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We have prepared the skutterudite-related compounds FeCo3Sbi2 and Lag.75Fe3CoSbia with different average
grain sizes (about 0.8 and 3.9um) by hot pressing. Samples were characterized by XRD, EPMA and SEM. The lattice
thermal conductivity was investigated in the temperature range from room temperature to 200°C. Based on the Debye
model, we analyse the change in lattice thermal conductivity due to various phonon scattering mechanisms by examining
the relationship between the weighted phonon relaxation time 7(w/wp)? and the reduced phonon frequency w/wp. The
effect of grain boundary scattering to phonon is negligible within the range of grain sizes considered in this study. The
large reduction in lattice thermal conductivity of FeCo3zSb1a compound contributes to the electron—phonon scattering.
As for Lag.75Fe3CoSbia compound, the atoms of La filled into the large voids in the structure of the skutterudite
produce more significant electron-phonon scattering as well as more substitute of Fe at Co site at the same time.
Moreover, the point-defect scattering appears due to the difference between the atoms of La and the void. In addition,
the scattering by the rattling of the rare-earth atoms in the void is another major contribution to the reduced lattice
thermal conductivity. Introducing the coupling of the electron—phonon scattering with the point-defect scattering and
the scattering by the rattling of the rare-earth atom is an effective method to reduce the lattice thermal conductivity
of the skutterudite-related compounds by substitution of Fe for Co and the atoms of La filled in the large voids in the
skutterudite structure.
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1. Introduction

Skutterudite compounds M X3 with the cubic
structure (M=Co, Rh, Ir, Fe, Ru, X=P, As, Sb.)
have been shown to possess good thermoelectric prop-

[1-4] and have received considerable attention

erties
over the past several years because of their potential
as a prospective material for applications in thermo-
electric generators and refrigerators. Although binary
skutterudite compounds have good electrical trans-
port properties, their overall ZT (figure of merit) is
not high due to the relatively high thermal conduc-
tivity. Doping®~7 and alloying [ are very effec-
tive at reducing the thermal conductivity of this com-
pound. It is found by Sales et all'°13! that rare-
earth atoms such as La, Ce, etc may be inserted into

the voids of the crystal structure where they ‘rattle’

around their equilibrium positions. This rattling mo-
tion can efficiently scatter phonons and thus greatly
reduce the lattice thermal conductivity without de-
teriorating the electrical transport properties. Filled
skutterudite materials have ZT values as high as 1.0
within the temperature range from room temperature
to 700°C and are one family of materials possessing
the highest values of ZT.[14~16]

In order to investigate the essential mechanism
of the reduction in thermal conductivity of the
skutterudite-related compound and find what kinds
of phonon scattering mechanisms play an important
role in reducing the lattice thermal conductivity of
the skutterudite-related compound, we have prepared
the skutterudite-related compound FeCozSbis and

Lag.75Fe3CoSbys with different average grain sizes
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(about 0.8 and 3.9um) by hot pressing and investi-
gated the change of the lattice thermal conductiv-
ity. The phonon transport properties are compared
with the theoretical calculations based on the Debye
model, which was applied to Si;_,Ge, by Steigmeier
and Abeles,'” in order to obtain detailed informa-
tion about the phonon scattering mechanism in the

skutterudite-related compound.
2.Experimental procedures

High purity La shot (99.9%), Sb shot (99.998%),
Fe rod (99.9%), and Co shot (99.9%) were used as the
starting materials to prepare samples with two differ-
ent compositions (Table 1). In order to avoid reac-
tion between the rare-earth element and quartz tube,
a thin layer of carbon was deposited on the inside of a
round-bottomed quartz tube by the pyrolysis of ace-
tone. Then stoichiometric amounts of these materials
were loaded into the precarbonized quartz tube. The
quartz tube was sealed under vacuum at a pressure
of 1073 Pa and 2x10* Pa of ultrahigh purity argon,
and heated in a muffle furnace. The quartz tube was
heated to 600°C at a rate of 2°C/min, kept at 600°C
for 3h, slowly (1°C/min) heated to 1100°C and kept
for 24h, and then cooled to 1000°C and kept for 24h
and quenched into water. It was necessary to heat the
quartz tube slowly because of the highly exothermic
reaction between the rare-earth elements and Sb. Af-
ter quenching, the same quartz tube (containing the
pretreated ingot) was annealed at 700°C for 100h to
form the exact skutterudite phase. In order to form
a completely dense polycrystalline ingot, the reacted
material was ground with agate mortar, and then was
milled into different sized powders with a planetary at-
trition mill. The attrition mill was composed of agate
ball, a stainless steel central shaft with arms and an
agate container. The milled powders were loaded into
a graphite die for hot pressing. Hot pressing was con-
ducted under a pressure of 60MPa. All samples were
heated at a rate of 30°C/min and hot pressed for 1-2h
under vacuum at 600-650°C.

The phase constitutions of the samples were de-
termined by powder x-ray diffraction (Rigaku: RAD—
C, CuKa).

dite phase and microstructure of samples were deter-

Chemical composition of the skutteru-

mined using electron probe microanalyser (EPMA).
The fracture surfaces of samples were investigated
using scanning electron microscope (SEM), and the
transversal method was used to determine the aver-

age grain size of the samples. Measurements of the

Hall coefficient Ry and the electrical resistivity were
carried out in a temperature range from room tem-
perature to 500°C using the van der Pauw technique
in an argon atmosphere. The Hall carrier concentra-
tion n was determined from the Hall coefficient Ry
using n = 1/Rge relation, where e is the electron
charge. The measurement of Seebeck coefficient was
performed by applying a small temperature difference
(3°C) to the two ends of a specimen in a temperature
range from room temperature to 500°C in an argon at-
mosphere. The specific heat capacity was measured by
DSC in Ar flow. The thermal diffusivity was measured
by the AC calorimetry method in a temperature range
from room temperature to 200°C. The thermal con-
ductivity was calculated from the experimental val-
ues of thermal diffusivity, specific heat capacity and
density. Densities of samples were determined by the
Archimedes method.

3. Results and discussion

Figure 1 displays typical x-ray diffraction (XRD)
patterns of FeCo3zSbis and Lag 75Fe3CoSbys samples
after hot pressing. All the samples display peaks char-
acteristic of the skutterudite structure, from which
lattice constants can be determined. The lattice con-
stants of FeCozSb15 and Lag 75Fe3CoSbys samples are
0.906 and 0.910nm, respectively. The lattice param-
eters of these samples are larger than that of binary
CoSbs (0.9032nm [13]) due largely to Fe substitution
for Co and the atoms of La filled into the large void
in the structure of the skutterudite compound. For
FeCo3Sb1a, a slight amount of Sb and FeSb, was iden-
tified by XRD, which was also found in EPMA ob-
The results of EPMA show that all the

samples are homogeneous and their compositions are

servations.
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Fig.1. XRD patterns of FeCo3zSbis and
Lag.75FesCoSb12 samples.
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very close to the nominal ones. Average grain sizes of
the samples are listed in Table 1. Typical fractured
surfaces of FeCo3Sbis having different grain sizes of
about 0.8 and 3.9um are shown in Fig.2. The densi-

ties of the samples were determined to be more than
90% the theoretical values by using the Archimedes
method.

Fig.2. Typical fractured surfaces of FeCo3Sbi2 after hot pressing, showing different

grain sizes (a) 0.8um and (b) 3.9um.

Table 1. The grain size, Seebeck coefficient, carrier concentration and mo-

bility for FeCo3Sb1s and Lag, 75Fe3CoSb1a compounds at room temperature.

No Sample Grain size/um Seebeck coefficient/(uVK 1) Carrier concentration/cm™3 Mobility/(cm?V~1S~1)
1# (FeCosSb12) 0.8 51 1.3x1020 61
2# (FeCo3Sbia) 3.9 49 1.9x1020 36
3# (Lag.75Fe3CoSb12a) 0.8 70 3.0x1020 16
4# (Lag.75Fe3CoSbia) 3.9 93 5.0x1020 10

Table 1 lists the samples prepared in this study,
their grain sizes, Seebeck coefficients, carrier concen-
trations, and mobilities measured at room tempera-
ture. The thermal conductivity in the temperature
range from room temperature to 200°C was measured
for all the samples. The thermal conductivity can be
represented by the sum of an electronic component
and a lattice component as K = K + Kkg; the elec-
tronic component can be calculated according to the
Wiedemann—Franz law: . = LoT, where L is the
Lorenz number, o is the electrical conductivity, and
T is the absolute temperature. Assuming the Lorenz
number L to be L = 2.0 x 1078V2K~2 13| the elec-
tronic thermal conductivity k. is obtained, and the
lattice thermal conductivity x, can be estimated by
subtracting the electronic contribution from x. In the
case of a slight amount of porous in the samples, the
values of the lattice thermal conductivity should be
corrected for porosity.[1®19 Figure 3 shows the tem-
perature dependence of the lattice thermal conductiv-
ity for all the samples with different grain sizes, com-
pared with that of binary CoSbs.[2% From Fig.3, the
lattice thermal conductivity of all the samples is much
smaller than that of CoSbs. The substitution of Fe for

Co causes additional decrease in lattice thermal con-
ductivity, but its origin has not been determined.?1:22]
Additionally, in Lag 75Fe3CoSbys samples, we can see
further decrease in lattice thermal conductivity rel-
ative to FeCo3zSb;s samples. One reason for this is
attributed to high amount of Fe substitution at Co
site, and another reason is that the atoms of La fill in

the large voids in the structure of the skutterudite
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Fig.8. Temperature dependence of the lattice ther-
mal conductivity for FeCo3Sbis and Lag.75Fe3CoSb12
compounds with different grain sizes, compared with
that of CoSbs.[20]
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compounds and ‘rattle’ in these voids, thus enhancing
the scattering of phonons. From the results of thermal
conductivity, it is concluded that the lattice thermal
conductivity of these samples is almost independent
of the grain size, within the range of grain sizes con-
sidered in this study.

In order to discuss the scattering mechanisms
of phonons in the skutterudite-related compounds
FeCo3Sbi2 and Lag.75Fe3CoSbys, we performed theo-
retical calculations of the lattice thermal conductivity
using a theory of relaxation time of phonons based on

the Debye model,[?!

g _ kB (kB ° 7T ale” d (1)
97 a2y \ R 7-(e”” —1)2 *
0

where ¢ = hw/kgT, w is the phonon frequency, kg
is the Boltzmann constant, A = h/(27), h is Planck’s
constant, T is the absolute temperature, the sound
velocity v from Ref.[5] is 4.59 x 103ms™!, and 7 is
the phonon relaxation time. The model calculation
takes into account (a) three-phonon scattering, includ-
ing normal (N) and umklapp (U) processes, (b) point-
defect (alloy) scattering, (c) electron—phonon scat-
tering. In order to compare with the experimental
result of the lattice thermal conductivity, we intro-
duce the grain boundary scattering. In the absence
of calculative model about scattering of the rattling
of rare-earth atoms in the voids, the relaxation time
of phonons due to this mechanism was not calculated
for Lag.75Fe3CoSbio compound. Therefore, the total

relaxation time of phonons 7 can be given by
N TR S o e S )
where ™, Ty, TPD, TEP, and 7 are relaxation times for
N, U, point-defect, electron—phonon, and grain bound-
ary scatterings.
Assuming that the lattice thermal conductivity

of undoped CoSbs is dominated by normal (N) and

umklapp (U) processes, Ty can be given by [1%]
1 k k3 T3 2/3.,2
wt =il ) e e O
bo 4 \ 2m2v ) B392 M6

where by is a constant equal to 3.04 x 17s 3K 3,23
0 is the Debye temperature (§=307K for skutteru-

dite compound [23]), M is the total average mass for

1 Egm*‘r}v kT hw

1
1+ exp [<§m

2 — EF) JET + h?w? /8m*v?kT + hw/sz}

CoSbg, v is the Griineisen constant, assumed to be
1.23,23] and § is the atomic size determined by the
cubic root of the atomic volume, for skutterudite lat-
tice § = (a3/32)1/3.[7] This is similar to the form of my
used by White and Klemens 4 and Vining [?! for Si-
Ge systems, but includes the crystal complexity factor

n2/3.[23] 1y can be given by [17]

" =65, (4)

where f is the ratio of N to U, and is assumed to be
temperature-independent; we assume the value of
to be 2.75 for the skutterudite compound.!?!

First, we consider the point defect as a source of
extrinsic scattering in our compounds. The relaxation

time 7pp is given by [17]
T = (8T famo®)u?, (5)

where I' is the scattering parameter. For impurity
atoms on a single atomic site I' = Z fi(1—=M; /M, )?,
where M,, = Z fiM;. Here, f; is the fractional con-
centration of impurity atom 7, and M; is its mass.
In principle, one should also include the influence of
strain, but since the lattice constants of FeCo3zSbis
and Lag 75Fe3CoSbi5 compounds and undoped CoSbs
differ by only about 1%, the effect will be small com-
pared with the mass fluctuation. For a single type of
impurity atom with relative concentration «, the scat-
tering parameter reduces to I' = a(1—a)(AM/M,,)?,
where AM is the difference between the mass of the
impurity and that of the host. For a compound
U,V,W,, the composite scattering parameter I', de-

noted by I'(U,V,W,), is given by [2?]

u M, \>
—\|— ) I'(U
u+v+w<Mm) v)

v M,\>

_— ) (v

+u—|—v+w<Mm) V)

b () ), o

LUV, W,,) =

where M,,, = (uM,, +vM, + wMy,)/(u+ v + w).
Next, we consider the electron—phonon scatter-
ing. An estimate of the relaxation time 7gp due to

this process is given in Ref.[17] as (for T' = 0)

T, =
EP 4
4mh>d Zm*v2

1
1+exp [<§m*v2 - EF> JET + h?w? /8m*v2kT — hw/2kT}

(7
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where FE4 is the deformation potential, m* is the
density-of-states effective mass, d is the density, and
FEr is the Fermi energy.

Finally, we consider the relaxation time due to the
grain boundary scattering. The relaxation time 7g is
estimated as [24]

™' =1 (®)
where [ is the average grain size. We have determined
the grain size in our samples to be 0.8 and 3.9pm.

We determined the values of the electron effec-
tive mass, the deformation potential, and the reduced
Fermi energy based on the experimental data of See-
beck coefficient, carrier concentration, carrier mobil-
ity, density, and grain size (as shown in Table 1)
using a single parabolic band model with acoustic
phonon scattering which was found to be the predom-
inant carrier scattering mechanism at around room
temperature.l] Details about the calculations of these
parameters are presented in Refs.[5] and [7]. Then,

we can obtain the total relaxation time 7 based on

Eqgs.(2)—(8).
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Fig.4. Weighted phonon relaxation time 7(w/wp)? as
a function of reduced phonon frequency w/wp for (a)
FeCo3Sbiz and (b) Lag.75Fe3CoSb12, showing three-
phonon scattering, point-defect scattering, electron—
phonon scattering, grain boundary scattering, and

their combinations.

In order to determine which phonon scattering
mechanism contributes dominantly to the lattice ther-
mal conductivity, it is useful to examine the relation-
ship between the weighted phonon relaxation time
T(w/wp)? and the reduced phonon frequency w/wp.
This is plotted in Figs.4(a) and (b) for FeCo3Sbis
and Lag 75Fe3CoSbis based on the calculated results
of the total relaxation time, respectively. According
to Eq.(1), the values of the lattice thermal conduc-
tivity are proportional to the areas under the curves.
From Figs.4(a) and (b), the lattice thermal conduc-
tivities of the samples with different grain sizes are
almost the same, and they are consistent with the ex-
perimental results. It is seen that the point-defect
scattering cuts out the high-frequency phonons, while
the electron—phonon scattering reduces the mean free
path of the low-frequency phonons. However, since
the estimated relaxation time of phonons for the grain
boundary scattering is much larger than those for
the scattering process considered, the effect of grain
boundary scattering for phonons is negligible, as com-
As for the

FeCo3Sbis compound, Fe and Co have only 3% mass

pared with other scattering processes.

difference, so the contribution of the point-defect scat-
tering for the change of the lattice thermal conduc-
tivity is very small. So the large reduction in lat-
tice thermal conductivity can be attributed mainly to
the substitution of Fe for Co, resulting in the addi-
tion of electron—phonon scattering to the binary com-
pound CoSbs. For the Lag 75FesCoSbis compound,
the filling of La atoms into the large voids in the struc-
ture of the skutterudite compounds together with the
replacement of Co by Fe lead to a larger electron—
phonon scattering. Meanwhile, the point-defect scat-
tering is produced to lead to additional decrease in
lattice thermal conductivity due to the mass fluctua-
tion between the La atoms filled and the large voids
in the structure. The coupling of the electron—phonon
scattering with the point-defect scattering leads to
further decrease in lattice thermal conductivity for
Lag.75FesCoSbys compound. The model calculation
basically explains the observed large reduction in the
lattice thermal conductivity. For the La-filled skut-
terudite compounds, although the scattering mecha-
nism of the rattling of rare-earth atoms around their
equilibrium position is not included in the calcula-
tion, it is another major contribution to the reduc-
tion of lattice thermal conductivity. It is estimated
that this accounts for perhaps 70% of the thermal

resistivity.26] This scattering mechanism of phonons
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will cause more reduction in the lattice thermal con-
ductivity of the Lag 75 Fe3CoSb1 compound due to the
coupling of the electron—phonon scattering with the
point-defect scattering. Thus it is concluded that the
larger reduction in the lattice thermal conductivity for
the Lag 75Fe3CoSb;o compound can be attributed to
the coupling of the electron—phonon scattering with
the point-defect scattering and the scattering by the
rare-earth atom ‘rattling’ in the voids. In this study,
Fe is ferromagnetic, and the scattering from magnetic
ion should play some role in the reduction of the lattice
thermal conductivity. However, we have not consid-
ered the scattering from magnetic ions in this study.
More experimental information about this aspect is
necessary in order to carry out a more rigorous anal-

ysis.
4. Conclusions

We have prepared the skutterudite-related com-
pounds FeCo3Sbys and Lag 75Fe3CoSbio with differ-
ent grain sizes (0.8 and 3.9um) and investigated the
change of the lattice thermal conductivity. From our

theoretical analysis based on the Deybe model, the

grain boundary scattering is not significant, within the
range of grain sizes considered in this study; substitu-
tion of Fe for Co causes additional reduction in lattice
thermal conductivity due to producing a significant
electron—phonon scattering in FeCo3Sb;5 compound;
the coupling of electron—phonon scattering with point-
defect scattering leads to more decrease in lattice ther-
mal conductivity for Lag 75Fe3CoSbys compound due
to the substitution of more Fe at the Co site and
the filling of La atoms in the large voids in the skut-
terudite structure. In addition, the scattering of the
rattling of the rare-earth atoms in the voids is an-
other major contribution to the reduction of lattice
thermal conductivity. It is concluded that the cou-
pling of the electron—phonon scattering with the point-
defect scattering and the scattering due to the rattling
of the rare-earth atoms in the voids is an effective
method to reduce the lattice thermal conductivity of
the skutterudite-related compound by substituting Fe
for Co and filling the La atoms in the large voids in the
skutterudite structure. More information is needed,
especially for the investigation of the possible mag-

netic ion scattering, for a more rigorous analysis.
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