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Perovskite oxides offer tremendous potential for applications in information storage and energy conversion, owing to a subtle
interplay between their spin, charge, orbital and lattice degrees of freedom. Here, we further expand the possible range of
perovskite oxides operation towards the fields of thermal management and thermal computing by exploiting an exceptional
synergy between different ferroic orders. We propose dynamical control of the heat flow in a distinctive family of perovskite oxides
obtained via the application of small electric (~10 kV/cm) and/or magnetic (~1T) fields. Based on first-principles simulations, we
predict a relative heat conductivity variation of ~100% in SrMnOs thin films near room temperature resulting from a phase
transition that involves huge changes in both the magnetization and electric polarization. The disclosed giant multiphononic
effects are fundamentally caused by anharmonic spin-phonon couplings that strongly influence the mean lifetime of phonons.
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INTRODUCTION

Phonons govern thermal transport in insulators and semiconduc-
tors; hence, the ability to control their propagation is key to a
number of applications ranging from thermal management' to
thermoelectrics®?, besides conveying great fundamental interest.
Manipulating phonons via external fields is attracting increasingly
more attention, since it may enable fast and reliable dynamical
tuning of the thermal conductivity in materials, thus bringing on
the design of phononic devices, such as thermal diodes* and
thermal transistors®, and the development of phonon-based
information technologies®”.

Electric®'* and magnetic'® fields can be used to act upon the
crystal lattice of polar and magnetic materials, respectively, and
thus impact their thermal conductivity by either modifying the
corresponding phonon dispersion relations (i.e., phonon energies
and velocities) and/or phonon lifetimes (i.e., anharmonic phonon-
phonon interactions). In this context, the most desirable situation
occurs when an external field drives a structural phase transition,
since very large changes in the thermal conductivity can then be
expected. However, field-driven phase transitions are not always
possible or practical. Indeed, even when transitions between
different polar and magnetic states are conceivable, the involved
energy barriers may be so high that the necessary triggering fields
turn out to be unfeasible from a practical point of view.

In this article, we predict the realization of extreme phononic
variations induced by small electric (~10kV/cm) and magnetic
(~1T) fields in a perovskite oxide. We dub these effects as
multiphononic in analogy to multiferroics'® and multicalorics'?,
meaning that the vibrational properties of a material, such as
phonon frequencies, phonon velocities and/or phonon lifetimes,
can be noticeably altered by two or more different types of
external fields. Specifically, we study SrMnOs (SMO), a compound
that in bulk presents a non-polar structure and G-type anti-
ferromagnetism (AFM) below Ty =233 — 260 K'82° by contrast,
under appropriate epitaxial strain conditions, SMO displays
coexisting and coupled ferromagnetic and ferroelectric features®'.
The multiphononic effects disclosed here for SMO thin films on
the verge of a magnetoelectric phase transition are giant, as

shown by a heat conductivity change of 75-200% (depending on
the temperature). We explain the underlying causes of such
physical effects in terms of phonon scattering processes and spin-
phonon couplings.

Analogous multiphononic effects to those reported here for
SMO can be expected to occur also in other akin perovskite oxide
thin films in which epitaxial strain may similarly drive magneto-
electric phase transitions (e.g., BiFeO5; and BiCo03)??72“. Thus, our
work proposes a strategy for significantly manipulating phonons
and thermal transport in perovskite oxides that is based on the
combination of epitaxial strain and moderate external fields.

RESULTS AND DISCUSSION
SMO phase diagram: bulk and thin films

Bulk SMO is assumed to crystallize in a cubic Pm3m structure?®
that is centrosymmetric and therefore does not exhibit any electric
polarization. Nevertheless, it was first theoretically predicted by
means of first-principles calculations, and later demonstrated in
experimental temperature-dependent ferroelectric and magnetic
studies, that under tensile epitaxial strain SMO presents a
multiferroic phase in which both ferroelectricity and antiferro-
magnetic spin ordering coexist and are strongly coupled®'%, On
the theoretical side, Lee and Rabe reported the stabilization of a
ferroelectric orthorhombic phase with Ima2 symmetry under small
epitaxial strains of n=a;/ajno — 1=+ 1% (where a;,, stands for
the equilibrium lattice parameter of bulk SMO) exerted on the
(001) plane?’. This orthorhombic structure displays an electric
polarization (P) oriented along the pseudo-cubic [110] direction,
antiphase antiferrodistortive oxygen octahedral rotations
(AFD Og) about the [110] axis, and G-type AFM order. (Throughout
we assume a pseudocubic setting.) Thus, in terms of its various
order parameters this phase can be labeled as I'110]4+R[110]-G,
where T refers to the electric polarization and R to the AFD Og tilts
(see Fig. 1a). In Glazer's notation, the R[110] (R[001]) distortion is
denoted by a~a=c® (a®a’c™).

Interestingly, a series of magnetic transitions driven by an
increasing tensile strain, n, eventually leading to ferromagnetic
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Phase transitions in SrMnOs thin films induced by [110] epitaxial strain. a Sketch of the usual 5-atom perovskite oxide unit cell

displaying cubic symmetry (i.e., non-polar). Sr, Mn and O atoms are represented with green, purple and red spheres, respectively. Polar I'[110]
and non-polar antiferrodistortive R[001] and R[110] distortions involving all-ion displacements and oxygen octahedral anti-phase rotations,
respectively, are represented with straight and curly arrows. b DFT energy calculations for several competitive SMO phases expressed as a
function of in-plane lattice parameter. Symbols indicate different type of AFD Og, colors indicate different magnetic ordering, and filled
(empty) symbols indicate polar (non polar) phases. For those phases that are polar for a;,>3.82, but non polar for ag;,<3.82 (eg.
I'[110] + R[110] — C), we omit the label of the latter for simplicity). a;, values at which a n-induced phase transition occurs are indicated with
dashed vertical lines. The space group of the crystal phases stabilized by effect of epitaxial strain are indicated along with the corresponding

magnetic spin ordering (G, C, A and FM).

spin ordering (FM), were also reported for this material, namely,
G-type AFM — C-type AFM — A-type AFM — FM2!, Therefore, SMO
thin films are one of the few known multiferroic systems in which
ferroelectricity and strong ferromagnetism are expected to
coexist. On the experimental side, large epitaxial strains of
+3.8% have been realized in SMO thin films with the reassuring
findings of high-temperature ferroelectricity and strong spin-
phonon couplings?.

We have theoretically revisited the phase diagram of SMO in
bulk and thin-film geometries by using first-principles computa-
tional methods analogous (although not identical) to those
employed by Lee and Rabe?' (see “Methods”). Besides the usual
tetragonal and orthorhombic phases, in our analysis we have also
considered monoclinic structures; in addition, we have explored
an ample range of compressive epitaxial strains (i.e, n<0). In
general, the results of our first-principles calculations are
consistent with those of previous works since they reproduce
the stabilization of a ferroelectric Ima2 phase with FM spin
ordering at large and positive n’s (Fig. 1). In our case, however, the
isomorphic C-type and A-type AFM phases, although competitive,
never become the ground state (Fig. 1b); hence the only phase
transition that we observe under tensile strain is Ima2-G — Ima2-
FM, occurring at a;, =3.92 A.

Remarkably, this magnetic phase transition is accompanied by a
two-fold increase in the electric polarization, which grows from
22.6 uC/cm? in the AFM phase to 43.5 uC/cm? in the FM phase (see
Supplementary Fig. 1). A simultaneous and significant increment
of the AFD Og tilts (i.e, R[110] distortion) also occurs: the
characteristic rotation angle is about two times larger in the FM
phase than in the AFM (Fig. S2). Thus, an unusual cooperative -R
distortion interplay mediated by spin ordering is found in the
Ima2 phase that tends to favor the in-plane polarization. Besides
its multifunctional interest emphasized below, this finding is
consistent with the experimental observation of strong spin-lattice
couplings?®. Thus, in the vicinity of a;, = 3.92 A, SMO thin films are
on the verge of a magnetoelectric phase transition in which both
the magnetic and ferroelectric order parameters (as well as the
AFD one) may change very abruptly. Closer inspection of the
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phase diagram reveals that around a;, = 3.92 A the energies of the
four Ima2 phases exhibiting distinct magnetic orderings are
practically identical; this finding indicates that the interactions
between magnetic spins are effectively vanishing and therefore
their orientation might be easily adjusted by an external magnetic
field. Meanwhile, the structural traits of the four magnetic Ima2
phases are plainly different in terms of the polar and AFD
distortions.

As for compressive epitaxial strains, our first-principles calcula-
tions reveal the stabilization of two monoclinic phases that, to the
best of our knowledge, have not been reported before forOSMO
(Figs. 1, S3). At small in-plane lattice parameters a;, <3.78 A, we
find the ground state of the system to be a non-polar monoclinic
phase exhibiting C2/c symmetry, with prominent antiphase AFD
O rotations about the out-of-plane direction (Fig. S4) and G-type
AFM order (labeled as R[001]-G in Fig. 1b). Intriguingly, these AFD
distortions get reinforced under increasing compressive strain and
no traces of polar instabilities are found for this phase down to an
in-plane lattice parameter of 3.70 A (not shown here). None-
theless, it may not be discarded that other polar phases, different
from those considered in this study, could be stabilized under
medium and large compressive strain conditions (although the
feasibility to check this possibility in practice is quite reduced due
to the scarcity of substrates presenting such small in-plane lattice
parameters?’). In the narrow interval 3.78 < a;, < 3.80 A, the C2/c
phase becomes vibrationally unstable and a monoclinic Pc phase
exhibiting antiphase AFD Og rotations along the in-plane and out-
of-plane directions and G-type AFM order is the ground state
(labeled as R[001]+R[011]-G in Fig. 1b). While the space group of
this latter phase is non-centrosymmetric, the estimated ferro-
electric polarization is very small (~0.1 uC/cm?, Fig. S5).

Interestingly, the monoclinic Pc phase, which is fully vibration-
ally stable in the relevant a;, interval (Fig. S6), appears to act as a
structural bridge between the non-polar R[001]-G (C2/c) state
stabilized under compressive strain and the ferroelectric [110]
+R[110]-G (Ima2) phase stabilized by small tensile strains. More-
over, complementary energy calculations indicate that the ground
state of bulk SMO could either be C2/c or Pc (i.e, the zero-
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Fig. 2 Thermal conductivity expressed as a function of tempera-
ture for epitaxially strained SMO at a;, = 3.92 A in the multiferroic
Ima2-G and Ima2-FM phases. Inset: relative heat conductivity
increase, Kpm/Kapm, across the magnetoelectric phase transition in
each tensor component.

temperature energy difference between these two polymorphs
falls below our accuracy threshold of =1 meV/f.u.) instead of the
assumed cubic Pm3m structure, since the energy minima of the
two monoclinic phases are below that of the cubic phase
by =5 meV per formula unit (Figure S3). Thus, according to our
calculations, the non-polar ground state of bulk SMO should
exhibit sizeable oxygen octahedral rotations accompanied by
small (i.e.,, ~0.1°) monoclinic distortions along the [110] direction.

Giant multiphononic effects

From a phonons manipulation point of view, the most interesting
region in the phase diagram of SMO thin films (Fig. 1a, b) is that
around an in-plane lattice parameter of 3.92A, where the
magnetoelectric Ima2-G — Ima2-FM phase transition occurs. This
phase transition involves a change in magnetic order and a
substantial increase in the electric polarization, which suggests
that the magnetic and polar degrees of freedom are strongly
coupled (i.e., large magnetoelectric interactions) and can be
influenced by both external magnetic and electric fields.
Potentially large electrophononic and magnetophononic effects
(i.e., substantial lattice phonon variations driven by electric and
magnetic fields), therefore, may simultaneously exist in that region
of the phase diagram. On the other hand, the phase transitions
triggered by compressive strain, despite their fundamental
interest, seem to offer little multifunctional potential due to
homogeneity in the magnetic features and lack of ferroelectricity.

In order to quantify the likely appearance of multiphononic
effects (i.e., substantial lattice phonon variations driven by either
electric or magnetic fields or combinations of both) around the
magnetoelectric Ima2-G — Ima2-FM phase transition, we have
computed with first-principles methods the thermal conductivity,
k, of the two involved phases at the critical in-plane lattice
parameter of 3.92A. SMO is an insulating compound, and we
obtain an electronic bandgap of approximately 2 eV for all the
phases considered here (see the Supplementary Information for
details). Hence, thermal transport can be assumed to be
essentially carried out by phonons and we restrict ourselves to
the lattice thermal conductivity. Our k results obtained for the
temperature interval 100 < T < 300 K are shown in Fig. 2. Large and
consistent variations in each component of the thermal con-
ductivity are evidenced across the magnetoelectric transition at all
the analyzed temperatures. At T= 300K, for instance, practically a

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

C. Cazorla et al.

5.00 - (a) —

0.00
J_LLH.N-"

-5.00 fi

AVl apm (KM/S)
S
8

-15.00 -

3x10°

U mk?

61
2 210

C

25.00
‘2 20.00
= 15.00
10.00
5.00
0.00

0.0
10 11 12 13 14 15
\Y
L 1
5 10 15
v (THz)

Fig. 3 Phononic analysis of epitaxially strained SMO at
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two-fold variation in k is ascertained, Ima2-FM being the more
conductive phase in all the cases (inset in Fig. 2). As the
temperature is lowered, the heat conductivity differences
between the two phases further increase, reaching for example
a remarkable three-fold variation in one of the k tensor
components at T= 100 K. Next, we reveal the physical origins of
such giant multiphononic effects.

Anharmonic spin-phonon couplings
In an effort to elucidate the atomistic mechanisms underlying the
disclosed giant multiphononic effects, we have analyzed the
variation of each quantity contributing to the thermal conductivity
(Eqg. (M1)) across the magnetoelectric phase transition. The results,
shown in Fig. 3a-b, indicate that the predicted k changes cannot
be understood in terms of harmonic features (i.e., phonon
velocities and heat capacity). In particular, phonon velocities are
lower in the FM phase throughout the whole phonon spectrum
and specially at low frequencies, which usually are the most
relevant for heat transport. Meanwhile, the AFM and FM phases
have a very similar heat capacity. The generalized softening of the
phonon frequencies when moving from the AFM to the FM phase
is indeed consistent with a phase transition volume expansion
of ~0.4% at a;, = 3.92 A. Taken these effects alone, however, the
thermal conductivity of the FM phase should be the lowest, which
is at odds with our k results shown in Fig. 2.

Let us now focus on the anharmonic processes. We start by
analyzing the phase space, ®s;, which accounts for all possible
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Fig. 4 Frequency-resolved thermal conductivity of strained SMO
at T=300 K in the FM and the AFM phases, averaged over
frequency intervals of 0.2 THz. Insets: thermal conductivity
differences, Kem — Karm-

energy conserving three-phonon processes®®%. ®; typically is
inversely proportional to the lattice thermal conductivity because
the more phonon-phonon collision processes are allowed, the
higher the probability that a resistive scattering event takes place.
Just like in the heat capacity case, the differences between the
AFM and FM phases turn out to be not significant (Fig. 3c). In fact,
the two Mn atoms in the Ima2 unit cell are inequivalent both in
the AFM and FM phases, thus the change in magnetic ordering
does not noticeably alter the lattice symmetry, and thus the phase
space of multi-phonon processes. It is worth noting that large
magnetophononic effects have been recently predicted for FeRh
across its metamagnetic AFM < FM phase transition, and those
have been ascribed to phase-space changes driven by crystal
symmetry shifts'®; similarly, phase-space broadening has been
also proposed to be the fundamental cause of the significant
reduction estimated for the ferroelectric perovskite PbTiO; upon
reorientation of the polarization'®. In the present case of
multiphononic effects, however, phase-space variations induced
by symmetry breaking do not constitute the main mechanism at
play. (To prove this assertion, in the Supplementary Information
we show a comparison between the phase-space of the FM and
AFM phases of FeRh, where the AFM/FM differences drive the
overall variation of the lattice thermal conductivity'®, and that of
the FM and AFM phases of SMO).

Figure 3d shows the mean phonon lifetimes, 1, calculated for
the AFM and FM phases of SMO and averaged over frequency
slots of 0.2THz. As it can be appreciated therein, the phonon
lifetimes in the FM phase are systematically larger than those in
the AFM phase. The 1 differences are particularly significant in the
low frequency region v <3 THz. The shorter phonon lifetimes in
the AFM phase indicate that this is more anharmonic than the FM
phase. At variance with conventional spin-phonon couplings, in
which spin ordering directly influences harmonic properties like
phonon frequencies and phonon velocities, here we observe an
original anharmonic spin-phonon coupling in which the magnetic
degrees of freedom, coupled with the polar ones, govern the
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degree of anharmonicity in the material by drastically influencing
its phonon lifetimes. The generally weaker anharmonic couplings
in the FM phase can be partially originated by its slightly larger
volume (=1%) since structural expansions result in reduced
phonon-phonon interactions at all orders. Nevertheless, the main
driving factor behind such a large anharmonicity change appears
to be the abovementioned structural rearrangements associated
with the AFM < FM phase transition, namely, the huge electric
polarization and AFD O tilts variations.

The frequency-resolved thermal conductivity displayed in Fig. 4
(T=300K) shows the contribution of each phonon mode to the
three k components, thus providing additional insight into the
phonon transport properties of SMO thin films across the magneto-
electric phase transition. In both AFM and FM Ima2 phases, most of
the heat is transported by low-energy phonons with frequencies in
the range v<3THz a small pocket of optical phonons with
frequencies around 5 THz is also relevant in this regard. Throughout
the whole frequency spectrum and for all components it is observed
that kgm > Kapme Made the exception of the marginal frequency
range v< 0.4 THz in which the AFM phase is more conductive (due
to its very large phonon velocities, which overcompensate the
shorter phonon lifetimes, Fig. 3). As it could be expected, for both
magnetic phases we have k,, = K,,, because the two corresponding
in-plane directions are practically equivalent from a crystallographic
point of view. As for the out-of-plane direction, the largest k increase
with respect to the in-plane components (inset in Fig. 2) derives
from low-frequency phonons, v <3 THz, and from the narrow band
of optical phonons centered around 5 THz already mentioned.

Functional aspects of multiphononic effects

As it was mentioned above, the Ima2 AFM < FM phase transition
unraveled here for SMO thin films entails large changes in both
the ferroelectric and magnetic degrees of freedom. These order-
parameter variations suggest the possibility of dynamically tuning
the thermal transport in SMO thin films by means of external
electric and/or magnetic fields**3'. Next, we approximately
quantify how large those external fields should be in practice,
thus assessing the potential functionality of the reported giant
multiphononic effects.

We approximately estimated the magnitude of the electric and
magnetic fields required to induce the magnetoelectric phase
transition of interest at zero temperature as follows:

E = AU/A(PV) (1)

B=AU/AM, 2

where AU is the internal energy difference between the FM and
the AFM phases, P the electric polarization, V the volume, and M
the net magnetization (e.g., null in the AFM phase). Note that this
estimate provides us with a lower limit for the coercive fields,
since in practice there will be energy barriers to overcome that we
are disregarding here (see discussion below). However, these
values give an idea of the order of magnitude of the fields
required to trigger the phase transitions. Figure 5a shows our
coercive field results expressed as a function of the in-plane lattice
parameter. The interest of conveniently adjusting a;, is clear, that
is, to induce the appearance of electrophononic and magneto-
phononic effects via the application of small external fields. For
instance, at a;, =3.92 A we obtain E=32kV/cm and B=14T,
which are values that can be ordinarily reached in practice and
hence hold promise from an applied point of view. (We note that
the in-plane lattice parameter at which AE exactly amounts to zero
is slightly above 3.92 A, see the inset in Fig. 5a). Indeed, in the
simplified model here considered, as AE — 0 the fields required to
induce the phase transition become vanishingly small. Conversely,
as we move away from a;, = 3.92 A the size of the triggering fields
rapidly increase (e.g., 1367 kV/cm' and 72T at a;, = 3.90 A).
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the Ima2-G < Ima2-FM phases.

A similar situation to the one just described has been recently
reported for the ferroelectric perovskite PbTiOs;, in which an
appropriately selected biaxial strain leads to the effortless rotation
of the polarization and consequent realization of large electro-
phononic effects'. In the case of SMO thin films, epitaxial strain
enables the concerted appearance of substantial electrophononic
and magnetophononic responses that join together to render
giant multiphononic effects.

A rough estimate of the switching barrier can be made by
interpolating several intermediate configurations between the
isostructural AFM and FM phases and calculating the energy of
each of them in their most favorable magnetic state. We have
carried out such calculations right at a;, = 3.92 A, which provide
an overestimation of the real transition energy barrier since we
have not optimized the transition path, finding that the barrier
amounts to around 5 meV per formula unit (Fig. 5b) or
equivalently, 20 meV per unit cell. These results suggest that in
practice it should be feasible to realize the proposed field-induced
phase transformation in the single-domain setup considered here
(magnetic/polar domain-related switching effects are not
accounted for, though the presence of multidomains would
further decrease the size of the involved coercive fields®?). It is also
noted that the estimated transition energy barrier between the
AFM and FM phases, namely, = 20 meV per unit cell, is consistent
with the experimental fact that SMO becomes paramagnetic at
temperatures slightly below room temperature'®2°, since the
thermal fluctuations at T=300K amount to 26 meV. These
fluctuations can be supressed by adopting slightly smaller a;,
values, which would result in slightly larger magnetic driving fields
and thus switching energy barriers.

In conclusion, by means of first-principles calculations we
predict the existence of giant multiphononic effects in the non-
polar perovskite oxide SMO when it is subjected to suitable
epitaxial strain conditions. Upon moderate tensile strains, SMO
becomes multiferroic and can be brought to the verge of a
magnetoelectric phase transition in which the magnetic spin
ordering and electric polarization change abruptly. The relative
thermal conductivity changes associated with such a multiferroic
transformation can be as large as 200% and, most remarkably, can
be externally induced by small electric and magnetic fields of the
order of 10 kV/cm and 1T, respectively. We explain the physical
origins of these multiphononic effects and thermal transport
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functionality in terms of anharmonic spin-phonon couplings that
act directly on the mean lifetime of phonons. In addition, we
revisited the phase diagram of SMO thin films with the finding
that several monoclinic and previously overlooked non-polar
phases can be stabilized under compressive strains and probably
also in bulk (although they offer little interest in terms of
dynamical control of the heat conductivity due to their null net
magnetizations and polarizations). Similar multiphononic effects
to those reported here for SMO can be expected to occur also in
other multiferroic perovskite thin films in which the combined
action of epitaxial strain and moderate external fields may induce
magnetoelectric phase transitions (e.g., BiFeO; and BiCoO3)%*.
Therefore, we anticipate that the present computational study will
stimulate experimental realizations of dynamical manipulation of
phonons in functional perovskite oxides with potential for
applications in the innovative field of phononic information
technologies and devices.

METHODS

First-principles calculations

We performed density functional theory (DFT) calculations with
the VASP code®? and projector augmented waves>*3> with an
energy cutoff of 650 eV and the generalized-gradient approxima-
tion PBEsol*®. The following electrons were explicitly treated as
valence: Sr 4524p®5s2, Mn 3p®3d°4s2, and O 2s522p*. The Hubbard-U
scheme derived by Dudarev et al.3” was used to deal with the 3d
electrons in the Mn atoms and, as done in previous works, a U
value of 3 eV was adopted®”. We have performed several tests to
assess the influence of the adopted DFT exchange-correlation
functional and U value on our theoretical predictions (see the
Supplementary Information); the structural properties and energy
ranking of the competing phases, however, remain invariant in
most a;, cases.

We employed a 20-atom unit cell for our energy and structure
calculations corresponding to a v/2xv/2x2 perovskite oxide
supercell, in which the long axis, ¢, was oriented out-of-plane (i.e.,
epitaxial strain was applied on the ab plane). A k-point grid of
10 x 10 x 7 was used for sampling of the first Brillouin zone. As it is
usually done, epitaxial strain was reproduced by fixing the length
and angle of the two in-plane lattice vectors to a fixed value,
namely, a = b = a;, and ab = 90°, and fully optimizing the out-of-
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plane lattice vector ¢38. All the atomic positions were optimized
until the maximum atomic force component was lower than 0.005
eV/A. Electric polarizations were calculated with the Born effective
charges method*°.

We computed the second- and third-order interatomic force
constants by finite differences®®*® in a 2x2x2 supercell,
amounting to 160 atoms, with a cutoff of 3.3 A in the three-
phonon scattering processes, which spans up to the eighth
nearest neighbors in the bulk orthorhombic Ima2 phase. We then
solved the phonon Boltzmann Transport Equation (BTE) to obtain
the thermal conductivity, including scattering from isotopic
disorder through the model of Tamura®'. Preliminary tests showed
that converged results are achieved using the Relaxation Time
Approximation (RTA) and a g-point grid of 12x 12X 12 (see the
Supplementary Information). The lattice thermal conductivity was
then estimated as:

Kj = Z Kija = CZ f)\(f)\ —+ 1)(hV}\)2T)\V,"}\Vj‘)\
2 1 2 M1)
= N; OTAViAV)

where /i and j run over the Cartesian directions x, y, and z.
C~ "= kgT>QN, where kg, h, T, Q and N represent, respectively, the
Boltzmann'’s constant, Planck’s constant, temperature, volume of
the unit cell, and number of g-points. The sum runs over all
phonon modes, the index A including both g-point and phonon
band. f, is the equilibrium Bose-Einstein distribution function, and
v) and v;, are, respectively, the frequency and group velocity of
phonon A. G, is the volumetric heat capacity of the phonon mode
A, which contributes to the volumetric heat capacity of the crystal
like Cp = 1/N3,C,.

Within this formalism, the phonon lifetimes discussed in the
text are computed as the inverse of the three-phonon scattering
rates:

hrt £y — fyr
rt, =—-2 Xyt 128(wy + wy — wy M2
A 4‘1)}\‘1))\’(1),\”' )‘,\)\| ()~+ N )\) (M2)
hﬂfAr—fArr+1 5
Mo = ———2 Vo[ 0(wy — wy — wyr M3
WS gy [V [76(wr — wy ) (M3)

where r}TA’/\” and I, correspond to absorption and emission
processes, respectively. V;,\’/\“ and V,,,» are the scattering matrix
elements that are computed from the anharmonic third-order
IFCs*.

DATA AVAILABILITY

The data that support the findings of this study are available from the authors upon
reasonable request.
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