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Abstract
Direct engineering of material properties through exploitation of spin, phonon, and
charge-coupled degrees of freedom is an active area of development in materials science.
However, the relative contribution of the competing orders to controlling the desired behavior
is challenging to decipher. In particular, the independent role of phonons, magnons, and
electrons, quasiparticle coupling, and relative contributions to the phase transition free energy
largely remain unexplored, especially for magnetic phase transitions. Here, we study the
lattice and magnetic dynamics of biferroic yttrium orthochromite using Raman, infrared, and
inelastic neutron spectroscopy techniques, supporting our experimental results with
first-principles lattice dynamics and spin-wave simulations across the antiferromagnetic
transition at Ty ~ 138 K. Spectroscopy data and simulations together with the heat capacity
(Cp) measurements, allow us to quantify individual entropic contributions from phonons
(0.01 £ 0.01kg atom™"), dilational (0.03 £ 0.01kg atom '), and magnons
(0.11 £ 0.01kg atom™") across Tx. High-resolution phonon measurements conducted in a
magnetic field show that anomalous 7-dependence of phonon energies across 7' originates
from magnetoelastic coupling. Phonon scattering is primarily governed by the
phonon—phonon coupling, with little contribution from magnon—phonon coupling, short-range
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spin correlations, or magnetostriction effects; a conclusion further supported by our thermal
conductivity measurements conducted up to 14 T, and phenomenological modeling.

Keywords: magnetoelastic coupling, thermal conductivity, thermodynamics, neutron
scattering, density functional theory, magnetoelectrics, multiferroics
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(Some figures may appear in colour only in the online journal)

1. Introduction

The interplay of spin, phonon, and electronic degrees of free-
dom (DoF) induces fascinating material properties such as
unconventional superconductivity [1, 2], the metal-insulator
transition [3], and multiferroicity [4]. While this interplay
allows for tunable properties with control parameters, i.e., tem-
perature, pressure, carrier concentration, and magnetic field,
it also brings along a web of complexity to untangle. In par-
ticular, it is difficult in complex systems to pinpoint the DoF
essential to driving material properties, particularly in cases
exhibiting coupling between different DoF. Detailed knowl-
edge of phonons, spin waves (magnons), and electronic struc-
ture combined with thermodynamic analysis (i.e., entropy)
across a thermodynamic transition can unambiguously clarify
these aspects. For instance, mapping phonons, magnons, and
the electronic structure across the Brillouin zone using inelas-
tic neutron/x-ray experiments and simulations has been critical
to identify the entropy component of the first-order structural
phase transition occurring concurrently with metal—insulator
transition in VO, [5] and h-FeS [6].

Biferroics (or multiferroics) host spontaneous and switch-
able ferroelectric (FE) polarization P and magnetization M.
As they are generally wide-gap semiconductors or insulators,
the electronic coupling effects can be eliminated and investiga-
tion of these systems offers an opportunity to unravel coupling
between spin and phonon DoF across the antiferromagnetic
(AFM) phase transition [4, 7].

In type-I multiferroics, P is governed by phonon eigen-
vectors that are frozen into the lattice below the FE transi-
tion temperature, Tgg, resulting in a structural distortion that
breaks the inversion symmetry. Consequently, temperature-
dependent phonon measurements are necessary to rational-
ize the origin of P across Tgg [8, 9]. On further cooling
to the biferroic phase, i.e., T < Ty and T < Tgg, phonons
show anomalous 7-dependence resultant from magnetoelas-
tic and magnon—phonon coupling. In magnetoelastic cou-
pling, magnetic ordering below 7'y shifts the average atomic
positions [10, 11], and consequently modifies the inter-
atomic force constants and 7-dependence of phonons [12].
However, in the magnon—phonon coupling, phonons directly
couple to magnons via hybridization of the two (i.e., electro-
magnons [ 13—15]) or via coupled spin-lattice Hamiltonian and
magnon—phonon scattering channels [16]. Application of B
further modifies the phonon response via a change to the lattice

Figure 1. (a), (b) Crystal structure of YCrO3; showing CrOg
polyhedron and their tilts. Y, Cr, and O are denoted by light green,
blue, and green colors, respectively. (¢) Same as panel (a) but
showing the direction of magnetic moments (red color arrows) and
exchange interactions J (cyan lines) and J’ (gray lines) between
different Cr pairs used to model the spin waves.

Hamiltonian [17, 18], or via magnetoelastic and magnetostric-
tion (lattice strains due to applied B) effects [11]. Given that
several mechanisms could control the phonon response and
resultant P in the biferroic phase, delineation of the role of
phonons and magnons is necessary to gain a comprehensive
understanding of how to control of biferroics/multiferroics for
technological applications.

Yttrium orthochromite (YCrO3), because of its biferroic
properties [19], and extensive characterization using physi-
cal/magnetic property measurements [19-25], is an ideal sys-
tem to delineate the role of phonons and magnons. YCrO;
undergoes a FE transition at Trg ~ 473 Kwith P ~ 2 uC cm 2
at 300 K [19], comparable to P ~ 5 C cm~2 of the archetypal
geometric improper FE YMnOj; at 300 K [26]. Cooling below
Tx ~ 140 K, G-type AFM order sets in with spins pointing
along the c-axis [27] (see figure 1). While the static lattice and
magnetic structure/properties of YCrO3 are well understood,
little is known about the thermodynamic and spectroscopic
behavior. Heat capacity (Cp) data [21, 23] suggests a spin-
orientation transition, but there is no experimental evidence
in magnetization measurements [22]. Phonon energies (w) are
reported to have an anomalous T-dependence (decrease in w
on cooling) for certain modes [28—-30], however the source of
such anomalies remains unclear. Furthermore, while the low
thermal conductivity (k) of Y;_,Ca,CrO; (~1.5 Wm~! K~!
at 500 K) [31] potentially highlights significant phonon scatter-
ing, the dominant phonon scattering mechanism(s) (boundary,
magnon—phonon, short-range spin correlations, mass-disorder
scattering, etc.) have yet to be identified.
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Here, to disentangle the role of phonons and magnons,
we present a detailed investigation of the lattice and spin
dynamics, thermodynamics, and thermal transport of YCrO;
using INS, Raman and IR spectroscopy (5 < 7 < 300 K and
0<B<5T),and C, and x measurements (4 < 7 < 300 K
and 0 < B < 14 T), combined with DFT simulations and phe-
nomenological modeling. Using the combined set of tech-
niques, and particularly the use of magnetic field application
for spectroscopy, allows us to substantially clarify the relative
contributions of different coupling mechanisms to the system
thermodynamics.

2. Methods

2.1. Sample characterization

A polycrystalline sample of YCrOs; was prepared by a
solid-state reaction method [32]. Powder x-ray diffraction
was recorded under ambient conditions using a Rigaku
XRD instrument with Cu-Kaw (A = 1.54060 A) source and
D/tex ultra 1D detector in the /26 scanning mode. Data
was collected from 20° to 80° in the 26 scan range with
scanning speed of 3° per minute. Crystal structure refine-
ment was done using GSAS-I software [see supplementary
figure 1 (https://stacks.iop.org/JPCM/00/000000/mmedia)].
The refined lattice parameters for an orthorhombic struc-
ture (Pnma, space group no. 62) are—a = 5.5225(3) A,
b =17.5474(3) A, c = 5.2521(3) A, V = 218.914(12) A3. Lat-
tice parameters obtained from the refinement are consistent
with the previous x-ray and neutron diffraction studies [25,
27]. We note that our instrument resolution was inadequate
to refine the structure in non-centrosymmetric phase (space
group no. 4) as theoretically proposed in reference [19] below
Trg. The measured Ty ~ 138 K, determined from a peak in
C, measurements, is in good agreement with literature values
[19, 23, 30] (see below).

2.2. Spectroscopy measurements

2.2.1. Inelastic neutron scattering measurements. Inelastic
neutron scattering (INS) measurements on YCrOs were per-
formed at the MARI time-of-flight chopper spectrometer at
the ISIS Neutron and Muon Source in the UK The pow-
der sample (mass ~ 10 g) was encased in a thin-walled
aluminum can. We used a closed-cycle helium refrigera-
tor for our measurements. Two incident neutron energies,
E; =35 and 120 meV, were used at each temperature to probe
magnetic excitations at low Q with high resolution and the
full phonon spectra, respectively. The empty aluminum can
was measured in identical conditions for all configurations.
The Fermi chopper speed was kept at 400 and 300 Hz for
E; = 120 and 35 meV, respectively, thus providing an
energy resolution (full width at half maximum) of ~3.8 and
~0.7 meV at the elastic line, which reduces to ~2.8 and
~0.4 meV at an energy transfer of 35 meV. The measured sig-
nal was transformed from instrument coordinates, scattering
angle and neutron detection times, to the physical momentum
transfer, O, and energy transfer, E, using the MANTID soft-
ware [33] to obtain the dynamical structure factor S(Q, E). The

dynamical susceptibility x”(Q,E) were calculated from
S(Q,E) using x"(Q,E) = (1 — exp(—E/kgT))S(Q, E). The
phonon density of states (DOS) was obtained by integrat-
ing over 6 < @ < 10 A~! (magnetic scattering was negligible
beyond 6 A1), and applying background and multi-phonon
scattering corrections along with removal of the elastic peak
as described in reference [34].

The phonon spectra from INS measurements are weighted
by the relative neutron scattering strengths (o /m) of the ele-
ments in the sample, where o is the total neutron scattering
cross-section, and m the atomic mass. The neutron weight-
ing (NW) factors for Y, Cr, and O are oy/my = 0.0866,
ocr/mey = 0.0671, and oo/mo = 0.2645, respectively (in
units of barns/amu). Consequently, the NW phonon DOS mea-
sured with INS, gnw(E), for YCrOs is over-weighted for the O
vibrational contributions:

mcy
Iy 4 gCr 20
(my mey + mo)

where gy, gc;, and gq are the partial DOS of Y, Cr, and O,
respectively. The resulting NW phonon DOS is normalized to
a unit area and can be directly compared against the simulated
DOS to which the same neutron weights are applied.

(2rev(B) + £igai(E) + 2g0(B))
anw(E) =

ey

2.2.2. Raman measurements. For Raman measurements,
YCrOs3 powder was pelletized with polyvinyl alcohol (PVA)
(organic binder). The pressed pellet was heated to 500°C
at the rate of 5°C min~'. After holding the temperature at
500°C for four hours, it was further heated at the rate of
5°C min~! up to 1300°C, and held for four hours. Cooling was
done 5°C min~! down to 25°C. T-dependent Raman measure-
ments were performed in a backscattering geometry configura-
tion using a Horiba Jobin-Yvon HR 800 Raman spectrometer
equipped with a Peltier cooled charge-coupled device detec-
tor. A diffraction grating of 1800 groves/mm provided a spec-
tral resolution of ~1 cm~!. Raman measurements were done
using a 632.8 nm He—Ne laser, which was focused on the sam-
ple using a 50X objective with the laser power of ~1 mW to
avoid local heating. A liquid helium based closed-cycle cryo-
stat along with LakeShore 335 temperature controller was used
for T measurements from 300 K to 5 K (error of ~ 4+0.1 K)
in high vacuum of ~10~® mbar. Spectra were measured from
135-600 cm~!. All spectra were fitted with a Lorentzian func-
tion to obtain phonon energies w and linewidths I" at full-width
half maxima.

2.2.3. Infrared measurements. Far-infrared measurements
were performed from 5 to 300 K on a powder sample of YCrO3
dispersed in KBr matrix and in a magnetic field with field
strength B =0, 1 and 5 T in the spectral range 300—700 cm .
The sample was mounted on the sample insert of a cryogen
free magneto-optical cryostat system (Spectromag-CFSM7T-
1.5. Oxford Instruments, UK). Measurements were performed
in transmission mode at a base pressure of ~10~° mbar with
a resolution of 0.2 cm~'. The measurement setup included
a custom built Fourier transform spectrometer (Blue Sky
Spectroscopy, Canada) with a Martin—Puplett interferometer
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and wire grid polarizers, mercury arc lamp, and a cryogen free
niobium transient edge sensor detector cooled down to 4 K.
Background spectra were recorded in identical conditions. For
B-dependent measurements, magnet was first ramped up to the
required field, and then T was varied keeping magnet in per-
sistent mode. The field direction at the sample position was
horizontal along the direction of the IR beam.

2.3. Heat capacity and thermal conductivity measurements

A powder sample was mixed with PVA and pressed in a die
to create a pellet with 15 mm diameter and ~3—4 mm thick-
ness. The pellet was sintered at 600 °C (ramped at the rate of
4°C min~") for four hours. It was subsequently heated up to
1300 ° C at the rate of 6 °C min~!. Cooling was done at the rate
of 4°C min~! down to 800°C and at the rate of 6 °C min~!
from 800°C to 25 °C.

C, and k measurements were performed using heat capacity
(two-tau relaxation calorimetry) and thermal transport option
of 14 T Dynacool PPMS (Quantum Design), respectively, in
the range 4 <7 < 300 K and 0 < B < 14 T. For C, mea-
surements, a flat and thin piece of mass ~18.83 mg was cut
from the sintered pellet and mounted on the calorimeter plat-
form with Apiezon N grease. For x measurements, a thin rod
of ~12 x 2x 2 mm was cut from the sintered pellet. Gold-
coated copper leads (0.7 mm thick) were attached to the sam-
ple in four probe geometry with the help of two-component
EPOTEK HEZ20 silver epoxy.

2.4. Simulations

2.4.1. Density functional theory simulations of phonons.
Electronic structure simulations were performed in the frame-
work of density functional theory (DFT) as implemented in
the Vienna ab initio Simulation Package (VASP) [35-37]. We
used 6 x 4 x 6I'-centered Monkhorst-Pack electronic k-point
mesh with the plane-wave cut-off energy of 520 eV on a
20 atom basis unit cell for the converged results. The conver-
gence criteria for the self-consistent electronic loop was set
to 1078 eV. The projector-augmented-wave potentials explic-
itly included 11 valence electrons for Y (4524 p°5s24d"), six for
Cr (3d°4s"), and six for O (2522p*). We performed collinear
spin-polarized calculations with the experimentally deter-
mined G-AFM order [27]. We used the generalized gradi-
ent approximation (GGA) in the Perdew—Burke—Ernzerhof
parametrization [38] with a Hubbard correction. To treat the
localized d-electron states of Cr in GGA + U calculations, we
apply the method of Dudarev ef al [39] with on-site Coulomb
interaction U = 3.7 eV [40]. During structure relaxation, lat-
tice parameters and atomic positions were optimized until
forces on all atoms were smaller than 1 meV A~!. The result-
ing lattice parameters were—a = 5.6178 A, b = 7.6687 A,
and ¢ = 5.3191 A, approximately 1.5% larger than the exper-
imental lattice parameters at 300 K. Phonon dispersions were
calculated in the harmonic approximation, using the finite dis-
placement approach as implemented in Phonopy [41]. Atomic
forces were obtained with VASP from 30 independent atomic

displacements. The phonon calculations used a 2 x 2 x 2
supercell of the conventional cell containing 160 atoms. The
atomic displacement amplitude was 0.01 A. The simulated
phonon DOS was red-shifted compared to the experimen-
tal phonon DOS at 5 K, and was multiplied by a factor of
1.1 for comparison. Griineisen parameters were calculated for
all phonon modes at the I" point by applying 1% volumetric
compression and expansion.

The same relaxed cell used for phonon calculations was
used to estimate the Raman scattering intensity from density
functional perturbation theory (DFPT) at the I" point. The first
derivative of the electric polarizability tensor, «,,,, was eval-
uated by displacing the atoms by mass-normalized phonon
eigenvectors around minima in both directions and determin-
ing the change in the macroscopic dielectric tensor, €. The
remaining simulation details are described in reference [9].
Infrared activity is calculated using the Born effective-charge
tensors and mass-normalized phonon eigenvectors following
the implementation of Skelton et al [42].

2.4.2. Magnon simulations. To model the observed magnetic
excitations, we calculated the magnon dispersions and pow-
der average using linear spin wave theory as implemented
in SpinW code [43] for the experimentally observed G-AFM
order containing 4 Cr atoms per unit cell [27]. For SpinW cal-
culations, we use the full moment. Powder averaging was per-
formed with the parameter nRand set to 5000. We assumed
nearest-neighbor (NN) interactions up to 5.52 A. The first
two NNs along in-plane and c-axis have distances of 3.77
and 3.81 A, respectively, and are bridged by one anion. We
follow the approximation of iso-structural YFeO; [44], and
denote both interactions by J (see figure 1(c)). Similarly, the
next three NNs bridged by two anions having distances of
5.25,5.36, and 5.52 A are represented by exchange constant
J'. In our INS measurements, we did not observe any gap in
the magnetic excitations at 5 K within our instrument resolu-
tion (~0.7 meV). Thus, we do not include anisotropy terms in
the spin Hamiltonian. Moreover, a recent neutron diffraction
study has found the moments pointing along c-axis with zero
canting (within the experimental resolution) in a—c and b—c
planes [27], thereby making Dzyaloshinskii—Moriya interac-
tions negligible. Even if we include canting in our simulations
based on the presence of weak ferromagnetism in the magne-
tization measurements [19], a low energy magnetic excitation
gap of the order of 100 eV opens up, with little change to the
remaining magnon dispersions or DOS. The fitted exchange
constants are—J = —2.7 and J' = —0.1 meV (—ve sign is
for the AFM interaction). We note that our results differ sig-
nificantly from the exchange constants calculated in litera-
ture [20, 30] using Curie—Weiss and Néel temperature under
mean-field theory (J/ ~ —1.1 to —1.7 meV, and J' ~ —0.1 to
—0.4 meV). The simulated output, including the magnetic
form factor of Crt3 (§ = 3/2), is shown in figure 3(c) illus-
trating an excellent agreement with INS measurements. The
simulated magnon DOS was obtained by integrating over
0 < Q <4 A~ to powder average, but leaving out the mag-
netic form factor.
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Figure 2. Phonons across 7'N. (a) Dynamical structure factor S(Q, E)
of YCrO3 measured usin% INS with E; = 120 meV at 5 K showing
the magnons (for Q < 4 A~!, and E < 25 meV) and phonons (for
0 >4A"1 and 10 < E < 90 meV). Well-defined phonon bands at
constant energies are visible at high Q [see panel (c) for peak
positions]. (b) Same as panel (a) but across T at 175 K. Intensity is
in log scale and spans five decades. (c) Neutron-weighted

phonon DOS of YCrOs; measured using INS at 5 and 175 K
compared with simulation results showing an excellent agreement
throughout the energy range. Partial DOS of Y, Cr, and O atoms is
also shown underneath the total DOS. Curves are offset. See details
in the Methods section. (d) Same as panel (c) but experimental
phonon DOS is over-plotted to highlight the difference near 20 meV
across T’y (black arrow).

3. Results and discussion

3.1. Phonon dynamics

In the INS experiments, we measure the dynamical struc-
ture factor S(Q, E), which includes the contribution from both
phonons and magnons. The relative contribution of each quasi-
particle type can be qualitatively separated by their momen-
tum transfer (Q) dependence [45, 46]. The scattering inten-
sity resultant from phonon contributions typically exhibits a
Q2 dependence. On the other hand, due to the finite size of
the electron cloud, the magnetic form factor suppresses the
magnetic intensity at large Q. Figure 2(a) shows the S(Q, E)
of YCrO; measured with incident neutron energy E; = 120
meV at 5 K. One can see the magnons for Q < 4 A~! and
E <25 meV (discussed in section 3.2) and phonons for
Q>4 A" and 10 < E <90 meV. On heating from 5 to
175 K, the scattering intensity increases due to an increase
in the phonon occupation with temperature (see figure 2(b)).
Following the procedure described in the Methods section, we
calculated the NW phonon DOS from the measured S(Q, E)
at 5 and 175 K (figures 2(c) and (d)). The experimental NW
phonon DOS is compared with simulated phonon DOS in
figure 2(c) and shows excellent agreement. The partial phonon
DOS of Y, Cr, and O are shown underneath the simulated curve
highlighting significant contributions of O dominated modes
above 35 meV, and mixed contribution of all atoms below

30| Simulation (c)

10°
10* 0
2 4 6 8
103 Q@AY
102
7l 0.5<Q<3.5 ()
; T
10 6 5K
-=175K
100 === Simulation

10 15 20 25 30
Energy (meV)

6 8 0 5

4
QAT

Figure 3. Magnetic excitations across 7. (a) Dynamical structure
factor S(Q, E) of YCrO3; measured using INS with E; = 35 meV at
5 K showing high-resolution magnon spectra. Well-defined magnon
dispersions emanating from magnetic Bragg peaks are visible below
Q < 3 A" that plateau near 22 meV. For Q > 4 A~!, intensity from
phonons is also visible between 14 and 22 meV. (b) Same as panel
(a) but across Ty at 175 K. The diffuse intensity is from the
short-range spin correlations. Intensity is presented using a log scale
and spans five decades. (c) Spin wave simulation of YCrO;
including the magnetic form factor of Crt3 (S =3/2). (d) Integrated
magnetic intensity x”(E) (0.5 < Q < 3.5 A1) from panel a-c after
the Bose—Einstein occupation factor correction showing the
evolution across Ty and comparison with simulation.

35 meV. We compare the experimental phonon DOS across
T'x in figure 2(d) and observe little change except near 20 meV
(marked by a black arrow). We confirmed that the change near
20 meV is from phonons and not from other sources, i.e., the
sample can (aluminum has peak in the phonon DOS around
20 meV) or spin waves (peak in spin waves is around 22 meV
as we discuss later). For confirmation, we carefully subtracted
the sample background measured in identical conditions and
obtained the phonons by exclusively taking data from high-Q,
where the magnetic form factor reduces the magnetic intensity
to less than 1%. The change in phonon DOS near 20 meV per-
sisted. Near 20 meV, the phonon DOS has a large contribution
from Y and O atoms. Hence this change originates from mod-
ulation of the force-constants between Cr—O and Cr—Y bonds
due to change in the lattice potential as long-range order of
Cr spins melts across T'x. We analyze the change in individual
phonon modes across Ty in section 3.4.

3.2. Magnon dynamics

To model the magnons and determine the exchange con-
stants, we carried out high-resolution INS measurements with
E; =35 meV, which provided a resolution of ~0.7 meV
at the elastic line. The measured S(Q, E) at 5K is shown
in figure 3(a). A well-defined magnon dispersions resultant
from AFM ordered spins are seen emanating from the mag-
netic Bragg peaks at Q ~ 1.4 and ~2.4 A~! which plateau at
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~22 meV. Above Ty, magnetic Bragg peaks disappear due
to loss of long-range spin correlations. However, short-range
spin correlations persist. Such correlations are evident in our
measurements at 175 K, which show a blob of intensity below
20 meV (see figure 3(b)). To understand the underlying mech-
anism of magnetic interactions, we model the magnons using
linear spin-wave theory as implemented in SpinW code [43],
as described in the Methods. The modeled magnon spectrum
in figure 3(c) shows remarkable agreement with measure-
ments at 5 K. We further compare the integrated magnetic
intensity x”(E) (0.5 < Q < 3.5A~") from panel (a)—(c) after
correcting for Bose—Einstein occupation factor in panel (d).
Again the peak at ~22 meV is well reproduced. Our results
reveal that NN interactions J between Cr ions bridged by
one oxygen [i.e., Cr—O-Cr, see figure 1(a)] are quite strong
(J = —2.7meV), while the next nearest neighbor (NNN) inter-
actions J' (Cr—O—-0-Cr) are weak (J/ = —0.1 meV). We note
that Cr—O—-Cr bonds of the CrOg polyhedron deviate slightly
from the ideal superexchange interaction angle of 180° that
promotes the AFM order [47]. The calculated exchange con-
stants J and J' are of similar magnitude as obtained for the
iso-structural YFeOj; [44], where a similar mechanism of spins
interaction was identified. However, our results differ signif-
icantly from the exchange constants calculated in literature
using Curie—Weiss and Néel temperature under mean-field
theory (J/ ~ —1.1to —1.7 meV, and J' ~ —0.1 to —0.4 meV)
[20, 30].

3.3. Thermodynamics of the magnetic phase transition

YCrO; is a wide-gap semiconductor with a bandgap of
~1.8 eV [24]. Thus in the absence of electronic contributions,
phonons and magnons can reliably describe the system ther-
modynamics. Given the excellent agreement between exper-
iments and simulations, we can further reliably separate the
individual contributions from phonons and magnons to the
heat capacity (C,) and entropy (S) to resolve the discrepancy
surrounding the spin-reorientation transition. Previous analy-
sis of C,, of YCrO; based on the Debye model suggested spin-
reorientation [21, 23] but lacked experimental evidence in the
magnetization measurements [22]. We note that fitting using
the Debye model assumes that C, is governed by phonons
above Ty, which is not an appropriate assumption in the case
of a strongly coupled system. In analogy with excess C,, of
low-density glasses compared to their crystalline counterpart
[48], the contribution of the paramagnetic state to C, is not
necessarily negligible. Moreover, as we saw earlier in INS
measurements, short-range correlations persist above Tx.
These correlations can also contribute significantly to C,
and entropy S. To be quantitative, in the paramagnetic state,
the spin entropy is given by kg In(2J + 1) [47, 49], where
J is the sum of spin and orbital angular momentum. If we
assume quenching of orbital momentum for Cr*? (a reason-
able assumption for 3d ions [47]), contribution from magnetic
entropy Smag is 1.39kp per magnetic atom (or ~0.3kg atom ™),
which can no longer be neglected.

We have calculated the phonon contribution to heat capacity
(Cyip) and entropy Syip as follows,

N Bajaj et al
E\> exp(E/ksT)
Vib = E — E,
Cuio 3/g( )kB<kBT> (exp(E/keT) — D2 2nd
(2)

Svib = 3Nkg /g(E) [(1 + ny) In(1 + ) — ng In(ny)] dE,

(3)
respectively [50, 51]. Here, g(E) is the simulated phonon DOS
at phonon energy E, kg is Boltzmann’s constant, ny(E) =
[ef/%T — 1]~ is the Bose—Einstein occupation factor, and N is
the number of atoms in the crystal. Since we have normalized
g(E) to an unit area, a factor 3 comes for three polarizations
associated with phonons (two transverse and one longitudi-
nal). We calculated Cyip(T) and Syip(T') using the simulated
phonon DOS, except for the change at the transition temper-
ature (i.e., ACL3®K and ASI3K), which was calculated using
the measured NW phonon DOS at 5 and 175 K. Cy,e and
Smag are obtained in a similar way, except that the pre-factor
3 is replaced by 1 (only one polarization for magnons [49]),
and g(E) replaced by the simulated magnon DOS (see Meth-
ods section for details). Thermal expansion also contributes to
C, and S (referred to as dilational contribution Cy and Sy) and
is calculated as [51, 52],

 ATPV(DT
Cy= B ,and 4)
DTy v(r)
Se= | ————247. 5
‘ /o x(T") ©)

Here « is the volumetric thermal expansion coefficient, x is
the compressibility (inverse of bulk modulus), and V is the
volume. For the calculation of Cyq and S4, we used «(7T") and
V(T) from Udagawa et al [28] and x from Su et al [53]. More-
over, the entropy can be calculated from experimental C,, data

[51,52],
T T/
SEpr :/ %d’zﬁ (6)
0

Our calculations of Cp, Cyip, Cyg, and Cpye are shown in
figure 4. Cyjp increases as a function of 7" and rises to more
than 1kg atom ! near Ty. For Cy;», we find little change across
Tn (ACH¥ ~ 0.01+ 0.01kg atom™"), thus indicating mini-
mal role of magnon—phonon coupling in governing C,,. More-
over, Cpyg is comparable in magnitude to C.;, and rises to
0.8k atom™! near Tx. Because of the continuous evolution of
the magnetic correlation length on heating above T, it is chal-
lenging to estimate the exact contribution; hence we limit our
calculation of Cpy,, to below Ty. Cq shows a peak at Ty due to
the discontinuity of «; however the contribution of this peak
is an order of magnitude smaller than Ci;, and Cpye. We com-
pare the sum Cyjp + Cq + Cpge With C,, measurements at 0 T
in figure 4(a). In general, agreement is quite good except for a
small overestimation of 0.1 to 0.2kg atom ™', which could pos-
sibly arise from small difference in measured and calculated
phonon DOS below 20 meV (see figure 2(c)) and/or from over-
estimation of C4. We emphasize, since Cy;, shows little change
across T, the change in C,, near Ty (~ 0.15kg atom™") origi-
nates from Cy (0.03 & 0.01kg atom ™) and the remaining con-
tribution must arise from Cy,,, as the spin system long-range
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Figure 4. (a) A comparison of measured heat capacity C, of YCrO3
(black empty squares) at O T with sum contribution of vibrational
(Cyip), dilational (Cy), and magnetic (Cyn,g) contributions showing a
good agreement. (b) Cy;p as a function of temperature. Change in
Cyip across Ty is 0.01 + 0.01kg atom™!, as determined from change
in the experimental phonon DOS. (c), (d) Cq and Cpyyg as a function
of temperature. The peak in Cgq is due to the sudden change in
thermal expansion near T'N. C,g is calculated below T from the
simulated magnon DOS. Calculation details are provided in the text.

correlations are lost. Furthermore, we note that our measure-
ments or simulations show no evidence of spin-reorientation or
a maximum in Cp,,, near 60 K as suggested in references [21,
23], consistent with the magnetization study of Dasari et al
[22]. Our C, measurements conducted in magnetic fields up
to B = 14 T also did not show any indication of structural or
magnetic phase transitions (see supplementary figure 8). How-
ever, on increasing B from 0 to 14 T, Ty increases by ~3 K and
the peak in C,, is gradually broadened.

Our analysis of S separating the contributions from Sy,
Smag» and Sq along with experimental data at O T is shown
in figure 5. As one can see, while Sy is quite small up to
300 K, Syip and Sy, have comparable contributions below
Tx. Similar to Cyip, the change in Syip is negligible (AS!3K ~
0.014 0.01kg atom™") across Tx. A comparison of the sum
Svib + S + Smae With experimental values of S shows good
agreement. An overestimation of 0.1 to 0.2kg atom™! can be
rationalized following similar reasoning discussed for C),.

3.4. Phonon scattering mechanism across the magnetic
phase transition

While INS measurements provide an excellent description of
phonons over the entire Brillouin zone, the lack of instrument
resolution makes it challenging to precisely estimate changes
in phonon energies (w) and linewidths (I', full width at half
maximum) across TN, expected to be of the order of ~1 meV
(~8 cm~'). Raman and IR spectroscopy can measure phonons
with a resolution exceeding 1 cm~!. From symmetry analysis
of YCrOs, there are 24 Raman active modes [7A, + 5B, +

4~ ‘
O Exp.(B=0T)
3.5 mmS . +S4S
vib  Td “mag
3| =S, belowT
‘.‘E 25 —SVib above TN
i) 5 = Siag
N K
=< 15
wn
1
0.5
0 H S
0 100 200 300

Temperature (K)

Figure 5. Contributions to the total entropy S of YCrOs.
Vibrational, dilational, and magnetic entropy are denoted by Syip, Sq,
and Spag, respectively. Below TN, Syip and Sy, are comparable. The
change in Syip across Ty is 0.01 = 0.01kgp atom~ ', as determined
from change in the experimental phonon DOS. Experimental
entropy markers are obtained from C, measurements. Calculation
details are provided in the text.

TBy,+ 5B3,] and 25 IR active modes [9By, + 7By, + 9B3,].
Our intensity simulations of Raman and IR active modes using
DFPT identify all the active modes (some modes are extremely
weak) and are shown in supplementary figure 3.

Supplementary figure 2 shows Raman and IR measure-
ments in a broad temperature range of 5 to 300 K. In these
measurements, we observe 15 Raman active and 12 IR active
modes that are visible in our simulations with reasonably
strong intensity. We note that IR spectra are only analyzed
above 375 cm~! because of the strong absorption of KBr. We
assign the symmetry of observed modes based on our Raman
intensity simulations and display them underneath the respec-
tive peaks. The symmetry assignment is consistent with previ-
ous Raman measurements in literature [28-30, 54]. Although
our simulations predict intensities reasonably well for most
Raman active modes, glaring discrepancies exists for By, (3),
B3,(2), Ag(4), By(6), and By,(7) symmetry modes. The
discrepancy is apparent because the macroscopic dielectric
constant () is calculated by freezing the phonon mode eigen-
vectors with fixed magnetic moment obtained from an undis-
torted unit cell, which does not accurately account for changes
in the electron screening. This simplification induces error in
e and consequently, in the Raman polarizability tensor. How-
ever, our intensity simulations of IR active peaks, which do
not require the calculation of € for each phonon eigenvectors,
are in close agreement with measured data. We rely on our
simulations to assign symmetries of the IR active modes.

We subsequently fitted all Raman and IR active peaks to
extract w and I', and show the results in supplementary table 1
along with w obtained from DFT simulations and previous
measurements [54]. We present w and I of six selected modes
with different symmetry in figure 6 and compare with quasi-
harmonic simulations [51] by integrating %‘*’ = —787‘/. The
remaining modes are shown in supplementary figure 4. Here V
is the volume, and + is the Griineisen parameter obtained from
DFT simulations as described in the Methods section. We note
that our data, consistent with previous Raman measurements
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Figure 6. (a) Phonon energy, w, of B,(3) symmetry mode (filled green circles and left axis) as a function of T Black dashed vertical line is
at T = Tn. Experimental values are compared with w obtained from DFT simulations under quasi-harmonic approximation (magenta line).

See details in the text. Phonon linewidth at full width half maximum,
(b)—(e) Same as panel (a) but for (b) B14(2), (c) B3,(8), (d) Ag(2), (e)
deviation.

[28, 29], do not show any anomaly near ~60 K, proposed to
arise from spin-reorientation in reference [30]. As we can see
from figures 6(a) and (b), experimental and simulated w of
B1,(3) and By,(2) symmetry modes agree well. B3,(8) sym-
metry mode shows a weaker T-dependence than simulations
but follows the experimental trend (see figure 6(c)). However,
as seen from figures 6(d)—(f), w of Ag(2), B34(3), and A,(6)
symmetry modes deviate strongly from the measurements, and
their T-dependence below Ty is opposite the prediction from
the simulations. This anomalous 7-dependence of some A,
and Bj, symmetry modes is also seen in reference [29]. If
this unusual behavior originates from magnon—phonon cou-
pling, we should see an abrupt drop or a decrease in I' on
heating above Ty as magnon—phonon scattering channels dis-
appear due to loss of long-range spin coherence. However, all
modes show a monotonic rise of I with a little or no change
across Tx.

We further performed IR measurements up to 5 T to
alter the magnon—phonon coupling by modifying the lattice
Hamiltonian [17, 18], and induce magnetostriction effects [11]
(lattice strains will scatter phonons and increase I'). Our
measurements showed no observable change within the error
bars of w or I' (see figure 7). Hence, we can safely exclude
the role of magnon—phonon coupling and magnetostriction
effects (also confirmed by ~ measurements and simulations,
see section 3.5). We mention here that phonon measurements
under magnetic field are quite limited in the literature (up

I, (empty blue circles) as a function of 7" are shown on the right axis.
B3, (3), and (f) Ag(6) symmetry modes. Error bars denote one standard

@) E® o DR T
mg“ é 3 :S'éli
ifé 18 51 i‘f % 13
535 !
== % 3§ 5 31 i % .
ém %% % 716%‘ §s1e %% #% Qi

5334

515

{

300

532 13

514

100 200
Temperature (K}

Figure 7. (a) Phonon energy w (filled markers), and linewidth I
(empty markers), of B3,(8) symmetry mode as a function of 7" for
applied magnetic fields of B = 0 (black circles), 1 (red circles), and
5 T (blue circles). B3, (8) symmetry mode is also shown in

figure 6(c). (b) Same as panel (a) but for B3, (7) symmetry mode.
Error bars denote one standard deviation.

to 100 cm™! is accessible via THz spectroscopy). A dedi-
cated IR free-electron laser facility allowed us to probe w
up to 650 cm~! with an unprecedented spectralresolution of
0.2 cm~'. We carefully analyzed the eigenvectors of all sym-
metry modes (see supplementary figure 7), and find that modes
with different eigenvectors show this unusual 7-dependence,
with no unique pattern discernible from the atomic displace-
ment patterns. For example—the Ag(2) mode has CrOg poly-
hedron tilt about the a-axis and rotation about the b-axis,
B3,(3) is a Jahn—Teller distortion, and A,(6) is tilt about the
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a-axis. Thus, we cannot single-out certain symmetry modes or
patterns that respond anomalously. The remaining possibility
of the observed behavior is magnetoelastic effects. As the lat-
tice contracts anisotropically below 7T'x [28, 32], the chang-
ing lattice potential results in phonon softening on cooling
below T for certain phonon modes. Importantly, magnetoe-
lastic effects do not scatter phonons [12, 29] as the resulting
phonon softening is generally small and does not alter the scat-
tering phase space across Ty as confirmed by our experiments.
In conclusion, our 7- and B-dependent w and I measurements
allow us to attribute the observed behavior to magnetoelastic
effects and exclude the role of magnon—phonon, and magne-
tostriction effects. Our £ measurements and simulations fur-
ther support the same conclusion, as we demonstrate in the
next section 3.5.

3.5. Thermal transport and phonon scattering mechanism

k in magnetic semiconductors and insulators often show sig-
nificant suppression and nearly constant 7-dependence above
Tn, resulting directly from the dominant contributions of
phonons to this term. This unusual behavior is analyzed in
detail for YMnO;5 [55], CuCrO, [12], and CrN [56], and
was reported to result from non-adiabatic effects arising from
dynamic coupling between short-range spin correlations and
phonons. The dynamic coupling significantly suppresses the
phonon lifetimes, hence suppressing the « above Ty. Because
of low x of YCrO; (~1.2 Wm~' K~! at 200 K and 0 T, mea-
sured in this work), we examined whether similar dynamic
coupling could be the dominant phonon scattering mechanism
here.

In general, phonons can be scattered by point-defects,
boundaries, other phonons (Umklapp scattering), electrons,
and magnons. Since YCrOj is a wide-gap semiconductor (E,
is ~1.8 eV [24]), we neglect electron—phonon coupling. If
we assume all scattering processes to be independent of each
other, following Matthiessen’s rule, the total phonon scattering
rate of 7! is given as,

T =T+ Ty T ()

-1 1 -1 -1 :
where 7,5, 75, 7, and T denote point-defects, bound-

ary, Umklapp, and short-range spin correlation scattering pro-
cesses. We note that scattering from short-range spin correla-
tions is only included above Tn. The scattering rates from these
scattering mechanisms can be modeled as [57, 58],

4 2
1 wt [(AM Vg
= V— — —
’ 4mg< M ) T
2

P
* MvéHD

WA exp (—9D> + Cspvg.  (8)
mT
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 particle/grain size, fp is the Debye tem-
perature, vy is an average Griineisen parameter, P, n, and m are
Umklapp scattering parameters of order one, Cs is the propor-
tionality constant for phonon scattering from spin-fluctuations
and is given by p,m(£/2)2. p, is the density of scatterers, and

¢ is correlation length proportional to the strain fields gen-
erated by spin-fluctuations [55]. For analysis, we consider
Csr as a free parameter under the constraint (required for
self-consistency) that the average distance, d = 2(3 /4w po)'/>,
between two scatterers, will be greater than £ [12, 55]. Aside
from mass disorder from besides from impurities and oxy-
gen vacancies, point-defect scattering can also arise from per-
turbations in force-constants and nearest-neighbor distances.
However, since their effects are expected to be small [12],
we exclude them from our analysis. We estimate the mass-
disorder and boundary scattering by fitting the « at low-T
(T <20 K), and find AM/M = 0.066, and L (i.e., particle
size) of the order of ~55 nm. The calculated particle size
is consistent with scanning electron microscope micrographs,
where particles ranging from 50 to 1000 nm are visible [24].
From the first moment of the phonon DOS, 6p, is calculated
tobe 733K (fp = %, where (E) = [ g(E)EAE) [12]. Umk-
lapp scattering parameters, n and m are kept constant at 1.0,
and ~2N'/3 = 5.43, respectively [12]. We calculated average
v = 1.66 from DFT simulations and is similar to the value
reported elsewhere [25]. Since our simulation results show
excellent agreement with the measured phonons, g-dependent
phonon energy and group velocity are also obtained from DFT
simulations.

The effect of various scattering mechanisms on x along
with modeling is shown in figure 8(a). Individual curves show
the x values if all other scattering mechanisms were absent.
As one can observe, at low-7, mass-disorder and boundary
scattering are the dominant mechanisms. Conversely, due to
increased phonon occupation on heating, Umklapp scattering
becomes the dominant scattering mechanism above 100 K.
Since the measured ~ decreases linearly with 7, conventional
wisdom dictates that Umklapp scattering must remain the
dominant mechanism at high-7". Indeed our analysis suggests
that above Tx phonon scattering from short-range spin corre-
lations is considerably weaker than Umklapp scattering, which
is consistent with a continuous rather than an abrupt increase
of I across Ty as seen in ours (see figure 6) and in a previ-
ous study [29]. This observed behavior is similar to the dom-
inant scattering mechanism in non-magnetic semiconductors
and insulators. However, it is in contrast to the prevalent scat-
tering mechanism observed in magnetic semiconductors and
insulators, as described earlier. In regards to the low value
of x, we should mention that  in polycrystalline samples is
strongly dependent on particle/grain size. For example, for the
same level of mass-disorder, a single-crystal with a minimum
boundary length of 1 mm will have x ~ 15 Wm~!' K~ at 100K
because of suppression of the boundary scattering. This sub-
stantial increase in single-crystals is not unexpected and has
been observed in YMnO3, where « in the single-crystal sample
increased to ~10 Wm~' K~! from the polycrystalline value of
~1 Wm~! K" at 50 K (see figures 1 and 4 of reference [55]).

The « along three crystallographic directions are shown
in figure 8(b). As one can see, x is maximum along
the c-axis and minimum along the a-axis. This anisotropy
in our simulated s can be rationalized based on the
phonon group velocities, v,. As shown in supplementary
table 2, while the v, of transverse acoustic modes is
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Figure 8. (a) The lattice thermal conductivity « of YCrO3 due to
various scattering mechanisms compared with measured x in a
polycrystalline sample at O T. Individual curves show x values if all
other scattering mechanisms were absent. (b) Calculated « along
three crystallographic directions showing anisotropy owing to
different phonon group velocity. (c) Measured « for different values
of an applied magnetic field, B. We note that for the same level of
mass-disorder, a single-crystal having a minimum dimension of

1 mm will have x ~ 15 Wm~! K~! at 100 K. See discussion in the
text.

comparable along the three directions, longitudinal acous-
tic modes show large variation with maximum value along
the c-axis (9291 ms~') in comparison to 6604 ms~!
along the ag-axis. We note we have assumed all scattering
mechanisms to be isotropic; however, if 7 lis anisotropic, the
general trend may change.

Thus far, we have excluded the contribution of magnons
to the x below Ty, which may not be negligible. In experi-
ments, we measure the total £ which includes the contribu-
tion from both phonons and magnons. Since our measured x
showed little change across T’y [only a small kink is visible
in figure 8(c)], it suggests a relatively small contribution of
magnons to x, consistent with approximation made in other
magnetic semiconductors [55] and justifying our exclusion
of magnons in the modeling of x. We further assess the role
of magnon—phonon coupling and magnetostriction effects by
measurement of x up to B = 14 T as shown in figure 8(c).
Holz et al [17] had shown that at large B, the lattice Hamil-
tonian is modified, implying magnon—phonon coupling will
be altered too. Moreover, lattice strains due to magnetostric-
tion effects at large B will scatter phonons and decrease the
k. Our measurements as a function of B remain essentially
the same (within the error bars of measurements, which is
~10% of the measured value), thus excluding any signifi-
cant role of magnon—phonon coupling and magnetostriction
effects on «. Their minimal role is also evident from I" values
extracted in section 3.4, which showed a monotonic response
of I as a function of 7. Here we mention that phonon scattering
due to magnon—phonon coupling (not included in our model
for reasons discussed above) is different from phonon scat-
tering by short-range spin correlations (explicitly included in
our model). While magnon—phonon coupling scatters phonon
below T, phonon scattering from short-range spin correla-
tions is above T'N. As we have shown by detailed analysis, both
scattering mechanisms have minimal effect on x of YCrOs.

4. Conclusions

We investigated the T- and B-dependence of lattice and spin
dynamics, thermodynamics, and thermal transport by combin-
ing experiments and first-principles simulations. Our INS, and
Raman and IR spectroscopy results as a function of 7" and B
reveal little change of phonon energies (w) and linewidths (I")
across Ty suggesting a minimal role of magnon—phonon cou-
pling, spin-fluctuations, and magnetostriction effects on the
lattice response. Softening of w for specific modes on cooling
below Ty was rationalized based on magnetoelastic coupling.
Our magnon modeling using linear spin-wave theory finds
NN superexchange interactions (Cr—O—Cr) to be quite strong
compared to the NNN interactions (Cr—O—O-Cr). Thermo-
dynamic modeling using INS data on phonons and magnons
show a significant contribution of spins to C,, and S. How-
ever, we did not find an anomaly in the Cp,,, at ~60 K, which
was proposed to arise from a spin-reorientation transition. Our
x measurements and phenomenological modeling, consistent
with spectroscopy results, confirm a minimal role for spins in
phonon scattering, but show substantial scattering from bound-
aries and three-phonon processes. Our results highlight the
need for combined spectroscopy, thermodynamics, and ther-
mal transport measurements along with simulations to quan-
tify and delineate the role of various quasi-particle interac-
tions and scattering on phonons and their corresponding role
in thermal transport.
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