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Filled skutterudite antimonides: Electron crystals and phonon glasses

B. C. Sales, D. Mandrus, B. C. Chakoumakos, V. Keppens, and J. R. Thompson
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

~Received 19 May 1997; revised manuscript received 5 August 1997!

Crystallographic data, electrical and thermal transport measurements, and magnetic susceptibility values are
reported for several compounds and alloys with the filled skutterudite structure,R12yFe42xCoxSb12 ~R5La,
Ce, or Th; 0,y,1; x50,1!. Room-temperature velocity of sound data is also reported. These materials are of
interest because of their potential in thermoelectric power generation and refrigeration applications. The trans-
port properties of both filled and unfilled skutterudite compounds are analyzed using standard semiconductor
transport models. Filled skutterudite antimonides appear to be a good approximation of an idealized solid with
the good electrical transport properties of a crystal but the poor heat conduction characteristics of a glass. The
incoherent rattling of the weakly bound rare-earth atoms in these materials lowers the thermal conductivity at
room temperature to values comparable to that of vitreous silica. Relative to the analogous unfilled compounds,
the filled skutterudites exhibit larger effective masses and smaller mobilities. Good overall electrical transport
is maintained, however, as evidenced by values for the figure of merit (ZT) greater than 1 at elevated
temperatures~700–1000 K!. Above room temperature, there is very little difference in the electrical and
thermal transport behavior between the La and Ce filled compounds. The effects of the hybridization caused by
the proximity of the Ce 4f level to the Fermi energy, however, are evident at temperatures below 300 K.
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I. INTRODUCTION

One of the more interesting ideas in the area of therm
electric materials research is the concept of designing a s
that conducts heat like a glass but maintains the good e
trical properties associated with crystals. The essence o
idea, as first proposed by Slack,1 is to synthesize semicon
ducting compounds in which one of the atoms~or molecules!
is weakly bound in an oversized atomic cage. Such an a
will undergo large local anharmonic vibrations, somewh
independent of the other atoms in the crystal, and hence
be referred to as a ‘‘rattler.’’ In insulating crystals localize
rattlers ~or Einstein oscillators! can in some cases drama
cally lower the thermal conductivity to values comparable
the heat conducted by a glass with the same composi
The concentration, mass fraction, and frequency of the
tlers determine how much the thermal conductivity is lo
ered in a particular temperature range. Slack,2 as well as
Cahill and Pohl3 have proposed that the thermal conductiv
of a crystal cannot be less than a minimum valu
kmin•kmin is attained when the mean free path of the he
carrying phonons becomes the order of the phonon wa
length and corresponds to the thermal conductivity of
amorphous solid with the same chemical composition.

While it is clear that rattlers should lower the lattice po
tion of the thermal conductivity, it is not obvious that goo
electronic transport can be maintained in such a mate
Good electronic transport is defined to mean that which
sults in a material with a high value for the thermoelect
figure of merit,ZT, where

ZT5TS2/kr. ~1!

S is the Seebeck coefficient~or thermopower!, r is the elec-
trical resistivity,T is the absolute temperature, andk is the
560163-1829/97/56~23!/15081~9!/$10.00
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total thermal conductivity. The total thermal conductivity
the sum of the heat conducted by the lattice,kL , and the heat
transported by the electrical carrierske . Finding more effi-
cient thermoelectric materials for either refrigeration
power generation applications corresponds to finding mat
als with higher values ofZT.

The word skutterudite is derived from a town in Norwa
where minerals with this structure, such as CoAs3, were first
discovered. Compounds with the filled skutterudite struct
were discovered by Jeitschko and Braun4 in 1977 and have
the general formula ofRM4X12, whereX was P, As, or Sb;
M was Fe, Ru, or Os; andR was La, Ce, Pr, Nd, or Eu.5–7

These compounds are body-centered cubic with 34 atom
the conventional unit cell and space group IM3~Fig. 1!. ~The
primitive unit cell, which is sometimes used in theoretic
estimates of the thermal conductivity, has only 17 atom8!
This structure can be described as consisting of square pl
rings of four pnicogen atoms (X) with the rings oriented
along either the~100!, ~010!, or ~001! crystallographic direc-
tions. The metal (M ) atoms form a simple cubic sublattic
and the R atoms are positioned in the two remainin
‘‘holes’’ in the unit cell. X-ray4–7 and neutron structure re
finements indicate that for many of the compounds theR
atoms~such as La or Ce! tend to exhibit exceptionally large
thermal parameters corresponding to the rattling of these
oms in an oversized atomic cage. As shown below, this
tling dramatically reduces the thermal conductivity of the
filled skutterudite compounds. When theR atoms are absen
from the structure, the basic skutterudite structure is form

Since the original papers of Jeitschko and Braun, ma
other variations of materials with this structure have be
synthesized.9–16 Because these compounds are difficult
synthesize in pure form, the solid-state properties of mos
these materials are unknown. Those compounds that h
been successfully investigated, however, include sev
15 081 © 1997 The American Physical Society



m
f
e

e
a

it
t
in
e

fo

c
r

ts
ls
n
e
s

o

m
t

e,

ri-
um

eac-

s, a

f a
to-
es
ra-

aled
a

to
ly
is
xo-

o-
at
am-

the
olid
ire
ce.
ted
at-

s-

al
cter-
e-
llo-

typi-
is
an

ne

he
tely
t-
n
ere

l-
ure-

ns
ur-
led
e
-

r
th
li
ri
n
na

15 082 56B. C. SALESet al.
superconductors,10,14 a heavy-fermion metal,11 Kondo-like
narrow-gap semiconductors,12 ferromagnets12,13 and, in the
present case, narrow-gap semiconductors with moderate
bilities. Although our original motivation for the synthesis o
these materials was to investigate the thermoelectric prop
ties of so-called Kondo-insulators, reports on the thermoel
tric properties of binary skutterudite compounds such
IrSb3, RhSb3, and CoSb3 ~Refs. 8 and 17–19! shifted our
focus to more traditional narrow-gap semiconductors w
the filled skutterudite structure. The binary skutterudite an
monides exhibit excellent electrical transport properties,
cluding some of the highest values for hole mobility ev
reported for a semiconductor.18 Unfortunately, the thermal
conductivities of these binary antimonides are too large
thermoelectric applications.19

Ternary semiconductors with the filled skutterudite stru
ture provide another degree of freedom in optimizing the
moelectric properties relative to their binary counterpar
Our previous work20 showed that some of these materia
had large values ofZT at elevated temperatures. The prese
article examines whether the filled skutterudite antimonid
should be regarded as a realization of Slack’s electron-cry
phonon-glass concept.

II. EXPERIMENTAL METHODS

A. Synthesis

The synthesis ofR12yFe42xCoxSb12 ~R5La, Ce, Nd, Sm,
Eu, or Th; 0,y,1; 0,x,4! alloys~this illustrates some of
the alloys we have synthesized-only representative comp
tions are discussed in the present manuscript! is complicated
by the peritectic decomposition of the solid phase at te
peratures between 750 °C and 850 °C, the tendency of
rare-earth metal to only partially fill its crystallographic sit

FIG. 1. Illustration of the filled skutterudite structure. Fo
LaFe3CoSb12, the two large spheres represent the La atoms,
small dark gray spheres represent the Fe or Co atoms, and the
gray spheres represent Sb atoms. Note the four-membered Sb
and the large ‘‘cage’’ in which the La resides. This illustratio
corresponds to the conventional unit cell shifted by the fractio
coordinates1

4 , 1
4 , 1

4.
o-

r-
c-
s

h
i-
-
r

r

-
-
.

t
s
tal

si-

-
he

the reactivity of rare-earth metals with most crucible mate
als, and the high vapor pressure of antimony at the optim
reaction temperatures~1000–1100 °C!. A variety of synthe-
sis approaches were investigated that involved the prer
tion of two or more of the constituents~e.g., arc melting of
the rare-earth and transition metals together!. After a rela-
tively extensive investigation of various synthesis method
simple and clean synthesis approach was developed.

A thin layer of carbon was deposited on the inside o
round-bottomed silica tube by the pyrolysis of acetone. S
ichiometric amounts of high purity rare earth metal piec
~99.99% electropolished bar from AMES research labo
tory!, Fe rod~99.9985% from Alfa Chemical Company!, Co
rod ~99.998% from Alfa!, and Sb shot~99.999% from Alfa!
were loaded into the precarbonized tube. The tube was se
under vacuum at a pressure of 1023 Pa and transferred into
programmable furnace. The silica ampoule was heated
600 °C at 2 °C/min, left at 600 °C for 3 h, and then slow
~0.5 °C/min! heated to 1050 °C and left for about 20 h. It
important to slowly heat the tube because of the highly e
thermic reaction between the rare-earth elements~particu-
larly Ce! and Sb. The silica ampoule containing the hom
geneous molten liquid was removed from the furnace
temperature and quenched into a water bath. The same
poule ~containing the prereacted elements! was then placed
in a furnace and annealed at 700 °C for 30 h to form
correct crystallographic phase. The completely reacted s
was removed from the silica tube and cleaned with a w
brush to remove small amounts of carbon from the surfa
To form a completely dense polycrystalline solid, the reac
material was ball milled into a fine powder in an argon
mosphere, loaded into a graphite die, and hot pressed~3.5
GPa! in a helium atmosphere at 700 °C for 40 min. For tran
port measurements rectangular solids~e.g., 636312 mm3

or 732318 mm3! were cut from the hot-pressed materi
using a low speed diamond saw. Each sample was chara
ized using x-ray-diffraction, electrical resistivity, Hall, Se
beck, and thermal-conductivity measurements. Meta
graphic, energy dispersive x-ray~EDX! and magnetic
measurements were performed on selected samples. A
cal x-ray pattern from a filled skutterudite antimonide
shown in Fig. 2. Most samples had less than 3 vol % of
impurity phase such as FeSb2 or RSb2, were better than 95%
of the theoretical x-ray density, and had polycrystalli
grains in the 5–50 micrometer range.

Single crystals of La12yFe42xCoxSb12 were grown using
the Bridgmann technique with an excess of antimony (Sb20).
In a real-time neutron-diffraction camera, the bottom of t
boule appeared to be a large single crystal approxima
43131 cm3. Upon closer examination, however, the bo
tom portion of the ‘‘crystal’’ was Co rich and the top portio
was Fe rich relative to the starting composition. There w
also polycrystalline Sb inclusions throughout the crystal. A
though the material was not suitable for transport meas
ments, small single-crystal cubes measuring 23232 mm3

were found to be excellent for crystallographic investigatio
of the structure as a function of temperature. For the p
poses of comparison, polycrystalline samples of the unfil
skutterudite, CoSb3, were synthesized using the sam
method~described above! used to prepare the filled skutteru
dites.

e
ght
ngs

l



in
er
le
a

u-
a

in

ro
o
u
4
m
e
g
s
r
h
P

a

od
di
w
t

e
t

en
co
em
g
le
d
a
t
e

ty

re-
o a

hat
al-
K
sed

ro-
ure
ion
era-
der
s-
the
e-

re-
in

con-
d

re

ic
-
h
and

ly-
ent
in
ter
ut its
the
the
ted

l-
g the
La,
ed

,
ith

w-
era-

in
n
ete
ted

stic

be-

el

d
k
d

56 15 083FILLED SKUTTERUDITE ANTIMONIDES: ELECTRON . . .
B. Measurements

Powder x-ray-diffraction measurements were made us
Cu Ka radiation and a commercial SCINTAG diffractomet
equipped with a nitrogen-cooled Ge detector. The sing
crystal neutron-diffraction experiments were conducted
ORNL’s High Flux Isotope Reactor using a four-circle ne
tron diffractometer and a liquid-helium system. Chemic
composition information was obtained directly using a Pr
ceton Gamma Tech energy dispersive x-ray system and
International Scientific Instruments scanning electron mic
scope. Metallographic investigations were performed on p
ished surfaces using standard optical microscopy techniq
Magnetic susceptibility measurements were made from
300 K using a commercial SQUID magnetometer fro
Quantum Design. Room-temperature velocity of sound m
surements were made on polycrystalline samples usin
commercial resonant ultrasound system from Quatrosonic21

Electrical and thermal transport data from 10–300 K we
obtained using a closed cycle helium refrigerator. T
sample was suspended from a copper cold finger using E
TEK H20E silver epoxy. A small RuO2 chip resistor~51 V!
was attached to the other end of the sample using a therm
conducting but insulating epoxy from EPO-TEK~930-4!.
Electrical connections to the heater were made with Wo
metal and 0.0075-cm chromel wires. Small temperature
ferences~1–3 K! across the sample were measured using t
0.0125-cm chromel-constantin thermocouples attached to
sample using silver paint. For Seebeck and resistivity m
surements, four 0.0075-cm copper wires were attached to
sample with silver paint. The sample and wires were
closed in a copper can that was thermally attached to the
finger. The copper can was at approximately the same t
perature as the cold end of the sample. Using this arran
ment radiation losses were kept to a minimum. For samp
with values for thermal conductivity of 100 mW/cm K an
above, the radiation and conduction losses were sm
enough to be neglected regardless of the geometry of
sample. However, many of the filled skutterudites had th
mal conductivities ~at room temperature! in the 15–30
mW/cm K range. To obtain reliable thermal conductivi

FIG. 2. Typical powder x-ray-diffraction pattern from a fille
skutterudite antimonide. The Miller indices for several of the pea
are noted. The arrow denotes the largest impurity peak observe
this sample.
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values for these materials, all of the copper leads were
moved from the sample and the samples were cut int
specific shape (636312 mm3) which had a relatively large
ratio of the cross-sectional area to length. It was found t
this procedure yielded the correct thermal-conductivity v
ues for a vitreous SiO2 standard over the entire 10–300
temperature interval. If a small bar-shaped sample was u
instead, the thermal conductivity of the lattice showed p
nounced upward curvature in the 200–300 K temperat
range—a feature characteristic of problems with radiat
losses. Hall measurements at room and nitrogen temp
tures were made on 0.025-cm-thick slabs using the van
Pauw technique with an excitation current of 100 mA. A
suming a single carrier band and a scattering factor of 1,
carrier density was calculated from the Hall coefficient. B
cause of the high carrier concentrations (101925
31021 cm23) observed in most of the samples, measu
ments were performed with the Hall probe immersed
methanol~295 K! or liquid nitrogen~77 K! to minimize ther-
mal voltages. The methods used to measure the thermal
ductivity, Seebeck coefficient, and resistivity of the fille
skutterudites at elevated temperatures~300–800 K! have
been described previously.20

III. RESULTS AND DISCUSSION

A. Evidence of ‘‘rattling’’

The most direct evidence of rattling comes from structu
refinements obtained using either x-ray4–7,9 or neutron scat-
tering on single crystals. Unusually large rare-earth atom
displacement parameters~formerly called thermal param
eters! are clear indications of the ‘‘rattling’’ of the rare-eart
ion in an oversized atomic cage. For example, Braun
Jeitschko5 noted that in the LaFe4Sb12 compound that the
‘‘lanthanum atoms seem to rattle.’’ For single phase po
crystalline or single-crystal samples, an atomic displacem
parameter~ADP! can be obtained for each distinct atom
the crystal structure. In the simplest situation this parame
measures the mean-square displacement of the atom abo
equilibrium position and hence is a direct measure of
rattling. To insure that the ADP parameter does measure
rattling ~as opposed to reflecting systematic errors genera
during the refinement!, the occupation of the various crysta
lographic sites are treated as adjustable parameters durin
data refinement. Figure 3 shows the ADP parameters for
Fe, Co, and Sb obtained from a single crystal with the refin
composition La0.75Fe3CoSb12. The ADP values for Fe, Co
and Sb are typical for these elements in compounds w
similar coordination numbers. The ADP values for La, ho
ever, are anomalously large, particularly near room temp
ture. These values indicate that the La is poorly bonded
the structure and ‘‘rattles’’ about its equilibrium positio
with an average amplitude of 0.015 nm. A more compl
discussion of the La ADP parameter will be presen
elsewhere.22

A preliminary study has been made of the characteri
energies or frequencies associated with the rattling.23 Elastic
constant measurements indicate that the low-temperature
havior of the filled skutterudite La0.75Fe3CoSb12 is anoma-
lous relative to its unfilled analog, CoSb3. The
La0.75Fe3CoSb12 data could be modeled using two two-lev
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15 084 56B. C. SALESet al.
systems with level spacings of 50 and 200 K. Low
temperature heat-capacity measurements on a similar fi
skutterudite (La0.9Fe3CoSb12) sample also indicated that th
thermodynamics of these materials are unusual. An anal
of the heat-capacity data from 0.5 to 45 K required two E
stein oscillators with characteristic temperatures of 70 a
157 K to model the data. Localized vibrations should also
evident as narrow peaks in the phonon density of states.
liminary inelastic neutron-scattering measurements on a 3
polycrystalline sample of La0.9Fe3CoSb12 show two peaks in
the phonon density of states at 100 and 240 K. Although i
tempting to associate these peaks with the anomalies fo
in the elastic constant and heat-capacity measurements, m
data is required from the unfilled skutterudite (CoSb3) before
assessing the self-consistency of these measurements.
ther heat capacity and inelastic neutron-scattering meas
ments are in progress.

B. Rattling and thermal conductivity

Shown in Fig. 4 is a comparison between the lattice th
mal conductivity of CoSb3 and two filled skutterudites
CeFe4Sb12 and La0.75Th0.2Fe3CoSb12. The data for these two
filled skutterudites brackets the values we have found for t
family of materials. At room temperature, samples with
rattler ~i.e., filled! have values for the thermal conductivit
6–8 times lower than the unfilled ceramic CoSb3.

The Wiedemann-Franz law with a value for the Loren
number of 231028 V2/K2 has been used to estimate th
electronic contribution to the thermal conductivity. Th
value is a reasonable approximation for a heavily dop
semiconductor26 The classical value of Lorenz number o
2.4431028 V2/K2 is appropriate for a degenerate electro
gas~i.e., a metal!. If, however, the classical value is used
estimate the electronic portion of the thermal conductivi
the lattice contribution at room temperature to the therm
conductivity of the filled skutterudites shown in Fig. 5
reduced by 1–2 mW/cm K.

FIG. 3. Refined atomic displacement parameters obtained o
single crystal of La0.75Fe3CoSb12 using a four-circle neutron diffrac-
tometer. The crystal was approximately 2 mm on a side. The la
value of the atomic displacement parameter for the La atom is
dicative of the rattling of the La atom in an oversized atomic cag
ed
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Most discussions24 of the lattice thermal conductivity us
an expression adapted from the kinetic theory of gaseskL
51/3Cvvsd, whereCv is the heat capacity per unit volume
vs is an average velocity of sound, andd is the mean free
path of the heat-carrying phonons. In crystalline materials
high temperaturesCv andvs are approximately constant, an
the mean free path,d, decreases as 1/T as the number of
phonons increase. At lower temperaturesd is often domi-
nated by scattering from static defects and approaches a
stant. Therefore, at temperatures above where the heat ca
ity is rapidly changing the lattice thermal conductivity
approximately given 1/(A1BT), whereA and B are con-
stants. This simple expression accurately describes
CoSb3 data above 60 K~Fig. 4! with A51.176 cm KW and
B50.0348 cm/W. The lattice thermal conductivity of CoS3
is typical of a crystalline material.

C. How glasslike is the thermal conductivity?

The lattice thermal conductivities from representati
filled skutterudite alloys are shown in Fig. 5. The therm
conductivities of these compounds are clearly quite low
are they glasslike? The simplest estimate of the minim
thermal conductivity (kmin) of these materials is obtaine
with kL51/3Cvvsd, by settingd equal to an interatomic
spacing~about 0.3 nm! and using the Dulong and Petit valu
for Cv. The transverse,v t , and longitudinal,v l , velocity of
sound has been measured on CoSb3 and two filled skutteru-
dites using resonant ultrasound spectroscopy and are give
Table I. Using an average value forvs of (2v t1v l)/3 yields
a value forkmin of 6 mW/cm K. The measured value~about
15 mW/cm K! is a little more than twice the minimum valu
and corresponds to a mean free path of 0.75 nm. The nea
neighbor separation between the rare-earth rattlers in
crystal is 0.8 nm.

In a real glass, such as vitreous SiO2, ~Fig. 5! the thermal
conductivity slowly decreases from room temperature to

a

e
-
.

FIG. 4. Lattice component of the thermal conductivity of CoS3

and two filled skutterudites CeFe4Sb12 ~open circles! and
La0.75Th0.2Fe3Sb12 ~open squares!. The data for these two filled
skutterudites bracket the thermal conductivity values we have fo
for this family of materials. The CoSb3 data above 60 K are wel
described by 1/(A1BT) ~crosses! with A51.176 cm K/W andB
50.0348 cm/W. The solid line through the CoSb3 data is a guid
the eye.
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K. A useful phenomenological expression was proposed
Cahill, Watson, and Pohl3 to describe the thermal conductiv
ity of amorphous solids above 10 K. The only input to th
model is the transverse and longitudinal velocities of sou
and the number of atoms per unit volume. For a variety
amorphous solids they found this expression to be in go
agreement with the measured data. Furthermore, based
large amount of thermal-conductivity data from highly di
ordered crystals, Cahill, Watson, and Pohl3 proposed that this
phenomenological expression representedkmin for a disor-
dered crystal.kmin for the filled-skutterudite antimonides is
shown in Fig. 5 and was calculated using Cahill’s express
@Eq. ~17!, Ref. 3# and the velocity of sound data from Tabl
I. The actual thermal conductivity data~Fig. 5! from the
filled skutterudites ~30–300 K! slowly increase or are
roughly constant with decreasing temperature, unlike a t
glass. Although the rattlers significantly lower the therm
conductivity of these compounds, the temperature dep
dence ofkLattice indicates that some characteristics of a cry
talline solid remain.

D. Rattling and electrical transport

Although the thermal conductivity of the filled skutteru
dites is low, most of the interest is due to the ability of the
materials to maintain relatively good electrical properti
which results in large values forZT. ZT versusT is shown
in Fig. 6 for two nearly optimized filled skutterudite sample

FIG. 5. Lattice component of the thermal conductivity of thre
filled skutterudites: CeFe4Sb12 ~circles!, Ce0.75Th0.2Fe3CoSb12 ~tri-
angles!, and La0.75Th0.2Fe3CoSb12 ~squares!. The values forkmin

were calculated using the velocity of sound data shown in Tab
and Eq.~17! from Ref. 3. Also shown for comparison are the the
mal conductivity values for vitreous silica~large circles! ~Ref. 3!.

TABLE I. Velocity of sound data for polycrystalline skutteru
dites. The Debye temperature was calculated from the sound d

Compound

Transverse
sound velocity

~m/s!

Longitudinal
sound velocity

~m/s!

Debye
temperature

~K!

CoSb3 2788 4623 321
Ce0.75Fe3CoSb12 2713 4559 312
La0.75Fe3CoSb12 2661 4484 308
y

d
f
d
n a

n

e
l
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-

e
s
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For the Ce compound,ZT is greater than 1 at temperature
above 700 K. The model calculations, described below,
dicate a maximum value forZT of 1.4 at 1000 K. Recent
measurements25 at higher temperatures indicate that thes
large values forZT may actually be attained. At tempera
tures much above 1000 K the compounds decompose.

The electrical transport in these materials was mode
using the Boltzmann equation, parabolic bands, and the
sumption that the relaxation time was given byt5t0Er . The
energyE is measured from the edge of the valence band,t0
is a constant, and the scattering exponentr is used to param-
etrize the dominant scattering mechanism experienced by
electrons or holes. Typically a value ofr 521/2 is used for
scattering by acoustic phonons, andr 53/2 for scattering by
ionized impurities. With these assumptions, the transport c
efficients can be parametrized by the extrinsic carrier co
centration,n, the effective mass of the band,m* , t0 , andr .
The transport coefficients26 can then be expressed in terms o
the integralsKs :

s51/r5e2K0 /T, ~2!

S56~Ef /kT2K1 /K0!/eT, ~3!

ke5~K22K1
2/K0!/T2, ~4!

where

KS5~8p/3!~2/h2!3/2~m* !1/2Tt0~s1r 13/2!

3~kBT!s1r 13/2Fs1r 11/2, ~5!

and the Fermi-Dirac integralsFn are given by

Fn~Ef /kBT!5E
0

`

xnf 0~x!dx, ~6!

with

x5E/kBT, and f 0~x!51/@11e~x2Ef /kBT!#. ~7!

I

ta.

FIG. 6. ZT versus temperature for two nearly optimized fille
skutterudites. A model calculation~see text! indicates that for these
two compounds a maximum value ofZT51.4 is attained at 1000 K.
The optimum carrier concentration,n, and the effective mass,m* ,
are large in these materials.
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15 086 56B. C. SALESet al.
These equations provide a crude model for the trans
data. The temperature dependence of the mobility prov
an estimate forr . Since for most of the filled skutterudit
samples we investigated, the mobility, as determined fr
our Hall measurements, increased with decreasing temp
ture, a reasonable value forr is 21/2 ~scattering dominated
by acoustic phonons!. The value of the Seebeck coefficient
a temperature where there are very few intrinsic carriers p
vides a value for the Fermi energy,Ef , sinceS only depends
on Ef /kBT and r . We have estimated an energy gap of 0
60.1 eV for filled skutterudite antimonides from high
temperature transport data on samples with low car
concentrations.20 ~Note that the transport data shown in Fi
8 are for heavily doped samples that yield the largest va
for ZT. For these samples metallic behavior due to extrin
doping is observed even at our highest measuring temp
ture of 800 K.! Therefore the value ofS at room temperature
should be dominated by extrinsic carriers and can be use
determine the Fermi energy. With the Fermi energy know
and using our Hall data to estimate the room-tempera
carrier concentration, the effective mass can be determi
The measured value of the electrical resistivity at room te
perature fixest0 . Assuming that the extrinsic carrier conce
tration remains constant~saturation range!, the temperature
dependence of the Seebeck coefficient, the electrical resi
ity, and the electronic contribution to the thermal conduct
ity then can be calculated using Eqs.~2!–~4!. The expres-
sions as shown can be easily modified to include ano
parabolic band that accounts for the generation of intrin
carriers at temperatures comparable to the gap.

The measured and calculated Seebeck and resistivity
are compared in Figs. 7 and 8 for the same two skutteru
samples shown in Fig. 6. Considering that only the data
room temperature are used in computing the curves,
agreement between the model predictions and the meas
data is quite good. The Seebeck data are well describe
the one band model from 10–700 K. The general slope of
resistivity data for the La filled skutterudite is in fair agre
ment with the model over the entire temperature range.
the Ce compound, however, the resistivity data below 20
are strongly affected by the proximity of the Ce 4f level to
the Fermi energy. In other filled skutterudite materials su

FIG. 7. Seebeck coefficient versus temperature for the two fi
skutterudites shown in Fig. 6. The model calculation~solid squares!
is in good agreement with the experimental data from 10–700
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as CeFe4P12 ~Ref. 12! and CeRu4P12,
16,27 the hybridization

between the Ce and the pnictide bands actually cause
small gap to develop and the resistivity increases to valu
near 1000V cm at 10 K.

Oncer , m* , and,t0 have been determined for a particu
lar carrier concentration, the carrier concentration can
changed in the calculation to assess howZT varies withn.
For moderate variations inn, this makes it possible to deter-
mine the optimum doping necessary to yield the maximu
value forZT without having to synthesize a large number o
samples. Using this method it was determined that the allo
shown in Fig. 6 have close to the optimum doping o
231021 holes cm3 necessary to maximizeZT. The maxi-
mum value ofZT at a particular temperature can be est
mated using the same calculation. At room temperature
maximum value forZT was found to be only 0.3. Using this
method to extrapolate over large variations in carrier conce
tration is risky, however, since the mobility andm* can
change significantly withn.

Table II shows a comparison between the electronic tran
port parameters of the filled and unfilled skutterudites. A
though the data shown in Table II were taken in our labor
tory, the values given in the table are in good agreement w

d

.

FIG. 8. Resistivity versus temperature for the two filled sku
terudites shown in Fig. 6. The general slope of the resistivity da
from the La filled skutterudite is in fair agreement with the mode
calculation~solid squares! over the entire temperature range. Th
Ce resistivity data below 200 K, however, are strongly affected
the proximity of the Ce 4f level to the Fermi energy.

TABLE II. Comparison of the electronic properties of polycrys
talline unfilled and filled skutterudite antimonides using data tak
in our laboratory.

Property Filled Unfilled

Energy gap from
transport 0.4 eV60.1 0.4 eV60.1
Extrinsic carrier
concentration
~Typical!

1021 cm23 1017 cm23

Mobility
~296 K!

2 – 10 cm2/V s 1070 cm2/V s

Effective mass 8 0.05
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recent measurements reported in the literature.17,19,28It is dif-
ficult to assess the extent to which the rattler degrades
electronic transport because of the large difference in ca
concentrations between the two materials~1021 cm23 for the
filled versus 1017 cm23 for the unfilled!. The larger carrier
concentrations in the filled materials are due largely to
lack of complete filling of the rare-earth site. A 1% change
rare-earth concentration results in a formal change of
carrier concentration of about 1020 cm23. Alloys that contain
1 Co per formula unit, such as LayFe3CoSb12, can have val-
ues ofy between about 0.9 and 0.7, depending on the ex
synthesis conditions. This implies carrier concentrations
the range of (1 – 3)31021 cm23, as is observed. With in
creasing Co substitution the maximum filling of the rar
earth site decreases further20,28but eventuallyn-type samples
are obtained near Co substitutions of 2.5 per formula u
Band-structure calculations29 indicate that if all of the rare-
earth sites could be filled in a LaFe3CoSb12 sample, better
thermoelectric properties would result.

E. Effects of Ce on the transport and magnetic properties

As noted in the Introduction, one of the major reasons
the initial investigation of the filled skutterudites in ou
group was the unusual narrow-gap semiconductors suc
CeFe4P12.

12 Although the Ce does not seem to play a sign
cant role in the high-temperature thermoelectric propertie
these materials, it clearly effects the low-temperature pr
erties such as the electrical resistivity~Fig. 8!. The com-
pound CeFe4Sb12 is not an obvious semiconductor, and it h
been proposed that this compound may be a heavy Ferm
metal.11 A rough idea of the effect of the Ce 4f electrons on
the electrical transport in CeFe4Sb12 can be estimated by sub
tracting from the resistivity and Seebeck data of this co
pound the resistivity and Seebeck data of LaFe4Sb12. ~In
general, it is difficult to compare in detail the resistivity b
havior from two polycrystalline compounds. For these tw
samples, however, the density and grain sizes were
close, as were the resistivity values at room temperatu!.
These data are shown in Figs. 9 and 10 and illustrate
tendency of the Ce 4f level to hybridize and form a gap a
low temperatures. The peak in the thermopower at 50 K
typical both in location and magnitude for Ce compoun

FIG. 9. Resistivity of CeFe4Sb12 minus the resistivity of
LaFe4Sb12 versus temperature.
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with a 4f level close to the Fermi energy. Also note that ne
room temperature~and above! there is very little difference
in behavior between the La and Ce compounds.

The magnetic behavior of CeFe4Sb12 and other isostruc-
tural rare-earth compounds has been repor
previously.11,13,28The previous analyses of the data from t
Ce compounds, however, did not take into account the m
netic susceptibility due to the transition metals and the
fects of crystalline electric fields on the magnetic response
the Ce ion. To determine the approximate valence and c
pling among the Ce ions, susceptibility measurements w
made on samples of La0.9Fe3CoSb12 and Ce0.9Fe3CoSb12
from 4–300 K. The susceptibility data from the La com
pound were paramagnetic and accurately described bx
5C/(T1u), with C50.796 cm3 K/mol andu5120.5 K for
temperatures between 5 and 300 K. Within the local-mom
approximation the Curie constant corresponds to a magn
moment of about 0.63mB per transition metal. The suscept
bility of the La compound was treated as a correction a
was subtracted from that of the Ce compound. The rem
ing susceptibility is presumably due to the magnetism as
ciated with Ce. The correction from the La compound
about 30–35 % from 50 to 300 K decreasing to about 10%
5 K.

The corrected inverse susceptibility for th
Ce0.9Fe3CoSb12 compound is shown in Fig. 11. The effec
of crystalline electric fields on the magnetic susceptibility
Ce compounds are well known.30 In a cubic environment the
J5 5

2 Hund’s rule ground state of the Ce ion, which has
degeneracy of 6, is split into a doublet and a quartet.31 If, as
a first approximation, the magnetic interactions among
Ce13 ions are ignored, the susceptibility is given by

x5@Cfree ion/T#F~Tcf /T!, ~8!

whereCfree ion5NAp2mB
2/3KB , p52.54,Tc f is the splitting

in K between the doublet and the quartet,x5Tcf /T, and

F~x!5@5/211~26/21!e2x

1~32/21x!~12e2x!#/~112e2x!. ~9!

The best fit to the data was obtained with the assumption
the doublet was lowest in energy and separated from
quartet by 350650 K and the effective moment was 2.9mB

FIG. 10. Seebeck coefficient of CeFe4Sb12 minus the Seebeck
coefficient of LaFe4Sb12 versus temperature.
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rather than the ionic value of 2.54mB . The larger effective
moment could either be due to polarization of conducti
electrons or to errors associated with correcting for t
transition-metal magnetism. At low temperatures~below 15
K! the magnetism due to the Ce ions is dominant and
susceptibility follows a Curie law with an effective momen
of 1.5mB . This is very close to the moment expected fro
the doublet of 1.4mB @at low-temperaturesF(x) approaches
5/21#. Although the agreement between this model and
experimental data is not perfect, it indicates that the Ce
lence is close to 3~3–3.1! over the entire temperature rang
Even without any modeling, the fact that the susceptibil
follows a Curie law of the expected magnitude at low tem
peratures indicates that the Ce valence is close to 3.~Ce
compounds that undergo significant valence fluctuations
hibit a temperature-independent susceptibility at lo
temperatures.32! This conclusion, however, is not in dis
agreement with the hypothesis that the Ce 4f level is close to
the Fermi energy in these materials.

IV. SUMMARY AND CONCLUSIONS

The filled skutterudite antimonides appear to represent
cellent examples of electron-crystal, phonon-glass materi

FIG. 11. Inverse magnetic susceptibility of Ce0.9Fe3CoSb12 ver-
sus temperature. The susceptibility has been corrected for
transition-metal magnetism by subtracting the susceptibility
La0.9Fe3CoSb12. An ionic model that includes the effects of a cub
crystalline electric field on the magnetic response of the Ce13 ion is
also shown. A splitting of 350 K between the ground-state doub
and the excited-state quartet was found to yield the best agreem
between the model and the experimental data.
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The incoherent rattling of the loosely bound rare-earth ato
in these materials is inferred from the large values of
ADP parameter obtained in single-crystal structure refi
ments. This rattling lowers the thermal conductivity at roo
temperature to values within two to three timeskmin . The
estimated mean free path of the heat-carrying phonon
room temperature is 0.75 nm which agrees well with t
nearest-neighbor separation of the rattlers, 0.8 nm. The t
perature dependence of the thermal conductivity of these
terials below room temperature is not glasslike but exhib
some remnants of crystalline behavior.

The electrical transport in the filled skutterudites is alter
by the presence of the rattlers. Relative to the analog
unfilled compounds, the filled skutterudites exhibit larger
fective masses and smaller mobilities. Good overall elec
cal transport is maintained as indicated by the large value
ZT at elevated temperatures. The high carrier concentrat
in the filled skutterudites are due mostly to the fraction of t
rare-earth sites that remain empty in samples prepared u
equilibrium synthesis methods. A simple semiconduc
transport model successfully reproduces most of the qua
tive features of the resistivity and Seebeck data from th
materials. By varying the extrinsic carrier concentration
the filled skutterudites, this model yields a maximum val
for ZT of 1.4 at 1000 K, and a maximum ZT value of 0.3
300 K.

Above room temperature, there is very little difference
the electrical and thermal transport behavior between the
and Ce filled compounds. The low-temperature resistiv
data from the Ce compounds are not accounted for b
simple transport model, but are characteristic of the effect
hybridization caused by the proximity of the Ce 4f level to
the Fermi energy. An analysis of the magnetic susceptibi
data indicates the presence of a crystalline electric field
splits the J5 5

2 Hund’s rule state of the Ce13 ion into a
ground state doublet and a quartet at an energy of 350 K.
magnetic susceptibility data suggest that the Ce valenc
close to 3 over the entire temperature range.
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