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The structure of the skutterudite CgSbontains two large empty cages, or voids, per unit cell.
Compounds obtained by filling these cages with rare earth atoms possess an enhanced thermoelectric
figure of merit. Control of the electronic and thermal transport properties of these materials can be
achieved over an extremely wide phase space by partial cage filling in conjunction with Fe alloying on
the Co site. We show that such partially filled skutterudites can be rationalized as solid solutions of
fully filled CeFegSh;, and(0Co,Shy,, where[d is a vacancy. [S0031-9007(98)05818-9]

PACS numbers: 66.70.+f, 61.66.Dk, 71.28.+d

The recent discovery [1] of high thermoelectric figure lattice thermal conductivity upon filling of the skutterudite
of merit Z in a class of materials called filled skutteru- structure was experimentally confirmed recently [5,6].
dite compounds has generated the need for further fun- Filling adds electrons to the skutterudite structure, how-
damental information on the physical properties of thesever, and structural stability requires atoms to be re-
interesting materials. The figure of merit of a materialplaced correspondingly by atoms with fewer electrons,
is given byZ = S%0/«, wheresS is the Seebeck coeffi- namely, an element to the left in the periodic table. For
cient, o is the electrical conductivity, and is the ther- example, the binary unfilled skutterudite CgStorre-
mal conductivity. Traditionally, higtZ has been found sponds to the ternary filled skutterudiRé-e,Sh,, where
in moderately to heavily doped semiconductors with lowR is a rare earth element. Because Cp%ba diamag-
lattice thermal conductivity. Binary, unfilled skutterudite netic semiconductor, replacing Co with Fe leads to the
compoundsAB;, whereA = Co, Rh, or Ir, andB = P,  creation of four holes in the valence band. A trivalent
As, or Sh, crystallize in a body-centered cubic (bcc) strucrare earth atonR does not provide enough electrons to
ture consisting of a simple cubic array 4fatoms at the fill these holes an®Fe,Sby, is metallic. The filled skut-

(% % %) crystallographic site of the unit cell, each sur- terudite CeFgShy,, however, is gp-type semimetal with
rounded by distorted octahedra®fatoms, Fig. 1. These
octahedra are corner sharing and tilted to form planar rect-
angular groups oB atoms which are centered at the edge
centers of the unit cell. Structural vacancies at the corner
(000) and body centes 5 3) of the unit cell are sixfold
coordinated by thé& atom planar groups and are thereby
enclosed by an irregular dodecahedral cageB aitoms.
Several of the compounds in this family exhibit high hole
mobilities which, combined with the fact that the unit cell
is quite complex [6 atomgprimitive unit cell) and con-
tains atoms of heavy atomic mass (average atomic mass
M = 106), suggests that these materials might be can-
didate advanced thermoelectric materials. Although the
thermal conductivity of these binary skutterudites is mod-
erately low [2,3], it is, unfortunately, about a factor of
10 higher than that typical of state-of-the-art thermoelec-
tric materials such as Ble;. It was suggested by Slack
[2], however, that compounds with rare earth atoms fillinge g 1 The skutterudite structure of CoShiewed in a
the vacancies in the skutterudite structure mlght exhibit &irection parallel to a cube edge. Solid circles are Sb, open
much lower lattice thermal conductivity. These so-calledcircles are Co, and dashed circles are large vacancies at the
filled skutterudites were discovered about 20 years earliegorner and body center site of the structure which may be filled
[4] and the basis of Slack’s suggestion was the observaVith a rare earth element. Thin lines delineate tilted corner-

: . haring Sb octahedra centered by Co, and one is shaded for
tion that the rare earth atoms exhibit large x-ray thermagmphasis_ Heavy lines delineate the nearly square planar Sb

parameters and that this “rattling” motion should give risegroups, the centers of which are located at the edge centers of
to strong phonon scattering. The predicted reduction inhe conventional bcc unit cell.
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heavy fermion correlations at low temperatures [5] sugindicated in the first column of Table I. Figure 2 shows
gesting that the Ce valence may be greater than 3 and thttte lattice, or phonon, thermal conductiviy, of this
hybridization exists between theé electron and the con- series of optimally filled skutterudites. In agreement with
duction band. These results are analogous to those for tlearlier studies [5,6,9—11], it is seen that all samples con-
filled phosphide skutterudites which have narrower bandgining Ce (and Fe) exhibit a remarkably depressed lattice
and stronger covalent bonds relative to the antimonideshermal conductivity relative to Co%b(C0Cq;Shy,).
namely, LaFgP;, is a superconductor at 4.0 K [7], and Before discussing the composition dependencexgf
CeFqP; is a semiconductor with an energy gap of aboutwe wish to touch on a few interesting aspects of the
0.13 eV [8]. temperature dependence. For the unfilled skutterudite
To enjoy the advantage of low lattice thermal conduc-CoSh, one can calculate the expected lattice thermal
tivity in the filled skutterudite antimonides for thermo- conductivity (in units of Wm' K~!) for phonon-phonon
electric applications, it is necessary to reduce the holscattering at the Debye temperatuteaccording to the
concentration in order to increase the Seebeck coefficientelation  [12]  «,(0) = 3.04 X 10°°M 862/(y*n?/?3),
In both of the studies reporting high in these com- where n = 16 is the number of atoms per primitive
pounds [1], this was performed by partially alloying the unit cell, v = 0.95 is the Grineisen constant [13], and
Fe with Co. Recently, we observed [9] that, when Co iss? = 23.1 A3 is the volumgatom. Usingé = 308 K
substituted for Fe in Ceg8hy,, the amount of Ce that can [13], this yields ,(6) = 15.2 Wm 'K™!, quite close
be incorporated into the structure decreases significantlyp the experimental value d@fil = 1) Wm~'K~!. For
however, for 100% Co a small amouft10%) of the the completely filled skutterudite Cefsb,, n = 17,
structure can still be filled with Ce. This subtle interplay M = 108, and 6> = 22.4 A3, The Debye temperature
of the Fg'Co ratio and the corresponding optimum Ce fill- of CeFgShj, has not been determined. Saktsal. [11]
ing fraction affects not only the location of the Fermi level found 6 = 310 K for Lay;5Fe;Co;Shy,, suggesting that,
and the carrier type and concentration, but also the natungpon filling, the Debye temperature remains essentially
of the phonon scattering and lattice thermal conductivunchanged. Using this value for CqBdy, vyields
ity. Thus, understanding this interdependence is cruciak,(6) = 149 Wm~!K~!, nearly an order of magnitude
for optimization of the thermoelectric properties of thesehigher than the experimental value. Thus, in C&bp,
compounds. Perhaps the most puzzling feature of this inthere are additional phonon scattering mechanisms which
terplay was the observation [10] that the lattice thermabepress the thermal conductivity below that expected due
conductivity was diminished not only by Ce filling but only to phonon-phonon scattering. The most obvious
apparently also by alloying on the J@o site. This is candidate is the rattling atom mechanism mentioned
surprising since Fe and Co are nearly the same atomigbove and which has been discussed in detail in the
mass and size and their intersubstitution should providéterature [5,6,9—11]. This mechanism is expected to
little additional phonon scattering. scatter phonons over a very wide frequency range, which
In this Letter, we show that the main features of thewould lead to a corresponding reduction i over a
structure and lattice heat conduction in these optimallywide temperature range, as observed.
filled skutterudites (which in the notation of Refs. [9,10] We turn now to a discussion of the composition
are designated GEe-,Co,Shy;) can be understood if dependence of the thermal conductivity. The trend in
these compounds are considered as solid solutions af, in Fig. 2 is that the lattice thermal conductivity first
the fully filled skutterudite CeR&hby, and the unfilled decreases with Ce filling, reaches a minimum near a filling
skutteruditeC1Co, Shy,, whereld represents a vacancy.  fraction of 0.6 (corresponding to a Fe:Co ratio of 2.5:1.5),
Following the results of Ref. [9] regarding the opti- and increases again for higher Ce concentrations. As
mum amount of Ce for a given F€o ratio, a series of mentioned earlier, this result is surprising for two reasons:
fractionally filled skutterudite samples was fabricated ag1) One does not expect strong scattering on théCee

TABLE I. Properties of(CeFaSh,),(CJCqShy;);-, solid solutions;d represents a vacancy.

Nominal composition Composition from chemical analysis  Lattice constantA) Solid solution composition
CeynFe sCossShi, Cay.13F&.43C035,Sby 1 51 9.0503 (CeFaShi;).13(0Co;Shiz)o.s7
CeyssFe oCosShin Cay3:F&.09C0301Sby1.0 9.0633 (CeFaShi;)o25(0CoShiz)o.7s
Ce47Fe sC0o5Shy, Cay42Fe 51C040Shy1 77 9.0765 (CeFaShi)33(00C04Shiz)o.62
CasF&0C00Shi, CayssFe.03C0;.97Shy 83 9.0907 (CeFaShi)o.50(00C0sShiz)o.50
Ce.71Fe5Co,5Shy, Cay6oF&.52C0; 43Shy1 .97 9.1033 (CeFaShi)6:(C00C0;Shiz)o3s
Ceays2Fes0Co,Shin Ceay73Fe3501C0oy99Sh1 50 9.1152 (CeFaShi;)o75(0CoShin)o.2s
Ceyg3FessCaysShin Cays4Fe3.49Cy51Shy 61 9.1266 (CeFaShi;)s7(00CoShin)o.13

CeyosFesShi, CeayooFesShy ss 9.1385 CeFgShy,
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100 scattering rate:7,; = Aw*, wherew is the phonon fre-
quency. This coefficient is given by = Q,T /(47 v?),
where(}, is the unit cell volume and’ is the scattering

o” parameter. For impurity atoms on a single atomic site
d’u = Zfi(l - Mi/Mav)zv WhereMav = Z.fiMi- Here,
fi is the fractional concentration of impurity atoimand
M; is its mass. In principle, one should also include
the influence of strain, but, since the lattice constants of
CeFqShb; andCo,Shy, differ by only 1% (see Table 1),
this effect will be small in comparison to the mass fluc-
tuation. For a single type of impurity atom with rela-
tive concentrationr, the scattering parameter reduces to
I'=a(l — a)(AM/M,,)?, whereAM is the difference
between the mass of the impurity and that of the host.
For a compound’/,V,W,,, the compositd’, denoted by
rw,v,w,),is given by [17]

iy

Lattice Thermal Conductivity (W m” K”)
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FIG. 2. Lattice thermal conductivity of GEe,_,Co,Shy, + ﬁ(#) r'w)
samples. Sample designationd: Co,Shy,; - CeyxnFeys- urvaw m
Co;5Sh;  A: CeyssFeCoShy;  O: CeyyrFe sCorsShy; W My 2
®: CasF&CoSh,; *: Ce71FesCosSh,, @: CegFes- + ——— | T(W),
Co; Shy; A: Cey93Fe5Cay5Shy,; B: CeFgShy,. utv+w\My

where M, = (uMy + vMy + wMy)/(u + v + w).
site since Fe and Co have nearly the same size and massr (CeFgSh,),((0CxSh»);—, solid solutions, U =
thus minimizing the mass and strain fluctuations which(Ce 0), V = (Fe Co), and W = Sb. Now, Fe and
determine the scattering rate; and (2) for both rattle an€Co have only 3% mass difference so the majority
magnetic scattering due to the Ce, one would expeadf the mass fluctuation scattering occurs f@e OJ).
the thermal conductivity to decrease monotonically withThus, I'(CeFgShy») =~ (1/17) (140.12/108.01)*T'(Ce) =
increasing Ce concentration. 0.099I'(Ce) = 0.099a(1 — a), sSince AM/M = —1 for

The results can be understood quite nicely, howeverthe vacancy. This yieldd = 2.3 X 107 %a(1 — a) S
if the compounds studied here are thought of not aghe thermal resistivity due to solid solution forma-
“fractionally” or “optimally” filled skutterudites but rather tion is, thus, W = 47v,(ACT)"?/kg = 1.2[a(l —
as solid solutions of completely filled and unfilled end «)]'"/2 mKW~!. Figure 3 is a plot of the lattice thermal
members. In other words, the compositions can be writtenesistivity at 300 K across the solid solution series from
as solid solutions of Ceg8b, and (OCo,Shy,; see the [OCo;Sbhj, to CeFeSbhj;,. The solid line is the behavior
fourth column of Table I. Thus, the predominant masspredicted by the above equation. We see that this expres-
fluctuation scattering is not between Fe and Co busion, which contains no adjustable parameteascounts
between Ce andl], which is a very strong effect since quite well for the increase in thermal resistivity due to the
the mass difference is 100%. formation of the solid solution.

To quantify this approach, we can compare the observed Further support for this picture is provided by the
thermal resistivity with that predicted based on point dedattice constant measurements. Figure 4 shows a plot
fect scattering. The theory for this effect was originally of lattice constant versus concentration across the solid
introduced by Klemens [14] and Callaway and von Baeyesolution series fromOCoShy, to CeFgSb,. We
[15], and later applied to the solid-solution problem byhave observed that, for a given Fe:Co ratio, there is a
Abeles [16]. For high defect concentrations, such as isange of Ce concentrations over which a single phase
the case in a solid solution, the thermal conductivity issample can be made. For the Fe:Co ratio of zero, this
given byk, = kg/[4mv,(ACT)"/?]. Here,CT is the re- Ce concentration range extends from 0 to 0.1, while
laxation time for phonon-phonon scattering (whérés a  for a ratio of 2:2, it extends from approximately 0.5 to
constant and’ is the temperature), ang, = 2934 ms™!  0.6. For higher Fe concentrations, the solubility range
is the mean sound velocity [13]. The phonon-phonorof Ce becomes very narrow and we have not probed
relaxation time can be determined from the measured thethis regime in detail. The solid lines represent the
mal conductivity of the pure material at high tempera-variation in lattice constant according to Vegard's law
ture using kpue = k30/Q2m2v iCT) = 11 Wm™'K~!  for cases of compositioNCeFgShi,),((1C0;Shi2)i—a
at 300 K. This yieldsCT = 8.8 X 107'® s. The param- and (CeFgShi,).(Cea);CoShys)|—,. Virtually all of
eterA is the coefficient for the Rayleigh-type point defect the lattice constant data fall between these two extremes,
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ably filled between 0% and 10%. Then the maximum
Ce filling fractions across the series in Table | would
be given bya + 0.1(1 — «), or 0.21, 0.33, 0.44, 0.55,
0.66, 0.78, 0.89, and 1.00, which are very close to the
actual compositions determined from chemical analysis.
Further, the solid solution picture can explain our obser-
vation that the solubility range of Ce in the solid solutions
decreases with increasing Fe content. This is because the
variability in Ce solubility arises only from the ¢8by,
sublattice which is becoming a smaller fraction of the
total. Thus, fora = 0, the solubility range is from 0
to 0.1; for « = 0.25, it is from 0.25 to 0.33; and for
a = 0.75,itis 0.75 to 0.78.

In conclusion, we have shown that various aspects of
the thermal transport and structural properties of frac-
tionally filled skutterudite compounds can be understood

Thermal Resistivity (K m W")

0 25— if these materials are thought of as solid solutions of
0 20 40 60 80 100 CeFgShy, and[JCo;Shy,. This significant result will al-
QCo,sb, Atomic Percent CeFe,Sb, low the determination of the optimum compositions for

FIG. 3. Variation of the thermal resistivity of obtaining a high figure of merit in this important class of

(CeFaShy,),(OCoShyy);—, solid solutions at 300 K. new ther_moeIeC'Frlc materials.

Dashed line represents variation from the rule of mixtures. A portion of this research was sponsored by ONR Grant
Solid line includes additional thermal resistivity due to solid No. 0014-96-10181.
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