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Influence of electron-phonon interaction on the lattice thermal conductivity of Co1ÀxNixSb3
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We have investigated the effect of electron-phonon scattering in a series of n-type nickel-doped CoSb3

skutterudite materials. Samples were polycrystalline of the form Co12xNixSb3 with x50, 0.001, 0.003, 0.005,
0.0075, and 0.01. The lattice thermal conductivity decreases dramatically with increasing Ni doping forx
<0.003. For higher Ni concentration the reduction of the lattice thermal conductivity saturates. Our theoretical
analysis indicates that this reduction of the lattice thermal conductivity cannot be explained solely by point-
defect scattering of the phonons. Rather, we can fit the lattice thermal conductivity of Ni-doped CoSb3 by
introducing an electron-phonon scattering mechanism, and this demonstrates that the electron-phonon interac-
tion can play an important role in the reduction of the heat conduction in n-type skutterudites.
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INTRODUCTION

The interest in skutterudites as potential thermoelec
materials in recent years has drawn a lot of attention to t
fundamental transport parameters: electrical resistiv
thermopower, and thermal conductivity. The physical pro
erties of skutterudites and their optimization for thermoel
tric applications have been summarized in two rec
reviews.1,2A good thermoelectric material has to have a lar
figure of merit defined asZT5S2T/rk, whereS is the ther-
mopower,r is the electrical resistivity,k is the total thermal
conductivity, andT is the temperature. The binary~unfilled!
skutterudites have moderate power factors (S2/r), but the
thermal conductivity is too high. Slack proposed the phon
glass-electron-crystal~PGEC! approach of reducing the the
mal conductivity by filling voids in the skutterudite cryst
structure with rare-earth atoms without deteriorating th
electrical properties,3 and this was validated in a number
filled skutterudites4–6 that led toZT approaching 1.4 around
900 K.7,8 An understanding of the phonon scattering mec
nism in skutterudites has attracted a lot of attention beca
of both its technological implications and its intriguing phy
ics. Feldmanet al.9 suggested that the anharmonic scatter
by harmonic rare-earth filler motions is an important mec
nism for the suppression of heat conduction in filled sk
terudites. Meisneret al.10 found that mass fluctuations be
tween the fully filled and unfilled subphases of the optimu
filled skutterudites can explain the lattice thermal conduc
ity minimum as a function of the filling fraction. We learne
that the dominant factor of heat conduction suppression
Fe-doped CoSb3 is point-defect scattering.11,12 Room-
temperature lattice thermal conductivity of Ni-doped CoS3
was reported by Annoet al.,13 where the dominant phono
scattering mechanism was attributed to electron-phonon
teractions. In this paper, we present our low-temperature~2–
300 K! lattice thermal conductivity data on a series of N
doped samples, and it is in this temperature region that
effect of the electron-phonon interaction can be clearly d
ferentiated from other phonon scattering mechanisms.
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EXPERIMENTAL TECHNIQUES

Polycrystalline samples of the form Co12xNixSb3 were
fabricated by a combination of arc melting and inducti
melting of high-purity constituents. The Ni concentratio
are 0, 0.001, 0.003, 0.005, 0.0075, and 0.01. The ingots w
annealed at 700 °C for 20 h. Samples were analyzed by x
powder diffraction and electron probe microanalysis. Tra
port property measurements were performed in a cryo
equipped with a radiation shield from 2 to 300 K using
steady-state technique,14 and the typical sample size fo
transport measurements was 333310 mm3.

RESULTS AND DISCUSSION

Our x-ray powder diffraction and electron probe m
croanalysis~EPMA! results indicate that all samples a
single phase and have compositions very close to the des
stoichiometry. Table I lists the nominal compositions and
compositions determined by EPMA.

The lattice thermal conductivitykL was derived by sub-
tracting the electronic thermal conductivityke from the mea-
sured total thermal conductivityk. The electronic therma
conductivity was estimated from the Wiedemann-Franz l
using a value for the Lorenz number of 2.4531028 V2/K2

and, for all the samples,ke was less than 2% ofk. Figure 1
displays the temperature dependence ofkL from 2 to 300 K
for the Co12xNixSb3 samples, and it is clear that Ni dopin

TABLE I. Nominal compositions and EPMA-determined com
positions for Co12xNixSb3 .

Nominal compositions EPMA compositions

CoSb3 CoSb3.0225

Co0.999Ni0.001Sb3 Co0.999Ni0.0009Sb3.0102

Co0.997Ni0.003Sb3 Co0.997Ni0.0031Sb3.0559

Co0.995Ni0.005Sb3 Co0.995Ni0.0049Sb2.9862

Co0.9925Ni0.0075Sb3 Co0.9925Ni0.0076Sb2.9987

Co0.99Ni0.01Sb3 Co0.99Ni0.01Sb3.0309
©2002 The American Physical Society15-1
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strongly suppresseskL . For very small Ni concentration
(x<0.003),kL decreases rapidly with increasingx, and this
effect is especially manifested at low temperatureT
,100 K). As the Ni concentration increases, the suppres
of kL seems to saturate. In Fig. 1 the lines are drawn
illustrate theTa dependence ofkL at low temperature (T
,30 K), wherea52.08, 1.22, and 1 forx50, x50.001, and
x>0.003, respectively. For pure CoSb3 , our theoretical
analysis~which will be discussed later in this paper! suggests
that electron-phonon scattering is negligible, and this agr
with our previous results for CoSb3 in our Fe-doped CoSb3
study.11 Grain boundary scattering, at sufficiently low tem
peratures, will dominate andkL will have aT3 dependence
The observedkL}T2.08 indicates the presence of point-defe
scattering in addition to grain-boundary scattering for te
peratures down to 2 K. Consequently, one would have
extend the measurements into the sub-kelvin range to
servekL}T3.

We performed theoretical fits of the lattice thermal co
ductivity for all Co12xNixSb3 samples using the following
expression:15

kL5
kB

2p2y S kBT

\ D 3E
0

uD /T x4ex

tC
21~ex21!2 dx, ~1!

where x5\v/kBT is dimensionless,v is the phonon fre-
quency, kB is the Boltzmann constant,\ is the reduced
Planck constant,uD is the Debye temperature,y is the veloc-
ity of sound, andtC is the phonon scattering relaxation tim
The phonon scattering relaxation ratetC

21 can be written as

tC
215

y

L
1Av41Bv2T expS 2

uD

3TD1Cv2, ~2!

whereL is the grain size and the coefficientsA, B, andC are
the fitting parameters. The terms in Eq.~2! represent grain-

FIG. 1. Temperature dependence of the lattice thermal con
tivity of Co12xNixSb3 from 2 to 300 K. The lines indicate thatkL is
proportional toT2.08, T1.22, andT1 between 2 and 30 K forx50,
0.001, and 0.003, respectively.
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boundary scattering, point-defect scattering, phonon-pho
umklapp scattering, and electron-phonon scattering, res
tively. The partial relaxation rate for the electron-phonon
teraction was derived by Pippard16 when working on the ul-
trasonic attenuation of metals. According to Eqs.~1! and~2!,
kL will be proportional toT1 in the temperature range wher
the electron-phonon scattering dominates, and this is w
we observe in Fig. 1 at low temperature (T,30 K) for
samples with high Ni concentrations (x>0.003).

As we have shown in Fig. 1,kL for x>0.003 is almost
unchanged. No additional physics can be elucidated u
displaying the fits forx.0.003. Figures 2–4 show the ex
perimental lattice thermal conductivity with the theoretical
for CoSb3 , Co0.999Ni0.001Sb3 , and Co0.997Ni0.003Sb3 , respec-

c- FIG. 2. Lattice thermal conductivity for CoSb3 vs temperature.
The open circles are experimental data, and the line is the calc
tion based on Eqs.~1! and ~2!.

FIG. 3. The lattice thermal conductivity for Co0.999Ni0.001Sb3 vs
temperature. The open circles are experimental data and the li
the calculation based on Eqs.~1! and ~2!.
5-2
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tively, and the resulting fitting parameters are listed in Ta
II. We fixed the prefactorB for the phonon-phonon umklap
scattering for all the samples to be the same as that we
for fitting Fe-doped CoSb3 .11,12 The grain sizes emergin
from the fits are very close to those determined from ba
scatter electron imaging and optical micrography, which
also listed in Table II. The theoretical model fits the expe
mental data very well in the temperature range from 2 to 3
K. A small deviation from the solid line fit is observed fo
Co0.999Ni0.001Sb3 near room temperature, Fig. 3, and this m
be due to radiation losses.12,14 There is no obvious trend fo
the prefactorA for point-defect scattering as a function of N
concentration. The prefactorC for the electron-phonon inter
action, however, increases significantly upon Ni dopin
HereC can be written as16

C5
4nm* yele

15dy2 , ~3!

where n is the electron concentration,m* is the effective
electron mass,ye is the electron velocity,le is the mean free
path of the electrons, andd is the mass density. Equation~3!
is valid whenqle!1, whereq52p/lp is the phonon wave
vector andlp is the phonon wavelength. So Eq.~3! is valid
only if the wavelength of the phonons is longer than t
electron mean free path. The conventional theory of the
fluence of electron-phonon interaction on lattice conduct

FIG. 4. The lattice thermal conductivity for Co0.997Ni0.003Sb3 vs
temperature. The open circles are experimental data, and the li
the calculation based on Eqs.~1! and ~2!.
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in semimetals and semiconductors uses matrix elem
method.17 This formulation of the electron-phonon intera
tion is based on the adiabatic principle and perturbat
theory. The criterion for the validity of the theory isqle
@1. For the Co12xNixSb3 samples we studied, at low tem
perature the electron mean free path is much shorter than
phonon wavelength, as we estimated below. Hence we
pect the break down of the perturbation theory or the ad
batic approximation. Even though the theory by Pippar16

was originally developed to explain ultrasonic attenuation
metals, and even though it is classical in nature, it succ
fully reproduced the results of the electron-phonon inter
tion for semimetals and semiconductors by quantum meth
in the case ofqle@1.17 We expect that Eq.~3! drawn from
the same Pippard’s general formula for the other limiti
case, i.e.,qle!1, should also be valid for semiconductor
More importantly, in our Co12xNixSb3 series, we believe the
experimental result ofkL}T1 at low temperature forx
>0.003 is a demonstration of the validity of Eq.~3!. Since
the electron-phonon interaction is manifested at low te
perature, we will use the low-temperature data to estim
the prefactorC of the electron-phonon interaction. From o
analysis of the electrical transport and magnetic data,18 we
learn that the electrical conduction at low temperature~less
than 30 K! is dominated by hopping of electrons among t
impurity states. The electron mean free path is equal to
average distance between Ni atoms and can therefore b
timated asle5(xnCo)

21/3, where nCo51.131022 cm23 is
the number of Co atoms/cm3. The estimated electron mea
free path for Ni-doped samples is on the order of 1029 m,
which is much shorter than the estimated phonon wavelen
;1028 m by the dominant phonon method19 in the low-
temperature region (T,30 K). We therefore expect the Pip
pard model to be valid. In case of electron-phonon inter
tion between the electrons in the conduction band and
lattice phonons,ye can normally be replaced by the Ferm
velocity yF . For Co12xNixSb3 at low temperatures, howeve
an electron-phonon interaction occurs between the impu
electrons and the lattice phonons. We thus replaceye by ye
5le /te , and useme5ete /m* , wherete and me are elec-
tron scattering relaxation time and mobility, respective
Equation~3! can therefore be replaced by

C5
4nele

2

15dy2me
. ~4!

The variables on the right-hand side of Eq.~4! can then be
estimated by experimentally determined values. The im
rity band mobility is usually several orders of magnitu

is
r

TABLE II. Fit parametersL, A, B, andC for the lattice thermal conductivity of CoSb3 , Co0.999Ni0.001Sb3 ,

and Co0.997Ni0.003Sb3 using Eqs.~1! and ~2!, and the average grain sizeLexpt determined by backscatte
electron imaging and optical micrography.

Sample L ~mm! A (10243 s3) B (10218 sK21) C (10218 s) Lexpt ~mm!

CoSb3 5.772 2.591 5.375 2.796 5.561.7
Co0.999Ni0.001Sb3 7.731 5.659 5.375 157.6 6.262.2
Co0.997Ni0.003Sb3 10.69 3.385 5.375 458.7 5.862.0
5-3
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lower than that of the conduction band. The magnetic fi
that we used for our Hall measurement is not strong eno
to detect the contribution from the electrons in the impur
band. We believe that the experimentally determined mo
ity in Ref. 18 is characteristic of the conduction band. T
electron mobility of the impurity band can be estimated
me5mc /b, where the conduction band mobilitymc and the
values of b can be found in Ref. 18. We taked
57.58 g/cm3 and y52700 m/s.11,12 We use the room-
temperature carrier concentration listed in Table III forn,
since the majority of the carriers are frozen into the impur
level at low temperature.18 The calculatedC values forx
50.001 and 0.003 are 7.41310216 s and 3.49310216 s, re-
spectively. Even though the calculatedC values do not have
a definite composition dependence, they do predict the r
order of magnitude. A very large effective mass and a v
low mobility are characteristics of impurity conduction. W
expect the electron effective mass in the impurity band to
several orders of magnitude larger than that of the cond
tion band, though we are unable to make a good estim
From this analysis we conclude that the reduction in latt
thermal conductivity~especially at low temperature! is the
result of an electron-phonon interaction between the v
heavy impurity electrons and the lattice phonons.

We have also calculated the values ofC by using experi-
mentally determined parameters for the electrons in the c
duction band. They are several orders of magnitude sma
than that calculated for the impurity electrons. This impl
that the electron-phonon interaction between the conduc
electrons and the lattice phonons is not a significant fa
for determining the lattice thermal conductivity near roo
temperature, where the majority of the electrons are in
conduction band. The strong electron-phonon interaction
low temperatures would likely cause changes in the pho
spectrum, which inevitably leads to different umklapp sc
tering coefficients. We speculate that this is the reason for
observed 30% variation in the lattice thermal conductivity
room temperature among all the samples.

Table III lists the room-temperature carrier concentratio
and effective masses~estimated from room-temperature the
mopower and carrier concentration of each sample! for all
Co12xNixSb3 samples. According to Ref. 18, the pure CoS3
sample isp type and its effective mass is 0.175me , whereme
is the free electron mass. A very small amount of Ni dop
~even withx50.001! converts the electrical conductivity t
n-type. The effective mass of the n band is about 30 tim

TABLE III. Room-temperature carrier concentrations and eff
tive masses~estimated from room-temperature thermopower a
carrier concentration of each sample! for Co12xNixSb3 ~Ref. 18!.

Nominal composition Carrier concentration~cm23! m* (me)

CoSb3 3.7031017 0.175
Co0.999Ni0.001Sb3 23.3331018 3.60
Co0.997Ni0.003Sb3 29.7531018 3.35
Co0.995Ni0.005Sb3 21.1831019 3.07

Co0.9925Ni0.0075Sb3 22.5231019 3.92
Co0.99Ni0.01Sb3 23.2631019 3.76
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larger than that of the p band. At low temperature, electri
transport is dominated by the impurity band formed by
impurities. In our attempt to fit the lattice thermal conducti
ity of the pure CoSb3 sample shown in Fig. 2, we could hav
fit the overall temperature dependence without the electr
phonon interaction term, and the resulting fitting paramet
L,A, andB are not significantly different from those in Tab
II. This indicates that the electron-phonon interaction in pu
CoSb3 is not a significant factor for determining the lattic
thermal conductivity. The effective mass for the valen
band in skutterudites is very small,;0.175me . The electron-
phonon interaction in p-type Co12xFexSb3 is therefore not
significant. The much heavier impurity band not only signi
cantly enhances the thermopower,18 but also gives rise to the
much stronger electron-phonon interaction. The prefactoC
for the electron-phonon interaction emerging from our the
retical fit ~listed in Table II! increases by two orders of mag
nitude from the pure to the doped samples with increasing
concentration up tox50.003. For samples with higher N
concentrations (x.0.003), the lattice thermal conductivity i
not reduced further, as can be seen in Fig. 1. We specu
that this might be because the increasing electron-pho
interaction eventually exhausts the number of phonons av
able in the frequency region where the electron-phonon
teraction dominates.20 Recently, Saleset al.21 reported the
room-temperature lattice thermal conductivity of 5.7
W/m K for a Co0.95Ni0.05Sb3 sample with 531020 cm23

electron concentration. This value is very close to that of
Co0.99Ni0.01Sb3 sample, further corroborating the saturatio
of the lattice thermal conductivity reduction abovex
50.003.

SUMMARY

We have measured the lattice thermal conductivity o
series of samples of the form Co12xNixSb3 with x50, 0.001,
0.003, 0.005, 0.0075, and 0.01 from 2 to 300 K. We obser
that the lattice thermal conductivitykL is strongly sup-
pressed upon Ni doping. ThekL}T1 relation is observed
from 2 to 30 K for samples withx50.003 and higher Ni
doping, indicating that a strong electron-phonon interact
is present. Our theoretical calculation fits the overall te
perature dependence of the lattice thermal conductivity v
well. The much heavier electron effective mass of the imp
rity band gives rise to a very strong electron-phonon inter
tion in the Ni-doped samples. Therefore, the reduction of
heat conduction due to the electron-phonon interaction
n-type skutterudites cannot be neglected.
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