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Iron valence in skutterudites: Transport and magnetic properties of Co1ÀxFexSb3
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Iron in the binary skutterudite compound CoSb3 has a dramatic effect on transport and magnetic properties
comparable to that of ‘‘rattling’’ guest atoms in filled skutterudite compounds. We have measured thermal
conductivity, thermopower, electrical resistivity, Hall effect, x-ray diffraction, and magnetic susceptibility on a
series of iron-doped compounds Co12xFexSb3 with x50, 0.005, 0.01, 0.02, 0.05, and 0.10 prepared by induc-
tion melting and annealing. Our results show that the thermal conductivity is greatly reduced with iron doping.
We observe that iron doping causes only a small rate of change in carrier concentration,;0.03 holes/Fe atom
for samples withx>1 at. %, even though iron has one fewer electron in its outer shell~eight! than cobalt
~nine!. The room temperature thermopower is reduced with increasing iron content, and we observe phonon
drag effects at low temperature. Our magnetization measurements show the development of a paramagnetic
moment approaching 1.73mB /Fe atom, consistent with trivalent iron in a low-spind5 electron configuration.
The subtle role of iron in creating lattice defects in CoSb3 that are responsible for the dramatic thermal
conductivity reduction will also be discussed.

DOI: 10.1103/PhysRevB.63.014410 PACS number~s!: 75.50.Bb, 66.70.1f, 72.15.Jf
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I. INTRODUCTION

Recent developments in new thermoelectric mater
have generated much interest in skutterudite compoun1

Binary skutterudite compounds are of the form MX3, where
the metal atom M can be Co, Ir, or Rh, and the nonme
atom X can be P, As, or Sb.2–4 One of the most interesting
features of the binary skutterudites is that small guest at
may be inserted into the large voids in the crystal struct
and then ‘‘rattle’’ inside their oversized cages. Slack a
Tsoukala5 suggested that this rattling motion would cau
strong scattering of the heat-carrying lattice wav
~phonons!, resulting in a dramatically reduced thermal co
ductivity compared to that of the binary~unfilled! parent
compounds. This was first experimentally verified by More
and Meisner in Ce-filled skutterudites,6 and subsequently by
Saleset al. in La and Tl-filled skutterudites,7,8 and by Nolas
et al. in Yb-filled skutterudites.9 Morelli et al. observed that
not only Ce filling but also alloying with Fe on the Co si
diminishes the thermal conductivity,10 and a similar effect
was also observed by Nolas, Cohn, and Slack,11 Stokes, Ehr-
lich, and Nolas,12 Anno et al.,13 and Sales, Chakoumako
and Mandrus.8 Meisneret al.,14 however, found that the ther
mal conductivity is not minimized for 100% filling of the
voids, but rather for fractional filling near 50%. This effe
was explained by considering such fractionally filled sk
terudites as solid solutions of fully filled and unfilled en
member compounds. While it is evident that rare-earth fill
dramatically affects the thermal and electronic properties
these compounds, the role of Fe doping on the Co sit
equally dramatic but as yet not well understood.

Various experiments have shown that Fe is paramagn
in antimonide skutterudites. Danebrock, Evers, a
Jeitschko15 measured the magnetic properties of alkal
earth- and lanthanide-filled iron antimonide skutterudites
0163-1829/2000/63~1!/014410~11!/$15.00 63 0144
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found paramagnetic effective Bohr magneton numbers
2.6– 2.8mB /Fe atom for the alkaline earths and 3.0mB /Fe
atom for the lanthanides. These values are higher than th
the spin-only, low-spind5 configuration of Fe31 and are at-
tributed to spin-orbit coupling. Saleset al. studied the mag-
netic properties of La0.9Fe3CoSb12,

16 and found a paramag
netic effective Bohr magneton number of 0.63 per transit
metal atom~0.84 per Fe atom!. Gajewskiet al. investigated
the magnetic properties of Fe0.2Co3.8Sb12 and found a local
moment.17 The valence state and electron configuration of
in skutterudites, however, has yet to be clearly determine

In most of these previous studies Fe doping and rare-e
filling were concomitant, thus preventing a direct study
the influence of Fe on the thermoelectric and magnetic pr
erties. The outstanding issues we address here are:~1! the
cause of the reduction in the thermal conductivity with
doping; and~2! the influence of Fe on the electronic structu
of skutterudites. Such information is essential for optimizi
these materials for thermoelectric applications. To shed so
light on the role of Fe on the Co site in skutterudites, w
fabricated a series of polycrystalline unfilled skutterud
samples of the form Co12xFexSb3 with x50, 0.005, 0.01,
0.02, 0.05, and 0.1. Here we report our results of x-ray d
fraction, chemical analysis, thermal conductivity, the
mopower, electrical resistivity, Hall effect, and magnetiz
tion measurements. Although skutterudite compoun
possess optimum thermoelectric properties at high temp
tures, our measurements reported here have been carrie
at room temperature and below because it is in this temp
ture range that the most information can be gleaned reg
ing the influence of Fe on the thermal and electronic prop
ties. It is unlikely that this set of compounds will posse
high figures of merit, but they present a simple means
isolating the direct influence of Fe on the thermoelect
properties, independent of any void-filling atom.
©2000 The American Physical Society10-1
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II. EXPERIMENTAL TECHNIQUES

Polycrystalline samples of the form Co12xFexSb3 were
made by induction melting of the high purity constituents
about 1400 °C. Samples were then annealed at 700 °C u
argon for 20 h to achieve homogeneity and to crystallize
skutterudite phase. Sample stoichiometry was checked
wet etching chemical analysis as well as electron probe
croanalysis~EPMA!. A transmission electron microscop
~TEM! study was carried out on a Philips 430t TEM for th
Co0.9Fe0.1Sb3 sample to examine the subgrain precipitat
X-ray powder diffraction was performed on a Philips diffra
tometer using CuKa radiation to determine the crystallin
phases and the skutterudite lattice parameters. Thermal
ductivity k, thermopowerS, and electrical resistivityr mea-
surements were made from 2 to 300 K in a cryostat equip
with a radiation shield. A longitudinal steady-state techniq
was used, and all samples had dimensions 333310 mm3.
The method employs a strain gauge heater as a heat so
and chromel-constantan thermocouples to determine the
perature gradient along the sample. Thin~25 mm diameter!
Cu wires were used as voltage probes. The measured
beck coefficientSwas corrected for the contribution from th
Cu wires.18,19 The absolute uncertainty ink, S, andr is es-
timated to be less than 10%. Hall effect measurements w
performed from 5 to 300 K in a cryostat equipped with a 5
T supeconducting magnet. Data were taken for both posi
and negative magnetic fields to eliminate effects due to pr
misalignment. Magnetization curves were measured from
to 300 K in applied field of up to 5 T using a Quantum
Design magnetometer.

III. RESULTS AND DISCUSSION

A. Structural and chemical analysis

Figure 1 shows the results of standardu-2u x-ray diffrac-
tion scans. All samples show all the peaks characteristi
unfilled skutterudites plus some very small Sb peaks, wh
are indicated by asterisks in Fig. 1. The ratio between

FIG. 1. X-ray powder diffraction spectra for Co12xFexSb3. A
secondary phase, presumably Sb, is indicated by asterisks. Su
sive spectra are shifted by 500 counts for clarity, and the vert
scale is amplified to show the impurity phase peaks.
01441
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highest Sb peak and the highest skutterudite peak is abo
few percent, and we anticipate a smaller volume percent
of Sb phase in the samples because of the much greater
ber and intensity of peaks from the skutterudite phase c
pared to those of Sb. This Sb impurity has been repor
before in binary skutterudites.20 No other secondary phase
were detected in x-ray diffraction measurements. The lat
parameters determined from the skutterudite diffract
peaks21 are plotted in Fig. 2 and show a linear increase w
increasing Fe concentration, following Vegard’s law. This
consistent with the majority of Fe atoms going into t
CoSb3 lattice substitutionally for Co with a solubility of a
least 10 at. %. All six samples were analyzed by EPM
Backscatter electron imaging and optical micrography
vealed that the overwhelming majority of each sample w
single phase. A small, relatively rare, minor phase identifi
as Sb was detected in Fe-doped samples. No other secon
phases were detected by EPMA. The major phase of eac
the samples was analyzed at eight random locations. Ato
compositions and the standard deviations are listed in Ta
I. Chemical composition analysis results are also listed
Table I. All samples are very close to stoichiometry. T
sample with the greatest amount of Fe, i.e., Co0.9Fe0.1Sb3,
was analyzed by TEM. The bright field images, electron d
fraction data, and x-ray spectroscopy data indicated that
sample is single phase in all areas examined. No subg
precipitates were observed.

B. Magnetization

We performed magnetization measurements in orde
help discern the charge state and the electron configura
of Fe in the skutterudite lattice. A direct measurement of t
has not been possible because in all previous studies
magnetization measurements have been complicated by
presence of void filling atoms. The valence of Fe in skutte
dites remains an unanswered question and is crucial for
termining the electronic properties. To see why this is so,

es-
al

FIG. 2. Lattice parameters for Co12xFexSb3. The line is a guide
for the eye.
0-2
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TABLE I. The nominal composition, the composition from chemical analysis, and the composition
its standard deviation derived by EPMA.

Nominal composition
Composition from
chemical analysis

Composition from
EPMA

CoSb3 CoSb2.995 CoSb2.98660.017

Co0.995Fe0.005Sb3 Co0.995Fe0.005Sb3.002 Co0.995Fe0.005060.0006Sb2.98060.022

Co0.99Fe0.01Sb3 Co0.990Fe0.009Sb3.030 Co0.990Fe0.009060.0012Sb2.99060.016

Co0.98Fe0.02Sb3 Co0.980Fe0.019Sb2.987 Co0.980Fe0.019960.0018Sb2.98160.018

Co0.95Fe0.05Sb3 Co0.950Fe0.048Sb2.996 Co0.950Fe0.049760.0041Sb3.00560.025

Co0.9Fe0.1Sb3 Co0.900Fe0.095Sb2.974 Co0.900Fe0.098160.0052Sb3.00460.026
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undertake a brief discussion of the structure and bondin
binary skutterudite compounds.

In the skutterudite structure, each X~in this case, Sb!
atom has four nearest neighbors, two metal atoms and
nonmetal atoms, situated at the corners of a distorted te
hedron. Both the M-X bond distances and the X-X bo
distances are short and nearly equal to the sum of the c
lent radii, indicating strong covalent bonding. Given th
structural information, most authors have described
bonding arrangement, with minor deviations, as follow
each X atom, which possesses five valence electrons, b
with its two nearest X neighbors vias bonds, thereby involv-
ing two of its valence electrons. The remaining valence e
trons of the X atoms~three per atom! participate in the two
M-X bonds. Since each metal atom is octahedrally coo
nated by X atoms, there are a total of (3/2)•659 X electrons
available for bonding in each MX6 octahedron. In CoSb3 the
M atom possesses as2d7 configuration and can provide a
additional nine electrons, so that there are a total of 18 e
trons available for this M-X arrangement. These are assu
to form d2sp3 hybrid bonds. The octahedral ligand field
the X atoms splits the degenerated level into three lower
energy nonbonding orbitals and two higher energy orbi
which hybridize with the metal atoms andp states to form
thedpsorbital complex which provides the M-X bonding. O
the 18 electrons available for bonding, six fill the nonbon
ing orbitals in a spin-paired arrangement, while the rema
ing 12 fill the hybridizeddps complex. Thus it is expected
that CoSb3 will contain no unpaired spins or free electro
and therefore will be a diamagnetic semiconductor, and
is what is observed. Iron~s2d6 configuration! possesses on
less electron compared to Co. The extent to which this
fects the electronic properties depends on whether the Fe
assumes the zero-spin Fe21(d6) or low-spin Fe31(d5) state.

For our Co12xFexSb3 samples, we observed the magne
zation curves to contain a small ferromagnetic contribut
that we presume is due to an iron-based impurity phase.
have analyzed our magnetization data by taking into acco
diamagnetic~lattice!, paramagnetic~Curie-Weiss!, and ferro-
magnetic ~saturable! components. The total magnetic m
ment can therefore be written as

M total5Md1MPM1MFM , ~1!

where M total, Md , MPM, and MFM are the total, diamag
netic, paramagnetic, and ferromagnetic moments, res
01441
in

o
a-

a-

e
:
ds

c-

i-

c-
ed

ls

-
-

is

f-
on

-
n
e

nt

c-

tively. To separate out the contribution of the ferromagne
component, we extracted the differential magnetic susce
bility x total5]M total/]H for each temperature at magnet
field H54 T. At this high applied magnetic fieldMFM satu-
rates and]MFM /]H50. The ferromagnetic componentMFM
is consistent with a very small fraction of the Fe in o
samples beinga-Fe. This secondary phase was not detec
by x-ray diffraction mainly because the percentage of
a-Fe is small compared to the total amount of Fe in t
samples and because the strongest x-ray diffraction p
overlaps with the strong skutterudite peak at 2u'45°. The
percentage of Fe present as ana-Fe impurity can be esti-
mated asMFM /(2.22mB /Fe), whereMFM is the measured
ferromagnetic moment per Fe atom in each sample and
saturation magnetic moment of Fe atoms with metallic bo
is 2.22mB /Fe.22 The percentage ofa-Fe roughly decrease
with increasing Fe doping in the samples. In the 0.5 at
Fe-doped sample, thea-Fe percentage is about 10.5%~of the
total 0.5 at. %!. It drops to about 3.6%~of the total 10 at. %!
for the sample with 10 at. % Fe doping. The corrected
compositionxcorr representing the Fe content in the skutte
dite phase is given by

xcorr5xS 12
MFM

2.22mB /FeD , ~2!

and Table II shows our results forMFM andxcorr.
Our magnetization results indicate that our pure CoS3

sample is, as expected, diamagnetic, consistent with a C31

zero-spind6 electron configuration. Figure 3 displays th
present results for the susceptibilityxpureof CoSb3 as a func-
tion of temperature and includes, for comparison, results
previous sample of CoSb3.

10 There is some sample variatio
in both the temperature independent diamagnetic contr
tion and the amount of a small Curie-Weiss type param
netic contribution that becomes evident at low temperatu
The magnetization curves for the present sample of Co3
are linear with field up to 5 T, and there is no evidence for
impurity ferromagnetic component. The overall temperat
dependence of the susceptibilities of the two samples is v
similar. The fact that they differ approximately by a consta
indicates that the measured susceptibility is somew
sample dependent and may depend on effective doping
els present in nominally ‘‘undoped’’ samples. The differen
0-3
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TABLE II. Magnetic properties and fitting parameters of Co12xFexSb3. The corrected Fe compositio
xcorr is the nominal Fe compositionx adjusted using Eq.~2! for ana-Fe type impurity phase as measured
MFM . The fitting parameters to Eq.~3! for the total paramagnetic susceptibilityx total areB, C, anduCW , and
P is the effective Bohr magneton number per Fe atom derived fromC using Eq.~4!. The fitting parameters
to Eq. ~5! for the paramagnetic susceptibility per Fe atomx arex08 , C8, anduCW , andP8 is the effective
Bohr magneton number derived fromC8 using Eq.~4!.

x 0 0.005 0.01 0.02 0.05 0.1

MFM(mB /Fe) 0 0.234 0.025 0.151 0.053 0.080
xcorr 0 0.0045 0.0099 0.019 0.049 0.096

x0(10228 cm3/M atom) 21.79 21.30 21.13 21.43 20.25 0.40
B(10232 cm3 K21/M atom) 2.99 29.92 4.66 27.89 -24.6 231.8
C(10228 cm3 K/M atom) 13.6 1.86 40.4 86.9 232 534
uCW ~K! 29.8 25.73 0.69 1.81 2.38 6.26
P(mB /Fe) — 0.446 1.40 1.48 1.51 1.64

x08(10227 cm3/Fe) — 4.06 6.79 0.34 1.65 1.24
C8(10225 cm3 K/Fe) — 0.888 3.14 4.80 5.25 6.03
uCW ~K! — 0 0 2.52 3.54 7.37
P8(mB /Fe) — 0.654 1.23 1.52 1.59 1.70
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in susceptibility between the two samples in Fig. 1, thou
seemingly large, is actually very small if we were to plot t
data from Ref. 10 in Fig. 4.

Figure 4 shows the temperature dependence ofx total for
Co12xFexSb3 from 10 to 300 K. The lines represent the r
sults from a fit to the data of the following formula:

x total5x01B•T1
C

T1uCW
, ~3!

wherex0 is the temperature-independent lattice suscepti
ity, B•T is a linear temperature-dependent lattice susce

FIG. 3. The magnetic susceptibility of pure CoSb3 vs tempera-
ture from 10 to 300 K. The dashed line represents the data
CoSb3 from Ref. 10. The dots and the solid line are data for CoS3

and the fit using Eq.~3!.
01441
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bility, C is the Curie constant, anduCW is the Curie-Weiss
temperature. The first two terms in Eq.~3! represent a mode
of the susceptibility which is unavoidably affected by th
subtraction of the ferromagnetic component but neverthe
allows the isolation of the paramagnetic Curie-Weiss con
bution to the susceptibility. We attempted to fitx total with
uCW50, but the overall fit was not as good as that of nonz
uCW. There was no evidence of low temperature magne
ordering above 10 K for any of our samples. The fittin
parameters are listed in Table II together with the effect
Bohr magneton number per Fe atomP calculated from

P5
A3kBC/xcorr

mB
, ~4!

or FIG. 4. The magnetic susceptibilityx total vs temperature for
Co12xFexSb3 from 10 to 300 K. The lines are least squares fits
the data using Eq.~3!; the fitting parameters are listed in Table I
0-4
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IRON VALENCE IN SKUTTERUDITES: TRANSPORT . . . PHYSICAL REVIEW B 63 014410
wherekB is the Boltzmann constant andmB the Bohr mag-
neton.

An alternative method of analyzing the magnetic susc
tibility is to subtract the diamagnetic background suscepti
ity from x total for each Fe-doped sample at each tempera
in the following way:

x5
x total2xpure

xcorr
, ~5!

wherexpure is our measured susceptibility of CoSb3. Here,x
is the temperature-dependent magnetic susceptibility pe
atom. The paramagnetic susceptibilityx for Fe-doped
samples can be fit with the following simple expression:

x5x081
C8

T1uCW8
, ~6!

wherex08 is the remaining temperature independent susc
tibility per Fe atom,C8 the Curie constant per Fe atom, an
uCW the Curie-Weiss temperature. Figure 5 shows that 1x
2x08) varies linearly withT for all Co12xFexSb3 samples.
The fitting parameters are listed in Table II together with
effective Bohr magneton numberP8 calculated from the Cu-
rie constantC8 and corrected for the ferromagnetic impuri
phase as given in Eq.~4!. The average effective Bohr mag
neton numbermeff5(P1P8)/2 is plotted as a function of Fe
concentration in Fig. 6, where the sizes of the error bars
chosen to beuP82Pu. From Fig. 6, we observe an increasin
meff with increasing Fe concentration. This indicates the
velopment of a paramagnetic state of Fe in the Co12xFexSb3
samples upon Fe doping. Thus, after correcting for the
romagnetic impurity phase, we observe a paramagnetic s

FIG. 5. The inverse magnetic susceptibility 1/(x2x08) vs tem-
perature for Co12xFexSb3. The lines are fits to the data according
Eq. ~6!. The susceptibility forx50.005 is very close to the lattice
susceptibility, and the subtraction according to Eq.~5! introduces a
lot of scatter in the data. Consequently 1/(x2x08) for x50.005 is
not plotted. The fit parameters forx50.005 are included in Table II
01441
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in all Fe-doped samples with an effective momentmeff that
asymptotes to;1.7mB /Fe atom as a function ofx. Accord-
ing to the formulameff52@s(s11)#1/2mB a magnetic momen
of 1.73mB /Fe atom would be expected for a spin-only~or-
bital quenched! Fe31 state, i.e., a low-spind5 system con-
taining one unpaired electron in the lower energy nonbo
ing d orbitals. This implies that the number of valenc
electrons available for the M-X bonds for Fe in Co12xFexSb3
is the same as for Co.

C. Resistivity and carrier concentration

Figure 7 shows the temperature dependence of the re
tivity of all the Co12xFexSb3 samples. Pure CoSb3 has an
activated behavior at low temperature and changes t

FIG. 6. The average effective Bohr magneton numbermeff5(P
1P8)/2 vs Fe concentration. The dashed line is the magnetic
ment meff51.73mB /Fe expected for Fe in a low-spind5 electron
configuration. The sizes of error bars are equal touP82Pu.

FIG. 7. Electrical resistivity of Co12xFexSb3 vs temperature
from 2 to 300 K.
0-5
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metallic-like character between 200 and 300 K. For all F
doped samples, the resistivity shows metallic behav
throughout the temperature range studied. The room t
perature resistivity values vary from 4 to 13mV m. The mea-
sured Hall resistance was positive and linear in magn
field up to 5 T, indicating that a singlep-type carrier domi-
nates the electronic transport. The temperature depend
of the hole concentration is plotted in Fig. 8. The samp
with higher Fe doping have higher hole concentratio
throughout the whole temperature regime. For the p
CoSb3 sample and the sample withx50.5 at. %, the hole
concentration decreases slightly with increasing tempera
from 5 to 300 K. Samples with higher Fe concentration ha
increasing hole concentration with increasing temperatur

At room temperature, the hole concentration for pu
CoSb3 is about 131019cm23 and that of the sample withx
510 at. % is about 931019cm23. From our magnetic sus
ceptibility results of the previous section, we should exp
no change in hole concentration with doping by Fe31 atoms.
For comparison, if we assume iron is in an Fe21 state, the
hole concentration due to Fe doping would be equal to
number of Fe atoms per cm3, which is equal tox•nCo, where
nCo is the number of Co atoms per cm3 in CoSb3. We esti-
matenCo asnCo5d•NA /A, whered57.582 g/cm3 ~Ref. 23!
is the density of the sample,NA is the Avogadro constant
andA is the atomic mass of the sample. Forx510 at. %, we
have x•nCo51.0731021cm23, which is about an order o
magnitude higher that the hole concentration we measu
Therefore, the carrier concentration we observe canno
due to Fe21 replacing Co31. Figure 9 shows the hole con
centration at 5 and 300 K as a function of iron concentrat
for Co12xFexSb3. For samples withx<1 at. %, the hole con-
centrations at both temperatures increase approximately
rate of 0.28 holes/Fe. Asx increases (x>1 at. %), the rate a
both temperatures reduces to approximately 0.03 holes/F
principle, a 10% Fe21 ~of the total Fe! would give rise to the
observed carrier concentration, but it could not account
the lattice thermal conductivity decrease that we will disc

FIG. 8. Carrier concentration of Co12xFexSb3 vs temperature
from 5 to 300 K.
01441
-
r
-

ic

ce
s
s
e

re
e

e

t

e

d.
be

n

t a

In

r
s

in a later section. We conclude therefore that iron is ess
tially trivalent in Co12xFexSb3 for x>1 at. %. We shall see
below from our thermal conductivity analysis that it is a
increase in the concentration of vacancies on the Co site
gives rise to the increase of hole concentration with incre
ing iron concentration.

Figure 10 shows the temperature dependence of Hall
bility mH derived from the experimental hole concentrati
and resistivity. Above 100 K, we observe aT21.5 depen-
dence. This is an indication that the dominant scatterers
the holes are phonons24 as has been previously suggested
Morelli et al. for pure CoSb3.

25 The lack ofT1.5 dependence
for ionized impurity scattering at low temperature may
due to the screening effect as speculated in Ref. 25.

D. Thermopower

Figure 11 shows the temperature dependence of the
beck coefficientS for these Co12xFexSb3 samples. In addi-
tion to the diffusiveS, which is linear inT, a phonon drag
effect is observed at low temperature forx50, 0.5, and 2
at. %. We identify these features as phonon drag becaus
their coincidence with the temperature of the peak in
thermal conductivity~which will be discussed in the nex
section!. The room temperature Seebeck coefficients
plotted in Fig. 12 as a function of the hole concentration. O
data fit well with the S;p21/3 dependence predicted b
Singh and Pickett.26

E. Thermal conductivity

The total thermal conductivity of a solid can be written

kT5kL1ke , ~7!

FIG. 9. Hole concentration vs iron concentration at 5 K~solid
circles! and 300 K~open circles!. The solid line is the calculated
hole concentration for 1 hole/Fe expected for Fe21. The hole con-
centration rate of 0.03 holes/Fe~dash line! is the average slope o
all the data forx>1 at. %.
0-6
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IRON VALENCE IN SKUTTERUDITES: TRANSPORT . . . PHYSICAL REVIEW B 63 014410
FIG. 10. Temperature dependence of Hall mobility for t
Co12xFexSb3. The dashed line shows theT21.5 temperature depen
dence that is observed for Fe-containing samples at 100 K
above.

FIG. 11. Temperature dependence of the thermopowerS for
Co12xFexSb3.
01441
wherekT , kL , andke are the total, lattice, and carrier the
mal conductivities, respectively. According to th
Wiedemann-Franz law, the carrier thermal conductivityke
can be estimated from

ke5L0T/r, ~8!

wherer is the electrical resistivity,T is temperature, and the
Lorenz number L0 has a numerical value of 2.4
31028 V2/K2. Hence, the lattice thermal conductivity ca
be found by subtracting the carrier component from the m
sured total thermal conductivity. Figure 13 shows the latt
thermal conductivity plotted as a function of temperature
all six samples, and the temperature dependence is wha
would expect for a dielectric solid. Phonon scattering
dominated by boundary scattering at low temperatures,
defect scattering at intermediate temperatures, and by U
klapp processes at high temperatures. The peak value o

nd

FIG. 12. Room temperature thermopower vs hole concentra
for Co12xFexSb3. The solid line is theS;p21/3 dependence.

FIG. 13. Lattice thermal conductivity of Co12xFexSb3 vs tem-
perature.
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lattice thermal conductivity decreases dramatically as the
doping level increases, decreasing from 74.8 W/m K for
doped CoSb3 to 7.53 W/m K for Co0.9Fe0.1Sb3. Thus 10 at. %
Fe on the Co site leads to an order of magnitude reductio
the lattice thermal conductivity. This is a rather surprisi
result because the mass and the size differences betwee
and Fe are only 5% and 6%, respectively. The additio
strain and mass fluctuations introduced by alloying Fe on
Co site will reduce the lattice thermal conductivity, but th
would not cause an order of magnitude reduction. In orde
clarify the role of Fe in strongly enhancing phonon scatt
ing, we modeled the temperature dependence of the la
thermal conductivity for all the samples. According to t
calculation, lattice defect scattering has a strong influence
the lattice thermal conductivity.

Thermal conduction is usually treated using the Deb
approximation. In this model, the lattice thermal conductiv
can be written as27,28

kL5
kB

2p2n S kB

\ D 3

T3E
0

uD /T tcx
4ex

~ex21!2 dx, ~9!

where x5\v/kBT is dimensionless,v is the phonon fre-
quency,kB is the Boltzmann constant,\ is the Planck con-
stant, uD is the Debye temperature,n is the velocity of
sound, andtc is the relaxation time. The overall relaxatio
ratetc

21 can be determined by combining various scatter
processes

tc
215tB

211tD
211tU

21, ~10!

wheretB , tD , andtU are the relaxation times for bounda
scattering, defect scattering, and Umklapp processes, res
tively. The boundary scattering rate is

tB
215n/L, ~11!

whereL is the sample grain size. For the defect scattering
use the Rayleigh point defect rate

tD
215Av4, ~12!

whereA is independent of temperature. Umklapp proces
are characterized by a relaxation rate proposed by Glassb
ner and Slack~GS! for Ge and Si29

tU
215Bv2T exp~2uD/3T!, ~13!

which we designate as the GS Umklapp model. This mo
has been used successfully for diamond30 and other
materials.25 Figure 14 shows the measured and the calcula
lattice thermal conductivity for thex50 sample. The dotted
line is computed using Eqs.~9!–~13! with uD5287 K and
n52700 m/s,25 and the fitting parameters are listed in Tab
III. As Fig. 14 indicates, the dotted line fits the measur
values very well forT,100 K, but it underestimates lattic
thermal conductivity forT.100 K. This is true for all the
samples we studied~see Fig. 15!. We attempted to include
normal scattering27,28 in the calculations, but it did not im
prove the overall fit. We also tried to include electro
phonon interaction31 in our calculation, and we found tha
electron-phonon interaction in thesep-type skutterudites is
01441
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not a significant factor.32 The discrepancy between the da
and fit at T.100 K may be due to a variety of reason
radiation losses, temperature dependence of the Lo
number,33 and deviation of the thermal conductivity from th
1/T temperature dependence at high temperature.34 This dis-
crepancy, however, will not affect the following analysis.

Table III lists the fitting parameters of our calculation f
all six samples. The grain size for the samples varies fr
about 2 to 10mm with no obvious trend among the sample
The Umklapp prefactorB is chosen to be the same for all th
samples. From a lattice point of view, Fe and Co are v
similar. Umklapp scattering should not vary significantly b
replacing Co with Fe. In addition, Debye temperature is
crucial parameter that determines the Umklapp scatte
rate. Recent work by Longet al.35 shows that Debye tem
peratures for a series of samples of the fo
CexFe42yCoySb12 indeed do not vary significantly in a wid
phase space ofx andy. We feel it is a good approximation to
assume that Umklapp scattering rate remains the same
our Co12xFexSb3 samples. The prefactorA for point defect
scattering increases with increasing Fe doping level exc
thatA for the 1 at. % doped sample is slightly lower than th
of the 0.5 at. % doped sample. In Fig. 16,A is plotted as a
function of Fe doping level. According to Klemens,36 A is

FIG. 14. Experimental and calculated lattice thermal conduc
ity for CoSb3 vs temperature. The open circles are the experime
data. The dotted line represents a calculation based on the GS
klapp model.

TABLE III. Lattice thermal conductivity fitting parameters fo
Co12xFexSb3 as defined by Eqs.~11!, ~12!, and~13!.

x L ~mm! A (10243 s3) B (10218 s/K)

0 10.54 2.79 5.38
0.005 10.86 4.52 5.38
0.01 3.18 4.36 5.38
0.02 3.11 6.73 5.38
0.05 3.23 37.10 5.38
0.1 2.36 77.27 5.38
0-8
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FIG. 15. Lattice thermal conductivity of Co12xFexSb3 vs temperature. The open circles are experimental data. Dotted lines are ca
tions using the GS Umklapp model.
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proportional toc(12c), wherec is the relative concentra
tion of point defects. Hence,A increases monotonically with
increasingc for small c. This implies that the point defec
concentration in Co12xFexSb3 increases with increasing F
doping level. Early work by Dudkin and Abrikosov37 sug-
gested that lattice defects, most likely vacancies, exis
01441
in

p-type CoSb3 because of excess Sb. We believe that the
crease of thermal conductivity with increasing Fe concen
tion is a direct consequence of the increase in concentra
of these point defects indicated by the increasingA value
with x determined from the fits to the data. If we take o
analysis one step further by assuming the measured hole
0-9
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centration is entirely due to the vacancies on the Co site,
vacancy density will bep/3. Thereforec5p/(3•nCo). The
prefactorA for point defect scattering can be written as

A5V0G/~4pn3!, ~14!

where V0 is the unit cell volume andG is the scattering
parameter. According to Refs. 14 and 38,

G~Co12xFexSb3!'~58.93/106.05!2G~Co!/4, ~15!

where G~Co!5c(12c)@(DM /M )eff#
2. (DM /M )eff51 for

zero-mass substitutional impurity and (DM /M )eff53 for va-
cancies with severed atomic bonds, as argued by Ratsi
tana and Klemens.39,40 Therefore, we have

A'V0~58.93/106.05!2c~12c!@~DM /M !eff#
2/@4~4pn3!#.

~16!

If we use theA values from our thermal conductivity fitting
we can calculate (DM /M )eff for all of our six samples. Thes
results are plotted in Fig. 17, which shows that (DM /M )eff
increases with increasing Fe doping. This indicates that
creasing number of vacancies with severed atomic bonds
introduced into the samples with increasing Fe doping. Th
vacancies with severed atomic bonds strongly decou
themselves from the host lattice. This in turn significan
enhances phonon scattering and consequently decrease
thermal conductivity. Harris, Enck, and Youngman observ
similar effects for AlN.41 The lower and upper limits for
(DM /M )eff in Eq. ~16! are 1~zero-mass substitutional impu
rity! and 3 ~vacancies with severed atomic bonds!, respec-
tively, and our calculated (DM /M )eff values are mostly
within these limits. This tells us that our assumption that
hole concentration in our samples is due to vacancies on

FIG. 16. The point defect scattering rate coefficientA vs Fe
concentration. The deviation from a linear dependence at low
concentration indicates a background point defect concentratio
pure CoSb3.
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Co site is reasonable. From our analysis of the magn
properties, hole concentration, thermal conductivity, and c
culation of (DM /M )eff , we conclude that the hole concen
tration in Co12xFexSb3 we observe is due entirely to th
lattice vacancies on the Co site. Increased Fe doping
creases the number of vacancies on the Co site in the S
terudites, and it is these vacancies that give rise to the re
tion of the heat conduction. The increasing number
vacancies with severed atomic bonds due to the presenc
Fe is reasonable in light of the eventual instability of t
Skutterudite structure at higher Fe concentration and the
of existence of a FeSb3 phase. Recently reported electro
tunneling experiments on Co12xFexSb3 ~Ref. 42! suggest
that the observed strong zero-bias conductance anom
arises from a structural disorder such as vacancies on the
sites, further corroborating our point of view.

IV. SUMMARY

We have studied the transport properties of Co12xFexSb3
samples from 2 to 300 K. All samples arep type with hole
concentrations increasing with Fe doping level at a relativ
small rate of;0.03 holes/Fe forx>1 at. %. At room tem-
perature, ZT~dimensionless figure of merit! values are be-
tween 0.01 and 0.03. Magnetization studies indicate that
substitutional Fe atoms assume a low spind5 configuration
in the lattice with a paramagnetic moment approach
1.73mB /Fe. We conclude from these results that iron is in
trivalent state in antimonide skutterudites. The thermal c
ductivity of CoSb3 is dramatically suppressed with Fe dopin
due to an increase in lattice defects, most likely vacancies
the Co site of the skutterudite structure. These same la
defects also alter the electronic properties of these Fe-do
skutterudites, providing three holes per defect. This supp
sion of thermal conductivity by Fe doping partially accoun
for the high figure of merit in filled skutterudite compound
Further optimization of these and other materials may lea
their application in advanced thermoelectric energy conv
sion devices and systems.

e
in

FIG. 17. (DM /M )eff vs Fe concentration for Co12xFexSb3.
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