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Filled skutterudite antimonides: Electron crystals and phonon glasses
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Crystallographic data, electrical and thermal transport measurements, and magnetic susceptibility values are
reported for several compounds and alloys with the filled skutterudite stru&ureFe,_,Co,Sh;, (R=La,
Ce, or Th; <y<1; x=0,1). Room-temperature velocity of sound data is also reported. These materials are of
interest because of their potential in thermoelectric power generation and refrigeration applications. The trans-
port properties of both filled and unfilled skutterudite compounds are analyzed using standard semiconductor
transport models. Filled skutterudite antimonides appear to be a good approximation of an idealized solid with
the good electrical transport properties of a crystal but the poor heat conduction characteristics of a glass. The
incoherent rattling of the weakly bound rare-earth atoms in these materials lowers the thermal conductivity at
room temperature to values comparable to that of vitreous silica. Relative to the analogous unfilled compounds,
the filled skutterudites exhibit larger effective masses and smaller mobilities. Good overall electrical transport
is maintained, however, as evidenced by values for the figure of méfi} @reater than 1 at elevated
temperatureg700—1000 K. Above room temperature, there is very little difference in the electrical and
thermal transport behavior between the La and Ce filled compounds. The effects of the hybridization caused by
the proximity of the Ce 4 level to the Fermi energy, however, are evident at temperatures below 300 K.
[S0163-18297)02947-0

[. INTRODUCTION total thermal conductivity. The total thermal conductivity is
the sum of the heat conducted by the lattieg, and the heat
One of the more interesting ideas in the area of thermotransported by the electrical carriexs. Finding more effi-
electric materials research is the concept of designing a solidient thermoelectric materials for either refrigeration or
that conducts heat like a glass but maintains the good elegower generation applications corresponds to finding materi-
trical properties associated with crystals. The essence of thals with higher values oZT.
idea, as first proposed by Slatks to synthesize semicon- The word skutterudite is derived from a town in Norway
ducting compounds in which one of the atofosmolecules  where minerals with this structure, such as CgAsere first
is weakly bound in an oversized atomic cage. Such an atordiscovered. Compounds with the filled skutterudite structure
will undergo large local anharmonic vibrations, somewhatwere discovered by Jeitschko and Bréim 1977 and have
independent of the other atoms in the crystal, and hence withe general formula oRM,X;,, whereX was P, As, or Sb;
be referred to as a “rattler.” In insulating crystals localized M was Fe, Ru, or Os; an@ was La, Ce, Pr, Nd, or EX.’
rattlers (or Einstein oscillatorscan in some cases dramati- These compounds are body-centered cubic with 34 atoms in
cally lower the thermal conductivity to values comparable tothe conventional unit cell and space group IKFg. 1). (The
the heat conducted by a glass with the same compositiomprimitive unit cell, which is sometimes used in theoretical
The concentration, mass fraction, and frequency of the ratestimates of the thermal conductivity, has only 17 atdms.
tlers determine how much the thermal conductivity is low-This structure can be described as consisting of square planar
ered in a particular temperature range. Sfads well as rings of four pnicogen atomsX) with the rings oriented
Cahill and Pohl have proposed that the thermal conductivity along either thé100), (010), or (001) crystallographic direc-
of a crystal cannot be less than a minimum valuetions. The metal ) atoms form a simple cubic sublattice
Kmin® Kmin IS attained when the mean free path of the heatand the R atoms are positioned in the two remaining
carrying phonons becomes the order of the phonon wavetholes” in the unit cell. X-ray*~’ and neutron structure re-
length and corresponds to the thermal conductivity of arfinements indicate that for many of the compounds e
amorphous solid with the same chemical composition. atoms(such as La or Qetend to exhibit exceptionally large
While it is clear that rattlers should lower the lattice por- thermal parameters corresponding to the rattling of these at-
tion of the thermal conductivity, it is not obvious that good oms in an oversized atomic cage. As shown below, this rat-
electronic transport can be maintained in such a materiatling dramatically reduces the thermal conductivity of these
Good electronic transport is defined to mean that which refilled skutterudite compounds. When tReatoms are absent
sults in a material with a high value for the thermoelectricfrom the structure, the basic skutterudite structure is formed.

figure of merit,ZT, where Since the original papers of Jeitschko and Braun, many
other variations of materials with this structure have been
ZT=TS/«p. (1)  synthesized-'® Because these compounds are difficult to

synthesize in pure form, the solid-state properties of most of
S is the Seebeck coefficiefor thermopowey, p is the elec- these materials are unknown. Those compounds that have
trical resistivity, T is the absolute temperature, ards the  been successfully investigated, however, include several
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the reactivity of rare-earth metals with most crucible materi-
als, and the high vapor pressure of antimony at the optimum
reaction temperaturgd000—-1100 °¢ A variety of synthe-

sis approaches were investigated that involved the prereac-
tion of two or more of the constituentg.g., arc melting of

the rare-earth and transition metals togethéffter a rela-
tively extensive investigation of various synthesis methods, a
simple and clean synthesis approach was developed.

A thin layer of carbon was deposited on the inside of a
round-bottomed silica tube by the pyrolysis of acetone. Sto-
ichiometric amounts of high purity rare earth metal pieces
(99.99% electropolished bar from AMES research labora-
tory), Fe rod(99.9985% from Alfa Chemical CompanyCo
rod (99.998% from Alfa, and Sb shot99.999% from Alfa
were loaded into the precarbonized tube. The tube was sealed
under vacuum at a pressure of f0Pa and transferred into a
programmable furnace. The silica ampoule was heated to
600 °C at 2 °C/min, left at 600 °C for 3 h, and then slowly
(0.5 °C/min heated to 1050 °C and left for about 20 h. It is

FIG. 1. lllustration of the filled skutterudite structure. For important to slowly heat the tube because of the highly exo-
LaFgCoSh,, the two large spheres represent the La atoms, thehermic reaction between the rare-earth eleméptsticu-
small dark gray spheres represent the Fe or Co atoms, and the lighirly Ce) and Sb. The silica ampoule containing the homo-
gray spheres represent Sb atoms. Note the four-membered Sb ringgéneous molten liquid was removed from the furnace at
and the Iarge “Cage” in which the La resides. This illustration temperature and quenched into a water bath. The same am-
corresponds tlo lthe conventional unit cell shifted by the fraC“O”alpouIe(containing the prereacted elementgas then placed
coordinates;, .3. in a furnace and annealed at 700 °C for 30 h to form the

1 ) ) correct crystallographic phase. The completely reacted solid
superconductors;'* a heavy-fermion metdf, Kondo-like  \yas removed from the silica tube and cleaned with a wire
narrow-gap sem|conducto+%,ferromagnetjsz'le’. and, in the  prysh to remove small amounts of carbon from the surface.
present case, narrow-gap semiconductors with moderate Mg form a completely dense polycrystalline solid, the reacted
bilities. Although our original motivation for the synthesis of material was ball milled into a fine powder in an argon at-
these materials was to investigate the thermoelectric propemosphere, loaded into a graphite die, and hot pre¢3¢d
ties of so-called Kondo-insulators, reports on the thermoelecgpy in a helium atmosphere at 700 °C for 40 min. For trans-
tric properties of binary skutterudite compounds such aort measurements rectangular soligsg., 6<6x 12 mn?
IrSh,;, RhSh, and CoSh (Refs. 8 and 17-19shifted our o 7 2% 18 mn?) were cut from the hot-pressed material

focus to more traditional narrow-gap semiconductors withysing a low speed diamond saw. Each sample was character-
the filled skutterudite structure. The binary skutterudite antiyzeq ysing x-ray-diffraction, electrical resistivity, Hall, See-

monides exhibit excellent electrical transport properties, inpheck, and thermal-conductivity measurements. Metallo-
cluding some of the highest values for hole mobility eVergraphic, energy dispersive x-rayjEDX) and magnetic
reported for a semiconductdf.Unfortunately, the thermal measurements were performed on selected samples. A typi-
conductivities of these binary antimonides are too large foga| x-ray pattern from a filled skutterudite antimonide is
thermoelectric applications. _ _ shown in Fig. 2. Most samples had less than 3 vol % of an
Ternary semiconductors with the filled skutterudite struc-impyrity phase such as FeStr RSh, were better than 95%
ture provide another degree of freedom in optimizing ther-of the “theoretical x-ray density, and had polycrystalline
moelectric properties relative to their binary counterpartsgrains in the 5-50 micrometer range.
Our previous work showed that some of these materials Single crystals of La ,Fe, ,CoShy, were grown using
had large values oI T at elevated temperatures. The presenine Bridgmann technique with an excess of antimony,gSb
article examines whether the filled skutterudite antimonidesy, 5 real-time neutron-diffraction camera, the bottom of the

should be regarded as a realization of Slack’s electron-Cryst@loyle appeared to be a large single crystal approximately

phonon-glass concept. 4x1x1cnt. Upon closer examination, however, the bot-
tom portion of the “crystal” was Co rich and the top portion
[l. EXPERIMENTAL METHODS was Fe rich relative to the starting composition. There were

also polycrystalline Sb inclusions throughout the crystal. Al-
though the material was not suitable for transport measure-
The synthesis oR, _Fe, ,CoSb, (R=La, Ce, Nd, Sm, ments, small single-crystal cubes measuring2<?2 mnt

Eu, or Th; 0<y<1; 0<x<4) alloys (this illustrates some of were found to be excellent for crystallographic investigations
the alloys we have synthesized-only representative composdf the structure as a function of temperature. For the pur-
tions are discussed in the present manuscigptomplicated poses of comparison, polycrystalline samples of the unfilled
by the peritectic decomposition of the solid phase at temskutterudite, CoS were synthesized using the same
peratures between 750 °C and 850 °C, the tendency of thmethod(described abovyeused to prepare the filled skutteru-
rare-earth metal to only partially fill its crystallographic site, dites.

A. Synthesis
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100 I | values for these materials, all of the copper leads were re-
moved from the sample and the samples were cut into a
(310) specific shape (8 6 12 mn?) which had a relatively large
La FeCoSb ratio of the cross-sectional area to length. It was found that
0.9 3 12 this procedure yielded the correct thermal-conductivity val-
60 - 7 ues for a vitreous SiQstandard over the entire 10-300 K
(321) temperature interval. If a small bar-shaped sample was used
40} . instead, the thermal conductivity of the lattice showed pro-
(341) nounced upward curvature in the 200-300 K temperature
20) (433) range—a feature characteristic of problems with radiation
\; ’ h h losses. Hall measurements at room and nitrogen tempera-
0 . Q.JL , Ll \ tures were made on 0.025-cm-thick slabs using the van der
20 25 30 35 40 45 50 55 60 Pauw technique with an excitation current of 100 mA. As-
20 suming a single carrier band and a scattering factor of 1, the
carrier density was calculated from the Hall coefficient. Be-
cause of the high carrier concentrations °t05
FIG. 2_. Typi_cal powder x-ra_ly-diffra_ction pattern from a filled x 107! cm=3) observed in most of the samples, measure-
skutterudite antimonide. The Miller |nd|ces_ for s_everal of the peaks_ments were performed with the Hall probe immersed in
are noted. The arrow denotes the largest impurity peak observed hethanol 295 K) or liquid nitrogen(77 K) to minimize ther-
this sample. mal voltages. The methods used to measure the thermal con-
ductivity, Seebeck coefficient, and resistivity of the filled
B. Measurements skutterudites at elevated temperatuf@0—-800 K have

Powder x-ray-diffraction measurements were made usin§€en described previousty.
CuKa radiation and a commercial SCINTAG diffractometer
equipped with a nitrogen-cooled Ge detector. The single- Ill. RESULTS AND DISCUSSION
crystal neutron-diffraction experiments were conducted at
ORNL'’s High Flux Isotope Reactor using a four-circle neu-
tron diffractometer and a liquid-helium system. Chemical The most direct evidence of rattling comes from structure
composition information was obtained directly using a Prin-refinements obtained using either x-ta§° or neutron scat-
ceton Gamma Tech energy dispersive x-ray system and aegring on single crystals. Unusually large rare-earth atomic
International Scientific Instruments scanning electron microdisplacement parametef$ormerly called thermal param-
scope. Metallographic investigations were performed on poleters are clear indications of the “rattling” of the rare-earth
ished surfaces using standard optical microscopy techniquein in an oversized atomic cage. For example, Braun and
Magnetic susceptibility measurements were made from 4-Jeitschkd noted that in the LaR&b,, compound that the
300 K using a commercial SQUID magnetometer from*“lanthanum atoms seem to rattle.” For single phase poly-
Quantum Design. Room-temperature velocity of sound measrystalline or single-crystal samples, an atomic displacement
surements were made on polycrystalline samples using parametef(ADP) can be obtained for each distinct atom in
commercial resonant ultrasound system from Quatroséhics.the crystal structure. In the simplest situation this parameter

Electrical and thermal transport data from 10—300 K weremeasures the mean-square displacement of the atom about its
obtained using a closed cycle helium refrigerator. Theequilibrium position and hence is a direct measure of the
sample was suspended from a copper cold finger using EP@attling. To insure that the ADP parameter does measure the
TEK H20E silver epoxy. A small RuQchip resistor(51 ())  rattling (as opposed to reflecting systematic errors generated
was attached to the other end of the sample using a thermaljuring the refinementthe occupation of the various crystal-
conducting but insulating epoxy from EPO-TE@30-4. lographic sites are treated as adjustable parameters during the
Electrical connections to the heater were made with Woodgata refinement. Figure 3 shows the ADP parameters for La,
metal and 0.0075-cm chromel wires. Small temperature difFe, Co, and Sb obtained from a single crystal with the refined
ferenceg1-3 K) across the sample were measured using tweomposition Lg,FeCoSh, The ADP values for Fe, Co,
0.0125-cm chromel-constantin thermocouples attached to trend Sb are typical for these elements in compounds with
sample using silver paint. For Seebeck and resistivity measimilar coordination numbers. The ADP values for La, how-
surements, four 0.0075-cm copper wires were attached to thever, are anomalously large, particularly near room tempera-
sample with silver paint. The sample and wires were eniure. These values indicate that the La is poorly bonded in
closed in a copper can that was thermally attached to the coldie structure and “rattles” about its equilibrium position
finger. The copper can was at approximately the same tenwith an average amplitude of 0.015 nm. A more complete
perature as the cold end of the sample. Using this arrangeliscussion of the La ADP parameter will be presented
ment radiation losses were kept to a minimum. For sampleglsewheré?
with values for thermal conductivity of 100 mW/cm K and A preliminary study has been made of the characteristic
above, the radiation and conduction losses were smatnergies or frequencies associated with the ratfifriglastic
enough to be neglected regardless of the geometry of theonstant measurements indicate that the low-temperature be-
sample. However, many of the filled skutterudites had therhavior of the filled skutterudite Lgg,e;CoSh, is anoma-
mal conductivities (at room temperatujein the 15-30 lous relative to its wunfiled analog, Cogb The
mW/cm K range. To obtain reliable thermal conductivity Lay ;4~6;C0oSh, data could be modeled using two two-level

80}

20 (4

Intensity (Arb. Units)

A. Evidence of ‘“rattling”
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T (K) FIG. 4. Lattice component of the thermal conductivity of CgSb

and two filled skutterudites Cef®b, (open circley and

FIG. 3. Refined atomic displacement parameters obtained on ko 7sTho F&;Shy, (open squargs The data for these two filled
single crystal of Lg,4e;CoSh, using a four-circle neutron diffrac-  skutterudites bracket the thermal conductivity values we have found
tometer. The crystal was approximately 2 mm on a side. The largéor this family of materials. The CoSrata above 60 K are well
value of the atomic displacement parameter for the La atom is indescribed by 14+BT) (crossepwith A=1.176 cm K/W andB
dicative of the rattling of the La atom in an oversized atomic cage.=0.0348 cm/W. The solid line through the CoSb3 data is a guide to

the eye.

systems with level spacings of 50 and 200 K. Low-
temperature heat-capacity measurements on a similar filled Most discussiorf of the lattice thermal conductivity use
skutterudite (LaoFe;CoSh,) sample also indicated that the an expression adapted from the kinetic theory of gases:
thermodynamics of these materials are unusual. An analysis 1/3C,vd, whereC, is the heat capacity per unit volume,
of the heat-capacity data from 0.5 to 45 K required two Ein-Us iS an average velocity of sound, addis the mean free
stein oscillators with characteristic temperatures of 70 andpath of the heat-carrying phonons. In crystalline materials at
157 K to model the data. Localized vibrations should also béigh temperature€, andv are approximately constant, and
evident as narrow peaks in the phonon density of states. Préie mean free pathd, decreases asTl/as the number of
liminary inelastic neutron-scattering measurements on a 30-ghonons increase. At lower temperatucess often domi-
polycrystalline sample of LgFe;CoSh, show two peaks in  nhated by scattering from static defects and approaches a con-
the phonon density of states at 100 and 240 K. Although it istant. Therefore, at temperatures above where the heat capac-
tempting to associate these peaks with the anomalies fourity is rapidly changing the lattice thermal conductivity is
in the elastic constant and heat-capacity measurements, modgproximately given 1A+ BT), whereA and B are con-
data is required from the unfilled skutterudite (CgStefore ~ stants. This simple expression accurately describes the
assessing the self-consistency of these measurements. FGoSk data above 60 KFig. 4) with A=1.176 cm KW and
ther heat capacity and inelastic neutron-scattering measur8=0.0348 cm/W. The lattice thermal conductivity of CeSh
ments are in progress. is typical of a crystalline material.

B. Rattling and thermal conductivity C. How glasslike is the thermal conductivity?

Shown in Fig. 4 is a comparison between the lattice ther- The lattice thermal conductivities from representative
mal conductivity of CoSk and two filled skutterudites filled skutterudite alloys are shown in Fig. 5. The thermal
CeFgShy, and Lg ,sThy JF&;CoSh,. The data for these two conductivities of these compounds are clearly quite low but
filled skutterudites brackets the values we have found for thigre they glasslike? The simplest estimate of the minimum
family of materials. At room temperature, samples with athermal conductivity kn,) of these materials is obtained
rattler (i.e., filled) have values for the thermal conductivity with « =1/3C,vsd, by settingd equal to an interatomic
6—8 times lower than the unfilled ceramic CaqSbh spacing(about 0.3 nmand using the Dulong and Petit value

The Wiedemann-Franz law with a value for the Lorenzfor C,. The transversa;,, and longitudinaly,, velocity of
number of 2<10 8 V¥K? has been used to estimate the sound has been measured on Cp&td two filled skutteru-
electronic contribution to the thermal conductivity. This dites using resonant ultrasound spectroscopy and are given in
value is a reasonable approximation for a heavily dopedable I. Using an average value fog of (2v,+v,)/3 yields
semiconductdf The classical value of Lorenz number of a value fork, of 6 mW/cm K. The measured valdabout
2.44x 1078 V2K? is appropriate for a degenerate electron15 mW/cm K) is a little more than twice the minimum value
gas(i.e., a metal If, however, the classical value is used to and corresponds to a mean free path of 0.75 nm. The nearest-
estimate the electronic portion of the thermal conductivity,neighbor separation between the rare-earth rattlers in the
the lattice contribution at room temperature to the thermatrystal is 0.8 nm.
conductivity of the filled skutterudites shown in Fig. 5 is In areal glass, such as vitreous $jQFig. 5 the thermal
reduced by 1-2 mW/cm K. conductivity slowly decreases from room temperature to 10
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FIG. 5. Lattice component of the thermal conductivity of three  FIG. 6. ZT versus temperature for two nearly optimized filled
filled skutterudites: CeR8hy, (circles, Ce,zsThy Fe;CoSh, (tri-  skutterudites. A model calculatidsee textindicates that for these
angles, and LgzsThy Fe;CoSh, (squares The values forknmi,  two compounds a maximum value T=1.4 is attained at 1000 K.
were calculated using the velocity of sound data shown in Table frhe optimum carrier concentration, and the effective massy*,
and Eq.(17) from Ref. 3. Also shown for comparison are the ther- gre large in these materials.
mal conductivity values for vitreous silidgarge circle$ (Ref. 3.

. ) For the Ce compound, T is greater than 1 at temperatures
K. A useful phenomenological expression was proposed byhove 700 K. The model calculations, described below, in-
Cahill, Watson, and Pohto describe the thermal conductiv- dicate a maximum value foZT of 1.4 at 1000 K. Recent
ity of amorphous solids above 10 K. The only input to this measurement® at higher temperatures indicate that these
model is the transverse and longitudinal velocities of sounqiarge values foiZT may actually be attained. At tempera-
and the number of atoms per unit volume. For a variety of,res much above 1000 K the compounds decompose.
amorphous solids they found this expression to be in good The electrical transport in these materials was modeled
agreement with the measured da'te}. Furthermore,'based' Ony8ing the Boltzmann equation, parabolic bands, and the as-
large amount of thermal-conductivity data from highly dis- sumption that the relaxation time was givendy 7oE". The
ordered crystal;, Cahill, Wa_tson, and quh'rloposed thz_it this energyE is measured from the edge of the valence bagd,
phenomenological expression represenigg, for a disor- s 4 constant, and the scattering exponeistused to param-
dered crystal«y, for the filled-skutterudite antimonides is gtrize the dominant scattering mechanism experienced by the
shown in Fig. 5 and was calcullated using Cahill's expressionRyectrons or holes. Typically a value p& — 1/2 is used for
[Eq. (17), Ref. 3 and the velocity of sound data from Table gcattering by acoustic phonons, and 3/2 for scattering by
l. The actual thermal conductivity datdig. 5 from the  jgnized impurities. With these assumptions, the transport co-
filled skutterudites (30-300 K slowly increase or are efficients can be parametrized by the extrinsic carrier con-
roughly constant with decreasing temperature, unlike a tru@gnirationn. the effective mass of the bana* 7o, andr.

glass. Although the rattlers significantly lower the thermalthg yransport coefficierfécan then be expressed in terms of
conductivity of these compounds, the temperature depenpq integrals :
S

dence ofk aice INdicates that some characteristics of a crys-

talline solid remain. o=1lp=e%Ky/T )
D. Rattling and electrical transport S=+(E¢{/KT—K,/Kp)/eT, 3)

Although the thermal conductivity of the filled skutteru-
dites is low, most of the interest is due to the ability of these Kke=(Ky—KZ2/Ko)/T?, (4)

materials to maintain relatively good electrical properties
which results in large values f&T. ZT versusT is shown WNere
in Fig. 6 for two nearly optimized filled skutterudite samples.
g Yo P K= (8/3)(2/?)¥%(m* )V2T ry((s-+ 1 + 3/2)
TABLE I. Velocity of sound data for polycrystalline skutteru- X(KaT)SH1+32F 5
dites. The Debye temperature was calculated from the sound data. (ksT) strlz: ®

and the Fermi-Dirac integrals, are given by

Transverse  Longitudinal Debye
sound velocity sound velocity temperature %
Compound (m/s) (m/s) (K) FL(E{/kgT)= fo xX"fo(x)dX, (6)
CoSh 2788 4623 321
Cey ,F6;C0Sh, 2713 4559 312 with
Lag 7 e;,CoSh, 2661 4484 308

x=ElkgT, and fo(x)=1[1+e* Ei’keD] ()
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FIG. 7. Seebeck coefficient versus temperature for the two filled FIG. 8. Resistivity versus temperature for the two filled skut-
skutterudites shown in Fig. 6. The model calculatisalid squares  terudites shown in Fig. 6. The general slope of the resistivity data
is in good agreement with the experimental data from 10-700 K. from the La filled skutterudite is in fair agreement with the model

calculation(solid squaresover the entire temperature range. The

These equations provide a crude model for the transpoi€e resistivity data below 200 K, however, are strongly affected by
data. The temperature dependence of the mobility providethe proximity of the Ce 4 level to the Fermi energy.
an estimate for. Since for most of the filled skutterudite

samples we investigated, the mobility, as determined from,g CeFgPy, (Ref. 12 and CeRyP,,, %27 the hybridization
our Hall measurements, increased with decreasing temperganyeen the Ce and the pnictide bands actually causes a

ture, a reasonable value foris —1/2 (scattering dominated gmg|| gap to develop and the resistivity increases to values
by acoustic phononsThe value of the Seebeck coefficient at oo 10000 cm at 10 K.

a temperature where there are very few intrinsic carriers pro- gncer m*. and, 7, have been determined for a particu-
vides a value for the Fermi enerdy;, sinceS only depends |5 carrier concentration, the carrier concentration can be
on E¢/kgT andr. We have estimated an energy gap of 0.4cpanged in the calculation to assess W varies withn.
+0.1eV for filed skutterudite antimonides from high- por moderate variations in, this makes it possible to deter-
temperature transport data on samples with low carriefine the optimum doping necessary to yield the maximum
concentrationd’ (Note that the transport data shown in Fig. value forZ T without having to synthesize a large number of

8 are for heavily doped samples that yield the largest valueg,mpies. Using this method it was determined that the alloys
for ZT. For these samples metallic behavior due to extrinsiGhown in Fig. 6 have close to the optimum doping of

doping is observed even at our highest measuring tempera 1?1 holes cni necessary to maximiz&T. The maxi-
ture of 800 K) Therefore the value db at room temperature mum value ofZT at a particular temperature can be esti-

should be dominated by extrinsic carriers and can be used Q5ted using the same calculation. At room temperature the
determine the Fermi energy. With the Fermi energy known,+imum value foZ T was found to be only 0.3. Using this

and using our Hall data to estimate the room-temperaturg,ehnd to extrapolate over large variations in carrier concen-
carrier concentration, the effective mass can be determlneg}aﬁon is risky, however, since the mobility amd* can

The measured value of the electrical resistivity at room tem'change significantly withn.

perature fixes,. Assuming that the extrinsic carrier concen- — tapje || shows a comparison between the electronic trans-
tration remains constarisaturation range the temperature 4 harameters of the filled and unfilled skutterudites. Al-
dependence of the Seebeck coefficient, the electrical res'St'Yhough the data shown in Table Il were taken in our labora-

ity, and the electronic contribution to the thermal conductiv-,[Ory the values given in the table are in good agreement with
ity then can be calculated using EJ®)—(4). The expres- '

sions as shown can be easily modified to include another
para.lbO“C band that accounts for the generation of Intrlr]SI?aIIine unfilled and filled skutterudite antimonides using data taken
carriers at temperatures comparable to the gap. in our laborator

The measured and calculated Seebeck and resistivity dath Y-
are compared |n_F|g§. 7 and 8 fpr the same two skutterudltgroperty Filled Unfilled
samples shown in Fig. 6. Considering that only the data at
room temperature are used in computing the curves, thEnergy gap from

TABLE Il. Comparison of the electronic properties of polycrys-

agreement between the model predictions and the measureénsport 0.4ev0.1 0.4ev0.1
data is quite good. The Seebeck data are well described tsxtrinsic carrier

the one band model from 10—700 K. The general slope of theoncentration 1P cm3 107 cm3
resistivity data for the La filled skutterudite is in fair agree- (Typical)

ment with the model over the entire temperature range. Fomobility 2-10cnfiVs 1070 crd/V s
the Ce compound, however, the resistivity data below 200 K296 K)

are strongly affected by the proximity of the CeE evel to0  Effective mass 8 0.05

the Fermi energy. In other filled skutterudite materials such




56 FILLED SKUTTERUDITE ANTIMONIDES: ELECTRON... 15087
250 ‘ T T T T T T 40 T T T T i i
. p(CeFe,Sb, ) -p(LaFe,Sb ) T S(CeFe,Sb, ) - S(LaFe,Sb, )
2000 T 30
T 150F -, . < 200 L -
4 > ] "
5 100r ~. . 10 -' . i
.
L
sof S, . or '.""'"-. ’
L]
-, bl ST
o i 1 1 1 l i _10 1 1 Il 1 1 L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
T(K) T(K)

FIG. 9. Resistivity of CeFgh, minus the resistivity of

FIG. 10. Seebeck coefficient of Cefsdy, minus the Seebeck
LaFeSh;, versus temperature.

coefficient of LaFgSh,, versus temperature.

recent measurements reported in the literat(fé&?8|t is dif- ~ with a 4f level close to the Fermi energy. Also note that near
ficult to assess the extent to which the rattler degrades thepom temperaturéand abovgthere is very little difference
electronic transport because of the large difference in carrigh behavior between the La and Ce compounds.
concentrations between the two materidé** cm~ for the The magnetic behavior of Cefs, and other isostruc-
filled versus 1&" cm 3 for the unfilled. The larger carrier tural rare-earth compounds has been reported
concentrations in the filled materials are due largely to thepreviously:*>?*The previous analyses of the data from the
lack of complete filling of the rare-earth site. A 1% change inCe compounds, however, did not take into account the mag-
rare-earth concentration results in a formal change of th@etic susceptibility due to the transition metals and the ef-
carrier concentration of about ¥ocm™3. Alloys that contain ~ fects of crystalline electric fields on the magnetic response of
1 Co per formula unit, such as |e;CoSh,, can have val- the Ce ion. To determine the approximate valence and cou-
ues ofy between about 0.9 and 0.7, depending on the exadlling among the Ce ions, susceptibility measurements were
synthesis conditions. This implies carrier concentrations irfmade on samples of haFe;CoSh, and CggFe;CoSh,

the range of (1-3%10°*cm 3, as is observed. With in- from 4-300 K. The susceptibility data from the La com-
creasing Co substitution the maximum filling of the rare-pound were paramagnetic and accurately describedy by
earth site decreases furtf®#but eventuallyn-type samples  =C/(T+ 6), with C=0.796 cni K/mol and ¢=120.5 K for

are obtained near Co substitutions of 2.5 per formula unittemperatures between 5 and 300 K. Within the local-moment
Band-structure calculatiofisindicate that if all of the rare- approximation the Curie constant corresponds to a magnetic

earth sites could be filled in a Laf@oSh, sample, better moment of about 0.3 per transition metal. The suscepti-
thermoelectric properties would result. bility of the La compound was treated as a correction and

was subtracted from that of the Ce compound. The remain-
ing susceptibility is presumably due to the magnetism asso-
ciated with Ce. The correction from the La compound is
As noted in the Introduction, one of the major reasons forabout 30—35 % from 50 to 300 K decreasing to about 10% at
the initial investigation of the filled skutterudites in our 5 K.
group was the unusual narrow-gap semiconductors such as The  corrected inverse  susceptibility —for the
CeFgP;,.*? Although the Ce does not seem to play a signifi- Ce.oF&CoSh, compound is shown in Fig. 11. The effects
cant role in the high-temperature thermoelectric properties off crystalline electric fields on the magnetic susceptibility of
these materials, it clearly effects the low-temperature propCe compounds are well knowiflin a cubic environment the
erties such as the electrical resistivitifig. 8. The com- J=3 Hund's rule ground state of the Ce ion, which has a
pound CeFgShy, is not an obvious semiconductor, and it hasdegeneracy of 6, is split into a doublet and a qualté,. as
been proposed that this compound may be a heavy Fermich first approximation, the magnetic interactions among the
metal! A rough idea of the effect of the Cef&lectrons on  C€" ions are ignored, the susceptibility is given by
the electrical transport in Cef%®b;, can be estimated by sub- _
tracting from the resistivity and Seebeck data of this com- X=[Creeion/ TIF(Tet/T), (8)
pound the resistivity and Seebeck data of LR, (In whereCyee o= Nap?1p?/3Kg, p=2.54, T, is the splitting
general, it is difficult to compare in detail the resistivity be- in K between the doublet and the quarte T/T, and
havior from two polycrystalline compounds. For these two
samples, however, the density and grain sizes were very F(x)=[5/21+(26/2)e
close, as were the resistivity values at room temperature x x
These data are shown in Figs. 9 and 10 and illustrate the +(3212)(1-e D J/(1+2e7). ©)
tendency of the Ce f4level to hybridize and form a gap at The best fit to the data was obtained with the assumption that
low temperatures. The peak in the thermopower at 50 K ighe doublet was lowest in energy and separated from the
typical both in location and magnitude for Ce compoundsquartet by 35650 K and the effective moment was 2.9

E. Effects of Ce on the transport and magnetic properties
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300 | 1 ‘ | The incoherent_rattl!ng. of the loosely bound rare-earth atoms

" in these materials is inferred from the large values of the

o50L €& oF €,CoSh, atet’ ADP parameter obtained in single-crystal structure refine-

P Experimental Data L ' ments. This rattling lowers the thermal conductivity at room

E 200 N Leegit . . temperature to values within two to three timeg;,. The
o .® ':. (e e estimated mean free path of the heat-carrying phonons at
g 150 - R th A room temperature is 0.75 nm which agrees well with the
= » Th 350 K nearest-neighbor separation of the rattlers, 0.8 nm. The tem-
S 100 o V 7 perature dependence of the thermal conductivity of these ma-
_." Calculated Susceptibility terials below room temperature is not glasslike but exhibits
50, - some remnants of crystalline behavior.

0 u | | | 1 | The electrical transport in the filled skutterudites is altered
0 50 100 150 200 250 300 by the presence of the rattlers. Relative to the analogous

T(K) unfilled compounds, the filled skutterudites exhibit larger ef-
fective masses and smaller mobilities. Good overall electri-
cal transport is maintained as indicated by the large values of

FIG. 11. Inverse magnetic susceptibility of GEe;CoSh, ver-  ZT at elevated temperatures. The high carrier concentrations
sus temperature. The susceptibility has been corrected for thim the filled skutterudites are due mostly to the fraction of the
transition-metal magnetism by subtracting the susceptibility ofrare-earth sites that remain empty in samples prepared using
Lay JFe;CoSh,. An ionic model that includes the effects of a cubic equilibrium synthesis methods. A simple semiconductor
crystalline electric field on the magnetic response of the*@en s transport model successfully reproduces most of the qualita-
also shown. A splitting of 350 K between the ground-state doubletjve features of the resistivity and Seebeck data from these
and the excited-state quartet was found to yield the best agreemep{aterials. By varying the extrinsic carrier concentration in
between the model and the experimental data. the filled skutterudites, this model yields a maximum value

L ) for ZT of 1.4 at 1000 K, and i ZT val f0.3 at
rather than the ionic value of 2.p4. The larger effective or © a and a fmaximum value o a

moment could either be due to polarization of conduction
electrons or to errors associated with correcting for th
transition-metal magnetism. At low temperatutbglow 15

K) the magnetism due to the Ce ions is dominant and th
susceptibility follows a Curie law with an effective moment
of 1.5ug. This is very close to the moment expected from
the doublet of 1.4z [at low-temperaturef (x) approaches

5/21]. Although the agreement between this model and th

experimental data is not perfect, it indicates that the Ce Vaéplits the J=5 Hund's rule state of the C& ion into a

lence is close to 83-3.] over the entire temperature range. ., ,nq state doublet and a quartet at an energy of 350 K. The

F\I/Ien W|thout.ar?y mofdehllng, the fadct that .th% Susclept'b'“tymagnetic susceptibility data suggest that the Ce valence is
ollows a Curie law of the expected magnitude at low eM-¢ose to 3 over the entire temperature range.

peratures indicates that the Ce valence is close t¢(CB8.
compounds that undergo significant valence fluctuations ex-

Above room temperature, there is very little difference in
&he electrical and thermal transport behavior between the La
and Ce filled compounds. The low-temperature resistivity
Yata from the Ce compounds are not accounted for by a
simple transport model, but are characteristic of the effects of
hybridization caused by the proximity of the Cé kevel to

the Fermi energy. An analysis of the magnetic susceptibility
@ata indicates the presence of a crystalline electric field that
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