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Skutterudites, such as CoSbs, are a promising class of thermoelectric materials, particularly when
the voids in the crystal structure are filled with guest atoms. We report a comprehensive study of the
effects of filling skutterudites with misch-metal (Mm), a rare-earth alloy having the naturally
occurring La, Ce, Pr, and Nd composition. Our power diffraction experiments show that Mm filling
causes a larger expansion and an unusual distortion of the CoSbs; lattice compared with
single-element-filled skutterudites. We probed the response of crystal lattice, electronic structure,
and carrier and phonon scattering mechanisms to Mm filling using neutron powder diffraction, Hall
effect, electrical resistivity, thermopower, and thermal conductivity measurements between 2 and
300 K on a series of Mm,Fe,_,Co,Sb,, samples. The thermoelectric properties of these Mm-filled
skutterudites in this low temperature range are comparable to those of pure Ce-filled skutterudites
despite the anomalous lattice expansion and distortion. We expect that these materials will have high
thermoelectric figures of merit at elevated temperatures. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2794716]

I. INTRODUCTION

Materials with the skutterudite structure exhibit a rich
spectrum of physical behavior. This includes superconductiv-
ity, heavy fermions, magnetic ordering, hybridization gaps,
non-Fermi-liquid behavior, quantum critical points, and
electron-crystal-phonon-glass behavior.' In addition, filled
skutterudites are technologically important because of their
potential advanced thermoelectric applications for power
generation.4 The intrinsic thermoelectric performance of a
material is characterized by its dimensionless figure of merit,
ZT=ST/ kp=S*T/[ (k. +«,)p], where T, S, K, K, K,, p are
the absolute temperature, thermopower, total thermal con-
ductivity, lattice thermal conductivity, electronic thermal
conductivity, and electrical resistivity, respectively. The en-
ergy conversion efficiency of a thermoelectric power genera-
tor and the coefficient of performance of a thermoelectric
cooler both increase with increasing Z7T of the thermoelectric
material. Therefore, a good thermoelectric material should
have low k, low p, and large S. The binary skutterudite com-
pound CoSb; crystallizes in an /m3 body-centered cubic
structure. It is a narrow gap semiconductor with large ther-
mopower and relatively low electrical resistance. Its thermal
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conductivity, however, is about 10 times higher than that of
the state-of-the-art material, Bi,Tes, near room temperature.
By filling the large interstitial voids at the 2a positions of the
skutterudite crystal structure with rare earths, alkaline earths,
or other guest atoms, the lattice thermal conductivity is dras-
tically depressed, leading to much improved thermoelectric
properties of filled skutterudites at temperatures between 600
and 800 K.'~ Void filling not only decreases the lattice ther-
mal conductivity, but also plays an important role in altering
the carrier concentration, carrier scattering mechanism, and
hence, the electronic properties of these materials. Further-
more, as the filling fraction increases, the skutterudite crystal
structure undergoes lattice expansion and distortion. Many
structural changes in skutterudites can be correlated with
physical properties, and are vital input for theoretical mod-
eling, such as the ab initio calculations.

Misch-metal (Mm) is an alloy of rare-earth elements in
their naturally occurring proportions. It is an intermediate
product in the preparation of all high-purity rare-earth ele-
ments. A typical Mm composition includes predominantly
Ce, La, Pr, and Nd. Most of the previous studies of filled
skutterudites have been carried out using only single-element
filling with a few exceptions;l’5 recently, filled skutterudite
samples were prepared using Mm,® but only room tempera-
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ture thermopower data were reported. The influence of Mm
filling on structural, electrical, and thermal transport proper-
ties of skutterudite CoSb; and their temperature dependences
has not yet be determined and therefore is the focus of this

paper.

Il. EXPERIMENTAL TECHNIQUES

Four polycrystalline Mm,Fe,_,Co,Sb;, samples were
synthesized from high-purity Fe, Co, and Sb. The Mm used
has 52.9, 23.5, 17.4, 6.0, 0.1, and 0.1 wt % of Ce, La, Nd,
Pr, Si, and Fe, respectively, as determined by electron probe
microanalysis (EPMA) and wet etching chemical analysis.
The samples in this study were made by a combination of arc
melting, induction melting, and annealing. Stoichiometric
amounts of Mm, Fe, and Co were arc melted in a Zr-gettered
argon arc furnace to form Mm-Fe-Co ingots. The ingots were
then loaded with the appropriate Sb amounts into boron ni-
tride crucibles and induction melted at approximately
1350 °C for 1 m under argon to form Mm,Fe, ,Co,Sb,.
The samples were crushed into powders and cold-pressed at
room temperature into pellets. The pellets were then an-
nealed at 700 °C for 1 week in sealed quartz tubes under
argon. Finally, all annealed samples were crushed into pow-
ders again and then hot-pressed at 600 °C and 400 MPa
under vacuum into high-density samples. X-ray powder dif-
fraction was performed on a Philips diffractometer using Cu
Ka radiation, and lattice parameters were refined using the
Rietveld method. Chemical compositions were determined
by EPMA averaged over 12 randomly selected locations.

Two additional 10 g samples were synthesized using the
same synthesis method (without hot pressing) for neutron
powder diffraction measurements which were carried out in
the temperature range from 10 to 300 K. X-ray powder dif-
fraction was also performed for these two samples on a
PANalytical X Pert Pro multipurpose diffractometer (MPD)
using Cu Ko radiation, and lattice parameters were refined
using the Rietveld method. Rietveld refinements were per-
formed using the EXPGUI graphical user interface’ for the
General Structure Analysis System (GSAS).® Data were col-
lected at the NIST Center for Neutron Research (NRCN) on
the BT-1 high-resolution powder diffractometer. The instru-
ment has 32 *He-filled detectors and was configured with a
Cu (311) monochromator using a take-off angle of 90°, re-
sulting in a wavelength of 1.5403 A. The powder samples
were contained in V cans that were placed in closed-cycle He
refrigerators with two temperature sensors, one to control the
temperature, and another one located at a different position
for comparison. Data were collected on both samples at 10,
50, 100, 150, 200, 250, and 300 K. The data were analyzed
using the Rietveld method using the neutron scattering
lengths reported by Sears’ for lanthanides, Fe, Co, and Sb.
The neutron scattering lengths for the Mm sites in both
samples were the weighted averages based on the results of
EMPA elemental analysis for the Ce, La, Nd, and Pr con-
tents. For the Mmy g,Fe; 51C0q 49Sb;1 99 and Mm ggFe,Sby; o6
samples the average neutron scattering length was calculated
to be 5.07 and 5.44 fm, respectively. Refined structural pa-
rameters including the unit cell length, atomic displacement
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FIG. 1. Backscattered electron (BSE) image of Mmy ssFe, 44C0; 56Sby; 06
focused near a secondary phase. The total amount of secondary phases is
estimated to be less than 1 vol %.

parameters, and positional parameter for Sb were deter-
mined, and site occupancy factors (sof) for the Mm site and
the Fe/Co site.

Electrical resistivity (p), thermopower (S), and thermal
conductivity (k) measurements were made in a Quantum De-
sign physical property measurement system (PPMS) between
2 and 300 K on 3X3 X 10 mm?® samples cut by a diamond
saw. These measurements were done in a four-probe configu-
ration using the continuous mode of PPMS. The accuracy of
our PPMS p, S, and « data are 15%, 5%, and 10%, respec-
tively. The Hall effect and electrical resistivity were mea-
sured using a Linear Research ac bridge with 16 Hz excita-
tion in a superconducting magnet cryostat capable of fields
up to 5 T on 0.5X 1.5X 5.5 mm? samples cut from the same
ingots. For Hall effect measurements, data were collected in
both positive and negative fields to eliminate any electrical
contact misalignment effects. The accuracy of p and carrier
concentration p data is estimated to be 5% and 10%, respec-
tively, in the cryostat measurements.

lll. RESULTS AND DISCUSSION
A. Chemical and structural properties

Our EPMA results show that all samples are close to
phase pure with the exception of trace amounts of Sb, FeSb,
and MmSb, (=1 vol %). The relative concentrations of rare
earths in Mm-filled samples are the same as those in the
starting Mm alloy. Figure 1 shows a backscattered electron
image of Mmyg 55Fe; 44C0; 56Sb;; 96 With the dark region be-
ing a secondary phase. Table I lists the nominal composition,
the actual composition, and room temperature lattice param-
eter of Mm,Fe,_,Co,Sb,, samples. The two samples labeled
with asterisks were made for neutron powder diffraction
only, and we did not measure their transport properties. The
nominal, or target, compositions were selected based on the
maximum Ce filling fractions in the CoSbs crystal lattice."”
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TABLE 1. Nominal composition, actual composition; and room temperature lattice parameter, total thermal conductivity «, thermopower S, electrical
resistivity r, and hole concentration p of Mm,Fe,_,Co,Sb,,. The uncertainties of various data are listed in the text. Samples labeled with asterisks were made

for neutron powder diffraction measurements only.

Room temperature

Nominal composition Actual composition lattice parameter (A) k (W/mK) S (uV/K) p () cm) p (10*" cm™)
My, Fe, sCo, sSby, Mmy ssFe; 440, 56Sby ;o6 9.104(5) 2.1 99 95 1.1

Mmg g,Fe;CoSb,, Mg 5Fe; 6,C0; 05Sby 1 o 9.114(3) 2.5 75 6.4 0.6

My o3Fe; sCop sSbya Mmg ,Fes 4:C00.57Sby 1 07 9.128(3) 25 81 52 1.8
MmFe,Sb,, Mmg ,FesSb o6 9.142(1) 2.8 72 43 3.6

Mmy g3Fe;3 sC0g 5Sb ™ Mmy g,Fe; 51C00.49Sby1.99 9.1294(2)

MmPFe,Sb,,* My gsFe,Sb 1 06 9.1433(2)

The actual Mm filling fractions (y) in all samples are less
than the corresponding nominal values due to Mm vapor
losses during arc melting and induction melting. In the case
of the two samples made for neutron diffraction, additional
Mm was added to the starting materials and resulted in larger
y values, closer to the nominal composition. Room tempera-
ture lattice parameters are plotted in Fig. 2 versus y. The
lattice parameter in CoSb; increases not only by increasing
rare-earth filling (y), but also replacing Co with Fe. The lat-
tice parameter difference between the two samples with y
=0.82 (but with different x values) can be accounted for,
within the acceptable standard errors, if we use the same rate
of lattice parameter increase as a function of increasing Fe
concentration observed for Col_xFebe3.” These results in-
dicate that Mm filling expands the skutterudite lattice more
rapidly than La and Ce filling does at the same filling frac-
tion. This is surprising because one would expect the lattice
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FIG. 2. Lattice parameter measured at room temperature vs Mm filling
fraction y for Mm,Fe, ,Co,Sb,,. Filled and unfilled squares represent data
determined by x-ray and neutron powder diffractions, respectively. Lattice
parameters of CoSb; and CeFe,Sb;, (unfilled circles) are also plotted for
comparison. The filled diamond represents data for LaFe,Sb,, (Ref. 12). The
dashed and solid lines represent the linear variation of lattice parameter for
Mm,Fe,_,Co,Sb, and for Ce Fe, Co,Sby,, respectively (Ref. 10). Inset:
lattice parameters refined from neutron power diffraction data as a function
of temperature between 10 and 300 K of Mmgg,Fe;5;C0g49Sby; 99 and
Mmy ggFe Sy 6.

parameters of Mm-filled skutterudites to be linear combina-
tions of those of Ce-, La-, Nd-, and Pr-filled skutterudites,
and not to exceed those of La-filled skutterudites (the
largest),12 with the same filling fractions. In addition, we
observe that the y coordinate of Sb in these Mm-filled skut-
terudites (see Table II) behaves differently than the general
trend suggested by Chakoumakos and Sales' for single-rare-
earth-filled skutterudites. The latter have nearly square Sb
rings (y+z=1/2) in the crystal structure near 100% filling
fraction, whereas the Mm-filled samples have slightly rect-
angular Sb rings (3% distortion). We do not know the exact
mechanism that causes the unusually large cell volume and
lattice distortion, but speculate that it arises from the addi-
tional lattice strain induced by the mixture of rare earths with
different sizes and bonding schemes with their neighboring
atoms.

The inset in Fig. 2 shows the temperature dependence of
the lattice parameter of Mmgg,Fe;5,Cog49Sbijg9 and
Mm ggFe,Sby, o6 between 10 and 300 K determined from
neutron diffraction data. The lattice parameters of these two
samples increase by 0.26% and 0.30%, respectively, upon
heating from 10 to 300 K, and the linear thermal expansion
coefficients at room temperature are 1.135X 107> K~!' and
1.135X 107 K~!, respectively. The crystal structure was
modeled using the cubic crystal system and space group Im3.
The starting coordinates and lattice parameter for modeling
the crystal structure were taken from Kaiser et al. 14 Twenty-
six and 25 variables were used to fit the neutron powder
diffraction data for the two samples, respectively. A shifted
Chebyshev polynomial with 12 terms was used to fit the
background, four profile parameters were used to fit the peak

TABLE II. Crystal structure refinement data of neutron powder diffraction
for Mmg g,Fes 51C0g 495b;1.99 and Mmy ggFe,Sby, o6 at 300 K, based on the
skutterudite crystal structure, space group Im3, with Mm, Fe/Co, and Sb
occupying the 2a 0, 0, 0; 8¢ 1/4, 1/4, 1/4; and 24g 0, y,z sites, respectively.

Sample Mmy g,Fe; 51C0g495by 199 Mmy g3Fe,Sby 6
Lattice parameter (A) 9.1294(2) 9.1433(2)
Uy, (Mm) (A2) 0.021(1) 0.023(1)
Ui, (Fe/Co) (A?) 0.0067(2) 0.0056(2)
U, (Sb) (A% 0.0078(2) 0.0072(2)

y (Sb) 0.3357(2) 0.3362(2)

7 (Sb) 0.1599(1) 0.1603(2)
Variable 26 25

X 1.127 1.331
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FIG. 3. Isotropic atomic displacement parameter of Mm, Fe/Co, and Sb sites
vs temperature between 10 and 300 K for Mmyg,Fe;5;C0p49Sby; g9 and
Mmg gsFe4Sby5 6.

shape, and a 26 zero offset and a scaling factor were in-
cluded for a total of 18 variables for each case. Atomic vari-
ables include the lattice parameter, the y and z atomic coor-
dinates for the Sb atom, and the isotropic atomic
displacement parameters (ADP) for the three sites, and the
site occupancy factor for the Mm site. The additional vari-
able for Mmg,Fe; 51C0og49Sb11 99 Was the site occupancy
factor of the Fe/Co site. In this site the total occupancy was
constrained to 100% with 12.25% Co and 87.75% Fe, and
the atomic displacement parameters were constrained to be
equal. For both samples the refined amount of Mm was
higher than that determined from the EMPA analysis,
ie., MmgygFe Sb;, compared to  MmgggFe Sbys g6
and Mm goFe; 56C0g 445b15 compared to
Mm g,Fes 51C0o( 49Sb11 99. This suggests that the average
scattering factors are slightly different than those used and
could have an effect on the results of the refined ADPs since
it is highly correlated with the sof. The neutron power dif-
fraction structure refinement results are listed in Table II.
The isotropic atomic displacement parameters U, for
various sites, also determined by neutron powder diffraction,
are plotted in Fig. 3 as a function of temperature between 10
and 300 K. U, represents the mean square displacement
amplitude of an atom averaged over all directions. The
temperature-independent part of U, is attributed to static
disorder, whereas the temperature-dependent part arises from
dynamic disorder—yvibration of an atom around its equilib-
rium position.15 For both samples in Fig. 3, the Mm sites
have much larger Uy, than the Fe/Co and Sb sites. If we
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assume that the rare-earth atoms on the Mm sites rattle as
quantized Einstein oscillators, U,y, can be written as

_ ﬁ ﬁ(x)o
U= —coth , (1)
2may 2kgT

where 7 is the reduced Planck constant, m the atomic mass,
wy the resonant frequency, and kp the Boltzmann constant. At
high temperatures where fiwy < 2kpT, Eq. (1) can be simpli-
fied as U;,,=kpT/ mwé. From the linear slopes of U, versus
T between 150 and 300 K in Fig. 3, we can estimate values
of w,, which represents the average frequency at which vari-
ous rare-earth atoms rattle inside their interstitial voids (the
Mm sites). The average Einstein temperature is then deter-
mined by 6Y°=fiwy/kg, and it is 725 K for
Mmy g,Fe; 51C09.49Sby1.99 and 70.5 K for Mmy ggFe,Sby; g6
The Einstein temperatures for La-, Ce-, Eu-, and Yb-filled
skutterudites are 80 K (from inelastic neutron scattering), 78
K (from neutron powder diffraction), 83 K (from inelastic
nuclear scattering), and 65 K (from neutron powder diffrac-
tion), respectively.m_18 These results suggest that the average
frequency at which rare-earth atoms rattle on the Mm sites of
these Mm-filled skutterudites is comparable to those rattling
frequencies observed individually for Ce, La, and Yb. This
further implies that using multiple rare-earth fillers in an ef-
fort to scatter a broader range of lattice phonons and thereby
achieve lower lattice thermal conductivity is ineffective. The
low temperature intercepts of U, with the vertical axis in
Fig. 3 represent a combination of zero-point vibration and
static disorder at the corresponding crystallographic sites.
The zero-point vibration is inversely proportional to the mass
of the atom, so we would expect that contribution to be
Mm < Sb <Fe/Co. This implies that there is some positional
disorder associated with the Sb site and more so with the
filling atom site. According to the data shown in Fig. 3, the
static disorder at Fe/Co sites is almost identical for
Mmy g,Fe; 51C040Sby1.99 and Mmy ggFe,Sbyp 6. This is be-
cause the mass and size differences between Fe and Co are
small (5% and 10%, respectively), and therefore replacing
Co with Fe leads to negligible lattice static disorder. A larger
amount of static disorder on the Mm sites is observed for
Mmy) g,Fe; 5,Cog 49Sby; 99. The ratios of the low temperature
Ui, intercepts on the Mm sites for the two samples are
roughly proportional to their corresponding y(1—y) values,
validating that the static lattice disorder on the Mm sites
arises between Mm, and [;_, where [ represents a crystal-
lographic void.'*"?

B. Electrical resistivity, thermopower, and carrier
concentration

The electrical resistivity and thermopower for the first
four samples listed in Table I are plotted in Figs. 4 and 5 as
a function of temperature between 2 and 300 K. Except for
Mmy ssFe; 44C0o; 56Sb o6 at low temperatures (7<150 K),
p increases monotonically as 7 increases for all samples.
Room temperature p values are all less than 1 m{) cm, and S
values are between 77 and 100 wV/K. These values of p
and § are indicative of heavily doped semiconductors and are
comparable to those found in single-element-filled
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FIG. 4. Electrical resistivity vs temperature between 2 and 300 K for
Mm,Fe,_,Co,Sb,.

skutterudites.'™ The carrier concentrations p are plotted in
Fig. 6(a) between 2 and 300 K, showing that these samples
are all p-type and that the hole concentrations are between
3% 10% and 3 10*' ¢cm™. The hole mobilities in the same
temperature range are shown in Fig. 6(b). The uy« T2
behavior expected from hole-acoustic phonon scattering is
illustrated in Fig. 6(b) by a solid line near room temperature.
The data shown in Fig. 6(b) imply that holes are less likely to
be scattered by only one mechanism. If we assume a mixed
ionized impurity and acoustic phonon scattering for holes
near room temperature, for a single parabolic band, S and p
are given by

120 T T T T T T
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v MmggsFe, 9,C0, 068b, 1 o gD o
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FIG. 5. Thermopower vs temperature between 2 and 300 K for
Mm,Fe,_,Co,Sb,.
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FIG. 6. (a) Hole concentration and (b) hole mobility vs temperature between
2 and 300 K for Mm,Fe,_,Co,Sb,,.

S

_ k;;( 2+nF,(n) 77)’ @

(L+7)F,(n)

2| m'kyT |??
P=\/;{mﬁf} Fip(n), (3)

where r is the exponent of the energy dependence of the hole
mean-free-path, m" the hole effective mass, e the electron
charge, p=Ep/kgT the reduced Fermi energy, Ey the Fermi
energy, and F, the Fermi integral of order x. For holes scat-
tered by ionized impurities and acoustic phonons, r=2 and 0,
respectively. We use the intermediate value r=1 for mixed
scattering.20 Room temperature S and p data yield m" be-
tween 1.3m, and 4.5m,, where m, is the free electron mass.
These effective mass values are much larger than that re-
ported for near the top of the CoSb; valence band
(0.175m,).*" This indicates that CoSb; valence band curva-
ture changes significantly from the top toward deep into the
band. Because of these heavy hole masses, the heavily doped
p-type skutterudites sustain relative large power factor
(82/p) values. Similar results have been reported in Ce-filled
and other filled skutterudites."'*** Recently, spin-fluctuation
scattering has been proposed to be a possible carrier scatter-
ing mechanism in filled skutterudites.”>** Because of the low
spin-fluctuation temperatures ~50 K,>? we do not expect
it to be significant near room temperature. The room tem-
perature power factor versus hole concentration is shown in

e
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Fig. 7, and some Ce- and La-filled skutterudite data are in-
cluded for comparison. The Mm-, Ce-, and La-filled skut-
terudites have comparable power factor values near p=1
X 102! em™,

C. Thermal conductivity

Thermal conductivity of the four samples between 2 and
300 K is plotted in Fig. 8. The thermal conductivity of these
Mm-filled skutterudites is significantly lower than that of
their binary parent compounds CoSb; over the entire tem-
perature range.21 The estimated room temperature lattice
thermal conductivities of these samples using the
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FIG. 8. Thermal conductivity vs temperature between 2 and 300 K for
Mm,Fe,_,Co,Sby,.
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y

FIG. 9. Room temperature lattice thermal resistivity of Ce,Fe,_,Co,Sbj,
(Ref. 10) (filled circles), LaFe,Sb;, (unfilled square) (Ref. 2), and
Mm,Fe,_,Co,Sb;, (unfilled circles) vs y. Solid line represents the calculated
thermal resistivity based on solid solution formation of fully filled and un-
filled sublattices (Ref. 10).

Wiedemann-Franz law are between 1.0 and 1.3 W/m K, com-
parable to those reported for Ce- and La-filled
skutterudites.'” These low lattice thermal conductivity val-
ues are attributed to the rattling rare-earth atoms on the Mm
sites, as evidenced by their large atomic displacement param-
eters, that interact with heat carrying lattice phonons, consis-
tent with the large body of literature already developed on
filled skutterudites. Figure 9 shows the room temperature
lattice thermal resistivity of CeyFe4_xCobe12,10 LaFe4Sb12,2
and Mm,Fe,_,Co,Sb, versus y. Data for Mm,Fe,_,Co,Sb;,
are not bnly comparable to those of Ce Fe,_.Co,Sby,, but
also follow the trend predicted by the model of Callaway and
von Baeyer.m This substantiates that the lattice thermal con-
ductivity of filled skutterudites is also strongly influenced by
the static disorder of the occupied and unoccupied voids.

IV. SUMMARY AND CONCLUSIONS

We have studied the effect of Mm filling on the intersti-
tial voids of skutterudites by measuring x-ray and neutron
powder diffraction, electrical resistivity, thermopower, Hall
effect, and thermal conductivity of a series of
Mm,Fe,_,Co,Sb;, samples between 2 and 300 K. Mm filling
causes larger expansion and unusual distortion of the CoSbs
lattice compared with single-element-filled skutterudites.
Our data reveal that rare-earth atoms on the Mm sites have
larger atomic displacement parameters with much stronger
temperature dependence than Fe/Co and Sb sites. Mm filling
gives rise to both static and dynamic disorder at Mm sites of
the crystal structure. While the filled and the unfilled voids
give rise to static disorder, dynamic disorder is attributed to
thermally induced rattling of rare-earth atoms around their
equilibrium positions. The average rattling frequency of rare-
earth atoms at Mm sites are comparable to those found in
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single-rare-earth filled skutterudites. The electrical resistiv-
ity, thermopower, and thermal conductivity of Mm-filled
skutterudites are similar to those Ce-filled skutterudites with
comparable compositions, but do not reflect the unusual lat-
tice distortion seen in the diffraction/structural results. The
interaction between rattling rare-earth atoms with heat carry-
ing lattice phonons results in low thermal conductivity, and

high effective band masses lead to large power factors,
which are reminiscent of Ce-filled skutterudites.
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