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ABSTRACT OF THE DISSERTATION

Spin and Lattice Dynamics, and Spin-phonon Interactions in Transition Metal Oxides
by
Qiyang Sun

Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, June 2024
Prof. Chen Li, Chairperson

The physics of mutual interaction of phonon quasiparticles with electronic spin degrees of
freedom, leading to unusual transport phenomena of spin and heat, has been a subject of
continuing interest for decades. Understanding the underlying mechanisms of spin-phonon
interactions is pivotal for engineering spin and phonon transport and developing novel spin-
tronic applications. By means of inelastic neutron scattering and first-principles calcula-
tions, spin-phonon dynamics in transition metal oxides are investigated. In the first part
of the thesis, spin-phonon interactions and their effects on thermal transport were inves-
tigated in the exemplary collinear antiferromagnetic NiO. Anomalous scattering spectral
intensity from acoustic phonons was identified, unveiling spin precession driven by phonon
and strong spin-lattice correlations that renormalize the polarization of acoustic phonons.
Time-domain thermoreflectance measurements of the thermal conductivity vs. temperature
follow T~1% in the antiferromagnetic phase. This temperature dependence cannot be ex-
plained by phonon-isotope and phonon-defect scattering or phonon softening. Instead, we

attribute this to magnon-phonon scattering and spin-induced dynamic symmetry breaking.

vi



Our results provide approaches to identify and quantify strong spin-phonon interactions,
shedding light on engineering functional spintronic and spin-caloritronic materials through
these interactions. In the second part of the thesis, temperature-dependent spin and phonon
dynamics in CroOg were characterized and analyzed. We unveiled the emergence of para-
magnons above the Tx and at 280 K, closely below Tpx. We demonstrated a significant
softening of linear magnons upon heating in the antiferromagnetic state. Further analysis
revealed that this softening primarily originated from four-magnon interactions, while ther-
mal expansion played a subsidiary role. For phonon dynamics, while most phonon modes
exhibit expected softening from 50 to 450 K, we observe significant stiffening in the lon-
gitudinal optical modes, which involve changing the distances between the nearest Cr3+
pairs. Instead of effects from thermal expansion, phonon anharmonicity, magnetostric-
tion, or electron-phonon interactions, the anomalous stiffening can be attributed to the
renormalization of electron states due to the change of spin order. Our results point to a
purely static magnetoelectric-coupling origin for the observed phonon stiffening, suggest the
high-tunability of phonon energies in CroOgs, and provide insights into controlling lattice

dynamics in novel magnetoelectric spintronics.
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Chapter 1

Introduction

1.1 Research backgrounds and motivations

Novel spintronic and spin-caloritronic applications leverage the spin and lattice
degrees of freedom to develop novel electronic and energy conversion devices. Spintronics
relies on efficiently generating, manipulating, and detecting spin-polarized currents or spin
waves. The spin dynamics need to be well understood and controlled to optimize device
performance. Spin-caloritronic devices utilize the coupling between spin and lattice dy-
namics. The lattice dynamics impact the heat transport and thermal management in these
devices. Tailoring the spin-phonon coupling is essential for enhancing the efficiency of spin-
caloritronic energy conversion and thermal management. For example, the spin Seebeck
effect devices can be used for waste heat harvesting and thermal sensors, and the under-
lying mechanisms involve both spin and lattice dynamics and the interaction between spin
and lattice. Understanding the spin and lattice dynamics, and spin-phonon interactions is

crucial for engineering functional spintronic and spin-caloritronic devices.



Lattice dynamics describes the collective vibrational modes of the atoms in a solid
material. Phonons are quantized vibrations of the crystal lattice and carry energy and mo-
mentum. Lattice vibrations are governed by the interatomic forces and the crystal structure,
which determine the phonon dispersion and the thermal properties of the material. Lat-
tice anharmonicity leads to phonon-phonon scattering, the primary mechanism for thermal
transport in most materials. The lattice dynamics, including phonon propagation, scat-
tering, and energy transport, play a crucial role in various physical phenomena, such as
thermal conduction, heat capacity, and phase transitions [IJ.

Spin dynamics describes the behavior and evolution of the spin degree of freedom
of electrons (or other magnetic moments) in a material. Spin dynamics are governed by the
exchange interactions, spin-orbit coupling, and magnetic anisotropy in the material. Spin
dynamics involve the collective excitations of spins, known as magnons or spin waves, which
can propagate through the material. Magnon energy shifting is an essential signature of
strong spin fluctuations and correlations, especially near magnetic phase transitions. Para-
magnons, the short-lived fluctuating magnetic moments above the ordering temperature,
play a crucial role in spin relaxations and contribute to thermal capacity. Spin dynamics are
critical for various spintronic and spin-caloritronic applications, as they enable the control
and manipulation of spin-based phenomena for device functionalities.

Spin-phonon interaction refers to the coupling between the spin degrees of freedom
of electrons and phonons in materials. Spin-phonon interaction enables spin manipulation
and control by allowing for the direct manipulation of spin degrees of freedom via lattice

vibrations, facilitates thermal management and spin-caloritronic effects by playing a central



role in the coupling between spin and thermal transport, influences magnetic ordering and
phase transitions in materials, determines spin-lattice relaxation and spin dynamics, and
allows for the design and functionalization of materials with targeted spin-based properties.
Qualifying, quantifying, and predicting the effect of spin-phonon interactions on spin and
heat transport properties are essential for the rational development and optimization of
advanced spintronic and spin-caloritronic devices.

The spin-phonon interaction can involve various coupling mechanisms, such as
spin-orbit coupling, exchange interactions, and magnetoelastic effects, which can be highly
complex and material-dependent. Disentangling and quantifying the contributions of dif-
ferent coupling mechanisms is still an active area of research. Many aspects of spin-phonon
interaction remain elusive in the current research field. The following aspects are discussed
in the thesis.

First, the current research on spin-phonon interaction highlights several unusual
phenomena that suggest a strong coupling between spin and phonon transport. These
include phonon pumping of spin current [2, Bl 4, 5 6] and the pumping of phonons by
magnetization dynamics [7, 8]. These observations have made the spin-phonon driving
effect an active area of research. However, some fundamental aspects of the interaction
between the lattice and spin remain unclear. For example, the selection rules governing
spin-phonon interactions, the underlying mechanisms of spin relaxation through the lattice,
and the quantification of the spin-phonon coupling strength are not fully understood. In
this thesis, we show qualifications and quantifications of the mutual spin-phonon driving

effect through a combined experimental-theoretical analysis (see Chapter [2)).



Second, in magnetic insulators, phonons typically carry the majority of the heat.
However, magnons can also significantly influence thermal transport in these materials. At
low temperatures, the amount of heat carried by magnons can be comparable to that carried
by phonons in some insulating magnetic materials [9, 10, 1T, 12, 13]. The spin-phonon
interactions affect the energies and mean free paths of phonons, thereby impacting the
overall phonon-driven thermal transport [14, [15]. While the theory of lattice anharmonicity
can provide a good understanding of thermal conductivity governed by phonon-phonon
scattering, the effects of magnons and spin-phonon interactions on thermal transport are
less well understood. In this thesis, our results show that the interplay between phonons,
magnons, and spin-phonon coupling plays a crucial role in determining the thermal transport
properties (see Chapter (3)).

Third, the lattice deformation is known to result in a non-trivial change in the ex-
change coupling constants [16]. Thermal expansion modifies the overlaps of electron orbitals
and consequently changes the exchange coupling and the anisotropy energy. However, the
contribution of thermal expansion to the magnon energy renormalization is seldomly com-
pared to that of magnon interactions, e.g., magnon-phonon and magnon-magnon scattering
processes. We shed light on these through experimental characterizations and theoretical
modelings (see Chapter [4)).

Lastly, the existing research has shown that phonon energies can be sensitive to
the dynamic spin-phonon interaction [I7, (18], where the atomic vibrations modify the ex-
change interactions and subsequently lead to a renormalization of the phonon energy. Many

previous studies have typically relied on fitting the observed phonon stiffening (increase in



phonon energy) to phenomenological models [19, 20}, 2], 22], 23] 24, 25| 26]. However, quan-
titative analyses based on first-principles calculations are still relatively scarce. Despite the
experimental observations of phonon stiffening due to spin-phonon coupling, the exact un-
derlying origin of this phenomenon remains elusive. The detailed microscopic mechanisms
responsible for the observed changes in phonon energies are not yet fully understood. In this
thesis, we dismiss the dynamical origin of phonon stiffening through atomistic modeling.
We propose a static magnetoelectric origin that explains non-linear thermal expansion and
phonon stiffening in this material (see Chapter [5]).

Studying phonon and spin dynamics, and the interactions between phonons and
the spin degree of freedom in magnetic materials is central to the thesis. Methods for
investigations into these topics, including inelastic neutron scattering to characterize dy-
namic properties, first-principles calculations, and atomistic simulations to predict material

properties and dynamics, are discussed in the thesis.



1.2 Materials of interest: NiO and Cr,03

Mott-Hubbard antiferromagnetic (AFM) insulators are promising for ultrafast
spintronics [27], 28, 29], 30], memory devices [31], and spin-caloritronic applications [32} [33].
The use of antiferromagnetic materials in spintronic devices offers several unique advantages
and privileges: First, AFMs have intrinsically higher magnetic resonance frequencies com-
pared to ferromagnets. This allows for the development of high-speed spintronic devices that
can operate at terahertz (THz) frequencies, enabling ultrafast data processing and commu-
nication. Second, AFMs exhibit inherent non-volatility, meaning their magnetic state can
be retained without the need for a continuous power supply and is highly advantageous for
the development of energy-efficient, non-volatile memory and logic devices. Third, AFMs
typically require lower switching currents or voltages compared to ferromagnetic materials,
leading to reduced power consumption in spintronic devices. Fourth, AFMs are inherently
insensitive to external magnetic fields due to the compensated nature of their magnetic
moments. Fifth, AFMs can be engineered at the nanoscale, allowing for the development
of highly miniaturized spintronic devices. Last but not least, AFMs can be seamlessly inte-
grated into various spintronic device architectures, such as magnetic random-access memory
(MRAM), spin-orbit torque devices, and spin-transfer torque devices, enabling the explo-
ration and development of a diverse range of spintronic applications.

In this thesis, the spin and lattice dynamics in nickel (II) oxide (NiO) and Chro-
mia (CrpO3) are investigated, and new physical insights are brought to these exemplary
AFM systems. NiO is the first-known collinear antiferromagnetic material with a Néel

temperature (Tpy) of 523 K and is a promising candidate material for spintronic and spin-



caloritronic applications at ambient temperature, thanks to its high efficiency in spin trans-
port [34], 35, 36, B7]. It has a simple face center cubic (FCC) structure in the paramagnetic
(PM) phase and takes on a slight rhombohedral 0.09° distortion (deviating from 60°) in
the AFM phase at 5 K [38]. While the AFM spin order together with the asymmetry of
Born effective charge on Ni?t ion gives rise to the splitting of two transverse optical (TO)
phonons [39, 40] that are degenerate in FCC crystal symmetry, their effects on acoustic
phonon remains unexplored. Moreover, the increase of thermal conductivity beyond Ty in
NiO [41] hints at the existence of strong spin-phonon interactions and motivates the current
work.

Cry0s3 is the first-known magnetoelectric material and a promising antiferromag-
netic (AFM) Mott-Hubbard insulator for ultrafast spintronics [27, 28, 29, 30], memory
devices [31], and spin-caloritronic applications [32, 33]. It has a corundum crystal structure
below the Néel temperature (T = 307 K) with lattice parameters a = b = 4.95 Aand ¢ =
13.57 A, and a space group 167 (R3C) [A2]. Cry03 is also the first known magnetoelectric
material [43], 44, 45] 46, 47]. Applying an electric field results in Cr3* atoms on one (the
other) sublattice moving closer (away) to the single O~ triangle and away (closer) from the
double O?~ triangle. This breaks the equivalence of Cr3*t sublattices, thereby giving rise
to the emergent magnetization [4§]. The magnetoelectric coupling enables the tunability
of magnon polarization using an electric field in CroOg3 thin films and provides a new ap-
proach toward controlling spin current [49]. Lately, the formation of magnon-polaron when
the magnon and phonon dispersions cross was found in CryO3 [50], suggesting the existence

of sizable spin-phonon interactions and motivates the current work.



1.3 Inelastic neutron scattering

Neutron scattering has been extensively utilized in research studies involving trans-
port phenomena at the nanoscale level, particularly with carriers such as phonons and
magnons. Shortly after James Chadwick was awarded the Nobel Prize in Physics in 1932
for his discovery of the neutron, Enrico Fermi investigated the cross-sections of slow and
thermal neutrons for atomic scattering and absorption, which led to him receiving the No-
bel Prize in Physics in 1938. In 1955, the first measurements of phonons using a prototype
triple-axis spectrometer constructed by Bertram N. Brockhouse provided experimental con-
firmation of the quantum theory of solids. Over the past five decades, a vast amount of
research has been conducted to gain a comprehensive understanding of the neutron scatter-
ing process, enabling scientists to leverage it as a powerful investigative tool for exploring
various nanoscale phenomena.

Neutron scattering provides complementary information to other diffraction and
spectroscopy techniques due to the unique physical properties of neutrons. The critical
difference between neutron scattering and other experimental methods lies in the type of
interaction being studied. For instance, in inelastic X-ray scattering, photons primarily in-
teract with electrons, and the process is related to the electronic properties of the materials.
In contrast, neutrons, being charge-neutral, interact with the nuclei in materials via strong
nuclear forces, which have a very short range. As a result, neutrons have good penetration
depth and can probe bulk material properties. Additionally, the neutron scattering cross-
section is isotope-dependent, allowing for elemental contrast through isotopic substitution

without significantly altering the chemical properties of the materials. Furthermore, due to



their magnetic moment, neutrons can interact with magnetic moments, enabling the mea-
surement of both magnetic structures and magnetic excitations (spin waves) in materials.
This underscores neutron scattering’s unparalleled ability to unravel the intricate interplay
between spin and phonon excitations in magnetic materials.

Inelastic neutron scattering experiments are conducted using specialized instru-
ments, such as triple-axis spectrometers or time-of-flight spectrometers. The scattered neu-
tron intensity is measured as a function of energy transfer and momentum transfer. The raw
experimental data undergoes various corrections and normalization procedures to account
for factors such as detector efficiency, background scattering, and sample absorption. For
magnon and phonon measurements, the energy transfer and momentum transfer data are
plotted to obtain phonon dispersion relations, which show the relationship between phonon
energy and momentum. These dispersion curves are compared with theoretical calculations
based on lattice dynamics and spin dynamics models to investigate their properties. In addi-
tion to the measured dispersion, the neutron scattering data can provide information about
the lifetime and linewidth of excitations, which are related to their interactions and decay
mechanisms. The neutron scattering intensities can also be used to calculate the phonon
and magnon density of states, which provide insights into the distribution of vibrational
and magnetic excitation modes.

From another perspective, tons of scientific insights could have been buried in the
scattering intensity and easily neglected without a rigorous simulation of scattering cross-
sections. Conducting instrumental simulations for neutron scattering intensities improves

the understanding of experimental data. As will be demonstrated in Chapter 2] by perform-



ing scattering intensity simulations, the anomalous intensity at small neutron momentum
transfer is identified in nickel oxide, suggesting the presence of a mutual spin-phonon-driven
effect. While detailed scattering theory can be found in the book [51], in the following, brief

discussions regarding scattering intensity simulation are presented.

1.3.1 Lattice dynamic structure factor calculation

Lattice scattering intensity can be calculated based on phonon eigenvectors and
eigenvalues obtained from the first-principle calculations using Phonopy [52]. The double

differential lattice scattering cross section for coherent one phonon creation reads [51],

_ K@en? 1N b qawig. o2
Slat(Qaw)* 2kv0 gzws;\/ﬁde (Q eds)|

X(ns+ 1)d(w —ws)d(Q—q—7) (1.1)

where k and k' are incident and scattered neutron wavevectors; Q = k' — k denotes the
momentum transfer to the sample; w is the energy transfer to the sample; vy is the volume
of the unit cell; s is the index of phonon branch; q is phonon wave vector; 7 is any reciprocal
lattice vector; d refers to the position index of atom in the unit cell; by and M are coherent
scattering length and mass for atom d; Wy is Debye-Waller factor, i.e., Wy = %|Q\2(u3(T ),
where uy(T') is the root-mean-squared displacement for atom d; ns is Boltzmann factor; ws
is the phonon energy for branch s at wave vector q and ey is phonon eigenvector of atom

d for branch s at wave vector q.
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1.3.2 Magnetic dynamic structure factor calculation

Magnetic scattering intensity is calculated based on the Heisenberg Hamiltonian

using SpinW [53]. The double differential magnetic scattering cross section for magnon

reads [51],
S(Qu@)mag = I D FQPe™ Y (Gas — Qas)5(Q.) (12)
af
$Quw) = 5 [ dte™™ > (SE(0)S (1)) (1.3)

i

where y=1.913, r¢ is classical electron radius; g4, Fyq(Q) are Landé g-factor and magnetic
form factor; (dap — Qan) is the polarization term; S*?(Q,w) is the dynamic spin-spin
correlation function. The scattering coefficients K /k and e 2" were set to unity. All
dynamic structure factor calculations presented in this thesis are convoluted with instrument

resolution, as implemented in SpinW.

1.3.3 Conventional magneto-vibrational scattering cross section

In the unpolarized neutron scattering cross-section, the nuclear-magnetic interfer-
ence (NMI) term vanishes [51]. The total inelastic structure factor for unpolarized incident

neutron reads:

Sunpor = S, + Sk 4+ M (1.4)

where Sfoh and Sif;w are structure factors for coherent and incoherent lattice INS, and SM is
the magnetic INS structure factor. Under the assumption that the motion of ions is uncor-

related with either its spin or magnitude, magnetic scattering is comprised of four terms:

11



elastic magnetic scattering, inelastic magnetic scattering, magneto-vibrational scattering
(MVS), and scattering which is inelastic in both the spin and the phonon systems. The
term of interest here is MVS, which is elastic in the spin system and inelastic in the phonon
system. The lattice + MVS scattering cross-section related to the coherent one phonon

creation process could then be written as [51]:

K (2m)3 1 Otot | iQ-d—
Slatervs(Qyw) = 2kug ZZ;ZML;‘QQCI Wd(Q-edS)|2
s T S d

x(ns+ 1)0(w —ws)d(Q—q—71) (1.5)
For a lattice with the spins aligned to the Z direction, the o, can be expressed as
—2 1 .
Otot = oh, + oM = (bg + 5|wadFd(Q)sgsm(@)|2) (1.6)

where g4, F3(Q) are Landé g-factor and magnetic form factor for atom d, and 6 is the angle

between momentum transfer Q and the ordered magnetic moment direction 2.
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Chapter 2

Spin-phonon interactions in NiO

2.1 Abstract

Nickel (IT) oxide is a prominent candidate of antiferromagnetic spintronic devices,
largely thanks to its high Néel temperature. We present scattering signatures of mutual
driving interactions through strong spin-lattice coupling and acoustic phonon eigenvector
renormalization in this important material for the first time. Our results provide a new
approach to identify and quantify strong spin-phonon interactions, shedding lights on engi-

neering functional spintronic and spin-caloritronic materials through these interactions.

2.2 Introduction

Unusual spin and phonon transport phenomena, including phonon pumping of spin
current [2 B, 4, 5, 6] and pumping of phonon by magnetization dynamics [7, 8], suggest

phonon propagation can greatly affect the transport of spin and vice versa, and have made
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spin-phonon dynamics an active field of research. However, some aspects of the interaction
between lattice and spin degrees of freedom are still unclear, e.g., the selection rule for
spin-phonon interactions, the underlying mechanism of spin dissipation through lattice,
and the quantification of spin-phonon coupling strength. In contrast to optical phonons,
acoustic phonons with large group velocities play an important role in the transport process.
Resolving acoustic phonon characteristics in magnetic insulators will help understand spin-
phonon interactions and engineer functional spintronic [3I] and spin-caloritronic [32, [33]
devices.

The most well-known spin-phonon coupling process is the modulation process,
which refers to the dynamic modulation of exchange coupling between magnetic ions induced
by phonons. While the spin-phonon coupling is known to result in modifications on magnon
dispersions by the modulation process [54, 55], the effect on the phonon system is less
well understood. For example, the spin-driven renormalization of phonon energy is only
phenomenologically characterized by spin-phonon coupling coeflicients in many magnetic
systems [19, 24, 25]. The interaction of magnons and acoustic phonons has been extensively
studied in various magnetic systems [56], 57, 58, [59] [60), [61], revealing the formation of hybrid
magneto-acoustic modes, which manipulate the acoustic phonon dispersion and pass angular
momentum to acoustic phonons [62]. However, existing observations are constrained to the
vicinity of crossing points of magnon-phonon dispersions and do not provide the effects of
such interactions on whole dispersion branches. Previous inelastic neutron scattering (INS)
experiments reveal that phonon INS intensity can be modified with spin-phonon coupling

and “magneto-vibrational” modes, which do not follow the wavevector (Q) and temperature
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dependences of phonons, are formed [63, [64) 65, [66]. Therefore, a theoretical simulation of
the phonon dynamic structure factor will shed light on identifying such modes and their
scattering origin in a system with strong spin-phonon coupling.

Here, we report INS experiments and atomistic simulations that demonstrate the
existence of mutual spin-phonon driving effects and the renormalization of acoustic phonon
eigenvectors in bulk NiO. A strong INS intensity that follows acoustic phonon dispersions
is observed at low Q region, where the lattice INS cross section is small, suggesting its
magnetic origin. The unusual temperature dependence of such intensity is associated with
the temperature dependence of magnetic order, suggestive of a strong coupling between
phonon and spin. The observed intensity at low Q is successfully reproduced by magneto-
vibrational scattering cross section based on a strong magneto-elastic correlated picture,
indicating the presence of spin precession driven by phonon. More strikingly, strong INS
intensity from “geometry-forbidden” transverse acoustic (TA) phonons is observed at high
Q and shown to originate from lattice INS, indicating the renormalizations of acoustic
phonon eigenvectors. The renormalization process can be related to the coupling between
phonon and local magnetization and suggestive of spin-driven effects on lattice vibration.

Time-of-flight INS measurement are performed on both single crystal and polycrys-
talline NiO (see Methods) to measure the dynamic structure factor S(Q,E). The simulation
of dynamic structure factor (see Methods) based on first-principles phonon calculations (see
Methods) has a good agreement with measured phonon dispersions, as shown in Figure

a,b and Figure 2.4 a-d in Section 2.7.1
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2.3 Methods

2.3.1 INS measurement

Time-of-flight INS measurements were performed on single crystal NiO with the
Wide Angular Range Chopper Spectrometer (ARCS) at the Spallation Neutron Source
(SNS). The sample was placed on an Al holder and mounted in low-background electrical
resistance vacuum furnace. Four-dimensional dynamic structure factors S(Q,E) were ob-
tained at T = 10, 300, 540, and 640 K using incident energy of 150 meV, which covered
multiple BZs and measured magnon and phonon simultaneously. Two extra measurements
at 10, 300K were done with a 5T magnetic field applied along [1,1,0] direction perpendic-
ular to the scattering plane. Data reduction was done with MANTID [67]. The data was
normalized by the proton current on target and corrected for detector efficiency. Since no
detectable difference can be found in binning experimental data (10, 300K) with distorted
rhombohedral or FCC lattice coordinates, the slight structure distortion in the AFM phase
was neglected, and the FCC crystal structure was used for data analysis. The data was
sliced along high symmetry Q-directions in reciprocal space to produce two-dimensional
energy-momentum views of dispersions.

Time-of-flight INS measurements were also performed on polycrystalline NiO. The
sample was loaded in an Al sample can and mounted in a low-background electrical resis-
tance vacuum furnace. Two-dimensional dynamic structure factors S(|Q|,E) were obtained
at using incident energy of 50 meV and 150 meV. INS measurements on an empty Al can
were performed at the same temperatures, and the measured intensity, as the INS back-

ground induced by the sample holder, was subtracted from the polycrystalline data.
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INS data folding. Data folding was used to increase counting statistics and remove
the neutron scattering form factor in the dynamic structure factors S(Q,E). The data folding
was done by summing up the S(Q,E) data from over 100 BZs into an irreducible wedge in
the first Brillouin zone. Offsets of the q grid were corrected by fitting the measured Bragg
diffractions. This folding technique has been used in the previous study [68] and proved to

be reliable.

2.3.2 First-principles calculations

The ab initio density functional theory (DFT) calculations were performed with
the VASP (Vienna Ab initio Simulation Package) [69, [70] on a plane-wave basis set, using
the projector augmented wave (PAW) pseudopotentials [71) [72] with local spin density
approximation (LSDA) exchange-correlation functionals [73] and the Hubbard-U model
[74]. U = 5 eV was chosen to obtain the best match with experimental phonon dispersion,
although it underestimated the electron band gap [75]. An energy cutoff of 550 eV was
used for all calculations. LSDA+4U ionic relaxation was done based on a primitive cell
containing 2 nickel and 2 oxygen atoms with collinear antiferromagnetic (AFM) spin order.
A Gamma-centered k-point grid of 13x13x13 was used in LSDA+U ionic relaxation. The
relaxed cell has a slight contraction along [1,1,1] direction. The calculated distortion angle
of 0.15 A, which deviates from 60° in the FCC primitive cell, is larger than the experiment
value in Ref [38]. The relaxed rhombohedral cell (space group 166) with a lattice constant
of 4.95 A and an angle of 33.66° (from an undistorted value of 33.55°) was used in phonon
dispersion calculations. The static dielectric tensor and Born effective charges were obtained

to calculate non-analytical terms in phonon calculations. The second-order interatomic force
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constants were obtained from a 2x2x2 supercell of 32 atoms with a Monkhorst-Pack k-point
grid of 6x6x 6 using the density functional perturbation theory (DFPT). Phonon eigenvalues
and eigenvectors were obtained by diagonalizing the dynamical matrix as implemented in
the Phonopy [52]. The atomic mean squared displacements at various temperatures, and the
projected phonon density of state were obtained based on the calculated phonon dispersion
with a g-point sampling mesh of 30x30x30.

Phonon dispersion calculations based on quasi-harmonic approximation (QHA)
were carried out to estimate phonon energy change induced by lattice thermal expansion.
The collinear AFM spin order was applied to all QHA calculations. The QHA calculations
were based on measured thermal expansion at 10, 300, 540, 640 K. Specifically, the LSDA+U
relaxed lattice constant was used as the value at 0 K, and the lattice constants at other
temperatures were determined by thermal expansion measurements from Ref.[76]. The
QHA calculations followed the same configurations discussed above.

To simulate modulations of the magnetic moment and the frozen phonon potential
associated with TA and LA modes under different spin configurations, LSDA+U calcula-
tions were performed with atoms in the supercell displaced according to the eigenvectors
of TA and LA modes at the BZ boundary along [1,1,1]. Atomic displacements were set
to be smaller than the calculated atomic root mean squared displacements at T = 500
K. Three types of spin configurations, standard collinear spin order (STD), non-collinear
spin order with spin-orbit coupling (NCL), and non-spin-polarized (NSP) configurations,
were considered. Under NCL spin configuration, the spin and orbit quantization axis were

set to [1,1,-2] based on previous experiment results [77, [78]. For the original cell without
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atomic displacements, the obtained ratio between orbit and spin moment on the nickel ion
was 0.1, smaller than the experiment value 0.34 [79]. Modulations of the on-site magnetic
moment and frozen phonon potentials were obtained by varying displacement magnitudes

under different spin configurations with a Gamma-centered k-point grid of 13x13x13.

2.4 Spin precession driven by phonon

Anomalously large INS intensity that follows acoustic phonon dispersion is ob-
served at low Q and has magnetic origin. In Figure a, pronounced spectral intensity
below 45 meV is observed in the first BZ (0 < L < 1) along [0,0,1] in the AFM phase.
Such intensity follows the dispersion of acoustic phonons, but it does not follow the Q?
dependence of coherent one-phonon INS process, as shown by the simulation in Figure [2.1
b. Instead, strong intensity is shown at 0 < L < 1, with the mode weakening at 1 < L < 3
and strengthening again at L > 3. Such trend is visualized by constant Q cuts at various
equivalent reciprocal points, as presented in Figure d,e. This is highly unusual because
the phonon INS cross section is expected to be smaller at low Q. The anomalously strong
intensity and its Q dependence suggest that it cannot arise solely from lattice scattering.
On the other hand, the magnetic INS cross-section, which is subject to the Ni** magnetic
form factor, is expected to decrease with Q. Therefore, the intensity of these modes at
L < 4 can be understood as a combined contribution from magnetic and lattice scattering
processes, where magnetic scattering gives diminishing intensity at higher Q while lattice
scattering increases with Q. These observations also suggest that the acoustic-phonon-like

intensity in the first BZ (L < 2) may predominantly originate from magnetic scattering.
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For simplicity, such modes will still be referred to as phonon modes.
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Figure 2.1: (a, d) The dynamic structure factor of NiO measured by INS along the [0,0,1]
direction in the reciprocal space. The intensity is integrated over +0.1 (r.l.u) along per-
pendicular axes and scaled by multiplying E. (b) Simulation of phonons and magnons with
the same Q integration ranges and instrument resolution function. Both experimental data
and theoretical calculations are plotted on a logarithmic scale. (c) Calculated phonon and
magnon dispersion along I' — X with BSW notation [80] for phonon and magnon [81].
Phonon branches that contribute to the scattering intensity are shown. (e) Constant Q
cuts at various equivalent Q points, labeled by red dashed lines in (d).

Interestingly, strong spectral intensities from acoustic phonon modes are also ob-
served in the first BZ along [-1,1,1] and [-1,1,0], as shown in Section[2.7.1] (Figure[2.4} Figure
, indicating such behavior was not limited to [0,0,1] direction. To elucidate the appear-
ance of anomalous phonon INS intensity in small Q regime, volumetric views of simulated
(one-phonon) and measured dynamic structure factors at 10 K are shown in Figure a,c.

The LA, TO, and LO phonon branches are well captured by the lattice dynamic structure

factor calculation. At 10 K in the vicinity of (0,0,2) and (-2,2,0), the calculated intensity
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of LA modes is 2 orders of magnitude stronger than that in the measurement, further in-
dicating that such intensity in low Q regime cannot be solely from one-phonon coherent
scattering and hinting the magnetic origin of these modes.

Temperature dependence of such spectral intensity at low Q is also consistent
with the proposed magnetic origin. At elevated temperature, both static and dynamic
correlations of magnetism are weakened by increased thermal fluctuations. Indeed, the
magnetic INS cross-section is directly related to the thermal average of spin correlations (see
1.3.2). Hence, it is natural to expect such anomalous intensities to weaken with increasing
temperature if they have a magnetic origin. On the other hand, INS spectral intensities
from phonon lattice scattering are supposed to be stronger at high temperatures because, at
low Q regime, the Debye-Waller factor contribution is trivial (see Section Figure
and the temperature-dependent lattice scattering cross section is only subject to the Bose-
Einstein statistics (see . As shown in Figure a,b by the cropped slice, the measured
INS spectrum in lower order BZs reveals dramatic weakening at elevated temperature. Such
a trend can also be observed in powder INS measurement (Figure .

This trend is clearly illustrated by integrated mode intensities extracted from
Lorentzian fitting of S(E) cuts at equivalent BZ boundaries. As shown in Figure dl,el,
both TA and LA intensities decrease with increasing temperature at Q=(0,0,1). Again, this
is unexpected because such a descending trend cannot be explained by phonon scattering.
More importantly, the spectral intensities of acoustic modes at (0,0,1) are stronger in the
AF phase, and the intensities drastically decrease from 300 to 540 K through the phase

transition temperature. This further suggests the anomaly is related to the magnetic order.
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Figure 2.2: Volumetric view of the measured (a) (10 K), (b) (640 K), and calculated (c)
(10 K) lattice scattering spectral intensity of coherent one phonon scattering in the (110)
plane near Q=(0,0,0). Black lines indicate the limits of the cropped cross-section. The
intensity is in arbitrary units. The spectral intensity of experiment data and calculation
has been rescaled by multiplying E. (d1-d4) 1D spectral cuts at L = 1,3,5,7 (r.l.u.) with
Q integration ranges of +0.2 on perpendicular directions. Symbols and colored curves
represent experimental data, and Lorentzian fits at 10, 300, 540, and 640 K. (el-e4) Tem-
perature dependence of mode intensity from Lorentzian fits of phonon modes at equivalent
BZ boundaries along [0,0,1]. There is no magnetic Bragg peak along this direction, so the
spectral weights from magnons are negligible comparing to that of phonons in the exper-
iment data below 40 meV, and the peak areas represent the intensities of TA and LA, as
are denoted by blue and red dots, respectively. Black squares represent the mode intensity
from simulated dynamic structure factor with the same Q integration configurations for
LA. Error bars indicate fitting errors.

Although the appearance of phonon INS intensity at small Q is reminiscent of
magneto-vibrational scattering (MVS), it cannot be modeled by MVS cross section. As
part of magnetic INS, the MVS is elastic in the spin system, inelastic in phonon system,
and proposed based on the assumption of no correlation between lattice and spin [51]. While

the MVS cross-section has the same Q? dependence as coherent one phonon scattering, it
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also contains a term related to the magnetic form factor |F(Q)|?, giving weaker intensity
at small Q (see . A detailed comparison of phonon spectral intensities between the
experiment and MVS models is shown in Figure 2.3] a,b. Clearly, the calculated lattice +
MVS (see still fails for lower-order BZs, suggesting the MVS model cannot satisfyingly
explain the observations. On the other hand, the appearance of low-Q anomalous intensity
cannot originate from neutrons scattered by phonon orbital magnetic moments [82} 83} [84],
because they are only on the order of nuclear magneton [83], and the corresponding magnetic
cross-section will be 6 orders of magnitude smaller than that of typical magnetic INS by
electronic dipoles. Therefore, anomalous intensity in the low-Q region may still originate
from magnetic INS by electronic dipoles through a modified MVS process, in which lattice
and spin are strongly correlated.

A magnetoelastic-correlated picture, in which the atomic displacements induced by
phonon modulate the magnitude of magnetic moment (spin precession driven by phonon),
explains the phonon INS intensity anomalies at small Q. Following the methodology dis-
cussed in Ref. [64], a modified MVS (mMVS) model, which contains an extra term related
to the driving coefficient, was derived (see [2.7.2)). By fitting the driving coefficient 1,4 to
the experimental data, the obtained calculated lattice + mMVS intensity can reproduce
the experimental LA intensity at lower order BZs (Figure a). This indicates that the
observed anomaly can be attributed to the effect of spin precession driven by phonons and
reveals strong dynamic correlations between magnetic moment and phonon-induced lattice
displacements. Meanwhile, one may expect such an effect to apply to TA phonons even

though they are “forbidden” by the scattering geometry. This is because the mMVS model
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Figure 2.3: (a,b) The Q-dependent spectral intensity comparisons between measurement
and simulated S(Q,E) of LA and TA modes along [0,0,1] are presented. The mode spectral
intensities are obtained by subtracting a background and integrating a width of 13 meV
following the calculated phonon dispersion. The red (Blue) circles represent experimental
spectral intensities for LA (TA) modes. Data near Bragg points is masked. (c,d) The
temperature-dependent acoustic phonon energy at the BZ boundary is plotted with quasi-
harmonic approximation (QHA) calculations. Phonon energies are obtained from Gaussian
fitting of the “folded” experiment data. Red and blue dots denote relative LA and TA
phonon energy E(T)/E(10K) at temperature T. The error bars denote fitting errors. Atomic
motion corresponding to TA and LA modes at the BZ boundary are sketched in the insets,
where the red (blue) arrow indicates the phonon eigenvectors of LA (TA), and the black
arrow indicates the phonon propagation direction in the real space.

is non-zero under a non-trivial driving coefficient even when |Q - e|> = 0 [64]. Moreover,
the driving coefficient of TA and LA modes can be similar in magnitude. This can be
deduced from the non-collinear frozen phonon calculations (presented in Figure , which
reveal the similar driving effects of TA and LA phonon-induced atomic displacements to
the magnitude of magnetic moment (Section Figure a). This effect is analogous

to the typical magnetoelastic coupling through dynamic modulation of exchange coupling
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strengths, which are of similar scales among various phonon branches by DFT calculation
in NiO [85]. The driving coefficient for TA modes, {14, is obtained by fitting the exper-
iment data, and its magnitude ({74 ~ 0.7€p4) reasonably agrees with the frozen phonon
calculations (Section Figure a). As shown in Figure b, the calculated lattice
+ mMYVS intensity successfully reproduces the TA intensity at small Q. Henceforth, the
anomalously strong TA intensity at small Q originates from the effects of spin precession

driven by phonons like LA.

2.5 Phonon eigenvector renormalization

More strikingly, the pronounced intensity from TA mode, which is “forbidden” by
the scattering geometry, is observed below 30 meV at 10 K (Figurea, Figurea, Figure
Figure Figure in a broad range of Q. This feature is unexpected because the
momentum transfer Q is perpendicular to the TA phonon eigenvectors e (|Q-e|?> = 0) for this
orientation, making the lattice INS cross section zero for these modes (see, except near
Bragg points (Figure b), where some intensity is expected due to finite integration width
along other perpendicular Q directions. The observed intensity is not a result of the AFM-
striction-induced lattice distortion, which has been included in our scattering simulation.
One plausible explanation is the formation of magnon polarons [56] [57, [60], which emerge
from magnon-phonon hybridization and possess characteristics of both magnon and phonon.
Because the magnon group velocity is much larger than that of phonon, the intersections of
magnon and acoustic phonon dispersion in this system only exist in a small range of Q in

the vicinity of the lattice BZ boundaries (magnetic BZ centers). Because the “forbidden”
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intensity is found not only around BZ boundaries but also elsewhere in reciprocal space
without magnon-phonon crossings, the intensity cannot be solely from the magnon-phonon
hybridization. Moreover, ignoring the small rhombohedral lattice distortion in AFM phase,
the symmetry of all phonons at long wavelength limit has an irreducible representation of
I'15 in Bouckaert-Smoluchowski-Wigner (BSW) notation [80]. Following the compatibility
relations, the representation I'j5 splits into A; ® As along [0,0,1] direction. In comparison,
the magnon symmetry is of A’l ® A; [81], none of which are compatible with that of the
phonon modes, as shown in Figure c. As a result, magnons are not expected to hybridize
with acoustic modes in NiO, and the anomalous spectral intensity from acoustic branches
cannot be attributed to magnon-phonon hybridization.

Also surprising is that at higher order BZs, the temperature dependence of INS
intensity from TA modes still shows a descending trend, suggesting its correlation to the
magnetic order. As shown in Figure d2-d4,e2-e4, at equivalent BZ boundaries of higher
Q at L > 2 ,TA modes behave similarly to that in the first BZ and its intensity decreases
with temperature, whereas LA intensity increases monotonically. This suggests that, at
higher Q, the weakening of “forbidden” TA modes with temperature still shows their relation
to the magnetic order. On the other hand, the temperature dependence of LA intensity at
L = 3,5,7 agrees well with the phonon INS simulation, showing normal phonon behavior
(Figure e2-e4).

However, at large Q, the appearance of the “forbidden” TA intensity cannot be
modeled by mMVS. This is because the mMVS cross section is subject to |F(Q)|?, and will

approach zero at large Q (L > 4) (Figure a,b). In fact, similar “forbidden” phonon

26



modes have been observed in FegsNiss [63] 64] by INS. Despite the success of the mMVS
model in explaining the “forbidden” TA modes in FegsNiss, the observed Q-dependence is
completely different in NiO. While in FegsNisgs such mode shows a decrease in intensity at
higher Q, our measurement presents an ascending trend, as can be seen in Figure [2.3| b.
Clearly, the lattice + mMVS model still fails for TA modes at large Q (L > 4). In contrast,
the experimental intensity from LA modes at L > 4 was successfully reproduced by the
lattice scattering simulation, indicating that the LA intensity at larger Q is predominantly
from lattice INS by phonons and is consistent with temperature-dependent analysis above.
The gigantic discrepancy between experimental intensity from TA modes and lattice scat-
tering simulation indicates that the appearance of such “forbidden” TA modes is related to
the spin-phonon coupling, which is beyond the scope of mMVS model. Indeed, the effect
of spin precession driven by phonon can only be reflected by magnetic neutron scattering
at low Q, thus it cannot explain those neutron scattering signatures of phonon eigenvector
renormalizations shown at high Q.

In the case of NiO, the “forbidden” TA intensity at L > 4 must predominantly
result from lattice scattering instead of magnetic scattering and is suggestive of phonon
eigenvector renormalization. The lattice INS origin is because magnetic INS intensity is
always weaker at large Q, following the magnetic form factor. From the experiment data
shown in Figure [2.1] a, magnon spectral intensity decreases with the increase of Q and
vanishes at L > 4. It should be noted that the lattice counterpart of MVS (neutrons
create or annihilate magnetic excitations via lattice scattering) can be safely ignored be-

cause the hyperfine coupling between the nuclear and electronic moments is weak [51]. The
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scattering intensity of this mode may have a similar scattering origin as the “forbidden”
intensity observed in iron chalcogenides [66]. For iron chalcogenides, the “forbidden” inten-
sity vanishes under the spin-flip channel by spin polarized INS measurements, indicating it
primarily originates from lattice INS by phonons. Therefore, the “forbidden” TA phonon
INS intensity at high Q must predominantly originate from lattice INS by phonons. It is
worthwhile mentioning that, such intensity cannot result from the instrument resolution or
Q integration (Section Figure . If such INS intensity has a pure lattice origin, a
renormalization of the phonon eigenvector is necessary to explain the observed “forbidden”
modes.

Renormalization of phonon eigenvector is usually associated with the change of
phonon eigen-energy, which majorly comes from lattice thermal expansion, phonon-phonon,
and spin-phonon couplings in magnetic insulators. To estimate the phonon energy renor-
malization from spin-phonon coupling, calculations based on quasi-harmonic approximation
(QHA) are carried out to evaluate energy change contributed by lattice thermal expansion
in the AFM spin configuration (see Methods). Comparing experimental acoustic phonon
energy at the BZ boundary with QHA calculations, the phonon energy of TA (LA) shows
a 4%-5% (1%-2%) softening at 640 K (Figure ¢,d). Moreover, the TA phonon energy
dramatically decreases above Ty, showing a coincidence with the intensity change of the
“forbidden” TA modes across T. This suggests both phonon energy and polarization are
renormalized by the spin-phonon coupling.

The renormalization effect may originate from a direct coupling between phonons

and the local magnetization of ions. Although such renormalization process is related to
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the symmetry breaking because phonon eigenvectors follow the symmetry of the lattice, it’s
worthwhile emphasizing that, the static distortion induced by the AFM-striction cannot
explain the observed “forbidden” TA modes, henceforth the symmetry breaking needs to
be dynamic, as was pointed out in [66]. An early work suggested that the “forbidden” INS
intensity in FegsNiss [64] [63] may result from slow local orthorhombic distortions [86], which
modulate the local magnetization of magnetic ions, then indirectly modify the dynamic
matrix through magnetoelastic coupling, thereby cause the renormalization of eigenvectors.
The modulation on local magnetization will result in an effective dynamical symmetry
breaking of the phonon system, and the corresponding “forbidden” intensity may originate
from spin-driven effects on lattice vibrations. In NiO, the orbital is not fully quenched (the
ratio between orbital and spin moment L/S = 0.34) [79] [87], so the local magnetization
includes both spin and orbit parts. In addition, previous INS studies reporting observations
of “forbidden” phonons suggested that perturbations to orbital states can be critical in
affecting phonon characteristics [65] and the renormalization effect may be related to the
coupling between phonons and electron orbit degrees of freedom [66]. In the present case,
the renormalization of phonon eigenvector can result from an effective dynamical symmetry
breaking, which modifies the dynamic matrix through magnetoelastic coupling, and is driven
by the coupling between the phonon and the spin and orbital states on the Ni2+ ions.
Importantly, this can be reflected by the in-zone intensity of TA modes (Figure
b), which is found to be maximal at BZ boundaries (L=1,3,5,7). The TA modes at the BZ
boundary are non-propagating and share the same spatial periodicity as the ground state

magnetic order. Therefore, the renormalization effect is expected to be the most prominent
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at BZ boundaries because the coupling between phonons and sublattice magnetization is in
phase. The abrupt transition from long-range spin order to short-range spin order across
Ty results in the weakening of spin-phonon coupling, and thus dramatically weakens the
anomalous intensity in the PM phase. However, the renormalization effect is not absent
above Ty because the short-range magnetic order still exists. Similar to the observed
coherent scattering intensity of magnon at 540, 640K (Figure c3-c4), the “forbidden”
intensities of TA modes exist above T .

Magnetic order induced anharmonicity of the phonon potential, magnon-phonon
hybridization, electronic excitation-phonon couplings, and the presence of magnetic do-
mains, are ruled out as possible origins of the phonon renormalization. Firstly, while the
renormalization of eigenvectors can be closely related to the anharmonicity of the phonon
potentials [88], frozen phonon calculations show that the phonon potentials of both TA and
LA modes are quite harmonic regardless of their spin configuration (Section Figure
b). Secondly, renormalizations of phonon eigenvectors have been found to be related
to the interaction between phonons and magnetic excitations (magnons) in bulk YIG [89]
and YbBjs [65,00]. In YbBj2, the anomalous temperature-dependent phonon INS intensity
was successfully explained by the symmetry compatibility between phonons and magnons,
the latter of which were assumed to be of the same symmetry as crystal field excitations.
However, this is not the case for NiO, in which the symmetries of phonon and magnon are
not compatible, and thereby preventing hybridizations of magnon and phonon modes, as
mentioned previously. Finally, even though the symmetry of TA phonons (Aj) and the

first crystal field excitation state (I'ys) are compatible, the first crystal field excitation state
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(around 1 eV) cannot be excited thermally in the studied temperature range, henceforth
phonons are not expected to couple with the crystal field excitations. Further, the presence
of magnetic domains should not affect the observed anomaly in the scattering intensity, as
shown in Figure [2.11] Due to the instrument energy resolution limitation, magnon gaps

and their correlation to the observed anomalies cannot be characterized.
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2.6 Summary

In summary, our measurement and simulations reveal the INS signature of mu-
tual driving effects through strong spin-phonon coupling and acoustic phonon eigenvector
renormalization in NiO for the first time. In particular, the measured anomalous INS in-
tensity that follows the dispersion of acoustic phonon first weakens, then strengthens with
increasing Q, suggesting a combination of magnetic and lattice scattering. The intensity at
low Q is described by the mMVS model, unveiling the presence of spin precession driven
by phonon. A spin-phonon driving coefficient determined by fitting the experiment data
is used to quantify spin-phonon interaction strength. Additionally, the renormalization of
phonon eigenvectors indicated by “forbidden” intensity at high Q is related to the mag-
netic order by its anomalous temperature dependence. Such renormalization may result
from the coupling between phonon and local magnetization via spin-driven effects on lattice
vibration. Our study sheds light on the controlling of spin and lattice dynamics through
spin-phonon couplings in antiferromagnetic spintronic materials. The mutual spin-phonon
driving effects and the renormalization of phonon eigenvector may deserve investigation in

other magnetic insulators, particularly those with strong spin-phonon coupling.

32



2.7 Supplementary information

2.7.1 Supplementary figures
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Figure 2.4: (a, ¢) The dynamic structure factor of NiO measured by INS on ARCS at T =
10 K along the [-1,1,1] and [-1,1,0] directions in the reciprocal space. Experimental data is
integrated in a Q range of £0.1 (r.l.u) along other perpendicular axes and renormalized by
multiplying E. (b, d) Instrument resolution convoluted phonons and magnons simulation at
T = 10 K with the same Q integration. Kinematic limits have been applied according to
the experiment setup and the ARCS geometry. All panels are plotted on logarithmic scale.

As shown in Figure the neutron measurement and the DF'T calculation show
excellent agreements in the phonon and magnon dynamic structure factor along the [-1,1,1]
and [-1,1,0] directions, except for certain acoustic phonon branches as discussed in the

main text. The results indicate that the observed anomalous intensities show up along all

directions in the reciprocal space.
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Figure 2.5: (a, b) Q-dependence of measured dynamic structure factor at BZ boundaries
along [-1,1,0] and [-1,1,1]. All these constant Q cuts were taken with @ integration range of
40.1 r.l.u. and error bars indicate statistical uncertainties.

As can be seen in Figure al-a4, the measured dynamic structure factors at
Brillouin zone centering at (0,0,0) are anomalously large for [-1,1,0] direction, and clearly
fails to follow Q% monotonic increasing trend for pure lattice scattering. The same con-
clusion can be reached for [-1,1,1] direction by comparing bl and b4, where the measured
intensity has similar magnitude and do not follow expected Q? relation for pure lattice scat-

tering. Therefore, the anomalous intensity is expected to present in all three high symmetry

directions.
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Figure 2.6: The difference of the measured INS intensity of powder sample between 50
and 640 K (lower panel). Thermal occupation factor was not removed. The intensity is in
arbitrary units. The calculated phonon density of state (upper panel) indicates the energy
ranges of different phonon branches. The green, red, and black curves represent calculated
total, and projected density of state contributed by nickel and oxygen ions, respectively.

As can be seen in Figure the intensity of TA phonon is stronger at 50 K for
Q < 4 A1, This result is unexpected for the one-phonon coherent scattering process,
suggesting such an anomaly may result from magnetic scattering. The neutron scattering
kinematic limit confines the coverage of scattering intensity of LA modes at low Q region
(Q < 3 A1), The INS intensity from LA modes is much weaker than TA modes at low
Q. Hence, the temperature dependence of INS intensity from LA modes is not prominent.
Nevertheless, the temperature dependence of LA at low  region can be clearly seen by

single crystal INS measurements shown in Figure a,b,dl,el.
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Figure 2.7: The measured and calculated dynamic structure factor S(Q,E) of NiO at 10,
300, 540 and 640 K. (a), (b), (c) show the dynamic structure factor along [0,0,1], [-1,1,0]
and [-1,1,1] directions in the reciprocal space, respectively. Experimental data is integrated
in a Q range of +0.1 (r.l.u) along other perpendicular axes and renormalized by multiplying
E.

In Figure one may observe both the scattering intensity of “forbidden” TA
phonon and magneto-vibrational scattering intensity at small Q weakens with tempera-

ture. The measured dynamic structure factor at 640K become analogous to normal lattice

scattering patterns presented in Fig.1 b and Fig.S1 b,d.
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Figure 2.8: Temperature dependence of mode intensity from Lorentzian fits of phonon modes
at BZ boundaries at Q=(-5,5,0) and Q=(-4.5,4.5,4.5). (a, b) Experiment data at Q=(-5,5,0)
and Q=(-4.5,4.5,4.5) with a Q) integration range of 0.2 (r.l.u). (c) Temperature dependence
of mode intensity from Lorentzian fits of phonon modes at equivalent BZ boundaries at
Q=(-5,5,0) and Q=(-4.5,4.5,4.5). The peak areas represent the intensities of TA and LA,
as denoted by blue and red dots, respectively.

As can be seen in Figure [2.8] the INS intensity of TA phonon weakens with tem-
perature, while that of LA strengthens with temperature, showing normal lattice scattering

behaviors. This indicates the effect of phonon eigenvector renormalization is not unidirec-

tional.
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Figure 2.9: Three types of spin configurations were considered, including standard collinear
spin order (STD), non-collinear spin order with spin-orbit coupling (NCL) and non-spin-
polarized (NSP). (a) Change of electron magnetic moment. The inset shows temperature
dependent atomic root-mean-squared displacements. (b) Frozen phonon potential at various

displacements with quadratic fitting.

The modulation of magnetic moment induced by the LA mode is larger than that
by the TA mode (Figure a). The frozen phonon potential can be well fitted by quadratic

functions under various spin configurations (NCL, STD, NSP), indicating the potentials are
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quite harmonic regardless of the underlying spin order (Figure b).
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Figure 2.10: Comparisons between measured and calculated S(Q,E) with different Q inte-
gration ranges of £0.1 (a,b), £0.2 (c,d), £0.4 (e,f) r.l.u. along [0,0,1] direction. The unit
of Q is in reduced lattice unit. The intensity is plotted in logarithmic scale.

As shown in Figure TA modes are not predicted by the calculated S(Q,E)
under Q integration ranges of £0.1 and +0.2. The results confirm that the anomalous TA

phonon intensity cannot result from data integration or instrument resolution, the latter of

which is narrower than our integration range.
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Figure 2.11: The measured dynamic structure factor below TN with and without external
magnetic field. (al, a2) shows the data at 10, 300 K without external magnetic field. (b1,
b2) show the experiment data with magnetic field of 5 T applied vertically to the scattering
plane. Experimental data is integrated in a Q range of £0.1 (r.l.u) along other perpendicular
axes and renormalized by multiplying E.

Experimentally, we found that the presence of magnetic domains does not affect
observed anomalies in the scattering intensity. Two time-of-flight inelastic neutron scat-
tering measurements at 10, 300K were done with a 5T magnetic field applied along [1,1,0]
direction perpendicular to the scattering plane. It was indicated that the magnetic moment
would be locked in the (1,1,0) plane by the field [91],[92], and only a pair of domains remain.
Comparing these measurements to the data with no external magnetic field, no noticeable
difference (MVS intensity or intensity of TA in higher order zones) was observed, as shown
in Fig.S8. All magnetic scattering intensities were calculated based on one single domain
with spin aligned along [1,1,2] direction. Because neutron scattering only “sees” magnetic
moment components that are perpendicular to the direction of neutron momentum trans-

fer, the magnetic scattering intensity would merely be rescaled by a factor with multiple

domains considered instead of changing qualitatively by an extra Q dependence. Therefore,
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it won’t affect the ratio between &r4 and £p 4, or the results presented in Fig. 1 b; Fig. S1

b, d; Fig. 3 a,b.
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Figure 2.12: (a) Elastic profile (grey curves) from powder INS measurement at 50 K
with incident neutron energy of 50meV and energy integration range of +2 meV. Exper-
imental intensity (red circles) is extracted from Gaussian areas of measured elastic peaks
and error bars indicate fitting errors. The calculated intensity (blue dots) shows good
agreement with experimental. (b) The ratios between experimental and calculated elastic
peaks (Seiastic(®)/Icar) are shown in black squares. The Debye-Waller factor fitted from
Selastic(Q)/Icar is shown as black dashed lines. Based on that, |Q|?exp(—2W) is evaluated
and shown in red curve.

The measured elastic neutron scattering cross-section can be used to obtain the
Debye-Waller factor from static and dynamic components of the atomic mean-square dis-
placements. The coherent powder diffraction intensity (excluding the Debye-Waller factor),

Icar =Y [baexp(iT - A)*5(Q — 7)
4G
determined by neutron scattering length (by), phase factor exp(iT - d) and momentum con-

servation §(Q — 7) is evaluated based on undistorted face-center-cubic structure in para-
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magnetic phase. By assuming nickel and oxygen atom have the same magnitude of static
and dynamic displacements, the Debye-Waller factor can be extracted by comparing elastic

INS intensity Sejqstic(Q)with Iog,

exp(—QW) = Selastic(@)/IC’al

The atomic displacement \/W obtained from powder INS measurements at 50 K is of 0.14
A, which includes contributions from both static and dynamic parts. As can be clearly seen
in panel e, the |Q[?exp(—2W) increases as a whole for |Q| < 6 A~!, which covers the first
two Brillouin Zones at [0,0,L] direction (L < 4 r.l.u.). Therefore, it’s safe to rule out the
possibility that the decrease and increase of INS intensity (Fig.1 e) at small Q originates

from the Debye-Waller factor.

2.7.2 Supplementary Notes
Modified magneto-vibrational scattering (mMVS) cross section

For acoustic branches corresponding to the motion of Ni?* ions, a good approx-
imation can be made by neglecting the intensity contributions from the vibration of O~
ions because the eigenvectors ey associated with these phonon modes are small (see Figure
. The lattice + MVS scattering cross section for acoustic branches can be written as:

oM

Slatervs(va) = (1 + O_T)Slat (2'1)
coh

If the lattice and spin were strongly correlated, the conventional MVS model is not appli-

cable to the system. We use a modified MVS (mMVS) model [64] based on the assumption
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that the local magnetic moment was driven by atomic displacements from phonons,
Si=Sio(1—x Y _ €;[0R; — 6R;)) (2.2)
J

where S; (Sjo) is the perturbed (unperturbed) magnetic moment associate to magnetic ion
i; €; is the strain between next-nearest-neighbor (NNN) atoms, which dominates the AFM
super-exchange coupling between Ni?T ions; x is a constant describing linear dependency
of phonon driving effect to the magnitude of magnetic moment of ion ¢; d R; is the phonon
induced displacement of magnetic ion i from its equilibrium position. Following Ref.[64], the
modified MVS cross section from coherent one phonon creation process could be expressed

as:

K (2m) 1 oM iqa-w . 2
Smmvs(Q7w) = 2kv0 ZZJZE’G d((Q+§qr) 'eds)’
s T S d
X(”s + 1>6(w - ws)(s(Q —-—q- T) (23)

where £ are unit vectors connecting NNN magnetic ions, ¢ = z/|r|? is the normalized driving
coefficient; W, = %|Q + &gt |*(u(T)) is the modified Debye-Waller factor of mMVS for the
atom d; ¢ is the value of the in-zone wave vector and is maximal at BZ boundaries. From
the equation above, the Q-dependence of scattering intensity depends on three factors:

1. The magnetic form factor, which makes the mMVS cross section decays at larger mo-
mentum transfer. This should not be omitted because mMVS is still a magnetic scattering
process.

2. The modified Debye-Waller factor, VVc/l7 which is small at low temperature due to the
small mean square displacements ug.

3. The modified term, (Q + £qr) - e4s, which leads to spectral intensity even if the momen-
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tum transfer from neutrons to the lattice is perpendicular with phonon eigenvectors under
non-trivial driving coefficient &.

In our simulation of the mMVS cross section, the spectral intensity from O%~ ions
was ignored as discussed in the previous section (see Figure, and the Debye-Waller factor
Wcll was assumed to be unchanged. All phonon eigenvectors in the following calculation are
from the phonon calculations discussed in Methods. For LA modes, the modified MVS can

be expressed as:

oM|(Q+€paqt) - epa)l?
(oN.1Q - eral?)

S?%?rws(Qaw) = Slat(Q,w) (24)

Because the eigenvectors of TA modes are perpendicular to Q (Q-er4|?)=0), Eq cannot
be used to evaluate the mMVS cross section for TA modes. Instead, the mMVS cross section

for TA modes can be estimated as following,

2|(épaqt) - era)Pwrag
sTA W) = n L gLA ,w 2.5
s (Qs W) Q + £1.408) - eralPwrag s (Q> W) (2.5)

The driving coefficients &4 =9, 74 = 6.5 was obtained by fitting the experimental data

at Q=(0,0,1).
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Chapter 3

Effect of spin-phonon interaction

on thermal transport in NiO

3.1 Abstract

Nickel (II) oxide is a prominent candidate for spintronic and spin-caloritronic ap-
plications operating at room temperature. Although there are extensive studies on nickel
oxide, the roles of magnon- and spin-phonon interactions on thermal transport are not well
understood. In the present work, the relationship between spin-phonon interactions and
thermal transport is investigated by performing inelastic neutron scattering, time-domain
thermoreflectance thermal conductivity measurements, and atomistic thermal transport
calculations. Inelastic neutron scattering measurements of the magnon lifetime imply that
magnon thermal conductivity is trivial, and so heat is conducted only by phonons. Time-

domain thermoreflectance measurements of the thermal conductivity vs. temperature follow
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T~ in the antiferromagnetic phase. This temperature dependence cannot be explained
by phonon-isotope and phonon-defect scattering or phonon softening. Instead, we attribute
this to magnon-phonon scattering and spin-induced dynamic symmetry breaking. The spin-
phonon interactions are saturated in the paramagnetic phase and lead to a weaker tempera-
ture dependence of T~19 at 550-700 K. These results reveal the importance of spin-phonon
interactions on lattice thermal transport, shedding light on the engineering of functional

antiferromagnetic spintronic and spin-caloritronic materials through these interactions.

3.2 Introduction

Thermal transports in magnetic insulators are predominantly governed by lattice
dynamics, spin dynamics, and mutual interactions between them. Phonons and magnons
are quantized energy carriers that correspond to lattice and spin degrees of freedom. Their
contributions to thermal conductivity vary in different systems. Phonons usually carry
most of the heat in magnetic insulators. Magnons also affect the thermal transport of
magnetic insulators through two mechanisms. First, in some insulators, the amount of heat
carried by magnons is comparable to that of phonons at low temperatures [9, 10, 1T}, 12}
13]. Second, spin-phonon interactions affect phonon energies and mean free paths, thus
the transport of phonons [14] 15]. Although thermal conductivity governed by phonon-
phonon scattering can be understood by the theory of lattice anharmonicity [1], the effects
of magnon and spin-phonon interactions are less well understood [93]. The majority of
existing work focused on tuning thermal conductivity by an external magnetic field at low

temperatures, where thermal transport is not dominated by phonons. It was observed that
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with increasing external magnetic field, the magnon-phonon interaction is weakened and the
thermal conductivity is enhanced in ferromagnetic, ferrimagnetic, and magnetic frustrated
materials [94] [95] 96]. These observations suggest that spin-phonon interactions suppress
thermal transport. However, the thermal conductivity in antiferromagnetic materials has a
much weaker field dependence [14], thus the effects from spin-phonon interactions are not
extensively explored. There is great potential in engineering thermal transport through
such interactions.

While there are extensive experimental and theoretical studies on thermal trans-
port in single crystal NiO [97, O8] 41l 99, 100} 10T], there are no conclusive experimental
thermal conductivity data or atomistic models for magnon and phonon transport in the
context of spin-phonon interactions. The most cited experimental work was done by F. B.
Lewis et al [41]. Although the thermal conductivity was reported to increase with tem-
perature in the paramagnetic (PM) phase, suggesting strong spin-phonon interactions, the
measurement was not conclusive because of possible radiational heat loss [41]. The increase
of thermal conductivity in the PM phase is contrary to later measurements done by M. Mas-
sot et al [I00], who measured the thermal conductivity only in the vicinity of T. Previous
Raman experiments only focused on the temperature dependence of the phonon energy at
the zone center [24]. The lack of accurate measurements of thermal conductivity in a wide
temperature range, characterizations of temperature-dependent magnon and phonon dy-
namics off zone centers, and atomistic models for magnon and phonon transport hindered
further investigations of thermal transports in this important material. The present work

sheds light on these points.
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In the current work, we performed inelastic neutron scattering (INS) experiments
to characterize magnon and phonon dynamics, time-domain thermoreflectance (TDTR)
measurements to measure temperature-dependent thermal conductivity, and atomistic sim-
ulations to investigate phonon and magnon transport in the context of spin-phonon inter-
actions in NiO. INS measurements of magnon lifetimes indicate that the magnon thermal
conductivity is negligible at all temperatures. TDTR measurements reveal that the ther-
mal conductivity of NiO decreases from 55 W/(m-K) at 200 K to 13 W/(m-K) at 500 K.
First principles calculations show that this temperature dependence is greater than can be
explained with phonon-phonon and phonon-defect scattering (from 53 to 20 W/(m-K) in
the same temperature range). INS measurements of temperature-induced phonon energy
softening cannot also explain the observed temperature dependence of thermal conductivity.

We attribute the difference to spin-phonon interactions.

3.3 Methods

3.3.1 INS measurements

Time-of-flight INS measurements were performed on single-crystal NiO with the
Wide Angular-Range Chopper Spectrometer (ARCS) at the Spallation Neutron Source
at Oak Ridge National Laboratory. Incident energy of 150 meV was used for measure-
ments under 10, 300, 540 and 640 K. The sample was loaded with Al foil and placed in a
low-background electrical resistance vacuum furnace with (H,H,0) plane horizontal. Data
reduction was performed with MANTID [67]. The INS data were normalized by the proton

current on the target and corrected for detector efficiency using a vanadium scan. Since no
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detectable difference can be found in binning experimental data (10, 300 K) with distorted
rhombohedral or FCC lattice coordinates, the slight structure distortion of the AFM phase
was neglected, and the FCC crystal structure was used for data analysis. The data was
sliced along high symmetry Q-directions in reciprocal space to produce two-dimensional
energy-momentum views of dispersions.

Time-of-flight INS measurements were also performed on polycrystalline NiO. The
sample was loaded in an Al sample can and mounted in a low-background electrical resis-
tance vacuum furnace. The two-dimensional dynamic structure factors S(|Q|,E) were ob-
tained at T = 50, 280, 450, 540 and 640 K using an incident energy of 50 and 150 meV. INS
measurements on an empty Al can were performed at the same temperatures and neutron
incident energy. The measured intensity, as the INS background induced by the sample
holder, was subtracted from the polycrystalline data. The data have been corrected by
multiphonon scattering and thermal occupation using GETDOS [102].

Triple-axis INS measurements were performed on the same single-crystal with
triple-axis spectrometer TATPAN at OPAL reactor at ANSTO to map phonon dispersion
near the zone center. Constant Q scans near zone centers at (1,1,1), (0,2,2) and (0,0,2),
and constant energy scans at 10, 15, and 20 meV along [1,1,1] were performed at 300, 450,

and 650 K.

3.3.2 TDTR experiments

We performed TDTR measurements on two single-crystal NiO samples between
125 and 675 K. TDTR is a well-established pump probe technique for the characterization

of thermal properties [I03]. Details of our TDTR setup can be found in Ref. [104]. We
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mounted the samples in a heater stage (Microptik MHCS600) for temperatures above 300
K and in a cryostat (Janis ST-300MS) below 300 K. We pumped the sample chamber down
to ~10-5 torr during the experiments. We coated the NiO samples with a ~80 nm Al film.
The Al film serves as both a heat absorber and a thermometer. In TDTR measurements, a
train of 783-nm-wavelength laser pulses emitted from a mode-locked Ti:sapphire oscillator
is split into a pump beam and a probe beam. The pump beam heats the sample at a
modulation frequency of 10.7 MHz. The probe beam monitors the temperature decay at
the sample surface via temperature-induced changes in the reflectance of the Al film. The
reflected probe beam from the Al film is collected by a silicon photodiode detector. A lock-
in amplifier reads the microvolt change in voltage output by the detector due to changes
in reflected probe beam intensity. The amplifier outputs the in-phase signal V;,, and the
out-of-phase signal V,,; at the 10.7 MHz modulation frequency. The size of the laser spot
in 1/€? radius wo = 6.5 um and is measured by the beam offset method [I1]. We controlled
the steady-state temperature rise in NiO to be less than 5 K considering its phase transition

at 523 K. The steady-state temperature increase in the TDTR measurements is [103]

P(1-R)

ATy = ———~
N

where P; is the incident laser power, R is the optical reflectivity of Al, and & is the thermal
conductivity of NiO. We make sure ATs; < 5 K by controlling the incident pump and probe
power. We analyzed the collected ratio, —V;,/Vous, using a heat diffusion model to extract
the thermal conductivity of NiO [103]. The model needs several input parameters, such as
laser spot size, modulation frequency, and thermal properties of each layer. We measured

the thickness of the Al film by picosecond acoustics [105]. We used experimental results from
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literature for the heat capacity of Al and NiO at different temperatures [41], 106] [107]. For
the heat capacity of NiO above 630 K, there is no experimental data. Thus, we extrapolate

the experimental results in Ref. [41].

3.3.3 INS data folding

Data folding was used to increase the counting statistics and remove the neutron
scattering form factor in the dynamic structure factors S(Q,E). Data folding was done by
summing up the S(Q,E) data from over 100 BZs into an irreducible wedge in the first
Brillouin zone. The offsets of the q grids were corrected by fitting the measured Bragg
diffractions. This folding technique has been used in a previous study [68] and has been

demonstrated to be reliable.

3.3.4 First-principles calculations and thermal conductivity simulations

The ab initio density functional theory calculations regarding obtaining second
order interatomic force constants, phonon eigenvalues, and eigenvectors can be found in
Section Third-order force constants were also calculated using a 2x2x2 supercell,
corresponding to 32 atoms with 6x6x6 reciprocal mesh sampling and an energy cutoff of
550 meV. The third-order force constants were calculated from 226 inequivalent displace-
ments based on the supercell mentioned forehead without a pair-cutoff distance. Second-
order and third-order force constants are symmetrized to minimize drift force constants
as implemented in Phono3py [108]. Phonon lifetimes were obtained from the imaginary
part of the calculated phonon self-energy, which was evaluated by the lowest-order many-

body perturbation theory as implemented in Phono3py. The lattice thermal conductiv-
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ity accounting for 3-phonon scattering was calculated by solving the linearized phonon
Boltzmann equation (LBTE) using the single mode relaxation-time method [108, [109] with
Phono3py. The lattice thermal conductivity using the direct solution of LBTE is also cal-
culated with Phono3py. Phonon lifetimes and lattice thermal conductivity converged in
20x20x20 q mesh. The isotope scattering due to the mass variance of isotope distributions
was performed as implemented in Phono3py. The thermal conductivity by phonon-phonon,
phonon-isotope and phonon-defect scattering is estimated by xpq = %Z gi cqjvngpm. Ac-
cording to Matthiessen’s rule, the single-mode phonon relaxation time at specific q and

1 1 1 1
branch j follows = + + , where Tpp, 45, Tpi,qj and Tpq 45 stand for relax-

Tp,qj Tpp,qi  Tpiqi  Tpdqj

ation time by phonon-phonon, phonon-isotope and phonon-defect scattering. It is assumed

that the relaxation time of the scattering of phonon defects due to point defects is assumed

Wy

to follow Tp_d?q (wgs) = A( )4, where A is a scaling factor; w,j and wp,az are the phonon

Wmazx
energy and cutoff phonon energy at point q for branch j, respectively. A is obtained by
fitting the measured thermal conductivity of NiO (I) below 200 K.

The phonon properties with collinear ferromagnetic (FM) spin order were calcu-
lated based on the same relaxed cell mentioned forehead. The second order force constants,
the static dielectric tensor and Born effective charges were obtained in the same procedures.
By changing from AFM to FM spin order, the phonon maximum energy increase 5.6%. The
phonon Griineisen parameters with FM and AFM spin order were calculated from three

separate phonon band structure calculations with lattice constants of -0.3%, 0% and +0.3%,

as implemented in Phonopy.
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3.4 Magnon and phonon thermal conductivity
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Figure 3.1: Data folding was done by integrating the intensity of INS over 100 slices, which
have data coverages greater than 70%, into an irreducible wedge. (a) Folded coherent one-
phonon scattering S(Q,E) simulation at 10 K with the same Q integration configurations as
experimental ones. (b-e) Experimental S(Q,E) at 10, 300, 540, and 640 K. Previous phonon
dispersion measurements at 300 K [I10] and calculated phonon dispersions are plotted in
(c) as black dots and red curves, respectively. Thermal occupation corrections were applied
to both the calculated and experimental data.

Time-of-flight INS measurements were performed on single-crystal NiO with ARCS
spectrometer at the Spallation Neutron Source (see [3.3.1). The four-dimensional dynamic
structure factors, S(Q,E), were mapped at 10, 300, 540 and 640 K and folded into an
irreducible wedge in one Brillouin zone (see [3.3.3)). In Figure the folded S(Q,E) shows
phonon and magnon dispersions. The spectral intensity of the magnons is weaker than
that of the phonons. In Figure [3.1] ¢, the measured phonon dispersion shown in the folded
S(Q,E) is consistent with previous measurements at 300 K [I10]. The S(Q,E) calculated
by the coherent lattice INS (see Section [1.3.1]) at 10 K shows excellent agreement with the
measurements (Figure a, b). Our DFT calculation predicts the longitudinal optic mode
energy of 71.2 meV at the zone center (I'), matching well with our measurement and previous

Raman measurement at 300 K [24]. Two branches of nondispersive INS intensities around

23 and 35 meV overlay with low-lying optical modes (Figure b, ¢). These intensities
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arise from incoherent INS by nickel atoms, which have a non-trivial incoherent scattering
cross section of 5.2 barn. This is confirmed by the coherent one-phonon scattering dynamic
structure factor simulation in Figure a. Similar incoherent scattering intensities have
been observed in CoO [111]. Our INS measurements provide detailed characterizations of
magnon and phonon properties and shed light on the calculation of thermal conductivity,
as discussed below.

The total thermal conductivity (x) in NiO can be represented as k = Ky, +kp, where
km and k, are the thermal conductivity by magnon and phonon transports, respectively.
In this system, the intrinsic linewidth broadenings of magnons were much smaller than
the magnon energy. Magnons would be well defined and can be treated as propagating
quasiparticles. In this case, the kinetic theory of thermal transport can be applied to
calculate the magnon thermal conductivity [I12]. The thermal conductivity along [1,0,0]

can be calculated with

Km = E cqngq

q

, where c4,v4,7, are the mode volumetric specific heat (energy density per unit volume),
projected group velocity along the [1,0,0] direction, and the mode relaxation time of magnon

at the grid point ¢, respectively. The ¢, takes the form,

_ 1 9 Yq
- NV OT exp(w,)/(ksT)) — 1

¢ (3.1)

where NV is the total grid points in the reciprocal space; V' is the volume of the unit cell; wq is
magnon frequency at grid point ¢, kp is the Boltzmann constant, and T is the temperature.
Wgq,Cq,Vq are obtained from the calculated magnon dispersions (see Section [1.3.2)), which

show great agreement with experimental data at 10K (Section Figure .

54



0:=(0.5,0.5,3) Q»=(1.75,1.75,1.75)

1 1 110 T T
(@) b 10K |(b) b 10K (c)
$ 300K & 300K 1088 ~100%
\\
5 : 106 |- ~ +98.1%
© f I\ < S
- b % S
2 ’ £ 104 N 496.3%
Z % - N
@ w S
= )4 102 - e 194.4%
'E %’ T T \\\
r [i 100 # Q=(0.5,05,3) J92.6%
%} i Q=(1.751.75,1.75)
I ] idi = ] ]
00 100 110 90 100 110 120 20 200 400 Ty
E (meV) T (K)

Figure 3.2: (a, b) Fitting of the experimental data at Q; and Q2 with a Q integration range
of 0.1 (r.l.u.). Red and blue circles are experimental data at 10, 300 K, respectively. Error
bars denote statistical errors. Dashed lines are the fitting results (see text) by the Voigt
function with fixed Gaussian linewidth obtained from the fitting magnon S(Q,E) calculation
at 10, 300 K, respectively. The energy of the magnon decreases with temperature. The green
and purple squares are centers of the fitted peaks at Q1 and Qq, and the error bars denote
the fitting errors.

The magnon thermal conductivity was obtained based on the lifetime calculated
from the magnon linewidth. The magnon linewidths were obtained by fitting experimental
and calculated one-dimensional dynamic structure factor S(E) slices at Q; = (0.5,0.5,3)
and Qa2 = (1.75,1.75,1.75). The experimental data were fitted with a convolution of the
resolution and the intrinsic lifetime broadening. The resolution function is Gaussian and
its linewidth, ~¢g, includes contributions from the instrument energy and Q resolution.
A Lorentzian function with its half-width half-maximum (HWHM), vz, is used for the
intrinsic lifetime broadening. For 10 K, the fitted 7 are 1.940.5 and 1.740.8 meV and
magnon intrinsic lifetime, 7 = 1/(27g), are 172 and 191 fs at Q; and Qg, respectively.

The results on magnon lifetimes are comparable with previous measurements on ultrathin
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ferromagnetic films using spin-polarized high-resolution electron energy loss spectroscopy
[113]. As suggested by Wu et al. [112], magnon lifetimes 7, scale with w,’ Lin the presence of
spin-phonon interactions, hence, 7, can be approximated by 7, = Towo/wy, in which 79 and
wq are the magnon energy and lifetime at the top of the dispersion. Although NiO has two
magnon eigenmodes, they degenerate in a wide span of reciprocal space. The degeneracy
is broken only in the vicinity of the magnetic zone center with magnon gaps of 4.3 and 0.6
meV [I14] 115]. In this case, the effect of the magnon gap on magnon transport was not
considered. With specific heat, the projected group velocity and the lifetime obtained at 10
K, Kk along [1,0,0] direction is calculated to be 0.2, 0.9, 1.3 W/(m-K) at 100, 300, 500 K
respectively, as shown in Figure d. It should be noted that the temperature dependences
of magnon 7, and w, are not considered in the present calculation and the x,, should be
treated as an upper limit because both 7, and w, decrease with temperature (Figure .
At 300 K, the magnon intrinsic linewidth ~; are 5.74+1.0 and 6.44+0.8 meV and magnon
intrinsic lifetime, are 58 and 51 fs at Q; and Qg, respectively (Figure a,b). At 300 K,
the calculated magnon thermal conductivity is around 0.3 W/(m-K) and much less than
the upper limit. We estimated the k,, between 10 to 500 K using temperature-dependent
magnon energies and lifetimes, which are obtained from linear fittings of the experimental
data at 10 and 300 K. As shown in Figure d, the estimated k,, first increases from 10
to 320 K and gradually decrease above 320 K.

The phonon thermal conductivity (k,) was calculated based on 3-phonon scattering
with the single mode relaxation time (SMRT) approximation [108] [109] (see[3.3.4)). Phonon-

isotope scattering due to the mass variance of isotope distributions was also considered (see
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Figure 3.3: (a)Thermal effusivity of NiO (I) measured by TDTR. (b) Calculated specific heat
of magnons and phonons. The blue (red) curves indicate the calculated specific heat of the
harmonic (anharmonic) phonons. The calculated specific heat agrees well with previously
measured data around 400 K [41]. The black curve indicates the calculated specific heat
of the magnon. (c,d) Experimental and calculated thermal conductivity. The blue squares
show the thermal conductivity results for NiO (I) from the TDTR measurement. In panel
(c), purple, green, yellow and pink labels show previous thermal conductivity measurements
on NiO [41, 98, 97]. In panel (d), the blue (light blue) lines indicate the calculated thermal
conductivity of phonon «, based on 3-phonon scattering of natural (pure) compounds. The
kp of natural compounds includes the effect from phonon-isotope scattering due to the
mass variance of natural isotope distributions. The red line shows the estimation of the &,
by phonon-phonon, phonon-isotope, and phonon-defect scattering. The yellow line shows
the Ii;) by acoustic phonon modes considering phonon energy shifts with temperature (see
text). Data points are fitted using different temperature dependences as indicated by the
black dotted lines (see text).In the inset, the black dashed curve indicates the calculated
upper limit of x,, and the solid curve shows the estimated k,, from temperature-dependent
magnon energies and lifetimes. The black cross labels indicate k,, calculated at 10 K and
300 K.
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. Phonon-defect scattering due to point defects was estimated by fitting TDTR data
below 200 K (see . The calculated x, using SMRT approximation and direct solution
of the linearized Boltzmann transport equation (LBTE) shows little difference (Section
3.7 Figure 3.9). It should be mentioned that other calculational results of , obtained
by direct solution of LBTE with considered phonon-phonon and phonon-isotope scattering
have recently been reported [I01]. The reported &, is around 25 W/(m-K) at 300 K, much
lower than our calculation (natural with defect, 31 W/(m-K)) and our measurement (30
W/(m-K)) shown in Figure d. The difference may arise from the different exchange-
correlation functionals that were used (LDA in the present work, hybrid-PBE in ref.[T101])
and the difference in phonon dispersion (~7% in the total energy scale). Above 200 K,
the calculated r, follows 7! (Figure d), which is typical for nonmetallic materials in
high-temperature regimes due to phonon-phonon interactions [116].

The calculated thermal conductivity of the phonons is much larger than that of the
magnons in the AFM phase (Figure d). The total thermal conductivity is determined
mainly by phonon transport. The huge difference between «, and x,, mainly results from
the difference in cumulative specific heat, where the specific heat of magnons is about two
orders of magnitude lower than that of phonons at 100 K (Figure b). Near and above
T, magnon lifetimes are expected to decrease drastically due to the loss of long-range spin
order, and the thermal conductivity by magnon is also expected to be small.

TDTR measurements were performed on two NiO single crystals labelled NiO (I)
and NiO (II) (see . TDTR is a transient method for thermal transport measurements

whose experimental signals are proportional to thermal effusivity (vxC). The NiO (I)
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crystal has a flat thermal effusivity below 200 K. Above 200 K, the thermal effusivity
decreases with temperature, and a small dip was observed at 523 K. Using values from the
literature for the heat capacity versus temperature of NiO [41], [107] (see Section Figure
, we estimate the thermal conductivity versus temperature from the experimentally
measured thermal effusivities.

The thermal conductivity of NiO (I) in the AFM phase depends strongly on tem-
perature between 200-450 K. x decreases from 55 W/(m-K) at 200 K to 17 W/(m-K) at 450
K. This corresponds to a temperature dependence of 71 (Figure ). At temperatures
greater than 550 K in the PM phase, the temperature dependence of the thermal conduc-
tivity is weaker. The thermal conductivity decreases with T—1 above 550 K. The NiO (II)
crystal has lower thermal conductivity with weaker temperature dependence (Section
Figure because of a higher defect concentration than NiO (I). k of NiO (I) in Figure
is more representative of the intrinsic transport properties of NiO.

We now compare our results to prior measurements of x of NiO. Our data show
a trend similar to previous results measured by Zhuze et al. using a pulse technique [98],
see Figure [3.3c. Both measurements show an overall decreasing thermal conductivity with
temperature, with a dip around Ty.

Although our data are consistent with the results by Lewis et al. [41] below 200 K,
the measured thermal conductivity is lower and shows a stronger temperature dependence
from 200 to 450 K (Figure c¢). The discrepancy may be related to radiation heat loss
in the steady-state longitudinal method used [41}, 117], see Section Figure Errors

in thermal conductivity caused by heat loss from radiation are known to follow the T3
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dependence [117]. We calculate the difference between our measurements and the steady-

state results (Ax) at 200-500 K and find it to be proportional to T° (see Figure [3.11)).
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Figure 3.4: (a,b) Phonon energies from the phonon density of state INS measurements
with incident neutron energy of 50 meV at 50, 280, 450, 540 and 640 K. The experimental
data have been corrected for by multiphonon scattering and thermal occupation. There
are two distinct peaks around 25 and 34 meV, corresponding to the (a) TA and (b) LA
phonon modes. (¢) Measured and calculated phonon energies for LA and TA modes along
high-symmetry directions. Squares and cross markers represent phonon energies from the
time-of-flight (measured at 10, 300, 540 and 640 K) and triple-axis (measured at 300, 450
and 650 K) INS measurements, and the corresponding colors denote temperatures. The g-
resolved mode Griineisen parameters are calculated based on quasi-harmonic approximation
and indicated by the colored lines. Zone-folding modes that cannot be seen from INS
experiments are shown in dashed lines. The fitting errors are smaller than the marker size.
(d,e) Difference of the phonon energy from low to high temperature of the upper branch
(d) and the lower branch (e). All phonon energies were extracted from Lorentzian fittings
of the measured data, and error bars indicate fitting errors. The incoherent INS scattering
signals around 26 meV can cause slightly biased phonon energies, as denoted by grey boxes.

60



In Figure [3.3d, we compare our experimental and theoretical predictions for the
thermal conductivity. While the calculated £, (natural with defect) and the measured « are
in good agreement for T' < 300 K, they diverge for T above room temperature. Experimental
k decreases more rapidly with T than theory can explain. The discrepancy between theory
and experiment increases as T increases from 300 to Ty = 523 K. Then, at temperatures
above Ty, the difference between experimental and theoretical k stays roughly constant at
~ 25 %. In addition to disagreeing with our theoretical predictions for NiO, we note that
a T~ dependence for & is different from other non-magnetic insulators with face-center-
cubic crystal structure and similar phonon properties. For example, crystals such as MgO
have a  that is proportional to 7! (Section Figure in the same temperature
range. Therefore, we conclude that simple phonon-phonon scattering, or phonon-isotope
and phonon-defect scattering, cannot explain the observed temperature dependence of NiO
at 200-450 K (Figure d). We conclude that there is another temperature-dependent

scattering term that affects transport at temperatures above 300 K.

3.5 Effect of spin-phonon interactions on thermal conductiv-
ity

In kinetic theory, temperature effects on phonon transport can be reflected in two
parts: changes in phonon energy and lifetime. On one hand, the shift in phonon energy af-
fects thermal capacity (unless the temperature is well above Debye temperature) and group
velocity, and thus thermal conductivity. From our INS measurements on polycrystalline

NiO, the measured phonon energies monotonically decrease with temperature for both TA
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and LA modes (Figure a, b), and for optical modes (SectionFigure. The soften-
ing of acoustic phonon energy with temperature was also observed via INS measurements on
single crystal NiO, as shown in Figure[3.4)c-e. With the assumption of isotropic and uniform
softening of the phonon modes on heating, the phonon energy for the specific phonon mode
i at temperature T can be approximated by w;(T") = wo;(1 — nT'), where wy; is the phonon
energy at 0 K, 7 is a positive coefficient representing softening of the acoustic phonon mode
i and is obtained from linear fittings w = wp(l — nT") on the measured phonon energy
(Figure a, b). The obtained 774 and 4 are 5.6x107° and 4.5x107° K~! meV~1,
respectively. In the long wavelength limit, the group velocity for mode i can be expressed

as v; = vo;(1 — nT). The effect of phonon softening on mode thermal conductivity can be

CZ(T)Ul(T)Z where C(T) _ li WOi(l — T]T)
(ci(T)vi(T)?)|p=0 ’ ' V OT exp((woi(1 —nT))/(keT)) = 1°

shown by ((T) =

Assuming that the phonon lifetime does not change, the thermal conductivity with

temperature-induced acoustic phonon energy shifts was calculated as

k(1) = Z Fip,aiGas (M, T) = Z Cpﬂj‘vg,qj‘nzogqj (1, T)Tp,g55
qj

q7

in which &, 4; represents the calculated mode thermal conductivity for specific phonon mode
at point ¢ for branch j, and the softening coefficient 1 was set to be npa for all acoustic
phonon modes. The group velocities (Figure and lifetimes (Section Figure a)
of the acoustic phonon modes are much larger than those of the optical modes, and the
acoustic phonon modes contribute more than 90% of the total thermal conductivity at 300-

700 K (Section Figure b). In this case, the K,;, can be approximated by considering

I

only acoustic phonons. As shown in Figure d, the £,

is not sufficient to explain the 7~
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temperature dependence, although it was underestimated due to the exclusion of optical
phonon transport, the approximation of group velocities in long wavelength limit, and the

use of a large softening coefficient 7 for all acoustic modes.
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Figure 3.5: (a) One-dimensional S(|Q]) by INS powder measurements at 50-640 K with
energy integration of +2 meV. The elastic magnetic peaks show around 1.3 A~! and their
intensities weaken on heating significantly, whereas elastic lattice peaks retain the same.
(b) The inverse of the HWHM of the magnetic elastic Bragg peak 1/6,,.(T) (green labels)
and normalized phonon scattering rate 7; ' (T)/7; ' (450 K) (purple labels). Colored lines
are guides for the eye.

In our discussion above, we have ruled out phonon-isotope scattering, phonon-
defect scattering, and phonon softening as explanations for the x vs. T dependence of
NiO. We now turn our attention to spin-phonon interactions that affect phonon lifetime.
In magnetic insulators, magnon-phonon scattering (MPS) can also affect phonon transport.
According to Matthiessen’s rules, the scattering rate for the specific phonon mode 7 is
-1, - 1 1 1 -1

‘+Tpd1i +7-1 where 7 T

N1 —1 — _
expressed by T(p, i) =171, + 7, mp,i’ ppi Tpisio Tpdi> Tmp,i

iy correspond to

the scattering rate for phonon-phonon, phonon-isotope, phonon-defect, and magnon-phonon

scattering processes.
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Spin-phonon interactions will have two effects on thermal transport. First, MPS
(1) will reduce the phonon lifetimes. The single-mode acoustic phonon scattering rate

mp,t

can be expressed by = nwso, where n is the density of scatters, v is the speed of sound,

Tn;;,i
o is the scattering cross section [I18]. In this simplified MPS model, the temperature
dependences of o can be described byc = w(A(T)/2)? [96], where A(T) is the magnetic
correlation length. We approximate the correlation length from the HWHM (6,,.(T")) of
magnetic elastic Bragg peak (Figure a) by AM(T') = 1/0,(T'). Noting that the \(T') is
underestimated due to the instrument resolution in Q (~ 0.04 A). For phonons scattered
by magnon mode, n = [npg(E,T)gn(E)dE, where ngg is Bose-Einstein statistics, E is
magnon energy and g,,(E) is the magnon density of state. With a fixed v, the normalized
single phonon scattering rates T,;zl,’i(T) / T;L;?i (450 K) first increases slowly then dramatically
from 0 to 450 K (Figure ﬁ b). The 7'7;;72- at 200 K is only 8% of the 7'7;;71- at 450 K, hence,

-1

the magnon-phonon scattering is less important at low temperatures. At 200-450 K, Tonpii

is of a higher order of T and can lead to the observed strong temperature dependence of
thermal conductivity. We note that fully quantifying the contribution of MPS to thermal
conductivity requires a detailed calculation of the phase space and interaction strength
(collision matrix) of MPS. This is beyond the scope of the current work.

Second, spin-phonon interactions break the symmetry of the phonon system dy-

namically, leading to increases in the phonon-phonon scattering strength (7'_1

opi)- Recently,

we reported neutron scattering signatures of acoustic phonon eigenvector renormalizations
in NiO [I19]. The eigenvectors of transverse acoustic phonons are renormalized to a lower

symmetry (as shown in Section Figure [3.13)), resulting in INS intensities ‘forbidden
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by symmetry’. The renormalizations are not caused by magnetostriction-induced static
lattice distortion. Instead, they originate from spin-phonon interactions, which dynami-
cally break the symmetry of the phonons. Because the selection rules for phonon-phonon
scattering depend on the symmetry of phonon eigenvectors [120], eigenvector renormaliza-
tions could affect phonon transport. Generally, higher symmetry imposes more restrictions
(additional selection rules) on the phonon-phonon scattering process, resulting in weaker
phonon-phonon interaction strength and therefore higher thermal conductivity [120]. On
the contrary, dynamic symmetry breaking of the phonon system leads to a stronger phonon-
phonon interaction strength, and thus lower thermal conductivity in NiO. This effect is not
included in the calculated &, due to its dynamic nature.

Near Ty (450-550 K), the kink in the heat capacity is a measure of the entropy
in the lattice and spin system due to the phase transition. Because the measured thermal
effusivity shows no kink there, the increase in heat capacity (caused by an increase in dis-
order through the phase transition) is compensated by a corresponding decrease in thermal
conductivity. This suggests that the average phonon lifetime is inversely proportional to
the disorder in the spin system. The dip in thermal conductivity is attributed to critical
magnetic fluctuation-phonon scattering [121].

The measured thermal conductivity shows a weaker temperature dependence of
T—-1.0 above Txn. It has been shown that the slight structural distortion from magne-
tostriction hardly affects the thermal conductivity by phonon transport in NiO [101]. The
measured & is still lower than the calculated x, (natural isotope with defects) at 550-700

K, suggesting that the effects from spin-phonon interactions may still be significant above
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Tx. This is expected because paramagnons (Section Figure and phonon eigenvector
renormalizations [I19] are observed in this temperature range. As a result, the effects from
magnon-phonon scattering and spin-induced dynamic symmetry breaking do not vanish.
Although there is no long-range spin order in this state, a short-range spin order exists
and may give rise to the spin-phonon interaction. Suppression of thermal conductivity
by spin-phonon interactions was also found previously in other materials in the PM state
[94] 122].

Generally, one would expect the melting of antiferromagnetic order to do one of
two things to magnon-phonon scattering rates above the T. Either magnon-phonon scat-
tering rates would saturate, i.e. stop increasing with temperature because the entropy in
the spin system has been maximized. Or, magnon-phonon scattering would vanish due to
the lack of antiferromagnetic order. If the magnon-phonon scattering rates saturate, i.e.,

7_—1

i became temperature independent above T, then the above expression for thermal

conductivity predicts a T~" dependence with n < 1, like is observed in insulating crystals
with significant crystalline disorder. Alternatively, if magnon-phonon scattering vanishes
due to the lack of spin order, then the thermal conductivity should recover. These seem to
contradict the observed temperature dependence. In the present case, we observed the ex-
istence of paramagnons above Ty below 640 K (Section Figure . This indicates that
magnetic entropy is not yet maximized in this temperature range, and strong short-range
spin correlations give rise to coherent paramagnons. The paramagnon-phonon scattering

may contribute to the suppression of thermal conductivity above Tl .
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Another possible mechanism for the observed temperature dependence above T
is that changes in the antiferromagnetic order lead to changes in phonon-phonon scattering
rates. This could occur for several reasons. One possibility is spin-disorder effects bonding
[123], which could lead to an increase in anharmonicity. To explore the effect of spin order
on phonon anharmonicity, we calculated the phonon properties with ferromagnetic (FM)
spin order to understand the effects of magnetic order (see . The obtained phonon
mode Griineisen parameters (Section Figure as well as temperature-dependent
mode energies (Section Figure show only minor changes compared with those in
the AFM state. However, we note that the temperature dependence of the INS measured
phonon frequencies is higher near the T than what our calculations for NiO in the AFM or
FM state predict. Thus, the spin-phonon interaction on the phonon thermal conductivity
can be indirect: melting of the spin order causes changes in phonon anharmonicity, which
leads to larger phonon-phonon scattering rates in the PM vs. AFM phase.

The TA, LA, TO, LO decrease in energy of 3%, 3%, 5%, 4% from 50 to 640 K,
respectively (Figure a,b & Section Figure c,d). We calculated the 3-phonon
scattering phase space at 0 and 640 K and found that the phonon-phonon scattering phase
space changes little (see Section Figure . Therefore, temperature-dependent DF'T,

such as molecular dynamics calculations shall not change the results significantly.
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3.6 Summary

In summary, by performing INS and TDTR thermal conductivity measurements
and atomistic thermal conductivity calculations, spin-phonon interactions are identified as
the origin of the strong temperature dependence of thermal conductivity in the AFM phase.
Using the extrapolated magnon lifetime from INS measurements, the magnon thermal con-
ductivity is estimated to be more than one order of magnitude smaller than its phonon
counterpart in the temperature range studied. In the AFM phase, the measured thermal
conductivity at 200~450 K shows a strong temperature dependence of 7715, We ruled out
phonon-isotope scattering, phonon-defect scattering, and phonon softening as the source
of the anomalous temperature dependence. The stronger temperature dependence is at-
tributed to magnon-phonon scattering and spin-induced dynamic symmetry breaking. Our
results provide a detailed study of thermal transport in this important material, highlighting
the pivotal role of spin-phonon interactions in lattice thermal transport. Similar interac-
tions and their effects may play significant roles in thermal transport in other materials
where spin and lattice degrees of freedom are strongly coupled. The results shed light on
controlling thermal transport through spin-phonon interactions and engineering functional

antiferromagnetic spintronics materials through these interactions.
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3.7 Supplementary information

3.7.1 Supplementary figures
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Figure 3.6: Temperature-dependent neutron-weighted phonon density of states and

temperature-dependent optical phonon energies. (a, b) Neutron-weighted phonon density
of state measured with an incident have of E=50 meV (empty circles) and E=150 meV
(dots) at 50,280,450,540 and 640 K. Experimental data has been corrected for multiphonon
scattering and thermal occupation. (¢, d) TO, LO phonon energies are extracted from
Lorentzian fitting of the measured data, and error bars indicate fitting errors.
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In Figure c,d, the energies of the transverse optical (TO) and longitudinal

optical (LO) phonons decrease with temperature.
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Figure 3.7: (a) Calculated phonon lifetimes of NiO at 300K at a 20x20x20 g-mesh. Aver-
aged phonon lifetimes for acoustic (optical) phonons are denoted by red (blue) dashed lines.
The black lines represent the acoustic-optic (A-O) gap. (b) Cumulative thermal conductiv-
ity of the phonon system at various temperatures. The thermal conductivity is dominated
by acoustic phonon modes below 30 meV at all temperatures.

As shown in Figure a, the calculated average phonon lifetime of acoustic phonon
modes (6.98 ps) is longer than that of optical modes (1.12 ps), suggesting that acoustic
modes dominate lattice thermal transport. This can be clearly seen in Figure b. The
calculated phonon dispersions show an acoustic-optic gap at around 45 meV. Acoustic
phonon modes below 45 meV contribute more than 90% of the total thermal conductivity
at 300-700K. The phonon lifetimes cannot be resolved in our INS measurements due to
the instrument energy resolution. The calculated average phonon lifetimes of the acoustic
modes and optical modes are 7.0 and 1.1 ps at 300 K, respectively. The corresponding
phonon linewidths are around 0.05 and 0.29 meV (HWHM), well below the instrument

energy resolution of 1-2.5 meV (HWHM, below 120 meV in neutron energy transfer for Ei

= 150 meV).
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Figure 3.8: Measured INS dynamic structure factor S(Q,E) at 10, 300, 540 and 650 K in
small Q region for [0,0,1] (al-4) and [-1,1,1] (b1-4). Measured S (Q, E) is integrated over
£0.1 (r.l.u) along the perpendicular axes and plotted on the logarithmic color scale. The
calculated magnon dispersions are overplotted with the measured S(Q,E) at 10 K in red
dashed lines.

As can be seen in Figure 3.8 al, b1, the calculated magnon dispersions show great

agreement with the measurements. Clear magnon signals at (0.5,0.5,0.5), (0.5,0.5,1.5), and

(-0.5,0.5,0.5) in the paramagnetic phase indicate the emergence of coherent paramagnons

(Figure a3, ad; b3, b4).

71



l T T T T T T
+ Full LBTE

00 SMRT |

< 150+ .
g
s

< 100 .

50 | .

1 1 1 1 1

1 i
100 200 300 400 500 600 700
T (K)

Figure 3.9: Comparison of the calculated phonon thermal conductivity x, (natural) using
the direct solution of LBTE (black label) and the SMRT approximation (blue curve).

The calculated &, using SMRT approximation and direct solution of LBTE show

little difference (smaller than 2.5% at 100-700 K).
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Figure 3.10: Heat capacity of NiO. Labels indicate previous measurements, and curves show
the extrapolations.

We used experimental results from literature for the heat capacity of Al and NiO
at different temperatures [41], 106] [107]. For the heat capacity of NiO above 630 K, there is

no experimental data. Thus, we extrapolate the experimental results in Ref. [41].
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Figure 3.11: The difference between our measurements and the steady-state results [4] (Ak)
at 200-500 K. Black dots show the difference between NiO (I) and one set of data measured
by Lewis. Blue line shows the T2 relation fitting.

As can be seen in Figure the Ak follows T relation, suggesting that the Ax

was due to radiational heat loss.
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Figure 3.12: Thermal conductivity of nonmagnetic face-center-cubic insulators, including

MgO [124], LiF [125] 126], CaF2 [127], NaCl [128], and Nal [129] 130]. Dashed lines show

eye guides for T—1

In Figure 312 in contrast to NiO, the measured thermal conductivity of non-
magnetic insulators with face center-cubic structure follows T~!. This suggests that the

strong temperature dependence in NiO may be related to the spin-phonon interaction.
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Figure 3.13: A schematic of phonon eigenvector renormalization. Blue arrows and curves
illustrate the motions of nickel atoms for transverse acoustic phonon at Brillouin zone
boundary. The black arrow indicates the phonon propagation direction. The light blue and
red arrows indicate the original and renormalized phonon eigenvectors, respectively.

The “geometry-forbidden” INS intensities at large momentum transfer (Q) that
follows the dispersion of transverse acoustic phonon were observed [119]. The INS intensities
are from lattice INS and indicative of phonon eigenvector renormalization induced by spin-
phonon interactions. A sketch of phonon eigenvector renormalization in Figure [3.13] eq
shows the direction of eigenvector of nickel ions imposed by crystal symmetry. Due to
spin-phonon interactions, the eigenvector is renormalized to e, which give rise to non-
trivial |@ - e|] (Q=(0,0,L); L > 4 r.l.u.), and thus the observed “geometry-forbidden” INS

intensities [I19]. In this case, the phonon system experienced a dynamic symmetry breaking

induced by spin-phonon interactions.
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Figure 3.14: Comparison between calculated phonon properties with ferromagnetic (FM)
and antiferromagnetic (AFM) spin order. (a) Phonon dispersion with FM (red) and AFM
(black) spin order. (b,c) Phonon mode Griineisen parameter () with FM (b) and AFM (c)
spin order. The colors denote different phonon branches. (d) Energy-dependent averaged
v with FM (red) and AFM (black) spin order.

To investigate how intrinsic phonon properties change in the AFM-PM phase tran-
sition, we calculated phonon dispersions and mode Griineisen parameter with FM spin order
as an approximation to those in PM state. As shown in Figure changing the spin order
from AFM to FM results in slight change in phonon mode energies and Griineisen parame-

ter. This suggests no abrupt change of phonon properties in the AFM-PM phase transition

and is consistent with our INS data on polycrystalline sample.
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Figure 3.15: Normalized phonon energies with FM (blue) and AFM (red) spin order for TA
(a) and LA (b) phonons at 50, 280, 450, 540 and 640 K. The phonon energies are obtained
from Lorentzian fitting of the calculated temperature dependent phonon density-of-state
(see text). The results are compared with the measured phonon energies by INS (black).
Error bars indicate fitting errors.

The temperature-dependent phonon density of state can be expressed by

D(w,T) = ZZ(S(W — wgji(1 — WM;(T))’

where A is a normalization factor, wy; and 74; are the calculated phonon energy and mode
Griineisen parameter for branch j at reciprocal point g. AV(T")/V is the ratio of volume
change, where AV(T) and V were obtained using literature value in Ref. [I3I]. The
D(w,T) was calculated numerically using a 20x20x20 q mesh. As shown in Figure

the difference of the obtained phonon energies between FM and AFM state is small.
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Figure 3.16: (a) Thermal effusivity of NiO measured by TDTR. (b) Thermal conductivity
of NiO (II).

For NiO (II), we observe lower thermal effusivity than NiO (I) (Figure[3.3p). The
thermal conductivity is lower and its temperature dependence is weaker than NiO (I) (Figure
3.3d). High-quality nonmetallic single crystals typically have a » that is proportional to 71
in the high temperature limit. However, defects can decrease the temperature dependence
of k [132]. Therefore, we believe that NiO (II) has a higher defect concentration than NiO
(I), and that & of NiO (I) in Figure c is more representative of the intrinsic transport

properties of NiO.
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Figure 3.17: 3-phonon scattering phase space at 0 and 640 K. (a, d) Bar plots of scattering
phase space categorized by AAA, AOO, AAO, OOO in normal and Umklapp processes at
0 (a) and 640 (d) K. (b, ¢) Energy-dependent scattering events of normal scattering. (c, f)
Energy-dependent scattering events of Umklapp scattering.

We investigated the effect of phonon energy change in 3-phonon scattering phase
space. This was done by calculating scattering events using the calculated phonon disper-
sions at 0 K (see Sect. and phonon dispersions at 640 K obtained with experimental
phonon softening (3% softening of acoustic phonons and 4.5% softening of optical phonons).
The scattering phase spaces were calculated based on 20x20x20 q mesh, which is the same
as the g mesh from which we obtain the thermal conductivity (see Sect. . The energy
conservation of the 3-phonon scattering process was evaluated with an energy tolerance of
0.5 meV. The results were categorized into AAA, AAO, AOO, and OOO processes, in which
A and O stand for acoustic and optical phonons. The total scattering space decreases 0.5%
from 0 to 640 K (a, d). As can be seen in Figure (b, ¢, e, f), the difference of energy-

dependent scattering phase space between 0 and 640 K is little. Therefore, we conclude

that the phonon-phonon scattering phase space varies little from 0 to 640 K.
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Chapter 4

Temperature-dependent spin

dynamics in CryQOs;

4.1 Abstract

Cra03 emerges as a prominent candidate material for spintronics and magnetoelec-
tronic applications. However, a comprehensive understanding of its temperature-dependent
spin dynamics remains elusive, impeding the engineering of novel spintronics based on this
material. We delve into this through a combination of inelastic neutron scattering experi-
ments and atomistic simulations. Our results unveiled the emergence of paramagnons above
and below Tp. We demonstrated a significant softening of linear magnons upon heating in
the antiferromagnetic state. Further analysis revealed that this softening primarily origi-

nated from four-magnon interactions, while thermal expansion played a minor role.
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4.2 Introduction

Mott-Hubbard antiferromagnetic (AFM) insulators are promising for ultrafast
spintronics [27], 28, 29], 30], memory devices [31], and spin-caloritronic applications [32} [33].
AFMs offer advantages over ferromagnets for spintronics, including robustness against ex-
ternal fields, negligible stray fields, ultrafast spin dynamics, and potential room-temperature
operation. While spin transport in AFMs is an emerging field with challenges around effi-
cient spin current generation, detection, and control of the antiferromagnetic order, over-
coming these hurdles could enable novel high-performance spintronic devices leveraging
AFMs. Characterizing and predicting temperature-dependent spin dynamics is central to
the engineering of spin transport.

Chromia (Crg0O3) is of particular interest because it is also the prototypical mag-
netoelectric material that is promising for magnetic field sensors, voltage-tunable inductors,
and mechanical magnetoelectric antennas. Below the Néel temperature (T = 307 K), it
has a corundum-type crystal structure with lattice parameters of a = b = 4.95 Aand ¢ =
13.57 A, and belongs to space group 167 (R3C) [42]. It has a collinear AFM spin order-
ing with easy-axis anisotropy along the c-axis, breaking both inversion and time reversal
symmetries. In CreO3 thin films, the magnetoelectric coupling allows the manipulation of
magnon polarization using an electric field [49]. A recent study highlights the formation
of magnon-phonon polarons in CreO3 at low temperatures, demonstrating the potential to
control spin transport via lattice excitation [60]. Previous neutron scattering experiments
have provided detailed characterizations of the magnetic structure and spin dynamics, [133]

but temperature-dependent spin dynamics remain unexplored.
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In this work, we use inelastic neutron scattering (INS) experiments to characterize
temperature-dependent spin dynamics. Atomistic calculations were performed to model
INS intensities from linear magnons and separate those from damped magnetic excitations
(DMEs), i.e., so-called paramagnons, at high temperatures. Theoretical quantifications of
magnon energy renormalization by thermal expansion and magnon-magnon scattering are

presented.

4.3 Observation of paramagnons below Ty

Time-of-flight INS measurements were performed on single-crystal and polycrys-
talline CryO3 samples to investigate their dynamic properties. The experiments were
carried out using the Wide Angular Range Chopper Spectrometer (ARCS) at the Spal-
lation Neutron Source (SNS). The samples were mounted on aluminum holders inside a
low-background electrical resistance vacuum furnace. For the single-crystal CroO3 sample,
four-dimensional dynamic structure factors were obtained at temperatures of 50, 280, and
450 K, using an incident energy of 75 meV. Data reduction was performed using MANTID
[67], with normalization by the proton current on the target and correction for detector
efficiency. Two-dimensional energy-momentum (Q-E) views of dispersions were obtained
by slicing the data along high symmetry directions in reciprocal space.

For the polycrystalline CroOs sample, two-dimensional dynamic structure factors
were obtained at temperatures of 50, 150, 280, 350, and 450 K, using an incident energy
of 100 meV. To account for the background from the sample holder, INS measurements

were performed on an empty can at the same temperatures, and the measured intensity
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Figure 4.1: The temperature-dependent measured and calculated dynamic structure factor
of Cry03. (a, b, ¢) The dynamic structure factor of single crystal CroO3 measured by INS on
ARCS at 50, 280, and 450 K along the [0,0,L] direction in the reciprocal space. The intensity
is integrated over £0.2 (r.l.u) along the perpendicular axes and scaled by multiplying E.
(d) Simulation of magnetic scattering S(Q, E) at 0 K with the same Q integration ranges.
Both experimental data and theoretical calculations are plotted on a logarithmic scale. (e,
f, g) The measured S(E) function of polycrystalline samples at 50, 280, and 450 K at low
Qs. (h) The calculated S(E) function at 0 K. In (d,h), both calculated S(E) and S(Q, E) is
cropped by the neutron scattering kinetic limits and convoluted with instrument resolution
function.

was subtracted from the polycrystalline data.

One-dimensional S(Q, E) slices at low neutron momentum transfer (Q) along the
[0,0,L] direction are shown in Figure. (a-c). At 50 K, the magnon dispersion from L = 6
(r.l.u.) reaches its maximum energy (~ 55 meV) at L = 9. In Figure. (e), polycrystalline
INS data also show an energy cutoff of 55 meV at 50 K. From our calculations, we found
J1 = =15 meV, Jo = —6.8 meV and J3 = —0.5 meV, which align very well with the
measurements, as can be seen by comparing Figure. (a) to (d) and (h) to (e). These
exchange parameters significantly differ from the results of a previous piezospectroscopic
study for exchange-coupled Cr3* in ruby (J; = —28 meV, Jo = —12 meV, and J3 = —1.4
meV) [134] and (nearly two times of) previous neutron scattering work on CrsO3 (J; = —7.4

meV, J; = —3.3meV and J3 = —0.2 meV) [I33]. The latter difference may arise from double
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counting of exchange neighbors in their analytical model, although the model also predicts
the magnon dispersion well. On the other hand, the ratio, Jo/J; = 0.45, is in agreement
with the neutron scattering work [I33] while disagreeing with the theoretical predictions of
Ja/J1 = 0.7 [135]. In Figure. (c), the strong scattering intensities near L = 6 indicate the
existence of paramagnons at 450 K. For better illustration, constant-E slices were obtained
by integrating 10 < E < 30 meV to investigate Q and temperature dependence. As shown
in Figure. (a), the calculated lattice + magnetic scattering intensities (see and
show excellent agreement with the measured intensity at 50 K, proving the reliability
of the method. At 450 K, the measured intensities near L = 6 cannot be solely modelled
by lattice scattering (see Figure. (¢)), and the sizable difference in intensities is from
INS by paramagnons.

Compared to 50 K data, paramagnons above Tx have much lower energies and
shorter lifetimes. The damped paramagnon intensities disappear above 35 meV and signifi-
cantly broaden, as shown in Figure. (c). The paramagnons have an energy range similar
to that of longitudinal acoustic phonons (LA) near L = 6 and 12. The weak intensities from
LA near L = 6 are unlikely from magneto-vibrational scattering as was observed in nickel
oxide [I19] because they are absent at 50 K.

In the context of this study, it is crucial to distinguish a magnon and a paramagnon.
They are both collective quantum excitations. Magnons emerge in the ordered phase and
arise from the alignment of neighboring spins. In contrast, paramagnons manifest in the
paramagnetic (PM) phase at high temperatures, where thermal energy dominates, leading

to a nonmagnetic average state. Instead of long-range spin correlation, the paramagnons
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Figure 4.2: Evidence of paramagnons and short-range correlation near and above Ty. (a,
b, ¢) The measured constant-E slices at 50, 280, and 450 K compared with the atomistic
simulations. Colored dots represent the intensities obtained by integrating 10 < E < 30
meV of the measured data along [0,0,L] with background subtraction. The error bars
indicate uncertainties in the data. The simulation of magnetic (lattice) scattering intensity
at the same temperature with the same integration range is shown by the green line (black
line), and the magnetic + lattice scattering intensity is indicated by blue (50 K) and purple
(280 K) dashed lines.

arise from coupling within or between short-range magnetic clusters in materials [I36]. The
intensity of magnetic Bragg reflection is subject to the spin-spin pair correlation function,
which on a statistical average, is proportional to the sublattice magnetization and reflects
the long-range spin order. We analyzed the intensity variation of magnetic Bragg reflection
at |Q|=1.72 A~! with temperature. As shown in Section Figure the magnetic
Bragg peaks vanish above T, indicating long-range spin order is lost in the paramagnetic
phase. The emergence of paramagnons is beyond the theory of linear magnon, which is
based on small perturbations on the long-range spin correlations. Instead, they arise from
short-range magnetic order and undergo diffuse transport, suggesting that the entropy of

the spin degree of freedom is not yet maximized at 450 K.
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At 280 K, scattering intensities near L. = 6 cannot be solely modelled by magnetic
INS by linear magnons, suggesting the presence of overdamped magnetic excitation. On

the neutron energy loss side, the magnetic scattering cross section can be written as,

do’ 2 —ow X (QE)
Taag = AFQ)e o E/ksT (4.1)

where A contains temperature-independent INS coefficients, F(Q) is the magnetic form
factor of Cr®t, =2V is the Debye-Waller term, XN(Q, E) is the generalized susceptibility.
1/(1 — e~ B/k8TY is the thermal occupation factor, where kp is the Boltzmann constant, T
is the temperature. Assuming that the magnetic form factor and the Debye-Waller term
change little with temperature, the temperature dependence of the magnetic INS intensity
is subject to that of X”(Q, E). Neglecting magnon energy renormalization, the variation
of X" (Q, E) depends on sublattice magnetization and can be modelled by the variation
of magnetic Bragg peak intensity I on heating. The magnetic intensity at 280 K can be

represented using that at 50 K,

2 1— —E/50kp T 2
do (QSOK) _ € 280K do
dQdFE 1-— €7E/280k3 I50K dQdFE

(50K) (4.2)

As shown in Figure. (b), the measured intensity is non-trivial at L < 6 and is
stronger than the calculated results for INS by magnons. The ratio between calculated and
experiment magnetic INS intensity by integrating 4 < L < 8 is 0.54, suggesting that nearly
half of magnetic intensities at 280 K originate from paramagnons, similar to 450 K. The
coexistence of magnons and paramagnons below Ty is seldom discussed, yet it is expected
because only ~33% of long-range spin order is preserved at this temperature (see Section

[4.6] Figure (b)), and such paramagnons can arise from short-range spin order. Note
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that excluding the Debye-Waler effect overestimates the calculated scattering intensity and
would not change the result.

Paramagnons are also observed in the measured magnon density of states (DOS)
by polycrystalline INS at 280 K. The data were obtained by integrating 2.5 < |Q| < 4 A-t
to avoid the no-data region limited by neutron scattering kinetic limit and with background
subtractions using data from 4 < |Q| < 4.5 A~! to remove lattice scattering. The quasi-
elastic diffuse scattering intensity was removed (see Section Figure , and thermal
occupation corrections were applied. Above Ty, the measured 350 and 450 K data show
clear bumps spanning a broad energy range centered near 25 meV, showing the feature
of paramagnons (see Figure. (b)). These differ from 50 and 150 K data, where the
intensities are much weaker due to steep slopes of magnon dispersions and small magnon
DOS in this energy range. The bumps are not likely from INS by magnons because linear-
like magnon dispersions lead to an E? dependence in DOS, as shown by the scattering
intensities at 50 and 150 K below 35 meV in Figure. (b). The paramagnon scattering
is nearly constant in intensity and energy distribution at 350 and 450 K, similar to that
observed in Li-doped MnTe [I37]. Notably, a similar bump that does not follow the E?

trend also shows up at 280 K, supporting the presence of paramagnons.

4.4 Temperature-dependent spin dynamics

In the AFM phase, the entire magnon dispersion along the [0,0,L] direction shows
a 13% softening from 50 to 280 K, as shown in Figure. (a,b). The softening of magnon

energies is also observed in the data from polycrystalline measurements shown in Figure.
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(b). To obtain pure magnon intensity at 280 K, the intensity of paramagnons was
subtracted using 450 K data with a factor of 0.66, as shown in Figure. (b,e). The
ratio of the linear magnon intensity to the total intensity is 0.54, consistent with the ratio
obtained from single crystal results. In Figure. (d), the average magnon energies are
represented by the center of mass of the measured data. The average magnon energy at
50 K is 45.7 meV, showing 5% and 14% softening from 50 to 150 K and 50 to 280 K,
respectively.

To include the effects of temperature change on magnon energy, we consider the
magnon system described by the Hamiltonian H = H,on—int + Hint, where Hipon—int contains
the ground state energy Ej and the total energy of non-interactive magnons ), hwkclck,
and the H;,: represents the interactions of magnons with themselves and other elementary

excitations in the crystal, such as phonons.

4.4.1 Effect of thermal expansion on magnon energies

We first consider the effect of thermal expansion on H,on—int- Thermal expansion
modifies the overlaps of electron orbitals and consequently changes the exchange coupling
and the anisotropy energy. The anisotropy term changes little with heating because the
spin wave bandgap is ~0.68 meV [I33]. The lattice deformation is known to result in a
non-trivial change in the exchange coupling constants [16] and the temperature dependence
of Hupon—int is subject to that of the exchange coupling constants J,,.

Ab initio density functional theory (DFT) calculations were performed using the

Vienna Ab initio Simulation Package (VASP) [69, [70] with a plane-wave basis set and
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Figure 4.3: Temperature-dependent magnon energy shifts from experiments and theories.
(a) The measured and the calculated magnon dispersions at 50 and 280 K in the [0,0,L]
direction. The experimental magnon energies were extracted from Gaussian fittings of the
constant-Q (circles) and constant-E (squares) of the measured S(Q, F) at 50 (blue) and 280
(red) K. The error bars represent fitting uncertainties. (b) Dots show measured scattering
intensity from polycrystalline samples at 50, 150, 280, 350, and 450 K. Curves are guides for
the eyes. The quasi-elastic diffuse scattering intensities were removed, and the data were
corrected by thermal occupation. The red dashed line shows intensity from paramgnons at
280 K. (c) Green dots show the temperature-dependent total energy difference between the
AFM and FM spin configurations (see text). (d) Solid (empty) markers show the center of
mass of the measured (calculated) S(Q, E), which is indicative of magnon softening. (e)
The measured polycrystalline data (dots, curves are eye guides.) are compared with magnon
DOS calculations (see text) at 50, 150, and 280 K. The 280 K INS data were obtained by
subtracting paramagnon intensities (see text). The calculated curves were convoluted with
the instrument resolution function and normalized to the sublattice magnetization.
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projector augmented wave (PAW) pseudopotentials [71l [72]. Generalized gradient approxi-
mation (GGA) exchange-correlation functionals [104] and the Hubbard-U model [74] with
U —J = 3.5 eV were used. An energy cutoff of 550 eV was used for all calculations.
The conventional unit cell containing 12 chromium and 18 oxygen atoms was used with
a Gamma-centered k-point grid of 9 x 9 x 9. The temperature-dependent electronic total
energies of collinear AFM and FM spin order are calculated with the literature lattice con-
stants [138], for which the ab axes expand and the c¢ axis contracts with the increase in
temperature, and both are nonlinear.

The energy difference AE = Eppy — Eappy corresponds to two times of Hoon—int
for 12 Cr and 18 O atoms and agrees with —12.J; — 36.J obtained from our INS data (424.8
meV). The obtained AE decrease little with temperature-induced thermal expansion (2%
from 2 to 284 K), indicating a slight weakening of the exchange interaction strengths on
thermal expansion. The magnon energies depend linearly on exchange parameters. Clearly,
the observed softening of magnon energies (13 ~ 14%) cannot be solely explained by thermal

expansion with the noninteractive magnon picture.

4.4.2 Magnon softening by four-magnon scattering processes

Magnon interactions are related to the scattering processes, which cause both the
renormalization of the magnon energy and the reduction of the magnon lifetime. In CroOg,
the magnon-electron scattering process is mostly absent due to the large electron band gap
(3.37 V) [139]. Three-magnon scattering, four-magnon scattering, and magnon-phonon
scattering contribute to the H;,;. Notably, the three-magnon interactions arise from the

dipolar energy and do not contribute to the magnon energy renormalization [140] [141].
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In this context, we considered the four-magnon scattering due to the exchange interaction

[141], [142],

ZiJi
Hhom Y TEST AR i) +i(ka) + k)
i k1,ko

k3,ky

+i(ka) — dvi(ks — k1)), cf crycr (4.3)
where z; is the number of ith nearest neighbors, N is the number of spins in the crystal,
J;i is the exchange parameter for ith nearest neighbors, and 7; (k) is the structure factor

defined by

vi(k) = l D etk (4.4)

3

where d; represents the vector connecting a spin to its z; nearest neighbors. We approximate
H2 .. by considering two modes, the magnon of interest with wave vector k and another
magnon k/. The k and k’ correspond to any of the four wave vectors in H2,. This
approximation may underestimate the scattering phase space of the four-magnon process.
Using the random-phase approximation, cL,ck/ — (cL,ck/> = (ny), the magnon energy

renormalization reads [141], 142} [143],
22;J; p p
hAwy, = Z N, Z(l +7i(k — k) = 7i(k) — (k') ()
% k'’

where Ny is the number of k-points and (ny) is the Bose-Einstein distribution,

1

oo kT _ 1 (4.5)

(ngr) =

The magnon energy renormalization was quantitatively evaluated based on the
analytical magnon dispersion in Ref. [I33] as wy(0K). We chose N;,=64000 with a 40 x40 x40

mesh in the reciprocal space. We considered exchange interactions up to the second nearest
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neighbors with J; = —15 meV and J,/J; = 0.5. Each spin has one nearest neighbor and
three second nearest neighbors (z; = 1 and z5 = 3). In the first cycle, Awy(T') was evaluated
based on wy, (0K), and the magnon energies were updated by wi(T') = wi(0K) — Awg(T). In
the following cycles, Bose-Einstein factors are evaluated based on the renormalized magnon
energies and produce new Awy(T"). These were repeated until convergence when the change
of Awg(T) is less than 0.1% for all points. The magnon energies at 7' = 50, 150, and 280
K were obtained by subtracting the converged Awy(T") from wy(0K)

Figure. (a) and (e) show the experiment-theory comparison of magnon disper-
sion along [0,0,L] and DOS, respectively. In Figure. (e), the calculated magnon DOS
were convoluted with instrumental resolution and normalized by sublattice magnetization
(see Section Figure to compare directly with our polycrystalline data. The cal-
culated temperature-dependent magnon dispersion and magnon DOS aligns well with our
INS data. The calculation predicts 11.1% of energy softening from 50 to 280 K. This and
the 2.0 % softening induced by thermal expansion reach an excellent agreement with the
softening observed from INS data (~13%). Our results suggest that magnon-magnon scat-
tering dominates magnon energy renormalization, whereas the effect of thermal expansion
on exchange coupling plays a minor role. These also imply that magnon-phonon scattering
does not play a significant role.

In Figure. (d), the energies of the center of mass of the calculated magnon DOS
are consistent with that obtained from INS data at 50 and 150 K and data with paramagnon
intensity subtraction at 280 K. The inconsistency between the calculation and the original

INS data at 280 K supports the hypothesis that the bump intensity does not come from
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linear magnons. While the calculated DOS is in good agreement with 50 and 150 K INS
data in line shapes, the measured spectrum at 280 K is wider than the calculated DOS.
The broadening is also seen in the single crystal data at 280 K, as shown in Figure. (b)
and Section 4.6 Figure Such broadening may originate from the intrinsic shortening of
magnon lifetimes, which indicates the magnon scattering as the primary source of energy
softening.

In addition, we performed calculations at 350 and 450 K to predict the energy
softening of linear magnons above Tp. The center of mass from calculated DOS shows a
linear decrease from 280 to 450 K. The results disagree with INS data at 350 and 450 K,
indicating that these low-energy paramagnons are not a result of the magnon softening.
Theoretical quantifications of paramagnon energies through Monte Carlo simulations and

cluster mean-field theory [136] are beyond the scope of the current study.
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4.5 Summary

To conclude, our findings reveal that the magnetic excitations observed below
the T are comprised of two distinct components: one emanating from damped magnons
arising from magnon interactions and the other originating from paramagnons that emerge
due to the coupling within or between short-range spin clusters. Our results indicate that
the four-magnon process is the primary contributor to the softening of linear magnons, and
thermal expansion plays a secondary role. These results illuminate the intricate behaviors
of these magnetic excitations near Ty, providing valuable insights into characterizing and
controlling the spin dynamics of CryO3 for functional spintronics and magnetoelectronic

applications.
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4.6 Supplementary information

4.6.1 Supplementary figures
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Figure 4.4: (a) Elastic scattering intensities obtained by integrating —1 < £ < 1 meV are
indicated by colored squares. Magnetic peaks near 1.7 A~! are shown. (b) Temperature-
dependent intensities of the magnetic peaks obtained from Lorentzian fittings (blue circle)
are compared with Brillouin function of S = 3/2 (grey dashed line) and sublattice magne-
tization from literature (grey circles) [5]. The error bars indicate fitting uncertainties.
One-dimensional slices S(Q) representing elastic neutron scattering intensities
were obtained using an E integration range of 1 (meV). The peaks near 1.7 A~! show
a dramatic intensity decrease with temperature and a clear magnetic scattering feature.
These peaks are from a combination of lattice and magnetic scattering, while the peaks
near 2.4 A= are solely from lattice scattering. For lattice Bragg reflections, the intensity
ratio (I1.7/I4 ) between the peak centering at 1.7 A=! vs. 2.4 A=! is 2.1. The pure mag-

netic intensities for the peak centering at 1.7 A—1 were obtained by subtracting I1.7/I2.4

multiplying with intensities at 2.4 A=, As shown in Figure (b), the measured intensity
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below Ty shows good agreement with the Brillouin function of S = 3/2 and the prior
literature results of sublattice magnetization [144]. Above Ty, trivial magnetic intensities

illustrate nearly zero sublattice magnetization, indicating long-range spin order is lost.
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Figure 4.5: The measured intensity from polycrystalline sample at 50, 150, 280, 350, and
450 K are shown by colored lines. Quasi-elastic diffuse scattering intensities were fitted by
Voigt functions and shown by dashed lines.

In Figure polycrystal INS data obtained by integrating 2.5 < |Q| < 4 A~!
are shown. One can observe strong quasi-elastic diffuse scattering intensities overwhelm
magnetic scattering below 6 meV. These diffuse intensities were fitted to the Voigt func-
tion containing Gaussian and Lorentzian parts. In the fitting process, the Gaussian width
parameter was set to freeze according to the instrument resolution, and other parts varied

freely. The fitted diffused scattering intensities were subtracted from INS data. Intensities

at £ > 6 meV are shown in Fig. 3 (b)
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Figure 4.6: Q-dependent experimental and calculational Q-linewidths obtained from
constant-E slices along the [0,0,L] direction. Horizontal and vertical error bars represent
fitting errors.

Due to steep magnon dispersion, it is challenging to directly compare magnon
energy linewidth from finite integration in the reciprocal space at temperatures. Instead,
we obtain the Q-linewidth of magnon dispersion measured by INS. The larger the Q-
linewidths, the larger the magnon energy linewidths. Constant-E slices were obtained both
from INS data and simulated magnon intensities shown in Fig.1 (a,b,d). The Q positions
and Q-linewidths were extracted from Gaussian fittings. In Figure great agreement
between structure factor calculation and experiment data at 50 K is shown, indicating at
50 K, the Q-linewidth majorly comes from instrument resolution. However, our data at
280 K show a significant broadening of Q-linewidth, indicating the shortening of magnon
lifetimes. This suggests strong magnon interactions and supports the idea that magnon

scattering causes magnon energy renormalizations.
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Chapter 5

Magnetoelectric coupling induced

selected phonon stiffening in CryO;

5.1 Abstract

Cro03, a prototypical magnetoelectric antiferromagnetic insulator, holds promise
for innovative magnetoelectric spintronic devices. The lattice-mediated nature of magneto-
electric couplings underscores the importance of understanding lattice dynamics. Despite
extensive studies on CryOj3, the origin of non-linear thermal expansions below the Néel tem-
perature and the unusual stiffening of optical phonon modes is still elusive. In this work,
utilizing inelastic neutron scattering measurements and atomistic calculations, we address
these questions. While most phonon modes exhibit expected softening from 50 to 450 K,
we observe significant stiffening in the longitudinal optical modes, which involve changing

the distances between the nearest Cr3* pairs. Instead of effects from thermal expansion,
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phonon anharmonicity, magnetostriction, or electron-phonon interactions, the anomalous
stiffening can be attributed to the renormalization of electron states due to the change of
spin order. Our calculations reveal a decrease in electron density between the nearest Cr3+
pairs during the magnetic transition. This leads to non-linear contractions along the c-axis
and stiffened longitudinal modes. Importantly, our quantitative modeling suggests that the
common belief that dynamic spin-phonon interactions are the origin of anomalous phonon
energy stiffening in magnetic compounds does not work for CroOs. Our results point to a
purely static magnetoelectric-coupling origin for the observed phonon stiffening, suggest the
high-tunability of phonon energies in CroQOgs, and provide insights into controlling lattice

dynamics in novel magnetoelectric spintronics.

5.2 Introduction

Magnetoelectric materials, characterized by a strong coupling between electric po-
larization and magnetization, hold significant importance owing to their diverse potential
applications, such as magnetic field sensors, voltage-tunable inductors, and mechanical mag-
netoelectric antennas. The magnetoelectric effect is usually associated with significant elec-
tronic hybridization or orbital rearrangements induced by applied electric fields. However,
the magnetoelectric coupling is never purely electronic. Instead, it can be driven by struc-
tural changes and based on lattice-mediated mechanisms [48], 145, 22], in which phonons
may play pivotal roles. Understanding phonon properties in magnetoelectric materials and
how phonons interact with spin and electron degrees of freedom aids in developing novel

magnetoelectric spintronics with desired functionalities.
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The generation of phonon angular momentum by electric field was theoretically
proposed in magnetic systems without inversional symmetry [146], like CroOg3. Lately, the
formation of magnon-polaron when the magnon and phonon dispersions cross was found
in Cro03 [50], suggesting the existence of sizable spin-phonon interactions. There is great
potential in engineering spin and phonon transport through these interactions, but the lack
of understanding of the lattice dynamics in the context of magnetoelectric coupling hinders
such efforts. Below Ty, CraO3 displays non-linear contractions along the c-axis and expan-
sions along the a-axis [138], whereas, above Ty, both the a and ¢ axes show linear expansion
[147]. Such anomalous thermal expansion is still poorly understood. Furthermore, the Ra-
man peak associated with the phonon mode around 300 cm ™! exhibits significant broadening
and stiffening as temperature increases [148]. This may be associated with dynamic spin-
phonon interaction, where atomic vibrations modify exchange integral and subsequently
renormalize phonon energy [17, [18]. Existing work [19] 20| 211, 22] 23], 24, 25| 26] usually
fits the phonon stiffening to a phenomenological model, and quantitative analysis based on
first-principles calculations is scarce. The exact origin of such phonon stiffening remains
elusive.

In this work, we present inelastic neutron scattering (INS) characterizations and
first-principles atomistic analysis of the temperature-dependent phonon dynamics, unveil-
ing the strong interactions between spin, electron, and lattice degrees of freedom that cause
significant stiffening in longitudinal optical (LO) modes. We attribute the anomalous stiff-
ening of these LO modes to the renormalizations of electron states due to the change of spin

order and propose a static instead of a dynamic origin of such stiffening. The result shows
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the potential of tuning phonon energy using magnetoelectric interactions for engineering

novel magnetoelectric spintronics materials.

5.3 Methods

5.3.1 INS measurements

Time-of-flight INS measurements were performed on single crystal and polycrys-
talline CroO3 with the Wide Angular Range Chopper Spectrometer (ARCS) at the Spal-
lation Neutron Source (SNS). The samples were placed on an Al holder and mounted in a
low-background electrical resistance vacuum furnace. Four-dimensional dynamic structure
factors S(Q, E) were obtained at T = 50, 280, and 450 K using incident energy of 75 meV,
covering multiple Brillouin zones and simultaneously measuring magnon and phonon dis-
persions. Data reduction was done with MANTID [67]. The data was normalized by the
proton current on target and corrected for detector efficiency. The temperature-dependent
S(Q,E) is given by the product of [n(E) + 1] = 1/(1 — e£/#8T) which corresponds to the
thermal occupation of phonon at the energy-gain side and enforces the detailed balance,
and the imaginary part of dynamic susceptibility ¥~ (Q,E). The lattice scattering S(Q,E)
for one-coherent phonon creation process is subject to 1/E. To remove the bias introduced
by these factors, one-dimensional slices of XH (Q,E)E were used to obtain phonon energy
at different temperatures.

For polycrystalline samples, the two-dimensional S(|Q|, E') were obtained at T =
50, 150, 280, 350, and 450 K using an incident energy of 100 meV. INS measurements on

an empty Al can were performed at the same temperatures, and the measured intensity, as
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the neutron scattering background induced by the sample holder, was subtracted from the

polycrystalline data.

5.3.2 First-principles calculations

The ab initio density functional theory (DFT) calculations were performed with
the VASP (Vienna Ab initio Simulation Package) [69, [70] on a plane-wave basis set, using
the projector augmented wave (PAW) pseudopotentials |71l [72] with local spin density
approximation (LSDA) exchange-correlation functionals [73] and the Hubbard-U model
[74]. U = U-J = 3.5 eV was chosen to obtain the best match with experimental phonon
dispersion, although it underestimates the electron band gap. An energy cutoff of 550 eV
was used for all calculations. GGA+U ionic relaxation was done based on a primitive cell
containing 4 chromium and 6 oxygen atoms with collinear antiferromagnetic (AFM) spin
order. A Gamma-centered k-point grid of 11x11x11 was used in GGA+U ionic relaxation.
The relaxed rhombohedral cell (space group 167) with a lattice constant of 5.46 Aand
an angle of 55.25° was used in phonon dispersion calculations. This corresponds to a =
5.06 Aand ¢ = 13.83 Ain a conventional hexagonal cell. The relaxed lattice parameters
were slightly overestimated compared to the literature values, a = 4.95 Aand ¢ = 13.57 A,
determined by diffraction experiments [149]. The static dielectric tensor and Born effective
charges were obtained to calculate non-analytical terms in phonon calculations. The second-
order interatomic force constants were obtained from a 2x2x2 supercell of 80 atoms with
a Monkhorst-Pack k-point grid of 5x5x5 using the density functional perturbation theory
(DFPT). Phonon eigenvalues and eigenvectors were obtained by diagonalizing the dynamical

matrix as implemented in the Phonopy [52]. The calculated phonon energies were scaled by
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multiplying a factor of 1.06 to compensate for the overestimated lattice constants. Phonon
density of states were calculated based on a 20x20x20 k-point mesh using Phonopy. The
obtained phonon density of states were weighted by the coherent neutron scattering cross
section and convoluted with INS energy resolution function to compare with experiment
data directly. Atomic thermal displacements as a function of temperature were calculated
from the number of phonon excitations using the same k-point mesh, as implemented in
the Phonopy.

Phonon dispersion calculations based on quasi-harmonic approximation (QHA)
were performed to estimate phonon energy change induced by lattice thermal expansions.
The collinear AFM spin order was applied to all QHA calculations. The QHA calculations
were based on the measured thermal expansion at 50, 150, 280, 350, and 450 K. Specifically,
the LSDA+U relaxed lattice constant was used as the value at 0 K, and the lattice constants
at other temperatures were determined by thermal expansion measurements from Ref. [138|
147], as illustrated in Section Figure The static dielectric tensor and Born effective
charges were obtained separately for all cells. Phonon dispersions were calculated using the
same procedures.

Static electron densities with FM and AFM spin arrangements were evaluated
using the same cell from ionic relaxation with AFM spin order and a Gamma-centered k-
point grid of 11x11x11. The electron density difference, n(AFM)—n(F M), was visualized
using VESTA [I49].

Two sets of phonon dispersions with collinear ferromagnetic (FM) spin order were

calculated based on the same relaxed cell mentioned forehead and another cell relaxed under
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FM spin arrangements. The second-order force constants, static dielectric tensor, and Born
effective charges were obtained using the same procedures. To calculate frozen phonon
potential associated with LO2, LO3, and LLO4 modes under different spin configurations,
GGA+U calculations were performed with atoms in the supercell displaced according to
the eigenvectors of these modes at the zone center. Atomic displacements were set to
be smaller than 0.16 A, which is sufficiently large compared to the calculated thermal
displacement at 550 K (0.07 Afor Cr®+ and 0.08 Afor O%7). Frozen phonon potentials with
collinear ferromagnetic (FM) and antiferromagnetic (AFM) spin orders were calculated

using a Gamma-centered k-point grid of 13x13x13.

5.4 Stiffening of ALO modes

The striking result of our investigation is the observation of significant energy
stiffening of the LO phonon modes at 35~55 meV on heating. The stiffening is anoma-
lous because phonons are commonly expected to soften with temperature due to thermal
expansion and phonon anharmonicity [I]. For reference, we named these phonon modes
anomalous longitudinal optical (ALO) modes, which refer to the LO2 4+ LO3 modes (see
Figure (a) for the mode assignments). In Figure (b-d), the experimental scattering
structure factor S(Q, E) shows clear phonon dispersions. At 50 K, the calculated scatter-
ing cross section of coherent one phonon creation Seoperent+1(Q, E) (see SI Note.1) is in
excellent agreement of scattering intensity with the measured data (Figure (a-b)). For
phonon energy, our calculations match well with the measured data at 50 K, except for the

ALO mode. This can be seen by comparing Figure (a) to (d), where the “A” shaped
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Figure 5.1: (a, b, ¢) The dynamic structure factor of Cr—203 measured by INS on ARCS,
SNS at 50, 280, and 450 K along the [0,0,L] direction in the reciprocal space. The intensity
is integrated over £0.2 (r.l.u) along perpendicular axes and scaled by multiplying E. (d)
Simulation of lattice scattering S(Q,E) at 50 K with the same @ integration ranges and
instrument resolution function. The calculated Scoperent+1(Q, E) is cropped by the neutron
scattering kinetic limits. Both experimental data and theoretical calculations are plotted
on a logarithmic scale. (e-h) Temperature-dependent energies of LO2 modes from Gaussian
fittings of the measured constant-Q slices.
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dispersion at L=15 r.l.u. with an energy range of 35-55 meV has much higher tails in the
Scoherent+1(Q, E) than experimental S(Q, E) at 50 K (denoted by red arrows). In Figure[5.1]
(c, d), the agreement becomes better between Seoperent+1(Q, E) and experimental S(Q, E)
at 450 K, indicating the ALO modes significantly stiffen on heating.

To analyze temperature-dependent phonon dynamics of LO2 modes, constant-Q
slices were taken at Q = (0,0,L) with L. = 18, 17.6, 17.2, and 16.8 r.l.u., which correspond
to phonon wave vectors q at 0.0, 0.13, 0.27 and 0.4 in reduced wave vector units along
I'-Z. For these points, the intensities near 36 meV corresponding to the LO2 modes have
significant blueshifts on heating, as shown in Section Figure (b-e). Phonon energies
were extracted from the Gaussian fittings of the constant-Q slices. In Figure (e-h), the
LO2 modes show 1.5 2.9 meV increases in energy from 50 to 450 K. Importantly, the increase
of LO2 energies from 50 to 280 K is much less than that from 280 to 450 K, suggesting
its relation with the change of spin order. As shown in Figure (b), the LO3 modes are
closely parallel with magnons at 50 K, which have sizable INS intensities at 13.5 < L < 15
rlu.. The calculated magnon intensities (see SI note 2) show great agreement with the
measured S(Q,E), as presented in Fig. S1 (a). The g-dependence of LO3 modes at fixed
energies was extracted from constant-E slices, which were obtained by subtracting magnon
intensity and folding with respect to L = 15 r.L.u. (shown in Section [5.§ Figure[5.5] (b1-b6)).
In Figure (a), clear left shifts indicate that LO3 modes stiffen on heating.

In the Raman work on single crystal CroO3 by Dwij et al. [148], the mode around
290 cm~! ( 36 meV) changes dramatically on heating. The mode emerges at 290 cm~! at 85

K, broadens and stiffens between 160 and 260 K, and finally narrows and stabilizes above
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300 K at 302 cm™'. The measured Raman frequencies and the trend of Raman linewidths
are consistent with our results for the zone center LO2 mode. In their interpretation, the
Raman modes below 160 K and above 300 K correspond to two separate phonon modes and
are suggestive of lattice symmetry changes by the change of spin order. They assign the
mode above 300 K to Elg, which are the doubly degenerate TO2 modes shown in Figure
(a). Their “¢wo modes” explanation contradicts the Raman intensity calculations by T.
Larbi et al. [I50]. In both AFM phase (space group 161, R3C, when treating Cr?* with
different spin directions separately) and PM (FM) phase (space group 167, R3C'), the mode
LO2 (Ai/A1,) are Raman active. In the FM (PM) phase, the A;; (LO2) mode has nearly
ten times of Raman intensity than that of E1; mode. This suggests the observed Raman
mode by Dwij et al. should be LO2 above 300 K. More importantly, our INS data along
[0,0,1] direction only show prominent intensity from LO2 mode, and nearby transverse
modes have minimal intensity. This is because the phonon eigenvectors of LO2 (nearby
transverse modes) are parallel (perpendicular) to the Q, which makes |Q - e| > 0 (=0),
leading to prominent (zero) scattering cross sections (see Section . This is shown by
the calculated Xllcoherent+1 (Q,E)E in Section Figure (a), where the transverse modes
near 35 meV show much lower intensity compared to the LO2 mode near 38 meV. In Section
m Figure (b-€), X conerent+1(Q,E)E show good agreements with the experimental data
at 450 K, proving their reliability. The non-zero intensity for these transverse modes is
a result of the instrument resolution in the reciprocal space. In summary, the intensities
around 38 meV originate from LO2 modes at all temperatures, contrary to the previously

suggested local symmetry change.
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Interestingly, only ALO modes stiffen, while other longitudinal optical phonon
modes below 60 meV soften with temperature. From 50 to 450 K, the LO4 and LO5 modes
show 2.5% and 1.1% softening on average, as shown in Figure (a). The measured phonon
density of states (DOS) were obtained by integrating intensities at 5 < |Q| < 9 A~ with
multi-phonon and thermal occupation corrections using GETDOS [102]. Figure (b)
shows the calculated phonon DOS (see SI Note.1), which agrees well with the measured
phonon DOS. By fitting all prominent DOS peaks to Lorentzian functions, the temperature
dependencies of these peak positions are shown in Figure (c). Clearly, most phonon
modes soften from 50 to 450 K.

Phonon energies were evaluated with quasi-harmonic approximation (QHA) using
the lattice structure obtained from ionic relaxation together with thermal expansion ratios
from the literature [I38],[147] shown in Section [5.8 Figure (a) (see SI Note.1 for details).
Experimental and calculational phonon isobaric Griineisen parameters were evaluated at 50

and 450 K,

V ow,  V(50K)(w(450K) — w(50K))
—wlav)lr = ~ w(50K)(V(450K) — V (50K))’

’y:

where V' and w are the volume of a unit cell and phonon energy. The temperature-dependent
volumes V(T') were obtained by segmentally fitting thermal expansion data from literature
[138, [147], as shown in Section [5.8| Figure (b).

Except for the ALO modes, most phonons soften at elevated temperatures as
expected due to thermal expansion and phonon-phonon interactions. This behavior is illus-
trated in Figure (e), where the calculated ey, are positive for all modes and reasonably

match the average 7., values. For LO4 and LO5 modes, the average softening computed
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Figure 5.2: (a) Colored circles (squares) show phonon energies at 50, 280, and 450 K
from Gaussian fittings of the measured constant-Q (constant-E) slices. Blue lines show the
calculated phonon dispersions. Phonon modes are labeled according to their eigenvectors.
Phonon branches that contribute to the scattering intensity are shown by deep blue lines. (b)
Measured phonon DOS at 50, 150, 280, 350, and 450 K. The calculated neutron-weighted
phonon DOS was shown by black dashed lines. (¢) Temperature dependence of phonon
energies extracted from Lorentzian fittings of the measured polycrystalline data. (d) Wave
vector and temperature-dependent normalized LO2 energies predicted by quasi-harmonic
phonon model. (e) Experimental (black circles) and Calculational (colored markers) phonon
Griineisen parameters 7. Experimental v was obtained using phonon energies at 50 and
450 K with experimental thermal expansions. The colored markers denote ~ for different
phonon branches, and the red markers show the v for LO2 and LO3 modes. The Black
dashed line represents E-dependent averaged Griineisen parameters 7. Error bars represent
or correlate to fitting uncertainties.
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with QHA is around 0.8%~0.9% from 50 to 450 K (see Section Figure (b-c)) and
shows a satisfactory agreement with the experimental values. Furthermore, the softening
of an optical mode around 613 cm ™! shows an example of anharmonic behavior and can be
accurately described using a model for three-phonon processes [148].

Evidently, the stiffening observed for ALO modes cannot be attributed to these
effects. As shown in Figure (e), the y.q for ALO modes are positive, indicating softening
of these modes is expected with thermal expansion. The calculated LO2 and LO3 mode
energies from QHA at various g-points show 0.2%~0.4% (Figure (d)) and 0.7%~0.9%
(Section [5.8 Figure (a)) softening. These clearly contradict the observed stiffening. The
stiffening of these modes is likely not the result of electron-phonon interactions due to the
electron band gap of 3.37 eV [139]. Instead, the sudden changes of LO2 energies occur
between 280 and 450 K, spanning the T, and suggest the correlation with the spin order

in the system.

5.5 Effect of magnetoelectric coupling on lattice dynamics

The stiffening of the ALO modes and the non-linear anisotropic thermal expansion
mainly originate from electron density redistributions by the change of spin order. Frozen
phonon potential (FPP) curves were obtained with AFM and ferromagnetic (FM) spin con-
figurations (see SI Note.1). Here, the collinear FM spin arrangement was used to illustrate
the effects of the deviation of spin states from the AFM phase. FFP calculations reveal a
prominent shift in the energy minimum for the LO2 mode upon transitioning from AFM to

FM, indicating a preference for shorter interatomic distances between adjacent Cr3* ions
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Figure 5.3: (a) Isosurfaces of electron density difference based between AFM and FM spin
configurations. Blue and red spheres represent Cr3>* and O?~ atoms. The isosurfaces
represent either positive (yellow) or negative (light blue) density difference enclosed. (b)
Displacement patterns of LO2 phonon mode at zone center. (c-d) Frozen phonon potentials
for LO2 (circles) and LO3 (squares) modes at zone center with AFM (red) and FM (blue)
spin configurations. In panel (c), solid lines show quadratic fitting for AFM (red) and FM
(blue) frozen phonon curves. The dashed line represents the fitting result for the FM frozen
phonon curve with the same energy minimum as the AFM curve. The inset in (d) shows
phonon displacement patterns corresponding to LO3 eigenvectors.

(Cr;-Cry and Cr3-Cry) in the FM state (Figure (c)). By mapping the electron density
difference between AFM and FM (see SI Note.1l), ngpp-npps, one can infer that the shift
originates from the sudden decreases of electron density between these adjacent Cr3+ atoms,
as shown in Figure (a). Such reductions in electron density change Cr-O bond lengths
and angles, consequently decreasing the separation between neighboring Cr3* atoms, thus
shortening the lattice constant along the c-axis. Simultaneously, the electron density in the
ab plane around Cr?* atoms increases from AFM to FM, potentially leading to expansions
of the ab-axes. These are consistent with non-linear contractions along ¢ and expansions
along a measured by diffraction below T [138]. The lattice deformation, induced by spin

order change, should be subject to the sublattice magnetization, which can be well ap-

112



proximated by the Brillouin function B(T) for S=3/2 in the mean-field theory [144]. As
shown in Section Figure (a), the temperature dependence of a and c lattice constants
matches well with the B(T) below Ty, supporting the proposed magnetic origin. Above
Ty, the observed linear thermal expansion along a and c directions [147] is anticipated:
at sufficiently high temperatures, where the entropy of the spin system saturates and the
magnetic moments become mostly disordered, one may expect non-linear lattice expansion
to vanish and the a and c¢ axes to expand linearly due to lattice anharmonicity.

The motions of ALO modes change the distances between the nearest Cr3* pairs
along ¢ and are particularly sensitive to the aforementioned electron redistributions. As
shown in Figure (b), the zone center LO2 mode corresponds to identical motions along
the c-axis for both atoms in all Cr3* pairs. In contrast, for the LO3 mode at I" point, Cry-Cro
and Cr3-Cry pairs are in opposite phases, and the FFPs are always symmetric with respect
to u, the Cr?* displacements, and independent of equilibrium Cr-Cr distances. In Figure
(c-d), the calculated FPPs of FM configuration are steeper than that from AFM for both
LO2 and LO3 modes. The second-order force constants, 0> Er02/ ﬁuér and 02Ero3/ auér,
determined through quadratic fittings of the FPPs with |uc,| < 0.07 A(corresponding to
mean atomic displacement at 550 K) are larger for the FM phase than the AFM phase by
a factor of 1.14 and 1.10 for LO2 and LO3 modes, respectively. This indicates that the
phonon energies of ALO are stiffened by the redistributions of electron density. On the
contrary, the FFPs for LO4 are softer in the FM phase than in the AFM phase (Section
[.8| Figure (a)), consistent with our INS data. Although the LA modes also involve

vibrations of Cr®* along the c-axis, they show a normal softening with temperature (Figure
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(a)). This is because they do not change the Cr-Cr distances much, and the electron
density change between Cr-Cr shows little effect on their phonon energy. It is important
to emphasize that the stiffening of ALO modes is purely magnetoelectric and is exclusively
driven by the change of spin order. This is supported by the result that the QHA model
does not reproduce the stiffening even when c-axis contraction is considered. Moreover, the
result is also supported by the observed phonon broadening in our data and prior Raman
work [I48] near Ty, where the long-range spin order is mostly lost while the short-range
spin order is preserved. The broadening of phonon peaks is likely due to the second-order
nature of the magnetic transition and a non-homogeneous distribution of electron density.

Compared with the PM state in the real system, FPPs based on FM overestimate
the shortening in the Cr-Cr distance along the c-axis. The calculated reduction in the
Cr-Cr distance is ~ 0.1 A, significantly larger than the reported literature value of ~ 0.03
Aspanning from 2 K to 315 K [I38]. This leads to the higher calculated phonon energy
in the FM state than our data for both LO2 and LO3 modes, as depicted in Section [5.8
Figure (c). This is expected because, in the PM state, the changes in electron densities
are more moderate. Nevertheless, we believe this comparison provides insights into electron
density renormalizations induced by spin order change. Quantitative evaluations of phonon
energy in the PM state may be done using the spin state averaged (SSA) model [I51],
self-consistent ab initio lattice dynamical (SCAILD) calculations [I52], or thermodynamic

formulations [I53]. These are beyond the scope of the current work.
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5.6 Dynamic spin-phonon interactions

The stiffening of ALO modes is not likely the result of other forms of spin-phonon
interactions, such as magnetostriction or dynamic spin-phonon interaction (DSPI). In mag-
netostriction, as magnetic order switches, the spin exchange energy can modify the in-
teratomic potential between bonded ions, subsequently leading to alterations in atomic
distances and affecting phonon energies. However, the literature values of the Cr*+ position
change are around 1.5 picometers from 284 to 315 K across Ty [138], and they are too small
to result in the observed stiffening.

Another mechanism is the DSPI, for which the lattice vibrations impact the ex-
change integral, consequently influencing the orbital overlap between the ions and altering
the phonon energies [17, [18]. This interaction is purely dynamic and different from our pro-
posed origin. The phonon energy shifts due to DSPI are subject to the quadratic term of the
Taylor expansion of exchange constants .J;; in a Heisenberg model, H = — 3%, . J;5(5; - 5j),
with respect to the lattice displacement vector @ for a'? phonon branch, where k denotes

the atoms involved in the displacement. The phonon energy shift due to DSPI can be writ-

N
2[haWa

ten as Awpspr(T) = w(T) —wo(Tp) = — > (Si - Sy)lag(t) - Vk]?J;j, where Ty is a
reference temperature above T, N is the number of Cr3t atoms, p, is the reduced mass
for atoms that participating in the vibration and wy, is the phonon energy [I§]. This method
and a simplified version Awpgpr(T) = Agp(Si-Sj) (Agp is the spin-phonon coupling constant)
are extensively used for modeling the phonon energy shifts due to DSPI in transition-metal

compounds [19] 20} 21, 22| 23, 24 25] 26]. By neglecting the change of S; under atomic dis-

placements and within the mean-field approximation, the spin correlation function (S; - S;)
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can be expressed by (S; - S;) = S*(Mc,(T)/3up)? ~ S?*B(T)?, where Mc,(T)/3pup is the
normalized Cr3t sublattice magnetization. For simplicity, we consider only one pair of
the nearest neighbor exchange coupling, Jyy, between the closest Cr3T atoms. For the

LO2 mode at zone center with only two Cr3T displacements involved, the Awpgpr may
2 O*JINN

 MorwLo2 (91@%, LO2

82JNN/8U%T7L02 = 0*(E(AFM) — E(FM))/4526U%T7LO2 were evaluated by quadratic fit-

be written as Awpgpr(T) ~ S2B(T)?. The second-order derivatives
tings, and we obtained 82JNN/8u%T7LO2 = —0.018 eV/ A? and 82JNN/8U20T’L03 = —0.027
eV/ A2, These are much smaller than the value obtained from fitting experimental results
for the Raman mode near 604 cm~! in LaMnOs, 82JNN/8U?)7RM = +0.218 eV/ A2, which
corresponds to ~1 meV energy stiffening from 0 K to the magnetic transition temperature
[18]. For Cry0s3, the calculated Awpgspr (50K) for the zone center LO2 mode is around +
0.04 meV, and is negligible comparing with the observed Aw(50K)|r,—450x = —2.9 meV.
Notably, the LO2 and LO3 modes at the zone center are expected to soften by DSPI and

are opposite to our observation.
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5.7 Summary

In summary, the stiffening of ALO modes does not originate from DSPI. To our
2

ﬁ) are always obtained by fitting the
u

knowledge, the spin-phonon coupling constants (
experimental phonon energy shifts, and quantitative evaluations by first-principles calcu-
lations are scarce. We speculate that the proposed static origin may dominate phonon
energy shifts in many magnetoelectric-coupled systems and suggest that such effects need
revisiting using quantitative modeling. Moreover, this study illuminates the magnetoelec-
tric origin of non-linear thermal expansion below Ty, challenges the previously proposed
phonon symmetry change, highlights an unusual phonon energy stiffening driven by magne-

toelectric coupling, and sheds light on controlling lattice dynamics in novel magnetoelectric

spintronics.
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5.8 Supplementary information

5.8.1 Supplementary figures
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Figure 5.4: (a-d) Constant-Q slices of the measured imaginary part of dynamic suscepti-
bility x” (Q,E)E at 50, 280, and 450 K were obtained by integrating £0.2 (r.lu) along
perpendicular axes and are shown by the colored circles. Lighter colored lines represent
calculated phonon X” coherent+1(Q,E)E with the same integration range and temperature.
Error bars indicate data uncertainties. The Black dashed line shows the results of the fit-
tings.

To analyze temperature-dependent phonon dynamics of LO2 modes, constant-Q
slices were taken at Q = (0,0,L) with L = 18, 17.6, 17.2, and 16.8 r.1.u., which correspond to
phonon wave vectors q at 0.0, 0.13, 0.27 and 0.4 in reduced wave vector units along I'-Z. For
these points, the intensities near 36 meV corresponding to the LO2 modes have significant

blueshifts on heating, as shown in Figure (a-d). Temperature-dependent energies of

LO2 modes from Gaussian fittings of the measured constant-Q slices are shown in Figure

(e-h).
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Figure 5.5: (a) Comparison of experimental and calculational scattering intensities. The
dots represent constant E slice S(Q) obtained from integrating 40 to 42 meV at 50 K (blue),
280 K (green), and 450 K (red). Colored (black) lines show calculated lattice (magnetic)
scattering S(Q) obtained in the same way. (bl-b6) Colored dots show the S(Q) at 50,
280, and 450 K with different energy integration ranges. The S(Q) is obtained by folding
12 < @ < 18 (r.l.u.) with respect to Q = 15 (r.l.u.). Magnetic scattering intensity has been
removed from the S(Q) at 50 K. The black dashed lines show the Lorentzian fitting.

As shown in Figure (b), the LO3 modes are closely parallel with magnons at
50 K, which have sizable INS intensities at 13.5 < L < 15 r.l.u.. The calculated magnon
intensities (see Section|1.3.2)) show great agreement with the measured S(Q,E), as presented

in Figure (a). To remove the magnetic scattering intensities from one-dimensional

S(Q), atomistic simulations were performed to estimate the intensity from both lattice

(Siat(Q)) and magnetic (Spaq(Q)) scattering (see Section [1.3.2{ and [1.3.1)). In Figure
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(a), great consistencies can be seen when comparing the calculated and measured S(Q) for
both magnetic and lattice scattering at 41 meV. The measured S(Q) at 12 < L < 18 (r.l.u.)
is symmetric with respect to L = 15 (r.l.u.). The S(Q) shown in Figure (b1-b6) were
folded to improve statistics, and the magnetic scattering intensities were subtracted based
on the calculated Sy,q4(Q). Clearly, as the temperature increases, the peak centers shift to

lower Q, indicating stiffening of phonon energies.
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Figure 5.6: (a) Temperature-dependent normalized lattice parameters from 2 to 842 K from
diffraction experiments [138] [147]. Empty circles and squares respectively represent lattice
constants a and ¢ in the conventional hexagonal cell below (black) and above (red) T. Blue
solid dots and squares show the lattice constants that are used in the QHA calculations.
The green dashed lines show the rescaled Brillouin function for S=3/2. (b) Temperature-
dependent volumes from 2 to 842 K are shown in empty triangles below (black) and above
(red) T Solid dots represent normalized unit cell volumes used in the QHA calculation.

The temperature-dependent normalized lattice parameter ratios a(7)/a(2K) and
¢(T)/c(2K) are shown in Figure (a), and temperature-dependent volumes are shown in
Figure (b). The temperature dependences of both lattice constants and cell volumes
are nonlinear below Tp and linear above Ty. The data below Ty were fitted using a
third-order polynomial, and above Ty were fitted using a linear relation. The unit cells
used in the QHA calculations were obtained segmentally based on the fitting results (see
Methods). The Brillouin functions of S=3/2 are rescaled with -0.002 and 0.0008, showing
great agreement with the nonlinearity of the experimental lattice constants a and ¢ below

T, respectively. This suggests that the variations in the lattice constants are subject to

the change of spin order.
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Figure 5.7: (a-c) Wave vector and temperature-dependent normalized LO3, L.LO4, and LO5
energies predicted by the QHA model.

As shown in Figure (a), the LO3 phonon modes show a 0.7% 0.9% softening
at elevated temperatures, contradicting our measured data. This indicates that thermal
expansion cannot explain the stiffening of LO3 modes. On the other hand, the LO4 and
LO5 modes show softening around 0.9%. These present a reasonable agreement with the
measured temperature dependence and suggest that the softening of these modes can be

partially attributed to thermal expansion.
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Figure 5.8: (a,b) Frozen phonon potentials for LO4 modes (diamonds) and TO2 modes
(y-markers) at zone center with AFM (red) and FM (blue) spin configurations. The inset
shows the mode displacement pattern. (c¢) Phonon dispersions based on AFM (black lines)
and FM spin configurations. The phonon dispersions with FM spin order were calculated
based on the unit cell obtained from AFM (blue lines) and FM (red dashed lines) ionic
relaxation.

In Figure (a), LO4 modes mainly involve motions of O atoms, and the dis-
placements of Cr3t atoms are small. The FFPs for FM are softer than those for the AFM
spin arrangement, explaining the absence of stiffening of LO4 modes in our data. This is
because the Cr?t atoms are nearly fixed. The electron density change between the nearest
Cr3T pairs shows little effect on the force constants. On the other hand, the TO2 modes
involve shearing motions of Cr®* atoms that alternate the nearest Cr** bond lengths (Fig-

ure (b)). Two sets of phonon dispersions with FM spin order were calculated based on

the unit cell obtained from AFM and FM ionic relaxation (see Method) and showed little
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difference. In Figure|5.8[(c), other than the LO2 and LO3 modes, the TO2 and TO3 modes
also show significant stiffening when changing to the FM spin order. The LO2, LO3, and
doubly degenerate TO2 and TO3 change the distance between the nearest Cr-Cr distances,

thereby stiffening due to the magnetoelectric coupling discussed in the main text.
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Chapter 6

Conclusions

The thesis explored four key aspects of the research field focused on the spin and
lattice dynamics, and spin-phonon interactions. Inelastic neutron scattering experiments
provide direct measurements of temperature-dependent acoustic phonon dynamics, includ-
ing the phonon energy and the phonon polarization, which has not been extensively studied
in the presence of spin-phonon coupling. In chapter [2| we present neutron scattering sig-
natures of mutual driving interactions through strong spin-lattice coupling and acoustic
phonon eigenvector renormalization in NiO. Specifically, we performed inelastic neutron
scattering experiments and atomistic simulations, revealing the spin-phonon mutual driv-
ing effect and acoustic phonon eigenvector renormalization in NiO. The spin-phonon driving
effect is suggested by a modified magneto-vibrational scattering cross-section, which success-
fully explains the anomalous scattering intensity of acoustic phonon observed in low-order
Brillouin zones. Moreover, the phonon eigenvector renormalization, suggested by strong

“forbidden” intensity in high-order Brillouin zones, is also observed and attributed to the
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spin-driven modulation of phonon polarizations. To our knowledge, the results presented in
the thesis unveil the existence of acoustic phonon eigenvector renormalization induced by
spin-phonon coupling for the first time and will encourage further theoretical investigations
into this important phenomenon. Our observations and analysis also provide a new ap-
proach to identifying strong spin-phonon interactions and illumining engineering functional
antiferromagnetic spintronic materials through these interactions.

Thermal transport in magnetic insulators is one of the fundamental questions in
developing novel spintronics and spin-caloritronic devices. Although extensive studies have
been conducted on NiO, the roles of magnon and spin-phonon interactions on thermal trans-
port are still poorly understood. This is mainly due to the inconsistency of previous thermal
conductivity measurements and the negligible response of thermal conductivity under an
external magnetic field. In chapter [3] we reported inelastic neutron scattering character-
ization of magnon and phonon dynamics, time-domain thermal reflectance measurements
on temperature-dependent thermal conductivity, and atomistic simulations of the phonon
and magnon transport in NiO. We found that the thermal conductivity is dominated by
phonon transport and is subject to spin-phonon interactions above 100 K. Contrary to
previous steady-state measurements, our measured thermal conductivity shows a stronger
temperature dependence below the Néel transition and a weaker temperature dependence in
the paramagnetic phase. We attributed the effects to magnon-phonon scattering and spin-
induced dynamic symmetry breaking in the phonon system in the antiferromagnetic phase.
We provide a detailed experimental-theoretical study of thermal transport in this impor-

tant material and highlight the crucial role of spin-phonon interactions in lattice thermal
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transport in magnetic materials.

Chromia (Cry03), the inaugural magnetoelectric material and an emerging can-
didate for spintronics and magnetoelectric applications, is an interesting model material
for understanding temperature-dependent spin dynamics. Despite extensive research into
the spin dynamics in this system, the experimental characterization and theoretical pre-
diction of the temperature-dependent dynamics of magnons, as well as paramagnons, re-
main lacking. In chapter [4 our study delves into these issues through a comprehensive
experimental-theoretical analysis of the spin dynamics of CryO3. Our results present direct
observations of paramagnons not only above Ty, but also closely below T in CroO3 for
the first time. The observation of paramagnons below the ordering temperature is partic-
ularly notable, as it challenges the traditional view that paramagnons should only exist in
the paramagnetic state above the transition temperature. This suggests that the transition
to long-range magnetic order is not a sharp, abrupt transition but a more gradual process
where short-range order coexists with long-range order near the critical point. Furthermore,
our results provide detailed experimental characterizations and theoretical quantifications
of temperature-dependent magnon energy. We found that magnon energy softening pri-
marily originated from four-magnon interactions, while thermal expansion played a minor
role. Our results unveil the interplay between short-range and long-range magnetic correla-
tions in strongly correlated electron systems and provide insights into controlling the spin
dynamics of CryOg3 for functional spintronics and magnetoelectronic applications.

Despite extensive exploration of lattice dynamics in CroQOg, the origins of nonlinear

thermal expansions in its antiferromagnetic phase and stiffening of optical phonons are
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still elusive. In chapter b} our study investigates these issues through a comprehensive
experimental-theoretical analysis of lattice dynamics of CraO3. Our results reveal a common
static magnetoelectric origin for both phenomena: the alteration of spin order prompts the
renormalization of electrons between the nearest Cr-Cr pairs, inducing non-linear thermal
expansion below the T and energy shifts of certain phonon branches. This proposed static
origin challenges the prevailing theory. For a long time, the assumed mechanism for the
increase of phonon energy in magnetic compounds through magnetic transition has been the
dynamic spin-phonon interaction. This interaction typically arises from spatial modulation
of the exchange parameter due to phonon vibrations and is purely dynamic. Notably,
existing work primarily offered empirical interpretation and the quantitative evaluations
by first principles remain scarce. On the contrary, our atomistic calculations dismiss the
dynamic spin-phonon interaction as the cause of the observed phonon energy stiffening in
Cry03. We speculate that the proposed static origin may dominate phonon stiffening in
many other systems. Furthermore, our results question the previously suggested change
in phonon symmetry, reveal the tunability of selected phonons in CroO3 through external
stimuli, and shed light on controlling lattice dynamics in novel magnetoelectric spintronics.

Overall, this thesis advanced the fundamental understanding of spin-phonon in-
teractions and their implications for spintronic and spin-caloritronic applications. The
experimental and theoretical approaches presented in this thesis may provide a valuable

toolset for further research on many other systems in this area.
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