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We have fabricated and studied the structural, magnetic, and transport properties of filled skutterudites of the
form Cg Fe,_Co,Shy, with 0< y<1 andx=3.25 and 4. For samples containing 100% Co, Ce can be inserted
into approximately 10% of the voids in the skutterudite structure. It is shown that the rare earth is trivalent and
dopes the host Cogln-type. With substitution of Fe for Co the void occupancy by Ce increases. The thermal
conductivity is strongly depressed even at snia#o) rare-earth filling fractions, and is further degraded by
substitution of Fe for Co. Although the electron mobilityrirtype samples is smaller than the hole mobility in
p-type samples, due to their large electron masses the Seebeck coeffiaietypi@ material maintains large
values at high electron concentratiofS0163-182¢07)02036-5

INTRODUCTION potentially small lattice thermal conductivity due to the com-
plex crystal structur€l6 atoms per unit celland heavy atom

The recent discovery of high thermoelectric figure of masses. Indeed, subsequent study of the thermoelectric prop-
merit in certain skutterudite compouridshas opened up the erties of CoSpand IrSk showed that the power fact¢ihe
possibility of fabricating highly efficient thermoelectric gen- numeratorS?c- entering into the figure of mejitis quite
erators for the conversion of waste heat to electricity. Thdarge and comparable to that of state-of-the-art thermoelec-
operation of such generators requires the use of betind  tric materials such as Bfe; and PbTe. Singh and Pickett
p-type thermoelectric materials. Up to now the materials incarried out band-structure calculations for these materials
this family that have been reported upon exhibitype be- and showed that the skutterudites are very narrow or zero-
havior only. Recently, Cheet alZ predicted that in the filled band-gap semiconductors characterized by a linearly dispers-

skutterudite CeFe ,Co,Shy, n-type material should be ob- ing valence band and conduction bands of large _effective
tained forx~3. From band-structure calculations, fdstrom mass. The observed transport propertiespetype single

and Singh showed than-type materials should have large crystals of CO.SP (Ref. 10 were consistent with this
) valence-band picture. Unfortunately, although the power fac-
electron masses that could lead to desirable thermoelectrj[c

roperties. In this paper we will describe the results of our" for binary skutterudites is large, the thermal conductivity,
prop . pap while moderately small, is about a factor 10 too high to make

studies of the §tructural, magnetic, and. Iow-temperatur?hese compounds useful as thermoelectrics. Borshchevsky,
transport properties of suaitype skutterudite compounds. caijiat, and Fleuridf showed that it is possible to make
The tzhermoelectnc_ figure of merit of a material is given mixed crystals of skutterudites that exhibit lower lattice ther-
by Z=S"0/x, whereSis the Seebeck coefficient,the elec-  ma| conductivity due to alloy scattering; however, this tech-
trical ConductiVity, andk the thermal COI’]dUCtiVity. Since the nique raises the figure of merit up to 0n|y about half that of
dimensions ofZ are inverse temperature, it is customary tostate-of-the-art materials.
define the dimensionless figure of mefil, whereT is the Interest in the use of these compounds as thermoelectric
absolute temperature. The observation of thermoelectric figmaterials most likely would have ceased at this point were it
ure of merit inp-type LaFg_,CoSh;, (Ref. 1,ZT=0.9 at  not for the observation of Slack and TsouKalat the skut-
800 K) and CeFg_,CoShy, (Ref. 1,ZT=0.7 at 800 K; Ref.  terudite structure is amenable to modification in the direction
2,ZT=1.2-1.4 at 900 Kfilled skutterudite compounds as of a greatly reduced lattice thermal conductivity. They
good as or better than state-of-the-art thermoelectric materpointed out that skutterudites have large voids which can be
als( ZT=<1) is the latest step in the study and optimization of “filled” by rare-earth atoms. Such filled skutterudites, which
the thermoelectric properties of these fascinating materialform with Fe, Ru, or Os on the metal site, have been known
These filled skutterudites are derived from binémpfilled)  for some timé*~2® and exhibit a wide range of interesting
skutterudites of the forrAB;, whereA is Co, Rh, or Ir and  physical properties, including superconductiv[tyaFe,P;,
B is P, As, or Sh. The structure of these materials has beefRef. 16] and hybridization gap semiconducting behavior
well determined experimentafly’ and consists of a cubic [CeFaP;, (Ref. 17]. Because the radius of the rare-earth
array of metalA atoms containing four-membered squareatom is significantly smaller than the radius of the void, the
planar rings of pnictidd8 atoms. The potential of the binary former ‘“rattles,” i.e., exhibits a soft phonon mode. Experi-
compounds ap-type thermoelectric materials was first sug- mental evidence of such rattling had already been exhibited
gested by Fleurial, Caillat, and Borshchevskgsed on their in the large x-ray thermal paramet&r® characteristic of
observation of the combination of high hole mobility and rare-earth atoms in this structure. Recently, Morelli and
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TABLE I. Nominal overall compositions, composition of the skutterudite phase, and presence of second-
ary phases in G&e,_,Co,Shy, samples; the designationS" indicates those samples which are saturated
with Ce as determined from analysis of the x-ray spectra and susceptibility.

Sample number and nominal Composition of the skutterudite

composition phase Secondary phases

1:CoSh

2:Cey.054C04Shy, Cep 04d04Shr1 62 none

3:Cey.07CO,Shy, Cep.07LuShi1 62 none

4:Cey 10C0,Shy, Cep.085C04Shy1» none

5:Cey15<c0Shy (S) Cep.10C0%Shy1 53 CeSh (<1%)

6:Cey 200C04Shy; (S) Cep.08C04Sby1 47 CeSh (<5%)

7:Cey ey 75C03 2551,

8:Cey &y 75C03 25512

9:Cey 6 75C03 255015 (S) Cey.2 e 6403 375011 47 CeSh (<10%)
(Fe,CoSh, (<5%)

10:CaFe 75C0 35550, (S) Cey31F€.75C03 255011 47 CeSh (<20%)
(Fe,CoSbh, (<5%)

Meisnet® provided experimental evidence of the reduction EXPERIMENTAL DETAILS

in lattice thermal conductivity relative to unfilled skutteru-
dites for CeFgSb;,. These results were confirmed shortly
thereafter on various rare-earth filled skutterudites by NOIaﬁlling fractions y using the method described in Ref. 3

et a|_19' - .. Table I shows the starting compositions determined from the
While void filling thus can produce a strong reduction in mas5 of the constituent elements prior to synthesis. The
the lattice thermal conductivity of skutterudites, the introduc-girycture, phase, and composition were also characterized us-
tion of a primarily trivalent rare-earth ion influences the elec-mg x-ray diffraction and microprobe analysis, the results of
tronic structure and transport properties. Indeed, inyhich will be described in detail below.
CeFgShy,, from a purely crystal chemistry point of view, the  Magnetic-susceptibility measurements were carried out
substitution of Fe for Co provides four additional holes in theusing a Quantum Design superconducting quantum interfer-
valence band, only three of which are filled by electronsence device(SQUID) susceptometer on portions of these
from the rare earth; there is thus one additional hole pesamples with typical masses of a few hundred milligrams.
formula unit, and this material should beaype semimetal, The samples were placed inside a polyethylene capsule and
in agreement with experimefft.The studies of Sales, Man- straw, the diamagnetic signal of which was first measured
drus, and Williams and Fleurialet al? showed that by par- and corrected for. Electrical and thermal transport property
tial substitution of Co on the Fe site, the hole concentratiormeasurements were carried out using the methods described
decreases, causing an increase in the Seebeck coefficient tiadetail previously’
then gives rise to the enhanced thermoelectric properties. It
was perhaps surprising that one can partially substitute Co
for Fe in CeFgSh;, (and relategfilled skutterudites since it
was previously thought that such compounds would not form A. Structure

with Cq on the transition-metal site. We _receﬁtdgarned out Figure 1 displays typical x-ray diffraction results on sev-
a detailed study of G&e,_,CoSh, with 0<x<2 and  era| samples containing 100% Co. All samples display peaks
showed that the amount of Ce in the voids, decreases characteristic of the filled skutterudite structure from which
strongly with Co substitution, and the resultant transport andattice constants can be derived. In addition, we see that for
thermoelectric properties are determined by the subtle intersamples containing higher concentrations of Ce there appear
play between Co doping on the Fe site and the rare-earth additional small peaks which we attribute to an impurity
filling parametery. On the basis of these results, it was sug-phase.

gested that a crossover Btype behavior would occur for A plot of lattice constant versus Ce concentratibig. 2)
x=~3. In addition to the fascinating electronic properties offor the two series of samples with=3.25 and 4.00 reveals
Ce/Fe, ,CaShy,, the thermoelectronicproperties are fur-  that the lattice constant increases in proportion to the amount
ther influenced by the effect of Co doping and rare-earthof Ce in the sample up to a point which moves outward in Ce
atom filling fraction on the lattice thermal conductivity. In concentration with a decrease in Co content. This indicates
the present investigation we explore further tley) phase that at low concentrations the Ce is incorporated into the
space in the region where crossover of the carrier type igoid in the skutterudite structure but that at some point, de-
expected to occur in order to produceype material and to pendent on the C¢or Fe content, the void filling becomes
study the individual influence ok andy on the various saturated and any additional Ce above this limit is presum-
transport properties. ably incorporated into the impurity phase which appears in

Samples of Cgre, ,Co,Shy, with x=4.00(samples 1-6
andx=3.25 (samples 7—10were prepared with various Ce

RESULTS AND DISCUSSION
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60000 In order to gain more information about the phase and
composition of these samples, we performed microprobe
analysis on a selection of the samples, the results of which
50000 Ce,CoSbiz are given in Table I. For the samples containing 100% Co, a
single phase skutterudite compound is obtained up to a Ce
contenty=0.1. Fory=0.15 and 0.2, we see no increase in
40000 | the amount of Ce incorporated in the void but rather the
formation of a secondary phase which has been identified as
CeSh. This is the phase which gives rise to the impurity
A h [ ) peaks in the x-ray diffraction patterns for the saturated
samples in Fig. 1. For the Fe-containing samples above the
saturation limit, again the amount of Ce in the void in the
skutterudite structure is less than the overall Ce composition
and the formation of a secondary phase occurs, in complete
J\JJL-J agreement with the x-ray diffraction data.
J L u In the unfilled skutterudite Co3lthe bonding is such that
{ o) L‘. A three electrons from each Co atom participate in bonding
25 35 45 55 65 75 with Sb via hybridizedd?s orbitals. The remaining six non-
Diffraction Angle (20) bonding d electrons of Co6 are paired together in thrge
FIG. 1. Tvpical xrav diffraction patterns for G80,S o_rbltals in a nonmagnetid® state; thus thls compound is
samples. A sni/gll amountyof Cosim the5=0 sample iﬁéicgltzed dlamagnetl&o Danebrock, E\_/e_r_s, and_ Jeltscﬁk(hav_e re-
by the asterisk(*). The y=0.1 sample contains no significant cen_tly measured the susceptllb]llty of filled skutterudites con-
amount of impurity phases whereas 0.2 and 0.5 show in- taining 100% Fe on the transition-metal _sﬁte=0) and con-
creasing amounts of impurity phases. cluded that F_e has a nonzero moment in thes_e compounds.
From magnetic susceptibility and Msbauer studies on filled
skutterudite phosphides, on the other hand, Grandjean

et al?? concluded that the Fe in these compounds is in the
1onmagneticd® (Fe?*) state. The charge state of Fe in
an “S” in Table |. Thus for samples containing no Fe, i.e eFg_,Co,Shy, is of significance because it can potentially
pure CaShy,, Ce éan be incorporated in the void up to :,itsoutinfluence the nature of the electrical and thermal transport
10% filling %’raction, while for an Fe/Co ratio of 0.75/3.25, properties. Flgu_re @ %hows the susceptibility for the
(i.e., about 23% Feabout 30% of the voids can be filed SAMPIes containing 100% Qoos. 1-6 from 6-300 K. As
with Ce. This is consistent with our previous restiltsat expected,_CoS}us dlamagn.et'lc while a Curie-like beha\_/lor
showed that for samples containing all RE€eFaShy,) develops in samples containing Ce. Figuftb)3hows simi-

nearly all of the voids are filled while for non-Fe containing lar behavior for the Fe-containing samples nos. 7-10. A

samples the filling fraction was determined to be about 7%§omewhat different perspective on the susceptibility can be

gained by plottingyT versusT; see Fig. 4. In this plot we
see a direct correlation between samples which are saturated
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the x-ray diffraction patterns, such as those fop £30,Sb;»
and CgCo,Shy, in Fig. 1. Samples for which this limit has
been surpassed are saturated with Ce and are designated

9.065 with Ce(nos. 5, 6, 9, and J(and the occurrence of a peak in
/ xT at low temperatures. This peak ¥ corresponds to a
9.060 | kink in the susceptibility curves in Fig. 3. We thus attribute
this feature to the formation of Cegim these samples which
= 8058 n x=325 was observed in the x-ray diffraction and microprobe analy-
= sis results described above. We have fit the susceptibility
s data below 100 K to a Curie law
£ 9050 |
2 PG S| x=CI(T+6)+ xo. @
E 8045 whereC is the Curie constanty the Curie-Weiss tempera-
ture, andy, the background susceptibility. For saturated
9.040 1 samples this fit was terminated at 10 K in order to minimize
! x=4 the effect of the CeShimpurity phase. The results of this
9,035 — ; ; fitting procedure are tabulated in Table Il and shown by the
0.0 0.2 0.4 0.6 0.8 10 solid lines in Figs. 8) and 3b). Figure 5 is a plot of the
Composition (y) Curie constanC as a function ofoverall Ce concentration

for all of these samples. It is quite clear from this plot that Ce
FIG. 2. Lattice constants of GBe,_,Ca,Shy, as a function of  in the filled skutterudite structure studied here, possessing an
Ce concentratioy for samples with Co concentrationsxf4 and  average effective moment of 2.36 Bohr magnetons, is in the
3.25. trivalent state, experimentally confirming the prediction of
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FIG. 3. (a) Magnetic susceptibility of G&0o,Sh;, for various
Ce filling fractions. Solid lines are fits to the Curie-Weiss Igw
C(T+ 6) + xo with parameters given in Table Ilb) Magnetic sus-
ceptibility of CeFe,74C0,Shy, for various Ce filling fractions.
Solid lines are fits to the Curie-Weiss lay=C(T+ 6) + o with

parameters given in Table II.
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FIG. 4. The product of susceptibility times temperatyiieas a
function of temperature for variousx(y) combinations of

CeFe,_,Co,Shy,

behavior is observed, and requires some discussion. The car-
rier type one obtains in pure Cogbepends on whether the
samples are grown under Sh-rich or Sbh-deficient conditions.
Samples grown under Sb-rich conditions will peype®*3as
this corresponds to an absence of a Co atom that leads to the
formation of holes in the valence band. As can be seen from
Table I, our samples are all Sb deficient, which leads to an
excess of electrons in the conduction band astgpe behav-
ior. The crossover fronp-type ton-type behavior in CoSp
as one proceeds from an Sb-rich to an Sh-deficient condition
was first noted by Dudkin and Abrikosé¢;Sharpet al?®
observed a crossover from-type to n-type behavior in
CoSh after hot pressing that they attributed to a change from
an Sb-rich to an Sb-deficient state. It thus appears likely that
the heretofore unexplaingaitype behavior and a gradient in
hole concentration along the boule in single crystals of skut-
terudites grown from Sb-rich melts, has its origin in the ex-
istence of vacancies on the Co site, whereasdype be-
havior such as that observed here arises from vacancies on
the Sb site.

Figure Ga) shows the electrical resistivity as a function of

mind in interpreting the electrical transport properties. More-temperature for samples containing 100% Co and various Ce
over, we see no enhancement of the local moment in samplding fractions (nos. 2—6. All are n-type with electron con-
containing Fe, implying that the electronic configuration ofcentrations and mobilities shown in Table Ill. The electrical
the Fe, at least in the concentration range studied here, musistivity as a function of temperature for the Fe-containing
be the F&" (zero spind®) state, as in the phosphides, which, sSamples nos. 7—1@ogether with the saturated £40,Sb;,

as we shall see below, is consistent with the observed ele§&a@mple no. 6 for comparispiis shown in Fig. €). What

tronic properties.

C. Electrical resistivity, Hall coefficient,

and Seeb

Our nominally undoped sample of CoSo. 1) is n-type
and possesses a resistivity of approximately O.tm at
room temperature. The observation wftype behavior in
pure CoSh is somewhat unusual as in most cageg/pe

eck coefficient

appears to be a complex dependence of resistivity on Ce
concentration and Co/Fe ratio arises from a subtle interplay
between the hole doping by Fe on the Co site and the “dop-
ing” by electrons which occurs with the addition of Ce. We
have previously suggestéthat the carrier concentration per
formula unit of CgFe,_,CoSb;, on the basis of crystal
chemistry arguments should be given approximately by
(p,n)=4—x—3y. When this quantity is positive the
samples will bep-type and when it is negative they will be



7380 MORELLI, MEISNER, CHEN, HU, AND UHER 56
TABLE II. Susceptibility parameters in Gee, ,Ca,Sb;, samples.
Background Curie-Weiss
Sample number and nominal Curie constanC susceptibilityx, temperatured
composition (emuK) g (emug™?) (K)
1:CoSh 5.00x10° 7 —1.23x10°7 4.3
2:Cey 054C0,Shy, 4.31x10°° —1.57x10°7 30.2
3:Cey 074C0,Shy, 3.15x10°° —3.64x10°8 20.2
4:Ce) 10£0,Shr, 5.77x10°° —2.00x10°8 10.6
5:Ce 154C0,Sby, (S) 8.98x10°° —7.98<10°8 12.4
6:Ce 204C0,Shy, (S) 9.87x10°° —1.47x10°8 1.2
7:Cq JFe 74C05 ,Shy, (S) 9.19x10°° —2.70x10°8 5.2
8:Cq, & 74C05 ,:Shy, (S) 1.13x10°4 2.13x10°7 1.6
9:Ceq sF & 74C05 ,Shy, (S) 1.74x10°4 2.13x10°7 —-5.73
10:CqFe, 7£C05 ,:5by, (S) 3.38x1074 3.14x10°7 —8.25
n-type. This scenario is consistent with the’Festate in-
ferred from the susceptibility. This trend in carrier concen- 0
tration is indeed followed in these samples; for example, A“”’“‘:‘zg’gzj)s
sample no. 7 withk=3.25 andy=0.2 is p-type while no. 8 s
with x=3.25 andy=0.3 is n-type. The measured hol@r o (xy) = (4.00,0.15)
electron concentrations as determined by our Hall measure- * (1Y) = (4.0002)
ments are given in Table Ill. The mobility for samples con- £
taining Fe is significantly smaller than that in samples 1-6 ¢
containing all Co, implying that there is significant carrier g
scattering on the Fe site, a factor which will be importantin 2 1
optimizing the thermoelectric properties of these compounds. %
In addition, within the series of Fe-containing samples,the g
hole mobility is larger than the electron mobility due to the
difference between valence- and conduction-band médsses,
feature characteristic of skutterudite compounds in general.
This factor also explains the qualitatively different positive
temperature coefficient of resistivity for thetype sample,
since the mobility is still increasing at low temperature 0.1 e
whereas for tha-type samples it is roughly constant or de- 1 10 100 1000
creases at low temperature. @) Temperature (K)
The Seebeck coefficient of samples 2—6 is displayed in 100
Fig. 7(@ and shows only a weak dependence on electron ; ot < (60002
o (xy) = (3.25,0.2)
0.0005 o (xy) = (3.25,0.3)
o x=4.00 X (0y) = (3.25,0.5)
0.0004 } * x=325 - (xy) = (3.25,1.0)
trivalent Ce (p = 2.54) o 0000,
00003 b T tetravalent Ce (p = 0) € 10 E O00x00000000000000000 AL
=) — - —best fit (p = 2.36) ° -
< g
§ 0.0002 ; % e x xx ?
© 0.0001 % I .._,r" ___________
% Y ...
0 T L S “,..—-"j /
-0.0001 — . U
0 0.2 0.4 0.6 0.8 1
Cerium Content
FIG. 5. Curie constant as a function of Ce concentratioim 0.1 o e
CegFe,_Co,Shy,. Open circlesx=4.00; closed circlesx=3.25. 1 10 100 1000

Solid line, theoretical Curie constant for trivalent Ce, corresponding  (b) Temperature (K)

to an effective moment per Ce atom of 2.54 Bohr magnetons;

dashed line, Curie constantO (tetravalent Cg chain line, best fit FIG. 6. (@ Resistivity as a function of temperature for
through the data yielding an effective moment per Ce atom of 2.3€¢,Co,Sh;,. (b) Resistivity as a function of temperature for

Bohr magnetons. CeFe, ,Co,Shy,
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TABLE lIl. Some room-temperature electrical transport properties gF€e ,Co Sh;, samples.
Measured carrier Hall mobility Electron mass
Nominal composition density(cm ~%) and type (cmPV~is™? m*
CoSh 6.1x10Y e 72
Cey.054°0,Shy, 6.0x10"° e 55 1.83
Cey074C0,Shy, 1.4x10%° e 41 2.4
Cey 104C0,Shy, 2.8x10%° e 25 4.3
Cey.154°0,Shy, 2.4x107° e 34
Cey 20dC0,Shy, 3.2x107° e 19
Cey .75 C03 25501, 2.7x10"° h 71
Cey sFe 75 C0s ,Shy, 4.8x10° e 1.57 6.1
Cey sFey.75C03 255b1 2.6x10°" e 0.79
CeFe, 74C0; ,Shy, 8.2x10% e 0.72
concentration. The Seebeck coefficient of the undoped 0
sample no. 1 is approximately 650 uV/K, consistent with
its high resistivity. Figure {®) shows results for the Fe-
containing samples 7—1@gain including sample 6 for com- o
parison. Again we observe a weak dependenc&ain elec- AA'ﬁso‘
tron concentration and a change to a positive value for the -50 AA?P:%
single p-type sample. For this sample we observe a hump in AAA".:eg
the S(T) curve near 50 K which we have reported upon c A'“,‘%
earlier!® The very large values of the Seebeck coefficient > RN
that we observe im-type samples are similar to those ob- t, |l
served in CoSbhdoped with Te or PdRef. 23 and are g -100 . Y °
presumably due to the large electron effective mass. We car §' “ . o om0
gain an estimate of the electron effective mass using a 8 ay =0.050 s o N
single parabolic band and the room-temperature Seebeck co ¥ s a s
efficient and electron concentration values. Assuming »y=0078 s om o=
acoustic-phonon scattering, in this model the Seebeck coef-  -150 oy=0.100 “ ° «
ficient S and electron concentratiancan be expressedZs oy =0.150 * s 9
*y=0200 *a
ot -200 : :
and 100 200 300
4 [ 20m*keT 32 (a) Temperature (K)
n=\/—; T FuAm), () 200
o (x,y) = (4.00,0.1)
whereF; are Fermi integrals an¢j= Eg/kgT. HereEf is 150 :m:ggggg
the electron Fermi level measured upward from the o xy) = (325.0.3)
conduction-band edge. One first calculates the Fermi levels _ 100 x (xy) = (3.25,0.5) .
from Eq. (2) and uses this value to determin& from Eq. ¥ (o) = (325,1.0) Lot
(3) and the measured electron concentration. We will con- ! 50 tecomescsnses ® ° "
strain this procedure to the four-type samples which are § o
not saturated with Ce to avoid any complication due to a § ..
small secondary phase. Also we do not derive a value for the E 50 g Bt . - .
undoped sample no. 1 since in this case the Seebeck coeffi £ o, ’E‘a’g&‘ "
cient is not a monotonic function of temperature and thus -100 °°°°°o°n°“3 ;x . X ox
may be influenced by more than one conduction band. The °° o 3 E s x
resultant effective masses for samples 2, 3, 4, and 8 are giver  -150 © 8y o
in Table Ill. Since the Ce concentration in these samples is %
quite low, the Ce atom wave functions will not overlap; the -200 ' '
100 200 300

band structure of these samples is thus most likely that of
CoSh, dopedn-type by Ce. Figure 8 is a plot of the electron

(b)

Temperature (K)

mass as a function of electron concentration in these samples FIG. 7. Thermoelectric power for G&0,Shy, for various Ce
as well as those doped with Te and BdWVe see that the filling fractionsy. (b) Thermoelectric power for GEe,_Ca,Shy,
electron masses of these Ce-doped samples are consist@tvarious filling fractionsy.
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— Typical single crystal
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FIG. 8. Electron effective mass as a function of electron con-
centration inn-type CoSh. Open circles, samples doped with Te 60
and Pd(Ref. 23; solid circles, samples filled and doped with Ce. L o
I .
50 r .

with Te- and Pd-doped-type CoSh samples and serve to
identify Ce as a trua-type dopant. The large values of*
observed here verify band structure calculations which pre

dict a heavy conduction-band mass in this compaund. . . .
82“9{ & & X ¥ Bxsxg}( ;-o

D. Thermal conductivity
* (x,y) = (4.00,0.2)

® (x.y) =(3.25,0.2)
0 (x,y) = (3.25,0.3)
X% (xy) = (3.25,0.5)

Figure 9a) shows the lattice thermal conductivityas a
function of temperature for samples nos. 1-6 containing
100% Co. The electronic contribution, which is not more

Thermal Conductivity (mWem™'K™)

=(xy) = (3.25,1.0)
than 25% for any sample, has been subtracted off using th . .
Wiedemann-Franz law. The addition of Ce dramatically re-
i, : X 0 100 200 300
duces the thermal conductivity relative to CaShvith the
(b) Temperature (K)

low-temperature peak first being moderatéy=0.05 and

then strongly diminishedy=0.075 and above The weak ¢ 9. (a) Thermal conductivity of CgC0,Shy, for various Ce
temperature dependence is characteristic of the scatteringing fractions y. Solid line represents typical results for single
due to the “rattling” rare-earth atom as has been discussegystal CoSh (Ref. 8. (b) Thermal conductivity as a function of
in detail previously® The present results show that in fact temperature for CfFe,_,Ca,Shy,.

very little Ce is required in order to produce a strong scat-

tering effect. This is similar to the situation in other crystal- somewhat energetically unstable one in similar materials
line materials exhibiting low-frequency phonon modes, KBr-sych as FeS One possible scenario is that a passing phonon
KCN mixed crystals being a prime exampfeLooking now  couyld be absorbed and cause a dynamic exchange of elec-
at the Fe-containing samples, Figb8 we see an additional trons between P& and Cd*, although this seems unlikely
50% reduction in« relative to the non-Fe containing given the relative stability of the latter. The interesting effect
samples. In this series of samples, as the Ce concentrationé$ Fe substitution on the thermal conductivity deserves fur-

increased, what remains of the low-temperature peak is deher experimental and theoretical scrutiny and will be a sub-
pressed further and eventually vanishes, while the roomjf-ect of future study.

temperature thermal conductivity is almost independent o
Ce concentration, most of the scattering in this temperature
range being due to the Fe. This is somewhat surprising since
Fe and Co have nearly the same mass and atom size. The From the room-temperature values of Seebeck coefficient,
origin of the additional strong phonon scattering upon sub-€lectrical resistivity, and thermal conductivity, we derive the
stitution of Fe for Co is not known at this time, but may be values of dimensionless figure of me#fT=S?cT/«k. For
related to the valence state of Fe in these compounds, a preamples 7—10 containing Fe, the decrease in thermal conduc-
cess which has been suggested to occur in other mixed vévity is offset by an increase in electrical resistivity due to
lence skutterudite®?° The zero-spin F& d® configuration  scattering on the Fe site, aZdl does not exceed 0.04. For
inferred from the magnetic susceptibility is known to be asamples 2—6 containing 100% Co, on the other hand, the

E. Thermoelectric figure of merit
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values are very similar to those obtained prtype filled  the production of actual thermocouple junctions for power
skutterudites at room temperaturg [~0.2) andsuggest recovery and solid-state cooling applications.

that, despite their relatively low electron mobility, these

n-type materials will likely be useful as thermoelectrics as ACKNOWLEDGMENTS
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ing without degrading significantly the electron mobility. tal assistance, Rick Waldo and Noel Potter for microprobe
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