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Effect of partial void filling on the lattice thermal conductivity of skutterudites

G. S. Nolas
Research and Development Division, Marlow Industries, Dallas, Texas 75238

J. L. Cohn
Department of Physics, University of Miami, Coral Gables, Florida 33124

G. A. Slack
Department of Physics, Rensselaer Polytechnic Institute, Troy, New York 12180
(Received 11 December 1997; revised manuscript received 30 March 1998

Polycrystalline samples of antimonides with the skutterudite crystal structure with La partially filling the
voids have been prepared in an effort to quantify the impact of partial void filling on the lattice thermal
conductivity of these compounds. It is observed that a relatively small concentration of La in the voids results
in a relatively large decrease in the lattice thermal conductivity. In addition, the largest decrease in the lattice
thermal conductivity, compared to “unfilled” CoSls not observed near 100% filling of the voids with La, as
was previously believed. This suggests a point-defect-type phonon scattering effect due to the partial, random
distribution of La in the voids as well as the “rattling” effect of the La ions, resulting in the scattering of a
larger spectrum of phonons than in the case of 100% filling. An additional benefit of partial filling in thermo-
electric materials is that it may be one way of adjusting the electronic properties of these compounds. Seebeck,
resistivity, Hall effect and structural data for these skutterudite compounds are also presented.
[S0163-182698)02926-9

INTRODUCTION values ofxy.>® A substantial reduction im is therefore a
key goal for potential applications.

There is now a renewed interest in research on improved As seen from Eq(1), improving the electronic properties
materials for thermoelectric applications. One family ofalso improvesZ. However, if the skutterudite system is to
compounds that has received recent attention is the skutterfind use as a thermoelectric material in cooling applications,
dite family with the CoAg (Im3) structure. This structure «, must be reduced towards that of the minimum thermal
has eight formula units, including two voids, per cubic unitconductivity «,,,,.°> Cahill et al1° have enumerated a number
cell! This system has generated considerable interest bef crystalline systems that possess low, glasskkevalues.
cause the filling of the voids in the structure with undersizedThe relationship between glasslikg and x,, was pointed
rare-earth R) atoms yields a marked reduction in the lattice out by Slack® As outlined in a recent review, the crystal-
thermal conductivityxy. The void-filling atoms “rattle” in  line systems that possess glasslike thermal properties have
their voids and substantially affect the phonon propagatiorieatures in common with the skutterudite system. Investigat-
through the lattice. This effect was first postulated by Slacking the possibility that this system may be synthesized to
and Tsoukal&. Nolas et al® employed the IrSpsystem to  possesc<,, values is therefore of interest.
show thatky decreases monotonically with decreasing guest The marked reduction i of fully filled skutterudites
atom radius. An order-of-magnitude decreasajnwas ob-  has been studietlIn the present work we investigate the
served compared to unfilled Ir§at room temperature, while effect of partial void filling in the skutterudite structure on
a much larger decrease was found at lower temperatures. Thg . Zemni et al’® have synthesized partially filled
rattling of the void-fillingR atoms is evidenced by their large skutterudite-phosphide crystals of up to 50% of the maxi-
x-ray thermal parametefstheir effects on the lattice modes mum R concentration. Recently Morelit al'® synthesized
as investigated by Raman Spectroscdmnd by neutron polycrystalline samples with up to 10% Ce in the voids of
scatterind CoSh,. Higher concentrations of Ce were achieved when Fe

The importance of a very low thermal conductivity in a was partially substituted for Co in an effort to compensate
potential thermoelectric material can be seen from the figuréor Ce** charge.

of meritZ (Ref. 7 In the present investigation we use trivalent lanthanum
La®" as theR void-filling ions because they do not possess
So 4f electrons which may produce an additional phonon

i=—— (D scattering!4 We therefore distinguish the effects of I'a

rattling from other possible scattering mechanisms that may
whereS is the Seebeck coefficiend; the electrical conduc- influence the transport properties. For this same reason Sn is
tivity, and k= x4+ ke, ke being the electronic contribution. used in an attempt to charge compensate for L&n is very
Although the binary, unfilled skutterudites have relatively similar to Sb in size and mass and is therefore not expected,
good electrical properties thetr values are low due to large when substituted for Sb, to have a significant effect«gn
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TABLE I. The concentration of LH in the voidsx using XMP analysis, cubic x-ray lattice parameagt grain size, bulk density as a
fraction of theoretical densitp %, and the carrier concentration and mobility for the partially filled skutterudites in this study. The electrical
data are for 300 K. All samples aketype with the exception of the=0.05 andx=0.23 samples which wend type. The cubic unit cell
in each case contains twice the number of formula units shown.

grain
size carrier conc. mobility
X Sample ag (A) (um) D% (108 cm™3) (cm?IV sec)

0 Cq,Shy» 9.032£0.011 7 97 1.88 270
0.05 L& 0£C0,Shy» 9.056+0.017 5 94 170 20.5
0.23 Lg »dC0,Shyq 6 9.060+0.013 5 93 2010 6.8
0.31 L&y 3/C04SMy 4e5hy1 > 9.064+0.002 4 94 27.0 120
0.62 Lgy 6C04SM 4Shy o 9.094£0.007 4 93 122 36.6
0.75 Lgy 76C0,SM 585hy 75 9.096+0.010 8 85 112 28.9
0.9 L&y dC0,Sriy 4.Sb10.03 9.102+0.006 8 94 308 16.7

We note that this is not the case for Fe compensated Pieces of the polycrystalline samples were ground and
R-filled-skutterudites which have also resulted in low analyzed by a Philips model PW 1729 x-ray diffractometer
x5 The Fe in this system also has an affectgnas  using CuK, radiation and a scintillation detector along with
shown in Dudkinet al*® where 10% Fe substitution for Co powdered LaB (NIST Standard Reference Material 6645

in CoSh, (10%Fe:CoSk) resulted in a room temperature an internal standard. The x-ray spectra revealed sharp skut-
value of x that was reduced two-fold compared to that of terudite lines. In the case of the samples with0.23 smalll
pure CoSh We have synthesized a polycrystalline pressed@Mounts 5 wt. %) of LaSh were also identified. The in-
powder sample of 10%Fe:Co$and our measured values ~ [ensities of the x-ray reflections agreed with those calculated

are consistent with these prior results. At 35 K the reductiorf©r different concentrations of La atoms in the voids using
in « is even greater withx equal to 100 mW/cmK for "OWD7 (Ref. 3 andLAzy (Ref. 19 software. In addition,
10%Fe:CoSp compared to 500 mW/cmK for CosbThis ~ metallographic and XMRJOEL 733 superprobe with an en-
reductic;n ink cannot be explained from the, component of ergy dispersive analysis attachmeskamination of a pol-

by Ravleiah t tteri duced by th ished surface of each sample confirmed the x-ray diffraction
K, nor by Rayl€ign typ€ scatlering produced by tn€ mass anfyq 15 and verified the stoichiometry of each sample. Indi-

size difference of Fe in the metal sites of CgSbhis work gy 5| grains all possessed the same average chemical com-
will be reported elsewhere, however the main point here i$)0sition. We note that trace amounts of,0g were identi-

that in the present study we isolate the mechaf@sintro-  fieq under XMP examination. This was not observed in
duced by the void-filler ions in order to study their effect on gimjlar previous workon 100% filled skutterudites densified
kq. The Fe-compensated skutterudites introduce some as yging sealed capsules in a hot isostatic press and is attributed
not understood additional phonon scattering due to the suho our densification procedure using the simpler hot pressing
stitution of Fe on the Co sites, as has been speculated reschnique. In addition, XMP analysis indicated that the La

cently by Morelliet a3 concentration in the partially filled skutterudites varied by a
maximum of 5 at. % from one grain to the next across the
SAMPLE PREPARATION ~2.5 cm length of the polished samples. In the case of the

x=0.05 sample, the variation in La concentration was less
Table | lists the samples synthesized in this study alonghan the experimental accuracy of the XMP. Optical micro-
with the L&" concentrationx, their measured cubic x-ray scope images of polished samples etched in aqua regia were
lattice parametersy,, grain sizes, their fraction of theoreti- taken with a Nikon epiphot metallograph in order to measure
cal densities and their room temperature carrier concentrghe average grain sizé8.Electron back-scattering images,
tions and mobilities. The stoichiometries shown were deterfrom the XMP, agreed with these grain size measurements.
mined by electron-beam microprobkéMP) analysis of each ~ We note that for noncompensated La filling in CgSb
sample and were normalized to yield four Co atoms per forSaturation was reached at 23% La filling. Upon attempting to
mula unit. This gives a maximum void filling at=1.0. The synthesize samples witk>0.23 without Sn substitution for

partially filled polycrystalline samples were prepared by theSb the samples possessed both a skutterudite phase and other

mixing and reacting of stoichiometric amounts of high purity phasedi.e., LaSb and CoSh The volume fraction of these

elements as described previodshith the exception that the other phasgs incrgased as the amount Of. elemental La used
elements were reacted at 800 °C and densification of thL}or synthesis was increased. Also some single crystals were

powdered samples was accomplished using a graphite die giown using a modified version of the Bridgman crystal

a hot press under argofThermal Technology Inc. model growth technique from an Sb rich melt. These crystals, how-
MP20 hot press Typically densification was accomplished ever, were much too sm_all for transport property measure-
at 26 KSI and 600 °C for 2 h. The density of each samplements’ and are not considered further.

was measured by both the Archimedes technique and by EXPERIMENTAL RESULTS

weighing precisely cut cubes. The resulting skutterudite

samples had slightly smaller La concentrations than expected Four-probe electrical resistivity, and steady-state ther-
from the amount of elemental La in the starting mixtures. mopower §) and thermal conductivity were used in mea-
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FIG. 1. Hall mobility vs inverse temperature for the skutterudite 0 50 100 150 200 250 300

samples[x=0 (closed hexagon x=0.05 (A), x=0.23 (), x

=0.31(M), x=0.62(¢), x=0.75(®), x=0.9 (V)] synthesized for Temperature (K)

this study. In the case of the=0.05 andx=0.23 N-type samples

the electron mobility is shown; the hole mobility is shown for the ~ FIG. 2. Resistivity as a function of temperature from 6 to 300 K

other P-type samples. for six partially filled skutterudite samplg¢s=0 (closed hexagon
x=0.05(A), x=0.23(#), x=0.31 (M), x=0.75(®), x=0.9 (V)]

surements in a radiation-shielded vacuum probéleat  synthesized for this study.

losses via conduction through lead wires and radiation were

determined in separate experiments and the data correctggt previous resulf€!’ in the case of Fe-compensated

accordingly. These corrections were 10-15 % near 300 Kamples may be due to the fact that a stoichiometry with a

and <3% at temperatures below 150 K. The measured zerga to Sn ratio of exactly 1:3 was not achieved in these

values of the partially filled skutteruditésee Table)lvary  samples resulting in high carrier concentrations. The two

monotonically but not quite linearly with the void filler con- N-type samples clearly show a higher magnitude of absolute

centrationx. It is not expected that the Sn substitution for SbS, From Fig. 3 we see that for the=0.05 sample the mag-

will have a significant effect omy; most of the increase in nitude and temperature dependence is similar to that of un-

ag is caused by the La addition. The hot pressed samplegoped CoSpeven though thex=0.05 sample has a carrier

were cut with a wire sawUnipress wire saw model WS-22  concentration 80 times larger. The sign®if of course, re-

in the shape of parallelpipeds for transport properties meayersed. From Table | we see that tRetype samples are Sh
surements. The Hall coefficienR(;) measured in the range

from 310 to 85 K using the four-probe technique was weakly 200 oy
temperature dependent for all samples exceptxth®.05 i
andx=0.23N-type specimens, for whicRy decreased with
increasing temperature. Figure 1 shows the mobility as a
function of inverse temperature for all the samples shown in
Table I. The twoN-type samples display a sharper decrease
in mobility at increasing temperatures than do thdype r
samples. The lines in the figure connect the data points in an- 40 |
effort to aid the eye in distinguishing between the different ’
samples shown in this figure. Figure 2 shows the electrical
resistivity p in the temperature range from 300 down to 6 K
for six of the partially filled skutterudites prepared for this
study. Although the carrier concentration in the Cg@Sb
sample is relatively high, see Table I, this sample exhibits @
semiconductor behavior. Figure 3 shows the absdhuds a ]
function of temperature from 300 doww 6 K for the x C ]
=0.75, 0.23, and 0.05 La-filled-skutterudite samples as well ~ 160 ﬁ
as for CoSh The data forx=0.75 is typical in magnitude _2003, T
and temperature dependence of tdype, partially filled 0 50 100 150 200 250 300
skutterudites measured. The absolGtelecreases with de-
creasing temperature in this temperature range. This is simi-
lar to measurements on othBefilled skutterudites:*17In FIG. 3. Absolute Seebeck coefficient vs temperature from 6 to
the present study the relatively low absol@®eat room tem- 300 K for the partially filled skutterudites=0.05, 0.75, and 0.9 as
perature(as compared t&=80 x«V/K at room temperature well as unfilled CoSh(x=0).
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what flat temperature dependencexgfbetween 30 and 300

108 —————rrrrmy
i K similar to that of 100% filled skutterudités.

DISCUSSION

/ | As seen in Table | the Sn-compensated compound®are
/ / % type and the uncompensated, La-doped compounddNare
1 type. P-type behavior for Sb-rich CoSlhas been previously

reported® The N-type behavior is most likely due to the fact
that the L&" ions donate their electrons without charge com-
102 L o pensation. The ideal skutterudite has an electron count of
i 144 per cubic unit cell as described in Tettal?® Electrons

‘E‘w’\ in excess of this number produbktype behavior. It should

. x=0.05 | also be noted that these uncompensated, La-filled skutteru-
Iy

2 4

/0 | dites as well as the Sn-compensated samples have a larger
; x=0.23 carrier mobility than Fe-compensatéd’ samples with simi-
: Ay lar carrier concentration. It is apparent that there is substan-

R i‘%‘mo_g_ tially more carrier scattering caused by Fe substitution in Co
) f *=0.75 skutterudite compounds than by Sn substitution. From Fig. 1

A
A
A

*
L 4

Lattice Thermal Conductivity (mW/cmK)

/
I
I

\X=0_31 a general trend is also apparent; the lowe?‘Laoncentra-

S o o tion, partially filled skutterudites have a higher mobility than
1 10 100 1000 the cor_npletely fllleq ones, at_ijusted to the same carrier con-
centration. This adjustment is needed since the mobility is
dependent on the carrier concentration and therefore the ex-

FIG. 4. Lattice thermal conductivity vs temperature from 6 to &Ct Stoichiometry of a particular compound. -'mgr ons in
300 K for six partially filled skutterudite samples. Single crystal he voids appear to scatter charge carriers as well as
values for CoSpare also shown as a solid line. The dotted andPhonons. Partial filling of the voids may therefore be an ap-
dashed lines are calculations ef for 4 and 7um grain sizes, Proach for increasing the mobility in these compounds for
respectively. thermoelectric applications.

The absoluteS values are somewhat dependent on the
rich (i.e., Co deficient in agreement with previous carrier concentration, as observed in Table | and Fig. 3. The
results>®1® The x=0.23 N-type sample is Sb deficient. relatively large absolut& for the N-type samples are pre-
These results are within the accuracy of the XMP measuresumably due to their large effective mass. These observa-
ments. tions corroborate those of previous work on dopedype

Figure 4 showsk, in the temperature range from 300 CoSh;,.2® Employing Fig. 3 an estimate of the electron effec-
down © 6 K for the partially filled skutterudites witlx  tive massm* for the twoN-type samples can be made in a
=0.5,0.23, 0.31, 0.75, 0.9 and for=0, i.e., unfilled CoSh straightforward fashion using Fermi statistics and assuming
In addition thex, values due to boundary scattering calcu-acoustic phonon scattering in a single-band mét&he m*
lated for 4 and 7um grain sizes are also included. Thgis  values thus calculated are 819 and 2., for the x=0.05
isotropic since the skutterudite structure is cubic. From theaindx=0.23 N-type partially filled skutterudite samples, re-
measured values ¢f, shown in Fig. 1, and the Wiedemann- spectively, wheram, is the free electron mass. These rela-
Franz law, with the Lorenz number taken to be 2.44tively largem* values are in agreement with band structure
x 1078 V?/ded,?? we have estimated and subtracted #he calculations which predict a heavy conduction band mass in
values to yield thecy values shown in Fig. 4. This amounted N-type skutterudite&® It may be that the L¥ ions in these
to a maximum 30% correction at room temperature and samples do not affect the band structure of Go&lgreat
smaller correction at lower temperatures. Single crystal deal even though they dope the sampiesype. Partial fill-
measuremenigor unfilled CoSh are also shown in Fig. 4. ing may be a route toward optimizing both the electronic

The temperature dependencexgffor pure CoShis typi-  properties andey for thermoelectric applications.
cal of crystalline compounds. The peak value for our pure From Figs. 4 and 5 we see that only a small amount of La
unfilled CoSh is suppressed with respect to the single crystain the voids of CoSpreducesk substantially. Alsoxg is
results due to grain-boundary scattering in our polycrystalsimilar in temperature dependence for the-0.9 and x
line sample. In the case of the slightly porons-0.75  =0.31 skutterudite samples with the exception tkat0.31
sample thecy values were corrected for porosity4in order  has a lowerky . The k4 of the x=0.75 sample is also lower
to more accurately compare it to the other samples. In théhan that of thex=0.9 sample. The random distribution of
case of the partially filled skutterudites the grain sizes werd.a>" ions seems to be more effective in scattering phonons
all =4 um, therefore the magnitude and temperature deperthan an arrangement in which all, or most, of the voids are
dence ofkg for all samples for temperatures greater than 45illed. This seems to indicate that more than one phonon
K are not due to grain boundary scattering. In the case of thecattering mechanism exists. The partial, random distribution
samples with grain sizes of@m (see Table)lscattering due of La®" in the voids may introduce additional phonon scat-
to boundary scattering begins well below this temperaturetering, other than the dynamic, or rattling, effect oft.an
From Fig. 4 we see that the=0.31 samples show a some- the voids. This would therefore result in a larger decrease in

10

Temperature (K)
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0.06 7 T cussed here. A study of the influence of this static disorder
I ] on kg is currently underway. The lowest; values will prob-
ably be produced in crystals with several different void oc-
cupants chosen so that they individually interact with the
phonons in many different parts of the whole phonon spec-
trum. Since the La scattering is most effectivexat0.25 to
x=0.30, this means that three or four different filling atoms
] would be more effective than any single kind of atom for
1 100% void filling.

0.05 -

W (cmK/mW)
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MASS FLUCTUATION SCATTERING

. o Ce* concentration | The increase in the room temperatiteof CoSh, caused
0.02 - ] by the lanthanum additive appears to reach a maxirfamat
L ] least a saturation valyat x=0.5, i.e., when just half of the
P 1 voids are filled. The random occupation of the void sites
001 o e b L L produces a mass fluctuation scattering of phonons. The
0 20 40 60 80 100 theory of this scattering has been worked out by Callaivay

X and Abele€® We can calculate the expected effect of this
scattering on the room temperaturdrom this theory. First
the mass fluctuation scattering paramekelfor a ternary
crystal of compositiolA,B,C. is given by

FIG. 5. Room temperature thermal resistiwtyas a function of
La®" concentratiorx in the voids of the skutterudite structure. The
solid line is a simple quadratic equation fit to the data.

2
mA
kg. Given that the masses and sizes of Sn and Sb do not r=> Xi(l_ MI) , 2
differ substantially we would not expect a significant effect
on k4, as observedsee Table)l where M is the mass of an average ternary cluster with a

Figure 5 shows the thermal resistivity at room tempera- total number of atom sites equal &+ b+c. Thenm; is the
ture as a function of the °a concentration of the voids. mass of the particular cluster If A=Co, B=Sh, and
Data for C&" versusx from Ref. 13 are also included. The C=La or a vacancy, then=1 whena=4 andb=12 and
solid line is a simple linear fit to the data points up to M=4M(Co)+ 12M(Sbh)+xM(La) with 0<x<1. Herex is
x=0.2. From Fig. 5 we see an initial steep increasahin the fractional occupation of the voids by La. The expression
from only a small amount of 4 in the voids, in agreement for I' then becomes
with a recent report® The W levels off somewhat due to the
disorder produced by the rattling $ain the voids of this F=2 X(l_X)[M(La) 3)
structure. This rattling is the major phonon scattering mecha- M
nism that produces the low, values. We see, however, that 5 atx=0.5,T"'=1.5464x 10" 3. For very smalk values we
a maximum exists at approximatek=0.5, or 50% void  gpiainT=6.7026< 10 3. W in the high-temperature region

filling. This is similar to mass-fluctuation-type scattering as,ynere the temperature is comparable to the Debye tempera-
outlined by Abeles? It is possible that the random distribu- e @ is given by Abele® as

tion of La®" and voids in the skutterudite lattice introduces

this additional phonon scattering, as opposed to an “or- W S5a
dered” system where all the voids are filled with3'zor all Wp =1 9
are empty.

As seen in Fig. 4, the further reduction iy due to the
partial filling of the voids still does not result iRy~ «kmn,
calculated to be 3.1 mW/cm K at room temperature for
CoSh,. As outlined previously, this value ofky,, was cal- )
culated following Slacktaking the minimum mean free path The various symbols are defined by=(tan™* U)/U,
of the acoustic phonons ag2 instead of\, as suggested by Uo=U\(1+5a/9), U5=3GT/W,, andG=(m*/48)**hs/
Cahill et al,'® where\ is the phonon wavelength. This mod- k?@ wherea is the ratio of the phonon umklapp scattering
est additional reduction of, due to partial L&" filing may, relaxation time to the phonon normal scattering relaxation
however, be enhanced by other choicesR3f ions, for  time, 6° is the average volume per atom of the cryskais
example the larger ma$®>* ions or actanide ions. In addi- the mass fluctuation scattering paramef@rjs the Debye
tion, recent x-ray diffraction data reveal that the smaller sizefemperature of CoSpW,, is the thermal resistivity of pure,
larger masR®* ions may, at room temperature, reside in aundoped CoShat the temperature in questidmjs Planck’s
corner of the void as opposed to the larger size, smaller masonstant, andk is Boltzmann’s constant.

R3" ions which statistically occupy the center of the vaid. The parameter values for Cophat 300 K taken
This may introduce a static disorder in the lattice, in additionfrom Caillat et al?®® are ®=307K, W,=9.52 cm K/W,
to the dynamic disorder due to the rattling of these ions irand 6=2.846<10 8 cm. These yieldG=408.0 cm K/W,
their voids. Such a disordered system would be quite interF (x=0.5)=1.5464<10"3, and Uy(300K, x=0.5)
esting in light of the effect of partial void filling org dis- ~ =0.4458. From these numbers we can compute the expected

2

(1_V)2 -1
[(1+ a)/5a]U*—(1/3)U+(1-V)

X|V+
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TABLE Il. Calculated values of the thermal conductivity and dW 27(21+42a+25q?) dT'
resistivity of CoSh doped with La at a concentrationand at 300 —= >~ —— G. (5)
K versusa. dx  7(81+90a+25¢°) dx
k (MW/cm K) X a W (cm K/W) For «=2.75, thendW/dx=6.63 cm K/W. Thus the ob-
serveddW/dx is 19 times larger than would be expected
105 0.0 9.52 from the mass fluctuation scattering of the La and Ce alone.
101 0.5 0.0 9.88 Some other phonon scattering mechari®ris involved.
98.8 0.5 1.0 10.12
92.3 0.5 2.0 10.83
91.1 0.5 2.75 10.98 RATTLE SCATTERING
90.7 05 3.0 11.02 The concept of “rattle scattering” of phonons has been
78.2 0.5 0 12.79

suggested by Slack.In this model undersized atoms move
about in oversized cages in which they are trapped. This

random motion produces a large phonon scattetifige cal-

k4 Of a La-doped skutterudite at 300 K fer= 0.5 for various . . .
values of the parameter. The results are tabulated in Table _culated vibration frequencigsof La and Ce atoms trapped

II. From these results we see that the simple mass fluctuatiof Fe-Co skutterudites are 74 and 68'cin respectively.
' P ?’Fhis is in great contrast to the mass-fluctuation scattering

scattering produced by the La in the voids is nowhere nearly .
- . = alculated above, which peaks at a phonon ené@yof
zl;gftleSnSt é?neé/wgrtgiyo\?gﬁrg%g/ atx=0.5, 300 K, of 213 cm ! in CoSh. A more detailed treatment of the effect
: of La on k4 of CoSk presumably involves resonant phonon

The value ofa appropriate for skutterudites can be ob- scattering at these rattling frequencies and is an interestin
tained from thek, values observed on Ir§RhShk mixed X 9 Ng Irequencis 9
9 topic for further theoretical investigation.

crystals? The Ir and Rh atoms have almost identical radii in
the skutterudite structure. Thus the strain-field scattering is

zero, and Rh behaves almost as a light isotope of Ir. In this CONCLUSIONS
case for 50 at. % Rh in IrSithe value of'=7.72x10 3.
Using Eqg. (49 at 300 K where W(IrgsRhysShy)/ The synthesis and investigation of compounds with the

W(IrSh;) =1.78 we find the best agreement is for 2.75. skutterudite crystal structure with £aions partially filling

For Si-Ge mixed crystals Abel&sfound @=2.5, so our the voids was undertaken in order to quantify their effect on
present value is reasonable. If we use2.75 in Table Il, Kg. It was observed that the reduction 4 is greatest for

we see that at 50% La filling in CoSthe calculatedV from ~ samples with partial filling as opposed to more fully filled
the mass fluctuation is much lower than the observed effecgkutterudites. This suggests phonon scattering effects due to
There is almost zero strain-field scattering to be expected fdhe partial, random distribution of £& in the voids of this

La atoms in the voids. The B4 ions have a diameter only Structure. In addition, partial filling was observed to enhance
77% of the void diameter in CogbThis is reinforced by the ~the carrier mobilities, suggesting that partially filled skutteru-
x-ray measurements on LafS#y,,3? which show that the dite compounds may be the most promising for cooling ap-
Fe-Sb framework is too large for the La ions. plications.
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