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Inelastic neutron and x-ray scattering measurements of phonons and spin waves were performed
in the delafossite compound CuCrOz over a wide range of temperature, and complemented with
first-principles lattice dynamics simulations. The phonon dispersions and density of states are well
reproduced by our density functional calculations, and reveal a strong anisotropy of Cu vibrations,
which exhibit low-frequency modes of large amplitude parallel to the basal plane of the layered
delafossite structure. The low frequency in-plane modes also show a systematic temperature depen-
dence of neutron and x-ray scattering intensities. In addition, we find that spin fluctuations persist
above 300 K, far above the Néel temperature for long-range antiferromagnetic order, T ~ 24 K. Our
modeling of the thermal conductivity, based on our phonon measurements and simulations, reveals a
significant anisotropy and indicates that spin fluctuations above T constitute an important source
of phonon scattering, considerably suppressing the thermal conductivity compared to that of the

isostructural but non-magnetic compound CuAlOs.

PACS numbers: 63.20.D-, 63.20.kk, 63.20.dk, 66.70.-f, 75.30.Ds

I. INTRODUCTION

Couplings between lattice and electronic or spin de-
grees of freedom underpin a wide range of material phe-
nomena, including superconductivity, thermoelectricity,
and multiferroicity. Multiferroics display both magnetic
ordering and ferroelectric behavior, potentially enabling
a useful two-way manipulation of magnetic or ferroelec-
tric orders through their interaction. In many multifer-
roics, the magnetic and ferroelectric transition temper-
atures are well separated. For example, YMnOs under-
goes a ferroelectric transition at ~1260K [1], while its
Néel temperature is Ty ~ 75K [2]. In such multiferroics,
the coupling between the two orders may be expected to
be weak, or at least indirect, as two separate underly-
ing mechanisms drive the two transitions. In contrast,
in CuCrOg the ferroelectric polarization and long-range
antiferromagnetic order emerge concomitantly. Thus, it
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presents an opportunity to study the direct coupling be-
tween the magnetic and ferroelectric order parameters
[3, 4]. A number of studies have investigated the crystal
structure, magnetic excitations, magnetization, and elec-
tric polarization in CuCrOg [3-20], but little is known
about the phonons and their coupling or response to the
magnetic/ferroelectric ordering.

CuCrOs is a geometrically frustrated triangular lattice
antiferromagnet (Ty ~ 24K [11]) with delafossite struc-
ture (Fig. 1). Although the polarization is thought to
arise from proper-screw type magnetic order [21], there is
evidence of in-plane structural symmetry breaking across
the magnetic transition in several delafossite compounds
[7, 22]. This structural distortion arises from magneto-
elastic coupling, which is observed in a wide range of
hexagonal manganites and delafossites [2, 7, 22-24]. The
structural distortion across T could possibly change
the bonding environment and thus the exchange con-
stants as well as interatomic force constants, thus alter-
ing both the spin and phonon dynamics. For instance, in
HoMnOs;, the shift in position of Mn ions couples with
exchange coupling constants, causing a change of cur-



vature of spin waves below Tgpr, the spin reorientation
temperature [23]. Also, recent lattice dynamics studies
in LiCrOy and CuCrO; report mixed magnon-phonon
modes below Ty [25, 26]. Téth et al. [25] observed the
appearance of electromagnons below 10 meV with inelas-
tic x-ray scattering in LiCrOq. Park et al. [26] focused
on spin-waves in CuCrOs and attributed an intensity
change across Ty for a 12.5meV excitation to a mixed
magnon-phonon character. Furthermore, ultrasonic mea-
surements in delafossite compounds have indicated sub-
stantial softening of elastic constants near T [16, 27].
A possible signature of spin-phonon coupling can also be
found in reported thermal conductivity measurements of
YMnOs or CaMnOj3 [28-30], motivating studies of the
role of the spin-phonon interaction on phonon scattering
rates. The strong dynamic coupling between spin fluc-
tuations and phonons in YMnO3z and CaMnOj3 lead to
suppression of thermal transport in paramagnetic state.
Interestingly, the thermal conductivity of polycrystalline
CuCrO; (~5.5W/mK) is also substantially lower than
in the non-magnetic analogue CuAlOy (~55 W/mK), ap-
proximately by a factor of ten at room temperature. Ac-
curate phonon measurements and simulations constitute
the basis to understand the thermal transport behavior.

We have investigated the spin and lattice dynamics
of CuCrOs using neutron and x-ray scattering, comple-
mented with first-principles lattice dynamics simulations.
We show that lattice distortions across Ty do not dis-
continuously alter the lattice dynamics, as is expected
considering the very small magnitude of the distortion
(AL/L ~-3x107* [7]). Raman measurements also found
no discontinuity across Ty [16]. However, we find that
low-energy spin fluctuations do lead to increased phonon
scattering rates above Ty. We quantify the phonon scat-
tering rates from several phonon scattering mechanisms
to understand the low value of lattice thermal conductiv-
ity (k1) of CuCrOs in comparison to the non-magnetic
delafossite CuAlOs. Moreover, our measurements and
simulations of phonon spectra show that Cu vibrations
exhibit strong anisotropy between in- and out-of-plane
directions, which is confirmed by our neutron diffraction
measurements of the atomic displacement parameters. In
addition, we observed a systematic temperature depen-
dence of phonon intensities (normalized for Bose-Einstein
factor) for low-energy modes, but this behavior appears
decoupled from the magnetic ordering.

II. EXPERIMENTS

A. Sample Preparation and Thermal Conductivity
Measurements

Powder and small single-crystal samples were grown
by a flux method as described in Ref. 6. The single-
crystal samples are of high quality, with mosaic less than
0.05 degree as shown by the representative x-ray rock-
ing curve in Fig. 2-a. The in-plane thermal conductivity
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FIG. 1. (a,b) CrOg octahedra layers linked through O-Cu-
O dumbbells forming the hexagonal crystal structure (R3m,
space group: 166) of CuCrOz. The Cr, Cu, and O atoms
are represented by blue, green, and red color, respectively. c)
HKO, and d) HOL scattering plane of CuCrOz. The size of
black circles correspond to x-ray scattering intensity. Black
dotted lines in subfigure (b) denote the Brillouin zone. The
red lines show subset of high symmetry directions along which
phonon dispersion are plotted in Fig. 6.

was measured in a Quantum Design Physical Property
Measurement System; four gold-coated copper leads were
attached to the sample via silver epoxy.



B. Inelastic Neutron Scattering

Inelastic neutron scattering (INS) measurements on
CuCrOs powders were carried out using the time-of-flight
wide angular-range chopper spectrometer (ARCS) and
the cold neutron chopper spectrometer (CNCS) at the
Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory [31]. The powder (mass ~ 8 g) was encased in
a thin-walled aluminum can. We used a closed-cycle he-
lium refrigerator and a low-background resistive furnace
with an oscillating radial collimator for low temperature
(10 < T < 300K) and high temperature (300 < T < 530 K)
measurements, respectively. The empty aluminum can
was measured in identical conditions at all temperatures.
Four incident neutron energies, F;=12 and 25meV at
CNCS, and 55 and 120 meV at ARCS were used at each
temperature to probe the full phonon and spin wave spec-
tra with high resolution. The energy resolution (full
width at half maximum) for incident energies F; = 12,
25, 55, and 120meV is ~0.6, 1.2, 2.2, and 6.1 meV at
the elastic line, respectively, which reduces to 1.2 and
5.1meV at an energy transfer of 30 meV for E; = 55, and
120 meV.

The measured signal was transformed from instru-
ment coordinates, scattering angle and neutron detec-
tion times, to the physical momentum transfer, |Q|, and
energy transfer, E, using the MANTID software [32].
Subsequently, two-dimensional intensity maps for the dy-
namical susceptibility x”’(Q, E) were calculated from the
dynamical structure factor S(Q, F) using x"(Q,E) =
(1 — exp(-E/ksT))S(Q,E). The phonon density of
states (DOS) was obtained from 120meV data by inte-
grating over 5 < |Q| < 10 A~', and applying background
and multi-phonon scattering corrections and removing
the elastic peak as described in Ref. 33.

The phonon spectra from INS measurements are
weighted by the relative neutron scattering strengths
(o/m) of the elements present in the sample, where o
is the neutron scattering cross-section, and m the atomic
mass. The neutron weighting (NW) factors for Cr, Cu,
and O are o¢,/me, = 0.0671, ocy/mey = 0.1264, and
oo/mo = 0.2645, respectively (in units of barns/amu).
Consequently, the total phonon DOS measured with INS,
g(E), for CuCrOs is over-weighted for the Cu and O vi-
brational contributions:

oCr OCu
gvw(E) = (2 go, (B) + 2% g (E)
mcr Mmcu

+2Q90(E))/(& 4+ 9Cu 2&) (1)
mo mgecr  MCu mo

where gcr, gou, and go are the partial DOS of Cr, Cu,
and O, respectively. The resulting NW phonon DOS can
be directly compared against the simulated DOS to which
the same neutron weights are applied. We should men-
tion here that full expression of phonon DOS, gyw (E) <
> ga(E) exp(—2Wy) exp(2W)gT2, includes atom specific
d

(exp(-2Wy)) and average (exp(-2W)) Debye-Waller fac-

tor correction. We have approximated exp(-2W, + 2W)
as unity.

C. Inelastic X-ray Scattering

We used high-resolution inelastic x-ray scattering
(IXS) to measure phonon dispersion curves of CuCrOq
on a small single crystal of approximately ~ 100 ym thick-
ness. The experiments were conducted at beamline 30-
ID-C (HERIX (34, 35]) at the Advanced Photon Source
(APS). The highly monochromatic x-ray beam of inci-
dent energy E; ~ 23.7keV (X = 0.5226 A) had an energy
resolution AF; ~ 1.0meV (full width at half maximum),
and was focused on the sample with a beam cross-section
~ 35 x 15 um (horizontalxvertical). The convoluted en-
ergy resolution of the monochromatic x-ray beam and
analyzer crystals was AFE ~ 1.5meV. The crystal was
glued to a copper post using varnish, and mounted in a
closed-cycle helium refrigerator. The measurements were
performed in the transmission geometry. Typical count-
ing times were in the range of 40 to 120s at each point
in the energy scans at constant Q.

The orientation matrix was defined using (1,1,0) and
(0,0,6) Bragg peaks, and checked with other peaks.
The longitudinal and transverse acoustic dispersions
were measured along high symmetry directions (€,0,6),
(67 ga 6)5 (1+€7 1+§7 O)a (25 L _6+§)7 (17 Oa _5+£)7 (17 17 -6+
€), (0,0,12+¢), (£,3-2¢£,0), and (&,1,€-1). The spec-
tra were fitted with a damped-harmonic-oscillator (DHO)
scattering function [36], subsequently convoluted with
the measured instrumental resolution function, R*S(E):

{3+ 3+ n(E)} x iTLwE
(E?-E2)?+ (3T wE)?

S(E)=A B, (2

where B is a constant background, n(E) is the
temperature-dependent Bose-Einstein distribution at en-
ergy transfer F, A is the amplitude, I'y is the full width
at half maximum of the phonon peak, and Fj is the bare
phonon energy in the absence of damping (the + sign is
for £ > 0 and the - sign for E < 0). Example IXS spectra
and the corresponding DHO fits are shown in Fig. 2-(b,c).

D. Neutron Diffraction

Neutron time-of-flight powder diffraction measure-
ments were carried out using the POWGEN diffractome-
ter at the Spallation Neutron Source [37] using the same
powder sample described in Sec. II B, with the sample
encased in a thin-walled vanadium can. A top loading
closed cycle refrigerator with a heating stick was used for
temperature control. Data were collected with the cen-
ter wavelength 0.533 and 2.665 A, allowing access to a
d-spacing range from 0.5 to 10 A. Data were collected at
40, 80, 150, 200, 300, 420 K.
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FIG. 2. (a) Rocking curve of CuCrO; single crystal for

bragg peak at Q = (0.0,1.0,-4.0) showing the high qual-
ity of the crystal. (b) Constant-Q inelastic x-ray scatter-
ing spectra for in-plane polarized transverse acoustic mode
at @ = (1.0,1.0,-5.5) at 300K. The lines are fits using a
damped harmonic oscillator profile convoluted with the in-
strument resolution (see text). The value of E (in meV) listed
in inset is the fitted phonon energy. Negative AE corresponds
to phonon annihilation, and positive AFE to phonon creation.
(c) Same as (b) for Q = (1.0,0.0,-3.0).

The data were reduced using standard algorithms in
the MANTID package [32]. Data were refined using the
GSAS and EXPGUI packages [38, 39] using the model de-
scribed in Ref. 10 as a starting model. Standard profile
parameters employing the GSAS profile type 3 [38, 40]
were refined at low temperature and held fixed for the
remainder of the temperature refinements. We did not
consider magnetic scattering in the refinement process as
magnetic intensity is minimal at large |Q| and the mea-
surements were conducted above Ty. For all refinements,
the goodness of fit value (R,,) were less than 0.055.
Lattice parameters and anisotropic atomic displacement
parameters were refined at all temperatures. The lat-
tice parameters exhibit temperature behaviors consistent
with literature values, with the c-axis displaying a nega-
tive thermal expansion, and the a-axis displaying normal
thermal expansion [10, 41].

III. DENSITY FUNCTIONAL THEORY
SIMULATIONS

First-principles simulations were performed in the
framework of density functional theory (DFT) as im-
plemented in the Vienna Ab initio Simulation Package
(VASP 5.3) [42-44]. A 12 x 12 x 12 Monkhorst-Pack elec-
tronic k-point mesh with a plane-wave cut-off energy of
500eV was used in all of our simulations. The projector-
augmented-wave potentials explicitly included six valence
electrons for Cr (3d°4s'), 11 for Cu (3d'%4s'), and six
for O (25%2p*). All our calculations were spin polarized
(collinear). We used the generalized gradient approx-
imation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
parametrization [45] with a Hubbard correction. To treat
the localized d—electron states of Cr in GGA+U calcu-
lations, the total energy expression was described as in-
troduced by Dudarev et al. [46] with on-site Coulomb
interaction U = 2.3eV and on-site exchange interaction
J=0.96eV [15, 47, 48].

During the relaxation of the structure, the lattice pa-
rameters and atomic positions were optimized until forces
on all atoms were smaller than 1 meV A™'. The relaxed
lattice parameters (a = 3.026 A, ¢ = 17.166 A) differed
from the experimental values measured at 10K [10] less
than 0.5% along c¢ axis and 2% in-plane. The relaxation
of lattice parameters without spin-polarization leads to
significant in-plane contraction (a = 2.738 A) and out-
of-plane expansion (¢ = 18.396A) with zero band-gap.
Calculations of phonon dispersions were performed in
the harmonic approximation, using the finite displace-
ment approach as implemented in Phonopy [49], using
the atomic forces obtained with VASP. The phonon cal-
culations used a 3 x 3 x 3 supercell of the rhombohedral
primitive cell containing 108 atoms, and a 3 x 3 x 1 su-
percell of the hexagonal conventional cell also containing
108 atoms. To construct the force-constant matrix us-
ing the finite displacement approach, four independent
atomic displacements were computed for both rhombo-
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FIG. 3. (a,b,c) The neutron scattering intensity x'(Q, E) = (1 - exp(-E/ksT))S(Q, E) (in log scale) of CuCrOs measured at
different temperatures for an incident energy of 120meV. (d,e,f) and (g,h,i) are same as (a,b,c) except for an incident energy
of 55 and 12meV, respectively. Subfigures (a-f) are measured on ARCS, while subfigures (g-i) are measured on CNCS. The
intense elastic scattering intensity around zero energy transfer is cropped.

hedral and hexagonal cell. The atomic displacement am-
plitude was 1/ 100" of the lattice parameters.

IV. RESULTS AND DISCUSSION

A. Phonon and Magnon Spectra

Figure 3 shows x"(Q, F) from INS for multiple F; set-
tings and temperatures. The intensity for |@Q| < 5 A~ and
E < 15meV is dominated by spin excitations. On the
other hand, phonon excitations are intense at high |Q)|.
The maximum phonon energy is around 90meV. The
NW phonon DOS from F;=120meV dataset is shown in
Fig. 4, where it is compared with the NW phonon DOS
from our DFT simulations. The agreement between the

experimental data and the DFT simulations is remark-
able (the NW DOS is shown as continuous trace at the
bottom of figure 4). Phonon dispersions from IXS con-
firm this good agreement of phonon energies, as shown
below. However, two unusual features can be observed
in the INS data. First, the magnetic intensity from spin
fluctuations persists up to 300 K, far above Ty ~ 24 K (see
Fig. 3-(h,i)). Second, the intensity of the phonon peak at
~13meV in the phonon DOS decreases on heating, while
the intensity of the peak at ~25meV increases.

We first investigate the temperature dependence of the
phonon DOS. We note that, while the elastic constants,
in particular Cigg, are reported to soften by approximately
30% near Ty [16], we do not observe any abrupt change
in the phonon DOS between 10 and 40 K in our INS mea-
surements (see Fig. 4). This could be because ultrasound
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FIG. 4. Neutron-weighted phonon DOS of CuCrO2 measured
with inelastic neutron scattering at different temperatures
(corrected for background, and multiphonon and multiple
scattering) for incident neutron energies of 120 meV (5 < |Q)| <
10A™") along with DFT calculated neutron weighted phonon
DOS convoluted with ARCS resolution function which high-
lights the good agreement between experiment and simula-
tions.

measurements probe a much lower frequency and longer
wavelength range than accessible in these INS measure-
ments. Our results indicate that the overall chemical
bonding environment remains largely unaltered across

J

V(Q.E) u(l—exp(—,%%nggi Z&

where by is neutron scattering length, Q = k - k' is the
wave vector transfer, and k' and k are the final and inci-
dent wave vector of the scattered particle, q the phonon
wave vector, ws the eigenvalue of the phonon correspond-
ing to the branch index s, 7 is the reciprocal lattice vec-
tor, d the atom index in the unit cell, exp(-2Wy) the
corresponding DW factor, and ns the mean Bose-Einstein
occupation factor. The atom-resolved DW factor clearly
reflects the underlying anisotropy of vibrational modes
through the phonon polarization vectors eys and their
associated frequencies w; [50]:

exp(-Wa)exp(iQ - d)(Q - eqs)

Ty, at least at short distances. The phonon disper-
sions from IXS also do not show any unusual change for
the short wavelength phonons across Ty (see below and
Fig. 6). However, as can be seen in Fig. 4, the peaks at
~13 and 25 meV in the DOS show an unusual exchange of
intensity with increasing temperature, with the relative
ratio of intensity reversed between 10 and 530 K. This
can also be seen in x”(Q, E) data (see arrows in Fig. 3-a
and c). We note that this apparent exchange of intensity
between the two peaks does not change abruptly across
T'n but rather occurs gradually, and is thus likely not as-
sociated with the magnetic transition. Instead, this be-
havior is likely due to the strongly anisotropic structure,
with the Debye-Waller (DW) factor suppressing the in-
tensity of Cu motions with larger in-plane amplitude at
low frequency, as shown below. We note that our re-
duction procedure to extract the DOS from x"(Q,FE)
assumes an isotropic and atom-independent DW factor,
and thus anisotropic DW effects in x” are carried over
instead of being corrected for.

The comparison between measurements and simula-
tions enables us to assign various phonon peaks observed
in the DOS to contributions from specific atoms and
eigenvectors. Figure 5-(a,b,c) shows the partial, and in-
and out-of-plane projected phonon DOS for each species.
The low-energy phonon peaks are primarily occupied by
Cu and Cr vibrations, while the high energy peaks rep-
resent oxygen modes. In particular, it is interesting to
observe that Cu vibrations are strongly anisotropic, with
a large in-plane Cu amplitude dominating the 13 meV
peak in the DOS, while the peak at 25meV is mostly
arising from Cu out-of-plane vibrations, with some Cr
component as well. The in-plane Cu vibrations have a
large amplitude, as we show in our measurements and
analysis of atomic displacement parameters below. This
anisotropy of vibration amplitudes affects the measured
inelastic intensities via the DW factor. The expression
for x"(Q, E) for single phonon creation is given by [50]:

2
x(ns+1)0(w-ws)d(Q-q-7) (3)

. 2
h |Q eds| (2
s

Wa(Q) = AMN Z:

ns + 1)

(4

with M, the atomic mass and N the number of atoms. As
one can see, for large in-plane Cu vibrations, |Q-egs|? will
be significantly larger than for out-of-plane vibrations,
thus leading to their larger suppression in x"(Q,F)
through exp(-2Wjy).

We now focus on phonon dispersions and intensities
obtained from IXS measurements. Figure 6 shows the
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phonon dispersions of CuCrO, along high symmetry di-
rections, measured with IXS at multiple temperatures,
and computed with DFT. The agreement between exper-
iment and theory is quite good, especially for phonons
propagating along the c-axis. From Fig. 6, we do not
observe any discernible change in measured phonon en-
ergies between 7 and 300 K (within the experimental res-
olution). Although the phonon energies do not shift
significantly, phonon intensities show a departure from
the T' dependence of intensities expected from the Bose-
Einstein occupation factor in the harmonic phonon pic-
ture. As shown in Fig. 7-(a,c,e), the phonon intensity
of in-plane propagating phonons (LA along [HHO], and
TA along [H06] and [HH6]) at 300K is lower than at
7K by nearly 30%. On the contrary, the intensity of
out-of-plane propagating phonons (LA along [00L], and
TA along [10L] and [11L]) increases by approximately
10-40% from 7 to 300K (Fig. 7-(b,d,f)). An analogous
behavior is seen in x”’(Q, E) from INS (Fig. 3-(a,b,c)). A
more detailed analysis of x”'(E) intensity from INS data
(corrected for background, not corrected for multiphonon
scattering) is presented in Fig. 8-(a,b) for multiple inci-
dent energies. The observed suppression in intensity of
the ~13meV phonon peak from 10 to 300K is approx-
imately 35% (Fig. 8-c), consistent with IXS measure-
ments. We note that the T-dependence of the phonon
intensity of ~13 meV peak in our DOS measurements dif-
fers from the observation by Park et al. [26], who re-
ported no change in the phonon intensity at ~13 meV
above Ty along [H,H,0] for 1 <H < 2.

Figure 3-(d-i) shows x"(Q, E) at low |Q| zooming on
magnetic excitations (12meV data). As one can ob-

serve, the magnetic intensity extends from 0 to 15meV
for |Q| < 5A7', and remains visible up to 300K, far
above Ty ~ 24 K. Even the 55meV data measured at
530 K show some remnant magnetic intensity at low |Q],
see Figure 3-f. A similar observation was also reported
by Poienar et al. [9], but their measurements were
limited to low temperatures (T < 40K). We show the
temperature dependence of magnetic intensity between
2.25 < E < 11meV in Fig 8-d. The magnetic intensity
decreases to 55% at 80 K compared to the value at 10K,
and suprresses to 10% at 400K indicating the weaken-
ing of time-correlations between spin-fluctuations with
increasing 71

The T-dependence of phonon intensities in x"(Q, F)
can be compared to the vibrational anisotropy informa-
tion encoded in the mean square thermal displacements.
The thermal displacement, (|[U$[?), can be calculated
from the DFT phonon simulations, in the harmonic ap-
proximation:

(U 1)

2w {1+ 2n,)leq[” (5)

_h

CONMy 4
where « denotes thermal displacement direction. The
temperature dependence of ([U$|?) for Cu is shown in
Fig. 9. The DFT values are also compared with (|U$|?)
extracted from our neutron diffraction experiments, and
results from Poienar et al. [10]. As one can see, the gen-
eral agreement between DFT and experiment is rather
good. The slope of the T dependence is well captured.
Offsets can arise from the experimental Rietveld refine-
ment procedure (possibly from texture in the powders) or
from static displacements in the sample associated with
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FIG. 6. Phonon energies of CuCrO2 obtained from experimental inelastic x-ray scattering measurements at three different
temperature points (m: 300K, y: 35K, and e: TK). The light-gray lines are DFT simulations of phonon dispersions for
CuCrOg along high symmetry directions. Error bar in experimental measurements is smaller than the size of the symbols used.

A subset of measurement directions are shown in Fig. 1-(b,c).

strains or impurities. The strong anisotropy of Cu in-
plane vibrations (Fig. 5-(d,e,f)) at low T is a character-
istic feature of delafossite compounds as corroborated by
measurements on CuAlOy and CuFeOq [51, 52]. Within
the accuracy of the data, we note a possible change in
the anisotropy ellipse for Cu vibrations with increasing
T in CuCrO3, which could reflect the anisotropic expan-
sion/contraction of lattice parameters. Previous stud-
ies (Ref. 10) and our own neutron diffraction measure-
ments show that CuCrO» exhibits a contraction in ¢ lat-
tice parameter between 0 K and 300 K, which is consid-
erably larger (two to ten times larger) than in other non-
magnetic delafossite compounds (AMOy — A = Cu, Ag;
M = Al Sc, In, or La)[51]. In addition, by comparing
([U$]?) for CuAlOz (Fig. 9-b), one can see that Cu vi-
brations in CuAlQ, are well captured by the harmonic
DFT simulations and remain strongly anisotropic with
increasing 7', while in CuCrOs the U;; value becomes
closer to Uss than predicted by DFT.

B. Thermal Conductivity

The thermal conductivity (k) of CuCrOs is known to
be low (~5.5W/mK at T = 300K) and exhibits an un-
usual T-dependence, as previously observed in powder
measurements [14], and confirmed for in-plane x in our
single-crystal measurement (see below). For comparison,
the reported x measured on a powder sample of the sim-
ilar delafossite CuAlOg exceeds 50 W/mK at room tem-
perature [53] despite the phonon group velocities (vy) in
CuCrO2 and CuAlO; of similar magnitude (see Table I).
Our in-plane x measurements in a small CuCrOs crystal
are compared with the previous polycrystalline data [14],
and modeled based on our DFT phonon simulations in
Fig. 10-b. The surprisingly low value of x in CuCrO4
prompted us to investigate the phonon scattering mech-
anisms.

In the absence of electron-phonon and spin-phonon
coupling, phonons can be scattered by point-defects,
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FIG. 7. Constant-Q inelastic x-ray scattering spectra, corrected for thermal occupation factor, for in-plane (a,c,e) propagating

phonon mode at Q = (1.45,1.45,0.0),

(0.7,0.0,-6.0) and (0.5,0.5,-6.0), and out-of-plane (b,d,f) propagating phonon mode

at Q = (0.0,0.0,-13.5), (1.0,0.0,-3.5) and (1.0,1.0,-5.9) with different polarization vector for CuCrO2 at 300 and 7K. The
intensities, X" (Q, F) = (1 —exp(-E/ksT))S(Q, E), are normalized with respect to the incident flux.

TABLE 1. Phonon group velocities (vy in m/s) of long-
wavelength acoustic phonons for CuCrO2 and CuAlO2, cal-
culated from DFT simulations.

Direction|Mode|CuCrO: v, (m/s)|CuAlOs vy (m/s)
[100] TA1 3392 4211
TA2 2272 2131
LA 5333 6412
TA1 3427 4183
[110] | TA2 2249 1870
LA 5349 6385
TA 2154 2992
001 | o 9307 10827

boundaries, and other phonons (anharmonicity). If all
the scattering processes are independent of each other,
then following Matthiessen’s rule, the total phonon scat-
tering rate 77! is the sum of individual scattering rates,

= TISID + Tél + T{]l.

(6)

where, 754, 75!, and 7' denote the point-defects,
boundary, and phonon-phonon or Umklapp scattering
processes. The scattering rates from these scattering

mechanisms can be modeled as [54, 55],

a1 w? (AM)2 vy
T = _— + —
477113 M L
+P—1 2 w?T™ ex (—Q—D) (7)
Mv20 FP\Tr )

Here, V is the volume per unit cell, v, and w are the
phonon group velocity and phonon frequency, AM /M
is the point-defect ratio, L is the grain size, 0p is the
Debye temperature, v is an average Griineisen param-
eter, and P, n, and m are Umklapp scattering param-
eters of order one. For the point-defect scattering, we
have not considered the perturbation in force-constants
and nearest-neighbor distances. A Debye temperature
0p =850+ 50K was estimated by Okuda et al. from heat
capacity measurements [13]. We have calculated the De-
bye temperature from the first moment of the measured
phonon DOS, as 0p = LE) , where (E) = [ g(E)E dE and
kg is Boltzmann’s conbtant. We find 0p =814+ 10K, and
use this value in our x analysis. The parameters for Umk-
lapp scattering, P, n, and m are kept constant at 1.0, 1.0,
and ~ 2N/3 = 4.54, respectively. To estimate the bound-
ary scattering, we use the shortest dimension (0.87 mm)
of the single-crystal specimen used in our k measurment.
v = aVKr/C, is estimated to be 2.26 at T' = 300 K, where
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with an incident energy of 25 meV

« is coefficient of volume thermal expansion, V is the unit
cell volume, K the iso-thermal bulk modulus, and C,
the heat capacity at constant volume (per unit cell). It
should be noted that for calculation of v we consider av-
erage value of o, and do not make distinction between
in-plane and out-of-plane thermal expansion coefficients.
Moreover, the point-defect ratio AM /M = 0.023 is found
by fitting the low temperature (below 15K) in-plane k.
The points defects could be due to oxygen vacancies or
impurities present in the sample. Given the excellent
agreement between the calculated and measured phonon
DOS and dispersions, we determined g- and direction de-
pendence of the phonon energy and group velocity from
our DFT simulations.

The effects of different scattering mechanisms on the
orientation-averaged lattice thermal conductivity (kr)
are shown in Fig. 10-a. As seen in this figure, with
only point-defect or boundary scattering, which are inde-
pendent of T, kj, increases steeply at low temperatures
owing to the increasing heat capacity, and saturates at
high temperature. Conversely, umklapp scattering keeps
increasing with 7" and becomes the dominant source of
scattering above 100 K. However, the experimental data
show that above Ty ~ 24K, k1 increases much slower
than is predicted from point-defect, boundary, and Umk-
lapp scattering combined. Another important observa-

tion is that the peak in the experimental kj curve is
around 200K, while point-defect, boundary, and Umk-
lapp scattering alone would give rise to a peak at 50K
(see brown curve in Fig. 10-a labeled ‘Total without spin
fluctuation’). Thus, these scattering mechanisms are not
sufficient to explain the behavior of the measured ;. In
fact, this model would lead to kz, ~ 41.5 W/mK at 300K,
similar to the value (~ 55 W/mK) observed in CuAlOs
[53].

As described earlier, spin fluctuations in CuCrOs per-
sist even above room temperature. These spin fluctua-
tions can create strain fields with spatial extent extend-
ing to the length of spin correlations, £ [28]. We use the
following assumptions to estimate the phonon scattering
from spin fluctuations. If spin fluctuations have slower
time scale than lattice vibrations, they can act as scat-
tering center of spherical object of size £ with scattering
cross-section given by m(£/2)% in the limit of )\, < &,
where A, is the phonon wavelength [28]. The scattering
rate from spin fluctuations can be obtained by multiply-
ing scattering cross-section with density of scatterers py,
and phonon group velocity vy, such that —

5k = povgm(€/2)® = Cspvg, (8)

where Csp = pom(£/2)?. Taking Csr as a free parame-
ter, by matching the peak in the experimental thermal
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neutron diffraction measurements of Poienar et al. [10] and
Li et al. [51], respectively.

conductivity data, we obtain Csp = 2.5%107 (1/m). For &
= 40 A, the average distance, d = 2(3/4mpy)'/?, between
two scatterers will be ~ 99 A, greater than &, required for
self-consistency. These values are comparable to the val-
ues (£ ~ 20-50 A) reported in Ref. 28 and 29. Below T,
in a long-range ordered state, £ will diverge to infinity,
and the scattering rate will approach zero. Hence, in our
calculations we have only included scattering from spin
fluctuations above T. The phonon scattering from spin
fluctuations is shown in Fig. 10-a. As seen on this fig-
ure, our model reproduces the suppression, slow rise, and
large shift in the temperature of the peak in x, indicat-
ing a pronounced scattering of phonons by spin fluctu-
ations, similar to previous observations in YMnOs; [28].
We note that we could not extract any reliable values for
the linewidths I'py from the experimental IXS spectra,
which were resolution limited. From our modeling, the
expected 'Ly for phonons with large v, range from 0.01
to 0.3 meV, much smaller than the instrument resolution.
Because of approximations in expressions for the phonon
scattering rate [54, 55], our model is not expected to cor-
rectly predict linewidths away from zone-center, where
vy is small, but these modes contribute very little to x
anyway.

Motivated by the anisotropy of atomic vibrations de-
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scribed above, we have also investigated the anisotropy
of k1, as shown in Fig. 10-b. The longitudinal acous-
tic (LA) phonons propagating along ¢ have a signifi-
cantly larger group velocity than LA phonons propa-
gating in-plane (see Table I; and further confirmed by
good agreement of the calculated elastic constants Cyp =
16.0 x 1019N/m? and Cs3 = 48.7 x 10! N/m? obtained
from v, with the reported experimental data in literature,
C11 =24.2x 1019 N/m? and Cs3 = 47.0 x 101 N/m? [56]),
thus the theoretical xy is higher along ¢ than in-plane.
The higher value of the out-of-plane xj in comparison
to the in-plane xj is also experimentally measured in
hexagonal YMnO3 and HoMnOgs due to larger out-of-
plane v, [28, 57]. It should be noted that we have as-
sumed spin-fluctuation scattering to be isotropic. Ex-
perimental measurements of the out-of-plane x, are chal-
lenging owing to the small size of single crystals. More-
over, the discrepancy between our single crystal mea-
surement and powder measurement of Okuda et al. [14]
could be due to difference in oxygen stoichiometry, grain
size, and non-homogeneity. We attempted the modeling
of powder measurements, and found increase in point-
defect (AM/M =0.035) and spin-fluctuation parameter
(Csp =5.5%107 (1/m)).

V. SUMMARY

In summary, we have investigated the lattice dynam-
ics of multiferroic CuCrOs with a combination of INS
on a polycrystalline sample and IXS on a crystal, and
first-principles phonon calculations, as well as thermal
transport measurements. Based on our experiments and
modeling, we evaluated the effect of spin-phonon cou-
pling on the phonons and lattice thermal conductivity.
Our IXS and INS measurements, sampling a large range
of wavevectors, show little effect of spin-phonon cou-
pling on the phonon frequencies across Tn, in agree-
ment with prior Raman reports for zone-center phonons
[16]. Our INS and neutron diffraction measurements re-
vealed strongly anisotropic Cu vibrations, with larger
amplitudes parallel to the basal plane of the delafos-
site structure than normal to it. The anisotropy ellipse
for Cu vibrations is weakly T-dependent. This behav-
ior is compatible with observations in other delafossite
compounds. In addition, we observed a systematic tem-
perature dependence of neutron and x-ray scattering in-
tensities for low-energy phonon modes (x”(Q, F) — nor-
malized for Bose-Einstein factor), but this behavior ap-
pears decoupled from the magnetic ordering. Instead, we
attribute this deviation to the large in-plane vibrations
that suppress phonon intensity via the Debye-Waller fac-
tor. Furthermore, modeling of the thermal conductivity
shows that the spin fluctuations above Ty are a potent
source of phonon scattering, leading to a low Kk, with
a slowly rising temperature dependence. This unusual
T-dependence of ky in CuCrOg is markedly different
from that in the non-magnetic analogue CuAlO,. Be-
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sides providing lattice dynamics information for a wide
range of temperature, our measurements of phonon dis-
persions with IXS and INS also clearly distinguish be-
tween phonon and magnon intensities, which is crucial
in understanding spin-phonon coupling across T in this
class of spin driven multiferrorics [25, 26].
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