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Thermoelectric properties of Sb2Te3 under pressure and uniaxial stress
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We present first-principles transport calculations for Sb2Te3 using the linearized-augmented plane-wave
method and the relaxation time approximation. We considered the effects of hydrostatic pressure and uniaxial
stress up to 4 GPa. Doping was included for electrons and holes at levels up to 1021/cm3. The electrical
conductivity, the Seebeck coefficient, and the power factor are derived from the calculated transport distribu-
tion. Our results for the electronic structure and the transport properties are in qualitative agreement with
experiment. Furthermore, we predict a large increase in the power factor under applied uniaxial stress.
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I. INTRODUCTION

Compounds of bismuth, antimony, and tellurium are
best thermoelectric materials known yet for applications a
below room temperature. These materials have been inv
gated and optimized intensively.1–5 Much effort has also
been made to discover new thermoelectric materials that
hibit even better properties.6–9 Pressure tuning may provide
means to guide the search for improved thermoelec
materials.10–13At room temperature, pressure-tunedp-doped
Sb1.5Bi0.5Te3 at about 2 GPa exhibits a value ofZT that is at
least double its value at ambient pressure.14 Thereby,ZT is
the product of the thermoelectric figure of merit,Z, and tem-
peratureT. This provides a ‘‘proof of principle’’ thatZT
values higher than the current record of approximately 1
possible. It is important to develop an understanding of
origin of this much improvedZT, which may provide valu-
able insight into the search for improved thermoelectric m
terials at ambient pressure.

The electronic structure of a material plays a domin
role in its transport properties. During the last decadeab
initio band-structure calculations have been reported for
timony telluride, bismuth telluride, and other bas
compounds.10,15–17 However, the detailed contributions o
specific features of the electronic structure to the trans
properties remain undetermined. Just recently, a code
been developed in addition to theWIEN2K density functional
code18 that allows the calculation of transport coefficients
means ofab initio methods.19,20Motivated by the experimen
tal observations of the doubling ofZT under pressure,14 we
calculated the transport properties of Sb2Te3 under pressure
and uniaxial stress using this code. The material used in
experiment is an antimony-rich alloy of antimony tellurid
and bismuth telluride (Sb1.5Bi0.5Te3). Calculations for this
material would be preferable, since the alloy disorder is
importance for both the electrical and thermal conductiv
However, supercell calculations withWIEN2K are numerically
very intense, especially if optical properties are conside
Therefore, we have calculated the electronic structure
transport properties for Sb2Te3. The alloy properties are
likely to be between the properties of Sb2Te3 and Bi2Te3, but
closer to those of Sb2Te3. Nevertheless, supercell calcul
tions of the alloy might be practical in the near future.
0163-1829/2003/68~8!/085201~8!/$20.00 68 0852
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Our calculations provide detailed information about t
relationship between the changes in the electronic struc
and the changes in the transport coefficients induced by p
sure. Furthermore, we find that under uniaxial stress Sb2Te3
metallizes at much lower pressures than under hydros
stress and that the Seebeck coefficient for this metali
semiconductor is much higher than typically observed
metals.

II. THEORY

The group velocityvW , which is the derivative of the band
energyek with respect to the wave vector, is a key quant
for the calculation of transport properties and is often eva
ated numerically. If the expression forvW is rewritten to in-
clude the momentum operatorpW ,

vW k5
1

\

]ek

]kW
5

1

m
^kupW uk&5

1

m
pW k , ~2.1!

transport properties can be calculated byab initio methods.
Here,kW is a wave vector,uk& is the corresponding electroni
state, andm stands for the electron mass. The details of t
approach can be found in Refs. 19 and 20. The matrix
ment in Eq.~2.1! is called theoptical matrix elementand is
implemented in theWIEN2K code within the optic package.21

Once this matrix element is known, transport properties s
as the Seebeck coefficientS, the electrical conductivitys,
and the electronic part of the thermal conductivity,kel5k0
2TsSS, can be calculated:

s5 e2(
k

S 2
] f 0

]e D tk vW kvW k , ~2.2!

S5ekB s21(
k

S 2
] f 0

]e D tk vW kvW k

ek2m

kBT
,

~2.3!

k05 kB
2T(

k
S 2

] f 0

]e D tk vW kvW k Fek2m

kBT G2

.

~2.4!
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Here, tk and f 0 denote the relaxation time and the Fer
function, respectively;e denotes the electronic charge,kB
Boltzmann’s constant,m the chemical potential, andT the
temperature.

Several approximations for the scattering are possi
however, therelaxation time approximationis most com-
monly used. Within this framework further approximatio
can be made; the simplest one assumes constantt. This is
reasonable for transport properties since they include the
rivative of the Fermi function. The magnitude of this deriv
tive is significant only within a small energy window o
about 10kBT ~e.g.,;0.26 eV forT5300 K) near the Ferm
energy and most likelyt does not vary much over this inte
val. However, we should keep in mind that this approa
neglects dependences of the relaxation time on quant
such as momentum, position, or the band index.

All the material-dependent properties in Eqs.~2.2!–~2.4!
can be combined to give the so-called transport distribu
J(e) ~Ref. 22!:

J~e!5(
k

tk vW kvW k d~e2ek!, ~2.5!

whered(e2ek) denotes the delta function. Transport coef
cients such asS, s, and kel can then be derived from th
material-dependent transport distribution by perform
material-independent operations.J(e) contains all of the in-
trinsic information about the materials transport propert
and is therefore the quantity of interest.

Now, all transport coefficients can be rewritten to inclu
the transport distribution. Using an integral over the ene
instead of akW -point sum, Eqs.~2.2!–~2.4! become

s5 e2E de S 2
] f 0

]e D J~e!, ~2.6!

S5ekB s21E de S 2
] f 0

]e D J~e!
e2m

kBT
,

~2.7!

k05 kB
2TE de S 2

] f 0

]e D J~e! Fe2m

kBT G2

.

~2.8!

For the analysis of the Seebeck coefficient it is convenien
introduce the quantity

:5ekBE de S 2
] f 0

]e D J~e!
e2m

kBT
, ~2.9!

since it includes the same integral as the Seebeck coeffic
however, it does not includes.

III. COMPUTATIONAL DETAILS

We used the rhombohedral setting for the unit cell
Sb2Te3, which has three inequivalent atoms per cell and fi
atoms in total. This material crystallizes in a five-layer stru
ture ~Te-Sb-Te-Sb-Te! within the D3d

5 (R3m) space group.
For convenience the hexagonal unit cell with lattice para
etersa and c is often used. Pictorial representations of t
08520
i

e;

e-

h
es

n

s

y

to

nt;

f
e
-

-

crystal structure and the first Brillouin zone can be found
Ref. 15.

All calculations were performed within the full-potentia
linearized-augmented plane-wave~FP-LAPW! method as
implemented in theWIEN2K code.18 Here 1083 basis func
tions were used, corresponding to aRKmax value of 10,
where the muffin-tin radii have been chosen to be 2.7 a.u.
Sb and Te. The potentials and charge densities were re
sented by 13 404 stars in the interstitial region and by sph
cal harmonics up toL56 within the muffin-tin spheres. Fo
Brillouin-zone ~BZ! integrations, 1000kW points within the
whole BZ were used during the self-consistency cycle. C
vergence tests for the transport properties showed tha
least 75 000kW points in the entire BZ had to be include
when the optical matrix elements are calculated. Excha
and correlation effects were accounted for by the general
gradient approximation parametrized by Perdew, Burke,
Ernzerhof.23 Spin-orbit coupling was included, except for th
calculation of the atomic forces and relaxation of the atom
positions.

A constant relaxation timet was used for all calculations
of transport properties. It follows from Eqs.~2.5! and ~2.7!
that for this particular choice oft the Seebeck coefficient i
independent of the relaxation time and thus the scatte
mechanism. Doping was treated within the rigid-band a
proximation and the temperature dependence of the b
structure was neglected.

IV. RESULTS AND DISCUSSION

A. Total energy and band structure

Starting from the experimental values,24 we determined
the total energy for 312 different values of the hexago
lattice parametersa andc. For each point the atomic force
were relaxed. The resulting energy surface was then fitte
third-order polynomials of the lattice parameters. From t
fit, we determined the values for hydrostatic pressure
uniaxial stress in terms of the hexagonala and c lattice
parameters.

The hydrostatic pressure was found to increase line
with decreasing volume over the region of interest. For str
tures under uniaxial stress, a force was applied to shrink
hexagonalc lattice parameter and thereby letting thea lattice
parameter relax i. e., expand. Uniaxial stress, volume, ana
depend linearly onc in the region of interest. Numerica
values fora andc, as well as the relative atom positions fo
Sb and Te under pressure and uniaxial stress, are give
Table I.

We also calculated energies along a commonly used p
in the BZ that includes the maximum of the valence ba
and the minimum of the conduction band. Figure 1 displa
the band structure for Sb2Te3 with and without spin-orbit
coupling. The results show that spin-orbit coupling is inde
necessary to describe the material correctly. Without s
orbit coupling a direct band gap is found atG. By including
spin-orbit coupling the valence-band maximum is found a
non-high-symmetry point along the lineG-a and the conduc-
tion band minimum occurs along the lineG-Z, in agreement
1-2
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THERMOELECTRIC PROPERTIES OF Sb2Te3 UNDER . . . PHYSICAL REVIEW B 68, 085201 ~2003!
with Ref. 10. This multivalley band structure, which is r
sponsible for the excellent thermoelectric properties, is a
sult of spin-orbit coupling. If these relativistic effects a
neglected, a single-valley valence-band maximum an
single-valley conduction-band minimum, occurring atG, are
found.

The band structure at 0 and 4 GPa of applied unia
stress is shown in Fig. 2. As a result of the large change
the band structure under pressure, large changes in the t
port properties can be expected.

B. Density of states

We also calculated the behavior of the density of sta
~DOS! under pressure and uniaxial stress, and the results
depicted in Fig. 3. In general, for hydrostatic pressure,
overall change in the DOS is a small shift toward low
energies. Uniaxial stress, however, produces a redistribu
of the electronic states, which brings more states from lo
energies closer to the Fermi energy. The peak in the DO
around20.6 eV for 0 GPa vanishes in favor of a high
density of states around20.2 eV for higher stress. This cor
responds to changes along several lines in the band stru
depicted in Fig. 2 and is most obvious along the linesG-L
andU-a. Furthermore, bands crossing the Fermi energy
present after metalization occurs at 2.5 GPa.

TABLE I. Hexagonal lattice parametersa andc in a.u., as well
as relative atom positions of Te and Sb, under pressure and uni
stress in GPa. The corresponding experimental values at am
pressure are~Ref. 24! a58.0578 a.u.,b557.5573 a.u., Sb position
50.3988, and Te position50.7869.

Pressure 0.0 1.0 2.0 3.0 4.0

Hydrostatic a 8.2199 8.1644 8.1123 8.0630 8.016
c 58.287 57.893 57.524 57.174 56.84

Sb 0.3977 0.3982 0.3987 0.3990 0.399
Te 0.7864 0.7876 0.7887 0.7895 0.790

Uniaxial a 8.2199 8.2885 8.3620 8.4412 8.526
c 58.287 56.981 55.649 54.286 52.88

Sb 0.3977 0.3985 0.3987 0.3994 0.399
Te 0.7864 0.7879 0.7886 0.7897 0.790

FIG. 1. Band structure of Sb2Te3 with and without spin-orbit
~SO! coupling.
08520
e-

a

l
in
ns-

s
re
e
r
on
r
at

ure

re

The energy gap calculated from the DOS is 0.278 eV
zero pressure, which is in excellent agreement with the p
lished value of 0.28 eV.25 However, in consideration of the
usual underestimation of energy gaps calculated with
generalized gradient approximation, it is possible that
match is coincidental. As a result of the general shift of t
DOS, the gap changes little under hydrostatic pressure.
is in contrast to the case of uniaxial stress, where the b
gap decreases with increasing stress so that at about 2.5
metalization occurs, supporting the idea of Itskevich a
co-workers.12,13

C. Transport distribution

The DOS provides the energies of electronic states,
does not provide any information about how these states c
tribute to the electronic transport. We calculated the transp
distribution as defined in Eq.~2.5! for a range of values of
applied pressure and uniaxial stress. Results for thexx and
zz component are shown in Fig. 4 over a wide range
energy. For symmetry reasons theyy component is equiva-
lent to thexx component. The anisotropy of the material
evident from the transport distribution, information that ca
not be extracted from the DOS. The DOS counts all

ial
nt

FIG. 2. Band structure of Sb2Te3 under 0 and 4 GPa of uniaxia
stress.

FIG. 3. DOS of Sb2Te3 for 0 up to 4 GPa. The energy is plotte
with respect to the Fermi energy.
1-3
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states available at a certain energy, whileJ(e) includes only
those states that contribute in a significant way to the tra
port process in a given direction.

The top graphs of Figs. 5 and 6 showJ(e) for several

FIG. 4. xx andzz component of the transport distributionJ(e)
for Sb2Te3 under the assumption of constant relaxation timet. Here
J(e) is given in arbitrary units and the energy is given with resp
to the Fermi energy.

FIG. 5. xx andzz component ofJ(e), s, :, andS for Sb2Te3

under 0–4 GPa of hydrostatic pressure andT5300 K. Negative
doping concentrations denote hole doping. The value of 10kBT for
room temperature is depicted for reference.
08520
s-

different values of pressure and stress. In general, in all c
the valley structure ofJ(e) steepens around the Fermi e
ergy. However, under uniaxial stress there are steeper sl
at positive and negative energies, whereas in the cas
hydrostatic pressure only the slope for positive energies
creases. These observations can be connected to the ch
in the DOS, as mentioned above. In particular, note the si
larity of thezzcomponent ofJ(e) and the DOS for uniaxial
stress. This is a result of the shrinking of thec axis under
uniaxial stress.

D. Electrical conductivity

The electrical conductivity can be readily derived fro
the transport distribution. We calculateds for a wide range
of values of the chemical potentialm corresponding to vari-
ous doping levels. Results for a temperature of 300 K
plotted in Figs. 5 and 6. The relaxation time was fitted
1.082310212 sec, so that the intrinsicxx component of the
conductivity for ambient pressure and zero doping equals
experimental value.25 Note that the calculatedzz component

t

FIG. 6. xx andzz component ofJ(e), s, :, andS for Sb2Te3

under 0–4 GPa of uniaxial stress andT5300 K. Negative doping
concentrations denote hole doping. The value of 10kBT for room
temperature is depicted for reference.
1-4
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THERMOELECTRIC PROPERTIES OF Sb2Te3 UNDER . . . PHYSICAL REVIEW B 68, 085201 ~2003!
for these conditions exactly matches the experimental va
which illustrates the reliability of the code used.

According to Eq.~2.6!, s is the integral over the transpo
distribution multiplied by the derivative of the Fermi func
tion. SinceJ(e) generally increases under pressure, the c
ductivity shows the same effect. Note that both negative
positive energies, with respect to the chemical potential, c
tribute toward the increase of conductivity because the
rivative of the Fermi function is a symmetric function. Th
doping behavior ofs can also be understood with the help
its integral definition: By shifting the chemical potential
either the left or right of the Fermi energy, the area under
transport distribution increases. Thus, the conductivity
creases, in accordance with the physical picture of dop
and conductivity.

There are significant differences between the conducti
in the Sb2Te3 planes and perpendicular to the them, as w
as under hydrostatic pressure and uniaxial stress. It ca
seen that, in general, the conductivity in the planes is lar
than the conductivity perpendicular to them, in agreem
with experiment.25 Note that s in the zz direction under
hydrostatic pressure does not have its minimum for the
trinsic material. This is evident from the asymmetry of t
transport distribution around the Fermi energy. Further, n
that the conductivity under uniaxial stress is much lar
than under hydrostatic pressure. This difference in the c
ductivities can directly be seen fromJ(e) and results from
the metallization under uniaxial stress. Also, as expected
a metal, the relative variation ofs with doping becomes
smaller as the uniaxial stress increases. The range for
chemical potential necessary to produce the same do
range becomes smaller under uniaxial stress i.e., as the
terial becomes more metallic.

We determined the conductivity under pressure and st
for five different doping concentrations~Fig. 7!. As previ-
ously discussed,s always increases under pressure. In t

FIG. 7. xx andzz component ofs for Sb2Te3 under pressure
The curves correspond to different doping levels given in units
1018/cm3. Under uniaxial stress the curves are almost indistingu
able.
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representation, the strong increase of conductivity and
independence of doping under uniaxial stress can be s
more clearly.

The increase of conductivity is in agreement with expe
ment; however, to compare our results, it is important
understand the experimental setup as described in Ref.
The experiments were performed on polycrystalline secti
of Sb1.5Bi0.5Te3 compressed in a diamond anvil cell su
rounded with monoclinic ZrO2. A substantial uniaxial stres
component is induced by this nonhydrostatic medium. The
fore, the experiments represent an average over various c
tallographic directions and stress components. The exp
mental maximum in the thermoelectric power appears
correlate with the pressure at which the ZrO2 medium likely
begins to flow and therefore decreases the uniaxial st
component. Thus, it is experimentally observed that the
tails of the stress components have a large impact on
thermoelectric power and conductivity.

E. Seebeck coefficient

We also calculated the Seebeck coefficient from the tra
port distribution. Results for thexx andzzcomponent at 300
K are plotted at various doping levels in the bottom graphs
Figs. 5 and 6. In accordance to reported values,2 thezz com-
ponent is, in general, somewhat larger than thexx compo-
nent. It can also be seen that the Seebeck coefficient in
most all cases decreases under pressure. Furthermore
decrease under uniaxial stress is much more pronounced
under hydrostatic pressure.

The behavior of the Seebeck coefficient can be und
stood better by looking at the quantity: as defined in Eq.
~2.9!. Like the conductivity,: is an integral over the trans
port distribution multiplied by the derivative of the Ferm
function. However, in addition the integrand is multiplied b
the term (e2m), which is an asymmetric function. Thus
contributions of the transport distribution from negative a
positive energies with respect tom can cancel each other, i
contradiction to the conductivity, where they always contr
ute with the same sign. We have plotted: in Figs. 5 and 6.

For hydrostatic pressure: almost does not vary unde
pressure, which is a result of the canceling mentioned ab
The behavior of the Seebeck coefficient now follows na
rally by calculating it asS5:/s for each component. It is
obvious that the decrease in the Seebeck under hydros
pressure originates mostly in the increase of the conductiv
It also follows that the Seebeck coefficient in thezzdirection
has a nonzero value for the intrinsic material, since the z
crossing of: is not at zero doping.

The situation is similar for applied uniaxial stress. For t
xx direction, the large increase of conductivity explains t
large decrease of the Seebeck under pressure because: does
not increase enough to counteract this trend. This is evid
from the transport distribution, which is rather symmet
with respect to the Fermi energy. For thezz direction, how-
ever,: changes on a much bigger scale compared to thexx
direction, which can directly be related to the asymmetry
J(e) around the Fermi energy. It is interesting to see t
under uniaxial stress the conductivity increases as expe

f
-

1-5



co
ia
th
in
a
th

c
gh

e
de
re
up
2.
at
m
t

ee
-
us
u

2
in
v
lo
in-
o
n-
s

th

ns-

ec-
xi-
ffi-
he

of
a
ess
ture
he

tion
the
co-
her

.
o

vels
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during metallization; however, a not-negligible Seebeck
efficient remains, which is not typical for metals. The spec
change in the transport distribution under stress makes
possible.J(e) increases for negative energies due to an
creased DOS, as can be seen in Fig. 3. However, at the s
time vW •vW does not decrease. For positive energies,
change with stress is much smaller; thusJ(e) becomes more
and more asymmetric. The combination of these two effe
results in a transport distribution that allows a relatively hi
Seebeck coefficient for a metal.

Figure 8 gives the Seebeck coefficient plotted over pr
sure for different doping concentrations. The general
crease ofS with pressure is obvious. Additional points we
inserted between zero and 1 GPa and small peaks show
about 0.75 GPa, most pronounced for a doping of
31018/cm3 in the zz direction. It can also be seen th
uniaxial stress can change the type of the thermoelectric
terial in thezzdirection making ann-type thermoelectric ou
of a p-type one.

F. Power factor

From the data for the electrical conductivity and the S
beck coefficient the power factorsS2 can be calculated. Re
sults for thexx andzzcomponent at 300 K are plotted vers
the doping level in Fig. 9. Results for the power factor vers
pressure and stress are depicted in Fig. 10.

The metallization observed under uniaxial stress at
GPa produces a redistribution of the electronic states br
ing more states from lower energies closer to the Fermi le
as can be seen in the DOS in Fig. 3. These new states c
to the Fermi level have a group velocity that is not dim
ished because of the reordering, offering an important c
tribution to the conductivity and still maintaining a reaso
able value for the Seebeck coefficient. As a result, we can
in Fig. 10 a big increase of the power factor in thezz direc-
tion. This is not the case for the in-plane direction where
increase of the DOS is counterbalanced by a decrease in

FIG. 8. xx and zz component ofS for Sb2Te3 under pressure
The curves correspond to different doping levels given in units
1018/cm3.
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group velocity, keeping a fairly symmetric shape of the tra
port distribution around the Fermi level.

V. CONCLUSIONS

The transport coefficients of Sb2Te3 show a rich behavior
under pressure. Using a combination of first-principles el
tronic structure calculations and the relaxation time appro
mation we obtained a theoretical evaluation of the coe
cients that is relevant for thermoelectric applications. T
transport properties are strongly dependent on the type
stress applied to Sb2Te3. While hydrostatic pressure has
modest effect on the transport coefficients, uniaxial str
applied perpendicular to the planes of the layered struc
substantially improves the power factor of the material. T
system becomes semimetallic while the transport distribu
remains asymmetric near the Fermi level. As a result,
electrical conductivity becomes larger while the Seebeck
efficient remains substantial, which is unusual, since hig

f
FIG. 9. xx and zz component ofsS2 for Sb2Te3 under 0–4

GPa. Curves are depicted for a temperature of 300 K.

FIG. 10. xx and zz component of the power factor for Sb2Te3

under pressure. The curves correspond to different doping le
given in units of 1018/cm3.
1-6
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electrical conductivity usually corresponds to a lower S
beck coefficient and therefore to a decrease in the de
performance. However, the device performance is also in
enced by the thermal conductivity, which is the sum of tw
parts: the electronic contribution to the thermal conductiv
and the lattice thermal conductivity. Accordingly to th
Wiedemann-Franz law, along with the increase in the elec
cal conductivity there will be a proportional increase in t
electronic contribution to the thermal conductivity, which,
turn, decreases the device performance. The change o
lattice thermal conductivity under stress cannot be predic
within our ab initio method. Therefore, although the pow
factor becomes larger under uniaxial stress, the thermoe
tric figure of merit may not increase.

In our analysis we stress the importance of using
transport distribution to study the effects of electronic str
ture on transport coefficients. The density of states provi
information on the energy distribution of the states. It lac
however, any information on the contribution of these sta
to the transport. This is evident from the differences in thexx
andzz components ofs, S, andsS2. HereJ(e) accounts
for the directional dependence of the group velocity and
therefore the quantity of interest.

Perhaps the most significant conclusion from our calcu
tions is that it is possible to have a large Seebeck coeffic
together with metalliclike conductivities for a semiconduc
such as Sb2Te3. It has not, in general, been realized that su
high values for the Seebeck coefficient are possible for se
conductors near an insulator-metal transition that have s
high values for the electrical conductivity. Significa
ls

i-

r-
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d
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stresses and pressures can be ‘‘locked in’’ to suitably na
structured or microstructured materials that can be utilize
ambient pressure.26,27 Such an approach might allow fo
stress tuning of Sb2Te3 and its alloys to improve their ther
moelectric properties. Ghoshalet al. find that there is en-
hanced thermoelectric cooling at cold junction interfaces t
likely have a substantial uniaxial stress component.28 Our
results may also inspire efforts to chemically tune semic
ductors to reproduce the calculated power factors.

In view of the differences between the stress conditions
the present calculations and the experiments in the diam
anvil cell, the changes in the transport coefficients un
stress are in qualitative agreement with experiment. The
periments were done on polycrystalline alloys, and the str
conditions were neither purely uniaxial nor hydrostat
Stress applied to different crystallographic orientations w
likely give rise to very different changes in the transpo
behavior. It would be valuable to perform transport measu
ments on oriented single crystals of pure antimony tellur
and antimony bismuth telluride alloy for comparison wi
the present calculations as well as calculations on differ
crystallographic orientations.
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