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Heat transport in Sb2ÀxVxTe3 single crystals
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Antimony telluride doped with small concentrations of vanadium was recently identified as a diluted mag-
netic semiconductor. We present a study of the heat transport in single crystals of Sb22xVxTe3 with x50, 0.01,
0.02, and 0.03. Thermopower and thermal conductivity were measured from 1.5 K to 300 K. The thermopower
is positive for all samples investigated and has a modest dependence on vanadium content. At low tempera-
tures, the lattice thermal conductivity has an approximateT2 dependence and the data up to 100 K can be fitted
well assuming that phonons scatter on boundaries, point defects, charge carriers, and other phonons. Theoret-
ical analysis reveals that the over-riding effect of vanadium impurity is the formation of point defects that
suppress heat transport via both mass and elastic strain fluctuations.
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I. INTRODUCTION

Antimony telluride Sb2Te3 is a narrow-gap semiconducto
that belongs to the group of tetradymite-type layered co
pounds having the formulaA2

VB3
VI ~with A5Sb, Bi andB

5Se, Te!. Crystals in this family are composed of repeat
planes of five-atomic layer lamellas separated by a van
Waals gap. This unusual structure results in highly ani
tropic transport properties. Alloys of these binary compoun
have excellent room temperature thermoelectric proper
and have served as the backbone of the thermoelectric c
ing technology. As such, their electrical and thermal transp
properties have been thoroughly studied.

In the case of pure Sb2Te3, however, most of the studie
have been focused on electrical, optical, and galvanom
netic behavior. The bulk of the thermal conductivity inves
gations in the literature are focused on the room tempera
behavior of the Sb2Te3-Bi2Te3 alloys. Data on the tempera
ture dependence of the thermal conductivity of Sb2Te3 are
limited and only extend down to 80–100 K.1–4 The high
native concentration of holes (;1020 cm23) in nominally
undoped Sb2Te3 makes a significant contribution to the he
transport and is, in fact, the dominant effect near ro
temperature.5

The doping influence of a great number of foreign imp
rites in Sb2Te3 has been studied.5–9 Very recently, we found
that Sb2Te3 becomes a ferromagnetic semiconductor at l
temperatures upon addition of small concentrations
vanadium.10 The Curie temperature increases with vanadi
content and reaches approximately 22 K for Sb1.97V0.03Te3.
Furthermore, the presence of the magnetic ion has a st
influence on the electrical transport properties near the C
temperature. So far there has been no report of heat tran
in this material. In this work, we present thermal conduct
ity and thermoelectric power data from 1.5 to 300 K f
single crystals of Sb22xVxTe3, and we analyze the influenc
of vanadium.
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II. EXPERIMENTAL TECHNIQUES

The synthesis of single crystals of Sb22xVxTe3 with x
50, 0.01, 0.02, 0.03~nominal! using a modified Bridgeman
technique and a description of their electronic and magn
properties is described elsewhere.10 Measurement of therma
conductivity k and thermopowerS perpendicular to thec
axis was carried out in a cryostat equipped with two rad
tion shields employing a longitudinal steady-state techniq
Samples with typical dimension 333310 mm3, where the
direction of the long dimension is in thec plane were cut
using a spark erosion machine. For sample temperature
5–300 K, thermal gradients were measured with the aid
fine copper-constantan thermocouples. The copper leg
the thermocouples served as Seebeck voltage probes an
sample thermopower was corrected for the contribution
the previously calibrated Cu wires. The temperature rang
1.5–25 K was covered in separate experiments employ
Ge thermometers to measure thermal gradients. A minia
strain gauge served as a heat source in both cases. The
conductivity data were experimentally corrected for radiat
loss.11 The magnitude of this correction was approximate
8–9 % at room temperature and,1% at 100 K.

III. RESULTS AND DISCUSSION

The temperature dependence of the thermopower is
played in Fig. 1. All samples have positive thermopow
indicating hole transport, which is consistent with positi
Hall coefficients for these samples.10 The Fermi surface of
the Sb2Te3 valence band is generally described by a s
ellipsoidal model12 and the behavior of the thermopower an
other transport properties have been interpreted by assum
the presence of an upper as well as a lower valence band3,7,13

or by considering a single band with anisotropic, mixed c
rier relaxation times.14,15 The room temperature value o
89 mV/K for our pure Sb2Te3 sample compares favorably t
the existing data in the literature for a comparably dop
material.16 Here, we wish to highlight the effect of vana
©2002 The American Physical Society06-1
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dium. The room temperature thermopowerS increases with
the addition of vanadium to a value of approximate
110 mV/K for x50.02 and 0.03. We note that over the sam
range ofx, the electrical conductivitys decreases by a facto
of 5, and the Hall coefficient remains approximately co
stant. A relative insensitivity ofS to the value of conductivity
has been observed for a number of different dopants
Sb2Te3 and has been explained by invoking a two-ba
model,7 or alternatively by the interaction of the incorporat
foreign atom with native~antisite and vacancies! point
defects.17

At low temperatures, shown in the inset of Fig. 1, diff
sive as well as phonon drag effects are present. A large p
non drag peak is seen for pure Sb2Te3. A similar feature is
also present in vanadium-doped samples, though with
duced magnitude and the peak shifted to lower temperatu
It is in this temperature regime that both the resistivity a
the Hall coefficient have a maximum associated with
transition to the magnetically ordered state. Interestingly,S is
suppressed rather than enhanced and the minimum inS oc-
curs very close to the Curie temperature of each respec
sample~denoted by arrows in the inset for Fig. 1!. These
observations suggest a modification of the electron-pho
interaction~phonon drag! or the density of states due to th
presence of vanadium ions. A detailed magneto-thermopo
study would further elucidate this behavior.

The temperature dependence of the total thermal con
tivity is given in Fig. 2.k(T) for Sb2Te3 increases as tem
perature decreases and develops a peak at a temperatur
13 K. Below the peak,k decreases with an approximateT2

dependence. As vanadium is incorporated into the struct
k is suppressed at all temperatures with the largest reduc
near the peak. Thermal conductivity, in general, is the sum

FIG. 1. Temperature dependence of the thermopower~S! for
Sb22xVxTe3 single crystals. The inset is an expanded view at l
temperatures. The arrows correspond to the Curie tempera
which are 11 K, 17 K, and 22 K forx 5 0.01, 0.02, and 0.03
respectively.
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two components; i.e.,k5ke1kL whereke and kL are the
electronic and lattice thermal conductivity contributions, r
spectively. From the results of Ref. 10, the electrical cond
tivity decreases withx. Thus, at least part of the suppressi
in k is due to a decrease inke which is determined using the
Wiedemann-Franz ratio,ke5LsT where L is the Lorenz
number andT is the absolute temperature.

The exact calculation ofke is complicated by the likely
presence of two valence bands, the parameters of which
not well established.L is dependent on reduced Fermi lev
and scattering mechanism, and can be temperature depe
for semiconductors. Following the formalism of Fistul,18 if
we allow for a mixed scattering on acoustic phonons a
ionized impurities, and utilize thermopower and Hall coef
cient data, we find that at room temperature,L is in the range
(1.9–2.3)31028 V2/K2 depending on the chosen relativ
strength of the scattering mechanisms~the lower bound cor-
responding to scattering dominated by acoustic phonons
the upper bound corresponding to scattering on impuritie!.
Impurity scattering will become more important as tempe
ture is decreased, and we argue thatL should tend to the
elastic limit; i.e., L52.4431028 V2/K2. Stordeur and
Simon14 reported that the Lorenz number increased from
proximately 2.131028 at 300 K to 2.431028 V2/K2 at 100
K in Sb2Te3 single crystals. Pure and doped antimony tel
rides have a large electronic contribution to the room te
perature thermal conductivity. In the case of complete deg
eracy, the magnitude ofke at room temperature for the
undoped material is up to 70 % of the total thermal cond
tivity, and ;40% for Sb1.97V0.03Te3. However, the propor-
tion decreases as temperature decreases; furthermore, th
ror made in the determination ofkL from an uncertainty in
k2ke is correspondingly diminished at lower temperatur
as well. Therefore, we approximateL to be 2.44
31028 V2/K2 independent of temperature, and restrict o
theoretical analysis ofkL to temperatures from 1.5–100 K
The uncertainty inkL due to the uncertainty inke is ;7%
for x50 and;1% for x50.03 at 100 K and,1% below
50 K for all samples. Using this approach, i.e., limiting th

res

FIG. 2. Temperature dependence of the total thermal conduc
ity (k) for Sb22xVxTe3 single crystals.
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analysis to temperatures below 100 K, we essentially as
that the temperature dependence of the lattice thermal
ductivity is insensitive to the model chosen for the electro
contribution.

The temperature dependence of lattice thermal conduc
ity is normally treated within the Debye approximation. W
performed theoretical fits of the lattice thermal conductiv
for all Sb22xVxTe3 samples using the following
expression:19

kL~T!5
kB

2p2n
S kBT

\ D 3E
0

uD /T

tc

y4ey

~ey21!2
dy, ~1!

wherev is the phonon frequency,kB is the Boltzmann con-
stant,\ is the reduced Planck constant,y stands for the di-
mensionless parametery5\v/kBT, uD is the Debye tem-
perature,n is the velocity of sound, andtc is the phonon-
scattering relaxation time. The combined phonon-scatte
relaxation ratetc

21 can be written as

tc
215

n

d
1Av41Bv2T expS 2

uD

3TD1Cv, ~2!

whered is the crystal size and the coefficientsA, B, andC
are independent of temperature. The terms in Eq.~2! repre-
sent boundary scattering, point-defect~Rayleigh! scattering,
three-phonon umklapp scattering, and carrier-phonon sca
ing, respectively. The first three terms are physically ess
tial to account for the extrinsic and intrinsic phono
scattering processes in real dielectric crystals. Zima20

derived the inverse phonon relaxation timete2p
21 for scatter-

ing by free carriers in a parabolic band. For metals or deg
erate semiconductors it takes the form of the fourth term
Eq. ~2! provided,h@lph where,h is the mean-free path o
charge carriers~holes in this case! and lph is the phonon
wavelength. For,h!lph , the theory underlying this resu
breaks down21 and te2p

21 becomes proportional tov2 rather
than v1. In Fig. 3, we show a comparison of,h and lph
calculated using formal Drude analysis of the electrical tra
port data and the dominant phonon method (hn/lph
;2kBT) for the Sb22xVxTe3 series. This illustrates that th
form in Eq. ~2! is appropriate for Sb2Te3, but may become
borderline for the vanadium-doped samples at low temp
tures.

Theoretical fits of the temperature dependence of the
tice thermal conductivity of Sb22xVxTe3 from 1.5–100 K to
Eqs. ~1! and ~2! are compared to the data in Fig. 4. Th
smallest dimension of each single crystal was used for
parameterd and the prefactorsA, B, andC were fitting pa-
rameters. The Debye temperature of Sb2Te3 is reported22 to
be 160 K at 80 K. It is worth noting thatuD of both Bi2Te3
and Bi2Se3 has a strong temperature dependence below 8
with a minimum23 near 10 K. We expectuD of Sb2Te3 to
have a similar temperature dependence. Good fits were
tained using the temperature-dependent Debye temper
data of Bi2Te3 @uD(T)# from Ref. 22 which has a value o
162 K at 80 K. Nominally better fits were obtained usin
uD(T)/n1/3 with n55 following the prescription of Roufoss
and Klemens24 for crystals made up of molecular groups ofn
atoms. Only minor quantitative differences in the fitting p
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rameters resulted between the two schemes, and the
shown correspond to the latter one. To our knowledge,
value for the speed of sound in Sb2Te3 exists in the literature.
We obtain an estimate ofn52900 m/s from fitting the spe
cific heat data of Zhdanov25 to Debye theory and this value i
used in our fitting procedure.

The results of the theoretical analysis are given in Tabl
As an aside, we also found that the data can be nicely
without taking into account carrier-phonon interaction pr
vided the grain size is allowed to decrease to very sm

FIG. 3. Estimated hole mean-free path (,h) and phonon wave-
length (lph) as a function of temperature for the Sb22xVxTe3 series
determined using formal Drude analysis for,h and the dominant
phonon method forlph . Symbol definitions are the same as f
Figs. 1 and 2.

FIG. 4. Temperature dependence of the lattice thermal cond
tivity ( kL) for Sb22xVxTe3 single crystals. The solid lines throug
the data are theoretical fits to Eqs.~1! and ~2!. Fitting parameters
are found in Table I. The inset displays the same model calcula
~dashed line! without electron-phonon interaction compared to t
data for pure Sb2Te3.
6-3



s
e
e
o
y

r
ri
ob
t
e

ou

re

le
f

n
as
cu

o

te

-

na

th
a

we

is
ice

in
th

at
n

ice

e

-
Sb

a
nd

he
t

t
e
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dimensions of;30 mm. This micron-size length scale doe
not correspond to any characteristic physical feature in th
single crystals~it is two orders of magnitude smaller than th
physical size of the single crystalline specimen and four
ders of magnitude larger than the spacing between five-la
lamellas forming the tetradymite structure!. We thus consider
such a result as unacceptable. Fixing the boundary scatte
parameter at the smallest crystal dimension and conside
only boundary, point defect, and umklapp scattering, we
tain in the case of pure Sb2Te3 the dashed curve in the inse
to Fig. 4. In order to bring the theory and data into agreem
while using the actual smallest crystal dimension~2 mm! for
the boundary scattering parameterd, it is essential to incor-
porate the carrier-phonon scattering term in the fitting r
tine.

The prefactor for the carrier-phonon scattering inverse
laxation time is26

C5
~e1m* !2

2p\3rn
, ~3!

wheree1 is the deformation potential,m* is the hole effec-
tive mass, andr is the mass density. To our knowledge,e1
for Sb2Te3 is so far unknown. Withr56.5 g/cm3 and m*
.0.25m0 (m0 is the electron mass!, the fitted value ofC
implies that e1 is '3 eV, which seems quite reasonab
Upon addition of vanadium to the structure, the value oC
increases somewhat in comparison to that of pure Sb2Te3,
but no clear trend is seen as a function of the actual va
dium concentration. An enhancement of the effective m
could be responsible for this trend. According to the cal
lations shown in Fig. 3, the criterion that,h@,ph may not be
satisfied below 10 K where the effect of the carrier-phon
interaction is most pronounced.kL should be proportional to
T2 in the temperature range where the carrier-phonon in
action dominates ifte2p

21 depends linearly onv. On the other
hand, if te2p

21 ;v2 as is the case when,h!,ph , then kL

;T. Inspection ofkL(T) at low temperatures for the un
doped sample reveals a clearT2 dependence, while for the
doped samples the temperature dependence is margi
weaker but may be asymptotically approachingT2 also. Per-
haps, it is not surprising that an offset inC is seen in the
doped samples, given we are in a regime where,h;,ph . It
is also possible that the incorporation of vanadium into
crystal lattice gives rise to formation of line defects th
mimic the frequency dependence of the scattering rate

TABLE I. Fitting parameters for the theoretical analysis of t
lattice thermal conductivity of Sb22xVxTe3 single crystals. See tex
for details.

x A(10243 s3) B(10218 s/K) C(1024)

0 0.97 12.52 1.02
0.01 37.39 10.24 1.48
0.02 70.88 9.46 1.36
0.03 119.35 8.33 1.34
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21 and by neglecting the presence of these line defects

see artificially enhanced values of the parameterC.
Upon inspecting the fitting parameters in Table I, it

clear that the primary influence of vanadium on the latt
thermal conductivity of Sb2Te3 arises via the large variation
in the point defect scattering prefactorA, which can be
written,27

A5
V0G

4pn3
, ~4!

where V0 is the unit cell volume andG is the scattering
parameter appropriate for a substitutional impurity
Sb2Te3. For a single lattice site, taking into account bo
mass fluctuation and strain field scattering,28

G5a~12a!@~DM /Mave!
21e~Dd/dave!

2#, ~5!

wherea is the relative concentration of the impurity on th
lattice site,DM5Mi2M is the mass difference between a
impurity and the atom normally associated with that latt
site, Dd5d i2d is the difference in ionic radii of the two
species,Mave and dave are the weighted averages of th
mass and the radius at this lattice site, respectively, ande is
a phenomenological parameter. For a compoundAaBb , the
compositeG is

G~AaBb!5
a

a1b S MA

Mm
D 2

G~A!1
b

a1b S MB

Mm
D 2

G~B!, ~6!

where Mm5(aMa1bMb)/(a1b). Applying this to
Sb22xVxTe3, we takeA 5 ~Sb,V! where V is the impurity
substituting for Sb andB5Te. Magnetic and electrical trans
port properties10 suggest that vanadium resides on the
sublattice and takes a trivalent V31 state. Since there is no
substitution on the Te sublattice, the second term in Eq.~6! is
zero, andG(Sb2Te3)50.129G(Sb). The exact radii of Sb
and V in Sb22xVxTe3 are not known. However, adopting
formal valence picture, the radii of Sb and V are 0.90 Å a
0.78 Å, respectively, yieldingDd/d520.13. Figure 5 plots

FIG. 5. Point defect prefactor term~A! versus vanadium conten
@a(12a)# for Sb22xVxTe3. See text for details. Error bars ar
estimated from the uncertainty in the determination ofx52a.
6-4
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the fitted values ofA versusa(12a) where a 5 x/2 to-
gether with the predictions of Eqs.~4!–~6! with the above
assumptions and with the fitted strain parametere 5 235.
While this picture would adequately explain the data,
presence of other type point defects arising from the pr
ence of vanadium~e.g., vacancies! could contribute to the
overall value ofA, and e could be less than this value
Yokota and Katayama4 obtainede 5 400 for (Bi12xSbx)2Te3
alloys indicating that phonon scattering resulting from t
change of atomic radius by substitution is stronger than
resulting from the change of atomic mass. Our analysis~and
the value ofe5235) also suggests that atomic radius flu
tuations, i.e., the elastic strain, likely plays an important r
in the thermal transport.

The umklapp scattering term in Eq.~2! is a semiempirical
expression that has been used successfully in the descri
of a variety of materials29–31 andB is written

B5
n2/3\g2

MuDn2
, ~7!

where g is the Grüneisen parameter andM is the average
atomic mass. There appears a small decreasing trend in
fitted value ofB ~see Table I!. A possible explanation is tha
the incorporation of vanadium stiffens the lattice, leading
an increase in bothuD andn. In fact, we believe that 3 at. %
vanadium is near the upper solubility limit for the bu
growth of the compound—attempts to incorporate sign
cantly larger quantities of vanadium result in the segrega
of secondary phases. The relative importance of strain in
point defect scattering shown above is consistent with
picture.

As we noted, vanadium-doped Sb2Te3 develops a ferro-
magnetic order at low temperatures—Curie temperatures
Sb22xVxTe3 are 11 K, 17 K, and 22 K forx 5 0.01, 0.02,
and 0.03, respectively.10 Thus, some discussions regardin
the effect of resonant phonon scattering or magnon h
transport is in order. Low-temperature thermal conductiv
is often sensitive to the presence of paramagnetic ion
insulating crystals. For example, resonant phonon scatte
is observed in Al2O3 doped with small quantities o
vanadium32 due to transitions between low-lying energy le
els of V41, while practically no effect is found from the
presence of V31. The energy splittings due to the cryst
fields and spin-orbit coupling are not known for vanadium
Sb2Te3. The orbital portion of the total angular momentu
should be quenched because of the degenerate valence
which should lead to a much smaller spin-orbit splitting th
for Al2O3. The absence of any clear resonant dip inkL(T)
m

.

d
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could imply that these energies lie outside~below! the tem-
perature range explored. On the other hand, the scatte
due to point defects and electron-phonon interaction is q
strong and could overwhelm any resonant scattering co
bution. In any case, we see no obvious evidence in the t
mal conductivity for resonant phonon scattering from t
paramagnetic vanadium ion. Resonant phonon-magnon
tering might also be possible in Sb22xVxTe3. The phonon
relaxation rate due to scattering of phonons by magn
fluctuations33 can be described bytmag

21 5Dv2/@(T2TC)q

1G# which would lead to a local minimum or an inflectio
in kL near TC . For temperatures belowTC , magnon heat
transport can be expected to show aT2 dependence in the
thermal conductivity,34 though this would be an enhanc
ment relative to pure Sb2Te3 contrary to our observations
The data in Fig. 4 do not show these features, and so
concluded that magnetic properties have no clear effec
the zero-field thermal conductivity for temperatures down
1.5 K.

IV. SUMMARY

Thermal transport properties of single crystals
Sb22xVxTe3 with x50, 0.01, 0.02, and 0.03 were measure
Thermopower increased modestly at room temperature
increasing vanadium concentration, while at low tempe
tures the vanadium tends to suppress the otherwise pr
nent phonon drag contribution. Near room temperature,
total thermal conductivity is dominated by charge carr
~hole! heat transport. Lattice thermal conductivity data bel
a temperature of 100 K are explained using the Debye mo
~with a temperature dependent Debye temperature! within
the relaxation time approximation assuming scattering fr
crystal boundaries, carrier-phonon interaction, point defe
and three-phonon umklapp processes. The most notabl
fect of vanadium on the lattice thermal conductivity is t
enhanced role of point defects. The influence arises not o
from mass defect scattering, but also from the elastic st
associated with the different radii of antimony and van
dium. We observe no direct evidence of resonant pho
scattering due to low-lying energy levels of vanadium ions
the paramagnetic state, nor of a magnon contribution to
heat transport in the ferromagnetic state.
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