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b-As2Te3†
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C. Candolfia and B. Lenoir*a

b-As2Te3 belongs to the prominent family of Bi2Te3-based materials, which show excellent thermoelectric

properties near room temperature. In this study, we report a joint theoretical and experimental investigation

of its electronic and thermal properties at low temperatures (5–300 K). These results are complemented by

specific heat measurements (1.8–300 K) that provide further experimental evidence of the first order lattice

distortion undergone by b-As2Te3 near 190 K. Data taken on cooling and heating across this transition show

that the lattice distortion has little influence on the electronic properties and further evidence a weak

hysteretic behavior. Although first-principles calculations predict a semiconducting ground state, these

measurements show that b-As2Te3 behaves as a degenerate p-type semiconductor with a high carrier

concentration of 1020 cm�3 at 300 K likely due to intrinsic defects. Calculations of the vibrational

properties indicate that the extremely low lattice thermal conductivity values (0.8 W m�1 K�1 at 300 K)

mainly originate from low-energy Te optical modes that limit the energy window of the acoustic

branches. This limited ability to transport heat combined with a relatively large band gap suggest that

high thermoelectric efficiency could be achieved in this compound when appropriately doped.
Introduction

Thermoelectric materials, that directly convert either heat into
electricity or electricity into a thermal gradient, are used in
solid-state devices that enable waste-heat harvesting or power-
ing of deep space probes and rovers.1,2 The efficiency of a ther-
moelectric device, should it be used as a generator or solid-state
cooler, is governed by the dimensionless gure of merit ZT
dened at the operating temperature T as ZT ¼ a2 T/r(ke + kL).1

High thermoelectric performances require the design of high-
ZT materials in which a ne balance between the thermopower
a, the electrical resistivity r and the electronic and lattice
thermal conductivities ke and kL, respectively, must be achieved.
Among frequently used strategies for optimizing the thermo-
electric properties, the search for materials that are poor
thermal conductors proved to be a fruitful way of research. This
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approach led to the identication of many families of
compounds, such as Zintl phases,3–7 cluster compounds,8–10

chalcogenides,11–16 or natural minerals,17–22 that all exhibit the
desirable features of good thermoelectric materials: a complex
crystal structure to limit the heat conduction combined with
semiconducting-like electronic properties that can be engi-
neered through doping.

Despite strong efforts devoted to the search for materials
able to operate at ambient temperature, the semiconducting
(Bi,Sb)2X3-based alloys (X ¼ Se, Te) still remain to date the most
prominent class of thermoelectric materials for room-
temperature thermoelectric applications.1,2 These compounds
crystallize in a rhombohedral unit cell leading to isotropic
transport properties in both single-crystalline and in some
polycrystalline samples depending on the synthesis process. A
large number of substituting elements can be used to alter their
transport properties resulting in a wide variety of physical
phenomena,23,24 in addition to their Dirac-like conducting
surface states classifying these compounds as 3D topological
insulators.25–27

Recently, our initial investigation on the high-temperature
thermoelectric properties of a new member of this family,
namely b-As2Te3, evidenced extremely low lattice thermal
conductivity approaching the amorphous limit (0.5 W m�1 K�1

at 423 K).28 This property, combined with enhanced power
factors due to Sn doping, resulted in a peak ZT of 0.65 at 423 K.
This journal is © The Royal Society of Chemistry 2016

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra01770c&domain=pdf&date_stamp=2016-05-27
http://dx.doi.org/10.1039/C6RA01770C
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA006057


Fig. 1 Comparison of the rhombohedral (R3�m) crystal structure (panel a) and the monoclinic (P21/m) crystal structure (panel b) of the b and
b0 phases, respectively. Besides a slight distortion of the unit cell, a fourfold modulation of the atomic positions longitudinal and transverse to the
b axis is observed in the b0 phase. Both structures were drawn by using the experimental data obtained in ref. 29.
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Further, joint laboratory X-ray and neutron diffraction experi-
ments carried out on b-As2Te3 revealed a reversible rst-order
phase transition to a distorted monoclinic phase (space group
P21/m) upon cooling below 210 K.29 Another consequence of this
subtle structural transition from the b phase to the new b0 phase
is a fourfold modulation of the atomic positions along the b axis
(Fig. 1). This structural instability was backed up by rst-
principles calculations of the formation energies indicating
that the b0 phase is more stable than the b polymorph at 0 K.29

Yet, the low-temperature physical properties of b-As2Te3 as well
as the inuence of the lattice distortion on the transport remain
so far unexplored.

Herein, we provide a detailed investigation of the transport
and thermodynamic properties of b-As2Te3 below 300 K.
Because rst-principle calculations are essential for modeling
the transport and for guiding future efforts to improve the
thermoelectric properties of this material, our experimental
ndings are complemented by calculations of the electronic
and phonon densities of states and dispersion curves of both
the b and b0 phases, which are discussed in light of prior
theoretical studies carried out on b-As2Te3.
Experimental and computational
details
Electronic band structure and phonon calculations

Density functional theory (DFT) calculations were performed
using the projector augmented wave method (PAW),30 imple-
mented in the Vienna Ab initio Simulation Package (VASP) code
under the generalized gradient approximation (GGA) using the
Perdew–Burke–Ernzerhof (PBE) exchange-correlation func-
tional.31–33 A dense grid of k-points in the irreducible wedge of
the Brillouin zone was considered together with cut-off energy
for the pseudo-potentials set to 800 eV. The electronic densities
of states (DOS) were obtained using the linear tetrahedron
method with Blöchl corrections done on the relaxed struc-
tures.30 The results of the relaxed crystallographic parameters
This journal is © The Royal Society of Chemistry 2016
and heat of formation of the polymorphic As2Te3 phases were
already discussed in our prior study.29 The results indicated that
the a-phase is the most stable structure, while the b0-phase was
predicted to be more stable than the b-phase, in agreement with
our experimental ndings. For sake of completeness, we
present the calculations performed on the a-phase in the ESI
le.†

Phonon calculations were performed by a supercell
approach with the nite displacement method within both the
harmonic (HA) and quasi-harmonic approximation (QHA) using
the Phonopy code.34–36 Details concerning the unit cells con-
taining from 60 to 80 atoms, which have been considered, are
summarized in Table 1.
Synthesis, structural and chemical characterizations

b-As2Te3 was synthesized by direct melting of stoichiometric
quantities of high purity elements (99.99% As and 99.999% Te)
in powder form in sealed evacuated quartz tubes.28,29 Prior to
use, elemental As powder was puried in sealed quartz tubes at
558 K for 2 h in order to eliminate oxide traces. The tube was
heated at 923 K at 10 K h�1, held at this temperature for 2 h and
nally quenched in room-temperature water. The resulting
ingot was ground into ne powders, which were subsequently
consolidated at room temperature under 750 MPa of pressure.
Crystal structure and phase purity were veried by powder X-ray
diffraction (PXRD) and scanning electron microscopy (SEM).
Both experiments conrmed the successful synthesis of
a phase-pure sample of b-As2Te3 (Fig. S1 in ESI†). The room-
temperature lattice parameters are a ¼ 4.0463(5) Å and c ¼
29.505(3) Å, in good agreement with those determined in ref. 29.
Transport and thermodynamic properties measurements

Low-temperature electrical resistivity, thermopower and
thermal conductivity were measured simultaneously using the
thermal transport option of a physical property measurement
system (PPMS, Quantum Design) upon cooling (300–5 K) and
heating (5–300 K). To probe the anisotropy in the transport
RSC Adv., 2016, 6, 52048–52057 | 52049
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Table 1 Crystallographic parameters, electronic band gap, phonon supercell details and heats of formation (gross and ZPE corrected) of the
polymorphic As2Te3 phases obtained after the full DFT relaxation. For sake of completeness, the parameters of the a phase are also added. The
experimental data obtained at 300 K on the a and b phase in ref. 29 are mentioned in parenthesis. The crystallographic data of the b0 phase (ref.
29) were determined at 20 K. When available, the experimental band gap is also mentioned

a C2/m (12) b R�3m (166) b0 P21/m (11) b0 C2/m (12)

a (Å) 14.962 (14.337) 4.102 (4.047) 7.087 (6.99) 7.088
b (Å) 4.071 (4.015) — 16.366 (16.24) 4.092
c (Å) 10.130 (9.887) 29.745 (29.498) 10.475 (10.25) 10.463
b (�) 95.579 (95.06) — 103.016 (103.4) 103.044
Volume (Å3 atom�1) 30.701 (28.456) 28.893 (27.893) 29.592 (28.297) 29.560
Theoretical band gap (eV) 0.46 0.30 0.39 0.39
Experimental band gap (eV) 0.43 (ref. 42) — — —
Phonon supercell 2 � 2 � 2 (80 at) 2 � 2 � 1 (60 at) 1 � 1 � 1 (80 at) 2 � 2 � 2 (80 at)
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properties, bar-shaped samples of well-dened geometry (�2.5
� 3 � 8 mm3) were cut in the consolidated ingots both parallel
and perpendicular to the pressing direction with a diamond-
wire saw. To ensure good electrical and thermal contacts, four
copper tabs were soldered with a low melting point braze. The
temperature gradient was established by applying heat at one
end of the specimen while holding the other end at a constant
temperature by maintaining a good thermal contact to a heat
sink. Calibrated cernox thermometers were attached to the
sample between 2.5 and 3.5 mm apart. The temperature
difference was monitored to amount to 2% of the temperature
at which the measurement was done. The voltage and temper-
ature difference were measured at the same positions along the
sample. The data collected were corrected for thermal radia-
tions by a model implemented in the TTO option soware by
Quantum Design that uses an accurate estimate of the bath
temperature around the sample.

The Hall resistivity was determined from measurements of
the transverse electrical resistivity rxy under magnetic elds m0H
ranging between�1 and +1 T. The data were corrected for slight
misalignment of the contacts by applying the formula rH ¼
[rxy(m0H) � rxy(�m0H)]/2. The Hall coefficient RH was deter-
mined from the slope of the rH(m0H) data in the limit m0H / 0.
The Hall carrier concentration p andmobility mH were estimated
within a single-band model with a Hall factor rH equal to 1 that
yields the relations p ¼ rH/RHe ¼ 1/RHe and mH ¼ RH/r. Specic
heat measurements were carried out on cooling and heating
between 1.8 and 300 K using the dedicated option of the PPMS.
A sample of approximately 20 mg was glued on the sample
holder with a tiny amount of Apiezon N grease. The experi-
mental uncertainty on the transport, Hall effect and specic
heat measurements is estimated to be 5%, 5% and 3%,
respectively.
Results and discussion
Electronic band structure

Fig. 2a shows the electronic band structure and the integrated
density of states (DOS) of the b0-As2Te3 phase calculated in the
P21/m symmetry. Because of the strong similarities between the
crystal structure of the b0 and b phases, the electronic properties
are very similar. The electronic structure of the b polymorph, in
52050 | RSC Adv., 2016, 6, 52048–52057
agreement with those reported in prior studies, shares simi-
larities with that of Bi2Te3, notably the presence of six-fold
degenerate band edges.37 In the b0 phase, the low-energy
dispersive bands located between �13.5 and �7.5 eV below
the Fermi level originates from the interaction between the non-
localized 4s-As and the 5s-Te states. Compared to b-As2Te3, this
structure is less broad owing to a stronger localization of s-
electrons due to the reduced unit cell volume of the b0 phase.
The region between the bonding and anti-bonding 4s-As states
is highly dense and corresponds to localized bands of 5s-Te
states that lead to high peaks in the partial DOS (Fig. 2b and
S4 in ESI†).

The valence bands, extending over �5.5 eV, are separated
from this region by a gap of about 2 eV. The valence bands are
at and mainly dominated by the 4p-As and the 5p-Te states. As
shown in the magnied Fig. 2c, the valence bandmaximum and
conduction band minimum are located along the D–E direction
resulting in a slightly indirect band gap of 0.39 eV (Dk ¼ 0.05 �
2pa* where a* is the reciprocal lattice vector). The directional
effective mass of holes along the D–E direction m*

D–E is esti-
mated to 0.31m0 where m0 is the free electron mass. The Fermi
level has been conventionally set at the top of the valence bands.
The magnitude of the band gap in the b0 phase is slightly higher
than that obtained in the b phase which features a direct band
gap of 0.30 eV (Fig. S6 and S8 in ESI†). This value is higher than
that calculated in ref. 38 where a direct band gap of 0.24 eV was
found at the G point. A comparison of these ndings with the
literature indicates a rather large discrepancy among the results
reported for the b phase. While our value agrees with that ob-
tained by Pal et al.39 who found a band gap of 0.35 eV with
calculation based on all-electron full potential linearized
augmented plane wave (FP-LAPW) technique, prior values
derived theoretically (0.12 eV in ref. 37 and 0.22 eV in ref. 40) are
signicantly lower. These differences in the computed band
gaps are most likely due to the different methodologies used,
both the direct or indirect nature of the band gap and its value
being strongly sensitive to details of the calculations.

In the prior study of Pal et al.,39 a compressive strain applied
along the c-axis of the crystal structure was used to predict the
transition from a trivial band insulator to a topological insu-
lating state in b-As2Te3. Following this approach, we compared
the evolution of the band gap under an isotropic stress for
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Electronic structure of the b0-As2Te3 phase: (a) dispersion curves along high symmetry directions represented in the irreducible P21/m
Brillouin zone and (b) density of states (DOS) as a function of the energy. The Fermi level has been chosen as the origin of energies. (c)
Magnification of the dispersion curves around the electronic band gap showing the four-top valence bands and the four top-most conduction
bands.
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b-As2Te3 and b0-As2Te3 (Fig. S16 and S17 in ESI†). For both
phases, the uniaxial compression leads to the inversion of the
top of the valence band and the bottom of the conduction band
atDV/V��7%, accompanied by ametallic state transition. This
band inversion and parity reversal of bulk electronic bands are
characteristic of an electronic topological phase transition.
Although the isotropic stress shows some deviations compared
to the uniaxial strain (inversion at DV/V � �5% in ref. 39), our
results demonstrate a similar behavior of the b and b0 phases.
Hence, the lattice distortion does not preclude the observation
of a topological state under pressure in this compound.
Phonon dispersion curves

The detailed results about the vibrational properties of the pure
elements and of the different polymorphic phases of As2Te3
calculated within the harmonic approximation are given in the
ESI.† Phonon dispersion curves, integrated partial DOS of
atoms in equivalent sites and thermodynamic properties are
provided for the pure elements (As, Te) in their stable reference
state, and for the polymorphic As2Te3 considering three crys-
tallographic structures: the b-phase (space group R�3m) and the
b0-phase described either in the space groups P21/m or C2/m.

The phonon dispersion curves and the partial phonon DOS
(PDOS) of b0-As2Te3 calculated in space group C2/m are depicted
in Fig. 3a. Because of the mass ratio between As and Te, the top
of the optical branches of As is located at higher frequencies (6.0
THz) with respect to that of the Te atoms (4.2 THz). The phonon
dispersion curves of the three polymorphic As2Te3 phases
exhibit fairly so modes since the highest frequencies do not
exceed 6.0 THz (�200 cm�1 or �25 meV, see Fig. S12 to S15 in
ESI†). Due to the mass ratio, the center of gravity of the PDOS of
This journal is © The Royal Society of Chemistry 2016
Te appears at lower frequencies compared to As, regardless of
the investigated structures. As shown in Fig. 3b, the PDOS of Te
can be decomposed into the 2a and 4i contributions. The Te
atoms in the 2a site (Te1) contribute mainly at energies above 3
THz where the observed large PDOS corresponds to interactions
with the 6 neighboring As atoms at about 3.0 Å. According to the
coordination environment, the PDOS of Te in the 4i site (Te2)
exhibits two main structures: one centered at low energies
around 2.1 THz which corresponds to the interaction with three
other Te2 atoms on the same site at �3.6 Å, i.e. across the van
der Waals interspace, and another peak at higher frequencies
(above 2.6 THz) corresponding to the interaction with the
closest As atoms (�2.8 Å). The acoustic phonon bands are
limited to very low energies suggesting a poor ability of the
b0 phase to conduct heat. This result is consistent with the very
low thermal conductivity values of the b phase measured above
300 K (ref. 28) and, as we shall see below, with the measure-
ments at low temperatures.

The phonon dispersion curves of b0-As2Te3 calculated in the
P21/m space group feature negative frequencies (see Fig. S15 in
ESI†), while those calculated in the space group C2/m are only
positive. This important difference indicates that, theoretically,
the b0-As2Te3 phase in P21/m should be unstable at 0 K. In fact,
as explained in our prior study,29 starting with the initial
parameters of the P21/m space group, the DFT relaxation
converges to the loss of the modulation along the b axis and
hence, to a description of the crystal structure in the space
group C2/m, stable at 0 K as shown in Fig. 3a. Although these
DFT calculations suggest a higher symmetry at 0 K, we
emphasize that the b0-As2Te3 in P21/m is likely stabilized by the
phonon contribution at nite temperatures. In order to
compare with specic heat measurements, the thermodynamic
RSC Adv., 2016, 6, 52048–52057 | 52051
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Fig. 3 (a) Phonon dispersion curves and (b) partial phonon DOS of the
b0-As2Te3 phase calculated in the irreducible C2/m Brillouin zone.

Fig. 4 (a) Specific heat as a function of temperature of b-As2Te3 (red filled
solid blue curve. The horizontal black solid line stands for the Dulong–Pet
the gas constant. (b) Low-temperature specific heat data plotted as Cp/T
free-electron formula Cp/T ¼ g + bT2.

52052 | RSC Adv., 2016, 6, 52048–52057
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properties of b-As2Te3 and b0-As2Te3 were only computed in the
space groups R�3m and C2/m, respectively, within the quasi-
harmonic approximation.

Specic heat

Fig. 4a shows the specic heat data Cp(T) measured down to 2 K
together with the theoretical curves Cv(T) calculated for the
b phase whereby we assume Cp(T) z Cv(T), an hypothesis
usually justied at low temperatures in solids. The calculated
curve of the b0 phase (not shown) is the same as that obtained
for the b phase. In general, a good correspondence can be
observed between measured and calculated data indicating that
the vibrational properties of b-As2Te3 have been satisfactorily
captured by the ab initio calculations. Fitting the low-
temperature data, plotted as Cp(T) versus T

2 in Fig. 4b, accord-
ing to the free-electron formula Cp(T) ¼ g + bT2 yields an elec-
tronic contribution g indistinguishable from zero to within
experimental uncertainty indicating that the phase transition
does not inuence the semiconducting nature of b-As2Te3 as
predicted by our calculations. The b parameter of the phonon
contribution gives a low Debye temperature of 148 K, similar to
that observed in other chalcogenides such as Bi2Te3 (160 K) or
the polymorph a-As2Te3 (179 K).42 This Debye temperature
corresponds to a frequency of 3.1 THz, in agreement with the
mean phonon energy of the calculated PDOS spectrum (Fig. 3b).

In addition to a monotonously increasing specic heat with
increasing temperature as expected from a phonon contribu-
tion, the b-to-b0 phase transition shows up as a pronounced
hump between 160 K and 210 K, peaking at 185 K. In agreement
with our calculations, the similar specic heat values, below
and above the transition, indicate nearly identical vibrational
spectra due to the close relation between the crystal structures
of the b and b0 phases. The relaxation curve, monitored across
the transition (not shown) does not exhibit signs of shoulders,
which would be direct evidence for a thermal arrest in
circle).Cp obtained by QHA phonon calculations is represented by the
it limit of 3NRwhereN is the number of atoms per formula unit and R is
versus T2. The solid black line is the best fit to the data according to the

This journal is © The Royal Society of Chemistry 2016
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agreement with the rst-order nature of the phase transition.
This is another consequence of the small crystallographic
differences existing between both phases. The latent heat DH
and entropy DS were calculated by integrating the Cp(T) and
Cp(T)/T data, respectively, leading to respective values of �323 J
mol�1 K�1 and 1.3 J mol�1 K�2, the latter being consistent with
that estimated from differential scanning calorimetry
measurements.29
Transport properties

The electrical resistivity measured in the parallel and perpen-
dicular directions as a function of the temperature is shown in
Fig. 5a. The measured values are low and indicative of
a metallic-like electrical conduction. This rst result contrasts
with our DFT calculations predicting a semiconducting ground
state of the b phase. In the (Bi,Sb)2X3-based alloys (X ¼ Se, Te),
defect chemistry is known to play a decisive role on the
Fig. 5 (a) Temperature dependence of the electrical resistivity measured
(circle symbol) and perpendicular (square symbol) to the pressing direction
in the parallel direction. The solid lines are guides to the eye. The black v
extension of the thermal hysteresis. (c) Electrical resistivity data measure
electrical resistivity data shown in panel (c). The solid lines are guides to the

This journal is © The Royal Society of Chemistry 2016
electronic transport properties, heavily-doped n- or p-type
behaviors being achievable in bulk specimens depending on
the synthesis conditions.2 In Bi2Te3 for instance, both antisite
defects (BiTe and TeBi) and vacancies on the Bi or Te sites are
electrically active.43 While BiTe defects and Bi vacancies act as
hole dopants, TeBi and Te vacancies behave as electron donors.
Thus, the p-type metallic properties observed suggest that the
present sample is heavily doped by acceptors and hint at the
presence of AsTe antisite defects and/or As vacancies. The fact
that this compound is also prone to variations in the antisite
defects and/or vacancy concentration may naturally explain the
slight differences observed between the present values and
those reported in our prior study.28

Upon cooling, r(T) decreases from 300 to 200 K where
a steplike increase is observed with a visible hysteresis between
the cooling and heating data in the parallel direction. The �dr/
dT data (Fig. 5b) evidence that the transition extends between
during cooling (in blue) and heating (in red) on the samples cut parallel
. (b)�dr/dT as a function of temperature for cooling and warming runs
ertical arrows indicate the position of the maxima used to estimate the
d in the parallel direction over three cycles. (d) First-derivative of the
eye. The color-coded symbols are similar to those indicated in panel (c).

RSC Adv., 2016, 6, 52048–52057 | 52053
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210 K and 160 K with maxima at 186 and 188 K for the cooling
and heating runs, respectively. This anomaly is consistent with
the rst-order phase transition revealed in our prior study.29 r(T)
remains nearly constant from 160 K down to 2 K with a shallow
minimum visible near 15 K in the parallel direction while in the
perpendicular direction, r(T) smoothly decreases down to 25 K
where it tends to level off. Upon warming, the r values measured
in the parallel direction are higher than those taken during
cooling with no sign of merging up to 300 K. This effect is
however less discernable in the perpendicular direction to
within experimental uncertainty. Similar behaviors have already
been observed in other systems such as in Gd5(Si/Ge)4 where
a rst-order martensitic transition develops between 250 and
300 K.44 The slight difference in r(T) during the thermal cycle
had not only been attributed to the transition itself but also to
microcracks in the sample volume that form in the course of the
transformation. Although the present transition does not show
a martensitic character, internal stresses that appear during the
transition may be responsible for the observed increase in r.
This possibility seems corroborated by the data collected over
three thermal cycles on the sample cut parallel to the pressing
direction. As shown in Fig. 5c, a systematic change in the
electrical resistivity ratio r300K/r5K is observed during cycles.
The 2 K hysteresis observed during the rst cycle remains nearly
unchanged during the following cycles (Fig. 5d).

Measurement of the Hall coefficient reveals a dominant hole-
like signal in the whole temperature range in agreement with
our electronic band structure calculations. While the p-type
character of b-As2Te3 remains unaffected across the transition,
the changeover to the b0 phase is clearly visible as a pronounced
minimum (Fig. 6). Likewise a-As2Te3 (ref. 42), the anisotropic
crystal structure of b-As2Te3 results in a galvanomagnetic tensor
with several independent components.45 This property could in
principle give rise to distinct Hall coefficients in the parallel and
Fig. 6 Hall coefficient RH as a function of the temperature measured
parallel ( ) and perpendicular ( ) to the pressing direction.
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perpendicular directions. However, in the present case, the
anisotropy in the RH values amounts to at most 6% at 300 K,
which is at the border of the experimental uncertainty. The Hall
hole concentration p can be thus estimated to a good approxi-
mation with a single-carrier relation. The RH value yields an
estimated p value of 9 � 1019 cm�3 at 300 K, which shows only
little variations with temperature consistent with the idea that
b-As2Te3 is intrinsically heavily-doped.

In agreement with the sign of the Hall coefficient, the ther-
mopower (Fig. 7) is positive, indicative of holes as the dominant
charge carriers. This result differs from that obtained by
Scheidemantel et al.41 who measured negative thermopower
values. However, this discrepancy is likely explained by the fact
that their measurement was done under different conditions i.e.
by subjecting a-As2Te3 to high pressures up to 10 GPa, the
a phase transforming into the b phase at 8 GPa.41 As shown in
Fig. 7, a varies linearly with temperature as typically observed in
nonmagnetic metals and heavily-doped semiconductors. The
transition is visible between 170 and 190 K as a small jump in
the a values. Within experimental uncertainty, no difference
between the data taken on cooling and heating is observed nor
between the data measured in the parallel or in the perpen-
dicular directions. This conclusion holds true regardless of the
number of cycles performed (not shown) indicating that the
hysteresis is too weak to be clearly observable in the a(T) data.
This observation is consistent with the low-temperature X-ray
and neutron diffraction experiments revealing that only subtle
differences exist between the b and b0 phases.29 Because the
thermopower is sensitive to changes in the electronic band
structure near the chemical potential, these results are also
consistent with our rst-principles calculations indicating that
Fig. 7 Thermopower as a function of temperature of b-As2Te3. For
sake of clarity, only the data collected in the parallel direction are
shown. Measurement in the perpendicular direction yielded similar
values and temperature dependences to within experimental
uncertainty.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) Temperature dependence of the total thermal conductivity of b-As2Te3 measured parallel (circle symbol) and perpendicular (square
symbol) to the pressing direction for cooling (in blue) and heating (in red) runs as indicated by the black arrows. (b) Lattice thermal conductivity as
a function of temperature for the data collected upon cooling parallel (circle symbol) and perpendicular (square symbol) to the pressing
direction. The black solid curve stands for the minimum lattice thermal conductivity estimated by the model developed by Cahill and Pohl.49,50
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the phase transition has little inuence on the overall electronic
properties of b-As2Te3.

As shown in Fig. 8a, the thermal conductivity is also inu-
enced by the rst-order transition. Noteworthy, the absence of
dielectric maximum at low temperatures, featuring the “glass-
like behavior” of k, might be ascribed to the distorted struc-
ture of b0 alone (which might not be the case for the b phase,
should it be stable below 180 K). The k values, nearly constant
between 200 and 300 K (0.8 W m�1 K�1), drop signicantly
below 200 K to 0.6 W m�1 K�1. The difference between the
cooling and heating data at 300 K reects almost entirely the
difference observed in the r values that impact the electronic
contribution ke to k. This contribution was estimated using the
Wiedemann–Franz relation ke ¼ LT/r where L is the Lorenz
number. As a rst approximation, we used a single-parabolic
band model assuming acoustic phonon scattering as the main
mechanism of charge carrier diffusion to estimate the Lorenz
number. This approach was extended down to 5 K to determine
the temperature dependence of L that exhibits a room-
temperature value of 1.9 � 10�8 V2 K�2 and tends to the
degenerate value of 2.45� 10�8 V2 K�2 in the limit T/ 0 K. The
resulting temperature dependence of the lattice thermal
conductivity kL ¼ k � ke is shown in Fig. 8b. For sake of clarity,
only the kL values estimated from the data taken upon cooling
are shown, the values upon heating being nearly identical. The
kL values are extremely low reaching 0.8 and 0.6 W m�1 K�1 at
300 K in the perpendicular and parallel directions, respectively.
The b-to-b0 transition only weakly impacts the kL values in
agreement with the trend previously revealed by the calcula-
tions of the phonon properties. These values are even lower
than those measured in the Bi2Te3 analogues but are similar to
those achieved in monoclinic a-As2Te3 and in several other
chalcogenides such as SnSe or In4Se3.16,46–50 There is a large body
of evidence indicating that the lattice thermal conductivity
roughly scales inversely with the unit cell size, large unit cells
This journal is © The Royal Society of Chemistry 2016
favoring very low kL values. However, this general guideline
breaks down in the present case, the simple crystal structure of
b-As2Te3 suggesting the presence of an efficient phonon scat-
tering mechanism in this material. To estimate the minimum
lattice thermal conductivity kmin and hence, to determine
whether or not further reduction may be achieved, we used the
formula derived by Cahill et al.51,52 for disordered crystals. kmin

depends on the longitudinal and transverse sound velocities vl
and vt, respectively. Using the values derived in ref. 38 (vl¼ 3953
m s�1 and vt ¼ 2357 m s�1), this approach yields kmin z 0.4 W
m�1 K�1 at 300 K (Fig. 8b). Near this temperature, the lattice
thermal conductivity of b-As2Te3 approaches kmin in the parallel
direction suggesting only little room for further optimization.

Conclusion

In this study, we reported a detailed investigation of the low-
temperature transport and thermodynamic properties of b-
As2Te3, complemented by density functional theory calculations
of both electronic and vibrational properties of the b and
b0 phases. DFT calculations showed that the rst-order lattice
distortion undergone near 190 K has little inuence on the
semiconducting ground state and on the thermal transport as
observed experimentally. Measurements of the electrical resis-
tivity upon cooling and heating across the lattice distortion
revealed a hysteretic behavior, perhaps due to internal stresses.
Finally, the very low sound velocities and the fact that the
acoustic phonon branches are limited to a narrow energy
window evidenced by our calculations explain the low lattice
thermal conductivities measured in b-As2Te3.
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