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Heat transport in Sb,_,V, Te; 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 Q¥ gke; with x=0, 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 approxiridtdependence 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 II. EXPERIMENTAL TECHNIQUES

The synthesis of single crystals of SQV,Te; with x
Antimony telluride ShTe; is a narrow-gap semiconductor =0, 0.01, 0.02, 0.08nomina) using a modified Bridgeman

that belongs to the group of tetradymite-type layered comtechnique and a description of their electronic and magnetic
pounds having the formulayBY' (with A=Sb, Bi andB  Properties is described elsewhéfevieasurement of thermal

—Se, Te. Crystals in this family are composed of repeatedconductivity x and thermopowesS perpendicular to the

planes of five-atomic layer lamellas separated by a van defXiS Was carried out in a cryostat equipped with two radia-
tion shields employing a longitudinal steady-state technique.

Waals gap. This unusual structure results in highly aniso: I ith tvoical di 1on583% 10 M. wh h
tropic transport properties. Alloys of these binary compound amples with typical dimension>33. mnr, where the
irection of the long dimension is in the plane were cut

have excellent room temperature thermoelectric propertie sing a spark erosion machine. For sample temperatures of
and have served as the backbone of the thermoelectric coq;- g P ' b b

) : . —300 K, thermal gradients were measured with the aid of
ing technology. As such, their electrical and thermal transporine copper-constantan thermocouples. The copper legs of
properties have been thoroughly studied.

. the thermocouples served as Seebeck voltage probes and the
In the case of pure $e;, however, most of the studies g3y nje thermopower was corrected for the contribution of
have been focused on electrical, optical, and galvanomagne previously calibrated Cu wires. The temperature range of
netic behavior. The bulk of the thermal conductivity investi- 1 5_25 K was covered in separate experiments employing
gations in the literature are focused on the room temperaturge thermometers to measure thermal gradients. A miniature
behavior of the Spre;-Bi,Te; alloys. Data on the tempera- strain gauge served as a heat source in both cases. Thermal
ture dependence of the thermal conductivity o, B are  conductivity data were experimentally corrected for radiation
limited and only extend down to 80—100'K?* The high  loss!! The magnitude of this correction was approximately
native concentration of holes~10?° cm™3) in nominally ~ 8-9 % at room temperature ardl% at 100 K.
undoped Spre; makes a significant contribution to the heat

transport and is, in fact, the dominant effect near room
temperaturé. IIl. RESULTS AND DISCUSSION

. Th'e (;orzll_ng r:nﬂusnce of Z'Z{Tega\t/number OT fore|gfn |m(;)u— The temperature dependence of the thermopower is dis-
rites in ShTe, has been studied.” Very recently, we foun played in Fig. 1. All samples have positive thermopower

that ShTe; becomes a ferromagnetic semiconductor at lowgicating hole transport, which is consistent with positive
temperatures upon addition of small concentrations Ofg)| coefficients for these sampl&The Fermi surface of
vanadium'® The Curie temperature increases with vanadiumpe ShTe, valence band is generally described by a six-
content and reaches approximately 22 K for §o03T€;.  ellipsoidal model? and the behavior of the thermopower and
Furthermore, the presence of the magnetic ion has a strongther transport properties have been interpreted by assuming
influence on the electrical transport properties near the Curighe presence of an upper as well as a lower valence®fdid
temperature. So far there has been no report of heat transpa@it by considering a single band with anisotropic, mixed car-
in this material. In this work, we present thermal conductiv-rier relaxation times*!® The room temperature value of
ity and thermoelectric power data from 1.5 to 300 K for 89 uV/K for our pure ShTe; sample compares favorably to
single crystals of Sh ,V,Te;, and we analyze the influence the existing data in the literature for a comparably doped
of vanadium. material’® Here, we wish to highlight the effect of vana-
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FIG. 2. Temperature dependence of the total thermal conductiv-
ity («) for Sh,_,V,Te; single crystals.
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FIG. 1. Temperature dependence of the thermopaoi@eifor ~ two components; i.e.x= k.+ k. Wherex, and x, are the
Sh,_,V,Te; single crystals. The inset is an expanded view at lowelectronic and lattice thermal conductivity contributions, re-
temperatures. The arrows correspond to the Curie temperaturepectively. From the results of Ref. 10, the electrical conduc-
which are 11 K, 17 K, and 22 K fok = 0.01, 0.02, and 0.03, tivity decreases witkx. Thus, at least part of the suppression
respectively. in « is due to a decrease i, which is determined using the

Wiedemann-Franz ratiox,=LoT wherelL is the Lorenz
dium. The room temperature thermopov&increases with number andr is the absolute temperature.
the addition of vanadium to a value of approximately The exact calculation ok is complicated by the likely
110 wV/K for x=0.02 and 0.03. We note that over the samepresence of two valence bands, the parameters of which are
range ofx, the electrical conductivity decreases by a factor not well established. is dependent on reduced Fermi level
of 5, and the Hall coefficient remains approximately con-and scattering mechanism, and can be temperature dependent
stant. A relative insensitivity o8 to the value of conductivity ~for semiconductors. Following the formalism of Fistfiiif
has been observed for a number of different dopants itve allow for a mixed scattering on acoustic phonons and
Sh,Te; and has been explained by invoking a two-bandionized impurities, and utilize thermopower and Hall coeffi-
model! or alternatively by the interaction of the incorporated cient data, we find that at room temperaturés in the range
foreign atom with native(antisite and vacancigspoint  (1.9-2.3)<10°8 V¥K? depending on the chosen relative
defectst’ strength of the scattering mechanisfttsee lower bound cor-

At low temperatures, shown in the inset of Fig. 1, diffu- responding to scattering dominated by acoustic phonons and
sive as well as phonon drag effects are present. A large phdhe upper bound corresponding to scattering on impuyities
non drag peak is seen for pure,b;. A similar feature is  Impurity scattering will become more important as tempera-
also present in vanadium-doped samples, though with relure is decreased, and we argue thashould tend to the
duced magnitude and the peak shifted to lower temperatureglastic limit; i.e., L=2.44x10"® V?/K?. Stordeur and
It is in this temperature regime that both the resistivity andSimon reported that the Lorenz number increased from ap-
the Hall coefficient have a maximum associated with theproximately 2.2<10°8 at 300 K to 2.4 10" VZ/K? at 100
transition to the magnetically ordered state. Interestirigly, K in Sb,Te; single crystals. Pure and doped antimony tellu-
suppressed rather than enhanced and the minimugwoir  rides have a large electronic contribution to the room tem-
curs very close to the Curie temperature of each respectivieerature thermal conductivity. In the case of complete degen-
sample(denoted by arrows in the inset for Fig). These eracy, the magnitude ok, at room temperature for the
observations suggest a modification of the electron-phononndoped material is up to 70 % of the total thermal conduc-
interaction(phonon dragor the density of states due to the tivity, and ~40% for Sh ¢V o3T€;. However, the propor-
presence of vanadium ions. A detailed magneto-thermopowdion decreases as temperature decreases; furthermore, the er-
study would further elucidate this behavior. ror made in the determination &f from an uncertainty in

The temperature dependence of the total thermal conduee— «. is correspondingly diminished at lower temperatures
tivity is given in Fig. 2. x(T) for Sh,Te; increases as tem- as well. Therefore, we approximate. to be 2.44
perature decreases and develops a peak at a temperature ngdi0 8 V2/K? independent of temperature, and restrict our
13 K. Below the peakk decreases with an approximaf@  theoretical analysis ok, to temperatures from 1.5-100 K.
dependence. As vanadium is incorporated into the structur@he uncertainty ink, due to the uncertainty ir, is ~7%

k is suppressed at all temperatures with the largest reductidior x=0 and~1% for x=0.03 at 100 K and<1% below
near the peak. Thermal conductivity, in general, is the sum 050 K for all samples. Using this approach, i.e., limiting the
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analysis to temperatures below 100 K, we essentially assure 10% ,
that the temperature dependence of the lattice thermal con-
ductivity is insensitive to the model chosen for the electronic

contribution. 107 : i
The temperature dependence of lattice thermal conductiv-
ity is normally treated within the Debye approximation. We N A

performed theoretical fits of the lattice thermal conductivity 108 S %m:%

}\,phl Ze (m)

for all Sb, ,V,Te; samples using the following DY
expressiort’ ~
k keT\3 [op/T yeY 100 L ™~ i
Kk (T)= 32 (L) f o ——dy, (1) ;h
272\ h 0 (e¥-1) NG

wherew is the phonon frequencyg is the Boltzmann con- 1010 . ‘ )
stant,# is the reduced Planck constagtstands for the di- 1 10 100
mensionless parametgr=7% w/kgT, 0y is the Debye tem- T (K)

perature,v is the velocity of sound, and,. is the phonon-

scattering relaxation time. The combined phonon-scattering FIG. 3. Estimated hole mean-free patf, and phonon wave-

relaxation r:’;lterc_l can be written as length (\,,) as a function of temperature for the ShV,Te; series
determined using formal Drude analysis f& and the dominant

) phonon method foi,,. Symbol definitions are the same as for
Figs. 1 and 2.

)
3T

whered is the crystal size and the coefficienis B, and C

+Cw,

14
r;1=a+Aw4+ Bw?T exp(

are independent of temperature. The terms in @)repre- rameters resulted between the two schemes, and the fits
P P ) b shown correspond to the latter one. To our knowledge, no

sent boundary scattering, point-deféRayleigh scattering, value for the speed of sound in Slie; exists in the literature.

three-phonon umklapp scattering, and carrier-phonon scatt (Ve obtain an estimate of=2900 m/s from fitting the spe-

ing, respectively. The first three terms are physically essen-... . .
tia? © gccoun%/ for the extrinsic and intF;inysic p)rqonon— cific heat data of Zhdandvto Debye theory and this value is

. , . . ; used in our fitting procedure.
scattering processes in real dielectric crystals. Zfthan ; . . .
. . . N~ The results of the theoretical analysis are given in Table I.
derived the inverse phonon relaxation time-, for scatter-

ina by f N bolic band. F tal d As an aside, we also found that the data can be nicely fit
INg Dy Tree carriers in a parabolic band. or Metals or Aegeng iy, q ¢ taking into account carrier-phonon interaction pro-

erate semiconductors it takes the form of the fourth term ini S
. . ided the grain size is allowed to decrease to very small
Eq. (2) provided¢,> \ ,, where{y, is the mean-free path of g y

charge carriergholes in this caseand Ay, is the phonon ] —
wavelength. For,<\,;,, the theory underlying this result
breaks dowfi and r;lp becomes proportional t@? rather
than w!. In Fig. 3, we show a comparison @, and Nph
calculated using formal Drude analysis of the electrical trans-
port data and the dominant phonon metholdw/} g,
~2kgT) for the Sh_,V,Te; series. This illustrates that the
form in Eq. (2) is appropriate for Sfie;, but may become
borderline for the vanadium-doped samples at low tempera-
tures.

Theoretical fits of the temperature dependence of the lat-
tice thermal conductivity of Sh,V,Te; from 1.5-100 K to
Egs. (1) and (2) are compared to the data in Fig. 4. The
smallest dimension of each single crystal was used for the
parameted and the prefactord, B, andC were fitting pa-
rameters. The Debye temperature of, B is reported® to
be 160 K at 80 K. It is worth noting thaiy of both B Te; L
and Bi,Se has a strong temperature dependence below 80 K 10
with a minimunt® near 10 K. We expec#p of Sh,Te; to T K
have a similar temperature dependence. Good fits were ob- (K)
tained using the temperature-dependent Debye temperature |G 4. Temperature dependence of the lattice thermal conduc-
data of BpTe; [0p(T)] from Ref. 22 which has a value of tivity («,) for Sh,_,V,Te, single crystals. The solid lines through
162 K at 80 K. Nominally better fits were obtained using the data are theoretical fits to Eq4) and (2). Fitting parameters
65(T)/nY3with n=5 following the prescription of Roufosse are found in Table I. The inset displays the same model calculation
and Klemen&* for crystals made up of molecular groupsrof  (dashed ling without electron-phonon interaction compared to the
atoms. Only minor quantitative differences in the fitting pa-data for pure Sfie;.

o (Wm'K"
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TABLE |. Fitting parameters for the theoretical analysis of the 150 | |
lattice thermal conductivity of Sh,V,Te; single crystals. See text
for details. 125
X A(10" % %) B(10 8 s/K) C(10°% 100 |
(2]
0 0.97 12.52 1.02 o
0.01 37.39 10.24 1.48 o
0.02 70.88 9.46 1.36 :{
0.03 119.35 8.33 1.34 S0
25 -
dimensions of~30 um. This micron-size length scale does

| |
not correspond to any characteristic physical feature in these 0.000 0.005 0.010 0.015
single crystalgit is two orders of magnitude smaller than the o (1-0)
physical size of the single crystalline specimen and four or-
ders of magnitude larger than the spacing between five-layer FIG. 5. Point defect prefactor terd) versus vanadium content
lamellas forming the tetradymite structurgVe thus consider [a(1—a)] for Sh,_,V,Te;. See text for details. Error bars are
such a result as unacceptable. Fixing the boundary scatterirggtimated from the uncertainty in the determinatiorxef2a.
parameter at the smallest crystal dimension and considering
only boundary, point defect, and umklapp scattering, we obq-;,lp and by neglecting the presence of these line defects we
tain in the case of pure $be; the dashed curve in the inset see artificially enhanced values of the paraméter
to Fig. 4. In order to bring the theory and data into agreement Upon inspecting the fitting parameters in Table |, it is
while using the actual smallest crystal dimens{@mm) for  clear that the primary influence of vanadium on the lattice
the boundary scattering parametkrit is essential to incor- thermal conductivity of Sfife; arises via the large variation
porate the carrier-phonon scattering term in the fitting rouin the point defect scattering prefactédy, which can be

tine. written?’
The prefactor for the carrier-phonon scattering inverse re-
laxation time i€® Q,r
A=——, @
A1y
(e;m*)?

, (3  where (), is the unit cell volume and” is the scattering
27t py parameter appropriate for a substitutional impurity in
Sh,Te;. For a single lattice site, taking into account both
wheree; is the deformation potentiain® is the hole effec- mass fluctuation and strain field scatterifig,
tive mass, ang is the mass density. To our knowledgs, ) 5
for Sh,Te, is so far unknown. Withp=6.5 g/cn? and m* I'=a(1-a)[(AM/Mg,e)"+ €(A 6/ 5ae)°],  (5)

=0.25m, (M, is the electron magsthe fitted value ofC  \\hereq is the relative concentration of the impurity on that

implies thate, is ~3 eV, which seems quite reasonable. yice site, AM =M, —M is the mass difference between an

Upon addition of vanadium to the structure, the valueCof jo 5 ity and the atom normally associated with that lattice

increases somewhat in comparison to that of purgl&h it A 5=6— 6 is the difference in ionic radii of the two

but no clear trend is seen as a function of the actual Va”as'pecies M and 8,,. are the weighted averages of the
’ ave ave

dium concentration. An enhancement of the effective masg,ass and the radius at this lattice site respectively, eaisd
could be responsible for this trend. According to the calcu-a phenomenological parameter. For a’compoAgB ' the
lations shown in Fig. 3, the criterion thég>¢,, may not be compositel” is ' b

satisfied below 10 K where the effect of the carrier-phonon

interaction is most pronounced, should be proportional to

T2 in the temperature range where the carrier-phonon inter- I'(A Bp)= a7b
action dominates if-;,lp depends linearly om. On the other

hand, if T;fp~w2 as is the case whefi,<{,,, then x_ where M,,=(aM,+bMy)/(a+b). Applying this to
~T. Inspection ofx (T) at low temperatures for the un- Sh,_,V,Te;, we takeA = (Sb,V) where V is the impurity
doped sample reveals a cleBf dependence, while for the substituting for Sb an8=Te. Magnetic and electrical trans-
doped samples the temperature dependence is marginalpprt propertie¥ suggest that vanadium resides on the Sb
weaker but may be asymptotically approachirfgalso. Per-  sublattice and takes a trivalent’V state. Since there is no
haps, it is not surprising that an offset @ is seen in the substitution on the Te sublattice, the second term in(&qds
doped samples, given we are in a regime whgye £,,,. It~ zero, andl’(Sh,Te;) =0.129T'(Sb). The exact radii of Sb

is also possible that the incorporation of vanadium into theand V in Si_,V,Te; are not known. However, adopting a
crystal lattice gives rise to formation of line defects thatformal valence picture, the radii of Sb and V are 0.90 A and
mimic the frequency dependence of the scattering rate d.78 A, respectively, yielding\ 6/ 5= —0.13. Figure 5 plots

Ma
M

2 b MB 2
) ['(A)+—r M—m) I'(B), (6)

a+b
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the fitted values ofA versusa(l—a) wherea = x/2 to-  could imply that these energies lie outsidelow) the tem-
gether with the predictions of Eq¢4)—(6) with the above perature range explored. On the other hand, the scattering
assumptions and with the fitted strain parameter 235. due to point defects and electron-phonon interaction is quite
While this picture would adequately explain the data, thestrong and could overwhelm any resonant scattering contri-
presence of other type point defects arising from the presbution. In any case, we see no obvious evidence in the ther-
ence of vanadiunie.g., vacancigscould contribute to the mal conductivity for resonant phonon scattering from the
overall value ofA, and e could be less than this value. paramagnetic vanadium ion. Resonant phonon-magnon scat-
Yokota and Katayanfaobtainede = 400 for (Bi,_,Sh),Te;  tering might also be possible in §bV,Te;. The phonon
alloys indicating that phonon scattering resulting from therelaxation rate due to scattering of phonons by magnetic
change of atomic radius by substitution is stronger than thafluctuations® can be described by 2.=Dw?/[(T—Tc)“
resulting from the change of atomic mass. Our analfe@isl  + G] which would lead to a local minimum or an inflection
the value ofe=235) also suggests that atomic radius fluc-in «, nearT.. For temperatures beloW., magnon heat
tuations, i.e., the elastic strain, likely plays an important roletransport can be expected to showla dependence in the
in the thermal transport. thermal conductivity* though this would be an enhance-
The umklapp scattering term in E@) is a semiempirical ment relative to pure Sfie; contrary to our observations.
expression that has been used successfully in the descriptide data in Fig. 4 do not show these features, and so we

of a variety of materiafS~3'andB is written concluded that magnetic properties have no clear effect on
the zero-field thermal conductivity for temperatures down to
n*%y? 15K.
B= , ()
M HD V2

where y is the Gruneisen parameter and is the average V. SUMMARY

atomic mass. There appears a small decreasing trend in the Thermal transport properties of single crystals of
fitted value ofB (see Table)l A possible explanation is that Sh, .V, Te, with x=0, 0.01, 0.02, and 0.03 were measured.
the incorporation of vanadium stiffens the lattice, leading toThermopower increased modestly at room temperature with
an increase in bothl, andv. In fact, we believe that 3 at. % increasing vanadium concentration, while at low tempera-
vanadium is near the upper solubility limit for the bulk tures the vanadium tends to suppress the otherwise promi-
growth of the compound—attempts to incorporate signifi-nent phonon drag contribution. Near room temperature, the
cantly larger quantities of vanadium result in the segregatiomiotal thermal conductivity is dominated by charge carrier
of secondary phases. The relative importance of strain in thgnole) heat transport. Lattice thermal conductivity data below
point defect scattering shown above is consistent with this temperature of 100 K are explained using the Debye model
picture. (with a temperature dependent Debye temperatwiehin

As we noted, vanadium-doped Sie; develops a ferro- the relaxation time approximation assuming scattering from
magnetic order at low temperatures—Curie temperatures fagrystal boundaries, carrier-phonon interaction, point defects,
Sh, ,V,Te; are 11 K, 17 K, and 22 K fox = 0.01, 0.02, and three-phonon umklapp processes. The most notable ef-
and 0.03, respectively. Thus, some discussions regarding fect of vanadium on the lattice thermal conductivity is the
the effect of resonant phonon scattering or magnon heagnhanced role of point defects. The influence arises not only
transport is in order. Low-temperature thermal conductivityfrom mass defect scattering, but also from the elastic strain
is often sensitive to the presence of paramagnetic ions iassociated with the different radii of antimony and vana-
insulating crystals. For example, resonant phonon scatteringium. We observe no direct evidence of resonant phonon
is observed in AlO; doped with small quantities of scattering due to low-lying energy levels of vanadium ions in
vanadiuni? due to transitions between low-lying energy lev- the paramagnetic state, nor of a magnon contribution to the
els of V**, while practically no effect is found from the heat transport in the ferromagnetic state.
presence of ¥". The energy splittings due to the crystal
fields and spin-orbit coupling are not known for vanadium in
Sh,Te;. The orbital portion of the total angular momentum
should be quenched because of the degenerate valence band\We wish to acknowledge the National Science Foundation
which should lead to a much smaller spin-orbit splitting thaninternational Programs grant between the University of
for Al,O3;. The absence of any clear resonant dip<{T) Michigan and the University of Pardubice, Czech Republic.
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