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Barium-filled skutterudites B&o,Sb;, with an anomalously large filling fraction of up 0=0.44

have been synthesized. The lattice parameters increase linearly with Ba content. Magnetic
susceptibility data show that BaCo,Sb;, is paramagnetic, which implies that some of the Co
atoms in BaCo,Sb;, have acquired a magnetic moment. The presence of the two different valence
states of Co (Cb" and C3") leads to the anomalously large barium filling fraction even without
extra charge compensation. All samples showype conduction. The electrical conductivity
increases with increasing the Ba filling fraction. The lattice thermal conductivity pE&&b;, is
significantly depressed as compared to unfilled$p,. The dimensionless thermoelectric figure of
merit, ZT, increases with increasing temperature reaching a maximum value of 1.1 for
Bay »4C0,Shy, at 850 K. © 2001 American Institute of Physic§DOI: 10.1063/1.1388162

I. INTRODUCTION skutterudites, in order to fill the voids, charge compensation
is usually required and is carried out by partially replacing

The CqSbbased filled skutterudites are attracting Co®* with F&'. The [FeCo,_,Sh,] framework in
great attention because of their prospective thermoelectriw, Fe,Co,_,Sh;, (M: metallic filler atom is isostructural to
properties:—® One of the distinguishing characteristics of the Co,Shy,, but is electron deficient as compared to,80,.
filled skutterudites is the significant depression of the latticeThe reason is that Fe mainly takes theé Bxidation staté.
thermal conductivity due to the “rattling” of the filler atoms Therefore, when a rare-earth atdim) is used as the filler
positioned in the oversized Sb-dodecahedron vbid§ ~ atom, assuming that each?eprovides one hole and each
The filler atoms also have great influence on the electricajare-earth atonfLn) supplies three electrons to the skutteru-
transport and affect parameters such as carrier concentratiogite structure, the filled skutterudite }FFe,C0,_(Shy, will
cgrrier mobility, gnd cgrrier effective mass. So far, variousonly shown-type conduction when the filling fractiop is
kinds of atoms, including Ce, La, Nd, Sm, Yb, Ca and Tl jarger thanx/3.*® However, previous work’ showed that
have been used to fill the voids in the search for high therywhen rare-earth atoms are used as filler atoms, a high filling
moelectric performance skutteruditeS:*'~** Such efforts  fraction is difficult to achieve and thus most of the
have resulted in striking thermoelectric performance foanqu(Co4,XSb12 samples reported shoptype conduction.
p-type materials with high ZTdimensionless thermoelectric |t is important to search for filled skutterudites with high
figure of meri Vagufslgf up to 1-1.4 at elevated tempera-fi|ling fractions to realizen-type material with high thermo-
tures(700-900 K.=*>= _ electric performance.

However, most of the filled skutterudites reported so far  ggjes et al13 synthesized Tl-filled skutterudites with
are p-type materials, thou.gh it was predi'cted that the _highmoderately high filling fractions(up to y=0.22 for
condyctlon-band mas;esmctype skutterudites hold promise TI,C0,Shy,), in which Tl is thought to be monovalent. They
for high thermoelectric p(_erforman&%.There are o ap-  measured the thermoelectric properties at low temperature
proaches for the preparation pitype skutterudites. One is ang estimated a maximum ZT value of about 0.8 at 800 K for
the substitution of Sb with a Vib elemefguch as Te™" their n-type samples. In some other recent work? it was
One can also sub_sUtg;cg for Co with Ni, Pt, and/or Pd t0rgnorted that, under high pressure, a surprisingly large frac-
obtainn-type material®*°Although many studies have been tion of |vb elements such as Sn, Pb, and Si can be inserted
carried out on forming substitutional alloys, there seems Qi the voids of CgShy,. Indeed, SyCo,Shy, does show
be a limitation to the improvement oftype thermoelectric  yne conduction with low lattice thermal conductivig.
performance thrpugh the formatlon.o'f substitutional alloyS’However, no high temperature transport data have yet been
because the lattice thermal conductivity cannot be depressed,,teq and the thermal stability of these IVb-element-filled
enough on account of the mass defect scattering only. Th@ompounds is not known. Annet al,2? Dilley et al.,'2 and
other main approach to obtamtype skutterudites is o fill a5 etal?® synthesized the Yb-filled skutterudites
the voids in the SkUtterrL#)ilte structure with foreign Spec'esv{byCo4_xMXSblz (M=Pd, P}, Yb,Co,SnShy,,, and
such as rare-earth atorisin the case of CgShyrbased vy co,Shy,, respectively, and reported moderately large
filling fractions. The combination of Pd doping with Yb fill-
dElectronic mail: cld@imr.tohoku.ac.jp ing resulted in a modestly large ZT valteNolaset al. also
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TABLE I. Summary of composition, transport, and crystallographic characteristics of Ba-filled skutterudites at room temperature. All areesiyhyhesing
Co ingot(99.96% as raw materials.

Nominal composition CsSby, Bay 1C0,Shy, Bay ,C0,Sh;» Bay C0,Sh;» Bay 4C0,Shy, Bay :C0,Shy,
Chemical composition of skutterudite phase by EPMA ,8lm, Ba ,/C0,Shi1gs Bay16C04Shi1 g5 Bay24C0,Shii g7 Bag3¢C0,Shiy 74 Bay44C04Shiq g0
Lattice constantA) 9.0371 9.0491 9.0632 9.0769 9.0902 9.1043
X-ray density (g/cr) 7.638 7.650 7.670 7.684 7.735 7.736
Relative density(%o) 92.4 97.4 96.7 95.8 89.8 95.8
Electrical conductivit§ (S m™ 1) 1.882x10°  1.032x10° 2.138< 10° 3.234¢10° 3.93%x 10° 6.378< 10°
Seebeck coefficientyV K 1) —628 —139 —132 —88 -70 —68
Kiatice (W/mMK) 8.20 5.76 4.62 3.44 2.47 2.77
Secondary phase by SEM and EPMA None None Trace €oSbTrace CoShp None None

&Corrected for density.

reported a ZT value of about 1 at 600 K for )&o,Sh, by ~ Ill. RESULTS

using a calculated lattice thermal conductivity. In our previ-
ous study’® we succeeded in synthesizing the Ba-filled skut-
terudite, BgFe,Co, ,Sby,, and observed that Ba has a
greater filling fraction than all other filler species. Measure-
ments of the thermoelectric properties showed thal

The prereacted $Ba was stable in air and easily
handled. The resulting powder obtained after melting
Sh;Ba+Sb+Co with subsequent annealing at 973 K was
ingle phase as determined by x-ray analysis, while the
PMA and scanning electron microsco8EM) observation

Ba,Co,Shy, samples aren-type materials with promising

: ) S
thermoelectric performance. The present work describes the

effect of the Ba filling fraction on the thermal and electrical
transport of BaCo,Shy,.

Il. EXPERIMENT

howed that several samples contained trace am@uat

Vol %) of CoSh as a secondary phas€able |). The Co:Sb
ratios in the skutterudite phase determined by EMPA are very
close to the stoichiometric valud:12) and are independent
of Ba content. Table | summarizes the composition and

physical properties of the Ba-filled skutterudites at room
temperature.
Figure 1 shows the relationship between lattice param-

Highly pure metals of Ba99.9%, plate Sb powder
(99.9999%, and Co shot99.96% with Ni as the main im-
purity) or Co powder(99.99%, Ni fre¢ were used as the eter and Ba conter(y). Lattice parameters increase linearly
starting materials. A binary compound of JBa was first  with yin the region ofy=0-0.44. The Rietveld refinement of
synthesized by reacting Sb and Ba elements in a carbon crthe x-ray diffraction data verified that Ba fills the Sb voids to
cible under a flowing Ar atmosphere at 903 K for 96 hrs. Theform the skutterudite structu@m3).2> From the linear rela-
prereacted $Ba was mixed with Co and additional Sb and tion between lattice parameter and filling fraction, it can be
then melted at 1323 K for 24 h with subsequent quenching irsaid that the filling fraction of Ba in the B&o,Sh,, samples
a water bath. The obtained ingots were ground into fine powprepared by the melting method extends at leagt=t6.44,
der, and pressed into cylindrical pellets. The pellets weravhich is a rather higher limit than that usually associated
then annealed at 973 K for 72—216 h to form a completelywith rare- earth and other filler atoms in the St -based
homogeneous skutterudite phase. The obtained powder wéifed skutterudites without extra compensatisuich as sub-
then sintered into a dense polycrystalline solid by using astitution of Fe for C9.*%*3The results of EPMA composi-

plasma activated sinteringPAS technique(Sodic Co. Ltd:
PAS-V-K) at 873 K for 15 min in a graphite die.

tion (Table ) confirmed that the anomalously large Ba-filling
fraction does not cause nonstoichiometry in the Co/Sb ratio.

The constituent phases of the samples were determine8ls a possible explanation for the present high content of Ba

by powder X-ray diffractometryRigaku: RAD-C, CuKa).
Chemical composition of the skutterudite phase was deter-
mined by using electron probe microanalyd&MA). Elec-
trical conductivity(o) was measured by a four-probe method
in a flowing Ar atmosphere. Thermoelectromotive fofa&)

was measured at five different temperature gradients
(0<AT=<10 K) for a given temperature, and the Seebeck
coefficient(a) was obtained from the slope of tiidE vs AT

plot. Thermal conductivityx) was measured by a laser flash
method (Shinkuriko: TC-7000 in a vacuum over the tem-
perature range of 300—900 K. The measurement of thermal
conductivity at low temperaturé2—300 K was carried out

by using a longitudinal steady-state method. Magnetic sus-
ceptibility was measured between 10 and 300 K in a mag-
netic field of 1.0 T using a Quantum Design magnetometer.

in Co,Shy, structure, we proposétithat cobalt is in a mixed
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In the magnetic measurement, the sample was placed inside Ba content, y

ofa_p(_)l_yethylene capsule and straw and the background SUgrG. 1. Relationship between lattice parameter and Ba content for
ceptibility of the capsule and straw was corrected for. Ba,Co,Shy,.
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valence state, 6 and CG™*. If this is the case, some of the

Co atoms will have @’ electron configuration (C?d) and FIG. 3. Temperature dependence of electrical conductivity fQCBzSh;, .
therefore an uncompensated electron spin leading to a para-

magnetic behavior. To verify it, we made measurements of

magnetic susceptibility and the data are shown in Fig. 2beck coefficient. All samples have negative Seebeck coeffi-
Co,Shy, has a negative susceptibility of aboutl.6x10”’  cients consistent with Hall measurements. The magnitude of
emu/g, temperature independent in the studied temperatutbe Seebeck coefficient decreases with Ba content. For the
range. This agrees well with the data reported in previousamples withy=0.16-0.44, the magnitude of the ther-
studies?>?"260n the other hand, Ba/Co,Sh, has a posi- mopower monotonically increases with increasing tempera-
tive susceptibility of 2.5-3.810 ’ emu/g which slightly ture. The Bgo/C0,Sh;, sample, which has a low carrier con-
decreases with increasing temperature. In this sample, no ingentration, shows a maximum value in thermopower at about
purity phase is observed by either x-ray diffraction or mi- 700—800 K. In the case of unfilled ¢8by,, the absolute
croanalysis. The small magnetic susceptibility is considerediegative Seebeck coefficient decreases as temperature in-
to be contributed by a few percent of Co atoms with a mag-

netic d’ state, because Ba should take a nonmagrsdpé

state. This result indicates the possibility of mixed valence 100
for Co atoms in B@C0,Sb;,. The mixed valence of Co may
be the main cause for the anomalously high Ba filling frac-
tion. If so, this gives us an interesting angle on the study o
filled skutterudites. For the exact description of the relation-
ship between Co mixed valence and Ba content, further ex
perimental and theoretical study is necessary.

The carrier concentration and electrical conductivity are
known to be sensitive to the level of Ni impurity in the
cobalt raw materiat®?® Co,Shy, prepared from highly pure
Co (Ni free) usually showsp type conduction. In the present
experiment, the unfilled G&b,, sample prepared by using
Co shot(99.96% as raw material shows-type conduction
and has an electron concentration of 534?* m~2 at room
temperature due to the Ni impurity in the Co. When a small
amount of Ba is added to the voids of f[Si,, additional
electrons are donated by barium. Figure 3 shows the terr
perature dependence of electrical conductivity for
Ba,Co,Shy,. Electrical conductivity increases as the Ba con- Vet T P N AT I B
tent increases. This is due to the increase in electron conce 300 400 500 600 700 800 900
tration becaus_e Ba provides two electrons to the skutterudit Temperature, T (K)
structure as discussed above.

Figure 4 shows the temperature dependence of the SeeG. 4. Temperature dependence of Seebeck coefficient fgEd8h;, .
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lattice thermal conductivity of B#&o,Sbj,-based com-
pounds further, substitutiofe.g., Ni on the lattice sites of
Co, which will provide additional phonon scatterjngnd
multi-filling approachege.g., filling with both Ba and Ce
ions) might be prospective avenues for exploration. Such ex-
periments are now in progress.

Concerning the effect of the filling fraction on the lattice
Temperature, T (K) thermal conductivity, two main viewpoints have been ad-
vanced. Salest all® suggested that the thermal resistivity
(1/k_aicd Varies ag/*® based on a simple model of acoustic
phonon scattering by the rattlers. They reported that this is
the case in the JCo,Shy,,Sn, structure where the Tl con-
creases. At high temperatures, it tup/pe due to an onset tent varies over a wide range p£0-1. However, in Sales’s
of intrinsic conduction seen also in the temperature dependiscussiort? it must be noted that the substitution of Sn for
dence of the electrical conductivityrig. 3) and Hall mea- Sb, needed for charge compensation, was not taken into ac-
surements. For all samples, the relatipn T~%2at T>50 K count. Indeed, as can be seen in Ref. 13, the Sn content does
is confirmed, implying that the charge carriers are mainlyincrease with Tl content. This concomitant Sb substitution
scattered via acoustic phonoffsThe calculated electron ef- effect will also depress the lattice thermal conductivity due
fective mass is between 2rand 4m,?® which is similar to  to the additional phonon scattering similar to that caused by
those previously reported fon-type CqShy, and related the substitution of Fe for Cd or the substitution of Te for
filled compounds™*%2° Sb!8 The other viewpoint was proposed independently by

Figure 5 shows the temperature dependence of thermalolas et al? and Meisneret al!® and is based on an argu-
conductivity. The Ba content dependence of lattice thermament that a random distribution of rattlglise., a partial fill-
conductivity (k) at room temperature is shown in Fig. 6. ing) should be more effective in scattering phonons than an
Compared to the unfilled G8by,, the thermal conductivity  arrangement in which all of the voids are fillgide., 100%
of Ba,Co,Shy, is greatly depressed, especially in the lowfjjling). Meisner et al. reported that for optimally filled
temperature region. The BaCo,Shy, sample has an abnor- ce Fe Co, , Shy, skutteruditegCe filling fraction at a maxi-
mally large value of total thermal conductivity, especially at,,,um for a given Fe concentratiprCe scatters most effec-
high temperatures, though its lattice thermal conductivity reyjyely near y=0.7. In the case of La-filled skutterudites, No-
mains small. A large electronic contribution to the thermal|;g et o). observed a minimum lattice thermal conductivity at
conductivity arising from the high electrical conductivity a filling fraction of 0.25-0.3. Minima in the lattice thermal

conductivity were subsequently obser?e# also for
CegFeCo, ,Sh, and BgFgCo, ,Shy, samples with Fe
10.0 content fixed ak=1 and 1.6. In the present experiment, the
- lattice thermal conductivity displays an apparent shallow
minimum neary=0.35-0.4. To verify the trend, samples
having a larger filling fraction are necessary. However, in the
present work we were unable to synthesize samples with a
filling fraction larger than 0.45.

Figure 7 shows the ZT values of several samples. Within
the temperature range of 300—900 K, ZT increases with tem-
perature for all samples. The highest figure of merit is ob-
- served for the Bg/C0,Sb, sample where the ZT value
0.05+ '0f1' - 'ol_z' - -0!3- - -0l4: - '0'5' i reaches about 1.1 aF 850 K. This i§ one oflthe highest values

' ‘ ‘ reported forn-type filled skutterudites. It is expected that
Ba content, y further work on the optimization of composition, especially

FIG. 6. Relationship between lattice thermal conductivity and Ba conten© the _further depre_ssi_on of lattice thermal CondU_CtiVity by
for Ba,Co,Shy,. multifilling or substitutional effect, would result in even

187 (see Fig. 3is responsible for the large total thermal conduc-
[ & ° 330.04: tivity. The lattice thermal conductivity decreases with Ba
;‘ ;%o g g:o-zi content. However, the lattice thermal conductivity remains
T foo ceee Bager relatively large in comparison to skutterudites filled with
£ I A . Bag. rare-earth atoméCe, La, YB?™® and others specied]l, Sn,
= ® 0.16
S2fg O —— Bagz4 Y)3223%hich have smaller ionic radii than barium. Indeed,
- %) == Bagsg the thermal parameters of Ba atoms in the voids are known
.*_E.‘ B G to be smaller than those of other filler atofghat is to say,
5 the larger Ba ions provide less scattering and thus a weaker
zzé influence on the lattice thermal conductivity. To depress the
8
=
E
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e
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FIG. 5. Temperature dependence of thermal conductititBamples pre-
pared by using Ni-free Co powdé89.99% as raw materials.
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