties of the 

protein that govern self-assembly?  Studies indicated that coarse-grained protein properties 

dominate the self-assembly behavior13, but for most properties there is no way to isolate and 

control a single property at a time.  Therefore, we developed an approach of synthesizing a large 

set of 15 different bioconjugates and used regression methods to identify the most critical coarse-

grained parameters for predicting self-assembly (Figure 1).  This work indicated that the size of 

the protein and its -sheet content are the two most important variables, in addition to its total 

charge14, for governing whether or not the protein can be self-assembled.  Using cross-validation 

regression methods, we were able to identify a relatively simple predictive equation for the full 

width at half maximum (FWHM) of the primary scattering peak, an indicator of the quality of 

ordering of these nanostructures: 

 

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐹𝑊𝐻𝑀−1 = −9+ 0.38𝑀𝑊 + 42 [
0.972

(𝑀𝑊 − 28.4)2 + 0.972
] + 0.3𝛽 

 

This equation is extremely powerful because it allows the potential for self-assembly of a protein-

polymer conjugate (or by extension fusion protein) to be predicted before costly and challenging 

synthesis is undertaken.  This work has been published in one publication and a second is 

submitted. 

 

Because some proteins of technological interest are shown not to self-assemble in block 

copolymers through this work, we have developed two key strategies for improving self-assembly:  

the first is the use of polymer-protein-polymer triblocks, where polymer-polymer repulsive 

interactions in aqueous solution may be used to drive self-assembly.  The second strategy is the 

use of a structure-directing protein segment that may be genetically fused to the protein, providing 

an impetus for self-assembly especially in small protein systems.  One of these strategies has been 

published, and the other has a manuscript in preparation. 

 

What is the Role of Hydration and Protein-Polymer Interactions on Self-Assembly?  Contrast 

variation SANS was used to study the strength and nature of interactions between proteins and 

polymers that self-assemble when bioconjugated to a globular protein (mCherry). Partial structure 

factor decomposition and Fourier transformation into real space revealed that PNIPAM and 

mCherry interact repulsively via a depletion interaction. POEGA formed adsorption layers at the 

surface of mCherry, leading to a weaker segregation strength. PDMAPS, a zwitterionic polymer, 

exhibited both repulsive and attractive interactions to the polymer, leading to more complex 
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behavior that may limit its ability to self-assemble.  Therefore, this work shows that PNIPAM has 

the widest range of self-assembly with proteins because it has the strongest repulsive interactions 

in water, while POEGA and PDMAPS have weakly attractive interactions that lead to suppressed 

self-assembly.  This method is innovative because it enables studying such interactions at 

relatively high polymer and protein concentrations, the regime relevant to self-assembly.  The 

results are consistent with previously published work and are under revision for publication. 

To enable design of 

structured biomaterials, it is 

necessary to not only 

determine which polymers 

are repulsive of proteins but 

to understand the underlying 

physics that governs these 

interactions.  We hypothesize 

that hydration, including the 

competition for water under 

high concentration 

conditions, plays a key role.  

To better understand how 

hydration affects protein-

polymer interactions, we 

have developed a new SANS-

based analysis method to 

calculate the hydration 

number of water-soluble 

polymers.   The method 

requires no assumptions for 

either the structure or the 

form factor. Preliminary 

results revealed that 

PNIPAM, which has the 

strongest propensity for self-

assembly, has the highest 

hydration number. In 

addition, we are developing a 

bootstrapping method to quantify the uncertainty in the hydration number that can be applied to 

other scattering experiments where performing replicates is not practical.  This will provide both 

key insight into our self-assembled system as well as useful SANS data analysis contributions for 

the user community. 

Finally, backscattering and disk chopper spectrometry experiments were used to probe the 

dynamics of different water populations in concentrated solutions of ELP-mCherry fusion proteins 

that have been shown to self-assemble to understand how water binding and dynamics may be 

influencing structure and self-assembly. Deuterated proteins were synthesized to allow for the 

direct measurement of water dynamics. Preliminary data analysis suggests there are differences in 

solvent interactions for ordered and disordered samples.   

 

 

Figure 2.  Partial Structure factors (top) and protein form factors and 

partial structure factors (bottom) for mCherry mixtures with PNIPAM (a), 

PHPA (b), and PDMAPS (c).  In each case the data shows how the 

presence of polymer affects interactions between the proteins. 
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How Can We Model Protein-Polymer Block Copolymer Self-Assembly?  In order to predict the 

thermodynacmis of these complex systems, we have developed a simple coarse-grained model that 

can allow us to better understand the physical origins of the key properties displayed by these 

nanomaterials.  Our model treats the protein as a single hard sphere and the polymer as a soft 

sphere or ellipsoid capable of overlapping with neighboring chains and to a lesser extent the hard 

proteins, capturing the key difference in excluded volume between the different halves of the 

molecule.  This substantial reduction in molecular complexity enables simulation of systems of 

many molecules, enabling us to produce theoretical phase diagrams as a function of the design of 

the system, comparing to scattering results.  In order to reproduce many of the key qualitative 

behaviors we observe in bioconjugate self-assembly, explicit solvent must be included into the 

model.  This further reinforces the importance of understanding hydration and solvation effects 

addressed above. 

What are the Interactions Between Charged Polymers and Patchy Proteins, and How Can They 

Be Engineered to Promote Self-Assembly?  To extend the methods considered above to 

polyelectrolytes such as redox shuttle polymers, the interactions of charged polymers with proteins 

must be better understood.  Typically, proteins aggregate with charged polymers into coacervates, 

an interaction that contraindicates self-assembly due to strong attractive interactions.  We have 

previously shown that neutralizing protein charge15 is important to reducing these interactions, but 

charge patches can still produce negative effects.  Here, we have systematically mutated green 

fluorescent protein (GFP) to produce a series of proteins with varying patch size, and we have 

explored interactions with various polyelectrolytes.  These experiments indicate that redistribution 

of charge on the protein surface to produce only small patches can prevent coacervation, providing 

a viable route for synthesis of bioconjugates with even strongly charged polyelectrolytes. 

Beyond the key tasks performed under this proposal, several collaborative groups have taken an 

interest in this work and sought out collaboration, including the groups of Alan Grodzinsky (MIT) 

and Luis Catalani (University of São Paulo), who have both used our patchy proteins as molecular 

probes in biological studies, and Hua Lu (Peking University), who is collaborating with us on 

studying self-assembly of protein-polymer bioconjugates synthesized in his lab. 

Future Plans 

 

During the remaining 15 months of our project, we plan to complete our theory and simulation 

work on the coarse-grained model and also develop a self-consistent field theory approach that is 

capable of capturing additional molecular details that are beyond the scope of the simpler model.  

This will provide a solid theoretical basis for understanding key experimental results.  In addition, 

we will complete inelastic scattering experiments described above to characterize water dynamics, 

and we will continue a nascent collaboration with Wei-Ren Chen on the application of neutron 

spin echo to understand dynamics in proteins and protein-based materials.  Finally, we will 

complete the synthesis and testing of a protein-polymer conjugate demonstrating electron 

transport, illustrating that the methods demonstrated herein are also capable of being applied to 

challenges in bioelectrocatalysis. 
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Discovering Toroidal Materials with Spherical Neutron Polarimetry 

 

Efrain E. Rodriguez, Associate Professor 

Department of Chemistry and Biochemistry, University of Maryland, College Park 20742 
 

 

Program Scope 

We describe our work to elucidate the nature of the toroidal moment in crystalline solids through neutron 

scattering studies. Much less understood than the magnetic and electric dipole moments, the toroidal 

moment has unique characteristics with respect to its symmetry1—4 and physical properties (Fig 1). We 

define a toroidal moment in a crystalline solid as a moment that develops from the arrangement of spin 

moments on a vortex ring. We use the term toroidal materials to encompass any system where the toroidal 

moments may be found in an ordered state below a transition temperature. Space inversion and time reversal 

symmetries can flip the direction of the toroidal moment, which gives toroidal materials their unique 

response to external electric (E) and magnetic (M) fields. Our research focuses on the synthesis and solid 

state chemistry of materials with long-range ordering of these toroidal moments.  

We seek to establish the relationship between crystallography and magnetism in toroidal moments using 

neutron scattering. Due to the neutron’s spin, neutron scattering readily probes the internal magnetic order 

in a material. While neutron diffraction, both powder and single crystal, are highly important in uncovering 

toroidal order, more advanced neutron techniques are required to carry out this work. In short, we use 

spherical neutron polarimetry (SNP) to understand the toroidization in a material. SNP is a tool by which 

the polarization of the neutron beam can be prepared in any direction and the full polarization of the 

scattered beam recovered.5—6 As such, it is a powerful tool that unambiguously describes complex magnetic 

ordering such helical, conical, or cycloidal order, chiral systems, and spin density waves. Since it can also 

detect antiferromagnetic domains, it is particularly suitable for exploring toroidal materials.  

A related goal in this program is to develop SNP techniques and instrumentation in North American neutron 

sources. While the U.S. has several efforts in polarized neutron scattering, SNP has been less pursued than 

our peer institutions in Europe such as the Institut Laue-Langevin (ILL). Our goal has been to develop SNP 

apparatus for both small-angle and wide-angle scattering geometries. 

 

Figure 1. The behavior of an electric dipole moment, magnetic moment, and toroidal moment with respect to certain 

symmetry elements. While space inversion symmetry ( ̅1̅ ) flips the sign of an electric dipole, it does not have the same 

effect for a magnetic moment. Conversely, the time reversal symmetry operation 1’ flips a magnetic moment but has 

no effect on the dipole moment. The toroidal moment is unique in that it not invariant under both operations. 

Recent Progress 

We present our results on the metal orthophosphates known as triphylites with the formula LiMPO4 for M 

= Mn, Fe, Co, and Ni. These triphylites crystallize in the olivine-type structure (Fig. 2) and are some of the 

leading candidates for ferrotoroidicity, whereby the toroidal moments order in a ferroic manner. We have 

prepared both powders and single crystals of these triphylites and their solid solutions through hydrothermal 

synthesis and salt flux crystal growth. We find through powder neutron diffraction (POWGEN, SNS and 
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BT-1, NIST) the effects on magnetic order and moment size from preparing the mixed-metal solutions 

LiM1-xM’xPO4. Through SNP measurements using the CRYOPAD apparatus at the ILL, we find that the 

toroidal moment direction of LiFePO4 can be controlled through the application of a crossed E×H field 

(Fig. 2). Our research plan includes the continuation of our studies of LiMPO4 and its de-lithiated MPO4 
phases, which can increase the transition temperature by as much as 75 K.   

We describe the design, construction, and testing of our first prototype of an SNP apparatus at the NIST 

Center for Neutron Research (NCNR). We call this new apparatus the Small Angle Neutron Polarimetry 

Apparatus or SANPA. SANPA does not include moving parts or require cryogenics and is optimized for 

small angle scattering geometries. Its simple design establishes a zero-field chamber around the sample 

from superconducting niobium. The precession coils that control the beam’s polarization are also housed 

in the Meissner shield. We describe the software and hardware associated with SANPA and the preliminary 

testing on the PHADES beamline at the NCNR.  

 

Figure 2. Crystal structure of LiFePO4 and its magnetic moments leading to a toroidal moment which can rotate the 

neutron beam polarization. Depending on whether the toroidal moment points one of two directions, the off-diagonal 

terms of the polarization matrix changes sign for three Bragg reflections, (101), (301), and (203). The polarization 

measurements were carried out at ILL with CRYOPAD. The red and blue circles indicate opposite polarization, and 

the size of the circle scales with amount of polarization from 0 to 100 %. The 9 entries represent the 3×3 entries in the 

polarization matrix. 

Future Work 

Our proposed plan is to continue to understand the mixed-metal triphylites LiM1-xM’xPO4 and their de-

lithiated analogues also includes the synthesis of new systems that have similar chemistry and symmetry to 

the triphylites. These include the thiophosphates and silicates such as Li2FeP2S6, KNiPS4, and LiFeSiO4. 

As in the triphylites, we can also manipulate the magnetic order and transition temperature through de-

lithiation.  

We propose to keep testing SANPA on the PHADES beamline and then utilize it to carry out small angle 

neutron scattering studies on appropriate materials systems. This new SANPA could be highly useful in 

measuring non-collinear antiferromagnets with long-range structures such as skyrmion lattices. 

Furthermore, some of these skyrmion systems support either helical or cycloidal antiferromagnetism with 

long pitches for the modulated structures, which are ideal for SANS measurements. SANPA could reveal 

with unprecedented detail the helicity and spin texture of these materials. Due to its compactness and small 

footprint, SANPA could be transported between NIST and HFIR for testing at both reactor sources. 

Building on our previous development of SANPA, we plan to design and construct a new wide angle SNP 

apparatus. We call this new device the Wide Angle Apparatus for Spherical Polarimetry or WAASP (Fig. 

3). The design of WAASP is similar to that of CRYOPAD but with one key difference: WAASP will use a 
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cooling system that avoids the use of an 

expensive and non-renewable 

resource—liquid helium. In WAASP, 

the superconducting Meissner shield is 

much like that in SANPA; it is cooled 

by a closed cycle refrigerator. For the 

incident beam, WAASP will use a 

square precession coil much like that in 

SANPA. For the scattered beam, a 

toroidal-shaped precession coil is used 

that covers 120° in scattering angle. We 

provide details of the team and timeline 

for the completion of WAASP and other 

research activities.  
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Neutron and x-ray scattering studies of complex phenomena in bulk materials and 

heterostructures of strongly correlated systems 

S. Rosenkranz, O. Chmaissem*, R. Osborn, D. Phelan, S.G.E. te Velthuis 

Argonne National Laboratory; *and Northern Illinois University 

Program Scope 

The assumption of a long-range-ordered crystalline lattice has provided a very successful 

foundation for describing a diverse range of properties of condensed matter for over a century. 

Many phenomena of recent interest are, however, associated with the presence of complex 

disorder and short-range correlations that emerge as a consequence of competing, coexisting, or 

intertwined order, and are poorly described within the old paradigm. Such heterogeneities on the 

nano- to mesoscale are now recognized as key drivers for advanced functionality, with materials 

that possess short-range correlations and disorder generally exhibiting strongly enhanced 

responses to external stimuli such as magnetic or electric fields. This program utilizes, and 

develops when necessary to advance the scientific program, the latest advances in neutron and 

synchrotron x-ray instrumentation to study complex disorder and short-range correlations in bulk 

and heterostructures of strongly correlated systems on a range of length and time scales. Our goal 

is to utilize efficient techniques that we have been developing to characterize nanoscale 

fluctuations in the competing order, both static and dynamic, in order to make a major impact on 

our progress towards understanding how complex disorder affects material functionality of 

interest including superconductivity, magnetism, thermoelectricity, ionic conduction, etc. This 

program is focused on studies of electronic and ionic disorder to address the following topics: i) 

determine the nature, origin, and influence of spin and charge correlations in bulk compounds ii) 

study the effects of short-range modifications to spin and charge order induced at interfaces in 

heterostructures of complex oxides iii) explore 

the consequences of atomic disorder and ionic 

correlations on materials properties. These 

investigations are enhanced by our 

developments of novel methods to study short-

range correlations and disorder utilizing neutron 

and synchrotron x-ray scattering. 

 Recent Progress  

By combining inelastic neutron 

scattering data from CePd3 over large volumes 

of four-dimensional energy and momentum 

transfers with DMFT calculations, we obtain 

very good agreement on an absolute intensity 

scale without any adjustable parameters (Fig. 1), 

Fig. 1: Experimentally observed neutron scattering and 

ab-initio calculation of the generalized susceptibility 

in the coherent state of CePd3 (bottom right) The 

quantitative excellent agreement validates a decades 

old prediction of the crossover to random electronic 

excitations observed at high temperature (left). 

. 

 
120



thereby providing a quantitative comparison of intra-band scattering in a system without 

collective excitations. These results provide the validation of the long-postulated crossover from 

coherent to incoherent electronic excitations with increasing temperature, and show that inelastic 

neutron scattering can be utilized as an alternative bulk spectroscopic probe of quasiparticle 

coherence. Such crossovers are fundamental to many physical phenomena in strongly correlated 

systems and are now comprehensively understood by combining the latest advances in 

experiment and theory. 

In the hole-doped iron arsenide superconductors, we have determined the prevalence and 

relation to superconductivity of the new tetragonal, magnetic C4 phase, which we discovered and 

showed to be a rare double Q-magnetic structure with non-uniform magnetization. Using neutron 

and synchrotron x-ray pair distribution (PDF) measurements, we showed that strong local 

nematic correlations persist even within this long-range ordered, tetragonal magnetic C4 phase, 

and indeed over a wide range of the phase diagram of hole-doped iron arsenide superconductors. 

In order to investigate the origin of superconductivity and its relation to charge density 

wave (CDW) correlations, we studied the evolution of the soft mode with inelastic x-ray 

scattering in CuxTiSe2 upon suppressing CDW order with pressure and doping and found 

evidence for the presence and hybridization of phonon and exciton modes. These observations 

indicate that under pressure, TiSe2 is proximal to the elusive excitonic superconducting state. We 

further found that superconductivity only sets in when the CDW order becomes incommensurate, 

providing evidence that although perfect, commensurate CDW order is detrimental to 

superconductivity, CDW incommensuration and domain wall formation may facilitate it.  

We further investigated the origin of charge and spin correlations in trilayer nickelates. 

Previous synchrotron x-ray diffraction measurements provided evidence for the presence of 

charge stripes, providing a novel, Cu-free route to investigate the stripe physics surrounding the 

closely related cuprate superconductors. By utilizing single crystal neutron diffraction, both 

polarized and unpolarized, we establish that the ground-state is indeed magnetic, in the form of 

antiferromagnetic spin stripes that are commensurate with the charge stripes. However, in 

contrast to other oxides, including cuprates, the charge and spin stripe order appear 

simultaneously, suggesting a stronger coupling between the spin and charge correlations in the 

trilayer nickelates than in the more two-dimensional cuprates. 

Utilizing the single crystal diffuse scattering instrument Corelli, we investigated the spin 

correlations in Fe2TiO5, a poorly understood spin glass whose bulk properties shows purely 

Ising-type freezing despite being solely comprised of isotropic Heisenberg spins. Our detailed 

analysis of the magnetic diffuse scattering reveals the emergence of surfboard-shaped regions of 

spins that are aligned antiferromagnetically perpendicular to the Ising axis, indicating that the 

transverse fluctuations of the surfboard-regions are the quasi-spin degrees of freedom that freeze. 

This represents a new mechanism for generating spin anisotropy and thus, the Ising anisotropy in 

this compound is an interaction-driven, emergent property. 

We started to investigate how competing and coexisting magnetic and ferroelectric order 

affect physical properties in bulk compounds and heterostructures. We have synthesized bulk, 
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polycrystalline Sr1-xBaxMn1-yTiyO3 compounds that exhibit a large coupling between the 

magnetic and ferroelectric order parameters with a wide tunability of this coupling with 

compositional changes. In heterostructures of the corresponding parent materials, composed as 

trilayers of ferromagnetic La0.7Sr0.3MnO3 (LSMO)/ferroelectric BaTiO3 /LSMO grown on SrTiO3 

substrates, we show that spin reconstruction at the interfaces of this multiferroic tunnel junction 

results in a spin filtering functionality, which significantly modulates the tunneling 

magnetoresistance by two orders of magnitude by reversing the ferroelectric polarization. Our 

identification of a net Ti moment with XMCD and magnetic depth profile determination with 

polarized neutron reflectivity measurements contributed to explaining the transport behavior. In 

superlattices of the ferromagnetic LSMO and the correlated metal LaNiO3, we discovered an 

unusual noncollinear magnetic structure that results from the coupling of the LSMO layers to a 

helical spin state within LaNiO3, which results from the interaction between a spatially varying 

spin susceptibility within the LaNiO3 layer and an interfacial charge transfer that creates 

localized Ni2+ states. These observations suggest a new approach to engineering noncollinear spin 

textures in metallic oxide heterostructures. 

In order to explore phenomena, such as skyrmions, expected to emerge at interfaces 

between complex oxide ferromagnets and materials with strong spin-orbit coupling, we 

investigated bilayers of LSMO/SrIrO3 (SIO) with polarized neutron reflectivity and soft and hard 

x-ray XMCD measurements. These investigations revealed significant changes in the magnetic 

anisotropy depending on the stacking sequence: in bilayers with LSMO grown on the substrate, 

the LSMO magnetization is very similar to that of a single LSMO layer with a low coercivity. 

However, if SIO is deposited first, LSMO exhibits a significantly higher anisotropy and SIO 

exhibits a magnetic Ir moment that is oriented antiparallel to the Mn moment and follows a linear 

decrease with temperature. Our analysis of the polarized neutron reflectivity data further 

revealed an LSMO-like interfacial layer with a magnetization parallel to the main LSMO layer, 

but which also exhibits a linear temperature dependence. 

In order to explore the consequences of atomic disorder, we have developed advanced 

techniques for measuring and analyzing single crystal diffuse scattering and applied it to study 

the origin of relaxor behavior, as discussed in a separate abstract. These developments also 

enabled us to determine the presence of an antiferromagnetic defect structure embedded in single 

crystals of LaNiO3- and conclude that pure LaNiO3 is indeed non-magnetic, and lead to the 

discovery of an unusual charge density wave in novel polymorphs of Sm2Ru3Ge5. These 

developments will also be utilized in our future plans to study short-range spin and charge 

correlations (as well as ionic correlations, discussed elsewhere), and to provide novel, unique 

insight into many phenomena driven by competing and coexisting order. 

 

Future Plans 

Following our finding that the magnetic C4 phase is universally observed in hole doped 122 

systems, we plan detailed high-resolution powder diffraction investigations of the series of 

compounds (Ba1-x-ySrxNay)Fe2As2 and (Ca1-x-ySrxNay)Fe2As2, in order to determine the structural 
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parameters that stabilize the C4 phase.  We further plan to determine whether the C4 state occurs 

in other families of iron-based superconductors, in particular the ‘1111’ compounds, whose 

structural and magnetic phase diagrams have not yet been investigated in detail. We are also 

planning single crystal diffuse scattering measurements to investigate in detail the morphology of 

the nematic correlations previously observed with Powder PDF, and to search for charge 

ordering signatures associated with the C4 phase. 

In order to obtain a better understanding of the influence of stripe phases on physical 

properties, we will continue our investigations using various neutron and synchrotron x-ray 

scattering techniques to investigate the novel trilayer nickelates R4Ni3O8 and R4Ni3O10 

(R=La,Pr). The influence of disorder and short-range CDW correlations will be further 

investigated by detailed single crystal diffuse as well as inelastic measurements of the CDW 

correlations in PdxErTe3, which is a promising pseudo-tetragonal model system to study the 

interrelation of charge order, superconductivity, and other ground states, in the presence of 

quenched disorder. Another CDW system of interest is TaSe2, which first exhibits 

incommensurate order upon cooling but locks into a commensurate CDW at low temperature. 

While previous neutron scattering investigations reported unusual behavior with incomplete 

softening and possibly a central peak, the behavior of this system and how it compares to other 

strong-coupling compounds remains unclear.  

We plan to further investigate the novel interfacial phenomena and modified magnetic 

properties that are expected to emerge in heterostructures in which ferromagnetic manganites or 

ruthenates are exposed to oxides with strong spin orbit coupling, such as SrIrO3. New ground 

states are expected to arise as a result of the interplay between the double or super exchange 

interaction in the manganite and symmetry breaking and/or spin orbit interactions in the iridate. 

We will probe changes in anisotropy and interfacial magnetism and look for chiral magnetic 

states. 

We are in the process of synthesizing single crystals of multiferroic Sr1-xBaxMn1-yTiyO3 and will 

investigate the structural and magnetic order, correlations, and excitations using a variety of 

neutron scattering techniques. We will utilize our most recent developments in single crystal 

diffuse scattering methods to investigate the influence of short-range correlations that may be 

induced by the presence of the competing magnetic and ferroic states in these compounds. We 

will also investigate the role of oxygen vacancies in the multiferroic tunnel junctions. Transport 

experiments indicate resistance changes that could be tied to voltage-induced motion of oxygen 

vacancies. We will study the role of these oxygen vacancies in a controlled manner following an 

interface engineering approach, by inserting an ultrathin layer of La0.84Sr0.16CuO3-δ as oxygen 

vacancy source at one of the BaTiO3/LSMO interfaces. 
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Program Scope 

 Two-dimensional magnetic nanostructured geometry, such as an artificial magnetic 

honeycomb lattice, provides facile platform to explore many novel properties of magnetic 

materials in one system. Originally envisaged to explore the physics of effective magnetic 

monopoles and magnetic field-induced avalanche of Dirac string, artificial magnetic honeycomb 

lattice has emerged as a key playground to discover new and exotic magnetic phases, such as the 

magnetic charge ordered state and the spin solid state, in disorder free environment.[1-3] We 

have created a new artificial magnetic honeycomb lattice of ultra-small connected element, with 

the typical length of ~ 12 nm, in this pursuit. Using neutron scattering and complementary 

measurements on the newly created honeycomb lattice, we have investigated emergent 

phenomena of short-range quasi-spin ice and long range spin solid order. The main objectives of 

the current research are (a) to understand the role of magnetic charge correlation in the evolution 

of emergent magnetic phases, (b) develop qualitative understanding behind the competing 

energetics between dipolar magnetic interaction and next nearest neighbor exchange interaction 

in the phase transition to the spin solid ground state, (c) explain the underlying mechanism 

behind the observation of magnetic diode type rectification in permalloy honeycomb, (d) explore 

new neutron measurement technique(s), such as neutron spin echo, to elucidate the dynamic 

properties of magnetic charges. Study of complementary bulk materials, such as the honeycomb 

lattice structured Na2RuO3 or disorder induced novel magnetic phenomena, can act as guide in 

this pursuit. Complementary study of bulk materials not only add impetus to the ongoing 

research, but also provides new ideas in understanding an intriguing phenomenon in two 

dimensional artificial magnetic honeycomb lattice. 

Recent Progress  

 Using detailed experimental investigations on the newly created artificial magnetic 

honeycomb lattice of ‘connected’ elements, we have demonstrated two important properties that 

were not possible before: (1) temperature dependent evolution of novel magnetism, and (2) the 

dominance of novel spin solid state over the closely followed magnetic charge ordered state as T 

 0 K. It was the first time, the existence of spin solid state was experimentally demonstrated in 

a ‘connected’ magnetic honeycomb lattice. [publications 1, 4, 5, 7, 9] The second term in the 

Hamiltonian (first term is nearest neighbor exchange energy) is key to the fundamental 

understanding of temperature dependent evolution of this novel phase. Decoding the nature of 

intermediate magnetic phases is crucial to understand the second term in the Hamiltonian, which 

is the deciding factor behind the phase transition mechanism to the spin solid order at low 
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temperature. We have actively pursued this project in the last one year. Analysis of PNR and 

VSANS data suggests the competing role of next nearest neighbor exchange energy in the 

system. We have also performed temperature dependent micromagnetic simulations on a similar 

size artificial honeycomb lattice that strongly complements the experimental results of 

temperature dependent evolution of magnetic phenomena in this two-dimensional structure. 

Additionally, two new properties of Wigner crystal type state of magnetic charges and magnetic 

diode-type rectification are discovered in the newly created artificial honeycomb lattice systems. 

[publications 6, 11] Synergistic study of neutron-based experimental investigation and the model 

calculations suggest the dynamic role of magnetic charges on the vertices of the honeycomb 

lattice via the emission and absorption of net charge defect between the nearest neighbors. While 

the low integer charges provide conducive pathway for electrical conduction, lattice vertices 

occupied with high integer charges act as the high energy scattering center for electric charge 

carriers and impede conduction. Concurrent measurements of the polarized neutron reflectivity 

and electrical conductivity further reveal the current induced near surface tuning of 

magnetization in honeycomb lattice, thereby making it a topological effect with fractional 

change in the magnetic charge density. To fully understand the dynamic properties of magnetic 

charges, neutron spin echo measurements on a large stack of 2D honeycomb lattice is underway. 

The preliminary results, from the NSE measurements on a stack of 40 samples at SNS-ORNL, 

suggest sub-nano seconds relaxation time of magnetic charges, which is comparable to the 

relaxation time of electric charge carriers and the diffusion length in a metallic system. The new 

study is expected to elucidate the intrinsic nature of static and dynamic properties of magnetic 

charges in two-dimensional geometrically frustrated magnetic system in general, with strong 

implication to the design of the next generation spintronics devices.  

Future Plans 

 In the near future, we plan to perform several new experiments and develop new analysis 

methods to achieve the stated objectives. One of the objectives is to understand the dynamic 

properties of magnetic charges in artificial two-dimensional frustrated magnetic lattice. Neutron 

spin echo is a powerful probe to reveal the relaxation time of magnetic charge dynamics. For this 

purpose, we are creating a stack of 120 samples to perform detailed neutron spin echo 

measurements at SNS, ORNL (a preliminary measurement was previously performed on a stack 

of 40 samples). We plan to perform NSE measurements at different temperatures and different q 

values to obtain the temperature dependence of magnetic charge’s relaxation time. Analysis of 

experimental results is expected to provide first evidence of magnetic charge dynamics, which 

can be compared with the relaxation mechanism of electric charge carriers. We are also 

performing detailed Hall’s measurements to determine the density of magnetic charge carriers. 

Together, these results will help us consolidate the argument that magnetic charges play 

“equally” important role in electrical conduction in magnetic materials.  

In addition to understanding the dynamic properties of magnetic charges, we plan to perform 

several experiments to understand the temperature dependent evolution of intermediate phases of 
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magnetic charges in artificial magnetic honeycomb lattice. More recently, we obtained evidences 

to the role of magnetism in magnetic diode behavior using concurrent measurements of electrical 

conductivity and polarized neutron reflectometry. Further research works will elucidate the 

implication of fractional correction to magnetic charge correlation on the vertices of honeycomb 

lattice to asymmetric electrical conduction in this system. Full spin polarization analysis of PNR 

patterns for both forward and backward current biases are important in this regard.  

Study of bulk materials complement the main research theme. We have synthesized high quality 

sample of honeycomb structured Na2RuO3, which is known to manifest strong spin-orbital 

coupling. We plan to investigate the possible quantum magnetic phenomena at low temperature 

in this system. We will also explore the resemblances in the local magnetic configurations 

between the artificial spin ice and Na2RuO3 compound in the coming months. 
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Program Scope:  Our program is focused on the study of competing, frustrated and disordered 

magnetic systems. In particular, we are interested in (i) the static and dynamic properties of chiral 

magnetic systems, (ii) spin fluctuations in jammed and frustrated magnetic systems, such as spin 

glasses, domain walls in antiferromagnets, and slow fluctuations in spin liquids and spin glasses, 

which can be probed with neutron spin echo techniques and XPCS and (iii) 

magnetic/superconducting heterostructures. We believe this research could lead us to new 

understandings of basic physics processes in magnetic and electronic systems using a combination 

of neutron and x-ray techniques. 

 

Recent Progress:  

(a) Critical behavior at the spin-glass phase transition.  

We have completed our first studies of the dynamics of the freezing transition of the classical spin 

glass Cu0.88Mn 0.12 and a MS is about to be submitted for publication. We have used coherent 

resonant magnetic X-ray scattering to carry out X-ray Photon Correlation Spectroscopy (XPCS) 

experiments [1] to elucidate the dynamical critical behavior and observed true critical behavior for 

the first time in a scattering experiment, something which has not been possible with neutron 

scattering, although researchers have tried for over 40 years [2,3]. This is (i) because of the 

unprecedented long time scales available for studying slow fluctuations with XPCS (thousands of 

seconds), which cannot be matched by neutron spin echo or by carrying out equivalent high-

resolution quasi-elastic scattering experiments, and (ii) 

because XPCS , which measures the intensity-intensity 

autocorrelation functions in real time, measures the true 4-

spin correlation functions corresponding to fluctuations of 

the actual spin glass order parameter, while neutron 

scattering measures the 2-spin correlation function. Figure 1 

shows the XPCS autocorrelation function g2(q,t) for the 

resonant magnetic scattering for Cu0.88Mn0.12 for various 

temperatures,  illustrating how the relaxation becomes slower 

and slower as the temperature approaches the spin glass 

transition temperature (44 K). the curves can be fitted with 

pure exponential functions, as expected from true critical 

behavior.  

 Thus, it appears that the answer to the long-standing 

question as to whether there is a true dynamical 2nd-order phase transition for a spin glass can be 

answered in the affirmative, reinforcing earlier, more indirect, measurements of the non-linear 

magnetic susceptibility [4]. By contrast, the off-resonant x-ray scattering (which corresponds to 

static charge scattering) showed no relaxation of the g2 autocorrelation function, as expected. 

Figure 1: The functions [g2(q,t)-1] at 

q=6.4x10-3 Å-1 for several different 

temperatures. 
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Figure 2 shows the measured relaxation times as a function of 

temperature, with a fit representing a power law divergence at 

Tg.  The obtained dynamical critical exponent was not very 

different from simple mean-field theory predictions. 

This technique can be applied to study other magnetic 

systems of great interest currently, such as spin liquids and 

spin ices and their quantum analogs. We have also recently 

made preliminary measurements of the reproducibility of the 

magnetic speckle pattern (which is a “fingerprint” of the spin 

configuration) in the frozen spin glass state on heating and 

cooling through the spin glass transition in order to try to 

answer the long-standing theoretical question regarding whether there is a unique state or an 

infinite number of ground states for a spin glass. The results are currently being analyzed.  

(b) Magnetic Skyrmions. 

We have continued to use Fe/Gd multilayers as a model system to study chiral magnetic structures 

and we have probed them by neutron reflectivity, small‐angle neutron scattering (SANS) (see Fig. 

3), resonant soft x‐ray scattering, resonant soft x‐ray imaging, XPCS, Lorentz TEM, ferromagnetic 

resonance, magneto‐transport 

and modeling. This has resulted 

in a number of publications and 

invited talks that addressed the 

skyrmions field‐temperature 

phase diagram, the chirality of 

domain structures, and the 

dynamics of the skyrmion phase. 

The PRL 119, 067403 (2017) 

highlighted the potential at free 

electron x‐ray lasers for XPCS to 

study the spin fluctuation 

dynamics of magnetic skyrmions 

in the sub nanosecond time scale. 

We used the Fe/Gd system for the 

extension of the XPCS method 

that exploits the recent 

development of the two-pulse 

mode at the Linac Coherent Light 

Source, as shown schematically 

in Fig. 4. By using coherent resonant x-ray magnetic scattering, we studied spontaneous 

fluctuations on nanosecond time scales in thin films of multilayered Fe/Gd that exhibit ordered 

stripe and skyrmion lattice phases. The correlation time of the fluctuations was found to differ 

between the skyrmion phase and near the stripe-skyrmion boundary. This technique will enable a 

significant new area of research on the study of equilibrium fluctuations in condensed matter with 

free electron lasers at timescales that previously were not accessible to XPCS.   

In a related study we explored the stochastic domain cascades avalanches and abrupt 

motion of magnetic domains in both the stripe and skyrmion phases. We show that the stochastic 

domain cascades follow different scaling laws in stripe and skyrmion phases. In the skyrmion 

Figure 2: Temperature dependence 

of relaxation time vs. temperature 

with power law fit. 

Figure 3: Measured SANS pattern at sequential fields for an Fe/Gd 

multilayer: (a) μ0H = 0 T after out-of-plane saturation and (b) μ0H = 

185 mT. The sample was then saturated in an angled field and (c) the 

SANS pattern shows two peaks corresponding to a well-ordered stripe 

domain. The out-of-plane magnetic field was increased to μ0H = 185 

mT. SANS patterns were measured as the magnetic field was reduced 

towards negative saturation, with measurements shown in (d) – (g). (h) 

(h) soft X-ray microscopy images taken at μ0H = 0 T.  
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phase the size distribution of the cascades 

follows a power law suggesting that it is in a 

critical state. Distinctly separate critical 

exponents along with temperature 

independent scaling‐collapse within each 

phases indicates that the scaling behavior 

belongs to a different universality class as the 

topology of the magnetic system changes 

from stripe to skyrmion.  

We have ongoing studies of current‐

induced skyrmion motion by imaging while 

applying current pulsed to a patterned wires. 

This is the first demonstration of current 

control of skyrmions without a DMI 

interaction to control the chirality.  Finally, 

we have extended the study of Fe/Gd thin films to include thin Ir/Pt bilayers to provide symmetry 

breaking leading to chirality control (presumably through the introduction of DMI). We observe 

fixed chirality of domain wall and evidence of the topological Hall effect from a chiral magnetic 

order. 

 
(c) Interface Structure of Ho films with a canted magnetic spiral structure. 

We have initiated research of epitaxial rare-earth films onto ultrathin seed layers.  This will allow 

the incorporation of rare-earth materials with their unusual spin-spiral structures, high spin-orbit 

interactions and strong magneto-striction effects in geometries compatible with spin-transport and 

ultrafast optical excitations.  We have successfully grown Tb, Dy and Ho films with bulk-like 

phase diagrams down to thicknesses of 10 nm.  We have carried out neutron reflectivity 

measurements at the NIST Center for Neutron Research (NCNR) on thin films of Holmium grown 

on MgO(110) substrates so that the orientation of the Ho crystalline c-axis (and thus the axis of 

the antiferromagnetic spiral in Ho) was tilted 40 degrees from the normal to the Ho-substrate 

interface, which could lead to boundary effects and distortion of the magnetic structure of the 

spiral. The analysis of the results show subtle non-spiral ferromagnetic effects at the interface.   

 
Future Plans:    

We plan to carry out further studies of jammed and frustrated magnetic systems. We have 

been allocated beam time at SNS to carry out Neutron Spin Echo studies of the dynamics of the 

domain wall fluctuations in simple cubic antiferromagnets, such as the model conventional 

antiferromagnet MnAl2O4  in the vicinity of the antiferromagnetic transition to see if they can be 

described by a relaxation of the Kohlrausch-Williams-Watts (KKW) compressed exponential form 

typical of jammed systems, as seen previously in the spiral antiferromagnet Dy metal [1].  This 

will enable us to decide if that behavior was in fact universal for antiferromagnets, as we have 

conjectured. 

We will continue to use the Fe/Gd system (shown above) as a model system to study the 

behavior of skyrmions. First will continue SANS studies by applying RF magnetic fields to 

measure gigahertz breathing modes in magnetic skyrmions and to measure the results of AC 

currents on the lattice dynamics. We will also continue work on proximity based interactions 

between skyrmions and superconducting vortices where the magnetic layer is either in direct 

Figure 4: Schematic of the geometry of the experiment 

at the LCLS. Inset: a cartoon of  the spin configuration 

of a chiral magnetic skyrmion, a single unit of the 

skyrmion lattice, and the resonant x-ray scattering from 

the skyrmion lattice, as measured at the ALS. 
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contact or interacts indirectly through dipolar fields.  We will also study full films of Ni/NiO/Nb 

and Ni/Au/Nb to study the difference of the depth dependent magnetic profile above and below 

the superconducting transition and in various applied in-plane magnetic field.  We will, in parallel, 

study S/F’/N/F/N/F’/S type structures where we will probe F/N/F’/S structures by neutron 

reflectivity and transport measurements. The initial structures to study will be Ni/Au/FeNi(t)/Nb 

where the magnetically soft NiFe layer can be rotated relative to the Ni layer (the anisotropy of Ni 

increases at low temperature making it much harder than FeNi).   

The binary Rare earth dialuminides reveal interesting physics, such as strong crystal field 

(CF) effects due to anisotropic 4f charge density as well as the competition between different 

magnetic and crystal structures.  PrAl2 and ErAl2 exhibit ferromagnetic to paramagnetic transitions 

at 32.5 K and 14 K, respectively.  On the other hand, (Pr,Er)Al2 undergoes a paramagnetic to 

ferrimagnetic (FIM) transition at TC = 24 K. In the FIM phase, the Pr and Er moments are aligned 

antiparallel, and this material shows several further magnetic transitions at high applied magnetic 

fields. In particular, at low fields and below a temperature of 26 K, it shows what is believed to be 

a Griffiths phase [5]. We wish to use a combination of SANS and magnetic neutron diffraction to 

understand several of the novel magnetic phases observed in (Pr0.6Er0.4)Al2, including the detailed 

nature of the ferrimagnetic phase, and the nature of the ferromagnetic transitions in applied fields 

of 20 KOe and greater. Initially, however, we wish to start by studying the nature of the Griffiths 

phase using SANS at the NIST NCNR facility. The Griffiths phase [6] in a system with quenched-

in disorder, is a phase which exists at temperatures above the true long-range ordering temperature 

where quantities such as the magnetization, free energy, etc. are non-analytic functions of magnetic 

field and temperature. It is characterized by local clusters of ordered spins, presumably 

ferrimagnetic clusters in this case. 
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Program Scope 

 We combine exploratory synthesis, crystal growth, and neutron scattering techniques to 

address key questions associated with strong interactions in quantum materials, from high-

temperature superconductors to magnetic semi-metals.  In particular, how can we properly 

understand itinerant antiferromagnetism, and what is the role of intertwined orders in cuprate and 

iron-based superconductors?  What is the role of electron-phonon coupling in strongly 

anharmonic topological crystalline insulators that become superconductors on doping?  Can one 

exploit the interaction of spin-polarized itinerant states with local magnetic moments to obtain 

unprecedented responses to external stimuli?  Advanced synthesis techniques are used to 

discover new model compounds, and high-quality crystals are grown of the most interesting 

materials.  We exploit the latest neutron-scattering technologies available at national neutron 

user facilities, such as the Spallation Neutron Source and the High Flux Isotope Reactor, to 

obtain direct information on spin correlations and atomic displacements necessary to provide 

transformative answers to these questions.  One such technology, in whose development we have 

actively participated, is time-of-flight, polarized, inelastic neutron spectroscopy.  

Complementary characterizations and theoretical analysis are performed in collaboration with 

other groups in the Condensed Matter Physics and Materials Science Division, especially using 

the National Synchrotron Light Source II and the Center for Functional Nanomaterials. 

 Recent Progress  

  Spin correlations and superconductivity in cuprates:  We have continued our efforts to 

understand the connection between antiferromagnetism and superconductivity in the cuprates.  In 

particular, from neutron scattering measurements on crystals of La2-xSrxCuO4 with x = 0.17 and 

0.21 performed on SEQUOIA, we found evidence that the spin gap that develops below the 

superconducting transition, Tc, limits the coherent superconducting gap.  From a search of the 

literature, we found that this is a general result for cuprates that exhibit spatially-uniform 

superconductivity [80].  If one takes electronic inhomogeneity into account, it suggests that 

regions with low-energy antiferromagnetic fluctuations limit the development of long-range 

superconducting order. 
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We have successfully grown crystals of La1.9Ca1.1Cu2O6 and annealed them in high-pressure 

oxygen to achieve superconductivity with Tc as high as 55 K.  Neutron diffraction measurements 

demonstrated that intergrowths of La2CuO4 and La8Cu8O20 were formed in the high-pressure 

treatment, so that the doping of the main La2-xCa1+xCu2O6 is likely achieved by enhancing the Ca 

concentration [33].  Measurements of anisotropic resistivity in the superconducting samples 

demonstrated that a c-axis magnetic field can decouple the superconducting bilayers [37].  

Measurements of the spin excitations on SEQUOIA revealed rather steep dispersion of the spin 

excitations and the absence of a spin gap in the superconducting state [81].  The lack of a spin 

gap and the field-induced decoupling of superconducting layers are similar to the behaviors we 

have previously observed in underdoped La2-x(Ba,Sr)xCuO4, suggesting that intertwining of the 

superconducting and spin correlations is likely to be present. 

As another test of a possible pair-density-wave state, we measured the in-plane resistivity at low 

temperature and for c-axis magnetic fields up to 35 T in La2-xBaxCuO4 with x = 0.125 at the 

NHMFL in Tallahassee.  We found evidence for transitions from 3D superconductivity to re-

entrant 2D superconductivity to a metallic phase with an exceptionally high resistance (but not 

insulating).  The charge carriers in the latter metallic phase appear to have particle-hole 

symmetry, suggesting that they could involve residual pairs that move incoherently between 

charge stripes [81].  In a separate experiment on the same material, it was discovered that the 

introduction of disorder through proton irradiation can actually decrease the stripe order and 

raise the superconducting transition temperature [79]. 

Unusual temperature dependence of magnetic correlations in Fe1+yTe1-xSex. Our inelastic 

neutron scattering measurements of low energy (< 10 meV) magnetic excitations in Fe1+yTe1-xSex 

established that the spin correlations that are two-dimensional (2D) in the superconducting 

samples at low temperature appear much more three-dimensional when the temperature is 

increased well above Tc ~ 15 K, with a clear increase of the (dynamic) spin correlation length 

perpendicular to the Fe planes [35]. The spontaneous change of dynamical spin correlations from 

2D to 3D on warming is unexpected and cannot be explained when only the spin degree of 

freedom is considered, since thermal fluctuations would to tend to work against such a trend.  

Our results suggest that the low temperature physics in the “11” system, in particular the 

evolution of low-energy spin excitations towards superconducting pairing, is driven by changes 

in orbital correlations. In related work, neutron measurements on samples with small Se 

concentration, rendered superconducting by annealing in Te vapor, revealed a spin gap and spin 

resonance with stripe character, even in the presence of a strong background of double-stripe-like 

spin correlations [36].   

X-ray and neutron scattering measurements on our samples of KFe0.8Ag1.2Te2 have determined 

that the Fe atoms form isolated 2 x 2 clusters, surrounded by non-magnetic Ag atoms.  

Nevertheless, the system orders antiferromagnetically below 35 K [87]. 
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Polarized neutron measurements on HYSPEC: magnetism and lattice dynamics in Fe1+yTe1-xSex. 

The magnetism and the lattice in iron chalcogenides are closely coupled. The magnetic and 

lattice excitations can be disentangled by 

using the neutron polarization analysis. 

We performed the first polarized neutron 

scattering measurements at HYSPEC 

spectrometer at the Spallation Neutron 

Source, Oak Ridge National Laboratory, 

where magnetic and structural scattering 

were uniquely identified through 

polarization analysis and their 

temperature dependence was studied [4]. 

We worked out the details of the 

instrument setup and developed the 

experimental and analysis procedures for 

polarization analysis [4,61]. An example 

of polarized inelastic neutron data 

obtained on a single-crystal sample is 

presented in Fig. 1.  

Emergent quantum spins and non-Fermi-liquid behavior in an antiferromagnetic metal. We have 

collaborated on studies of Yb2Pt2Pb, a metallic system in which local magnetism is rooted in 

orbital moments of localized 4f electrons of Yb in the presence of strong spin-orbit coupling. 

Neutron scattering measurements of magnetic excitations in Yb2Pt2Pb revealed a broad magnetic 

continuum, dispersing in only one direction, that is quantitatively described by spinons in the 

model of a spin-½ chain.  The system exhibits emergence of effective quantum spin-½ degrees of 

freedom in a system of Yb (J = 7/2) magnetic moments that are immersed in a Fermi sea of 

conduction electrons, with which they interact. The effective spin-½ subsystem can be driven to 

criticality in a relatively weak magnetic field, where it behaves like a Luttinger liquid.  In a 

theoretical study inspired by these results, calculation of the electronic relaxation rate and the DC 

resistivity established the quasilinear temperature dependence of the latter [40]. We thus 

uncovered a non-Fermi liquid behavior of conduction electrons, similar to behavior observed in 

cuprates, which in the case of Yb2Pt2Pb arises from the spin criticality in a system with different 

effective spatial dimensionalities of the two interacting subsystems. With increasing magnetic 

field, we have experimentally observed that the inter-chain interaction becomes important, 

leading to a spinon confinement phenomenon [74]. This effectively decouples fractional spinon 

excitations in antiferromagnetic chains from conduction electrons, which regain Fermi-liquid 

behavior.  

 

  

  

Figure 1.  Magnetic scattering in  Fe1.1Te sample at 5K 

measured on HYSPEC in SF channel with horizontal (HF) 

guide field (left) and NSF channel with vertical (VF) guide 

field (right). A gapful spin-wave scattering seen as spots 

near (0.5,1) and equivalent positions is visible in both 

panels, but is much less prominent in the corresponding 

VF SF measurement channel (not shown), indicating 

predominantly vertical polarization.   
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Future Plans 

 Anomalous phonons in (Pb,Sn,In)Te:  We have shown that with In doping, Pb0.5Sn0.5Te 

can be driven initially into a crystalline-topological-insulator phase and then into a 

superconducting state [2].  Neutron-scattering measurements of the phonon density of states in 

the superconducting phase of a polycrystalline sample revealed unexpected low-energy features, 

inconsistent with the average phonon behavior [60].  We will perform measurements on 

appropriate single-crystals samples to determine the character of these anomalous phonons. 

Testing for spin-lattice coupling in La2-xSrxCuO4 with polarization analysis:  Bruce Gaulin’s 

group has presented evidence for coupling between magnetic excitations and a phonon mode at 

an energy of ~ 18 meV.  To further test this picture, we will use polarized neutrons to 

characterize the relevant excitation and test that the enhanced spectral weight at the 

antiferromagnetic wave vector is truly magnetic. 

Resolving curious temperature-dependent behaviors in stripe-ordered La1.67Sr0.33NiO4:  There 

are a number of independent observations of temperature dependent behavior of charge and spin-

related phenomena that are puzzling.  We will test for a common underlying cause through a re-

examination of the thermal evolution of the spin order. 

Polarized Neutron Scattering Study of Orbital Selective Magnetic Excitations on HYSPEC:  

While distinguishing SF and NSF scattering at HYSPEC is now a straightforward procedure, the 

full XYZ neutron polarization analysis (NPA) is not. It requires a complex procedure accounting 

for the time of flight and detector position, which we will continue to develop. Another challenge 

is in devising a resolution correction procedure for the XYZ NPA, which is particularly 

important at small angles. We will further develop the polarization analysis on HYSPEC aiming 

to fully commission the XYZ NPA capability. We will use these new capabilities to investigate 

the evolution of dynamical magnetism in Fe1+yTe1-xSex superconductors with temperature and 

doping.  
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Orbitally Active NaMO2 as a Platform for Novel Magnetism and Entangled Electronic 

States 

Stephen D. Wilson, Materials Department, University of California, Santa Barbara 

Program Scope 

This program supports a combined neutron scattering and crystal growth study of novel forms of 

spin behavior and entangled electronic states in lamellar compounds comprised of layered 

triangular lattices and orbitally active M-sites. Orbitally-active denotes an orbital moment on the 

metal site—one that may be later quenched via coupling to the lattice or via relativistic spin-orbit 

interactions. New forms of magnetism ranging from emergent longitudinal modes, to 

manifestations of Kitaev exchange [1], to new settings for quantum spin liquids [2] are predicted 

to emerge in this class of materials, and, more broadly, their spin degrees of freedom are also often 

intertwined with orbital and structural symmetry breaking [3]. The goal is to develop a microscopic 

understanding of the unconventional spin and orbital phase behaviors that emerge in these systems 

and, ultimately, to advance the frontier of new quantum materials and manifestations of spin-orbit 

entangled states.   

The -phase of the NaMO2 structure, which is comprised of a triangular lattice of edge-sharing 

MO6 octahedra, provides a versatile model platform for exploring distinct regimes of spin and 

orbital phase behaviors, each carrying predictions for the appearance of novel states (see Fig. 1 for 

examples). This program seeks to synthesize high purity crystals of these materials via novel 

floating zone methods and to investigate their magnetic properties via neutron scattering-based 

studied and complementary techniques.   

 

Fig. 1: (left) Example structure of the -phase of the NaMnO2.  Purple spheres are the Mn metal sites 

surrounded by eight oxygen atoms (red spheres). Between Mn layers are octahedrally coordinated Na-sites 

(yellow spheres).  (right) Periodic table highlighting a few orbitally active M-variants that form the NaMO2 

structure. 
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Recent Progress  

Our recent work focuses on the exploration of two 

triangular lattice NaMnO2 systems; M=Mn where a strong 

coherent Jahn-Teller distortion driven by the 3d4 electrons 

orbital degeneracy generates a highly one-dimensional 

spin system, and M=Yb where 4f13 electrons freeze into 

anisotropic Jeff=1/2 moments at low temperature and 

render a field-tunable quantum disordered ground state.  

Both of these materials render unconventional magnetic 

states with a large degree of underlying frustration.  

As one highlight of our recent work, in our studies of 

NaMnO2, we reveal that the triangular lattice of Mn-

moments (whose geometric frustration is strongly lifted 

via a coherent Jahn-Teller distortion) realizes a highly one-

dimensional magnetic ground state [a].  The result is a 

dense network of S=2 chains where interchain frustration 

generates an effective interchain coupling nearly 10 times 

smaller than the intrachain coupling.  The strong uniaxial 

single-ion anisotropy of this one-dimensional network of 

spin chains was found to generate a substantial binding 

energy between magnons and engenders the formation of 

a coherent, longitudinal branch of two-magnon excitations 

(Fig. 2).  Furthermore, the ordered phase of the system is 

found to follow predictions for a mean field model of weakly coupled Ising spin chains [b].  This 

work establishes NaMnO2 as a promising template for exploring the predictions of interacting 

magnons in a dense, classical network of one-dimensional spin chains.   

As a second highlight, in our studies of NaYbO2 we have shown that this material system realizes 

an ideal triangular lattice of Jeff=1/2 moments with minimal exchange disorder due to lattice 

defects.  The spin system fails to order at temperatures as low as 20 mK, despite a strong exchange 

field of 10 K resolved in susceptibility measurements.  The highly frustrated lattice of Yb-moments 

instead forms a quantum disordered ground state with properties suggestive of a Dirac quantum 

spin liquid, and equally intriguingly, the spin system can be driven into a fluctuation-stabilized, 

collinear ordered antiferromagnetic state under modest magnetic field strengths (see. Fig. 3) [c].  

We propose that the interlayer frustration inherent to this lattice type prevents long-range 120 

order at zero field and is quickly lifted under the application of a magnetic field, resulting in the 

formation of the canonical up-up-down state for a triangular lattice.  Our results establish this 

material and related compounds as model systems for exploring the critical phase boundaries 

between quantum disordered (potentially spin liquid) states and long-range ordered states at 

experimentally accessible fields.  

Fig. 2:  Spin wave spectrum of 

NaMnO2.  Four 1D transverse magnon 

modes from twin domains are apparent 

with a 6 meV zone center gap at (0.5, 

0.5, 0); however above this energy, at 

11 meV, a longitudinally polarized 

mode appears consisting of a two-

magnon bound state. 
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Future Plans 

The project is continuing to develop new materials 

platforms for exploring the unusual magnetic ground state 

manifest on the triangular lattice of magnetic ions with 

active orbital degrees of freedom.  In the coming year, we 

are developing crystals of 4d transition metal variants of 

these compounds such as NaRuO2 as well as other 

variants with rare-earth metal sites.  Single crystal growth 

of these systems will be the focus of our materials efforts 

using high pressure floating zone techniques. 

Neutron scattering efforts will focus on further exploring 

the unusual magnon-magnon interactions inherent to 

NaMnO2 as well as more deeply exploring the phase 

diagram and critical phase boundaries of NaYbO2 in Fig. 

3.  As new single crystals become available, we will 

begin exploring both the static spin structures and spin 

dynamics in NaMO2 variants with M=Ru and M=Yb in 

order to experimentally assess the presence of quantum 

spin liquid ground states predicted in both of these 

systems.  Preliminary powder studies of many of these 

variants are already underway and will direct the single 

crystal-based efforts. 
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Searching for the Universality of Collective Excitations in Liquids at and away from 

Equilibrium 

Yang Zhang, Department of Nuclear, Plasma, and Radiological Engineering, Department 

of Materials Science and Engineering, Department of Electrical and Computer 

Engineering, Beckman Institute for Advanced Science and Technology, University of 

Illinois at Urbana-Champaign 

Program Scope 

Liquids, ubiquitous on earth, are prototypical disordered condensed matter. However, the 

physics of liquids is far from being completely understood. As the intermediate phase between 

non-structured gases and ordered solids, liquids and liquid-like matter possess the complexities 

absent on either extreme counter phase, especially when driven out of equilibrium. Many 

anomalous properties of liquids present fundamental challenges to our current understanding of 

condensed matter. Furthermore, numerous soft and biological materials of amazing far-from-

equilibrium complexity seem to share many intriguing features of liquids. Therefore, quantitative 

descriptions of the structure and dynamics of liquids at and away from equilibrium will likely 

impact a wide range of disciplines in physics, chemistry, and materials science and engineering. 

Our research activities center around the searching for the universality of liquid dynamics 

(including metallic, molecular, and network liquids), both at and away from equilibrium, using 

integrated quasi-elastic and inelastic neutron scattering experimental probes and atomistic 

theory, computation, and simulation. The focus of the last two years was on studying the 

collective excitations in liquids and glasses. 

Recent Progress  

1. We developed a ViscoElastic Hydrodynamic (VEH) theory to describe the collective 

excitations of liquids characterized by the coherent dynamic structure factor. [1] 

Recent experimental and computational studies of the collective modes in liquids suggested that 

transverse acoustic excitations not only exist in liquids but also contribute to the density 

fluctuations characterized by the dynamic structure factor. However, the classical hydrodynamic 

theory, which is only valid in long wavelengths and low frequencies, fails to explain these 

observations. Herein, we extend the hydrodynamic theory by incorporating viscoelasticity and 

anisotropy, as a result of breaking continuous symmetry at short distances. Consequently, 

transverse acoustic excitations emerge from the viscoelasticity of liquids, and deviation from 

isotropic symmetry causes a coupling mechanism between the longitudinal and transverse 

modes, which altogether contribute to the density fluctuations. This approach not only provides 

an inverse method to examine the density and current correlation functions in liquids beyond the 

hydrodynamic regime but also serves as a generalized hydrodynamic theory for viscoelastic 

materials. 

2. We detected and confirmed the microheterogeneity in highly concentrated nonaqueous 

electrolyte solutions using QENS as the microscopic mechanism of enhanced viscosity. [3] 

We also parametrized a new MD force field for the complex electrolyte solutions by 

benchmarking both NPDF and diffusion coefficient. [2] 
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The development of models to 

describe structure and dynamics of 

nonaqueous electrolyte solutions is 

challenging, and experimental 

observations are needed to form a 

foundation. Here, neutron 

scattering is used to probe 

molecular dynamics in 

nonaqueous organic electrolytes. 

Two solutions were compared: 

one contained symmetrical 

electrolyte molecules prone to 

crystallize, and one contained 

desymmetrized electrolyte 

molecules preferring disordered 

states. For the latter, calorimetry 

and neutron data show that a 

disordered fluid persists to very 

low temperatures at high 

concentrations. Upon heating, 

localized cold crystallization 

occurs, leading to burst nucleation 

of microcrystalline solids within 

fluid phases. Our findings indicate molecular clustering and point to solvation inhomogeneities 

and molecular crowding in these concentrated fluids. 

3. We systematically studied the spatial and thermal signatures of α and β relaxations in glassy 

and glacial aliphatic ionic liquids using QENS. [4] 

The competition between Coulomb and van der Waals interactions brings forth unique dynamic 

features and broad applications to ionic liquids. Herein, we present a combined calorimetric, X-

ray diffraction, incoherent elastic and quasi-elastic neutron scattering study, over a wide 

temperature range (180 – 340 K), of the relaxational dynamics of the liquid, supercooled liquid, 

crystalline, glassy, and glacial states of two model ionic liquids: tributylmethylammonium (a 

good glass-former) and butyltrimethylammonium (a good crystal-former) cations and the 

bis(trifluoromethanesulfonyl)imide anion. In both systems, we observed two distinct relaxation 

processes. The Q-dependence of the respective relaxation time shows that the α-process is 

diffusive, while the β-process is modulated by the structure of the liquids.   

4. We developed a parallel and extendable C++ numerical library – LiquidLib http://z-

laboratory.github.io/LiquidLib/ for computing the statistical quantities of liquids and liquid-

like systems from classical and ab initio molecular dynamics trajectories, which can be 

directly compared with neutron scattering experiments. [8] 

Figure 1. (a) 1.0 M DBMMB at 250 K follows the Singwi–Sjölander 

jump diffusion model after cooling, suggesting a more homogeneous 

phase, and (b) the Chudley–Elliott jump diffusion model after heating, 

suggesting mixed solid-like microcrystalline and liquid-like domains; 

(c) cartoon denoting these regimes. [3] 
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Often to understand the results of neutron scattering experiments, computer simulations, 

including classical and ab initio molecular dynamics (MD), are used to compare to the 

experiments. LiquidLib is a post-processing package for computing the statistical quantities of 

liquids and liquid-like systems from classical and ab initio MD trajectories. LiquidLib allows 

computation of various statistical quantities relevant to neutron scattering measurements. New 

quantities can easily be integrated into to the library. LiquidLib can read MD trajectories of 

LAMMPS, GROMACS, and VASP. LiquidLib also offers an easy platform to extend the 

program to be able to read simulation trajectories organized in other file formats not included or 

from other packages. Incorporation of materials’ neutron scattering lengths to weight the 

quantities’ computations provides results comparable to neutron scattering measurements. 

Lastly, LiquidLib is dimensionally independent, which allows for trajectories in higher 

dimensions to be analyzed. Up to date, LiquidLib has ~170 users worldwide.  

Future Plans 

We will perform systematic studies of the collective dynamics (phonon-like excitations and 

collective diffusions) of three types of liquids with representative interactions (metallic, van der 

Waals, and ionic) and with different fragilities (fragile vs strong), using synergistically integrated 

coherent Inelastic Neutron Scattering (INS) experiments, a ViscoElastic Hydrodynamics theory 

we have been developing, and Molecular Dynamics (MD) simulations and analysis using our 

statistical analysis package LiquidLib®. We will combine several high-resolution time-of-flight 

spectrometers recently built at the new generation of high-flux neutron sources (as well as 

advanced X-ray spectrometers) to cover a wide dynamic range and wave vector transfer range. 

We will use newly-built containerless levitators (along with traditional sample holders) to reduce 

surface effect and undesired background signals. For hydrogen-containing liquids, we will use 

deuterated samples and further use neutron polarization analysis to suppress/separate the 

incoherent scattering. We will use MD simulations to achieve robust interpretations of the 

experimental results and gain deeper insights from computed physical quantities otherwise 

inaccessible by experiments. Inspired by the experimental data and simulations, we will continue 

developing the ViscoElastic Hydrodynamic theory to provide a universal framework to analyze 

Figure 2. A snapshot of the website of LiquidLib, and the user demographics. 
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the inelastic scattering data and understand the fundamental excitations and collective dynamics 

in liquids. We will maintain and further develop the functions and usability of LiquidLib. 
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Investigation of Short-Range Ordering in Transition Metal Compounds by Diffuse 

Scattering 

 

Jared M. Allred, The Department of Chemistry and Biochemitry, The University of 

Alabama 

 

Program Scope 

 For one half of the program, we are studying the structural instability component of the 

metal to insulator transition (MIT) in rutile VO2, especially focusing on effects that doping can 

cause on the local structure. X-ray and neutron total scattering experiments are used to measure 

both Bragg and diffuse scattering, and the resulting scattering data is analyzed through various 

methods, including 3D-ΔPDF. Further, we use isotropic group-subgroup relations to interpret the 

data, and to develop methods for modelling the distortions. We are also extending the same 

methods to study other systems that are known to or may exhibit structural distortions. This 

includes materials discovery related to the ZrMnSi2 phase diagram, and the relationship between 

superconductivity and the structural distortion in condensed Chevrel phases AnM6X6 (n =2,4; M = 

Cr,Mo, X = As, S, Se, Te). 

 Recent Progress  

 At the beginning of this program, we already had found a 

way to synthesize single crystals of V1-xMoxO2 with x < 0.4 using 

chemical vapor transport (CVT) and TeCl4 as a transport agent, 

but were unable to go higher due to the formation of by-products 

such as Mo12O29 and TeMo5O16. During this period we found a 

way to grow crystals with x > 0.4 using a two-step synthesis. Very 

small crystals are grown first grown using MoCl3 first, and then 

TeCl4 is used to grow large, rod-like crystals in the second step. 

This process helps suppress the extra volatility of Mo, and allows 

the synthesis of crystals at any x. 

X-ray total scattering experiments on V1-xMoxO2 (0 < x < 

0.65) showed a complex structural landscape. Four phase 

regions, shown in Figure 1 were determined. From left to right, they are I) From 0 < x < 0.19 the 

standard MIT and structural transition from rutile (R) to the monoclinic MoO2-type structure (M1) 

is observed. II) From 0.19 < x < ~0.40 a very unusual rutile-derived phase shows long-ranged 

structural distortions in 2D, with extremely short correlations in the third axis. III) Between x = 

0.4 and ~0.8, a new phase is formed that seems to have a monoclinic structure that is a compromise 

Figure 1: New V1-xMoxO2 

phase diagram determined 

from this program 
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between the 2D phase and another monoclinic phase (M2).  IV) Above x = ~0.8, the standard MoO2 

(M1) structure is formed again.  

The special ordering observed in region II is shown inf 

Figure 2. We have modelled both the diffuse scattering and the 3D-

ΔPDF, and determined that the structure exactly follows a recent 

theoretical model1, which is a two component Ising-type model 

based on long-range electron-lattice coupling that is also 

geometrically frustrated. This model is generalized to all rutile 

phases. Thus, the findings make a significant contribution to our 

understanding of the structural instability of VO2, which is at the 

heart of the MIT. This will be among the first structure solutions 

using 3D-ΔPDF and x-ray total scattering ever reported. 

The phase found in region III appears superficially to be 

some kind of unknown tetragonal phase, but using advanced single 

crystal structure solution methods, we have been able to show that it is likely monoclinic that is 

mimicking higher symmetry. We were then able to solve its crystal structure. 

We have extended our developed new CVT methods for synthesizing VO2 doped with Cr, 

Nb, and W.  Nb is particularly challenging, chemically, though it seems to form new rutile 

distortions that have not been reported.  Also,  the  process we also serendipitously synthesized 

single crystals of a new mixed Nb,V oxide, V7Nb6O29. It exhibits partial site ordering (it is actually 

V5(V0.15Nb0.85)4(V0.35Nb0.65)4O29) with site occupancy seeming to match a full V4+,Nb5+ 

stoichiometry. Moreover, our best model is in the P4 spacegroup, and appears to be ferroelectric 

in structure. No bulk property measurements have verified this. 

We have synthesized many phases in the 3 subtypes of the TiMnSi2 family. We have 

uncovered evidence of magnetic ordering in ZrMnSi2, while ZrMnGe2, ZrCrGe2, and ZrFeGe2, 

ZrRuGe2 all seems to only exhibit weak Curie-Weiß-like interactions without any ordering.  We 

have also managed to synthesize a few new phases with this crystal symmetry that have not been 

reported yet, although they have not been synthesized in phase pure form: TiCrSi2, 

ZrCr0.67Mn0.33Ge2, ZrCr0.5Mn0.5Ge2, and ZrMnGe1.6Al0.4. These include the first quaternary phases 

reported with this structure, and the latter is the first compound with this structure type containing 

a group 13 element. 

We accidentally learned how to grow crystals of β-ZrSi from a Zr-Mn-Si melt, and in the 

process found that the reported structure is incorrect. We now have an improved crystal structure 

for this compound. 

 

 

Figure 2:Total x-ray 

scattering of the l = 1/2 plane 

in V0.81Mo0.19O2. 
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Future Plans 

 X-ray total scattering experiments are planned on Cr, W, and Nb doped VO2, in order to 

extend our model for the structural instability to these phases. While more literature exists on these 

materials than the Mo-doped phase, we now have reason to believe some findings are incorrect. 

Neutron total scattering experiments are planned on Corelli at the SNS to determine which 

correlations in V0.81Mo0.19O2 are dynamic, and which are static. This will also give information on 

any special Mo site ordering or size effects, as neutrons are not sensitive to V. 

 Inelastic Neutron scattering experiments were already proposed and accepted on HFIR HB-

3 to search for evidence of incipient magnetism in Rb2Mo6Se6 and In2Mo6Se6, and then specifically 

compare them to the superconductors K4Mo6As6 and K4Cr6As6. 

 Standard powder neutron diffraction is planned at HB-2A or POWGEN on ZrMnSi2 and 

related phases in order to determine their magnetic structure at low-T. 

 References 

1) T. Lovorn and S. Sarker, Phys. Rev. Lett, 119, 045501 (2017) 
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Characterizing magnetic quantum materials by neutron scattering  

Huibo Cao  

Neutron Scattering Division, Oak Ridge National Laboratory 

 

Program Scope 

 Understanding the interactions leading to magnetic quantum phenomena in a wide range 

of quantum materials is extremely important for development of new quantum materials and 

future technologies. Quantifying these interactions in materials that potentially exhibit exotic 

states such as quantum spin liquids, topological insulators, and Weyl semimetals, are currently 

being limited by a range of challenges including the lack of sizable crystals, limited sample 

environment conditions, and the ability to disentangle the intrinsic quantum phenomena versus 

effects from defects and site-disorder. This project is to use and develop neutron scattering 

techniques, especially polarized neutron scattering, for characterizing magnetic quantum 

materials. In this presentation, I will introduce our neutron scattering studies on the 

multifunctional and quantum candidate materials and recent development of neutron scattering 

techniques in the first year of the project.  

 Recent Progress  

 In the first year of the award project, we have made progress on searching/characterizing 

quantum materials and developing neutron scattering techniques including polarizing neutrons 

and data analysis software, high pressure, ultra-low temperature, cryomagnetic field. Two initial 

polarized neutron diffraction experiments have been performed with the available and newly 

developed polarizers. The one was on a single-molecular magnet and the other one was on a 

“quantum” paraelectric system EuTiO3. The strategy of the data collection was established, the 

data reduction was optimized with a smart peak integration program, the analysis software was 

tested with the measured data, further development is under way. High pressure studies on field-

sensitive and strain-sensitive magnetoelectric systems introduce two new areas in the field of 

multifunctional materials. We are also working on exploring magnetic topological and quantum 

materials by neutron scattering to achieve the goal of the project.  Besides the science progress, 

we get ready for commissioning the upgraded instrument, DEMAND (Dimensional Extreme 

Magnetic Neutron Diffractometer) at the High Flux Isotope Reactor (HFIR) at ORNL, which 

was called as Four-circle diffractometer before the upgrade. New capabilities of extreme sample 

environment conditions (ultra-low temperature, high magnetic field, high pressure) and polarized 

neutron diffraction are designed for exploring and charactering quantum materials. The details of 

the project progress are introduced as follows. 
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Multifunctional systems: Magnetism driven ferroelectricity, called as type-ii multiferroic, has 

been one of central topics for decades due to fundamental science interests and technology 

application potentials. Although many magnetoelectric materials have been discovered and 

studied, some mechanisms of strong spin-lattice coupling are still under debate, such as magnetic 

“quantum” paraelectric EuTiO3, also the quest for multiferroics toward application is not 

satisfying due to lacking high magnetoelectric coupling materials. We selected three types of 

systems and have made some progress on each direction. One is that we discovered a 

ferroelectric reentrance behavior in a strain sensitive multiferroic (NH4)2[FeCl5•H2O], which is 

likely caused by quantum fluctuation and leads to a ferroelectric criticality (Figure 1). The other 

one is on a hexaferrite, a field sensitive multiferroic system. In this system we have achieved a 

record high magnetoelectric coupling in single phase materials and a possible near-room-

temperature ferrimagnetic ferroelectric phase that can be mutually controlled by electric or 

magnetic field (Figure 2). The last one is on EuTiO3, besides the detailed inelastic neutron 

scattering measurements we have carried out for understanding phonon and spin wave 

excitations, we employed polarized neutron diffraction to visualize spin density distribution in 3-

dimensional space for fully understanding how spin-spin and spin-lattice interactions lead to 

strong magnetoelectric effect and abnormal phonon instability (Figure 3). 

                 

    

Figure 1 Strain sensitive multiferroic (NH4)2[FeCl5•H2O]. Top: crystal structure and temperature-pressure 

phase diagram. The collinear non-ferroelectric antiferromagnetic (AFM) phase occurs between two spiral-

AFM ferroelectric phase, i.e. the pressure driven ferroelectric reentrance, which is observed for the first time 

in multiferroic systems. Bottom: neutron diffraction scan along the reciprocal L-direction and spontaneous 

polarization versus pressure. A critical region without ferroelectric order is induced by pressure, likely 

caused by enhanced fluctuation when there appears a strength crossover of neighbor magnetic interactions.  
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Magnetic quantum matter: quantum matter has become a rapidly developing field for high 

importance in both fundamental science and future quantum technologies. searching/designing 

quantum materials by neutron scattering is one of major driving forces of this award project. Due 

to unexpected extension of the reactor outage at the HFIR, we spent extra efforts for searching 

high potential quantum material candidates using other available techniques including bulk 

measurements (especially bulk magnetic susceptibility), x-ray, neutron diffuse scattering and 

inelastic neutron scattering at the Spallation Neutron Source (SNS) at the ORNL. Published and 

submitted papers include quantum spin liquid candidates YbCl3 and Ce2Zr2O7, topological 

magnets EuSn2P2 and MnBi4Te7. These materials were selected for further studies by polarized 

neutron diffraction and the Local Site Magnetic Susceptibility method in the following years. 

 

Figure 2 Field sensitive magnetoelectric hexaferrite Ba0.4Sr1.6Mg2Fe12O22. Top left: crystal Structure and 

electric field-controlled magnetism [1]. Top right: contour plot of temperature dependent neutron diffraction 

scan along the reciprocal L-direction at 7.3 GPa with the diamond anvil cell. Bottom left: pressure dependence 

of lattice parameters and spin turning angle of spiral magnetic structure. Bottom right: temperature-pressure 

phase diagram. 
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Future Plans 

 Besides publishing the current results, we will continue developing polarized neutron 

diffraction and the Local Site Magnetic Susceptibility method mainly on the DEMAND and 

apply them on the proposed and new quantum matter candidates (EuTiO3, (ND4)2FeCl5(D2O), 

RuCl3, YbCl3, Yb2Si2O7, Yb2Ti2O7, Ce2Zr2O7, Nd2Ir2O7) and selected magnetic topological 

insulators. Magnetic interaction and crystal field parameters extracted from local magnetic 

susceptibilities will be used to characterize magnetic quantum matter together with inelastic 

neutron scattering and other spectroscopy techniques. Molecular magnetism is another science 

area requires polarized neutron diffraction and will be explored. 

 References 

 [1] Kun Zhai, Yan Wu, Shipeng Shen, Wei Tian, Huibo Cao, Yisheng Chai, Bryan C. 

Chakoumakos, Dashan Shang, Liqin Yan, Fangwei Wang, Young Sun, Giant magnetoelectric 
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Figure 3 Magnetic “quantum” paraelectric EuTiO3. Top: phonon dispersion and spin wave excitation in the 

[HHL] scattering plane. Bottom left: structural transition shown by temperature dependence of rocking curve 

scan at (3 3 1) Bragg peak. Bottom middle: antiferromagnetic transition shown by temperature dependent peak 

intensity at (½ ½ ½). Bottom right: 3-dimentional spin density map analyzed from the preliminary polarized 

neutron diffraction data with the drop-in He-3 cell at the DEMAND at the HFIR. 
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In Operando Neutron Diffraction Study of Phase Transitions in Si Electrode Morphologies 

Using a Novel Electrochemical Cell  
 

K. S. Ravi Chandran 

Department of Metallurgical Engineering, University of Utah, SLC, UT 84112 

 

Program Scope 

 

The research focuses on the fundamental understanding of the phase transition and diffraction 

phenomena that occur in Si particle, Si nanowire and Si micro-columnar electrodes using an in 

situ cell that was developed in the previous project. Particle Si electrodes (micro- and nano-sized 

particles, nanowires created by CVD or etching) as well as Si columns with sizes ranging in size 

from mid-nano to micron scale and with varying wall and pore architectures are prepared for in 

operando experiments in Vulcan diffractometer at SNS, ORNL. Using the in situ electrochemical 

cell, the phase transitions and diffraction phenomena that occur during the reversible lithiation of 

Si are being investigated. The over-arching goal is to explore in detail the unexpected phenomena 

observed in our recent in situ experiments and develop a correlation to energy storage capacity of 

the electrodes. This will help to resolve many electrochemical limitations which are the stumbling 

blocks in the way to the realization of very high capacity energy storage Li-ion batteries. As in 

previous years, parts of this research will be done in collaboration with ORNL using neutron 

diffraction (Dr. Ke An)  

 

The research also investigates the phase transitions in electrodes made of Si micro/nano particles, 

and their mixtures with conductive meso-C of various proportions. The experiments involve both 

Vulcan diffractometer and NOMAD diffractometer. The premise is that by understanding the 

particle size and composition effect, one can discover electrode microstructures that facilitate 

reversible phase transformations upon Li insertion and extraction in Si electrode. Going from 

micro-particles to nanoparticles is expected to vastly change the phase transition behavior of 

electrodes. The reduced dimensions in nanoparticles can (i) increase the rate of Li insertion and 

removal because diffusion scales as t=L2/D (L is diffusion length and D is diffusivity), (ii) enhance 

electron transport and phase transformation, (iii) provide high particle surface area/contact and (iv) 

better accommodate compositional extensions and volume changes during Li insertion. The 

research is planned for collaboration with NOMAD scientists at ORNL through beam time 

allocations. 

 

Recent Progress 

 

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

 

The experimental approach uses the in situ electrochemical cell we designed and validated [1], 

which enables capturing of Rietveld-refinable neutron diffraction patterns in VULCAN neutron 

diffractometer, enabling the study of phase transitions in battery electrode materials. The cell was 

successfully demonstrated to track the phase transitions fin standard small volume electrodes 

such as LiCoO2/graphite. In the current work, the cell (Figure 1a & 1b) has been used to study 

the phase transitions in microcolumnar Si (100) electrodes. The cell containing microcolumnar 

Si (100) electrodes to be diffracted, is oriented at 45º (Figure 1c) to the VULCAN beam. This is 
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to enable Si (400) and Si (440)/(220) Bragg reflections to appear in the reflection bank and the 

transmission bank respectively. Some real time ND patterns collected during lithiation of Si are 

shown in Figure 2 and 3. The intensity of Si (400) (and also (440), (220), not shown here) can be 

seen to be increasing continuously, whereas that of Cu (200), acting as a standard, remains the 

same. The intensity development in ND is in contrast to XRD, which showed combined peak 

broadening and intensity decrease due to amorphization in, or phase transition of, Si. 

 

Specifically, we are currently investigating if the increase in Si (hkl) intensity is due to mosaicity 

induced in Si (100) during lithiation. During lithiation, as Li diffuses in Si (100) along <110> 

direction, the Si-Si bonds across {111} planes will be broken [2]. As a result, micro-cracks could 

form parallel to {111} planes, causing the collapse of {111} planes, possibly resulting in 

mosaicity.   
Figure 1(a) Photograph of the in-

situ cell in the assembled form, (b) 

exploded view of the designed in-

situ electrochemical cell, with Si 

(111) as casing, for ND studies with 

microcolumnar Si (100) electrodes 

and (c) in-situ cell at VULCAN 

diffractometer in Spallation 

Neutron Source, ORNL. In the 

preliminary experiments, the in-situ 

electrochemical cell was arranged 

such that the Si (100) electrode  

makes an angle of 44º with the 

incident beam (Figure 1(c)) in 

Vulcan diffractometer. As a result 

(400) and (440)/(220) planes in Si 

electrode were Bragg diffracted 

into the reflection bank and 

transmission bank, respectively.  

 

 

Figure 2. Diffraction signatures, during lithiation of PSI Si electrode, in east and west detectors in Vulcan. 
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 (a)    (b)    (c) 

Figure 3. In-situ neutron data (extracted from the binned data) collected during the first lithiation cycle of 

PS1 Si, (a) the continuous change in Si(400) peak during lithiation;  (b) showing Cu (200) peaks that do 

not change. (c) is a 2D plot of (a) showing in increase in intensity of Si (400), without a peak shift. 

The diffraction signatures recorded in the east and west detectors are shown in Figure 2. The real 

time ND patterns collected during the 1st lithiation cycle of Si (100) electrode are shown in Figure 

3. It can be seen that the intensities of the Si (400) reflections increases dramatically (Figure 3(a). 

A similar pattern was observed for Si(220), but is not shown here. The intensity of Si(400) (and 

also that of Si(220)) reflection were found to nearly double towards end of lithiation (Figure 3(c)). 

Surprisingly, the d-spacing and FWHM of the (400) and (220) Si reflections remained the same 

through delithiation/lithiation. The intensity of the Cu (200) reflection (Figure 3(b)) in both the 

banks remained the same, which serves as a reference, indicating that the changes in intensities of 

(400) and (220) Si reflections are real and happened due to lithiation cycle in the in situ cell. This 

demonstrated the feasibility of in operando ND experiments. The question of if these are due to 

mosaic structure formation due to bond breaking [2] is being investigated. 

 

II. Progress on the optimization of columnar Si electrodes for in operando neutron diffraction: 

 

Our group have identified four different Si columnar structures (table below), which has different 

structural parameters and steady state cycling capacities. All the four structures have been cycled 

to 20 cycles in the preliminary evaluation. These samples were obtained from the optimization of 

experiments, which we have been performed and repeated over a period of five months. It can be 

seen that the 

morphology of Si 

columns significantly 

impacts the total 

capacity. One of our 

primary objectives is 

to determine if any of 

these structures 

undergo mosaic 

pattern behavior, 

which may have a 

direct relation to the steady state capacity and cyclic performance of the battery. 

Sample PS1 PS2 PS3 PS4 

Average pore diameter(µm) 1 1.3 2 1 

Average etched depth(µm) 8 7 9 8 

Pore Fraction 0.52  0.63 0.75 0.49 

 

Microstructure 

    

Average Capacity (mAh/g) 1500 1000 100 600 

Cu (200) Si (400) 
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III. Progress on  the synthesis and in-situ cell Construction for PDF Analysis of nanocrystalline Si 

during lithiation/delithiation: 

 

We have sybmitted a beam line proposal for neutron diffraction and PDF analysis of phase and 

local structure evolution during lithiation of nanoscale Si particle electrodes for Li-ion Batteries, 

using NOMAD diffractometer at SNS, Oak Ridge National Laboratory. In our recent work, it has 

been found that crystalline Si gets amorphized into LiySi phase during the first lithiation process. 

The amorphous LiySi phase is found to crystallize into Li15Si4 as the electrode approaches its 

maximum capacity. The voltage vs. capacity plot from our work, with the Si nanoparticle 

electrode, is shown in Figure 4.  

 

  
 

 

 

The XRD indicated that there is no presence of crystalline Si at both the plateaus from (Figure 5). 

Due to the inefficient scattering of Li phases by X-rays more detailed information is difficult to 

obtain. Hence we will perform these experiments, using the cell shown in Figure 6, under neutron 

diffraction to identify the diffracting phases. 

 

Future Plans  
 

The presence of mosaicity in crystal structure will be investigated in detail by studying the 

transmitted beam using the additional detector in Vulcan. Additionally, the effect of various pore 

morphologies on the performance of Li-ion batteries will be investigated. Electron microscopy of 

lithiated and delithiated microcolumnar Si (100) electrodes will be performed. We are starting the 

NOMAD experiments in Fall 2019. However, it may be necessary to do some PDF analysis using 

X-ray data. We hope to do this at the University of Utah before we do the NOMAD experiments/ 
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Early Career: Flow‐ through Neutron Reflectometry ‐  An in Operando Sample 

Environment for Active Polymer Interface Studies  

Steven C. DeCaluwe, Mechanical Engineering, Colorado School of Mines 

Program Scope 

There are two overarching goals for this project:  

1. Design a porous support capable of "Flow-through" neutron reflectometry (NR). NR is a 

powerful technique for understanding the thickness and composition of layered thin-film samples 

in various relevant chemical environments.  However, the technique is limited by the need for 

very flat samples, which typically results in samples deposited on thick, polished Si wafer 

supports.  This prevents non-equilibrium measurements where there is a species flux across the 

sample, which are required to understand and quantify structure-property relationships to 

improve clean energy storage and conversion technologies. A primary goal of this project is to 

develop a porous "flow through" NR sample environment to support such measurements, as 

shown schematically in 

Figure 1. Fabricating a 

support with the required 

properties (porous, flat, and 

structurally supportive) is 

challenging, but success will 

enable a wide range of novel 

and impactful measurements 

in a range of systems, ranging 

from biology to clean energy.  

2. Understand the role of ion-conducting polymers in clean energy devices. Polymer Electrolyte 

Membrane Fuel Cells (PEMFCs) and Lithium-O2 (Li-O2) batteries require stable material 

interfaces with fast reaction rates and species transport. Measurement of active interfaces with 

species fluxes is therefore essential for fundamental insights and structure-property relationships. 

This second task will leverage flow-through NR, with complementary operando measurements, 

to advance the understanding of material interfaces in PEMFCs and Li-O2 batteries. Multi-scale 

numerical simulations validated against the test suite will provide a framework to correlate, 

interpret, and quantify the information for a mechanistic description of device function. This, in 

turn, will provide the basis for predictive modeling tools to guide device design. 

 Recent Progress  

1. Porous supports for flow‐ through NR: To support flow‐ through NR measurements, the first 

requirement is a support that is simultaneously porous, structurally supportive, and very very flat 

Figure 1. Conceptual illustration of flow-through neutron reflectometry.  

A porous support for thin-film membranes will allow for NR of non-

equilibrium samples with species fluxes across the membrane thickness. 
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(suitable for NR: RMS roughness = 2 nm). Toward this end, graduate research assistant C. 

Randall spent much of years 1 and 2 researching and assessing various methods for producing 

such a support. Three main techniques were evaluated: Deep Reactive Ion Etching (DRIE), 

Electrochemical Etching (E-Etch), and Metal-Assisted Chemical Etching (MAC-Etch).  DRIE 

gives the lowest aspect ratio (pore width:pore depth) of the three, while MAC-Etch has the 

highest potential.  However, while both DRIE and E-Etch have been demonstrated to etch pores 

through ~300 micron thick Si wafers, the MAC-Etch process would require significant 

development before possibly producing a suitable substrate. 2-inch Si wafer supports via DRIE 

and E-Etch have therefore been developed (DRIE) and procured (E-Etch).  Both methods 

produce a regular array of micron-sized pores, with relatively flat substrate surfaces. 

The primary challenge with these substrates is 

the size of the pores (2-10 micron diameter), 

which will require an intermediate microporous 

layer (MPL) to help the membranes under 

study (thicknesses 5-100 nm) span the 

membrane without collapsing into the pores. 

This MPL will also help promote a uniform gas 

composition and flux across the lateral span of 

the membranes studied. To optimize the MPL 

design, C. Randall wrote a simulation tool to 

predict the gas flux and composition 

throughout the layer, as a function of thickness, 

pore diameter and spacing, MPL porosity, and 

boundary flux (based on PEMFC current 

density). Using this tool, we identified support 

designs to provide uniform gas composition at 

the membrane interface. Based on these results, we have a deposited organosilicate spin-on glass 

MPL on a DRIE porous sample.  Initial X-ray reflectometry (XRR) analysis in Figure 2 shows a 

fully dense layer with very low surface roughness (0.5 nm) and high-amplitude Keissig fringers 

out past 3.0 nm-1.  These results suggest that the porous support will be capable of high-

resolution flow-through NR measurements for a range of thin-film membrane samples. 

2. Develop PEMFC simulation tools to test and validate process‐ structure‐property 

relationships probed by the NR experiments. The NR experiments described above are intended 

to elucidate and quantify structure-property relationships in thin-film conductive polymers: to 

understand how the polymer structure changes as a function of materials, fabrication, and 

operating conditions, and how in turn these structural changes influence properties that impact 

device performance. In order to fully leverage the insights from these experiments to understand 

the influence on PEMFC performance, C. Randall has developed a pseudo-2D PEMFC 

simulation tool which focuses on cathode catalyst layer processes (where limiting processes 

Figure 2. X-ray reflectometry of porous Si support 

with porous organosilicate spin-on glass.  Accurate 

fits (grey line) to the data (red symbols) demonstrate 

a low-roughness substrate capable of high-quality 

reflectometry measurements out to high angles. 
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typically occur when manufacturers attempt to reduce cost by lowering the Pt loading). The 

simulation tool implements various microstructure representations commonly employed in the 

literature and uses complex methods to evaluate Nafion polymer transport properties (proton 

conductivity, O2 diffusivity and solubility) based on proposed polymer structures and structure-

property relationships to demonstrate the interdependence between polymer properties, 

microstructure, and PEMFC performance. Two top-level conclusions are drawn: (i) For device-

scale PEMFC simulations, careful thought must be given to develop "effective" microstructure 

representations which also capture important phenomena; and (ii) better estimates of thin-film 

Nafion transport properties in relevant PEMFC operating conditions are required. This modeling 

study therefore establishes the value of the flow-through NR experiments, provides a useful tool 

to incorporate and predict the impact of the properties measured by the NR experiments, and 

provides several important conclusions on its own, to be shared with the research community.  

3. Establish Li-O2 battery fabrication and testing protocols. In addition to PEMFCs, flow-

through NR will provide new insight into the role and function of conductive polymers in Li-O2 

batteries. Toward this end, a second graduate research assistant (A. LeBar) was hired in grant 

year 2 to focus on building experimental infrastructure and protocols for Li-O2 battery 

characterization. A. LeBar spent much of the year developing materials processing routines to 

prepare Li-O2 battery cells for testing (the battery performance is incredibly sensitive to 

impurities, and so correctly processing the materials before assembling the battery is critical to 

getting even the most basic data). Procedures have now been developed for materials processing 

and assembly to obtain an accurate open cirvuit voltage and initial charge-discharge curves.  

4. Develop Li-O2 simulation tools to interpret experimental results with and without functional 

binders. Similar to the PEMFC research, new simulation tools will be required to interpret and 

understand the Li-O2 battery experiments with varying binder type and binder loading. A. LeBar 

has developed a pseudo-2D Li-O2 battery simulation tool, which she is using to explore how to 

model the Li2O2 precipitates that form in the cathode when the battery is discharged. We are 

currently in the process of verifying and validating the model, after which we will implement 

more sophisticated precipitation microstructures and implement binder effects in the model.  

5. Develop complimentary operando methods for quantifying layered structures. The results 

from operando flow-through NR experiments will be strengthened by complementary operando 

measurements which can both verify and extend the NR results. We have developed and 

demonstrated operando quartz crystal microbalance (QCM) for high-resolution mass-uptake 

measurements in battery systems. This measurement is able to detect mass changes on the order 

of 2 ng/cm2, with a time resolution of 100 Hz, and can therefore detect important reaction rates 

for batteries, including charge/discharge, solid electrolyte interphase (SEI) layer growth, or 

degradation/corrosion/removal of battery materials during operation. While simultaneously 

developing Li-O2 battery protocols, we used QCM to measure SEI growth on a simple system 

(non-intercalating tungsten electrode with a Li counter electrode). The combined NR-QCM 

experiment was able to observe and quantify the chemical composition of the two-layer SEI.  
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Results were published in J. Power Sources (Lee, et al., 2019), and the protocols developed will 

be applied in the future to understand and identify reaction rates in Li-O2 battery systems.   

Future Plans 

NR Flow-through: We have been awarded four days’ beam time on the SNS liquids 

reflectometer for July – December 2019, and will test the viability of the DRIE and E-etch 

substrates. We will first verify the sample environment by recreating previous NR measurements 

of Nafion from standard (non flow-through) supports and comparing to these previous results. 

We will complement NR data with XRR, AFM, and SEM to fully understand the etched 

supports. The supports will be evaluated and compared, with a primary focus on suitable NR 

results, and a secondary focus on cost and ease of production. We will follow with initial flow-

through NR, where the supported Nafion is suspended between two vapor environments: a dry 

air environment on one side, and a high-humidity air environment on the other.  

PEMFCs: Research will focus on uncovering structure-property relationships for thin-film 

Nafion, including the impacts of film thickness, substrate, and PEMFC operation on Nafion 

structure (water and O2 uptake) and properties (O2, H2O, and H+ transport rates). In the modeling 

realm, we will improve the pseudo-2D modeling tool, by adding detailed surface chemistry at the 

Pt catalyst surfaces, implementing water transport dynamics, and exploring new, efficient 

methods for representing catalyst layer microstructure, including multi-scale model approaches 

and non-spherical particles. Experimentally, we will use QCM to understand and quantify the 

difference between self-assembled Nafion (similar to operating PEMFCs) and spin-coated 

Nafion thin-films (used in NR). Initial flow-through NR experiments will explore the structural 

and transport properties of Nafion thin-films in the presence of species gradients.  

Li-O2 Batteries: Efforts will continue to quantify the electrochemical response of Li-O2 batteries 

to conductive binders. As Li-O2 batteries are at lower technology readiness than PEMFCs, the 

upcoming year will continue to focus on preliminary measurements and modeling efforts. 

Experimentally, we will test Li-O2 coin-cell type batteries with traditional (Teflon) and 

conductive (Lithion) binders, looking at the influence of binder type and loading on battery 

performance and degradation over many cycles, for varying cycling rates. Simultaneous mass 

spectrometry will help analyze reaction pathways and identify/quantify any degradation 

reactions. We will also refine the pseudo-2D modeling tool, to include more sophisticated 

microstructral approaches to describe the impact of (i) the growth of Li2O2 particles during 

battery discharge, and (ii) conductive and non-conductive binders on electrochemical reactions 

and species transport through porous cathodes.  

Publications 

Lee, C.H., Dura, J.A., LeBar, A., DeCaluwe, S.C., "Direct, operando observation of the bilayer 

solid electrolyte interphase structure: Electrolyte reduction on a non-intercalating electrode," J. 

Power Sources, 412, 2019, p. 725-735. 

175



University of Minnesota Center for Quantum Materials (CQM): Superconductivity and 

Normal-State Transport in SrTiO3 

Rafael Fernandes1, Martin Greven1, Bharat Jalan2 and Chris Leighton2 

1School of Physics and Astronomy, University of Minnesota 

2Department of Chemical Engineering and Materials Science, University of Minnesota 

 

Program Scope 

 The overarching goal of this specific CQM project is to further the understanding of the 

electronic phase behavior of doped strontium titanate (SrTiO3, denoted STO hereafter). This 

system displays several phenomena that feature prominently in numerous quantum materials. For 

instance, a superconducting dome is observed as the doping concentration changes, and quantum 

fluctuations are widely believed to be the reason why the undoped compound is not a 

ferroelectric. The coupling between these paraelectric fluctuations and phonons offers an 

interesting route to probe their effects on normal-state and superconducting properties. 

Moreover, being one of the most dilute superconductors known, lightly-doped STO has a very 

small Fermi energy, raising unique challenges for a microscopic theory of superconductivity 

(and even metallicity), which has remained elusive for decades. The CQM at the University of 

Minnesota has shed new light on important open problems in this system through 

complementary theoretical and experimental efforts [1-4]. 

Recent Progress  

Unconventional Superconductivity 

An unresolved puzzle in the electronic phase diagram of STO has been the connection between 

its superconducting dome and Lifshitz transitions. As the carrier concentration increases, 

different electron-like bands cross the Fermi level in STO, marking the onset of two Lifshitz 

transitions. Recent experiments reveal that the superconducting dome is actually a double-hump 

dome, with the first maximum in the superconducting transition temperature Tc taking place at 

the first Lifshitz transition, whereas the second Lifshitz transition has no pronounced effect on 

Tc. The former behavior is very unexpected, since the additional electronic carriers provided by 

the band crossing the Fermi level should generally enhance Tc, at least according to the standard 

theory of clean multi-band superconductors. In back-to-back papers [1-2], CQM’s Fernandes 

and his collaborators showed that this suppression of Tc across the first Lifshitz transition can be 

explained by the combination of disorder and inter-band repulsive pairing interaction. This is 

because in this case, across the Lifshitz transition, the pair-breaking effect due to the enhanced 

inter-band impurity scattering overcomes the positive effect due to the enhanced density of 

states, resulting in an overall suppression of Tc. Indirect evidence for inter-band repulsive pairing 
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interaction, and thus unconventional superconductivity, has been further provided by preliminary 

data on Nd-doped STO taken by CQM’s Jalan and collaborators. This system shows a similar Tc 

dome to La-doped STO, despite the fact that Nd dopants should act as magnetic impurity 

scattering centers, which would have a strong pair-breaking effect for attractive inter-band 

pairing interaction.  

In this context, a joint effort led by CQM’s Fernandes and Jalan recently revealed an intriguing, 

and surprising, sharp drop of the residual resistivity across the second Lifshitz transition, 

indicative of weak inter-band impurity scattering. This is in qualitative agreement with the 

theoretical predictions of [1,2] that weak inter-band scattering has little effect on Tc. 

Temperature-dependent Hall measurements also showed an unusual dependence of the Hall 

coefficient, which reveals a surprising sensitivity of the carrier concentration on the 

antiferrodistortive phase transition that takes place at higher temperatures in STO. 

Motivated by Greven’s recent finding of highly unusual charge transport and diamagnetic 

behavior of cuprates at T > Tc, Greven and Leighton also performed measurements of the 

nonlinear, third-harmonic magnetic susceptibility above Tc in Nb-doped STO [5]. A compelling 

explanation for the observed exponential behavior is that inhomogeneities generate regions with 

a higher local Tc. Superconductivity then emerges in a percolative manner, with superconducting 

puddles that form already well above Tc in rare regions. The essential idea here was to test if the 

behavior observed in cuprates is in fact universal in perovskite-related oxides, which are known 

to exhibit structural inhomogeneity at various length scales. Remarkably, these measurements of 

superconducting STO revealed the same characteristic T dependence as in cuprates [3]. 

Unusual Normal State Properties 

Besides unusual superconductivity, STO also displays puzzling normal state properties. Perhaps 

the most pronounced one is the persistence of a low-temperature T2 resistivity even for very 

small doping concentrations. While at first sight this may seem to be the expected behavior of 

normal Fermi liquid metals, the fact that the Fermi surface of lightly-doped STO is very small 

precludes Umklapp processes from taking place, which are essential for standard T2 resistivity. 

Moreover, the T2 behavior continues up to temperatures of the order of the Fermi temperature of 

very diluted compositions. In [4], a joint experimental-theoretical effort led by CQM’s Leighton 

and Fernandes revealed important properties of the normal state of STO. First, it was shown that 

the measured electronic contribution to the specific heat agrees very well with the theoretical 

one, based on tight-binding modeling of band structure, provided that a mass renormalization of 

2 is included. Remarkably, this mass renormalization factor is constant over three decades of 

electron concentrations. This indicates that STO is a well-behaved, weakly-correlated Fermi 

liquid. The specific heat data then allowed us to test, for the first time, the Kadowaki-Woods 

scaling between the quadratic coefficient of the resistivity and the square of the linear coefficient 

of the specific heat (see Figure 1). Surprisingly, the standard Kadowaki-Woods scaling observed 

in transition metals and heavy fermion compounds is quantitatively and qualitatively violated in 
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STO, highlighting the unusual nature of the 

transport properties of this material. This result 

highlights the urgent need for a new theoretical 

description of the T2 resistivity in doped STO.  

Future Plans 

To further elucidate the character of the multi-

band superconducting state of STO, a detailed 

experimental comparison between the effects of 

La-doping (which presumably behave as non-

magnetic impurity centers) and Nd-doping (which 

presumably behave as magnetic impurity centers) 

will be carried out, with support from theoretical 

calculations. Additionally, the CQM plans to 

control the ferroelectric fluctuations present in 

STO with the application of uniaxial strain, in 

order to reveal their impact on the normal state 

and superconducting properties. In this context, theory will focus on microscopic models for 

possible pairing mediated by the exchange of such fluctuations. Similarly, strain engineering of 

bulk crystals and thin films will be employed to better understand the unusual superconducting 

emergent behavior seen in the nonlinear susceptibility. 

Publications (specific to this abstract) 

[1] Unconventional multi-band superconductivity in bulk SrTiO3 and LaAlO3/SrTiO3 interfaces, 

T. V. Trevisan, M. Schütt, and R. M. Fernandes, Phys. Rev. Lett. 121, 127002 (2018). 

[2] Impact of disorder on the superconducting transition temperature near a Lifshitz transition, 

T. V. Trevisan, M. Schütt, and R. M. Fernandes, Phys. Rev. B 98, 094514 (2018).  

[3] Universal superconducting precursor in three classes of unconventional superconductors, D. 

Pelc, Z. Anderson, B. Yu, C. Leighton, and M. Greven, Nat. Commun. in press (2019); 

arXiv:1808.05763. 

[4] Low temperature specific heat of doped SrTiO3: Doping dependence of the effective mass and 

Kadowaki-Woods scaling violation, E. McCalla, M. N. Gastiasoro, G. Cassuto, R. M. Fernandes, 

and C. Leighton, Phys. Rev. Materials 3, 022001 (2019). 

 

Figure 1: The Kadowaki-Woods scaling in STO 

deviates qualitatively from that of transition 

metals and heavy fermions [4]. 
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Superconductivity in Oxides 

Martin Greven1, with Rafael Fernandes1, Bharat Jalan2 and Chris Leighton2 

1School of Physics and Astronomy, University of Minnesota 

2Department of Chemical Engineering and Materials Science, University of Minnesota 

 

Program Scope 

 The overarching goal of this specific CQM project is to further the understanding of the 

emergence of superconductivity in complex oxides using novel approaches, and to explore the 

role of inhomogeneity. Superconductivity is one of the major research topics in materials 

physics, yet in many important materials this phenomenon is not well understood. Complex 

oxides are particularly interesting in this regard, because of the wide temperature and 

composition ranges where superconductivity occurs, and because the origin of superconductivity 

is thought to differ for different oxide families. In the context of the cuprates, two pivotal 

unresolved issues are the nature of the normal state and of the superconducting precursor above 

the macroscopic transition temperature Tc. Strontium ruthenate (SRO) and strontium titanate 

(STO) exhibit the same perovskite-based structure as the cuprates, and the superconducting 

precursor has not been thoroughly investigated in these oxides. 

 Recent Progress  

Universal Emergence of Superconductivity 

 Greven and Leighton recently uncovered a 

remarkable universal feature shared by these distinct oxides 

[1]. The discovery was enabled by the development of a 

novel nonlinear magnetic response technique, an extremely 

sensitive probe of magnetism. Experiments on STO, SRO, 

and two cuprates (LSCO and Hg1201) revealed that upon 

cooling toward Tc, superconductivity emerges in a highly 

similar fashion (see Figure 1), despite dramatically 

different electronic properties and Tc values. The universal 

behavior in cuprates is further borne out in a separate set of 

experiments that covers a wide range of compounds [2,3]. 

Furthermore, the universal response follows highly 

unconventional, yet remarkably simple exponential 

behavior. We also uncovered that this behavior above Tc 

can be influenced by intentionally inducing structural 

Figure 1: Universal superconducting 

fluctuations above Tc for four different 

unconventional superconductors, from 

nonlinear magnetic response [1]. 
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inhomogeneity into the materials via plastic deformation. This suggests that the origin of the 

universal behavior is related to intrinsic structural inhomogeneity, which is therefore an essential 

ingredient in the unconventional physics of all the studied systems. In the case of the cuprates, 

Greven demonstrated that the paraconductivity follows percolation behavior quantitatively [4]. 

Phenomenological Model for the Cuprates 

 These insights were applied by Greven to 

gain new understanding into the physics of 

cuprate high-temperature superconductors. The 

cuprates are compounds with the highest Tc values 

at ambient pressure. Yet after more than three 

decades of truly remarkable research activity, the 

salient features of both the ‘normal’ state (above 

the superconducting transition temperature) and 

the superconductivity itself remain debated. We 

have developed a simple, yet powerful 

phenomenological model that resolves several 

major open questions [5]. Crucially, the model 

posits that the cuprates exhibit inherent 

inhomogeneity, as well as two co-existing 

electronic subsystems: localized and itinerant. 

These premises are strongly supported by a 

number of experiments, and naturally lead to a 

description of the normal state. Furthermore, the superconductivity is shown to arise from an 

interaction between the two subsystems, explaining the zero-temperature superfluid density 

(Figure 2). The model thus provides a clear framework for understanding the enigmatic cuprates.  

Future Plans 

 The overarching goal of our investigations of unconventional superconductors is twofold: 

to obtain a microscopic understanding of the universal intrinsic inhomogeneity that we have 

uncovered, and to influence and optimize it through strain engineering. Multiple complementary 

experimental approaches will be pursued to achieve these goals. In particular, state-of-the-art 

probes of local crystal structure will be employed, including neutron and X-ray diffuse scattering 

and neutron Larmor diffraction. Some of these experiments have already begun to yield 

promising results. Furthermore, we will combine these powerful structural probes with plastic 

deformation experiments to understand the microscopic effects of internal strain, with the aim to 

optimize the superconducting properties of strained samples. Specialized uniaxial pressure cells 

are under development, to enable in situ deformation at neutron and X-ray facilities. Other 

complex oxide superconductors, such as bismuthates, will also be included in future 

 

Figure 2: The zero-temperature superfluid 

density of the high-Tc cuprates in dependence on 

hole doping, from several experiments (points) 

compared to model calculations (line). The two 

electronic subsystems – localized (green) and 

itinerant (red) – are depicted schematically [5]. 

 

180



experimental and theoretical studies, both in bulk-crystalline and thin-film form, which will 

provide a comprehensive picture of the local structure of this important class of materials.  

Publications (specific to this abstract) 
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Long-Range Antiferromagnetic Order in an Entropy Stabilized Rocksalt Oxide 
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Materials Science & Technology, Oak Ridge National Laboratory, Oak Ridge, TN 

 

Publication: 

J. Zhang, J. Yan, S. Calder, Q. Zheng, M. A. McGuire, D. L. Abernathy, Y. Ren, S. H. Lapidus, 

K. Page, H. Zheng, J. W. Freeland, J. D. Budai, and R. P. Hermann,  

“Long-Range Antiferromagnetic Order in a Rocksalt High Entropy Oxide,” Chem. Mater. 31, 

3705 (2019). 

 

 

High entropy oxides, solid solutions stabilized by high 

configurational entropy, have attracted much attention 

due to fundamental issues related to phase formation and 

materials design as well as properties that can emerge 

from their spin order and possible structural instability [1-

17]. It has been reported that high entropy oxides exhibit 

colossal dielectric constants [17], superionic conductivity 

[8,16], and low thermal conductivity [10,13] in bulk 

samples, and antiferromagnetism in thin films [15]. In 

order to assess  potential functionalities of this new class 

of materials, understanding the magnetic structure, 

magnetic and lattice dynamics bears significant 

importance. 

We report the first observation of the long range magnetic 

structure and dynamics in the O  rocksalt high entropy 

oxide (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2) by combining neutron 

diffraction and inelastic scattering with magnetometry 

and calorimetry. Neutron scattering reveals that long 

range magnetic order survives the configurational 

disorder and suggests that short range ordered domains 

persists even at room temperature. This work 

demonstrates potential functional magnetic properties in 

entropy-stabilized oxides that represent a novel platform 

to understand study how disorder impacts magnetic order 

and magnetic excitations.  

We found that the long-range magnetic order of the 

rocksalt high entropy oxide cannot be well understood in 

the framework of the randomly diluted face-centered cubic system, including complicated spin 

Fig. 1 Neutron diffraction (HB-2A, 

HFIR), top, reveals magnetic long range 

orger below TN ~140 K, with the NiO 

magnetic structure. Neutron spectroscopy 

(ARCS, SNS) reveals well-defined spin-

waves 100 K, (a), and 300 K, (b), a 

temperature higher than twice the Neel 

temperature, which suggests that short 

range magnetism survives at ambient 

conditions. 
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exchange interactions, the lack of structural transition or deformation across the magnetic 

transition, and the absence of a lambda peak in heat capacity. Furthermore, our resonant ultrasound 

spectroscopy data reveals both anomalous behavior near the magnetic ordering temperature and 

strong hardening upon cooling down to 3 K. Hence, as an outlook we will investigate spin-lattice 

couplig by using polarized inelastic neutron scattering, develop a model for the spin-wave 

dispersions in these highly disordered materials, and carry out complementary muon spin-

relaxation characterization (coll. Ben Frandsen, BYU). 
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Field-induced quantum spin liquid in the Kitaev-Heisenberg model and its relation 

to alpha-RuCl3 

 

Hong-Chen Jiang, Yi-Fan Jiang, Thomas P. Devereaux, Chang-Yan Wang, Biao Huang, 

and Yuan-Ming Lu 

 

Abstract: Recently considerable excitement has arisen due to the experimental 

observation of a field-induced spin liquid phase in the compound alpha-RuCl3, which is a 

promising Kitaev material consisting of effective spin-1/2s on distorted honeycomb 

layers. However, the nature of this putative spin liquid phase and the relevant 

microscopic model Hamiltonian remain still unclear. In this work, we address these 

questions by combining theoretical and large-scale numerical efforts of a generalized 

Kitaev-Heisenberg model proposed to describe the physics of alpha-RuCl3. Our results 

suggest that a stable spin liquid phase can be induced by out-of-plane magnetic fields, 

which is consistent with a U(1) spin liquid possessing a spinon Fermi surface. The 

relevance of our results to alpha-RuCl3 is also discussed. 
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Novel quantum phenomena in geometrically frustrated magnets near the 

metal-insulator phase boundary  
 

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

 

Program Scope 

 Geometric frustration, which arises from the competing interactions between magnetic 

ions placed on regular lattice sites, can often lead to a large degeneracy of spin states, giving rise 

to a rich variety of unconventional magnetic phases. To date, most of the research on frustrated 

magnets has focused on insulating materials, whose ground state properties are mainly 

determined by short-range interactions between localized spins. In contrast, fewer studies have 

been performed on metallic frustrated magnets, particularly on geometrically frustrated magnets 

in close proximity to a metal-insulator transition, i.e., proximate itinerant frustrated magnets.  

The primary objective of this proposal is to study novel quantum phenomena in geometrically 

frustrated magnets near the metal-insulator phase boundary and understand how the interplay and 

cooperation between electron itinerancy and magnetic frustration determines materials’ physical 

properties.   

 Recent Progress  

 In the past 9 months since this program was awarded, we have been mainly working on 

two magnetically frustrated systems, GeFe2O4 spinel and Cu2(OH)3Br with a triangular lattice. 

 A. Unconventional magnetic ordering in GeFe2O4. We have studied electronic and 

magnetic properties a spinel compound GeFe2O4, where the magnetic Fe ions occupy a 

pyrochlore sublattice that is composed of a network of corner-sharing tetrahedral. Therefore, 

magnetic ions on this lattice geometry can give rise to strong competition of spin-spin interaction 

and naturally facilitate geometric magnetic frustration. In GeFe2O4 we have revealed an unusual 

magnetic ground state with an ordering wave vector of <δ δ 1> with δ ≈ 0.33 for polycrystalline 

sample and δ ≈ 0.36 for single crystal sample (Fig. 1(a)), which is quite distinct from the 

magnetic ground state of its two sister compounds, GeNi2O4 and GeCo2O4. The latter two 

compounds have an ordering wave vector of (0.5 05 0.5) [1,2]. Interestingly, we also found that 

GeFe2O4 is much more (~ 7 orders of magnitude) conducting compared to GeNi2O4 and 

GeCo2O4 (Fig. 1(c)), which implies the impacts of itinerant carriers on the magnetic ordering of 

a frustrated lattice. This finding is corroborated by Monte Carlo simulation based on a 

generalized itinerant exchange model [3] via the collaboration with Prof. Gia-wei Chern in 

University of Virginia, which shows that the ordering wave vector of <1/3 1/3 1> is determined 

by the Fermi surface nesting vector (Fig. 1(b)). This study demonstrates a novel example 

showing the cooperative effects of enhanced electron itinerancy, magnetic frustration, and spin-
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charge coupling in geometrically frustrated system.  A manuscript on this study is currently in 

preparation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 B. Spion-magnon interaction in Cu2(OH)3Br. We have also extended our research to 

Cu2(OH)3Br compound in which Cu2+ ions with S = 1/2 form a quasi-2D distorted triangular 

lattice. This material is an isomorphic compound to the parent compound of the Herbersmithite 

Cu3Zn(OH)6Cl2 which is a promising candidate showing quantum spin liquid [4]. This system 

shows an antiferromagnetic long range order below 9 K. Despite the quasi-2D triangular lattice 

of Cu2+ ions, very interestingly we find that the local coordinates of Cu ions relative to Br ions, 

combined with the magnetic frustration resulting from the triangular lattice geometry, leads to 

quasi-1D nature of magnetic exchange interaction between Cu ions. In another words, this 

system can be effectively treated as a unique quantum antiferromagnet consisting of nearly 

decoupled, alternating ferromagnetic and antiferromagnetic S = 1/2 chains. This is supported by 

our neutron scattering measurements and the first-principles density functional theory calculation 

via the collaboration with Prof. Turan Birol in University of Minnesota. Furthermore, we have 

observed for the first time, to our best knowledge, the coexistence of magnon and spinon 

continuum excitations which are associated with ferromagnetic and antiferromagnetic chains 

respectively. This study presents a new toy model which opens an unexplored paradigm where 

one can study the interaction between two different types of magnetic quasiparticles, magnons 

and spinons.  We are currently working on a manuscript on this study. 

Future Plans 

 Our initial study of GeFe2O4 suggests that there is indeed correlation between e electron 

itinerancy and magnetic ordering (i.e., ordering wave vector) in this system. In the next step, we 

will pursue to grow large enough GeFe2O4 single crystals for inelastic neutron scattering study to 

 
Figure 1. (a) (HHL) neutron diffraction contour map of GeFe2O4 spinel measured at 6 K showing an 

ordering wave vector of (δ δ 1). (b) Calculated (H K 1) contour plot of the structure factor S(Q) based on a 

generalized itinerant exchange model, showing that the ordering wave vector of (1/3 1/3 1) is determined 

by the Fermi surface nesting vector. (c) Electronic transport data of GeNi2O4, GeCo2O4, and GeFe2O4 

showing much higher conductivity of GeFe2O4. 
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investigate the competing exchange interactions and understand their effects on the unusual 

magnetic ground state of this system.  

 Currently, we are also growing Y2-xBixRu2O7 pyrochlore which shows insulator-metal 

transition with Bi substituted into Y sites [5]. We will perform neutron and synchrotron x-ray 

scattering studies to examine the effects of local atomic structure and Ru orbital occupancy on 

the insulator-metal transition, and to understand the correlation between electronic transition and 

magnetic ordering and spin dynamics of this system.  
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Control of Perovskite Oxides 
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Program Scope  

 The overarching goal of this specific CQM project is to further the understanding and 

capabilities of oxygen-vacancy-based control of complex oxides, particularly perovskites. Model 

systems such as cobaltites, stannates, and titanates are being employed, moving beyond 

conventional control of oxygen vacancy (VO) density, to control of VO order, and in situ 

electrochemical control. In perovskite cobaltites, for example, we have demonstrated 

extraordinary strain-based tuning of VO ordering, enabling control of magnetism, electronic and 

thermal transport, dead layer thickness, and even advanced properties such as perpendicular 

magnetic anisotropy. Extension of these concepts to other perovskites is enabling further 

progress, such as VO-based doping in the recently discovered high room temperature mobility 

stannates. Moreover, electrolyte gating methods based on ionic liquids and gels are also now 

being used for in situ electrochemical tuning of VO density and order, using cobaltites as model 

systems. Powerful operando polarized neutron reflectometry (PNR) and synchrotron X-ray 

diffraction (SXRD) probes of ionic gating have been developed, yielding advances such as 

deconvolution of electrostatic and VO-based gating mechanisms, and direct PNR-based 

confirmation of record-breaking electrical modulation of Curie temperature in ultrathin films.    

 

Recent Progress  

 Due to the confluence of low VO formation enthalpy and high VO diffusivity, cobaltites 

are model systems for the exploration of VO-based control concepts. In recent CQM work, tuning 

of not only VO density, but also VO order, has been used to control properties such as thermal 

conductivity [1], magnetic anisotropy, and interfacial dead layer thickness [2,3]. Collaborative 

time-domain thermoreflectance measurements, for example, were used to probe thermal 

conductivity in nanoscopic thin films of La1-xSrxCoO3- (LSCO), where both  and the 

orientation of VO order are strain-tunable [1-3]. Ultralow glass-like thermal conductivities were 

obtained, even in highly epitaxial single crystal films, ascribed primarily to the effects of high , 

with potential technological implications [1]. Studies of magnetic anisotropy provided another, 
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Figure 1: (a) In-Plane (IP) and Out-of-Plane (OoP) 5 K 
hysteresis loops vs. x in 100-Å-thick compressively-
strained LSCO films on LaAlO3. (b) Corresponding Z-
contrast cross-sectional transmission electron microscopy. 
Note the correlation between the extent of VO ordering 
(dark stripes) and perpendicular magnetic anisotropy [2].  

 

particularly striking example of VO-based 

property tuning [2]. The magnetic anisotropy 

in ferromagnetic epitaxial LSCO was shown 

to flip from in-plane to perpendicular on 

moving from tensile to compressive strain. Of 

particular interest for applications, the 

achieved perpendicular magnetic anisotropy 

reaches almost 107 erg/cm3, comparable to 

values obtained in high spin-orbit coupling 

heterostructures such as those based on 

iridates. That such values can be strain-tuned 

in LSCO, without high Z elements, is 

remarkable. As shown in Fig. 1, clear 

correlations were uncovered between the 

spatial coherence of VO order and the 

strength of the perpendicular magnetic 

anisotropy, clearly establishing that the 

anisotropy is controlled by the VO-order-

based symmetry lowering, i.e., natural 

superlattice formation. More broadly, 

extensive measurements have also been made 

of magnetic and electronic transport 

properties vs. substrate-induced strain, 

establishing clear links between these 

properties and strain-tuned VO order. As noted below, future work aims to forge direct links 

between VO order and the important dead layer effects in oxide heterostructures, breaking new 

ground.  

 Extension of these capabilities and ideas to other systems is also underway in the CQM. 

VO-based doping of the recently discovered high room temperature mobility semiconductor 

BaSnO3 has been achieved, for example [4]. Significantly, this work resolved apparent 

discrepancies between single crystal and thin film results, which arise due to the extremely low 

VO diffusivity in stannates. In the same work, magnetic rare-earth doping was also demonstrated, 

enabling precise quantification of doping densities and observation of crystal field effects [4].             

 Recent collaborative CQM research has extended this work to electrochemical fine-

tuning of VO density and order, enabling reversible, dynamic control of magnetism and transport. 

Scattering methods such as SXRD and PNR have been applied to electrolyte gating of complex 

oxides, using ionic liquids and gels. This CQM/MRSEC collaboration employs such scattering 

methods as powerful operando probes of ionic liquid/gel-gated complex oxides, particularly the 

highly electrochemically active cobaltites. Key advances include the application of SXRD (Fig. 
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Figure 2: (a) Set-up for operando SXRD 
of electrolyte-gated complex oxides. (b) 
Gate-voltage-dependent specular SXRD 
data on epitaxial LSCO. (c) Gate-
voltage-dependent PNR spin asymmetry 
from epitaxial LSCO. Note the damping 
of magnetization with increased positive 
voltage due to VO formation [5].   

 

2(a)) to directly distinguish VO formation at positive gate 

voltage (via lattice expansion) from simple electrostatic 

gating at negative gate voltage (Fig. 2(b)) in LSCO [5]. 

This simply disentangles electrostatic and electrochemical 

gate responses, greatly clarifying a controversial issue in 

the field [6]. PNR (Fig. 2(c)) was then used to enable depth 

profiling of the magnetization, and thus VO density, 

elucidating the process of electrochemical redox at positive 

bias [5]. 

 Perhaps most significantly, with the simple division 

between electrostatic and electrochemical mechanisms 

understood, theory-guided experiment then demonstrated 

electrostatic control of ferromagnetism via gate-induced 

cluster percolation at negative bias [7]. Building on prior 

DOE-funded work understanding the nature of the phase-

separated state at low x in LSCO, ultrathin sub-percolated 

films were gated across the percolation threshold to a 

metallic ferromagnetic state, establishing a record Curie 

temperature modulation of 150 K at only -4 V [7]. 

Critically, PNR was employed to directly verify 

electrically-induced long-range ferromagnetic order. 

Despite the 6 unit cell thickness, SNS PNR data at -3 V 

(Fig. 3(a,b)) clearly indicate spin asymmetry, the refined 

depth profile of the magnetization revealing a surprise. 

Specifically, the electrically induced magnetization is 

relatively uniform throughout the thickness (Fig. 3(c)), 

clearly distinguishable from the induced hole profile, which 

peaks sharply near the interface. This confirms a theoretical 

prediction that induced magnetization can penetrate far 

deeper than the electrostatic screening length due to 

surface-assisted connection of pre-formed magnetic clusters [7]. Importantly, subsequent to this 

work the capability to perform such operando PNR studies, accompanied by in situ electronic 

transport measurements, is now available at both the SNS and NCNR. Lateral scale-up 

challenges (the PNR measurements are performed on 1 cm electrolyte-gate transistors) have 

been fully addressed.      

Future Plans 

 As noted above, an immediate goal is to probe the influence of strain-tuned VO order on 

thickness-dependent LSCO electronic/magnetic properties, seeking minimization of the well-

known dead layer effects that pose such a challenge for heterostructured oxide devices. Other 
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Figure 3: PNR (a) and spin asymmetry (b) 
data at 0 and -3 V gate voltage on a 6-unit-
cell-thick LSCO film at 30 K and 1 T. (c) 
Refined magnetization depth profile [7].  

 

unusual effects due to VO-order-based symmetry lowering 

have also been detected, including giant AMR, and will be 

studied in full. Extension of operando probes of 

electrolyte-gated devices will also expand to other methods 

such as X-ray spectroscopy. Finally, the issue of the 

unexplained ferromagnetism in undoped LaCoO3, and the 

associated possibility to approach a spin-state quantum 

critical point, will be tackled by combining heterostructure 

growth with PNR.     
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Phason fast propagation and damping in ferroelectric materials 

 

Michael E. Manley 
Materials Science & Technology, Oak Ridge National Laboratory, Oak Ridge, TN 

 

Publication: 

M. E. Manley, P. J. Stonaha, D. L. Abernathy, S. Chi, R. Sahul, R. P. Hermann, J. D. Budai, 

“Supersonic propagation of lattice energy by phasons in fresnoite,” Nature Commun. 9, 1823 

(2018). 

 

The existence of mutually incompatible elements of 

translational symmetry (i.e. incommensurate 

periodicities) introduces new quasiparticle excitations 

called phasons and amplitudons [1-5]. Phasons are 

acoustic-like excitations in the phase of the 

incommensurate modulation and amplitudons are optic-

like excitations in the amplitude of the incommensurate 

modulation. In an inelastic neutron scattering spectrum 

phasons appear as gapless excitations emerging from 

the incommensurate reflections in a way similar to the 

acoustic phonons emerging from the primary Bragg 

reflections. However, phasons can have qualitatively 

different properties than acoustic phonons, including 

supersonic propagation velocities [4, 5], an intrinsic 

glass-like overdamping at long wavelengths, and low-

energy gaps if the phase becomes pinned by 

imperfections in the incommensuration [6]. Glass-like 

overdamping originates with the viscosity of sliding the 

phase of an incommensurate modulation through the crystal [6]. These lattice excitations, which 

rearrange atoms rather than translate them as in phonons, are important because they contribute 

novel channels to bulk behavior including transport and thermodynamic properties.  

Using neutron scattering, we made the first observations of the supersonic propagation of pure 

lattice energy (heat) in the piezoelectric fresnoite (Ba2TiSi2O8)
 [4]. Our results show that energy 

moves at surprisingly high speeds of up to 4.3 times the speed of sound in the form of phasons. 

Phasons are usually overdamped and move diffusively. However, the phasons in fresnoite are 

found not to be overdamped owing to a characteristic rotation of the phasons away from the driving 

soft phonon, yielding the supersonic propagation. These supersonic phasons enhance thermal 

conductivity and propagate lattice energy at speeds well beyond the limits of phonons.  

A comparison of the phason formation with the thermal transport properties indicate that these 

excitations make a significant, ~20%, positive contribution to in-plane thermal transport, and this 
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Fig. 1. (a) The twisting and sliding motion of 

corner-linked titanium pentahedra and 

pyrosilicate groups arranged in two-

dimensional sheets within the structure of 

fresnoite enable supersonic propagation of 

the phasonic waves. (Image credit: 

ORNL/Jill Hemman) (b) Neutron scattering 

measurements of the phason emerging below 

a phonon on cooling (HB3 at HFIR). 

 

192



is supported by simple arguments accounting for the high group velocities and the contribution to 

the vibrational density of states [4].  

Existing inelastic neutron scattering data does not have high enough energy resolution to extract 

the phason lifetimes, which are critical to determining thermal conductivity, or determining 

whether there is any pinning gap. Based on an upturn in the low temperature heat capacity, any 

gap would have to be below about 0.2 meV, which was too small to be resolved using the thermal 

neutron measurements employed (HB3, HFIR and ARCS, SNS). Hence, as an outlook we plan to 

measure the phasons on a cold neutron instrument to extract the phason lifetimes and any pinning 

gap. 
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Relating local disorder and short-range correlations to material properties using single 

crystal diffuse scattering 

M.J.  Krogstad, R. Osborn, D. Phelan, S.G.E. te Velthuis, O. Chmaissem*, S. Rosenkranz 

Argonne National Laboratory; *and Northern Illinois University 

Program Scope 

 Many material properties are shaped by short-range atomic correlations and local 

distortions embedded in an otherwise long-range ordered crystalline structure. Relaxor 

ferroelectrics are an example of such a class of materials that impact a wide range of applications 

including actuators, transducers, sonar, ultrasound, and energy harvesting. Other examples where 

ionic correlations and atomic disorder play a critical role include thermoelectrics and ionic 

conductors. Relaxor ferroelectrics exhibit behavior, e.g. a broad peak in the dielectric 

susceptibility coupled with strong piezoelectric properties, that have long been attributed to 

complex short-range disorder. But despite intense study of these technologically important 

materials, the nature of the local order and its relation to the material properties remains 

controversial, framed by many competing theories.  

 Obtaining a microscopic understanding of such disorder requires accurate measurements 

of the total scattering comprising both Bragg peaks from the long-range average order and 

diffuse scattering from deviations from that average, which includes short-range distortions as 

well as extended short-range order resulting from defect-defect interactions. Single-crystal 

diffuse scattering hence offers a powerful probe of the many unusual physical phenomena that 

are driven by complex disorder, but its use has been limited by the experimental challenge of 

collecting data over a sufficiently large volume of reciprocal space and the theoretical challenge 

of modeling the results. 

In this program, we are developing methods for efficient measurements over large three-

dimensional volumes of reciprocal space, with sufficient resolution to separate diffuse from 

Bragg scattering and sufficient dynamic range to include both contributions simultaneously, 

which is necessary to accurately test models of complex disorder. We also incorporate 

computational advances in order to rapidly transform the large data sets from detector to 

reciprocal space coordinates for real-time feedback during experimentation. For modeling the 

local disorder embedded in a crystalline lattice, we are developing novel techniques, such as the 

transformation of volumes of reciprocal space data into three-dimensional pair-distribution 

functions (3D-PDF), which provide model-independent images of nanoscale disorder in real 

space.  These techniques are applied to systems in which ionic correlations and atomic 

distortions play critical roles in their functionalities and generally display strong diffuse 

scattering and 3D-PDF signatures, which simplify the development and refinement of our 

techniques. We can then incorporate these methods into our more challenging projects that study 
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electronic disorder induced by competing, coexisting, and intertwined order, as discussed in a 

separate abstract. 

 

 

Recent Progress 

We previously designed novel neutron scattering 

techniques, which led to the construction of Corelli 

at the Spallation Neutron Source. This instrument 

has the capability of measuring single crystal diffuse 

scattering over large volumes of reciprocal space 

with very good momentum resolution for crystals up 

to 1cm3 in size, and utilizes the cross-correlation 

technique to separate elastic from inelastic 

scattering. The cross-correlation method allows the 

utilization of the full white beam spectrum, thereby 

providing two orders of magnitude improvement in 

measurement efficiency [see Publication 3].  We 

also developed highly efficient methods that exploit 

fast area detectors and high x-ray energies at 

synchrotron facilities to measure the diffuse 

scattering over large three-dimensional volumes and 

transform the measured data to physically meaningful coordinates in under 20 minutes, enabling 

parametric studies of the total scattering over a large range of temperature and doping.  

Our ability to efficiently measure the elastic scattering from the prototypical relaxor 

compounds PbMg1/3Nb2/3O3-xPbTiO3 (PMN-xPT) over a 

large volume of momentum transfer with fine wave-

vector resolution allowed us to identify for the first time 

four distinct forms of local order (i) ferroelectric  

correlations giving rise to the well-known “butterfly” 

type scattering, (ii) antiferroelectric correlations,  (iii) 

cation ordering, and (iv) distortions due to mismatched 

B-site radii. Measuring to much larger zones than was 

previously possible, it is immediately obvious that the 

“butterfly” type scattering is strongly asymmetric in 

certain zones when measured with neutrons, but 

symmetric in x-ray scattering (sig Fig. 1). The 

compositional dependence of this feature further 

revealed unambiguously that it is not correlated with 

relaxor behavior, as has been assumed in the majority of 

PMN-xPT 
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Fig. 2: Compositional dependence of the 

butterfly scattering intensity and physical 

properties in PMN-xPT.  
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Fig. 1: Diffuse scattering from PMN-30%PT, 

revealing a strongly asymmetric butterfly shape 

with neutrons, which is symmetric with x-rays. 
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previous investigations of PMN-xPT.  Rather, we find that it is strongly associated with 

piezoelectric properties (Fig. 2).  Furthermore, by studying the same systems with both neutron 

and x-ray scattering, we showed that the local ordering must involve displacements of both 

heavy (Pb) and light (O) atoms. This finding demands a reworking of current theoretical models 

that assume light atom displacements are negligible. Our results further revealed that the relaxor 

behavior results from the frustration of both local antiferroelectric and ferroic order and that the 

butterfly-type scattering is strongly correlated with the electro-mechanical properties. Together, 

these findings provide a set of guidelines for developing and evaluating microscopic displacive 

models of the piezoelectric properties of other relaxor materials, including the next generation of 

efficient and Pb-free materials. 

 

Future Plans 

The ability to measure full volumes of scattering intensity enables novel avenues to 

resolve structures with complex disorder via transformation into three-dimensional pair-

distribution-functions (PDFs). Transforming the entire measured scattering volume produces the 

total PDF of the structure, i.e., the Patterson function, which includes the PDF of the average 

structure as well as any deviations from it. One of the unique advantages of single-crystal 

measurements, as compared to spherically averaged powder PDF or other methods, is that the 

average structure can be easily removed from the measured data before performing the PDF 

transformation, thereby providing a much deeper understanding of disorder and local ordering 

phenomena. The 3D-ΔPDF obtained this way only contains interatomic vectors whose 

probabilities deviate from the average structure, providing high sensitivity to very weak 

correlations, usually unobservable with powder diffraction, and also directly providing the 

morphology of the local order. We have recently started to develop methods to efficiently obtain 

the 3D-ΔPDF from measured volumes of diffuse scattering, and will further develop the 

algorithms in order to reduce artefacts induced by truncation and edge effects in the Fourier 

transforms.  We will first apply, test, and develop these methods on systems in which the diffuse 

scattering is strong and the short-range correlation signatures are well separated from Bragg 

peaks. This is generally the case in systems with order-disorder transitions, which have a strong 

influence on phenomena such as ionic conductivity. 

For such systems, the 3D-ΔPDF will directly 

determine the length scale of ionic interactions, 

which are required to validate theoretical models. 

Our preliminary experiments performed on 

NaxV2O5 demonstrate how the 3D-ΔPDF can 

provide direct, model-free visualization of the real-

space short-range ordering. In this compound, the 

Na ions occupy sites on two-leg ladders within Fig. 3: Scattering from Na0.45V2O5 in the (HK2) 

plane at (a) 150K and (b) 250K. 

a b 
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tunnels surrounded by edge-sharing vanadium oxide 

pyramids and octahedra. At room temperature, the 

diffuse scattering consists of highly structured rods, 

representing short-range-order within and between 

ladders in the same plane (Fig. 3b). However, below 

200K, some of the diffuse intensity is transferred into 

sharp peaks (Fig. 3a) owing to sodium sublattice 

ordering. While it would be very difficult to directly 

model the disorder from the diffuse scattering data, the 

3D-ΔPDF (Fig. 4) clearly shows without any modeling 

that the sodium ions tend to occupy alternate sites in a 

zig-zag configuration that is in phase with neighboring 

ladders. We plan to utilize and further develop the 3D-

ΔPDF analysis to explore the phase diagrams of a range 

of intercalation compounds of interest, such as NaxV2O5, 

MgxV2O5, and MgxTiSe2, as well as on other systems for 

which lattice disorder plays an important role in 

determining their properties, such as thermoelectrics. 

We also plan further developments of the 

measurement and analysis technique to enable 

investigations of short-range order and disorder in thin films grown on substrates. The challenge 

here is to develop strategies to eliminate the normally dominant contributions from the substrate. 

If the lattice mismatch between substrate and film is sufficient, the 3D-ΔPDF will allow detailed 

investigations of the longrange structure of the film, but because many substrates exhibit diffuse 

scattering themselves, more sophisticated approaches may be needed. The 3D-ΔPDF however 

has great potential to provide novel insight into amorphous films deposited on single crystal 

substrates. This is a topic of great importance in particular for current research on solid-state 

electrolytes, where it was recently found that the interfacial reactivity strongly depends on the 

orientation and crystallinity of the electrolyte film. With nearly perfect single crystal substrates, 

the 3D-ΔPDF removes all but thermal diffuse scattering contributions from the substrate, such 

that the only spherically symmetric signal remaining will be from the amorphous film, which can 

then be analyzed as standard polycrystalline PDF.   

We also plan to collaborate with other groups to incorporate our latest developments into 

their research projects, making this technique available to the wider community and spanning a 

wide range of fields including order-disorder transitions, lead-free relaxors, lattice disorder in 

solar perovskites, thermoelectrics, CDW and charge order correlations in a variety of systems, 

lattice distortions in topological compounds, frustrated magnets and frustrated ferroelectrics, and 

more. 

 

Fig. 4: Real space model of Na correlations 

in the x=0 plane (a) compared to the 3D-

ΔPDF transform. The sodium sites form 

two-leg ladders and the zig-zag model in 

(a) is derived from (b) by connecting 

occupied sites with more probable (red) 

vectors, ignoring neighboring sites with 

less probable (blue) vectors. 
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Exploiting Small Signatures: Quantifying Nanoscale Structure and Behavior 

 

Katharine Page, Neutron Sciences Division, Oak Ridge National Laboratory 

 

Program Scope 

In catalysis, biomineralization and drug delivery, fuel cell and battery chemistry, 

geological processes, and a host of functional phenomena at the nanoscale, unique properties and 

material characteristics are governed by intricate structural details eluding current characterization 

methods.  This program encompasses side-by-side development and application of neutron total 

scattering methods, aimed at uncovering the links in nanostructure between surface chemistry, 

particle morphology, and “internal” crystal structure.  Scientific themes include: (1) unraveling the 

formation, transformation, and structure-property mechanisms in metastable oxide nanomaterials 

important in energy applications and the environment, including polymorph formation in 

hydrothermal and solvothermal environments; and (2) the distinct effects of particle shape and 

surface termination on the properties and structural phase transitions of ferroelectric oxide 

nanocrystals, including factors that stabilize polarization at smaller nanocrystal dimensions, across 

phase transitions, or under applied field.  Concurrently, instrumentation, data collection, data 

reduction, and structure refinement methodologies will be advanced for in situ and stroboscopic 

neutron total scattering measurements.  These investigations will set the stage for a broader 

approach to nanostructure and interface characterization that validates theory and simulation, 

evaluates synthesis and fabrication, and demonstrates enhanced performance in atomic- and nano-

scale material processes. 

 

Recent Progress 

Over the reporting period we have addressed several outstanding materials challenges for 

which the advantages of neutron total scattering are essential: we explored the morphology-

dependent catalytic properties of titanium and cerium oxide nanocrystals, the structure and 

electrochemical function of layered manganese oxide nanostructured materials, and a universal 

nanoscale cation ordered ground state in inverse spinel oxides.  We have also examined the 

influence of size, shape, and ligand attachment on internal atomic structure in ferroelectric BaTiO3 

nanocrystals.   Alongside these efforts we have made significant progress in developing and 

deploying tools and methods for improved quantification of nanoscale structure and behavior with 

diffraction and pair distribution function (PDF) techniques.   

Nanostructured Polymorphs. Titania Nanocrystals. Anatase TiO2 nanocrystals have attracted 

tremendous attention in recent years due to their excellent catalytic performance. Nanocrystals 

with dominant {001} facets present higher surface energy and (in theory) more active sites relative 

to other forms.  Despite successes in synthesizing anatase TiO2 nanocrystals with different {001} 

ratios, the impact of morphology on catalytic activity is still debated. We have carried out a 
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comprehensive structure study of anatase TiO2 nanocrystals with different ratios of {101} and 

{001} facets. We have demonstrated that Differential Evolutionary fitting utilizing Debye 

scattering analysis of Bragg diffraction and PDF data can be used to obtain accurate atomistic 

structure and morphology information.  The analysis of shape and size distribution agrees 

remarkably well with Transmission Electron Microscopy (TEM) and Small Angle Neutron 

Scattering (SANS) results.  Our results on anatase TiO2 nanocrystals with different {001} to {101} 

ratios demonstrates that samples with an intermediate amount of both {001} and {101} facets 

shows the best photocatalytic hydrogen evolution reaction (HER) activity [1].  We are currently 

applying similar methodology to quantify the effect of morphology and surface termination on the 

catalytic performance of various ceria nanoparticles.  Manganese Oxide Nanostructured 

Materials. Considerable interest has been given to the electrochemical capacitance of manganese 

dioxide. It is well known that defects, microstructure, and crystalline polytype play critical roles 

in determining the specific capacitance and electrode cycling stability. Disentangling the influence 

of structural characteristics in poorly crystalline nanoscale manganates remains a significant 

challenge, while nanostructuring is a frequent strategy in device optimization. We have completed 

a comprehensive structure determination of Cu and vacancy rich layered δ-MnO2 nanoflowers, 

determining a new synthesis route to large-scale volumes of the material (Figure 1) [2]. A second 

manuscript detailing electrochemical structure-property relationships in a series of MnO2 

polymorphs 

resulting from 

dehydration of the 

parent (hydrated) 

phase is currently 

under preparation.  

Intriguing 

electrochemical 

behavior of the 

defect-rich layered 

oxide inspired us to 

explore cathode 

materials with 

appreciable 

vacancies on  

transition metal 

layers: Na2Mn3O7 

[3] and P3-type 

Na2/3Mg1/3Mn2/3O2 

[4]. In these 

systems, vacancies 

on the MnO2 layer 

are found to induce 

reversible lattice 

oxygen redox 

 
 
Figure 1. Comprehensive structural characterization of a heavily stacking faulted Cu-

rich δ-MnO2 nanoflower.  Local x-ray and neutron PDF along with Cu K-edge and Mn 

K-edge EXAFS studies enable determination of the layer motif and the 

identification/quantification of interlayer Cu2+ and H2O species. HRTEM, intermediate-

range PDF, and x-ray and neutron diffraction approaches enable the determination of 

average stacking sequences and nanoparticle dimensions. 

200



activity.  Neutron total scattering is demonstrated as an ideal bulk characterization technique to 

investigate mechanisms for lattice oxygen redox and facilitate design and exploration of next 

generation battery cathode materials with potential superior energy densities.   

Ferroelectric Nanocrystals.  In this portion 

of the project, we are working towards in situ 

and stroboscopic studies of nanoscale 

ferroelectric spheres and cubes, examining 

the influence of size, surface and morphology 

on internal dipole-dipole correlations. These 

results will provide new information about 

the nature of ferroelectric materials at the 

limits of size reduction, offering guidance for 

the development of applications involving 

device miniaturization.  Nanospheres and 

Nanocubes: We have completed detailed 

structural characterization of two series of 

nanocrystals; spheres ranging in diameter 

between 8 and 100 nm, and cubes ranging in 

diagonal dimension between 8 and 100 

nanometers.  We do not find significant differences in the internal dipole ordering of these 

nanocrystals, though we do find evidence for the presence of multi-domains in larger particles. A 

manuscript is currently in progress describing these findings.  Impurity Phases: Barium carbonate 

(BaCO3) impurities are present in many published BaTiO3 nanocrystal studies (and were present 

in our early studies).  There are no detailed literature reports on the effect of the impurities, the 

process of removing them, and their impact on accurate determination of structure.  We have now 

studied these effects with a set of seven nanocube samples of varying size, where half of each 

batch was treated to remove impurities.  We find no significant changes to nanoparticle size or 

atomic structure after removal of the carbonate phase, and we provide evidence that it is a separate 

phase (not surface) impurity. We have submitted these results for publication.  Effect of Capping 

Ligands: We have investigated the internal dipole ordering of a series of BaTiO3 nanocubes 

decorated with polar and nonpolar ligands utilizing neutron and x-ray total scattering approaches. 

We find that polar ligands at the surfaces of nanocubes stabilize internal dipoles.  Neutron total 

scattering studies of the NOBF4 (polar) capped nanoparticles reveals the nature of Ti-O pair-pair 

correlations at ~2 Å, as shown in Figure 2. The nanocubes are seen to exhibit the same type and 

degree of rhombohedral local distortion at room temperature as bulk BaTiO3, albeit with increased 

correlation length scale. We are preparing a manuscript describing our scientific findings.   

New Tools and Methods for Quantification of Nanoscale Structure. Along the way to 

accomplishing the above studies, we are advancing neutron total scattering methods for nanoscale 

systems, producing new sample environment, data reduction, and data modeling tools for broad 

use.  Several significant advancements in this arena include the following.  Nanocrystal Shape 

Functions:  In the structural refinement of nanoparticles, discrete atomistic modeling can be used 

for small nanocrystals (< 15 nm), but becomes computationally unfeasible at larger sizes, where 

instead unit-cell based “small-box” modeling is usually employed.  We have developed a method 

to derive numerical approximations of nanoparticle shape functions by fitting to a training set of 

discrete calculated shapes; the numerical approximations can then be implemented for larger 

 
Figure 2: Neutron PDFs of three sizes of nanocubes with 

NOBF4 capping ligands at room temperature. The local 

rhombohedral bonding environment (three short and 

three long Ti-O pair-pair correlations at ~2 Å) is 

observable in all three sizes. 
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nanocrystal sizes [5]. We are using this modeling approach in our quantitative nanostructure study 

of BaTiO3 cubes, CeO2 rods and cubes, as well as several others, and we are currently working on 

extensions to model polydispersity of nanostructures with this approach. Combinatorial Appraisal 

of Transition States (CATS) Software: In situ total scattering measurements are increasingly 

utilized to follow atomic and nano-scale structural details of phase transitions and other transient 

processes in materials. We have published a manuscript [6] and released associated software for 

an automated method to analyze series of diffraction and pair distribution function data with a 

linear combination of end-member states. CATS is useful in quantitative evaluation of many 

transient processes, including for in situ crystallization and growth.  Implications of Time-of-flight 

Neutron Total Scattering:  Our work explicitly exploring the effects of resolution, peak-shape, 

peak-asymmetry, inconsistent conversion of TOF-to-d spacing, and merging of multiple banks in 

neutron TOF data as they relate to accuracy in real-space neutron PDF analysis has been published 

as a feature article in Acta Crystallographica Section A [7].  The work discusses best practices for 

analysis of data from modern neutron TOF total scattering instruments when using available 

analysis programs and defines a roadmap for future instrumentation and data reduction/analysis 

advancements in the field.   

 

Future Plans 

We plan two tasks that build upon the scientific foundations above. The first involves the study of 

enhanced ferroelectric nanoparticle ensembles suspended in polymer matrices, including 

diffraction/PDF measurements under applied electric fields. Additional compositional spaces 

(NaNbO3, PbTiO3, BiFeO3, SrTiO3, mixtures, etc.) and a range of sizes/shapes (rods, cubes, plates, 

etc.) will be explored, determining whether enhancing effects found in BaTiO3 are universal, and 

if internal order/response can be designed, predicted and controlled. The second will follow the 

nucleation, growth, and coarsening of nanocrystals as they are formed with neutron 

diffraction/PDF measurements.  This will involve commissioning a null scattering sample 

environment currently under development for hydrothermal/solvothermal synthesis, following in 

situ the morphology / atomistic structure evolution of metal oxide particles (key to understanding, 

for example, the growth mechanisms and catalytic poisoning of specifically faceted nanocrystals).  

This foundational work will make full use of our previous developments in whole particle 

modeling, data stream monitoring algorithms, and sample environment developments, furnishing 

guidance for future studies in materials/properties areas of interest to the scientific community.   
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Ionic Polymers Under Dynamic Conditions:  Shear and Electrical 

Field Response   
 

Dvora Perahia, Clemson University, Clemson SC 29634-0973 

 Program Scope 

Structure and dynamics results resolved from neutron techniques including small angle neutron 

scattering (SNS), neutron spin echo (NSE) and quasi elastic neutron scattering (QENS), 

accompanied by large scale molecular dynamics simulations (MD) studies on ionic polymers in 

their quiescent state and under fields, present a first comprehensive insight into the factors that 

control the delicate balance of van der Waals forces and electrostatic interactions in ionic 

polymers. With a distinctive goal of resolving the physics that underline the behavior of ionic 

polymers under shear and electric perturbation, the knowledge obtained will affect the energy-

water nexus. In their many applications, such as clean energy, water purification, protective 

layers, memory shape material and a large variety of biotechnologies, ionic polymers function 

under shear and electric fields. In their quiescent state the segregation between ionic and non-

ionic domains enables their function and stability.  While the quiescent state has been thoroughly 

interrogated, the effects of shear and electrical fields on this 

class of macromolecules is yet to be resolved. The challenge lies 

in the need to probe inherently non-equilibrium systems, under 

changing conditions. Detailed neutron scattering studies 

including in situ measurements under fields, coupled with 

atomistic MD simulations and complimentary techniques, are 

used to derive quantitative structure-dynamics-forces 

correlations in model ionic polymers. The effects of fields on 

their structure and dynamics determines the performance-

longevity-safety-cost foundation that underlines their uses.   

A broad knowledge base points to the fact that the macroscopic 

properties of ionizable polymers immerge from coupling of 

nano aggregates of ionizable groups across length scales.1-3  

These ionizable groups tethered to the polymers act as “stickers” and assemble to form ionic 

domains, which drive the structure and dynamics of the macromolecules.  An example of ionic 

domains in polystyrene sulfonate (PSS) as depicted by molecular dynamics (MD) simulations4 of 

an ionomer melt is shown in Figure 1.5 The program includes three major directions: a) 

understanding dynamics in the quiescent, non-perturbed state, b) resolving shear effects, b) 

following response to electric fields, as the cohesiveness of the ionic interactions are controlled. 

Through bridging across length, time and energy scales, we have obtained transformative 

fundamental knowledge that underline dynamic ionic assemblies under fields. This in turn will 

impact the design of new ionic polymers with controlled properties.  

Figure 1 Distinctive ionic 

clusters in PSS-Na melts for 

N=40 at 10% random 

sulfonation at 600K. Right: 

zooming in on a cluster with a 

few chains shown. S-Yellow, 

Red-Oxygen, Blue sodium. 

(Agrawal et al., PRE 2015). 

206



Figure 2. SANS patters of 

PSS 3% sulfonation at the 

indicated concentrations of 

PSS in toluene.  

 

Figure 4.  Effective 

diffusion extracted from 

fits to KWW model as a 

function of temperature. 

Recent Progress  

SANS, QENS and NSE, coupled with MD simulations have been 

employed to determine the correlation of segmental dynamics of 

polystyrene sulfonic acid (PSS) in solution, whilst the cohesiveness 

of the ionic clusters is tuned by polar solvents. The molecular 

understanding attained by neutrons together with computational 

insight is discussed, focusing on multi-length scale dynamics. We 

find that driven by electrostatic forces, networks of polystyrene 

sulfonates are formed in solutions at extremely low ionic content of 

3-9%mol (% of sulfonated aromatic groups) PSS. This sulfonation 

levels are well into the ionomer regime where both the inherent 

backbone conformation and the ionic charge affect the system.  

SANS measurements presented in Figure 2 coupled with MD 

simulations, show that network is formed in toluene, even though only limited number of clusters 

are formed.  Perturbing the electrostatic interactions through polar solvents results in breaking of 

ionic assemblies, and the long-range correlations captured at low q values diminish. The ionic 

groups remain segregated into ionic clouds that retain polar domains but allows dynamics within 

the network. 

Segmental dynamicsis measurments by QENS 

as solvent dielectrics is tuned by eloquent of 

ethanol added to 10%(w/w) PSS in 

cyclohexane captures the motion on the length 

scale of 0.5-2nm are shown in Figure 3. 

Cyclohexane is chosen to clearly distinguish 

the signal of the polymer from that of the 

solvent. A Kohlrausch -Williams -Watts 

(KWW) analysis provides characteristic 

relaxation times, and their distribution.6  Here 

we show for the first time that in hydrophobic 

solvents, the segmental dynamics, which is a 

relatively fast motion, is constrained in 

solutions on the length scale of the ionic 

interactions and clusters, depending on the 

ionic strength, as manifested at q=0.3 Å-1. 

However segmental dynamics persists on the 

length scale of the smallest rigid segments. 

Addition of small amounts of ethanol enhances 

dynamics across the entire q range measured, 

however the effects become larger for larger q 

values. Overall, both ionic clusters and ionic 

Figure 3. QENS data at two representative q values 

for PSS in cyclohexane and cyclohexane-ethanol at 

the indicated temperatures. Measured on BASIS at 

SNS. The lines correspond to KWW analysis.  
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clouds affect segmental motion on multiple 

length scales. MD simulations have shown 

that in low concentrations, the ethanol 

resides predominantly at the ionic groups. 

Studies of the degree of association are 

underway.  

Increasing ethanol concentration further 

however, results in penetration of the 

solvent into the styrene matrix, resulting in 

tighter packing of the polymer backbone 

and constraints on the polymer motion, 

even though the polymers remain soluble.  

Effective diffusion constants extracted from 

these data are shown in Figure 5 as a 

function of temperature. For all networks, 

the dynamics increases with increasing 

temperature, where the theta temperature of 

PS in cyclohexane is marked by enhanced 

dynamics, for the pure solvent and small 

additions of ethanol. As the ethanol 

penetrates the styrene domain, the dynamics 

slows down significantly. An in-depth analysis coupling the QENS data with MD simulations are 

underway to define the actual atomistic level motion that controls the dynamics of the polymer.   

The motion of the ionomer networks on the length scale of propagation of electrostatic 

interactions and that of the ionic clusters is captured by NSE. The time and length scales 

accessible to NSE cover molecular diffusion on the length scale where the nano-structures 

persist, and classical motion of polymer chains take place, as the ionic assemblies were tuned 

with polar solvent.  The addition of ethanol perturbs the physical crosslinks of the PSS network. 

S(q,t), the dynamic structure factor, measured across a broad 

temperature range, is analyzed first by KWW followed by a sum 

of two exponentials. Example of NSE spectra and their analysis 

are shown in Figure 5. We find that at length scales that 

correspond to the ionic domains, the motion is constrained in both 

solvents; however, ethanol enhances the dynamics.  While the 

ionic domains expand, the dynamics remain restricted, pointing to 

formation of “ionic clouds” where the ionic clusters are swollen 

with alcohol, but remain segregated, retaining the physical 

crosslinks of the network.  At smaller dimensions, the dynamics 

becomes significantly faster and no differences are observed as 

Figure 5.  NSE measurements. Data were measured in 

SNS over three periods of 8 days each.  The results for 

different q values are presented on different time scales 

since for the lower q the longer times become noisy. 

The solid lines correspond to KWW fits.  

Figure 6:  Experimental and 

computational S(q,t). These 

are within the error of the 

measurements.  
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Figure 7.  Computational insight into 

the effects of electric fields on ionic 

clusters in PSS. Different chains are 

marked in different colors. 

ethanol was added.  Increasing the temperature results in equal acceleration of the motion across 

all q values, indicative of retaining the dynamic, swollen, physical crosslinks.   

On the molecular level understanding of the dynamics will be attained from conjunction of NSE 

data and MD simulations. The excellent agreement between the experimental and computational 

S(q,t) is demonstrated for two representative q values in Figure 6. This outstanding match will 

enable us to attain a direct observation of the dynamics on 

the length scale of the electrostatic interaction.  

Future Plans 

Following the study of the quiescent state of PSS in its 

sulfonic acid form, the effort will focus on two aspects, 

understanding the structure of ionic polymers under shear 

and commence the study under electrical fields.  The effects 

of electrical fields on the ionic clusters are demonstrated 

through MD simulations in Figure 7. These preliminary 

results show that direct electric fields dissociate the clusters 

completely, in contrast to polar solvents that retain “ionic 

clouds”.  

  

The efforts will concentrate of experiments on a) linear 

PSS with three different counterions: H+, Na+ and Mg2+ followed by enhanced complexity. The 

next step in morphological complexity of ionic co-polymers are diblocks, where one block is 

ionizable and the other is neutral. Here we will study PS-PSS diblock co-polymers in their 

quiescent state and under shear.  
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Program Scope 

 Quantum fluctuations (QF) and topology have emerged as fundamental sources of new 

materials properties. QF near quantum critical point QCPs are not only believed to generate 

interactions responsible for pairing in high-Tc superconductors, but are also important in 

magnetocalorics, thermoelectrics, and topological Dirac materials. More generally, the 

interaction of itinerant charge carriers with the system of atomic magnetic moments in the 

proximity of a QCP is conducive to the emergence of novel phases, topological states and 

fractionalized excitations. The objective of this work is to create and evaluate new materials 

where the effects of either strong electronic correlations or topology, or both, in combination 

with enhanced QF result in properties and behaviors that are of interest for energy science.  

The anchor of this program is the 

exploratory materials synthesis and 

characterization effort focused on 

design and discovery of Kondo 

lattices and strongly correlated 

topological (Dirac, Weyl) materials 

in single crystal form and their 

thermal, transport, magnetic and 

thermodynamic characterization. 

This is supplemented by studies of 

microscopic structure and dynamics 

using neutron scattering techniques.  

This approach is expected to 

contribute to better understanding 

of correlated quantum materials. 

We expect it to lead to discoveries 

of new materials with superior 

superconducting, spintronic or 

thermoelectric performance.  

 Figure 1.  The phase diagram of TCDW and Tc versus Se doping; 

insets show electronic specific heat and the Kadowaki - Woods 

ratio for ZrTe2.96Se0.04. The aTM = 0.4 μΩcm mol2 K2J−2 and aHF = 

10 μΩcm mol2 K2 J−2 are values seen in the transition metals and 

heavy fermions. Even though values of electron-electron 

scattering rate A and n γ are smaller than in strongly correlated 

materials, it appears that the scaling A/γ2 in ZrTe3 is like in 

NaxCoO2 and Sr2RuO4 [Sci. Rep. 6, 26974 (2016)] 
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The program is organized in two focus questions.  

 Comparative studies of materials relevant for mechanism of high-Tc superconductivity. The first 

research trust aims to create new quantum materials in which interaction of Kondo moments or 

states in narrow bands with delocalized electrons results in ground phase diagrams with 

competing interactions, similar to copper-oxide materials. The properties of cuprate Mott-

insulating ceramics are believed to be governed at least in part by strong fluctuations near QCP 

where high-Tc superconductivity arises in the presence of disorder and spin and charge 

fluctuations. This part of the program studies other superconductors where similar physics might 

also be present, but where lower energy scales and better control of disorder make it easier to 

explore entire phase diagrams and establish universal trends and behaviors.  

Strongly correlated topological materials (TMs). The second research trust aims to manipulate 

states in TMs that have high mobility due to suppressed backscattering by coupling them to 

strongly correlated electron bands. We thus expect to be able to drive a TM towards a QCP, 

motivated by theoretical work that suggests an important role for QCPs due to disorder, electron-

phonon, electron-electron, and spin-orbit interactions.  

Recent Progress  

 Disorder quenching of the charge density wave in ZrTe3. The charge density wave 

(CDW) in ZrTe3 is quenched in samples with a small amount of Te isoelectronically substituted 

by Se (Fig. 1). Using angle-resolved photoemission spectroscopy we observed subtle changes in 

the electronic band dispersions and Fermi surfaces upon Se substitution [1]. The scattering rates 

are substantially increased, in particular for the large three-dimensional Fermi surface sheet. The 

quasi-one-dimensional band is unaffected by the substitution and still shows a gap at low 

temperature, which starts to open from room temperature. Long-range order is, however, absent 

in the electronic states, as well as in 

the periodic lattice distortion. The 

emergence of superconductivity can 

thus be linked to the disorder-

induced suppression of long-range 

order of the CDW.  

Superconducting order from 

disorder in 2H-TaSe1-xSx crystals. In 

this work we report (Fig.2) on the 

emergence of robust 

superconducting order in single 

crystal alloys of TaSe2−xSx (0 ≤ × ≤ 

2) [2]. The critical temperature of the 

alloy is surprisingly higher than that of the two end compounds TaSe2 and TaS2. The evolution 

 Figure 2.  Electronic phase diagram of 2HTaSe2-xSx (0 ≤ x ≤ 2) 
indicating the evolution of CDW (incommensurate ICCDW and 
commensurate CCDW) and superconductivity states with x. 
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of superconducting critical 

temperature Tc(x) correlates 

with the full width at half 

maximum of the Bragg 

peaks and with the linear 

term of the high-temperature 

resistivity. The conductivity 

of the crystals near the 

middle of the alloy series is 

higher than that of either one 

of the end members, 2H-

TaSe2 and/or 2H-TaS2. It is 

known that in these materials 

superconductivity is in close 

competition with charge 

density wave order. We 

interpret our experimental 

findings in a picture where 

disorder tilts this balance in 

favor of superconductivity 

by destroying the charge 

density wave. 

Magnetotransport study of 

Dirac fermions in YbMnBi2. 

In this work we reported 

quantum transport and Dirac 

fermions in YbMnBi2 single 

crystals [3]. YbMnBi2 is a 

layered material with 

anisotropic conductivity and 

magnetic order below 290 K. 

Magnetotransport properties, 

nonzero Berry phase, and 

small cyclotron mass 

indicate the presence of Dirac fermions. Angular-dependent magnetoresistance indicates a 

possible quasi-two-dimensional Fermi surface, whereas the deviation from the nontrivial Berry 

phase expected for Dirac states suggests the contribution of parabolic bands at the Fermi level or 

spin-orbit coupling. The magnetic space group describing the collinear antiferromagnetic (AFM) 

order of Mn spins at 4 K (Fig. 3) has been refined in P4/n’m’m (3/4, ¼, 0|0,0,mz)(1/4,3/40,00,-

mz), ruling out weak antiferromagnetism stipulated in earlier ARPES work.  

 

Figure 3. (a) Crystal and magnetic structure of YbMnBi2. Arrows show the 

ordered Mn magnetic moments, μMn = 4.3(1)μB, refined at 4 K. (b), (c) 

Neutron intensity patterns of (200) and (001) nuclear structural Bragg 

peaks, respectively, of a YbMnBi2 single crystal on the two-dimensional 

position-sensitive detector on a HB3a diffractometer, indicating perfect 

crystalline structure. (d), (e) Summary of the structural refinement of 

YbMnBi2 in the magnetically disordered phase at 310 K, and at 4 K where 

it is antiferromagnetically ordered.  (f) High-resolution transmission 

electron microscopy (HRTEM) image and (g) corresponding electron 

diffraction pattern (EDP) viewed along the [110] direction. The inset in (g) 

is the FFT from the image shown in (f). (h) Structural refinement of 

powder-diffraction data. Ticks mark reflections, top row refers to the main 

phase, and bottom row refers to Bi2O3 due to sample preparation. 
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Future Plans 

We will continue our work in the area of strongly correlated TMs in crystal structures 

with magnetic 4f or 3d atoms. Examples include: 

Ca1-xSrxMnSb2 single crystal alloys. AMnBi2 (A = Rare or alkaline earth) show quasi-2D 

quantum transport of Dirac fermions whereas the characteristics of Dirac cone is governed by 

spin-orbit coupling (SOC) and local arrangement of A atoms that surround the Bi square net. 

AMnSb2 is far less explored; yet reduced SOC gap on 2D Sb square net and ferromagnetic state 

reported in off-stoichiometric Sr1-yMn1-zSb2 offers an interesting opportunity to study the 

evolution of Dirac/Weyl states as Sr substitutes Ca in the lattice and as a function of alloying-

induced defects by magneto- and thermal-transport, elastic and inelastic neutron scattering.  

RAlGe (R=La,Ce,Pr) family. These materials feature Weyl semimetal state that breaks 

both time-reversal and inversion symmetry. Magnetic members of the family (R=Ce,Pr) break 

time reversal symmetry by Zeeman coupling, shifting Weyl nodes in k-space. LaAlGe features 

type-II Weyl nodes, however their signature in magnetotransport is absent and it is of interest 

since it has been proposed that the nature of chiral anomaly depends on the magnetic field 

direction. This will be supplemented by inelastic neutron scattering measurements in order to 

map the magnetic excitation spectrum.  

Fe3Sn2. Ferromagnetic Fe3Sn2 with a geometrically frustrated kagome bilayer of Fe 

attracts considerable interest due to its magnetic structure, anomalous Hall effect (AHE) and 

Dirac electronic states. Previous studies show that Fe3Sn2 hosts massive Dirac fermions in the 

presence of metallic ferromagnetic order with a temperature-dependent noncollinear spin 

structure. The skyrmionic magnetic bubbles with variable topological spin textures form at room 

temperature and are sensitive to temperature and magnetic field. In Fe3Sn2 and in Fe3-xTxSn2 

(T=Mn,Cr,Co) we plan to look for the signatures of skyrmion lattice and for magnetic field-

induced changes in local magnetism using thermal transport and neutron scattering methods.  
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Inelastic Neutron and X-ray Scattering Investigation of Electron-Phonon Effects in 

Quantum Materials 

 

Dmitry Reznik 

 

Program Scope 

 Current research investigates Cu and Fe-based high temperature superconductors and 

related materials such as stripe-ordered nickelates and CMR manganites. Inelastic neutron 

scattering studies of electron-lattice effects in these materials aim to uncover different types of 

excitations of the atomic lattice that shed light on properties of electrons to which the atomic 

lattice is coupled. Phonons, dynamic charge stripes, and polaronic distortions have been 

discovered and investigated. 

 To be reported at the meeting:  

 1. Systematic investigation of |q|>0 nematic fluctuations in Fe-based 

superconductors 

Parent compounds of Fe-based superconductors undergo a structural phase transition from a 

tetragonal to an orthorhombic structure. Previously, we measured the temperature dependence of 

the frequencies of transverse acoustic (TA) phonons that extrapolate to the shear vibrational 

mode associated with this transition. It is typically detected by resonant ultrasound (RUS), which 

corresponds to the orthorhombic deformation of the structure at low temperatures in BaFe2As2 

(Ba122) and SrFe2As2. We found that acoustic phonons at small wavevectors soften gradually 

towards the transition from high temperatures, tracking the increase of the size of slowly 

fluctuating magnetic domains. On cooling below the transition the phonons harden following the 

square of the magnetic moment (which we find is proportional to the anisotropy gap). 1 

Next we performed the same measurement in superconducting materials: Co-doped Ba122 and 

FeSe with the emphasis on nematic fluctuations. Nematic order is ubiquitous in liquid crystals 

and is characterized by a preferred direction in an otherwise uniform liquid. A similar symmetry 

breaking has been observed in some electronic phases in quantum materials related to high 

temperature superconductors.2 We found that fluctuations at small momenta, which correspond 

to wavelengths of as much as 25 unit cells, do not compete with superconductivity. Instead they 

continue to grow below superconducting Tc.
3 Our results imply the existence of a length scale 

larger than 25 unit cells that is important for understanding the interplay between nematicity and 

superconductivity.  

2. Software to automate investigations of phonons in materials with large unit cells at the 

SNS: Phonon Explorer. We developed software for extracting phonon spectra from TOF 
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datasets obtained on materials with large unit cells (available at 

https://github.com/dmitryr1234/phonon-Explorer ). A prototype version of the software has been 

written in the previous cycle and was successfully used on SrFe2As2.4 The current version of the 

software works well with data obtained on small samples, which have challenges of poor 

statistics and large background. We measured the phonon spectrum a copper oxide 

superconductor, HgBa2CuO4, and a prototypical stripe-ordered compound, La1.67Sr0.33NiO4 on 

ARCS and used these datasets to successfully test the new code.  

2. Search for signatures of incipient CDW in the phonon spectrum in HgBa2CuO  

We applied Phonon Explorer software to ARCS datasets taken on a small sample of 

HgBa2CuO cuprate 4 years ago. Previous attempts to extract useful information out of this 

dataset were unsuccessful because of large background and poor statistics. The new software 

allowed us to extract one-phonon spectra from the data for the majority of the most interesting 

optic phonon branches of oxygen character. We found that in strongly underdoped 

HgBa2CuO the bond-stretching phonon anomaly is significantly smaller than at optimal 

doping or in other cuprates such as La2CuO4. The dispersions of other phonons are qualitatively 

in line with DFT calculations. 

3. Bond-Stretching phonon anomaly associated with dynamic charge stripes in 

La1.7Sr0.3NiO4 

Charge order manifesting as stripes in the nickelates La1.7Sr0.3NiO4 has been at the center of 

research on correlated electrons. Owing to the similar structures of La2CuO4 and La2NiO4, they 

are of interest for comparing lattice dynamics that possibly couple to electronic order with the 

cuprates. As the Ni-O bond-stretching mode naturally has a polar effect, it should couple to 

charge dynamics. We completed comprehensive measurements of the bond-stretching branch at 

6 temperatures between 10K and 600K. With the help of the Phonon explorer software we found 

previously unexplored Brillouin zones where the bond-stretching phonons are exceptionally 

strong. We found that the bond-stretching phonon dispersions have a large dip and broadening 

on approach to the zone boundary along both 100 and 110 directions. The strongest effect occurs 

at the charge-ordering temperature of 240K. It weakens as the temperature is raised. 

Future Plans 

We plan to continue investigating electron-phonon effects in select materials with orbital degrees 

of freedom: Fe-based superconductors, manganite perovskites and 4d/5d transition metal oxides. 

Scientific questions to be addressed are as follows: 

What is the interplay between nematicity, orbital order, and superconductivity in both FeAs and 

FeSe-based superconductors with the emphasis on the latter? This work will address arguably the 

most important question in the field of Fe-based superconductors. On the theory side, we will 

perform DFT and molecular dynamics simulations. 

How does short-range orbital order affect the lattice dynamical spectrum in quasicubic 

ferromagnetic manganites such as La1-xSrxMnO3? Optic phonons showed radical effects of short-
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range orbital order and we now plan to understand these effects. This work will lead to a 

complete picture of the relationship between orbital ordering, lattice dynamics, and electrical 

transport. 

What is the role of electron-phonon coupling in 4d and 5d transition metal oxides (TMOs) such 

as ruthenates and iridates? They received a lot of attention lately, because strong spin-orbit 

coupling is responsible for a rich and enigmatic phase diagram.5 It is generally recognized that 

spin-phonon coupling plays a big role, because orbital degrees of freedom entangled into 

magnetic moments couple them to the atomic lattice. 6 , 7  We plan a comprehensive study of 

phonons in these compounds with the emphasis on rotational modes of the MO6 (M-Ru, Ir) 

octahedra.  

Methods:  We will use IXS for measurements of phonons in Fe-based superconductors and 

iridates, INS for manganites, and both INS and IXS for ruthenates. Phonon explorer software 

developed by us will be used for data analysis.  

Methods development: The current version of Phonon Explorer now works very well for in-

house purposes. It is also fully compatible with the standards of the software group at the SNS, 

which requires all software to be written in Python and to work on top of Mantid, so we plan to 

work with the SNS staff to deploy it for users at ARCS and other similar instruments. 
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National School on Neutron and X-ray Scattering 

 

Stephan Rosenkranz, Materials Science Division, Argonne National Laboratory 

Bianca Haberl, Katharine Page, Neutron Sciences, Oak Ridge National Laboratory 

Brian H. Toby, Uta Ruett, Advanced Photon Source, Argonne National Laboratory 

Michael Manley, Materials Science and Technology Division, Oak Ridge National 

Laboratory 

 

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 at national facilities. The program 

includes both classroom lectures from experts in the field and hands-on experiments. The 

school plays an important strategic role in educating the United States scientific community 

in the capabilities of its national neutron and x-ray user facilities. While the two-week 

school was initially held at Argonne National Laboratory (ANL), starting in 2008 ANL 

partnered with Oak Ridge National Laboratory (ORNL), and participants now spend equal 

time at both sites.  

 

 
Figure 1: Participants of the first 20 years of the NXSchool, 1999-2018. 

 

Recent Progress 

 

The 19th and 20th National School on Neutron and X-ray Scattering were held August 5-

19, 2017 and July 22 – August 4, 2018, respectively. Interest from the scientific community 

in the school remains strong - the school has been consistently oversubscribed, by a factor 

of 3 or more. During the school, the participants (60 in 2017 and 2018) each performed a 

total of four neutron scattering experiments using ORNL’s Spallation Neutron Source and 

High Flux Isotope Reactor beamlines. They also performed three to four x-ray experiments 

at ANL’s Advanced Photon Source. The feedback from the students has been positive each 

year, and many of the students subsequently apply for postdoctoral positions at Argonne 
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or Oak Ridge National Laboratory as well as at other neutron and X-ray scattering facilities, 

or continue to use the facilities for their research.  

 

To date, 1202 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 

shown in Fig. 2. Participating students have represented 175 unique North American 

colleges and universities, spread over 48 different states, Washington DC, Puerto Rico, and 

Canada. About 18% of the participants were students at schools in EPSCoR states. The 

distribution of the participants over the different states or territories generally tracks the 

distribution of the applicants. 

1As determined by searches of the internet and facility user records between 2009-2011. 
2Derived from a 2014 survey sent to participants from 2006-2013. 

 

 
Figure 2: Geographic distribution of school participants from North America, 1999-2018. 

 

 
 

Figure 23: Percentages of 1999-2006 participants 

that are still using Neutron and or X-ray facilities1. 

Figure 4: Percentages of 2006-2013 

participants that used Neutron and/or X-ray 

facilities after attending the school2. 
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Most participants perform a neutron and/or X-ray experiment at a facility in the years 

directly following their attendance at the school (Figure 4). Additionally, 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 3). To date, four of the school’s alumni 

have been invited to return to the school as lecturers, as they have become recognized 

experts in the field. 

 

 

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 methods 

of producing and detecting synchrotron radiation and neutrons. The school will dwell on 

the applications of these techniques to various scientific or technological areas, providing 

hands-on experience with instruments at neutron (HFIR, SNS) and x-ray (APS) facilities.  

The course, which will deal with all details of the 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 content of the 

lectures is also continually evolving as new facilities and techniques become available. 

 

The school’s directors will select at least 60 participants each year, consisting mainly of 

graduate students from North American universities. Occasionally the school is also 

attended by self-funded 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, 

graduate students early into their thesis research will make up at least 80% of each class. 

Due to capacity limitations, we restrict admission to no more than 60 students per 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. The 21th National School on Neutron and X-ray Scattering will be 

held June 16-29, 2019. 
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Non-Equilibrium Effects in Quantum Magnets 

 

Kate A. Ross, (Assistant Professor in the Department of Physics at Colorado State 

University, Fellow of the CIFAR Quantum Materials Program) 

 

Program Scope 

 The project aims to achieve non-equilibrium conditions in solid state quantum magnets, 

and measure the resulting properties via neutron scattering and ac magnetic susceptibility.  The 

project is divided into three areas:   

 

1) A measurement of quantum Kibble-

Zurek scaling effect, which requires 

the measurement of correlation 

functions following quantum 

quenches (in this case, this means 

magnetic field ramps at 

low temperatures) with quench 

rates spanning several orders of 

magnitude. [1,2]  

 

2) The creation and investigation of 

Many Body Localization [3] in a 

solid state material, which involves 

studying the thermalization (or lack 

thereof) after a quantum quench in 

a many-body system with disorder.  

 

3) A study of the spin-spin 

correlations following a "quantum 

annealing" vs. "thermal annealing" 

protocol to optimize a glassy spin 

configuration [4].   

 

 

For aims 1 and 2 above, we have begun to develop a pulsed magnet system for use at the 

Spallation Neutron Source that will enable fast (with widely variable) magnetic field ramp rates, 

but with a relatively low peak field (10 T).  The idea is to use the magnet to generate the fast 

quenches and do elastic and inelastic neutron scattering measurements after the pulses (not at the 

peak field).  This magnet must be able to operate at 3He temperatures and be compatible with 

neutron scattering experiments. 
 
 

General scope of the program:  Neutron scattering signatures after 

field ramps through a quantum critical point will be used to 

investigate (1) Kibble-Zurek scaling, (2) Many Body Localization, 

and (3) quantum annealing. 
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Recent Progress  

 

We are in the beginning stages of designing the pulsed magnet system, which will enable 

variable ramp rates (“quantum quench rates”) of the magnetic field spanning several orders of 

magnitude.  This system is different from conventional pulsed magnet setups, including the 

pulsed magnet already available at the SNS, in that it is not designed for measurement at the 

maximum field – our maximum field is only 10T, which is achievable with superconducting 

magnet technology.  Because of this we are less constrained by magnet coil materials as well as 

generated heat loads. 

In the lower quench rate regime (below 10T/min), we have already investigated the transverse 

field ramp rate dependence of the ac susceptibility in two quantum magnetic materials using the 

35T resistive magnet at the National High Magnetic Field Laboratory (NHMFL).  We have 

found a striking power law scaling of the susceptibility with quench rate, which is reminiscent of 

the Kibble-Zurek phenomenon, however the exponents are not as we initially expected.  Both 

materials exhibit a glassy regime (slow relaxation), and our preliminary data raises questions 

about how the quantum Kibble-Zurek phenomenon applies to glassy phases.   

Relating to aim 3) of the project, we have completed a preliminary neutron scattering experiment 

to measure the spin correlations following a quantum annealing and thermal annealing protocol 

in a glassy quantum magnet with a field tuned quantum critical point.   The initial data are 

promising, however due to technical challenges during the experiment a follow up experiment is 

planned to rigorously compare the two protocols. 

Future Plans 

We plan to complete the design of the magnet system by the end of this summer and start 

building the system in the Fall.     Once the magnet system is ready, we will use it to investigate 

aims 1) and 2) using neutron scattering. 

We are also planning to follow up on the two preliminary experiments mentioned above to rule 

out systematic effects as well as resolve technical problems encountered in the first experiments.  

 References 
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Fundamental Understanding of the Morphology and Dynamics of Bottlebrush Polymers 

Gerald J. Schneider, Department of Chemistry and Department of Physics & Astronomy, 

Louisiana State University, Baton Rouge, LA 70803 

Program Scope 

 This project explores the molecular structure and dynamics of bottlebrush polymers uti-

lizing neutron scattering as the most advanced microscope. Bottlebrushes are very versatile mac-

romolecules that combine polymeric and particulate 

features, with a broad spectrum of applications, rang-

ing from epidermal electronics, mimicking biological 

tissue, to ultrasoft, ultratransparent, ultrastretchable 

and hyperelastic elastomers. As figure 1 illustrates, 

depending on their chemical composition, structure 

and dynamics they can be as soft as jelly fish, as trans-

parent as eye lenses, as brittle as glass, as elastic as car 

tire or as light weight as plastics but even stronger than 

aluminum.   

Bottlebrushes comprise of linear chains with 

bonded arms and are the microscopic analogue to the 

brushes used for the cleaning of baby bottles. This 

comparison illustrates the countless applications only 

depending on the number of arms and length of back-

bone and arms. As indicated by figure 2, bottlebrushes 

can be viewed as being a member of the family of 

comb polymers, with a very high grafting density, i.e., 

the number of grafted chains per backbone is high. The number of combinations between side 

chains and backbones is almost unlimited. The unprecedented flexibility of bottlebrushes opens 

the path to materials and technology with to-date unknown advantages, but the almost infinite 

number of combinations disables established design principles utilizing a systematic variation of 

parameters. Understanding the 

microscopic structure and dy-

namics and their relationship to 

the materials behavior promises 

a much faster route. This project 

characterizes the molecular 

structure and dynamics by neu-

tron scattering and the material 

behavior by electrical and me-

chanical testing. It explores the origin of the unprecedented flexibility at the molecular scale as 

               

Figure 1. Stress-strain diagrams for alginate 

gel, jellyfish tissue, and poly(acrylamide-co-

urethane) gel (square), compared with a theo-

retical model function (dashed red lines), and 

PDMS based bottlebrushes (full blue lines). 

Reproduced from literature.1  

                      

 

Figure 2. Transition from comb (left) to bottlebrush (right) polymers. 

Reproduced from literature.2 
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the indispensable prerequisite to derive constitutive equations that can be utilized to predict nov-

el materials and technology with to-date unparalleled properties. Thus, the project will help to 

substitute the slow traditional test based material development by a novel construction kit design 

strategy that could boost the efficiency and discovery of objects. 

 Recent Progress  

 In a first step towards the understanding 

of polymer networks, we explored the confor-

mation of polymer chains in solution and in 

melt. The morphology is important, because it is 

directly connected with the macroscopic me-

chanical behavior, which is often observed by 

stress strain experiments (figure 1). For that 

purpose, the polymers are synthesized in our 

own chemistry laboratory. Additionally, we syn-

thesize the monomers, if these are not commer-

cially available.  

Figure 3 exemplifies those results on 

polydimethylsiloxane (PDMS) bottlebrushes 

(PDMS-g-PDMS) in solution. Changing the 

grafting density and the length of the backbone 

manifest themselves in a transition from a 

spherical to elongated structure. These mor-

phologies are directly connected with the mac-

roscopic material behavior. The observation in 

the melt is very similar.  

The rheology of colloidal solutions is 

determined by the mutual interactions between 

the colloids. Therefore, in a next step, we ex-

plored the structure factor, as shown in figure 

4. We see a very strong change from the low 

concentration, with no visible contribution by 

the structure factor to a forward scattering re-

duced by almost a factor of 100 in case of the 

high concentrations. This indicates very strong 

colloidal interactions.  

     

Figure 3. SANS diagrams with Φ =  0.5% of PDMS-

g-PDMS bottlebrush polymer in d-toluene that show 

(a) cylindrical and (b) spherical shape. 
    

 

Figure 4. SANS diagrams of spherical PDMS-g-PDMS 

bottlebrushes in d-toluene, normalized to their respective 

volume fraction.  
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 In parallel to SANS, we are conducting experiments that represent the macroscopic mate-

rial behavior. Figure 5 illustrates the results of dielectric spectroscopy experiments on the bottle-

brush melt. By applying an electrical periodic perturbation, we measure the complex dielectric 

permittivity, 𝜀∗ = 𝜀′ + 𝑖𝜀′′. The variables 𝜀′, and 𝜀′′ describe the storage and the loss of energy, 

respectively. The peak position in figure 5 (a) represents the relaxation time of the segmental (or 

𝛼-)relaxation. Its temperature dependence reflects a strong change of the relaxation time. Figure 

5 (b) compares the segmental relaxation of the bottlebrush with the side chains in the melt. In 

this example there are much more side chain molecules than backbone monomers. Thus, it illus-

trates that the segmental relaxation time is not strongly changing from free to grafted chains. 

(Certain differences are existing, but the discussion is omitted here.) It is obvious that dielectric 

spectroscopy is capturing a change of relaxation time over almost 10 orders of magnitude. How-

ever, one objective of the project is to understand the fundamental principles behind, which in-

cludes a more detailed picture on the relaxation mechanism. Our scientific approach is outlined 

in our future plans.  

Future Plans 

In order to understand the 𝛼-relaxation more in detail, we are conducting quasi-elastic 

neutron spectroscopy (QENS) experiments at the moment (June 2019). These experiments will 

be continued by another QENS in September 2019. The combination of three spectrometers will 

capture a broad range of time-scales. In earlier work we demonstrated that selective deuteration 

and the time-dependence can be utilized to understand the dynamics more in detail.3, 4 It permits 

to connect the monomer relaxation with the dielectric permittivity or the modulus from rheology. 

Therefore, we will also conduct rheology experiments.  

(a)                                                                                    (b)

 

Figure 5. (a) Dielectric spectra of the segmental relaxation of spherical PDMS-g-PDMS bottlebrush 

polymers.  (b) Comparison of the relaxation time, PDMS-g-PDMS vs. PDMS (side chains of PDMS-g-

PDMS bottlebrushes). 
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However, PDMS is a polymer that does not show 

a so-called normal mode, which represents the chain re-

laxation. The chain relaxation is responsible for most of 

the dynamical mechanical behavior observed in applica-

tions. Therefore, another technique is needed. We use 

fast field cycling NMR relaxometry (FFC).  

FFC measures the dependence of the spin-lattice 

relaxation time, 𝑇1, as a function of the magnetic field 

strength, 𝐵0 , expressed as frequency, 𝜔 . Following 

Abragam, we calculate the mean-squared displacement, 

⟨𝑟2(𝑡)⟩. Figure 6 compares a linear polymer with a bot-

tlebrush. Differences become obvious if we use the scal-

ing predictions from De Gennes, as indicated by the 

lines. While the linear polymer shows a typical behavior of an entangled polymer, the bottle-

brush shows a simple Rouse 

behavior, i.e., the absence of 

entanglements.   

The resolution of 

FFC is low, therefore it does 

not tell about the microscop-

ic mechanism. Therefore, 

our ultimate experiment is 

neutron spin echo spectros-

copy (NSE).  The advantage 

of FFC is the projection of 

the results, by using ⟨𝑟2(𝑡)⟩ 

and calculating the dynamic 

structure factor, 𝑆(𝑄, 𝑡), assuming Gaussian approximation. Once having the NSE experiments, 

we will be able to calculate FFC from NSE, which then represents the accurate picture.        
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Figure 6. Mean squared displacement of 

spherical bottlebrush and linear PDMS of 

the same molecular weight.   

 
 

Figure 7. Estimated 𝑆(𝑄, 𝑡) obtained from FFC NMR data. For time values 

t = 20 ns looks like it reaches a plateau (left side), but for larger times, the 

data do not reach a plateau in the accessible range (right side). 

226



Intertwined density waves and superconductivity in cuprate high temperature 

superconductors 

Jiajia Wen1, Young Lee1,2 

1Stanford Institute for Materials and Energy Sciences, SLAC National Lab 

2Department of Applied Physics, Stanford University 

The discovery of charge- and spin-density-wave (CDW/SDW) orders in superconducting 

cuprates has altered our perspective on the nature of high-temperature superconductivity (SC). 

However, it has proven difficult to fully elucidate the relationship between the density wave 

orders and SC. Using resonant soft x-ray scattering we study the CDW in archetypal cuprate La2-

xSrxCuO4 (LSCO) over a broad doping range. We discover two types of CDW, whose distinct 

behaviors below the superconducting transition temperature is strongly correlated with the 

strength of the SDW order. Such an intertwined relationship among density wave orders and SC 

is further revealed in oxygen-doped La2CuO4+y. Our results support an inhomogeneous low 

temperature electronic state in cuprate superconductors driven by competing ground states on the 

CuO2 planes.    
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Polymer Conformations and Chain Dynamics under 1D and 2D Rigid Confinement 

Karen I. Winey1 and Robert A. Riggleman2 

1Department of Materials Science and Engineering and 2Department of Chemical and 

Biomolecular Engineering, University of Pennsylvania, Philadelphia, PA 

Program Scope 

 Use molecular dynamics simulations and small angle neutron scattering methods to 

explore polymer conformations, segmental dynamics and chain-scale diffusion in rigid nanoscale 

confinement.  Explore cylindrical, planar and diamond symmetries. 

Recent Progress  

Polymer diffusion is fastest at intermediate levels of cylindrical confinement.1  The 

behavior of polymer melts under cylindrical confinement was investigated using molecular 

dynamics simulations, Figure 1. A range of polymer chains, from unentangled to highly 

entangled, were confined in cylindrical pores with radii ranging from much smaller to much 

larger than the polymer size. These simulations were used to measure polymer chain 

conformation, entanglement density, and center-of-mass diffusion. The conformational 

anisotropy is well-described by a confined random walk model, although excluded volume 

effects cause slight differences in the radius of gyration. The number of entanglements per chain 

in confinement is accurately described using a simple volume fraction model consisting of a 

zero-entanglement region near the pore wall and a bulklike entanglement region in the pore 

center. The size of the depletion region near the wall is chain length dependent. Finally, the 

diffusion along the pore axis exhibits nonmonotonic behavior with the pore radius. As the pore 

radius decreases, the diffusion coefficient, D, initially increases due to increasing chain 

disentanglement, though for small pores D eventually decreases as a result of confinement-

induced chain segregation.  

Polymer conformations and dynamics under confinement with two length scales2  

Although many studies have analyzed the behavior of polymers under 1-D thin film and 2-D 

cylindrical confinement, the knowledge about how confinement geometries with more than one 

length scale, such as random porous networks, impact polymers is yet to be fully explored, 

Figure 2. We simulate both entangled and unentangled polymer melts confined in a diamond 

network geometry with two characteristic length scales, where polymers are likely to inhabit 

multiple interconnected and neighboring channels. In all the confined systems with entangled 

polymer chains, the polymer radius of gyration and the number of polymer entanglements per 

chain are reduced compared to the bulk. We analyze the chain relaxation based on Rouse modes 

and show separate, competing effects between the local friction near the wall and chain 

disentanglement. The disentanglement of confined polymers increases diffusivity of entangled 

polymers along confined channels compared to the bulk after the confined diffusivities are 

corrected for the tortuosity of the confinement. We anticipate that the corrections due to 
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tortuosity could be important for properly characterizing the dynamics in complex geometries, 

including highly loaded nanocomposites.  

 

Figure 1:  (top) Visualizations of polymer chains in confinement fora dispersed and a segregated chain system.  (a) 

The confinement parameter, δ = Na2/πreff
2, as a function of the effective pore radius, reff. The colored domains 

indicate different confinement regimes. The systems examined span both the weak to strong confinement transition 

and the transition from dispersed chains (filled markers) to segregated chains (open markers).  (b) Normalized 

diffusion coefficients plotted as a function of effective pore size. Filled and open markers indicate dispersed and 

segregated systems, respectively. 

 
Figure 2:  Diamond network confinement with two characteristic length scales of channel length and channel 

radius. The first three scaffolds of the confinement with channel length of L = 10σ, 20σ, and 40σ and radius of R = 

5σ, respectively, are filled with polymer melt, and the last figure is the confinement with channel length of L = 10σ 

and radius of R = 7σ, which has very little confining surfaces.  

Increased Polymer Diffusivity in Thin Film Confinement3  The behavior of polymer 

melts under planar confinement was investigated using molecular dynamics simulations. A range 

of polymer chains, from unentangled to highly entangled (N = 25–400), were confined between 

two discrete-bead parallel walls to create thin films with thicknesses ranging from much larger to 

much smaller than the polymer size (h = 3.5–40 ), Figure 3. These simulations were used to 

measure polymer chain conformations, entanglement densities, and center-of-mass diffusion, and 

the results were compared with previous simulations of polymer melts under cylindrical 

confinement. Changes to the entanglement density and chain conformation in thin films follow 
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the same behavior as in cylindrical confinement, decreased entanglements per chain, decreased 

confined Rg, and increased unconfined Rg, though the deviations from bulk-like conformations 

are smaller. Despite similarities in conformation and entanglement behavior between thin film 

and cylindrical confinement, the diffusion behavior differs. Under planar confinement, the 

diffusion coefficient increases monotonically up to six times the bulk diffusivity with decreasing 

film thickness, while it behaves non-monotonically in cylinders. This is due to the increased 

degrees of freedom afforded to the polymer chains in a thin film compared to a cylinder, 

allowing chains to diffuse around one another rather than through as found in cylindrical 

confinement. Normalized diffusion coefficients, Dnorm, can be well-described by a master curve 

with an exponential dependence on confinement after scaling Dnorm by a thickness dependent 

term. 

      
Figure 3:  (left) A representative image showing a confined polymer simulation system (h = 7, N = 200, L = 

43.77). The confining wall (gray beads) is partially cut away to expose the polymer. Different colors represent 

different polymer chains.  (right) Normalized diffusion coefficients plotted as a function of  = 2 Rg,bulk/heff, the 

confinement parameters, showing that the diffusion coefficients can be shifted to a single curve described by an 

exponential function. 

Determining the critical dimensions (profile features) of inhomogeneous nanostructures 

using dynamical theory and small angle neutron scattering4  The rapid development of the 

nanofabrication techniques for micro- and nanoscale gratings facilitate the progression of the 

semiconductor and flexible electronics industries, Figure 4. The complexity of the grating adds 

to the difficulty of precision in measuring the line shapes of the grating. To capture the irregular 

profiles a series of approaches have been explored. In this study, combined dynamical theory and 

covariance matrix adaptation evolution strategy (CMA-ES) allows good fit to the experimental 

data achieved from the small-angle neutron scattering (SANS) by automatically adjusting the 

structure profile of the sample. This method reproduces transmission data and retrieves the 

features of an alumina covered silicon grating with irregular shape (i.e. non-rectangular) profile. 

The codes underlying the fitting procedure will be posted on Github upon submission of this 

manuscript for publication. 
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Figure 4:  The 2D scattering patterns from the templates measured in SANS experiment on the left and those 

calculated in the DT model on the right. qx corresponds to the direction perpendicular to the surface (confined) and 

qy is the direction parallel to the surface (unconfined). 

Future Plans 

 In the remaining few weeks of the project the last publication will be submitted and we 

expect to respond to review comments on the submitted manuscript.  In addition, James Pressly 

will defend his dissertation. 
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