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Influence of electron-phonon interaction on the lattice thermal conductivity of Cq_,Ni,Sb;
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We have investigated the effect of electron-phonon scattering in a series of n-type nickel-doped CoSb
skutterudite materials. Samples were polycrystalline of the form @i, Sh; with x=0, 0.001, 0.003, 0.005,
0.0075, and 0.01. The lattice thermal conductivity decreases dramatically with increasing Ni doping for
=<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 BoSb
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 EXPERIMENTAL TECHNIQUES

. . . . . Polycr [lin mpl f the form Ni wer
The interest in skutterudites as potential thermoelectn(fabriggtzgsg aecgribizgﬁog ;f ng me[gt\iL(r}g gﬁgaindeustion

materials in recent years has drawn a lot of gttention _to ,the'FneIting of high-purity constituents. The Ni concentrations
fundamental transport parameter.s:. electrical ,reS'St'V'tyare 0, 0.001, 0.003, 0.005, 0.0075, and 0.01. The ingots were
thermopower, and thermal conductivity. The physical prop-ynnealed at 700 °C for 20 h. Samples were analyzed by x-ray
erties of skutterudites and their optimization for thermoeleCpowder diffraction and electron probe microanalysis. Trans-
tric. apehzcatlons have been summarized in two recenport property measurements were performed in a cryostat
reviews.A good thermoelectric material has to have a largeequipped with a radiation shield from 2 to 300 K using a
figure of merit defined a8 T=S*T/p«, whereSis the ther-  steady-state techniqd®,and the typical sample size for
mopower,p is the electrical resistivityyx is the total thermal transport measurements wax 3 10 mnr.

conductivity, andT is the temperature. The binatynfilled)
skutterudites have moderate power facto®/f), but the
thermal conductivity is too high. Slack proposed the phonon-
glass-electron-crystdPGEQ approach of reducing the ther- ~ Our x-ray powder diffraction and electron probe mi-
mal conductivity by filling voids in the skutterudite crystal croanalysis(EPMA) results indicate that all samples are
structure with rare-earth atoms without deteriorating theirsingle phase and have compositions very close to the desired
electrical propertieg,and this was validated in a number of StOiChiometry. Table ||IStS the nominal CompOSitionS and the
filed skutterudite$® that led toZT approaching 1.4 around COMpositions determined by EPMA. _

900 K78 An understanding of the phonon scattering mecha- 1he lattice thermal conductivity, was derived by sub-
nism in skutterudites has attracted a lot of attention becaud&acting the electronic thermal conductiviky from the mea-

of both its technological implications and its intriguing phys- sured total thermal conductivitg. The electronic thermal

ics. Feldmaret al® suggested that the anharmonic scattering”0Nductivity was estimated from the Wiedemann-Franz law

H —8 \/2/?2
by harmonic rare-earth filler motions is an important mecha'S'"d @ value for the Lorenz number of 2450 " V</K

o :
nism for the suppression of heat conduction in filled SkUt'gir;d]:lors ?::;aniagglti?‘; (\j'\;ase:]e;snt:;gfzr O/Omog' t';'g?:"org i
terudites. Meisneet al1° found that mass fluctuations be- play P P E

tween the fully filled and unfilled subphases of the optimumfor the Cq -xNi,Sb; samples, and itis clear that Ni doping
filled skutterudites can explain the lattice thermal conductiv-
ity minimum as a function of the filling fraction. We learned
that the dominant factor of heat conduction suppression i
Fe-doped CoSp is point-defect scatterint:'> Room-

RESULTS AND DISCUSSION

TABLE I. Nominal compositions and EPMA-determined com-
Rositions for C@_,Ni,Sh;.

) > ) Nominal compositions EPMA compositions
temperature lattice thermal conductivity of Ni-doped CpSb
was reported by Annet al,'® where the dominant phonon CoSh CoSh 225
scattering mechanism was attributed to electron-phonon in- Cayp goNig 001Shs C.99Ni0.000505 0102
teractions. In this paper, we present our low-temperaie Cay g9Nig goShs C0y 99Mig 00355 0559
300 K) lattice thermal conductivity data on a series of Ni- Cp.g9odNig gosShy C0yp 99Ni 00455 0862
doped samples, and it is in this temperature region that the C0p 99oNig 007:5bs C0p 99Nig 0076Sb> 9087
effect of the electron-phonon interaction can be clearly dif- C0p oNig 01Sbs Cp oNig 0:5bs 0300

ferentiated from other phonon scattering mechanisms.
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FIG. 1. Temperature dependence of the lattice thermal conduc- FIG. 2. Lattice thermal conductivity for Co$lys temperature.

tivity of Co, _,Ni, Sb; from 2 to 300 K. The lines indicate that is  The open circles are experimental data, and the line is the calcula-
proportional toT?% T'22 andT* between 2 and 30 K fox=0,  tion based on Eq€1) and(2).
0.001, and 0.003, respectively.

. ) boundary scattering, point-defect scattering, phonon-phonon
strongly suppresseg, . For very small Ni concentrations ,mijapp scattering, and electron-phonon scattering, respec-
(xso.op3),KL dgcreases r.ap|dly with increasimgand this tively. The partial relaxation rate for the electron-phonon in-
effect is especially manifested at low temperaturé ( teraction was derived by Pippafdvhen working on the ul-
<100 K). As the Ni concentration increases, the suppressiofasonic attenuation of metals. According to EGs.and(2),

of x seems to saturate. In Fig. 1 the lines are drawn tq. il be proportional toT* in the temperature range where
lllustrate theT® dependence of at low temperature T the electron-phonon scattering dominates, and this is what
<30K), wherea=2.08, 1.22, and 1 fox=0,x=0.001, and e opserve in Fig. 1 at low temperaturd <30 K) for
x=0.003, respectively. For pure Cogbour theoretical samples with high Ni concentrationg0.003).
analysis(which will be discussed later in this papsuggests As we have shown in Fig. 1, for x=0.003 is almost
th_at electron-phonon scattering is_negligible, and this agree§nchanged. No additional physics can be elucidated upon
with our previous results for Cogbn our Fe-doped CoSb  gjsplaying the fits forx>0.003. Figures 2—4 show the ex-
study.™ Grain boundary scattering, at sufficiently low tem- perimental lattice thermal conductivity with the theoretical fit

peratures, will dominate and, will have aT® dependence. o cos . C i000:Shs, and C i , respec-
The observed, = T>%®indicates the presence of point-defect 3. CbsoNlocoShy BoofNlo.cosSts P

scattering in addition to grain-boundary scattering for tem-
peratures down to 2 K. Consequently, one would have to
extend the measurements into the sub-kelvin range to ob-
servex = T3,

We performed theoretical fits of the lattice thermal con-
ductivity for all Co,_Ni,Sh; samples using the following
expressiort?

10 —

dx, 1

K (W/m K)

kg (kgT
W

3 HD T X4eX
mav

where x=7% w/kgT is dimensionlessw is the phonon fre- 0 C0pgeeNig 551 Sb,
quency, kg is the Boltzmann constant; is the reduced / —— Theoretical Fit
Planck constantdy is the Debye temperaturejs the veloc-
ity of sound, andr¢ is the phonon scattering relaxation time.
The phonon scattering relaxation ratg” ! can be written as

1 10 100
)—i—sz, 2) T (K)

_ o o FIG. 3. The lattice thermal conductivity for geydNig go:Sh; VS
whereL is the grain size and the coefficiesB, andC are  temperature. The open circles are experimental data and the line is
the fitting parameters. The terms in Eg) represent grain- the calculation based on Eqd) and(2).

0o

v
0= TAw'+Bo’T exp( 3T
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in semimetals and semiconductors uses matrix element
method!’ This formulation of the electron-phonon interac-
tion is based on the adiabatic principle and perturbation
theory. The criterion for the validity of the theory s\,
>1. For the Cg_,Ni,Shy; samples we studied, at low tem-
perature the electron mean free path is much shorter than the
phonon wavelength, as we estimated below. Hence we ex-
pect the break down of the perturbation theory or the adia-
batic approximation. Even though the theory by Pippard
was originally developed to explain ultrasonic attenuation of
metals, and even though it is classical in nature, it success-
fully reproduced the results of the electron-phonon interac-
. tion for semimetals and semiconductors by quantum methods
in the case ofjA.>1.1" We expect that Eq3) drawn from
the same Pippard’s general formula for the other limiting
] 10 P case, i.e.g\e<<1, should also be valid for semiconductors.
More importantly, in our Co_,Ni,Sh; series, we believe the
T(K) experimental result ofx «T! at low temperature forx

FIG. 4. The lattice thermal conductivity for GgyNig oo:Shs Vs =0.003 is a demonstration of the validity of E@). Since

temperature. The open circles are experimental data, and the line {8€ €lectron-phonon interaction is manifested at low tem-
the calculation based on Eqd) and (2). perature, we will use the low-temperature data to estimate

the prefactoiC of the electron-phonon interaction. From our
tively, and the resulting fitting parameters are listed in Tableanalysis of the electrical transport and magnetic dtae
Il. We fixed the prefactoB for the phonon-phonon umklapp learn that the electrical conduction at low temperatless
scattering for all the samples to be the same as that we usé@an 30 K is dominated by hopping of electrons among the
for fitting Fe-doped CoSp'"!? The grain sizes emerging impurity states. The electron mean free path is equal to the
from the fits are very close to those determined from backaverage distance between Ni atoms and can therefore be es-
scatter electron imaging and optical micrography, which ardimated ask=(xnc)) ~*?, where ng,=1.1x 10> cm™2 is
also listed in Table Il. The theoretical model fits the experi-the number of Co atoms/cinThe estimated electron mean
mental data very well in the temperature range from 2 to 30dree path for Ni-doped samples is on the order of 9n,
K. A small deviation from the solid line fit is observed for Which is much shorter than the estimated phonon wavelength
Cay.00dNi 001Shs Near room temperature, Fig. 3, and this may~10 ® m by the dominant phonon methddin the low-
be due to radiation lossé&!* There is no obvious trend for temperature regionT(<30 K). We therefore expect the Pip-
the prefacto for point-defect scattering as a function of Ni pard model to be valid. In case of electron-phonon interac-
concentration. The prefact@ for the electron-phonon inter- tion between the electrons in the conduction band and the
action, however, increases significantly upon Ni doping.lattice phononsy, can normally be replaced by the Fermi

]
10 |- (€55, -

ik (W/m K)

O C0p gq7Nig 40553
—— Theoretical Fit

Here C can be written &€ velocity v . For Cq _,Ni,Sh; at low temperatures, however,
an electron-phonon interaction occurs between the impurity
4Anm* vehg electrons and the lattice phonons. We thus replacby v,
T 1502 3 —\./7., and useu.=er./m*, wherer, and u, are elec-

. . _ . tron scattering relaxation time and mobility, respectively.
wheren is the electron concentratiom® is the effective  Equation(3) can therefore be replaced by

electron massy, is the electron velocity\ . is the mean free

path of the electrons, artlis the mass density. Equatid®) 4ne7\§

is valid whenq\ <1, whereq=27/\, is the phonon wave C= 15002, 4)
vector and\, is the phonon wavelength. So E@) is valid €

only if the wavelength of the phonons is longer than theThe variables on the right-hand side of E4) can then be
electron mean free path. The conventional theory of the inestimated by experimentally determined values. The impu-
fluence of electron-phonon interaction on lattice conductiorrity band mobility is usually several orders of magnitude

TABLE II. Fit parameterd., A, B, andC for the lattice thermal conductivity of Co§bCaqy godNig.001Shs,
and C@g9MNig00a50; using Egs.(1) and (2), and the average grain siig,, determined by backscatter
electron imaging and optical micrography.

Sample L (um) A (10743 &%) B (10 ¥ sK™1) C (107 185s) L expt (1m)
CoSh 5.772 2.591 5.375 2.796 5t51.7
Cy 9odNig go:Shs 7.731 5.659 5.375 157.6 62.2
C0p g9Nig 00Shs 10.69 3.385 5.375 458.7 5.0
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TABLE Ill. Room-temperature carrier concentrations and effec-larger than that of the p band. At low temperature, electrical
tive masses(estimated from room-temperature thermopower andtransport is dominated by the impurity band formed by Ni
carrier concentration of each sampfer Co, NiSh; (Ref. 18. impurities. In our attempt to fit the lattice thermal conductiv-
ity of the pure CoSpsample shown in Fig. 2, we could have
fit the overall temperature dependence without the electron-

Nominal composition ~ Carrier concentratiéom )  m*(m,)

CoSh 3.70x 10Y7 0.175 phonon interaction term, and the resulting fitting parameters
C0p.godNig.001Sbs —3.33x10'8 3.60 L,A, andB are not significantly different from those in Table
C0y g9Nig 0oShs —9.75x< 108 3.35 Il. This indicates that the electron-phonon interaction in pure
C0y.g9dNig.0055bs —1.18x10'° 3.07 CoSh is not a significant factor for determining the lattice
C0yp 99oNig go7:Shy —2.52x10'° 3.92 thermal conductivity. The effective mass for the valence
Coy oNig o1Shs —3.26x10'° 3.76 band in skutterudites is very sma#,0.175n,. The electron-

phonon interaction in p-type Go,FeSh; is therefore not

significant. The much heavier impurity band not only signifi-

lower than that of the conduction band._ The magnetic field‘:anﬂy enhances the thermopowWghut also gives rise to the
that we used for our Hall measurement is not strong enougf,,,ch, stronger electron-phonon interaction. The prefa€tor

to detect the _contribution from the electrons in the impurityfOr the electron-phonon interaction emerging from our theo-
band. We believe that the experimentally determined mobilyeyica) fit (listed in Table 1) increases by two orders of mag-
ity in Ref. 18 is characteristic of the conduction band. Thepy,qe from the pure to the doped samples with increasing Ni
electron mobility of the |mpur!ty band can k_)g estimated as,qcentration up tx=0.003. For samples with higher Ni
Me= /b, where the conduction band mobiligy. and the  .,hcanirationsy>0.003), the lattice thermal conductivity is
values ofn%) can be found in Ref 18. We takel ot eqyced further, as can be seen in Fig. 1. We speculate
=7.58 g/cnt and v=2700 m/s.>™* We use the room- na; this might be because the increasing electron-phonon

temperature carrier concentration listed in Table Ill for —inieraction eventually exhausts the number of phonons avail-
since the majority of the carriers are frozen into the impurity  pia in the frequency region where the electron-phonon in-

level at low temperatur€. Thélgalculatec{: Va"ﬂ?g’ forx  teraction dominate® Recently, Salest al2! reported the
=0.001 and 0.003 are 7.4110" s and 3.4X10 s, re-  y5om.temperature lattice thermal conductivity of 5.71
spectively. Even though the calculat€dvalues do not have \\/mk for a CyoNig 0:Shs sample with 5<10%° cmi 3

a definite composition dependence, they do predict the right|ectron concentration. This value is very close to that of our

order of .magnitude. A very Igrge eﬁectiye mass ar!d a Ve, o Nig 0:Shs sample, further corroborating the saturation
low mobility are characteristics of impurity conduction. We ¢ “iha attice thermal conductivity reduction above
expect the electron effective mass in the impurity band to be_ 0.003.

several orders of magnitude larger than that of the conduc-
tion band, though we are unable to make a good estimate.
From this analysis we conclude that the reduction in lattice
thermal conductivity(especially at low temperaturés the
result of an electron-phonon interaction between the very We have measured the lattice thermal conductivity of a
heavy impurity electrons and the lattice phonons. series of samples of the form g Ni,Sh; with x=0, 0.001,

We have also calculated the valuesby using experi-  0.003, 0.005, 0.0075, and 0.01 from 2 to 300 K. We observed
mentally determined parameters for the electrons in the conthat the lattice thermal conductivitk, is strongly sup-
duction band. They are several orders of magnitude smallgfressed upon Ni doping. The_«T! relation is observed
than that Ca|Cu|ated fOI’ the ImpUI’Ity electrons. Th|S impliesfrom 2 to 30 K for Samples W|th(: 0.003 and h|gher N|
that the electron-phonon interaction between the Conductioaoping’ indicating that a Strong e|ectr0n_phonon interaction
electrons and the lattice phonons is not a significant factojs present. Our theoretical calculation fits the overall tem-
for determining the lattice thermal conductivity near roomperature dependence of the lattice thermal conductivity very
temperature, where the majority of the electrons are in thguell. The much heavier electron effective mass of the impu-
conduction band. The Strong EIGCtron'phonon interaction Eﬁty band gives rise to a very Strong e|ectron_phonon interac-
low temperatures would likely cause changes in the phonofon in the Ni-doped samples. Therefore, the reduction of the

spectrum, which inevitably leads to different umklapp scat-heat conduction due to the electron-phonon interaction in
tering coefficients. We speculate that this is the reason for thg-type skutterudites cannot be neglected.

observed 30% variation in the lattice thermal conductivity at
room temperature among all the samples.

Table Ill lists the room-temperature carrier concentrations
and effective massdgstimated from room-temperature ther-
mopower and carrier concentration of each samfie all We want to thank Professor P. G. Klemens and Professor
Co;_«Ni,Shy samples. According to Ref. 18, the pure CgSh G. A. Slack for valuable discussions. J.Y. and G.P.M. want to
sample ig type and its effective mass is 0.1%5, wherem,  thank Dr. J. F. Herbst and Dr. K. C. Taylor for encourage-
is the free electron mass. A very small amount of Ni dopingment and support during this work, and Richard Waldo for
(even withx=0.001 converts the electrical conductivity to the EPMA measurements. This work is also supported in part
n-type. The effective mass of the n band is about 30 timeby DARPA under Contract No. NO0014-98-3-0011.
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