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Abstract: While most often the state of a material will tend toward an equilibrium determined by
its environment, there are many cases of scientific and technological interest where materials are
manipulated to be or are found in non-equilibrium configurations. For example, data can be stored
in hard drives by deliberately altering the magnetic orientation in a material to store information
in non-equilibrium pattern. In this project, the main goals were studies of non-equilibrium
properties of quantum magnets using neutron scattering as the primary experimental method.
Neutron scattering allows characterization of magnetic correlation lengths sensitive to the presence
of defects. It can also be used to distinguish equilibrium from non-equilibrium states via energy
transfer rates. Typical bulk state magnetization relaxation times are too short to perform many
neutron scattering measurements of interest. To enable the study of non-equilibrium conditions,
materials with longer magnetic relaxation times were targeted. CoNb2Os was used in two
experiments related to non-equilibrium physics. In the first, evidence for defects created via the
Kibble-Zurek mechanism (KZM) was sought by quenching across a magnetic field-dependent
phase transition. Somewhat unexpectedly, clear evidence for KZM-induced defects was absent.
Additional measurements of CoNb2Og were made to better characterize its crystal field and other
properties to provide a better theoretical understanding to enable more effective non-equilibrium
physics measurements. In another project, LiHo045Y0.55F4 was used to compare a quantum
annealing protocol to a thermal annealing one since magnetic fields can be used to control the
thermal fluctuations in LiHo045Y0.55F4. In addition, a new pulsed magnet power supply and new
techniques were developed suitable for neutron scattering experimental environments to enable
faster magnetic field changes for producing non-equilibrium conditions. The power supply
developed for this project has wider technological applications in addition to faster magnetic field
ramps.



The general goal of the research in this project was to investigate the generation of non-equilibrium
states in bulk quantum magnets and measure their properties. Quantum magnets are magnetic
materials in which effects such as strong quantum fluctuations or entanglement are significant [1].
Pursuing this general goal required the development of new experimental techniques to allow for
sufficiently rapid changes in magnetic fields that are applied during neutron scattering experiments

plus the characterization of materials suitable for the planned studies.
There were three initial aims of the project:

e Aim 1: searching for and measuring the defects produced by a rapid magnetic field induced
“quench” across a quantum critical point (QCP) [1] and comparing that to predictions
derived from the Kibble-Zurek [2,3] mechanism

e Aim 2: investigating microscopic magnetic correlation changes in materials that display
quantum annealing [4,5] such as LiHoxY 1xF4

e Aim 3: search for many-body localization in a candidate material (CoNb2Og) after a
magnetic field quench by examining the inelastic neutron scattering spectrum and
comparing it to predictions based on thermal equilibrium to see if non-equilibrium states

persist due to localization.

The first and third of these aims require comparatively fast ramps of substantial magnetic fields
applied to a sample in a neutron scattering facility such as Oak Ridge National Laboratory
(ORNL). This in turn necessitated the development of a pulsed power supply to produce the desired
magnetic fields. The general findings associated with each of the three aims listed above will be
described in this report along with the outlook for future related measurements and studies. In

addition, the status of the development of the pulsed power supply will be presented as well.
Aim 1: Kibble-Zurek scaling in a magnetic quench through a quantum critical point

When there is a rapid change in temperature or a non-thermal parameter through a continuous
phase transition, topological defects are predicted to be created through a mechanism proposed by
Kibble [2] and later refined by Zurek [5]. This Kibble-Zurek mechanism (KZM) predicts that the
density of these defects should have a power-law scaling with the quench rate that depends on very
general parameters of the equilibrium properties of the system [3,6]. The KZM has been studied

in systems such as superfluid helium [7], ultracold atomic gases [8,9], and defects in multiferroic



materials [10,11]. As part of this project, the ac susceptibility of CoNb2Os was measured to
determine the feasibility of measuring and studying the KZM in a bulk material system (such as

[12]) in an attempt to add to the range of systems in which the KZM can be studied.

CoNb2Og is a material that has properties that map onto a quasi-1D Ising model [13-15]. This
model is amenable to theoretical study and so measurements in CoNb2Os have a potential to be
particularly comparable to predictions. The goal of the proposed work was to use neutron
scattering to measure defect densities in this material through measuring magnetic correlation
lengths as a function of magnetic field quench rates. This was to be done through measuring the
widths of magnetic Bragg peaks in different reciprocal directions since those widths are a function

of the defect density and the widths could be measured as a function of quench rate.

While there have been extensive studies of CoNbxOgs over several decades including studies
characterizing its magnetic phases [ 16-22], less attention has been paid to behavior in a transverse
magnetic field [23] that leads to a correspondence with a transverse field Ising Model (TFIM) [13-
15] in the system. An initial study was conducted prior to the neutron scattering experiments. AC
susceptibility measurements were conducted at low temperatures. A transverse magnetic field
quench into a zero-field freezing transition was used to study the relaxation response across a phase
boundary. This relaxation response was studied as a function of the quench rate and while the data
that were obtained were qualitatively in agreement with the predicted power-law scaling, several
features such as a better fit to a logarithmic rather than power law decay and observed lack of
dependence on whether the phase boundary was crossed or not indicated no experimental evidence
for a KZM effect in this system. This result is somewhat surprising given the predicted universality
of the KZM. It is also indicative of other physics to be explored and that care needs to be taken in
analyzing CoNb>Og defect-related responses. This work is reported in [24]. Additional analysis
indicates that unexpectedly precise alignment with respect to the applied magnetic field is needed
to fully realize the effective 1D Ising model in this context. Further measurements of CoNb2Og are

presented in the section discussing aim 3 below.

Searching for KZM effects in CoNb2Og through neutron scattering experiments benefits from the
ability to apply fast magnetic field quench rates because the ability to do so increases the range of

parameters that can be studied and enhances the size of experimental signals. As part of this



project, a power supply was developed that will enhance future KZM neutron scattering

measurements in CoNb,Og and other materials.
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Fig. 1. (a) Maximum magnetic field strength as a function of time, on a coil fabricated manually.
Displayed is an overall maximum field induction strength of approximately 12.6 T before the coil
reasonably deteriorated due to high temperature from voltage and amperage loads. (b) Depiction of the
VFTP main pulsing protocol, where the user determines how fast the field increases (T,;s.), how long the

sample is held at the maximum field (Tq\e11), and how quickly the field discharges (Tfqy,).

This power supply was designed as part of this project because existing power supplies did not
have the necessary specifications. A substantial magnetic field ramp rate whose rate can be
adjusted over a wide range is necessary for the best realization of these experiments. The design
called for a wide range of magnetic field ramp rates (0-10 T/s), as well as a large maximum field
strength (approx. 12 T), to deal with the wide range of ramp rates needed to explore KZM as well
as to explore the differing maximum field strengths needed to access the quantum critical point
(QCP) in different TFIM materials. After work in partnership with ORNL [25], such a power

supply that met these parameters was realized. See Figs. 1 and 2.

This device is called the Variable Fall Time Pulser (VFTP) for its ability to adjust magnetic field
down-ramp rates across a wide range of such rates. It is not limited to powering magnets — its
versatility extends to any pump-probe experiments in which variable ramp rates are needed. While
its performance has been measured in test systems, it has not itself been tested in an experimental
environment that fully corresponds to what is needed for use in a neutron scattering experiment.

That work is continuing beyond the time period of this project.



Fig. 2. Photograph of the VFTP in full non-experimental testing (including cryostat and magnet

setup). Apparatus with "DANGER” indicator is the actual VFTP device.
Aim 2: Using Neutron Scattering to Study Quantum Annealing

Unlike aims 1 and 3 of this project, aim 2 does not require rapid magnetic-field quenches. Instead,
techniques and materials like those used in aims 1 and 3 can be adapted to measuring quantum
annealing [4,5]. For systems with a complicated energy dependence on system states, quantum
tunneling can allow the system to minimize its free energy state more efficiently than through
thermal annealing (heating and then cooling the material periodically to seek a minimum energy
configuration to avoid cooling to a local rather than global minimum). Quantum annealing has
applications in quantum computing [4] where it can be used to find the global minimum of a

function in a time that can be much faster than classical methods.

Neutron scattering measurements were conducted in LiHoo45Y0.55F4, a material that can be
described by a TFIM just as was the case for CoNb2Og as described in aim 1. A transverse magnetic
field was used to adjust the quantum fluctuations in this material to enable the comparison of a
thermal annealing protocol with a quantum one that both started at the same initial and final
temperatures and magnetic fields. By measuring the time evolution of spin correlations after the
protocol there is evidence of greater change for the thermal annealing protocol, which would imply
that the thermal annealing produced a state farther from equilibrium. However, measurements are
also consistent with the presence of random magnetic fields produced by the applied transverse

field, complicating the comparison of the two annealing methods. This work has been submitted



for publication and is still under review as of the time of the submission of this report. The present
data, analysis, and conclusions are available [26] and any further refinements will be reflected in

the final version of the manuscript when published.
Aim 3: Many-Body Localization in Quantum Magnets

For materials with sufficient disorder, transport can be strongly inhibited. This leads to a Many-
Body Localized (MBL) phase, which is a generalization of Anderson localization [27] physics to
a system with interactions, after a quantum quench rather than an equilibrium phase. Given the
link between CoNb2Os and a TFIM description, rapid magnetic field quenches across phase
boundaries can be used to search for MBL physics in this quantum magnet material [28] that has

connections to theoretical predictions.

Partly in light of the observations described in aim 1, additional measurements of CoNb2O¢ were
performed to better understand deviations from the simplest Ising model description of the material
when transverse magnetic fields were applied so that any measured results could be better
interpreted. Crystal field levels of Co?" were measured in pure CoNbyOg directly using the
SEQUOIA instrument at ORNL, which was reported in [29]. With the direct measurement of these
states, we provided parameters for theorists to better investigate CoNb2Os further as a candidate

material for displaying MBL or MBL-like signatures.

Additionally, an effort was initiated to determine critical disorder levels in CoNb2Og required to
induce an MBL phase by synthesizing 7 variants of the system with different dilution strengths of
Mg?* in the compound, which serves to break up the Ising chains and vary the super exchange
pathways and therefore better meet the requirements to display MBL. These samples were
subjected to both neutron diffraction and magnetization measurements (on the POWGEN
instrument at ORNL and MPMS3 in sifu at Colorado State University), which so far seem to
corroborate the idea that Mg?" randomly replaces Co®" in the Ising chains, but that is still a
preliminary conclusion. Another preliminary finding is that small amounts of Mg?* may stabilize
the crystal structure. Data analysis was not completed prior to the conclusion of this project but is
still ongoing with the intent of publishing these results in an upcoming student thesis [30].
Diffraction measurements allowed for a PDF (pair distribution function) analysis to determine
crystal structure in order to make further crystal field calculations to confirm these preliminary

conclusions.



Additional experiments conducted on both the CORELLI and GP-SANS instruments at ORNL

where a magnetic field was ramped past a critical point and then back to zero to see if there were
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Fig. 3. Diffuse scattering in CoNb;Os. (a) Shows the scattering signal at zero field prior to ramping field
upwards across the QCP. The crystal was likely misaligned in the ab-plane which accounts for the
apparent second Bragg plane, but this detail is unimportant. (b) Scattering signal after the field crossed
the QCP and relaxed to B = 0T . While the second signal to the right may indicate misalignment as
stated previously, however, the unfamiliar circular diffuse structure is what is of interest in the current

data analysis.

measurable impacts on the neutron scattering magnetic Bragg diffraction peaks. This was done to
further explore the apparent glassy phase at low temperatures and magnetic fields reported in [24].
One observation from these measurements is that of an unusual diffuse scattering signal that
indicates the presence of not-yet-understood physics for experimental signals and parameters
similar to those that were to be used for KZ and MBL experiments. It is hoped that these unusual
diffuse scattering results may lead to better theoretical understanding of the TFIM. Fig. 3 shows a

neutron scattering signal that exhibits this diffuse scattering.

The fact that these experiments followed similar protocols as planned KZM and MBL experiments

mean that there is a potential for any such better theoretical understanding to inform how best to



observe these effects. An investigation of the relaxation dynamics and their origins in CoNb2Og
would likely be beneficial as well. Confirmation of any of these aims, such as the identification of
an MBL phase and/or KZM defect production across a quantum phase transition, will undoubtedly
require further exploration. Even so, it is likely that neutron scattering techniques will be an
effective experimental approach and the ability to utilize a pulsed magnetic field with varying

ramp rates such as the one developed in this project is advantageous for such efforts.
Summary

Neutron scattering measurements were conducted on materials that were amenable to a theoretical
description based on a transverse field Ising model. Searches for both defects that were produced
via the Kibble-Zurek Mechanism and Many-Body Localization signals were sought. Neither
search produced unambiguous evidence of the effects of interest while revealing unanticipated and
sometimes unexpected results. Additional studies provide information useful for better
understanding the material used in these investigations, CoNb2Os, and indicating directions for
future studies. In addition, an investigation into quantum vs. thermal annealing in LiHo0.45Y0.55F4
was conducted where a transverse magnetic field was used to control the quantum fluctuations in

the system, with neutron scattering again the primary experimental tool.

Authors of works associated with this project: E. S. Choi, A. I. Kolesnikov, G. Luke, H. S. Nair, T.
R. Reeder, J. A. Ringler, S. Saubert, C. L. Sarkis, V. Williams, F. Ye, and K. A. Ross.

[1]1 S. Sachdev, Quantum magnetism and criticality, Nature Phys. 4, 173 (2008).
[2] T. W. B. Kibble, Topology of cosmic domains and strings, J. Phys. A 9,1387 (1976).
[3] W. H. Zurek, Cosmological experiments in superfluid helium? Nature 317, 505 (1985).

[4] A. Das and B. K. Chakrabarti, Colloquium: Quantum annealing and analog quantum computation. Rev. Mod.
Phys. 80, 1061 (2008).

[5] A. Tameem and D. A. Lidar, Adiabatic quantum computation, Rev. Mod. Phys. 90, 015002 (2018).

[6] P. Laguna and W. H. Zurek. Density of kinks after a quench: When symmetry breaks, how big are the
pieces? Phys. Rev. Lett. 78, 2519 (1997).

[7] P. C. Hendry, N. Stuart Lawson, R. A. M. Lee, P. V. E. McClintock, and C. D. H. Williams. Generation of
defects in superfluid “He as an analogue of the formation of cosmic strings, Nature 368, 315 (1994).

[8] L. E. Sadler, J. M. Higbie, S. R. Leslie, M. Vengalattore, and D. M. Stamper-Kurn, Spontaneous symmetry
breaking in a quenched ferromagnetic spinor Bose—Einstein condensate, Nature 443, 312 (2006).



[9] D. Chen, M. White, C. Borries, and B DeMarco. Quantum quench of an atomic Mott insulator, Phys. Rev. Lett.
106, 235304, (2011).

[10] I. Chuang, R. Durrer, N. Turok, and B. Yurke. Cosmology in the Laboratory: Defect Dynamics in Liquid
Crystals, Science 251, 1336 (1991).

[11] S. Ducci, P. L. Ramazza, W. Gonzalez-Vifas, and F. T. Arecchi, Order parameter fragmentation after a
symmetry-breaking transition, Phys. Rev. Lett. 83, 5210 (1999).

[12] A. Baghizadeh, P. Mirzadeh Vaghefi, D. O. Alikin, J. S. Amara, S. Amaral, and M. Vieira, Link of Weak
Ferromagnetism to Emergence of Topological Vortices in Bulk Ceramics of h-LuMn.O3 Manganite, J. Phys. Chem.
C 123, 51 (2019).

[13] P. Pfeuty, The one-dimensional Ising model with a transverse field, Ann. Phys. 57, 79 (1970).
[14] R. Elliott, P. Pfeuty, and C. Wood, Ising Model with a Transverse Field, Phys. Rev. Lett. 25, 443 (1970).

[15] A. Dutta, G. Aeppli, B. K. Chakrabarti, U. Divakaran, T. F. Rosenbaum, and D. Sen, Quantum Phase
Transitions in Transverse Field Spin Models: From Statistical Physics to Quantum Information (Cambridge
University Press, Cambridge, UK, 2015).

[16] I. Maartense, 1. Yaeger, and B. Wanklyn, Field-induced magnetic transitions of CoNb>Og in the ordered state,
Solid State Commun. 21, 93 (1977).

[17] W. Scharf, H. Weitzel, 1. Yaeger, 1. Maartense, and B. Wanklyn, Magnetic structures of CoNb:Os, J. Magn.
Magn. Mater. 13, 121 (1979).

[18] T. Hanawa, M. Ishikawa, and K. Miyatani, Disappearance of ferromagnetism at low temperatures in CoNb:Os,
J. Phys. Soc. Jpn. 61, 4287 (1992).

[19] T. Hanawa, K. Shinkawa, M. Ishikawa, K. Miyatani, K. Saito, and K. Kohn, Anisotropic specific heat of
CoNb>Os in magnetic fields, J. Phys. Soc. Jpn. 63, 2706 (1994).

[20] C. Heid, H. Weitzel, P. Burlet, M. Bonnet, W. Gonschorek, T. Vogt, J. Norwig, and H. Fuess, Magnetic phase
diagram of CoNb:Os: A neutron diffraction study, J. Magn. Magn. Mater. 151, 123 (1995).

[21] C. Heid, H. Weitzel, P. Burlet, M. Winkelmann, H. Ehrenberg, and H. Fuess, Magnetic phase diagrams of
CoNb,Os, Phys. B: Condens. Matter 234, 574 (1997).

[22] S. Kobayashi, S. Mitsuda, K. Hosoya, H. Yoshizawa, T. Hanawa, M. Ishikawa, K. Miyatani, K. Saito, and K.
Kohn, Competition between the inter-chain interaction and single-ion anisotropy in CoNb;Os, Phys. B: Condens.
Matter 213, 176 (1995).

[23] R. Coldea, D. Tennant, E. Wheeler, E. Wawrzynska, D. Prabhakaran, M. Telling, K. Habicht, P. Smeibidl, and
K. Kiefer, Quantum criticality in an Ising chain: Experimental evidence for emergent E8 symmetry, Science 327,
177 (2010).

[24] C. L. Sarkis, S. Séubert, V. Williams, E. S. Choi, T. R. Reeder, H. S. Nair, and K. A. Ross, Low-temperature
domain-wall freezing and nonequilibrium dynamics in the transverse-field Ising model material CoNb;Os, Phys.
Rev. B 104, 214424 (2021).

[25] ORNL contact personnel: Chris Pappas and Todd Sherline

[26] S. Saubert, C.L. Sarkis, F. Ye, G. Luke, K.A. Ross, Microscopics of Quantum Annealing in the Disordered
Dipolar Ising Ferromagnet LiHo.Y;-<F4, arXiv:2105.03408.



[27] P.W. Anderson. Absence of diffusion in certain random lattices. Phys. Rev. 109, 1492 (1958).

[28] D. M. Silevitch, C. Tang, G. Aeppli, et al. Tuning high-Q nonlinear dynamics in a disordered quantum magnet.
Nat. Commun. 10, 4001 (2019).

[29] J. A. Ringler, A. I. Kolesnikov, and K. A. Ross, Single-ion properties of the transverse-field Ising model
material CoNb,Os, Phys. Rev. B 105, 224421 (2022).

[30] John Ringler, Colorado State University.



