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Transport properties of CoGe1.5Se1.5
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We have synthesized and characterized polycrystallinen- andp-type CoGe1.5Se1.5, a member of the class of
compounds with the skutterudite crystal structure. Both specimens have large room temperature Seebeck
coefficients and resistivities. The carrier type depends very sensitively on the atomic ratio between Ge and Se.
For both specimens, the carrier mobilities are very low and the thermal conductivity is lower than that of the
binary skutterudite CoSb3 . Some of these properties can be attributed to the vacancies in the crystal lattice due
to the nonstoichiometric nature of the specimens studied. The transport properties are compared with those of
CoSb3 , and the potential for thermoelectric applications is discussed. This work is part of a continuing effort
to explore the large phase space of many possible compositions of skutterudites, a promising class of high-
efficiency thermoelectric materials.
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INTRODUCTION

Compounds with the skutterudite crystal structure are
scientific interest due to their unique physical properties1,2

They continue to be of technological interest as well, in p
ticular as potential thermoelectric materials.1–3 One impor-
tant feature of these materials is the large number of diffe
isostructural compositions that can be synthesized.
physical properties of these materials depend sensitively
their compositions. This provides the means for optimiz
their transport properties for advanced thermoelectric ap
cations. The diversity of potential compositional variants
mains one of the key reasons why this material system c
tinues to be investigated by many research groups.1,2

Ternary skutterudite compounds with simultaneous sub
tution of group IV and VI atoms on the pnicogen sites ha
been previously reported.4,5 These compounds should b
semiconductors, as they are isoelectronic with CoSb3 . In
fact, resistivity measurements on IrGe1.5S1.5 and IrGe1.5Se1.5
showed semiconducting temperature dependences.5 In this
paper we present electrical resistivity, Seebeck coeffici
thermal conductivity, magnetic susceptibility, and Hall me
surements on two polycrystalline CoGe1.5Se1.5 samples, and
compare the results to those for CoSb3 .

EXPERIMENTAL TECHNIQUES

The CoGe1.5Se1.5 specimens prepared for this paper we
synthesized by mixing and reacting high purity constitu
elements at 700 °C inside boron nitride crucibles that w
themselves sealed inside fused quartz ampoules under
trogen atmosphere for several days. Different starting Ge
Se compositions were used in order to prepare bothn- and
p-type skutterudites. The products were ground to fine po
ders inside a glove box, cold pressed into pellets, and
tered at 700 °C for several more days. For transport meas
ments and electron probe microanalysis~EPMA!, the
powdered specimens were hot pressed in a nitrogen a
sphere at 600 °C and 253103 psi for 2 h, yielding pellets
that are 90% of their theoretical~x-ray! densities. A careful
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f

-

nt
e
n

g
li-
-
n-

ti-
e

t,
-

t
e
ni-

nd

-
n-
re-

o-

EPMA analysis indicated that the specimens were unifo
and single phase with compositions CoGe1.452Se1.379 and
CoGe1.431Se1.385, with the Ge and Se concentrations assign
relative to that of a full occupation of Co on thec crystallo-
graphic site. It is apparent that the relatively high Se va
pressure resulted in a reduced amount of Se as compar
Ge in our specimens. The vacancies on theg crystallo-
graphic site may also affect the transport properties. An x-
diffraction analysis of the powdered specimens revealed o
the diffraction lines associated with the skutterudite struct
~space groupIm3) with lattice parameters of 8.30660.008
and 8.30160.008 Å for the aforementioned two samples, r
spectively.

Four-probe electrical resistivity~r!, steady-state Seebec
coefficient (S) and steady-state thermal conductivity~k!
measurements were performed in a radiation-shiel
vacuum probe. Heat losses via conduction through lead w
and radiation were determined in separate experiments,
the data were corrected accordingly. The Hall coefficient w
measured using a 16-Hz linear research ac resistance b
in conjunction with a cryostat equipped with a 5 T superco
ducting magnet. The Hall resistance was measured in b
positive and negative magnetic fields to correct for any m
alignment of the Hall probes. The advantage of the ac te
nique is that it compensates for the thermal electromo
force generated within the specimen. Thin slabs with l
than 0.5 mm thicknesses were cut for Hall measurement
order to increase the Hall signal. We were not able reso
the Hall resistance for CoGe1.452Se1.379 below 125 K or for
CoGe1.431Se1.385 below 160 K because the specimens we
very resistive. Magnetic susceptibility measurements w
performed using a Quantum Design magnetometer wit
magnetic field strength up to 5 T. For the transport measu
ments care was taken to prepare the specimen surface
before making electrical contact to prevent unwanted c
duction from surface defects.

RESULTS AND DISCUSSION

The magnetic momentM varies linearly with the mag-
netic fieldH for H,0.5 T between 2 and 300 K. The mag
©2003 The American Physical Society06-1
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netic susceptibilities (x5 M /H , measured atH50.5 T) as a
function of temperature for both samples are shown in Fig
Data for polycrystalline CoSb3 from Ref. 6 are also shown
for comparison. ForT.100 K, both samples exhibit dia
magnetic behavior almost identical to that of CoSb3 . This
indicates that Co atoms in CoGe1.5Se1.5 assume the low-spin
d6 electronic configuration, similar to CoSb3 . The much
larger Curie-Weiss type component for CoGe1.452Se1.379 at
T,100 K is believed to be due to the magnetic impurit
~Fe and Ni! in the starting material Co.2,7 We note that the
starting Co powders for CoGe1.452Se1.379 and for
CoGe1.431Se1.385 are from different batches, thus resulting
a dissimilar amount of magnetic impurities in these tw
specimens. We did not detect any magnetic ordering in
temperature range investigated.

As shown in Fig. 2, the lattice thermal conductivity,kL ,
of CoGe1.452Se1.379 shows a typical temperature dependen
for crystalline materials with a room temperature value
6 W m21 K21. The total thermal conductivity can be writte
as k5kL1ke . The electronic thermal conductivityke can
be estimated using the Wiedemann-Franz relationke
5L0T/r with L052.4531028 V2 K22) from the measured
r. In this approximation almost all the contribution to th
thermal conduction is from lattice phonons because at
temperatureske is less than 1% ofk. The kL values are
lower than those of CoSb3 ~with kL;8 W m21 K21 at room
temperature!.8–10The solid line in Fig. 2 is a theoretical fit o
the data using the Debye approximation8,10,11

kL5
kB

2p2y S kBT

\ D 3E
0

uD /T x4ex

tC
21~ex21!2 dx, ~1!

where x5\v/kBT is dimensionless,v is the phonon fre-
quency, kB is the Boltzmann constant,\ is the reduced
Planck constant,uD is the Debye temperature,y is the veloc-

FIG. 1. Magnetic susceptibilities of polycrystallin
CoGe1.452Se1.379 and CoGe1.431Se1.385 between 2 and 300 K. Data
for polycrystalline CoSb3 from Ref. 6 are also shown for compar
son.
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ity of sound, andtC is the phonon scattering relaxation tim
The phonon scattering relaxation ratetC

21 can be written as

tC
215

y

L
1Av41Bv2T expS 2

uD

3TD , ~2!

whereL is the grain size and the coefficientsA andB are the
fitting parameters. The terms in Eq.~2! represent grain
boundary scattering, point defect scattering, and phon
phonon umklapp scattering, respectively. From our theor
cal fit ~solid line in Fig. 2! we obtainL51.3mm, A54.70
310243 s3, and B56.66310218 s K21. The fitting param-
eters are very close to those of CoSb3 ,8,10 except thatA ~the
prefactor for point defect scattering! is approximately two
times larger. This is reasonable in light of the large num
of vacancies on theg crystallographic site indicated b
EPMA. We expect that alloy scattering between Ge and
plays a smaller role in the enhanced point defect pho
scattering in this specimen because of the small mass di
ence (;8%) between Ge and Se. The solid line in Fig.
models the overall temperature dependence ofkL quite well
over the entire two orders of magnitude temperature spa

Figure 3 showsr data for the CoGe1.452Se1.379 and
CoGe1.431Se1.385 samples. Data for polycrystalline CoSb3
from Ref. 6 are also shown for comparison.r decreases with
increasing temperature for both samples, showing a typ
semiconducting behavior. Over the entire temperature ra
CoGe1.452Se1.379 and CoGe1.431Se1.385 have higherr values
than CoSb3 . The straight line is a fit to the higher temper
ture data (T.300 K) using r5r0 exp@Ea /kBT# for
CoGe1.452Se1.379, whereEa is the activation energy. The fi
results inEa50.168 eV and could imply an intrinsic sem
conducting band gap of ;0.336 eV. A fit for
CoGe1.431Se1.385 yields the same activation energy. This es
mated intrinsic band gap is higher than that for CoSb3 , with
a value of 0.102 eV.6 We note that similar estimates5 on
IrGe1.5S1.5 and IrGe1.5Se1.5 indicated an activation energy o

FIG. 2. Lattice thermal conductivity for CoGe1.452Se1.379vs tem-
perature. The open squares are the experimental data and the l
a fit based on Eqs.~1! and ~2!.
6-2



th
uc
,

es
is
fo
-
tra
-

wo
rr

e
e
ers

s
the

the

m

mic

at

on-
m-

to

d
ep-
f the

ptor-
ta
pre-

-

tic
d

the

-

d by

BRIEF REPORTS PHYSICAL REVIEW B68, 193206 ~2003!
;0.1 eV; however, the authors of Ref. 5 suggest that
intrinsic gap may be even higher. We know of no band str
ture calculations for this material. At room temperaturer
53.373103 and 4.7033102 mV cm for CoGe1.452Se1.379
and CoGe1.431Se1.385, respectively. The difference increas
with decreasing temperature. According to our Hall data, d
cussed later in this paper, the lower resistivity observed
CoGe1.431Se1.385 is primarily due to its much higher hole mo
bility, even though the room temperature carrier concen
tion of CoGe1.431Se1.385 (p-type! is about an order of magni
tude lower than that of CoGe1.452Se1.379 (n-type!.

The small compositional difference between the t
specimens has a dramatic effect on the carrier type, ca

FIG. 3. The electrical resistivity of CoGe1.452Se1.379,
CoGe1.431Se1.385, and CoSb3 ~from Ref. 6! vs temperature. The
solid line is a fit of the formr5r0 exp@Ea/kBT# to the higher
temperature data, indicatingEa50.168 eV.

FIG. 4. Seebeck coefficient vs temperature of CoGe1.452Se1.379

and CoGe1.431Se1.385. The inset shows carrier concentrations~c.c.!
of the two samples from Hall measurements.
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concentration, andS values, as shown in Fig. 4. The negativ
S values for CoGe1.452Se1.379 indicate that electrons are th
majority carriers. A small change in the Ge to Se ratio alt
the sign ofS, making CoGe1.431Se1.385 p-type. At room tem-
perature highS values of2550 and 341mV K21 are ob-
served for CoGe1.452Se1.379 and CoGe1.431Se1.385, respec-
tively. Consistent with theS data, our Hall measurement
also show that the carriers are electrons and holes for
respective specimens. The inset in Fig. 4 shows
carrier concentrations ~c.c.! of CoGe1.452Se1.379 and
CoGe1.431Se1.385 obtained from Hall measurements. At roo
temperaturen53.531018 cm23 and p53.831017 cm23.
Our Seebeck coefficient and Hall data show thatn- or p-type
electrical conduction depends very sensitively on the ato
ratio between Ge and Se for CoGe1.5Se1.5.12,13

The temperature dependence ofS for CoGe1.431Se1.385 is
similar to that observed for thep-type CoSb3 with a compa-
rable carrier concentration, except that the temperature
which S starts to increase rapidly is;70 K for the p-type
CoSb3 .6 It has been suggested that at these low carrier c
centration levels, impurity band conduction may play an i
portant role in electrical transport at low temperatures.6,14We
speculate the lowS values at low temperatures are due
impurity band conduction, in whichS can be written as

S5
saSa1sdSd

sa1sd
, ~3!

wheresa andsd are the partial electrical conductivities, an
Sa andSd are the partial Seebeck coefficients of the acc
tors and compensating donors, respectively. Because o
different signs ofSa and Sd , S can be very small. At high
temperatures the impurities are depleted, leading to acce
dominatedS values. The lack of low temperature Hall da
due to the resistive nature of the specimens, however,
vents us from clearly ascertaining this mechanism.

Hall data for CoGe1.452Se1.379produces an electron mobil
ity that varies roughly asT0.66 at room temperature with
values of 0.53– 0.26 cm2 V21 s21 from room temperature to
125 K. This indicates mixed ionized impurity and acous
lattice scattering for electrons. For a single parabolic banS
andn are given by15

S56
kB

e S ~21r !F11r~h!

~11r !Fr~h!
2h D , ~4!

n5
&

p2 Fmn* kBT

\2 G3/2

F1/2~h!, ~5!

where r is the exponent of the energy dependence of
electron mean free path,mn* is the electron effective mass,e
is the electron charge,h5EF /kBT is the reduced Fermi en
ergy,EF is the Fermi energy, andFx is the Fermi integral of
order x. The 1 and 2 signs in Eq.~4! are appropriate for
holes and electrons, respectively. For electrons scattere
ionized impurities and acoustic phonons,r 52 and 0, respec-
tively. We use the intermediate valuer 51 for mixed
scattering.16 The room temperatureS and n data yieldmn*
52.55me , whereme is the electron mass. This value ofmn*
6-3
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is slightly smaller than that of CoSb3 .6 The hole mobility for
CoGe1.431Se1.385 has a room temperature value
;35 cm2 V21 s21, and it varies approximately asT6 be-
tween 160 and 300 K. With the limited data points, it
difficult to ascertain the hole scattering mechanism. Based
the much higher hole mobility, we speculate that the eff
tive mass for holes is much smaller than that of electro
Similar results were found in CoSb3 .6 A more complete the-
oretical analysis of the energy band gap and carrier effec
masses for this compound would enhance our understand
as well as provide direction for future experimental work

SUMMARY

We report on the synthesis and transport properties of
skutterudites CoGe1.452Se1.379 and CoGe1.431Se1.385. These
compounds are diamagnetic semiconductors with a relati
large band gap, as compared to CoSb3 . The electrical and
thermal conduction are influenced by the vacancies in
crystal lattice because of the non-stoichiometry of the sp
mens. The low mobility of CoGe1.5Se1.5 precludes it from
i.

rc
M

ol

y

T

19320
n
-

s.

e
g,

e

ly

e
i-

being a useful thermoelectric material; however, the la
Seebeck coefficient makes it interesting for further investi
tion. The carrier types in these compounds depend very
sitively on the atomic ratio between Ge and Se. This offer
method for tuning the electrical transport properties of th
compounds. At room temperature the dimensionless ther
electric figure of merit (ZT5S2T/rk) of these compounds is
0.0005. Further research, including void filling and dopin
is therefore of interest and may result in improved therm
electric properties.
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