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Cerium filling and doping of cobalt triantimonide
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We have fabricated and studied the structural, magnetic, and transport properties of filled skutterudites of the
form CeyFe42xCoxSb12 with 0, y,1 andx53.25 and 4. For samples containing 100% Co, Ce can be inserted
into approximately 10% of the voids in the skutterudite structure. It is shown that the rare earth is trivalent and
dopes the host CoSb3 n-type. With substitution of Fe for Co the void occupancy by Ce increases. The thermal
conductivity is strongly depressed even at small~5%! rare-earth filling fractions, and is further degraded by
substitution of Fe for Co. Although the electron mobility inn-type samples is smaller than the hole mobility in
p-type samples, due to their large electron masses the Seebeck coefficient inn-type material maintains large
values at high electron concentrations.@S0163-1829~97!02036-5#
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INTRODUCTION

The recent discovery of high thermoelectric figure
merit in certain skutterudite compounds1,2 has opened up the
possibility of fabricating highly efficient thermoelectric ge
erators for the conversion of waste heat to electricity. T
operation of such generators requires the use of bothn- and
p-type thermoelectric materials. Up to now the materials
this family that have been reported upon exhibitp-type be-
havior only. Recently, Chenet al.3 predicted that in the filled
skutterudite CeFe42xCoxSb12 n-type material should be ob
tained forx'3. From band-structure calculations, No¨rdstrom
and Singh4 showed thatn-type materials should have larg
electron masses that could lead to desirable thermoele
properties. In this paper we will describe the results of o
studies of the structural, magnetic, and low-temperat
transport properties of suchn-type skutterudite compounds

The thermoelectric figure of merit of a material is give
by Z5S2s/k, whereS is the Seebeck coefficient,s the elec-
trical conductivity, andk the thermal conductivity. Since th
dimensions ofZ are inverse temperature, it is customary
define the dimensionless figure of meritZT, whereT is the
absolute temperature. The observation of thermoelectric
ure of merit inp-type LaFe42xCoxSb12 ~Ref. 1, ZT50.9 at
800 K! and CeFe42xCoxSb12 ~Ref. 1,ZT50.7 at 800 K; Ref.
2, ZT51.2–1.4 at 900 K! filled skutterudite compounds a
good as or better than state-of-the-art thermoelectric ma
als~ ZT<1! is the latest step in the study and optimization
the thermoelectric properties of these fascinating mater
These filled skutterudites are derived from binary~unfilled!
skutterudites of the formAB3, whereA is Co, Rh, or Ir and
B is P, As, or Sb. The structure of these materials has b
well determined experimentally5–7 and consists of a cubic
array of metalA atoms containing four-membered squa
planar rings of pnictideB atoms. The potential of the binar
compounds asp-type thermoelectric materials was first su
gested by Fleurial, Caillat, and Borshchevsky8 based on their
observation of the combination of high hole mobility an
560163-1829/97/56~12!/7376~8!/$10.00
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potentially small lattice thermal conductivity due to the com
plex crystal structure~16 atoms per unit cell! and heavy atom
masses. Indeed, subsequent study of the thermoelectric p
erties of CoSb3 and IrSb3 showed that the power factor~the
numeratorS2s entering into the figure of merit! is quite
large and comparable to that of state-of-the-art thermoe
tric materials such as Bi2Te3 and PbTe. Singh and Picket9

carried out band-structure calculations for these mater
and showed that the skutterudites are very narrow or z
band-gap semiconductors characterized by a linearly disp
ing valence band and conduction bands of large effec
mass. The observed transport properties ofp-type single
crystals of CoSb3 ~Ref. 10! were consistent with this
valence-band picture. Unfortunately, although the power f
tor for binary skutterudites is large, the thermal conductivi
while moderately small, is about a factor 10 too high to ma
these compounds useful as thermoelectrics. Borshchev
Caillat, and Fleurial11 showed that it is possible to mak
mixed crystals of skutterudites that exhibit lower lattice th
mal conductivity due to alloy scattering; however, this tec
nique raises the figure of merit up to only about half that
state-of-the-art materials.

Interest in the use of these compounds as thermoele
materials most likely would have ceased at this point wer
not for the observation of Slack and Tsoukala12 that the skut-
terudite structure is amenable to modification in the direct
of a greatly reduced lattice thermal conductivity. Th
pointed out that skutterudites have large voids which can
‘‘filled’’ by rare-earth atoms. Such filled skutterudites, whic
form with Fe, Ru, or Os on the metal site, have been kno
for some time13–15 and exhibit a wide range of interestin
physical properties, including superconductivity@LaFe4P12
~Ref. 16!# and hybridization gap semiconducting behav
@CeFe4P12 ~Ref. 17!#. Because the radius of the rare-ear
atom is significantly smaller than the radius of the void, t
former ‘‘rattles,’’ i.e., exhibits a soft phonon mode. Exper
mental evidence of such rattling had already been exhib
in the large x-ray thermal parameter13–15 characteristic of
rare-earth atoms in this structure. Recently, Morelli a
7376 © 1997 The American Physical Society
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TABLE I. Nominal overall compositions, composition of the skutterudite phase, and presence of se
ary phases in CeyFe42xCoxSb12 samples; the designation ‘‘S’’ indicates those samples which are saturat
with Ce as determined from analysis of the x-ray spectra and susceptibility.

Sample number and nominal
composition

Composition of the skutterudite
phase Secondary phases

1:CoSb3
2:Ce0.050Co4Sb12 Ce0.044Co4Sb11.62 none
3:Ce0.075Co4Sb12 Ce0.072Co4Sb11.62 none
4:Ce0.100Co4Sb12 Ce0.085Co4Sb12 none
5:Ce0.150Co4Sb12 ~S! Ce0.100Co4Sb11.53 CeSb2 ~,1%!

6:Ce0.200Co4Sb12 ~S! Ce0.089Co4Sb11.47 CeSb2 ~,5%!

7:Ce0.2Fe0.75Co3.25Sb12

8:Ce0.3Fe0.75Co3.25Sb12

9:Ce0.5Fe0.75Co3.25Sb12 ~S! Ce0.22Fe0.63Co3.37Sb11.47 CeSb2 ~,10%!

~Fe,Co!Sb2 ~,5%!

10:Ce1Fe0.75Co 3.25Sb12 ~S! Ce0.31Fe0.75Co3.25Sb11.47 CeSb2 ~,20%!

~Fe,Co!Sb2 ~,5%!
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Meisner18 provided experimental evidence of the reducti
in lattice thermal conductivity relative to unfilled skutter
dites for CeFe4Sb12. These results were confirmed short
thereafter on various rare-earth filled skutterudites by No
et al.19

While void filling thus can produce a strong reduction
the lattice thermal conductivity of skutterudites, the introdu
tion of a primarily trivalent rare-earth ion influences the ele
tronic structure and transport properties. Indeed,
CeFe4Sb12, from a purely crystal chemistry point of view, th
substitution of Fe for Co provides four additional holes in t
valence band, only three of which are filled by electro
from the rare earth; there is thus one additional hole
formula unit, and this material should be ap-type semimetal,
in agreement with experiment.18 The studies of Sales, Man
drus, and Williams1 and Fleurialet al.2 showed that by par-
tial substitution of Co on the Fe site, the hole concentrat
decreases, causing an increase in the Seebeck coefficien
then gives rise to the enhanced thermoelectric propertie
was perhaps surprising that one can partially substitute
for Fe in CeFe4Sb12 ~and related! filled skutterudites since i
was previously thought that such compounds would not fo
with Co on the transition-metal site. We recently3 carried out
a detailed study of CeyFe42xCoxSb12 with 0,x,2 and
showed that the amount of Ce in the voids,y, decreases
strongly with Co substitution, and the resultant transport a
thermoelectric properties are determined by the subtle in
play between Co dopingx on the Fe site and the rare-ear
filling parametery. On the basis of these results, it was su
gested that a crossover ton-type behavior would occur fo
x'3. In addition to the fascinating electronic properties
CeyFe42xCoxSb12, the thermoelectronicproperties are fur-
ther influenced by the effect of Co doping and rare-ea
atom filling fraction on the lattice thermal conductivity. I
the present investigation we explore further the~x,y! phase
space in the region where crossover of the carrier typ
expected to occur in order to producen-type material and to
study the individual influence ofx and y on the various
transport properties.
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EXPERIMENTAL DETAILS

Samples of CeyFe42xCoxSb12 with x54.00~samples 1–6!
andx53.25 ~samples 7–10! were prepared with various C
filling fractions y using the method described in Ref.
Table I shows the starting compositions determined from
mass of the constituent elements prior to synthesis.
structure, phase, and composition were also characterize
ing x-ray diffraction and microprobe analysis, the results
which will be described in detail below.

Magnetic-susceptibility measurements were carried
using a Quantum Design superconducting quantum inter
ence device~SQUID! susceptometer on portions of the
samples with typical masses of a few hundred milligram
The samples were placed inside a polyethylene capsule
straw, the diamagnetic signal of which was first measu
and corrected for. Electrical and thermal transport prope
measurements were carried out using the methods desc
in detail previously.3

RESULTS AND DISCUSSION

A. Structure

Figure 1 displays typical x-ray diffraction results on se
eral samples containing 100% Co. All samples display pe
characteristic of the filled skutterudite structure from whi
lattice constants can be derived. In addition, we see that
samples containing higher concentrations of Ce there ap
additional small peaks which we attribute to an impur
phase.

A plot of lattice constant versus Ce concentration~Fig. 2!
for the two series of samples withx53.25 and 4.00 reveals
that the lattice constant increases in proportion to the amo
of Ce in the sample up to a point which moves outward in
concentration with a decrease in Co content. This indica
that at low concentrations the Ce is incorporated into
void in the skutterudite structure but that at some point,
pendent on the Co~or Fe! content, the void filling becomes
saturated and any additional Ce above this limit is presu
ably incorporated into the impurity phase which appears
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the x-ray diffraction patterns, such as those for Ce0.2Co4Sb12
and Ce0.5Co4Sb12 in Fig. 1. Samples for which this limit ha
been surpassed are saturated with Ce and are designated
an ‘‘S’’ in Table I. Thus for samples containing no Fe, i.e
pure Co4Sb12, Ce can be incorporated in the void up to abo
10% filling fraction, while for an Fe/Co ratio of 0.75/3.25
~i.e., about 23% Fe! about 30% of the voids can be fille
with Ce. This is consistent with our previous results3 that
showed that for samples containing all Fe~CeFe4Sb12)
nearly all of the voids are filled while for non-Fe containin
samples the filling fraction was determined to be about 7

FIG. 1. Typical x-ray diffraction patterns for CeyCo4Sb12

samples. A small amount of CoSb2 in the y50 sample is indicated
by the asterisk~* !. The y50.1 sample contains no significan
amount of impurity phases whereas they50.2 and 0.5 show in-
creasing amounts of impurity phases.

FIG. 2. Lattice constants of CeyFe42xCoxSb12 as a function of
Ce concentrationy for samples with Co concentrations ofx54 and
3.25.
with

t

.

In order to gain more information about the phase a
composition of these samples, we performed micropro
analysis on a selection of the samples, the results of wh
are given in Table I. For the samples containing 100% Co
single phase skutterudite compound is obtained up to a
contenty50.1. Fory50.15 and 0.2, we see no increase
the amount of Ce incorporated in the void but rather
formation of a secondary phase which has been identifie
CeSb2. This is the phase which gives rise to the impur
peaks in the x-ray diffraction patterns for the satura
samples in Fig. 1. For the Fe-containing samples above
saturation limit, again the amount of Ce in the void in t
skutterudite structure is less than the overall Ce composi
and the formation of a secondary phase occurs, in comp
agreement with the x-ray diffraction data.

B. Magnetic susceptibility

In the unfilled skutterudite CoSb3 the bonding is such tha
three electrons from each Co atom participate in bond
with Sb via hybridizedd2s orbitals. The remaining six non
bonding d electrons of Co are paired together in threed
orbitals in a nonmagneticd6 state; thus this compound i
diamagnetic.20 Danebrock, Evers, and Jeitschko21 have re-
cently measured the susceptibility of filled skutterudites c
taining 100% Fe on the transition-metal site~x50! and con-
cluded that Fe has a nonzero moment in these compou
From magnetic susceptibility and Mo¨ssbauer studies on filled
skutterudite phosphides, on the other hand, Grandj
et al.22 concluded that the Fe in these compounds is in
nonmagneticd6 ~Fe21! state. The charge state of Fe
CeFe42xCoxSb12 is of significance because it can potentia
influence the nature of the electrical and thermal transp
properties. Figure 3~a! shows the susceptibility for the
samples containing 100% Co~nos. 1–6! from 6–300 K. As
expected, CoSb3 is diamagnetic while a Curie-like behavio
develops in samples containing Ce. Figure 3~b! shows simi-
lar behavior for the Fe-containing samples nos. 7–10
somewhat different perspective on the susceptibility can
gained by plottingxT versusT; see Fig. 4. In this plot we
see a direct correlation between samples which are satur
with Ce~nos. 5, 6, 9, and 10! and the occurrence of a peak
xT at low temperatures. This peak inxT corresponds to a
kink in the susceptibility curves in Fig. 3. We thus attribu
this feature to the formation of CeSb2 in these samples which
was observed in the x-ray diffraction and microprobe ana
sis results described above. We have fit the susceptib
data below 100 K to a Curie law

x5C/~T1u!1x0, ~1!

whereC is the Curie constant,u the Curie-Weiss tempera
ture, andx0 the background susceptibility. For saturat
samples this fit was terminated at 10 K in order to minim
the effect of the CeSb2 impurity phase. The results of thi
fitting procedure are tabulated in Table II and shown by
solid lines in Figs. 3~a! and 3~b!. Figure 5 is a plot of the
Curie constantC as a function ofoverall Ce concentration
for all of these samples. It is quite clear from this plot that
in the filled skutterudite structure studied here, possessin
average effective moment of 2.36 Bohr magnetons, is in
trivalent state, experimentally confirming the prediction
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56 7379CERIUM FILLING AND DOPING OF COBALT TRIANTIMONIDE
Nördstrom and Singh;4 it is an important factor to keep in
mind in interpreting the electrical transport properties. Mo
over, we see no enhancement of the local moment in sam
containing Fe, implying that the electronic configuration
the Fe, at least in the concentration range studied here,
be the Fe21 ~zero spind6! state, as in the phosphides, whic
as we shall see below, is consistent with the observed e
tronic properties.

C. Electrical resistivity, Hall coefficient,
and Seebeck coefficient

Our nominally undoped sample of CoSb3 ~no. 1! is n-type
and possesses a resistivity of approximately 0.1V cm at
room temperature. The observation ofn-type behavior in
pure CoSb3 is somewhat unusual as in most casesp-type

FIG. 3. ~a! Magnetic susceptibility of CeyCo4Sb12 for various
Ce filling fractions. Solid lines are fits to the Curie-Weiss lawx5
C(T1u)1x0 with parameters given in Table II.~b! Magnetic sus-
ceptibility of CeyFe0.75Co4Sb12 for various Ce filling fractions.
Solid lines are fits to the Curie-Weiss lawx5C(T1u)1x0 with
parameters given in Table II.
-
les
f
ust

c-

behavior is observed, and requires some discussion. The
rier type one obtains in pure CoSb3 depends on whether th
samples are grown under Sb-rich or Sb-deficient conditio
Samples grown under Sb-rich conditions will bep-type8,23 as
this corresponds to an absence of a Co atom that leads t
formation of holes in the valence band. As can be seen fr
Table I, our samples are all Sb deficient, which leads to
excess of electrons in the conduction band andn-type behav-
ior. The crossover fromp-type ton-type behavior in CoSb3
as one proceeds from an Sb-rich to an Sb-deficient condi
was first noted by Dudkin and Abrikosov;24 Sharpet al.25

observed a crossover fromp-type to n-type behavior in
CoSb3 after hot pressing that they attributed to a change fr
an Sb-rich to an Sb-deficient state. It thus appears likely
the heretofore unexplainedp-type behavior and a gradient i
hole concentration along the boule in single crystals of sk
terudites grown from Sb-rich melts, has its origin in the e
istence of vacancies on the Co site, whereas ann-type be-
havior such as that observed here arises from vacancie
the Sb site.

Figure 6~a! shows the electrical resistivity as a function
temperature for samples containing 100% Co and various
filling fractions ~nos. 2–6!. All are n-type with electron con-
centrations and mobilities shown in Table III. The electric
resistivity as a function of temperature for the Fe-contain
samples nos. 7–10~together with the saturated Ce0.2Co4Sb12
sample no. 6 for comparison! is shown in Fig. 6~b!. What
appears to be a complex dependence of resistivity on
concentration and Co/Fe ratio arises from a subtle interp
between the hole doping by Fe on the Co site and the ‘‘d
ing’’ by electrons which occurs with the addition of Ce. W
have previously suggested3 that the carrier concentration pe
formula unit of CeyFe42xCoxSb12 on the basis of crysta
chemistry arguments should be given approximately
(p,n)542x23y. When this quantity is positive the
samples will bep-type and when it is negative they will b

FIG. 4. The product of susceptibility times temperaturexT as a
function of temperature for various (x,y) combinations of
CeyFe42xCoxSb12.
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TABLE II. Susceptibility parameters in CeyFe42xCoxSb12 samples.

Sample number and nominal
composition

Curie constantC
~emu K! g21

Background
susceptibilityx0

~emug21!

Curie-Weiss
temperatureu

~K!

1:CoSb3 5.0031027 21.2331027 4.3
2:Ce0.050Co4Sb12 4.3131025 21.5731027 30.2
3:Ce0.075Co4Sb12 3.1531025 23.6431028 20.2
4:Ce0.100Co4Sb12 5.7731025 22.0031028 10.6
5:Ce0.150Co4Sb12 ~S! 8.9831025 27.9831028 12.4
6:Ce0.200Co4Sb12 ~S! 9.8731025 21.4731028 1.2
7:Ce0.2Fe0.75Co3.25Sb12 ~S! 9.1931025 22.7031028 5.2
8:Ce0.3Fe0.75Co3.25Sb12 ~S! 1.1331024 2.1331027 1.6
9:Ce0.5Fe0.75Co3.25Sb12 ~S! 1.7431024 2.1331027 25.73
10:Ce1Fe0.75Co3.25Sb12 ~S! 3.3831024 3.1431027 28.25
n
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n-type. This scenario is consistent with the Fe21 state in-
ferred from the susceptibility. This trend in carrier conce
tration is indeed followed in these samples; for examp
sample no. 7 withx53.25 andy50.2 is p-type while no. 8
with x53.25 andy50.3 is n-type. The measured hole~or
electron! concentrations as determined by our Hall measu
ments are given in Table III. The mobility for samples co
taining Fe is significantly smaller than that in samples 1
containing all Co, implying that there is significant carri
scattering on the Fe site, a factor which will be important
optimizing the thermoelectric properties of these compoun
In addition, within the series of Fe-containing samples,
hole mobility is larger than the electron mobility due to t
difference between valence- and conduction-band masse9 a
feature characteristic of skutterudite compounds in gene
This factor also explains the qualitatively different positi
temperature coefficient of resistivity for thep-type sample,
since the mobility is still increasing at low temperatu
whereas for then-type samples it is roughly constant or d
creases at low temperature.

The Seebeck coefficient of samples 2–6 is displayed
Fig. 7~a! and shows only a weak dependence on elect

FIG. 5. Curie constant as a function of Ce concentrationy in
CeyFe42xCoxSb12. Open circles,x54.00; closed circles,x53.25.
Solid line, theoretical Curie constant for trivalent Ce, correspond
to an effective moment per Ce atom of 2.54 Bohr magneto
dashed line, Curie constant50 ~tetravalent Ce!; chain line, best fit
through the data yielding an effective moment per Ce atom of 2
Bohr magnetons.
-
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6
FIG. 6. ~a! Resistivity as a function of temperature fo

CeyCo4Sb12. ~b! Resistivity as a function of temperature fo
CeyFe42xCoxSb12.
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TABLE III. Some room-temperature electrical transport properties of CeyFe42xCoxSb12 samples.

Nominal composition
Measured carrier

density~cm 23! and type
Hall mobility

~ cm2 V21 s21!
Electron mass

m*

CoSb3 6.131017 e 72
Ce0.050Co4Sb12 6.031019 e 55 1.83
Ce0.075Co4Sb12 1.431020 e 41 2.4
Ce0.100Co4Sb12 2.831020 e 25 4.3
Ce0.150Co4Sb12 2.431020 e 34
Ce0.200Co4Sb12 3.231020 e 19
Ce0.2Fe0.75Co3.25Sb12 2.731019 h 71
Ce0.3Fe0.75Co3.25Sb12 4.831020 e 1.57 6.1
Ce0.5Fe0.75Co3.25Sb12 2.631021 e 0.79
Ce1Fe0.75Co3.25Sb12 8.231021 e 0.72
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concentration. The Seebeck coefficient of the undo
sample no. 1 is approximately2650 mV/K, consistent with
its high resistivity. Figure 7~b! shows results for the Fe
containing samples 7–10~again including sample 6 for com
parison!. Again we observe a weak dependence ofS on elec-
tron concentration and a change to a positive value for
singlep-type sample. For this sample we observe a hump
the S(T) curve near 50 K which we have reported up
earlier.18 The very large values of the Seebeck coefficie
that we observe inn-type samples are similar to those o
served in CoSb3 doped with Te or Pd~Ref. 23! and are
presumably due to the large electron effective mass. We
gain an estimate of the electron effective massm* using a
single parabolic band and the room-temperature Seebec
efficient and electron concentration values. Assum
acoustic-phonon scattering, in this model the Seebeck c
ficient S and electron concentrationn can be expressed as26

S56
kB

e S 2F1~h!

F0~h!
2h D ~2!

and

n5
4

Ap
S 2pm* kBT

h2 D 3/2

F1/2~h!, ~3!

whereFi are Fermi integrals andh5 EF /kBT. HereEF is
the electron Fermi level measured upward from
conduction-band edge. One first calculates the Fermi le
from Eq. ~2! and uses this value to determinem* from Eq.
~3! and the measured electron concentration. We will c
strain this procedure to the fourn-type samples which are
not saturated with Ce to avoid any complication due to
small secondary phase. Also we do not derive a value for
undoped sample no. 1 since in this case the Seebeck co
cient is not a monotonic function of temperature and th
may be influenced by more than one conduction band.
resultant effective masses for samples 2, 3, 4, and 8 are g
in Table III. Since the Ce concentration in these sample
quite low, the Ce atom wave functions will not overlap; t
band structure of these samples is thus most likely tha
CoSb3 dopedn-type by Ce. Figure 8 is a plot of the electro
mass as a function of electron concentration in these sam
as well as those doped with Te and Pd.23 We see that the
electron masses of these Ce-doped samples are cons
d
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FIG. 7. Thermoelectric power for CeyCo4Sb12 for various Ce
filling fractions y. ~b! Thermoelectric power for CeyFe42xCoxSb12

for various filling fractionsy.
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7382 56MORELLI, MEISNER, CHEN, HU, AND UHER
with Te- and Pd-dopedn-type CoSb3 samples and serve t
identify Ce as a truen-type dopant. The large values ofm*
observed here verify band structure calculations which p
dict a heavy conduction-band mass in this compound.9

D. Thermal conductivity

Figure 9~a! shows the lattice thermal conductivityk as a
function of temperature for samples nos. 1–6 contain
100% Co. The electronic contribution, which is not mo
than 25% for any sample, has been subtracted off using
Wiedemann-Franz law. The addition of Ce dramatically
duces the thermal conductivity relative to CoSb3, with the
low-temperature peak first being moderately~y50.05! and
then strongly diminished~y50.075 and above!. The weak
temperature dependence is characteristic of the scatte
due to the ‘‘rattling’’ rare-earth atom as has been discus
in detail previously.19 The present results show that in fa
very little Ce is required in order to produce a strong sc
tering effect. This is similar to the situation in other crysta
line materials exhibiting low-frequency phonon modes, KB
KCN mixed crystals being a prime example.27 Looking now
at the Fe-containing samples, Fig. 9~b!, we see an additiona
50% reduction in k relative to the non-Fe containin
samples. In this series of samples, as the Ce concentrati
increased, what remains of the low-temperature peak is
pressed further and eventually vanishes, while the roo
temperature thermal conductivity is almost independen
Ce concentration, most of the scattering in this tempera
range being due to the Fe. This is somewhat surprising s
Fe and Co have nearly the same mass and atom size.
origin of the additional strong phonon scattering upon s
stitution of Fe for Co is not known at this time, but may b
related to the valence state of Fe in these compounds, a
cess which has been suggested to occur in other mixed
lence skutterudites.28,29 The zero-spin Fe21 d6 configuration
inferred from the magnetic susceptibility is known to be

FIG. 8. Electron effective mass as a function of electron c
centration inn-type CoSb3. Open circles, samples doped with T
and Pd~Ref. 23!; solid circles, samples filled and doped with Ce
e-

g

he
-

ing
d

t-
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is
e-
-
f

re
ce
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ro-
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somewhat energetically unstable one in similar mater
such as FeS2. One possible scenario is that a passing phon
could be absorbed and cause a dynamic exchange of
trons between Fe21 and Co31, although this seems unlikely
given the relative stability of the latter. The interesting effe
of Fe substitution on the thermal conductivity deserves f
ther experimental and theoretical scrutiny and will be a s
ject of future study.

E. Thermoelectric figure of merit

From the room-temperature values of Seebeck coeffici
electrical resistivity, and thermal conductivity, we derive t
values of dimensionless figure of meritZT5S2sT/k. For
samples 7–10 containing Fe, the decrease in thermal con
tivity is offset by an increase in electrical resistivity due
scattering on the Fe site, andZT does not exceed 0.04. Fo
samples 2–6 containing 100% Co, on the other hand,

-

FIG. 9. ~a! Thermal conductivity of CeyCo4Sb12 for various Ce
filling fractions y. Solid line represents typical results for sing
crystal CoSb3 ~Ref. 8!. ~b! Thermal conductivity as a function o
temperature for CeyFe42xCoxSb12.
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values are very similar to those obtained inp-type filled
skutterudites at room temperature (ZT'0.2) andsuggest
that, despite their relatively low electron mobility, the
n-type materials will likely be useful as thermoelectrics
well. In this case the Ce provides substantial phonon sca
ing without degrading significantly the electron mobilit
The existence of two chemically identical compounds wh
exhibit bothp-type~CeyFe42xCoxSb12 with x,3! andn-type
~CeyFe42xCoxSb12 with x.3! behavior is very attractive fo
.
ce

P.

B.
r-

h

the production of actual thermocouple junctions for pow
recovery and solid-state cooling applications.
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