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The structure of the skutterudite CoSb3 contains two large empty cages, or voids, per unit cell.
Compounds obtained by filling these cages with rare earth atoms possess an enhanced thermoele
figure of merit. Control of the electronic and thermal transport properties of these materials can
achieved over an extremely wide phase space by partial cage filling in conjunction with Fe alloying o
the Co site. We show that such partially filled skutterudites can be rationalized as solid solutions
fully filled CeFe4Sb12 andhCo4Sb12, whereh is a vacancy. [S0031-9007(98)05818-9]

PACS numbers: 66.70.+ f, 61.66.Dk, 71.28.+d
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The recent discovery [1] of high thermoelectric figure
of merit Z in a class of materials called filled skutteru
dite compounds has generated the need for further fu
damental information on the physical properties of thes
interesting materials. The figure of merit of a materia
is given byZ ­ S2syk, whereS is the Seebeck coeffi-
cient, s is the electrical conductivity, andk is the ther-
mal conductivity. Traditionally, highZ has been found
in moderately to heavily doped semiconductors with low
lattice thermal conductivity. Binary, unfilled skutterudite
compoundsAB3, whereA ­ Co, Rh, or Ir, andB ­ P,
As, or Sb, crystallize in a body-centered cubic (bcc) stru
ture consisting of a simple cubic array ofA atoms at the
s 1

4
1
4

1
4 d crystallographic site of the unit cell, each sur

rounded by distorted octahedra ofB atoms, Fig. 1. These
octahedra are corner sharing and tilted to form planar re
angular groups ofB atoms which are centered at the edg
centers of the unit cell. Structural vacancies at the corn
(000) and body centers 1

2
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2 d of the unit cell are sixfold

coordinated by theB atom planar groups and are thereb
enclosed by an irregular dodecahedral cage ofB atoms.
Several of the compounds in this family exhibit high hol
mobilities which, combined with the fact that the unit cel
is quite complex (16 atomsyprimitive unit cell) and con-
tains atoms of heavy atomic mass (average atomic ma
M ­ 106), suggests that these materials might be ca
didate advanced thermoelectric materials. Although th
thermal conductivity of these binary skutterudites is mod
erately low [2,3], it is, unfortunately, about a factor o
10 higher than that typical of state-of-the-art thermoele
tric materials such as Bi2Te3. It was suggested by Slack
[2], however, that compounds with rare earth atoms fillin
the vacancies in the skutterudite structure might exhibit
much lower lattice thermal conductivity. These so-calle
filled skutterudites were discovered about 20 years earl
[4] and the basis of Slack’s suggestion was the observ
tion that the rare earth atoms exhibit large x-ray therm
parameters and that this “rattling” motion should give ris
to strong phonon scattering. The predicted reduction
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lattice thermal conductivity upon filling of the skutterudite
structure was experimentally confirmed recently [5,6].

Filling adds electrons to the skutterudite structure, ho
ever, and structural stability requiresA atoms to be re-
placed correspondingly by atoms with fewer electron
namely, an element to the left in the periodic table. F
example, the binary unfilled skutterudite CoSb3 corre-
sponds to the ternary filled skutteruditeRFe4Sb12, where
R is a rare earth element. Because CoSb3 is a diamag-
netic semiconductor, replacing Co with Fe leads to t
creation of four holes in the valence band. A trivalen
rare earth atomR does not provide enough electrons t
fill these holes andRFe4Sb12 is metallic. The filled skut-
terudite CeFe4Sb12, however, is ap-type semimetal with

FIG. 1. The skutterudite structure of CoSb3 viewed in a
direction parallel to a cube edge. Solid circles are Sb, op
circles are Co, and dashed circles are large vacancies at
corner and body center site of the structure which may be fill
with a rare earth element. Thin lines delineate tilted corne
sharing Sb octahedra centered by Co, and one is shaded
emphasis. Heavy lines delineate the nearly square planar
groups, the centers of which are located at the edge center
the conventional bcc unit cell.
© 1998 The American Physical Society 3551
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heavy fermion correlations at low temperatures [5] su
gesting that the Ce valence may be greater than 3 and
hybridization exists between thef electron and the con-
duction band. These results are analogous to those for
filled phosphide skutterudites which have narrower ban
and stronger covalent bonds relative to the antimonid
namely, LaFe4P12 is a superconductor at 4.0 K [7], and
CeFe4P12 is a semiconductor with an energy gap of abo
0.13 eV [8].

To enjoy the advantage of low lattice thermal condu
tivity in the filled skutterudite antimonides for thermo
electric applications, it is necessary to reduce the ho
concentration in order to increase the Seebeck coefficie
In both of the studies reporting highZ in these com-
pounds [1], this was performed by partially alloying th
Fe with Co. Recently, we observed [9] that, when Co
substituted for Fe in CeFe4Sb12, the amount of Ce that can
be incorporated into the structure decreases significan
however, for 100% Co a small amounts,10%d of the
structure can still be filled with Ce. This subtle interpla
of the FeyCo ratio and the corresponding optimum Ce fil
ing fraction affects not only the location of the Fermi leve
and the carrier type and concentration, but also the nat
of the phonon scattering and lattice thermal conducti
ity. Thus, understanding this interdependence is cruc
for optimization of the thermoelectric properties of thes
compounds. Perhaps the most puzzling feature of this
terplay was the observation [10] that the lattice therm
conductivity was diminished not only by Ce filling bu
apparently also by alloying on the FeyCo site. This is
surprising since Fe and Co are nearly the same atom
mass and size and their intersubstitution should provi
little additional phonon scattering.

In this Letter, we show that the main features of th
structure and lattice heat conduction in these optima
filled skutterudites (which in the notation of Refs. [9,10
are designated CeyFe42xCoxSb12) can be understood if
these compounds are considered as solid solutions
the fully filled skutterudite CeFe4Sb12 and the unfilled
skutteruditehCo4Sb12, whereh represents a vacancy.

Following the results of Ref. [9] regarding the opti
mum amount of Ce for a given FeyCo ratio, a series of
fractionally filled skutterudite samples was fabricated
TABLE I. Properties ofsCeFe4Sb12dashCo4Sb12d12a solid solutions;h represents a vacancy.

Nominal composition Composition from chemical analysis Lattice constantsÅd Solid solution composition

Co4Sb12 Co4Sb11.8 9.0385 hCo4Sb12

Ce0.22Fe0.5Co3.5Sb12 Ce0.18Fe0.48Co3.52Sb11.51 9.0503 sCeFe4Sb12d0.13shCo4Sb12d0.87

Ce0.35Fe1.0Co3.0Sb12 Ce0.32Fe0.99Co3.01Sb11.92 9.0633 sCeFe4Sb12d0.25shCo4Sb12d0.75

Ce0.47Fe1.5Co2.5Sb12 Ce0.42Fe1.51Co2.49Sb11.77 9.0765 sCeFe4Sb12d0.38shCo4Sb12d0.62

Ce0.6Fe2.0Co2.0Sb12 Ce0.58Fe2.03Co1.97Sb11.88 9.0907 sCeFe4Sb12d0.50shCo4Sb12d0.50

Ce0.71Fe2.5Co1.5Sb12 Ce0.69Fe2.52Co1.48Sb11.97 9.1033 sCeFe4Sb12d0.62shCo4Sb12d0.38

Ce0.82Fe3.0Co1.0Sb12 Ce0.78Fe3.01Co0.99Sb11.80 9.1152 sCeFe4Sb12d0.75shCo4Sb12d0.25

Ce0.93Fe3.5Co0.5Sb12 Ce0.84Fe3.49Co0.51Sb11.61 9.1266 sCeFe4Sb12d0.87shCo4Sb12d0.13

Ce0.98Fe4Sb12 Ce0.99Fe4Sb11.85 9.1385 CeFe4Sb12
3552
g-
that

the
ds
es;

ut

c-
-
le
nt.

e
is

tly;

y
l-
l

ure
v-
ial
e
in-
al
t

ic
de

e
lly
]

of

-

as

indicated in the first column of Table I. Figure 2 shows
the lattice, or phonon, thermal conductivitykp of this
series of optimally filled skutterudites. In agreement with
earlier studies [5,6,9–11], it is seen that all samples co
taining Ce (and Fe) exhibit a remarkably depressed lattic
thermal conductivity relative to CoSb3 shCo4Sb12d.
Before discussing the composition dependence ofkp,
we wish to touch on a few interesting aspects of th
temperature dependence. For the unfilled skutterudi
CoSb3, one can calculate the expected lattice therma
conductivity (in units of W m21 K21) for phonon-phonon
scattering at the Debye temperatureu according to the
relation [12] kpsud ­ 3.04 3 1026Mdu2ysg2n2y3d,
where n ­ 16 is the number of atoms per primitive
unit cell, g ­ 0.95 is the Grüneisen constant [13], and
d3 ­ 23.1 Å3 is the volumeyatom. Usingu ­ 308 K
[13], this yields kpsud ­ 15.2 W m21 K21, quite close
to the experimental value ofs11 6 1d W m21 K21. For
the completely filled skutterudite CeFe4Sb12, n ­ 17,
M ­ 108, and d3 ­ 22.4 Å3. The Debye temperature
of CeFe4Sb12 has not been determined. Saleset al. [11]
found u ­ 310 K for La0.75Fe3Co1Sb12, suggesting that,
upon filling, the Debye temperature remains essential
unchanged. Using this value for CeFe4Sb12 yields
kpsud ­ 14.9 W m21 K21, nearly an order of magnitude
higher than the experimental value. Thus, in CeFe4Sb12

there are additional phonon scattering mechanisms whi
depress the thermal conductivity below that expected du
only to phonon-phonon scattering. The most obviou
candidate is the rattling atom mechanism mentione
above and which has been discussed in detail in th
literature [5,6,9–11]. This mechanism is expected t
scatter phonons over a very wide frequency range, whic
would lead to a corresponding reduction inkp over a
wide temperature range, as observed.

We turn now to a discussion of the composition
dependence of the thermal conductivity. The trend i
kp in Fig. 2 is that the lattice thermal conductivity first
decreases with Ce filling, reaches a minimum near a fillin
fraction of 0.6 (corresponding to a Fe:Co ratio of 2.5:1.5)
and increases again for higher Ce concentrations. A
mentioned earlier, this result is surprising for two reason
(1) One does not expect strong scattering on the FeyCo
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FIG. 2. Lattice thermal conductivity of CeyFe42xCoxSb12
samples. Sample designation:h: Co4Sb12; –: Ce0.22Fe0.5-
Co3.5Sb12; D: Ce0.35Fe1Co3Sb12; s: Ce0.47Fe1.5Co2.5Sb12;
r: Ce0.6Fe2Co2Sb12; p: Ce0.71Fe2.5Co1.5Sb12; d: Ce0.82Fe3-
Co1Sb12; m: Ce0.93Fe3.5Co0.5Sb12; j: CeFe4Sb12.

site since Fe and Co have nearly the same size and m
thus minimizing the mass and strain fluctuations whi
determine the scattering rate; and (2) for both rattle a
magnetic scattering due to the Ce, one would exp
the thermal conductivity to decrease monotonically wi
increasing Ce concentration.

The results can be understood quite nicely, howev
if the compounds studied here are thought of not
“fractionally” or “optimally” filled skutterudites but rather
as solid solutions of completely filled and unfilled en
members. In other words, the compositions can be writ
as solid solutions of CeFe4Sb12 and hCo4Sb12; see the
fourth column of Table I. Thus, the predominant ma
fluctuation scattering is not between Fe and Co b
between Ce andh, which is a very strong effect since
the mass difference is 100%.

To quantify this approach, we can compare the observ
thermal resistivity with that predicted based on point d
fect scattering. The theory for this effect was original
introduced by Klemens [14] and Callaway and von Baey
[15], and later applied to the solid-solution problem b
Abeles [16]. For high defect concentrations, such as
the case in a solid solution, the thermal conductivity
given bykp ­ kByf4pyssACT d1y2g. Here,CT is the re-
laxation time for phonon-phonon scattering (whereC is a
constant andT is the temperature), andys ­ 2934 m s21

is the mean sound velocity [13]. The phonon-phono
relaxation time can be determined from the measured th
mal conductivity of the pure material at high temper
ture using kpure ­ k2

Buys2p2ys h̄CT d ­ 11 W m21 K21

at 300 K. This yieldsCT ­ 8.8 3 10216 s. The param-
eterA is the coefficient for the Rayleigh-type point defec
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scattering rate:t21
pd ­ Av4, wherev is the phonon fre-

quency. This coefficient is given byA ­ VoGys4py3
s d,

whereVo is the unit cell volume andG is the scattering
parameter. For impurity atoms on a single atomic si
G ­

P
fis1 2 MiyMavd2, whereMav ­

P
fiMi . Here,

fi is the fractional concentration of impurity atomi and
Mi is its mass. In principle, one should also includ
the influence of strain, but, since the lattice constants
CeFe4Sb12 andhCo4Sb12 differ by only 1% (see Table I),
this effect will be small in comparison to the mass fluc
tuation. For a single type of impurity atom with rela-
tive concentrationa, the scattering parameter reduces t
G ­ as1 2 ad sDMyMav d2, whereDM is the difference
between the mass of the impurity and that of the hos
For a compoundUuVyWw , the compositeG, denoted by
GsUuVyWwd, is given by [17]

GsUuVyWwd ­
u

u 1 y 1 w

√
MU

Mm

!2

GsUd

1
y

u 1 y 1 w

√
MV

Mm

!2

GsV d

1
w

u 1 y 1 w

√
MW

Mm

!2

GsW d ,

where Mm ­ suMU 1 yMV 1 wMW dysu 1 y 1 wd.
For sCeFe4Sb12dashCo4Sb12d12a solid solutions,U ­
sCe, hd, V ­ sFe, Cod, and W ­ Sb. Now, Fe and
Co have only 3% mass difference so the majorit
of the mass fluctuation scattering occurs forsCe, hd.
Thus, GsCeFe4Sb12d ø s1y17d s140.12y108.01d2GsCed ­
0.099GsCed ­ 0.099as1 2 ad, since DMyM ­ 21 for
the vacancy. This yieldsA ­ 2.3 3 10240as1 2 ad s3.
The thermal resistivity due to solid solution forma
tion is, thus, W ­ 4pyssACT d1y2ykB ­ 1.2fas1 2

adg1y2 m K W21. Figure 3 is a plot of the lattice thermal
resistivity at 300 K across the solid solution series from
hCo4Sb12 to CeFe4Sb12. The solid line is the behavior
predicted by the above equation. We see that this expr
sion, which contains no adjustable parameters,accounts
quite well for the increase in thermal resistivity due to th
formation of the solid solution.

Further support for this picture is provided by the
lattice constant measurements. Figure 4 shows a p
of lattice constant versus concentration across the so
solution series fromhCo4Sb12 to CeFe4Sb12. We
have observed that, for a given Fe:Co ratio, there is
range of Ce concentrations over which a single pha
sample can be made. For the Fe:Co ratio of zero, th
Ce concentration range extends from 0 to 0.1, whi
for a ratio of 2:2, it extends from approximately 0.5 to
0.6. For higher Fe concentrations, the solubility rang
of Ce becomes very narrow and we have not probe
this regime in detail. The solid lines represent th
variation in lattice constant according to Vegard’s law
for cases of compositionsCeFe4Sb12dashCo4Sb12d12a

and sCeFe4Sb12dasCe0.1Co4Sb12d12a . Virtually all of
the lattice constant data fall between these two extrem
3553
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FIG. 3. Variation of the thermal resistivity of
sCeFe4Sb12dashCo4Sb12d12a solid solutions at 300 K.
Dashed line represents variation from the rule of mixture
Solid line includes additional thermal resistivity due to solid
solution formation calculated from the theory of Callaway an
von Baeyer [15].

lending strong support to the solid solution picture fo
these fractionally filled skutterudites. Thus, these sol
solutions actually can be considered as combinations
two sublattices, the first a fully filled Fe4Sb12 sublattice
and the second a Co4Sb12 sublattice which can be vari-

FIG. 4. Lattice constant for sCeFe4Sb12dashCo4Sb12d12a

solid solutions. Solid lines represent Vegard’s law for no C
on the vacant site (bottom line) and 10% Ce on the vacant s
(top line).
3554
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ably filled between 0% and 10%. Then the maximum
Ce filling fractions across the series in Table I would
be given bya 1 0.1s1 2 ad, or 0.21, 0.33, 0.44, 0.55,
0.66, 0.78, 0.89, and 1.00, which are very close to th
actual compositions determined from chemical analysi
Further, the solid solution picture can explain our obse
vation that the solubility range of Ce in the solid solutions
decreases with increasing Fe content. This is because
variability in Ce solubility arises only from the Co4Sb12
sublattice which is becoming a smaller fraction of the
total. Thus, fora ­ 0, the solubility range is from 0
to 0.1; for a ­ 0.25, it is from 0.25 to 0.33; and for
a ­ 0.75, it is 0.75 to 0.78.

In conclusion, we have shown that various aspects
the thermal transport and structural properties of frac
tionally filled skutterudite compounds can be understoo
if these materials are thought of as solid solutions o
CeFe4Sb12 andhCo4Sb12. This significant result will al-
low the determination of the optimum compositions for
obtaining a high figure of merit in this important class of
new thermoelectric materials.
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