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Chalcogenide semiconductors and semimetals are a fertile class of efficient thermoelectric materials, which,
in most cases, exhibit very low lattice thermal conductivity «;, despite lacking a complex crystal structure such
as the tetragonal binary compound InTe. Our measurements of «,n(T) in single-crystalline InTe along the ¢
axis show that «p, exhibits a smooth temperature dependence upon cooling to about 50 K, the temperature
below which a strong rise typical for dielectric compounds is observed. Using a combination of first-principles
calculations, inelastic neutron scattering (INS), and low-temperature specific heat and transport properties
measurements on single-crystalline InTe, we show that the phonon spectrum exhibits well-defined acoustic
modes, the energy dispersions of which are constrained to low energies due to distributions of dispersionless,
optical modes, which are responsible for a broad double peak structure in the low-temperature specific heat. The
latter are assigned to the dynamics of In™ cations in tunnels formed by edge-sharing (In**Te,*~)~ tetrahedra
chains, the atomic thermal displacement parameters of which, probed as a function of temperature by means of
single-crystal x-ray diffraction, suggest the existence of a complex energy potential. Indeed, the In*-weighted
optical modes are not observed by INS, which is ascribed to the anharmonic broadening of their energy profiles.
While the low kp, value of 1.2Wm~' K=" at 300 K originates from the limited energy range available for
acoustic phonons, we show that the underlying mechanism is specific to InTe and argue that it is likely related to

the presence of local disorder induced by the In™ site occupancy.

DOI: 10.1103/PhysRevResearch.2.043371

I. INTRODUCTION

The chemical engineering of the unit cell of complex
crystals at the nanometer scale has emerged as one of the
main cost-effective approaches for optimizing material per-
formances in energy conversion devices such as those based
on thermoelectric (TE) or photovoltaic effects [1-3]. For in-
stance, it allows the disentanglement of the electronic from the
thermal transport in semiconductors, which is used to design
new efficient TE materials by lowering their lattice thermal
conductivity kpp, while preserving a high and tunable elec-
trical conductivity [1,2]. Although the structural complexity
is known as a powerful approach for decreasing significantly
kph in crystals, the underlying microscopic mechanisms are
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not yet fully understood, preventing any further theoretical
prediction or screening of highly efficient TE materials [4,5].

Chalcogenide semiconductors and semimetals are an im-
portant class of highly efficient TE materials, the thermal
transport properties of which conform to this requirement
[1,2,6,7]. Lying at the borders between covalent solids and
classical metals, these compounds, recently dubbed as incipi-
ent metals [8], are often found to be close to a lattice instability
from which strong lattice anharmonicity emerges [9]. This
general mechanism, exemplified in the TE chalcogenides
PbTe and SnSe [9-12], is the key characteristic explaining
the very low lattice thermal conductivity kp, achieved at
high temperatures despite the relative simplicity of their crys-
tal structure. Combined with high thermopower o and low
electrical resistivity p when appropriately doped, it is this
remarkable trait that leads to the high dimensionless TE figure
of merit ZT = o?T/ o(kph + k), where «, is the electronic
thermal conductivity [1,2,6,7].

As another member of this technologically relevant broad
family of compounds, the binary InTe has recently emerged
as an interesting TE material, the performances of which
rival those achieved in PbTe, with a maximum Z7T of 0.9
achieved at 600 K in pristine polycrystalline samples [13-16].

Published by the American Physical Society
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FIG. 1. (a) Perspective view of the crystal structure of InTe. Inl
(4a), In2 (4b), and Te (8h) atoms in the space group I4/mcm are
shown in blue, green, and red, respectively. The Inl atoms reside
in large tunnels created by the octahedra, forming infinitelike, one-
dimensional chains. The thermal ellipsoids are drawn at the 97%

probability level. (b) Crystal structure of InTe projected along the
¢ direction.

InTe crystallizes in a TISe structure type described in the
tetragonal space group I4/mcm (no. 140) under ambient
conditions (Fig. 1) [17]. While Te atoms solely occupy one
crystallographic site (84), In atoms are distributed over two in-
dependent crystallographic sites (4a and 4b), named hereafter
Inl and In2, respectively. Due to distinct bonding environment
between the two In atoms, both In™ (Inl atoms) and In** (In2
atoms) have been proposed to be present in equal proportion
in InTe resulting in an extended chemical formula written as
In*In**Te, [12]. The In** ions are tetrahedrally coordinated
with Te?~ ions forming edge-sharing (In** Te4>~)~ tetrahedra
chains, weakly bonded to each other. These long, negatively
charged atomic chains are elongated along the tetragonal
c direction. In" ions reside in tunnels formed by these
chains and are surrounded by 8-Te atoms, forming an
eightfold tetragonal antiprismatic coordination [17]. Recent
low-temperature structural investigations have suggested
the existence of a superstructural ordering that sets in at
175 K followed by a possible charge-density wave (CDW)
transition upon further cooling to Tepw =~ 87 K in Te-deficient
polycrystalline samples [16]. Both structural modulations

are accompanied by a lattice distortion described in the
orthorhombic space groups Ibam and Pbca, respectively [16].

One of its remarkable key properties is the very low ipp
reaching ~0.3-0.4Wm~!K~! at 600 K in polycrystalline
samples [13—16]. The origin of these low values, about five
times lower that those measured in PbTe [1,2,6,7], has been
ascribed to the loosely bound Inl atoms that rattle in their
oversized tunnels [13]. Lattice dynamics calculations have
evidenced phonon instabilities giving rise to imaginary fre-
quencies at the Brillouin-zone (BZ) center I" and along the I'-
X-M-T" directions [13,15,16]. These instabilities, related to the
motion of the Inl atoms along the ¢ axis and to the rotation of
the (In2)Teg octahedra about the ¢ axis, were suppressed upon
reducing the unit-cell volume, mimicking the application of an
external pressure of around 3 GPa [13]. Based on this rattling
scenario, several low-energy features in the phonon spectrum
were inferred from an analysis of the low-temperature specific
heat [15]. In order to unveil the microscopic mechanisms
governing its lattice dynamics and to determine the extent
to which this rattling scenario applies to InTe, further spec-
troscopic tools resolving experimentally its momentum- and
energy-dependent phonon spectrum are mandatory.

Here, we investigate the low-energy phonon spectrum of
single-crystalline InTe by means of inelastic neutron scatter-
ing (INS) and Raman scattering experiments. These results are
complemented by first-principles calculations of the phonon
spectrum and electronic structure and low-temperature mea-
surements of the thermodynamic and thermal transport
properties. In contrast to PbTe or SnSe [9-12], well-defined
acoustic phonons are observed without anomalies of their
dispersions and energy widths in the whole Brillouin zone.
The key observation is that acoustic phonons exist only in a
small energy range of a few meV, contributing to lower the lat-
tice thermal conductivity «pp, to the values measured in InTe.
Interestingly, no optical-phonon branch could be observed in
INS spectra. We show that the origin of the low-energy cutoff
of the acoustic branches is related to two broad distributions
of optical modes in the simulated density of states. The nature
of their coupling with the acoustic phonons is discussed and
ascribed to the incoherent dynamics of highly disordered Inl
atoms, consistent with the proposed rattling scenario [13].
The presence of these distributions manifests itself on the
low-temperature specific heat which features a double-peak
structure, similar to those observed in strongly disordered ma-
terials such as, e.g., cubic zirconia [18-21]. These key features
concur to strongly lower the lattice thermal conductivity, the
room-temperature value of which is reproduced by a simple
kinetic model that takes into account estimates of the sound
velocity, specific heat, and phonon lifetime determined ex-
perimentally. The binary InTe exemplifies the prominent role
played by localized disorder in efficiently disrupting the heat
transport in well-crystallized materials.

II. RESULTS
A. First-principles calculations

Phonon-dispersion curves were calculated by adopt-
ing three strategies: (i) by using the experimental lattice
parameters determined at 300 K, (ii) by relaxing the crystal
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FIG. 2. Phonon-dispersion curves and projected partial phonon
density of states of InTe as a function of energy calculated by con-
sidering a unit cell pressurized under 3 GPa.

structure, and (iii) by compressing the unit-cell volume up to
88% of its room-temperature value, equivalent to an external
pressure of 3 GPa. The simulated phonon spectra related to
the first two approaches [Fig. 8(a) in Appendix C] present
some similarities with those reported by Jana et al. [13] with,
most notably, the presence of imaginary frequencies of un-
stable observed along the I"-X-M-TI" directions, corresponding
to the mechanical instabilities associated with the Inl atoms.
These results confirm that the negative energies can be mostly
ascribed to the dynamics of the Inl atoms located in the large
voids between the octahedra chains. Based on electron local-
izability indicators, these instabilities have been suggested to
arise from the partially hybridized 5s> lone pairs of the Inl
and Te atoms [13].

AD initio calculations of the free energy under pressure
[Fig. 8(b) in Appendix C] show that the structure is stabilized
upon compressing the unit-cell volume. The phonon spec-
trum obtained [Fig. 2] only exhibits positive phonon energies,
confirming prior results [13]. A notable difference between
our results and those reported in Ref. [13] is related to the
low-energy, nearly flat optical branches along the path I'-
X-M-T", which shift towards higher energies in our case. Of
note, considering other possible subgroups (such as P4, /mcm
for instance), related to the I4/mcm space group reported for
InTe but corresponding to a lower symmetry, did not result
in the disappearance of the imaginary phonon branches. In
agreement with prior results [13], the average sound veloci-
ties of the acoustic branches, extracted from the zone-center
dispersions, are 2916 and 1670 m s~! for the longitudinal and
transverse polarizations, respectively. The transverse-acoustic
branches merge with low-energy, flat optical branches with
energies of around ~2.0 and ~4.0 meV, at the I', M, and
X points. The longitudinal-acoustic branches hybridize with
optical branches with energies of around 5 meV.

The projection of these dispersion curves on the energy
axis yields the phonon density of states (PDOS), shown in
Fig. 2. The low-energy modes are mainly associated with the
atomic motion of Inl atoms, the contribution of which mainly
dominates at the lowest energies. This point is in agreement
with our single-crystal x-ray-diffraction data discussed in the

next paragraph, evidencing that the In1 atoms exhibit the high-
est atomic thermal displacement parameters (ADPs) [13-17].
Usually, high ADPs reflect the dynamics of loosely bound
atoms and are associated with low-energy, optical modes in
the phonon spectrum, as observed in several cagelike materi-
als or minerals such as tetrahedrites [22-44].

B. Single-crystal x-ray diffraction

The temperature dependence of the crystal structure of
InTe has been investigated by means of single-crystal x-ray
diffraction (SCXRD) between 300 and 80 K (see Tables I to V
in Appendix B for refinement details and crystallographic pa-
rameters). In agreement with prior studies [13—17], the crystal
structure of InTe was successfully solved at 300 K in the
tetragonal space group I4/mcm. The Inl atoms, that reside in
the tunnels formed by the octahedra chains, exhibit the highest
ADP values while the In2 and Te atoms show significantly
lower, albeit nearly equivalent, ADP values. Upon cooling
to 80 K, the diffraction data could still be well indexed in
the space group I4/mcm, suggesting the absence of structural
phase transition in this temperature range. This result is seem-
ingly at odds with the tetragonal-to-orthorhombic transition
observed by Back et al. [16]. near 175 K on powder x-ray
diffraction (PXRD) data. Further checking the recorded (hkl)
planes in the SCXRD data, corresponding to the additional
reflections appearing near 23-24° in the low-temperature
PXRD pattern, did not evidence the presence of additional,
unindexed spots. This apparent discrepancy between both sets
of data suggests a weak lattice distortion in agreement with
the development of a modulated structure proposed by Back
etal [16].

The temperature dependence of the anisotropic ADP val-
ues of the Inl atoms (U;; = U,y, which corresponds to the
ab plane, and Us3, which corresponds to the ¢ axis, that is,
along the tunnels) can be used to infer the corresponding
characteristic temperatures assuming that these atoms can be
described as harmonic Einstein oscillators [45]. Within this
model, the temperature dependence of U;(T') is given by the

expression
" 0
coth(—E) +d?, (1

Ui(T) =

where 7 is the reduced Planck constant, m is the reduced
mass of the In atoms expressed in amu, kg is the Boltzmann
constant, 0 is the characteristic Einstein temperature of the
vibration, and d stands for a temperature-independent static
disorder parameter. Using the U;;(T') values of the Inl atoms,
low O values of 26 and 35 K were inferred for Us3 and Uy,
respectively, corresponding to characteristic energies of 2.25
and 3.0 meV, respectively. These values are higher than those
determined in the cagelike compounds KOs,O¢ (22 K or 1.9
meV [46]) and VAlyo,; compounds (down to 8 K or 0.7 meV
in Ga-doped VAljg; [31-33]) but lower than those derived
in type-I clathrates (typical values between 60 and 75 K, or
between 5 and 6.5 meV [22-30]) and for the Cu2 atoms (72
K or 6.2 meV [34]) in tetrahedrites. These low characteristic
temperatures are indicative of the presence of low-energy, dis-
persionless optical modes in InTe. Interestingly, the parameter
d exhibits a high value of 0.14 A, similar to that observed
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FIG. 3. Temperature dependence of the equivalent ADP values 6
U, that characterize the thermal vibrations of the Inl atoms in
the tunnels. For comparison purposes, literature data obtained on 5
the type-I clathrate SrgGa;6Gesg, the pyrochlore KOs, Og, the tetra- o
hedrite Cu;;NiSb,4S;3 and the cagelike compound VAl,(; have been f‘ 41
added (Refs. [51,47,35,32], respectively). In all these compounds, €
the rattling atoms (Sr on the 6d site of the tetrakaidecahedra cages, g 34
K, Cu2 with a quasiplanar coordination and Al on the 8a site of &
the CN16 Frank-Kaspar coordination polyhedra) have been shown 21 e
to experience a complex, multiple-well potential. The solid curves . ] T S SN
are guides to the eye.
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for the off-centered Ba atoms, the fundamental state of which
exhibits a fourfold splitting away from the cage center, in the
largest cages of several type-I clathrates [47-50]. Moreover,
the isotropic Ui, values, calculated as one-third of the trace of
the orthogonalized Uj; tensor, are similar to those measured
in the above-mentioned compounds for which all the rattling
atoms experience a multiple-well potential (Fig. 3). Thus,
both the large d and Ui, values inferred in InTe suggest that
the Inl atoms may also reside in a complex potential. This
characteristic is consistent with calculations of the potential
energy experienced by the Inl atoms suggesting the presence
of a double-well-shaped potential for displacements along the
c axis [13].

C. Low-temperature thermodynamic and transport properties

The low-temperature dependence of the specific heat C,
[Fig. 9(a) in Appendix D] was analyzed according to the rela-
tion C,/T =y + BT? where y is the Sommerfeld coefficient
corresponding to the electronic contribution and BT? is the
phononic contribution. The very small, yet finite, y value of
9.74 x 107> Jmol~' K2, of the same order of magnitude as
that of elemental bismuth [51], indicates a finite density of
states at the Fermi level, in agreement with the semimetallic
nature of InTe suggested by our electronic band structure
calculations (Fig. 10 in Appendix E) and the metalliclike
temperature dependence of the electrical resistivity [Fig. 9(b)]
[13-17]. The B parameter can be related to the Debye tem-
perature 6p by the relation 6y = (127*NR/58)!/3 where N
is the number of atoms per formula unit and R is the gas
constant. The 6p value of 169 K inferred is similar to those

T(K)

FIG. 4. (a) C,/T? as a function of T for single-crystalline InTe
measured down to 0.35 K (blue filled squares). The electronic con-
tribution defined as yT, where y is the Sommerfeld coefficient
responsible for the upturn upon cooling below 1 K, has been sub-
tracted to obtain the lattice contribution to the specific heat Gy,
(orange filled circles). The theoretical temperature dependence of
C,/T? (green solid curve) has been derived for a unit cell pressurized
under 3 GPa. (b) Temperature dependence of the lattice thermal
conductivity of single-crystalline InTe measured along the ¢ axis. In
both panels, the solid curves are guides to the eye.

determined in other chalcogenides such as SnTe (~140 K)
or PbTe (~175 K) and consistent with the value of 200 K
estimated in the study of Zhu et al. [15].

The main intriguing feature that marks the C, of InTe
as distinct among chalcogenide semiconductors is revealed
by the low-temperature data plotted as C,/ T3 versus T
[Fig. 4(a)]. This representation evidences the deviations from
the Debye T3-like temperature dependence, which accounts
only for the contribution of phonons in the acoustic regime.
A large excess specific heat from the Debye contribution is
frequently observed in materials crystallizing with a complex
unit cell [22—-44]. It manifests as a single, broad hump at low
temperatures, commonly attributed to low-energy, nondisper-
sive distribution of optical modes [22—44]. The temperature at
which this excess is maximum corresponds to a characteristic
energy that limits the energy range of the acoustic phonons.
Surprisingly, in the case of InTe, this excess is characterized
by two well-defined humps, the maxima of which are located
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FIG. 5. (a) Low-frequency Raman spectrum of InTe measured at 300 K. The x axis is given in cm™' (bottom) and in meV (top). The
inset shows a magnification of the spectrum for frequencies lower than 130 cm™!. (b) Blue solid lines correspond to the ab initio calculated
dispersions as shown in Fig. 2 along the [100] (I"-M) and [110] (I"-X) directions, respectively. The red squares at the I point show the energies
of the Raman peaks observed in the spectrum (a). The black filled circles give the dispersions of the transverse acoustic phonon as extracted

from our INS measurements.

at 3.5 and 8 K. The comparison of these data with C,,, inferred
from the phonon spectrum calculated for a unit cell pressur-
ized under 3 GPa with no imaginary frequencies, shows that
only the peak observed at 8 K is qualitatively captured while
the lowest peak is not reproduced. Of relevance is the fact
that a similar behavior is observed on the data collected on a
polycrystalline sample (not shown), making this double-peak
structure a robust property of the low-temperature specific
heat of InTe.

The temperature dependence of the lattice thermal con-
ductivity «pn measured in single-crystalline InTe along the
¢ axis is shown in Fig. 4(b). Because of the rather high p
values [Fig. 9(b)], the electronic contribution &k, is small
across the entire temperature range and hence, as a first
approximation, « is nearly equivalent to the lattice con-
tribution «p, [Fig. 9(c)]. The room-temperature value of
1.2 W m~!' K~! is higher than that measured in polycrystalline
samples (0.8 Wm~! K~! perpendicular to the pressing direc-
tion) due to the absence of grain-boundary scattering in single
crystals [13-17]. Upon cooling, kpn(T) smoothly increases
up to about 2Wm~! K~! around 50 K. At this temperature,
a strong upturn in the temperature dependence is observed,
with the «p values rising rapidly down to the lowest tempera-
ture measured where iy &~ 6.5W m~' K~!. The maximum,
that corresponds to the dielectric maximum (often also re-
ferred to as the umklapp peak), is not yet reached at 5 K,
although the slight change in the slope observed near 5 K
suggests that a maximum would probably be attained slightly
below this temperature. The fact that the peak in kpn(T') is
reached at such low temperatures, significantly lower than
in polycrystalline samples (~18 K) [15], attests to the good
quality of our grown single crystal. The presence of such
a well-defined peak indicates that xp,(7') in InTe retains
a crystallinelike behavior, a property shared by most other
chalcogenide compounds despite their inherent anharmonicity
[7,9-12].

D. Inelastic Raman and neutron scattering

We now turn to the low-energy lattice dynamics
of InTe investigated through Raman and inelastic neu-
tron scattering (INS) measurements. From the group-
theoretical analysis, ten Raman-active modes are al-
lowed for the Wyckoff positions (Sh—Tez_, 4a—Int, and
4p—In**) with the irreducible representation A;4(8h) +
B13(8h) + 2B, (8h and 4b) + 3E,(8h, 4b, and 4a) [52]. An
earlier polarization-dependent Raman study on InTe single
crystals revealed the existence of two E, peaks at 46 cm ™!
(5.7 meV) and 139 cm~! (17.2 meV), one Ay peak at 126
cm™! (15.6 meV), and one By, at 86cm™! (10.7 meV) [53].
However, no additional peaks were observed below 46 cm~ L,
The peaks with frequencies higher than 100cm™' and their
assignments were confirmed by a more recent combined ex-
perimental and theoretical Raman study carried out on InTe
powders up to ~19 GPa [54]. The theoretical simulations
show that the A;; mode corresponds to motions involving
only the Te atoms in the basal ab plane containing the
In3T —Te?~ tetrahedral layers. On the other hand, the E; mode
at 139 cm~! is ascribed to the motions of the In** atoms in
the ab plane and Te?~ atoms along the ¢ direction. A repre-
sentative spectrum of our Raman measurements is shown in
Fig. 5(a). The E; and A, peaks are observed with frequencies
that are in agreement with those previously reported: the Eq
peak at 48 cm™! (5.9 meV) and 141 cm™! and the A, peak
at 128 cm~!. Additional peaks, marked by an asterisk (*) in
the spectrum, were observed at energies below 100 cm™!,
as observed in the magnification of the low-frequency range
shown in the inset of Fig. 5(a). In particular, a shoulder near
the E, peak at 46 cm™! appears at an energy of 37 cm™! (4.5
meV). This shoulder can be also seen in the Raman spectrum
reported in Ref. [53] using a geometry optimized for the Ay
symmetry. A direct comparison of our Raman frequencies
with the computed phonon energies is shown in Fig. 5(b) in
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FIG. 6. (a) Inelastic neutron intensity as function of energy recorded at 300 K for a series of energy scans through the transverse acoustic
(TA) dispersion, polarized along the [010] direction (TA%g), at constant wave vectors along the [100] direction labeled from ¢; to g4. (b) Left

010

panel: Dispersion of TA; along [100] and polarized along [010]. The wave vectors g,_4 are indicated. Right panel: TA dispersion along [110]
and polarized along [1-10], TA{I_O'O. Blue solid lines correspond to the ab initio calculated dispersions as shown in Fig. 2 along the [100] (I"-M)
and [110] (I"-X) directions, respectively. The computed energies have been multiplied by a factor 1.12 for phonons propagation along (I"-M)
and 0.9 for those propagating along (I"-X). The error bars of the extracted phonon energies are lower than the size of the symbols used. (c)
Inelastic neutron intensity as a function of energy at a constant wave vector Q = (6, 0.2, 0) [¢; in panels (a) and (b)], which belongs to the TA
dispersion shown in the left panel recorded at 300 K (*), 200 K (A), 150 K (o), 100 K (OJ), 55 K (*), and 4 K (x). Data shown in (a) and (c)

were collected on the spectrometer 1T@LLB.

the full energy range of the Raman spectrum. While some
of the measured peak energies are reproduced, there are still
large differences between experiment and theory due to the
pressurized unit cell used in our calculations.

The INS measurements were performed along two trans-
verse acoustic (TA) phonon branches by means of INS (see
experimental details in Appendix A). Representative energy
cuts through the TA dispersion along the [100] direction in the
conventional basis with the polarization along [010], labeled
as TAYL), collected around the Bragg peak (600) at 300 K are
reported in Fig. 6(a) (see Figs. 11 and 12 in Appendix F for
elastic scans and energy scans at constant wave vectors). TA
phonons propagating along the direction [110] and polarized
[1-10], TA{I’OM), were also investigated around the Bragg peak
(330) (energy cuts are shown in Fig. 13 in Appendix F). Along
both directions, well-defined acoustic phonons are observed
in the whole BZ, the energies of which continuously disperse
up to ~4.1 meV and 3.3 meV for TAJ) and TA{},", respec-
tively [Fig. 6(b)]. Within the Debye regime of the acoustic
dispersion close to the BZ center, the slope corresponds to
the sound velocity, which is equal to 1630 and 1530 m s~ for
TAY) and TA|;°, respectively. The energy widths of the TA
phonons, which correspond to the inverse lifetimes, can be
resolved only near the border of the BZ and is on the order
of 50 neV. The experimental uncertainty in the determination
of the phonon energy width does not allow the extraction
of a reliable energy dependence. Interestingly, the dynamical
structure factor (DSF) of TA phonons remains constant up to
4.5 meV [see inset in Fig. 6(a)].

The measured acoustic dispersions are directly compared
with those simulated by ab initio calculations performed for a
unit-cell volume of 0.88V [see Fig. 6(b)], where Vj is the ini-
tial volume. A good matching between the experimental and

calculated dispersions is achieved by rescaling the energy axis
by a factor of 1.12 and 0.9 along the I'-M and I'-X directions,
respectively. A comparison without these scaling factors is
shown in Fig. 5(b). Although the lower volume of the unit cell
used in the calculations explains the necessity of this scaling,
a fraction of these factors may signal that the description of
the atomic potentials is not entirely satisfying, as reported
in other complex systems [39,55-58]. In this regard, further
self-consistent phonon calculations in which anharmonicity is
included may solve this problem. However, the sound veloci-
ties and the bending of the acoustic branches are nevertheless
well reproduced by our calculations. On the other hand, no
well-defined optical modes are observed experimentally along
the [100] direction while several optical-phonon branches are
observed in the calculated phonon spectrum. Near the border
of the BZ, where acoustic and optical branches hybridize,
no enhancement effect of the optical intensity is captured
by our INS data, in contrast to what has been observed
in other complex systems such as type-I clathrates [39,55—
58] or skutterudites [59]. Along the [110] direction, two
weak peaks can be assigned to optical phonons at the zone
boundary from the comparison with the calculated phonon
dispersions [see left panel in Fig. 6(b)]. Their energies are
close to the lowest Raman peak energy observed in our Raman
measurements.

Energy scans at constant wave vector Q = (6,0.2,0),
which corresponds to a representative TA phonon in the
middle energy range of the TAY) branch, have been
collected at different temperatures between 4 and 300 K
as shown in Fig. 4(c). Within the instrumental resolution (see
Appendix A), no significant anomalous temperature
effect on the TA phonon energy and width is observed.
Furthermore, its maximum intensity follows the ex-
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pected temperature dependence of the detailed balance
factor.

III. DISCUSSION

Our INS study reveals that the physical mechanism gov-
erning the thermal transport in InTe is fundamentally different
compared to its cousin chalcogenides PbTe or SnSe [9-12]. In
PbTe, it results from the proximity of a ferroelectric instability
which manifests as a softening of a transverse-optical branch
at the BZ center [12]. The hybridization of the latter with the
longitudinal-acoustic branch, which extends over a large part
of the BZ, results in a concomitant softening of the acoustic
dispersion and a strong broadening of the phonon energy
width. A similar ferroelectriclike lattice instability has been
evidenced in SnSe that also involves a soft transverse-optical
mode, eventually giving rise to strong lattice anharmonicity
[9,10]. In InTe, the acoustic phonons appear well defined in
the whole BZ without any anomalous broadening of their
energy width. The key observation is that their dispersions are
abruptly interrupted at low energies, which is not concomitant
to an enhancement of an optical branch intensity at higher
energies. From the calculated phonon spectrum, it can be
assumed that the nondispersive optical branches, which are
mostly associated with the Inl dynamics, are responsible for
the cutting off of the acoustic branches at 3.3 and 4.1 meV.
The latter energy is close to the energy of the low E; Raman
peak, while no peaks are detected at lower energy. This is con-
firmed by the double-hump structure observed in the C,/T?,
implying the existence of two large peaks in the vibrational
density of states.

In contrast to the specific heat, which is weighed by the
total number of vibrational modes and thus is dominated
by the optical part of the phonon spectrum, kp, is mostly
dominated by the most dispersive and well-defined states,
i.e., the acoustic phonons [39,55-58]. As they are limited
to an energy much lower than the thermal energy at 300 K
(~25 meV), all acoustic branches are fully occupied. Thus,
their contribution to «p, can be roughly estimated by using
the simplest form of the Boltzmann transport equation for
phonons. Assuming three isotropic acoustic branches, their
contribution to kpy reads as ko = 3Cp vpl = 3CH Vp - —
where CH* = 3R is the Dulong-Petit limit (R is the ideal gas
constant) and HWHM is half width at half maximum. Using
an average sound velocity vp = 1580ms~! and Tpwam =
50 peV inferred from the fits, this simple relation yields k,. =
1.7W m~' K~!, which is close to the room-temperature value
of 1.2W m~! K~! measured experimentally. Regardless of its
exact origin, the restriction of the acoustic branches at low
energy contributes to lower «p, to the measured values. On
the other hand, the presence of bands of optical branches with
almost no dispersion, which implies a high density of states, is
known to provide a large momentum- and energy-conserving
phase space for three-phonon scattering processes involving
the acoustic modes, as demonstrated in type-I clathrates and
several Tl-containing compounds [39,55-58,60,61]. The cal-
culation of the cubic anharmonicity including the phonon
energy renormalization due the quartic anharmonic terms is
necessary to determine properly «pn (') [62,63].

It is interesting to discuss the origin of the optical-acoustic
hybridization in InTe in comparison with other known mech-
anisms observed in compounds crystallizing with a complex
crystal structure that gives rise to low «p,. The fact that the
low-lying optical branches could not be detected by INS is
related to either the weakness of their coherent dynamical
structure factor, which is the case of pure Einstein or rattling
vibrations (localized and uncoupled harmonic oscillators), an
inherent strong disorder, or a combination of these two effects.
The global phonon spectrum of InTe mirrors those observed in
strongly disordered compounds such as cubic zirconia ZrO,,
in which the optical modes are hardly observed by INS, which
is assumed to result from the broadening of their energies due
to static disorder [18,19,64,65]. On the other hand, the micro-
scopic mechanism in InTe presents some similarities with that
responsible for the low «p, values in complex materials such
as type-I clathrates [39,55-58]. The heat conduction in these
cagelike compounds is also conveyed by well-defined acoustic
phonons, which exist only in a limited energy range, bordered
by a continuum of nondispersive, optical-phonon branches
mostly related to the dynamics of loosely bound cations
entrapped in the covalent Ge or Si cages [39,55-58]. In the re-
gion of the BZ where the optical-acoustic phonons hybridize,
the propagative nature of the acoustic modes disappears as
they disperse towards the border of the BZ. Experimentally,
this mechanism manifests as an abrupt decrease in their dy-
namical structure factor while, theoretically, it results in a
very low phonon participation ratio (<~0.1), reflecting the
fact that, contrary to an acoustic mode where all atoms move
coherently, the acoustic-optical hybrid modes involve only
a small fraction of atoms within the unit cell [39,55-58].
This has been interpreted as a signature of either phonon
localization [66—68] or phonon confinement [39,55] and is
responsible for a transition from propagative to diffusive heat
transport. Of note, the acoustic-optical hybrid modes in type-I
clathrates are coherent and are seen as well-defined peaks by
INS with a clear coherent dynamical structure factor. In InTe,
a striking difference is that the acoustic dynamical structure
factor remains constant in the whole BZ [see inset of Fig. 4(a)]
and no effect associated with an acoustic-to-optical spectral
weight transfer is observed so that acoustic phonons remain
highly propagative. Acoustic phonons with similar highly
propagative character have been recently reported by INS in
the complex crystalline phase of the quasicrystal approximant
0-Al;3Co4 [69]. The high-resolution neutron measurements
performed in this study revealed that the acoustic-phonon
lifetime is temperature independent and dominated by defect
scattering, which has been reproduced by molecular dynamics
performed on a slightly disordered supercell including a few
percent of Al vacancies. This defect-containing model could
also reproduce the low value as well as the smooth tempera-
ture dependence of «py (T'). Thus, the low «p, in 0-Al;3Coy4 has
been interpreted in terms of a combined effect of the structural
complexity and the existence of a minute concentration of
defects. In InTe, the lack of optical modes in the INS spectra
might be a signature of a local disorder, which would indeed
lead to a broadening of the optical branches, reducing their
structure factor so that they are too weak to be observed by
inelastic neutron spectroscopy. However, these modes clearly
affect the low-temperature specific heat.
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This disordered nature of InTe captured by our INS mea-
surements naturally raises the question of its structural origin.
A first possibility is related to the Inl atoms residing in
the tunnels that may not be strictly located on their site but
slightly away, similar to the off-centering of the Eu, Sr, or
Ba cations in the tetrakaidecahedra in the type-I clathrates
(Eu, Sr, Ba)gGa4Ges;p [22,26,48-50,70,71]. Both recent cal-
culations [13] and our single-crystal x-ray-diffraction data
are consistent with a double-well-shaped potential. This crys-
tallographic characteristic, reminiscent of that observed in
tetrahedrites [72,73], may explain the similarities of the lat-
tice dynamics between InTe and these type-I clathrates for
which the incoherent occupancy of the off-centering levels
experienced by the encaged cations is responsible for a local
disorder, i.e., a distribution of elastic constants, that broadens
the acoustic branches [71,74]. Although refinements of our
single-crystal x-ray-diffraction data considering a split of the
In1 site were unsuccessful, additional diffraction experiments
probing local disorder would be worthwhile to further explore
this hypothesis. Another possibility may be related to the pres-
ence of defects in InTe, a characteristic common to most of
thermoelectric chalcogenides [1,2,6,7]. Previous studies have
highlighted the possible presence of either In or Te vacancies
[13-17], which may induce randomly distributed local static
deformations in the environment of the In atoms and of the
octahedra chains. The low value of the Sommerfeld coefficient
measured in our single crystal shows that the Fermi level
crosses the top of the valence bands, which may be ascribed
to the presence of a small concentration of defects. Assum-
ing that In vacancies are the main defects in InTe, the hole
concentration measured by Hall effect in our single crystal
(7.5 x 10" cm™3 at 300 K) would correspond to a vacancy
concentration on the order of only 0.2%, a value similar to
that observed in the binary SnTe, for which Sn vacancies are
always present [75,76], with their concentration depending on
the synthesis conditions used [77]. Such defects should give
rise to a typical g* dependence of the acoustic-phonon energy
width, which has not been resolved in the present experiments
because of the limitation of the inelastic neutron and x-ray
techniques for measurements of the intrinsic phonon energy
width in the whole BZ, i.e., the phonon lifetime [78]. Further
neutron resonant spin-echo measurements will be required to
determine the ¢ dependence of the acoustic-phonon lifetime.

Regardless of the exact origin of this disordered character,
the induced broadening of the optical modes does affect the
low-temperature thermodynamic properties, as shown by the
peculiar two-peak-structure characterizing the C,/T* data. In
a prior study [15], C,(T) has been analyzed using a com-
bination of Debye-like and Einstein-like contributions, with
the latter describing the low-energy features in the PDOS
evidenced by lattice-dynamics calculations. From the phonon
spectrum, C,(7') may be simply decomposed into a sum of a
Debye component accounting for three acoustic modes and
two Einstein contributions Cgy, so that C, = Cp + Cg1 +
Cga, with Cg;, qualitatively accounting for the two broad
humps. The nature of these contributions cannot be strictly
associated to well-defined, low-lying, and nondispersive opti-
cal modes as in cagelike materials or in some thermoelectric
minerals (Refs. [22-38]) due to their absence in our INS data.
Nevertheless, one can assume the existence of two broad dis-

tributions of nondispersive vibrational modes in energy, which
should be mostly localized, as the coherent INS structure
factor has to be small. Within these assumptions, the C,(T)
data were modeled by the relation
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where Cp is the lattice contribution within the Debye model,
Cg; is the Einstein contribution of the i th vibrational mode
of the rattling atoms, x = hiw/kgT with 7 the reduced Planck
constant and kg is the Boltzmann constant, Np is the number
of Debye oscillators per formula unit, and p;Ng; and Og; are
the spectral weight and Einstein temperature related to the i
th vibrational mode, respectively. Considering 6p, Np, p1Ng1,
0r1, p2NE2, and 6g, as free parameters, the best fit to the data
yields 6p = 148 K, Np = 1.46, p|Ng; = 0.039, 6, = 15.1
K, paNg> = 0.99, and 0, = 45.9 K. As shown in Fig. 7, this
model does not satisfactorily capture the plateau below 1 K as
well as the magnitude and width of the two peaks at 3.5 and
8 K. The Einstein temperatures 0g; and g, obtained from
the fit of the C, data with this simple model corresponds to
energies of 1.30 and 3.95 meV, respectively. While g, corre-
sponds well with the energy at which the TA dispersions are
cut, further INS measurements would be needed to possibly
link 6g, to the upper energy limit for acoustic phonons prop-
agating along the ¢ axis. Finally, both Einstein temperatures
differ from those inferred from the U;(T) values of the Inl
atoms (26 and 35 K for Us; and Uy, respectively), suggesting
that the harmonic approximation from which Eq. (1) is de-
rived may not correctly describe the temperature dependence
of U;(T). As highlighted in the cagelike compound VAljg
[31-33], more complex, multiple-well potentials can also re-
sult in a quasilinear, harmoniclike temperature dependence
of the Uj; values, providing another hint that the potential

N
T

C,/ T* (x10° Jmok K4)

N

10" 100 10° 102 10°
T(K)

FIG. 7. Fit of the specific-heat data of single-crystalline InTe
plotted as C,/T? vs T in log scale. The orange solid curve stands
for the best fit to the data according to Eq. (2).
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experienced by the Inl atoms in InTe also belongs to this
category. In such a case, the lowest peak in the C,/T° data
might correspond to a Schottky-like anomaly related to the
dynamical disorder of the In* cations [31-33].

IV. SUMMARY AND CONCLUSION

The low-energy phonon spectrum of InTe, probed by
inelastic neutron scattering and low-frequency Raman spec-
troscopy on a Bridgman-grown single crystal, exhibits well-
defined transverse-acoustic modes, which disperse over the
whole Brillouin zone while keeping their acoustic charac-
ter and their resolution-limited energy width. Their energy
dispersion is constrained at 4.1 and 3.3 meV for the modes
propagating along the [100] and [110] directions, respectively.
These energies correspond to the DFT calculated energies of
the dispersionless bands of optical-phonon branches mostly
weighted by the Inl motions. If the cutoff at 4.1 meV is close
to the lowest peak energy observed in the Raman spectrum,
no Raman signal has been detected at lower energy. While
they were not detected by INS, these distributions of optical
modes are found to be responsible for a broad, double-peak
structure in the low-temperature specific heat. These charac-
teristics explains the low lattice thermal conductivity values
measured at 300 K, which nevertheless retain a crystallinelike
behavior at low temperatures, as shown by a well-defined
dielectric maximum, likely reached slightly below 5 K. Owing
to the distinct physical picture emerging from these results,
InTe clearly warrants further theoretical and experimental in-
vestigations. In particular, pinpointing the structural origin of
the local disorder, which is assumed to be at the origin of the
unresolved optical modes by INS, will be of interest.
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APPENDIX A: EXPERIMENTAL AND
COMPUTATIONAL DETAILS

A high-quality single crystal of InTe was grown by a verti-
cal Bridgman technique using a polycrystalline ingot prepared
from direct reaction of stoichiometric amounts of elemental In
shots (99.999%) and Te powders (99.999%). To this end, both
In and Te were introduced in an evacuated, sealed silica tube.
The tube was placed in a rocking furnace and heated at 1023
K, that is, above the melting point of InTe according to the
In-Te binary phase diagram. This temperature was maintained
during 2 h and was eventually quenched in room-temperature
water. The obtained ingot (15 cm long and 15 mm in diam-
eter) was subsequently inserted into a long silica tube with a
carefully designed V-shaped end to favor seed selection and
growth. The sealed silica tube was then placed in a vertical
two-zone furnace in which the first zone was kept constant at

1000 K while the electrical power of the second zone was kept
off to let the crystallization process occur at a natural cooling
rate. The tube was vertically lowered through the furnace at a
constant speed of 0.35 mm per hour with a gradient of around
15K cm™~!. After completion of the process (30 days), the tube
was furnace-cooled to room temperature. The as-grown ingot
was single crystalline from few mm above the tip and over a
length of approximately 11 cm.

The crystal structure and single-crystalline nature of the in-
got were verified by a combination of powder x-ray diffraction
(PXRD), single-crystal x-ray diffraction (SXRD), and Laue
diffraction. Powder x-ray diffraction was performed at 300 K
using a Bruker D8 Advance diffractometer with Cu — Ko
radiation (A = 1.54056 A). Single-crystal x-ray diffraction
was carried out at 300 and 80 K using a Bruker APEX-II
diffractometer equipped with a charge-coupled device de-
tector using Mo-Ka radiation (A = 0.71073 A). PXRD and
SXRD evidenced the absence of secondary phases and the
single-crystalline nature of the ingot. The structure solution
was determined by direct methods and refined by full-matrix
least-squares techniques with the Sir97 and SHELX-2013 soft-
ware, respectively, implemented through the WINGX program
package [79]. Refinements against the SXRD data using the
collected at 300 K confirmed that InTe crystallizes with a
tetragonal structure described in the space group I4/mcm
with lattice parameters a = 8.4380 A and ¢ = 7.1413 A, in
good agreement with the literature data [13—17]. The low-
temperature data were also successfully refined down to 80
K in the space group I4/mcm. Attempts at considering other
lower-symmetry space groups did not improve the structural
model, assessed through the reliability factors. Details of the
structural refinements and the refined crystallographic param-
eters are listed in Tables I, II, ITI, IV and V in Appendix B. The
density of the crystal pieces was determined to be 6.23 gcm ™3
indicating that the single crystal was fully dense with a relative
density of over ~99%.

The orientation of the crystal was determined using a
three-axis goniometric head by Laue diffraction. These ex-
periments revealed the presence of several grains in the ingot
from which large single-domain crystals could be selected and
subsequently cut for transport properties measurements. Of
note, single-crystalline pieces could be easily cleaved along
the plane (110), that is, parallel to the ¢ axis of the tetragonal
crystal structure.

For transport properties measurements, a single-crystalline
bar-shaped sample with dimensions 8 x 2 x 2 mm [3] was
cut perpendicular to the cleavage plane, that is, along the
(110) direction. Because of the brittleness of the crystal
due to its strong tendency to cleave parallel to the c¢ axis,
it was not possible to obtain a sample long enough for
low-temperature measurements along the ¢ axis. Electrical
resistivity, thermopower, and thermal conductivity were mea-
sured simultaneously using the thermal transport option of
a physical property measurement system (PPMS, Quantum
Design) between 300 and 5 K. The electrical and thermal
contacts were made by soldering four copper bars with a
low-melting-point braze. The experimental uncertainty in the
measurements of these three transport coefficients is estimated
to be 5% for each. Specific-heat measurement was performed
between 2 and 300 K under zero magnetic field using the
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“He specific-heat option of the PPMS. For this measurement,
a small cleaved piece of approximately 20 mg was glued
onto the sample holder using a minute amount of Apiezon N
grease. Additional measurements between 2 and 0.35 K were
carried out using the *He specific-heat option of the PPMS.

Inelastic neutron scattering (INS) measurements were per-
formed on the triple-axis spectrometer 1T at the Laboratoire
Léon Brillouin (LLB) in Saclay (France). All measurements
were carried out with a final neutron wave vector of ky =
2.662A°" (E r =147 meV). A focusing pyrolytic graphite
(PG) (002) monochromator and analyzer were used, with
a PG filter inserted into the scattered beam in order to
eliminate higher-order contamination. A small piece of single-
crystalline InTe was mounted on the cold finger of a 4-K-Janis
closed-cycle cryostat. The sample size (0.5 x 0.5mm? and
1.5 mm for in- and out-of-the scattering plane, respectively)
was defined to optimize the neutron transmission for energy
transfers of few meV and by considering the strong absorption
cross section of elemental In. The sample was aligned in the
scattering plane [100,010] such that wave vectors of the form
0= 27”(}1, k, 0) (with a lattice parameter a = 8.4380 A) were
accessible. Elastic scans through the main intense Bragg peaks
in the scattering plane are reported in Appendix F. The good
crystalline quality of the single crystal is highlighted by its
mosaicity found to be below the instrumental resolution, that
is, below 0.1 °.

Low-frequency Raman spectroscopy experiments were
carried out at room temperature using a LabRAMHR spec-
trometer (HORIBA Jobin Yvon) operating with an excitation
laser line at 532 nm. The signal was collected in backscat-
tering geometry with a long-working distance objective
(50 x magnification). The scattered light was dispersed by
1800 grooves/mm and inelastic signal can be detected down
to about 8 cm ™.

DFT calculations were conducted using the projector aug-
mented wave (PAW) method, implemented in the Vienna
ab initio Simulation Package (VASP) [80]. Several exchange

correlation functionals (LDA, GGA-PBE, PBE-sol) have been
tested to estimate correctly atomic forces in order to remove
imaginary frequencies in the relaxed cell. Since none of them
have been able to, we have chosen to only present results
described by the generalized gradient approximation modified
by Perdew, Burke, and Ernzerhof (GGA-PBE) [81]. A plane-
wave basis set with a cutoff energy £ = 600 eV was used
in all calculations. A high-density k-point meshing was em-
ployed for Brillouin-zone integrations (15 x 15 x 17). These
parameters ensured good convergence for the total energy.
The convergence tolerance for the calculations was selected
as a difference of the total energy within 10~%eV. Upon per-
forming volume and ionic relaxation steps, Blochl correction
was applied in a final step calculation [82]. Phonon-dispersion
bands, phonon density of states (PDOS), and vibrational free
energy at 7 > 0 K were obtained by computing the atomic
forces for different, finite atomic displacements, and a sub-
sequent calculation and integration over the corresponding
phonon frequencies, within the harmonic approximation, i.e.,
without any volume dependence, using the PHONOPY code
[83]. The phonon calculations were carried out withina 3 x 3
x 3 of the primitive cell, i.e., using a supercell of 216 atoms
with five atomic nonequivalent displacements. Specific-heat
calculations within the quasiharmonic approximation were
realized by computing the free energy G(7T, p) as a function
of volume V, from a sequence of harmonic phonon calcula-
tions, and by calculating an equation of state fitted at each
temperature. More details about this method can be found in
Ref. [84]. The specific heat C,, was then computed from the

92G(T.p)
T

equation C,(T, p) =
APPENDIX B: CRYSTALLOGRAPHIC DATA
COLLECTED AT 300 AND 80 K

The main crystallographic parameters of InTe obtained at
300 and 80 K and details of the structural refinements are
given in Table I. The atomic coordinates and isotropic thermal

TABLE I. Crystal data and structure refinements of single-crystalline InTe at 300 and 80 K.

Temperature (K) 300 K 80 K
Molar mass (g mol~!) 242.42 242.42
Symmetry tetragonal tetragonal
Space group 14/mcm 14/mcm
a(A) 8.438 (1) 8.345 (3)
c(A) 7.141 (1) 7.107 (3)
V(A%) 508.46 (2) 498.50 (2)
VA 8 8
Peatc(gem™) 6.33 6.46
26 range (°) 1.60-98.23 1.64-72.89
Radiation (A) Mo-Ka; A = 0.71073 MoKa; A = 0.71073
Absorption coefficient (mm™') 20.12 20.53
Index range —15<h<<17 —11<hg 14
—17<k<17 —12<k<12
—15<1<15 —-11 <111
Data/restraints/parameters 9274/0/717 4486/0/349
R indices [F, > 40 (F,)] R1 =0.0255 R1 =0.0542
wR2 = 0.0431 wR2 = 0.1082
Goodness of fit on F? 2.041 2.436
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TABLEII. Atomic coordinates and equivalent isotropic displace-
ment parameters (A2) for single-crystalline InTe at 300 K. Uy is
defined as one-third of the trace of the orthogonalized Uj; tensor.

TABLE IV. Atomic coordinates and equivalent isotropic dis-
placement parameters (A?) for single-crystalline InTe at 80 K. Ueq
is defined as one-third of the trace of the orthogonalized Uj; tensor.

Atom X y z Uy

Inl 0 0 0.25 0.0539(2)
In2 0 0.5 0.25 0.0177(1)
Te 0.18223(2) —0.31777(2) 0 0.0167(1)

displacement parameters as well as the anisotropic thermal
displacement parameters inferred at 300 K are listed in Ta-
bles II and III, respectively. The same parameters determined
at 80 K are gathered in Tables IV and V, respectively.

APPENDIX C: CALCULATION OF THE SPECIFIC HEAT
WITHIN THE QUASIHARMONIC APPROXIMATION

As explained in the main text, phonon calculations us-
ing the experimental parameters [model (i)] and using the
DFT relaxed cells [model (ii)] exhibit imaginary frequen-
cies. Thus, we have chosen only model (iii) (by compressing
the unit-cell volume to 88%) to estimate the specific heat
[Fig. 8(a)]. However, the estimation of C,, within the quasihar-
monic approximation requires to perform phonon calculations
within the harmonic approximation using different volumes
(including c/a ratio and internal parameters optimization for
each volume) and to minimize the free energy as a func-
tion of temperature and volume. Since a highly pressurized
cell (13 GPa, V = 0.73V where Vj is the initial volume) is
still mechanically stable, the extrapolation of the curvature
of the Helmbholtz energies, obtained only from mechanically
stable calculations, was shifted towards a volume of 0.88V to
estimate C, [Fig. 8(b)]. Considering this approximation, the
results should be taken with some care for high temperatures
but are nevertheless reasonable below room temperature.

APPENDIX D: SPECIFIC HEAT, ELECTRICAL
RESISTIVITY, AND TOTAL THERMAL CONDUCTIVITY

The temperature dependences of the specific heat, elec-
trical resistivity and total thermal conductivity for single-
crystalline InTe are shown in Figs. 9(a), 9(b) and 9(c),
respectively.

TABLE III. Anisotropic thermal displacement parameters (A2)
for single-crystalline InTe at 300 K. By symmetry, Ups, Ui,, and U3
are equal to zero for Inl and In2 atoms.

Atom X y b4 Uy

Inl 0 0 0.25 0.0245(5)
In2 0 0.5 0.25 0.0071(4)
Te 0.18351(9) —0.31649(9) 0 0.0070(3)

APPENDIX E: BRILLOUIN ZONE AND ELECTRONIC
BAND STRUCTURE OF InTe

The electronic dispersion curves along high symmetry di-
rections, shown in Figs. 10(a) and 10(b), have been calculated
using a compressed unit cell and the experimental lattice pa-
rameters, respectively.

APPENDIX F: ADDITIONAL INELASTIC
NEUTRON-SCATTERING DATA

Transverse-acoustic phonons have been measured around
the Bragg peaks (600) and (330). Elastic scans through these
Bragg peaks performed along transverse directions in the re-
ciprocal space, i.e., along the [010] and [—110] directions,
respectively, are shown in Fig. 11. In this geometry, the ob-
served widths of the Bragg peaks are mostly determined by
the instrumental resolution and the crystal mosaicity. The fits
of both intensity profiles give an intrinsic crystal mosaicity of
0.23°.

Figure 12 shows the energy scans taken on the three-axis
spectrometer I T@LLB around the strong Bragg peak (600)
along the [010] direction so that it corresponds to transverse-
acoustic phonons propagating along the [010] direction with
the polarization along [100]. Figure 13 shows the energy
scans around the strong Bragg peak (330) along the [—110]
direction, corresponding to transverse-acoustic phonons prop-
agating along the [—110] direction polarized along [110]. The
procedure used to extract properly the intrinsic phonon energy
width, energy position, and dynamical structure factor, or
normalized from the convolution with the four-dimensionnal
INS instrumental resolution, has been reported in our previous
studies (Refs. [57,78]). The black solid lines in Fig. 12 are fits,
which include the convolution between a model cross section
(here, the damped harmonic oscillator for the acoustic-phonon
mode and a Dirac contribution for the incoherent intensity)
with the spectrometer resolution. It allows us to take into ac-

TABLE V. Anisotropic thermal displacement parameters (A2) for
single-crystalline InTe at 80 K. By symmetry, U3, U}, and U3 are
equal to zero for Inl and In2 atoms.

Atom Un Uxn Uss Un Atom Un Uy Us; Un
Inl 0.0424(3) 0.0424(5) 0.0770(6) 0 Inl 0.0194(8) 0.0194(8) 0.035(1) 0
In2 0.0214(1) 0.0214(1) 0.0103(1) 0 In2 0.0097(6) 0.0097(6) 0.020(5) 0
Te 0.0172(1) 0.0172(1) 0.0156(1) —0.0025(1) Te 0.0089(4) 0.0089(4) 0.003(3) —0.0010(4)
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FIG. 8. (a) Phonon-dispersion curves of InTe calculated for several pressurized unit cells: models (i) from experimental parameters, (ii)
from DFT relaxed structure, (iii) under 3 GPa, and (iv) under 13 GPa. (b) Isothermal free-energy curves as a function of volume (blue dots
and curves) and behavior of the free-energy minimum as a function of volume (red dots and curves). The curves calculated for the volume of
0.73Vp have been shifted towards a volume of 0.88V; used to calculate the phonon-dispersion curves and phonon density of states shown in

the main text.

count the local curvature of the phonon branch over the range
of the instrumental resolution, i.e., the fact that the energy
resolution for an acoustic-phonon mode is not independent of
its slope. The blue dotted lines show the contribution of the
acoustic phonon only. Of note, only this method allows for a
reliable extraction of the characteristics of phonons from INS
data. Considering this convolution, variations in the observed

width of the acoustic phonons as a function of the wave vector
are fully reproduced by the convolution effect and the local
curvature of the phonon branch so that no additional intrinsic
energy width can be resolved. To exemplify the effect of an
intrinsic energy width, some of the fits have been repeated by
constraining the phonon energy width to 500 weV [red dotted
lines in Figs. 12(c) and 12(e) and Fig. 13(b)].
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FIG. 9. (a) Comparison of the experimental and theoretical tem-
perature dependencies of the specific heat C, of InTe. The horizontal
solid green line represents the Dulong-Petit limit of 3NR where N is
the number of atoms per formula unit and R is the ideal gas constant.
(b) Temperature dependence of the electrical resistivity p measured
along the ¢ axis. (c) Comparison of the temperature dependence of
the total and lattice thermal conductivities «k and «pp, respectively,
measured along the ¢ axis. The Lorenz number L used to calculate
the electronic contribution k, = LT /p has been calculated using a
single-parabolic band model.
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