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Skutterudite Compounds
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(Received 7 May 2002, Accepted 30 August 2002)

Filled skutterudites have been actively studied as potentially uvseful thermoelectric
materials. SmT,P,, (T=Fe, Ru, Os) and La,Ce, T, P, (T=Ru, Os) (0< x < 0.2) with the
filled skutterudite-type structure have been prepared at high temperature and high
pressure. The structure of samples was characterized by powder X-ray diffraction. The
thermoelectric properties of these compounds have been investigated by means of
clectrical rtesistivity, Seebeck coefficient and thermal conductivity measurements.
SmPe,P;, and SmOs;P;, behaved metallic down to 5K, while SmRu,P;, shows
metal-insulation transition around 16K. SmFe,P|, showed significantly high values of
Seebeck coefficient (464 V/K), comparing to other metallic compounds at the temperature
600K. La,Ce; ,T,Py, (T=Ru, Os) (0 < x £ 0.2) showed semiconducting behavior, and the
power factor was optimized by doping 10% La in CeRu,P,

Keywords: Skutterudite compounds, Seebeck coefficient, Power factor, Thermal

conductivity.

1. INTRODUCTION

Thermoelectric effect in materials was discovered by
Thomas Seebeck in 1823, when he noticed that a
voltage drop occurs across a material with a
temperature  gradient . In 1950s doped
semiconductors like bismuth telluride, lead telluride
and bismuth-antimony alloys showed a much larger
thermoelectric (TE) effect than other materials. Binary
semiconductor  Bi;Te; showed the  greatest
thermoelectric effect at room temperature @, TE
devices are not popular due to low efficiency and high
cost. However, TE devices are used in specialized
applications in which reliability is more important than
economy . Such as high—density IC cooler of
computer, portable TE cooler, which can be powered
from car battery. NASA’s deep space probes use TE

*Department of Electrical and Electronic Engineering
**AIST Central 2, 1-1-1 Umezono, Tsukuba, Japan

133

generators as power sources ). Semiconductor
thermoelectric coolers offer several advantages over
conventional systems. They are entirely solid-state
devices, with no moving parts; this makes them rugged,
reliable, and quiet. They use no ozone-depleting
chlorofluorocarbons, potentially offering a more
environmentally responsible alternative to
conventional refrigeration. They can be exiremely
compact, compare to compressor-based systems.
However, their efficiency is lower than conventional
refrigerators. TE materials are of interest for the power
generation from exhaust and engine heat of cars and
waste heat from industries. The main drawback of TE
devices is their law efficiency. The efficiency of TE
device depends on TE material properties. The TE
performance of a material is given by a dimension-less
figure of merit ZT=S*T/kp, where S is the Seebeck
coefficient, T is the absolute temperature, p is electrical
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resistivity and x is the thermal -conductivity.
Thermoelectric  home  refrigerators would make
economically competitive with traditional compressor
-based refrigerators, if the value of ZT=3 of TE
material could be found @, At present the highest value
of ZT in the bulk material is 1.8, at the temperature of
650K 9,

Filled skutterudite compounds are derived from the
skutterudite crystal structure (space group Im3) and
can be represented by the general formula MTX,,
where “M” denotes one of the alkaline earth or rare
earth; “T” denotes Fe, Ru or Os; and “X” pnicogen
elements P, As, or Sb @O 1 the crystal structure of
filled skutterudite (Fig. 1)®, the M atoms are located at
{0, 0, 0) and (1/2, 1/2, 1/2) in the cubic structure, The
transition metals T which are located at {1/4, 1/4, 1/4),
are bounded by six “X” atoms as their nearest
neighbors in 2 form of slightly distorted octahedrons.
Filled skutterudite structure can be obtained by filling
M atoms into the case like voids in binary skutterudite
like CoAs;. Binary skufterudite compounds AX;
(A=Co, Rh, Pd} possess high hole mobility and large
Seebeck coefficient, but also have high thermal
conductivity (x), which can be expressed as the sum of
fattice and electronic thermal conductivities (K=K +1¢.).
High x is unfavorable for obtaining high ZT values.
Filled skutterudite compounds have much lower
thermal conductivity due to additional phonon
scattering by M atoms which rattle inside the large
cages, cause reduce the x| parts ) In fact, filled
skutterudites CeFesSby; and La(Fe,Co),Sb;, showed
high Z7T values (ZT>1) in the high temperatures 9.
Thermoelectric properties of some phosphide including
CeFe,P); have also been reported P, CeT,Py,
{T=Ru,0s) have showed high power factor in wide
range of temperatures "2 . These previous results of

Upper stage

Upper base

filled skutterudite compounds motivated us to further
investigate CeT,P), (T=Ru, Os) by La doping, in order
to optimize TE properties, because it is believed that
La dopant effect causes change in carrier concentration
and hybridization between conduction electron and
localized f electron. On the other hand, SmRwPy
shows ~semiconductor-like  behavior at low
temperatures ® %, 1t also motivated us to investigate
Sm based filled skutterudite phosphide as a
thermoelectric materials. In this paper we investigated
doping effect of La on CeT,Py, (T=Ru, Os). We also
studied thermoelectric properties of metallic filled
skutterudite compounds SmT,P); (T=Fe, Ru Os).
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Fig. 1. Crystal structure of filled skutterudite MT, X,
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Fig. 2. High temperature high pressure apparatus for sample preparation

134



Thermoelectric Properties of Sm and Ce Based Filled Skutterudite Compounds

2. EXPERIMENT

2.1 Synthesis

Filled Skutterudite compounds La,Ce;, TP},
{T=Ru, Os) (0 < x £ 0.2) and SmT,Py, (T=Fe, Ru, Os)
have synthesized by high pressure, high temperature
method, using a wedge-type cubic anvil high-pressure
apparatus "”. This apparatus has upper and lower
stages consisting of three cubic anvil in each stage,
slide on the wedges formed in the shallow V-shaped
grooves (Fig. 2). The movements of anvils are
completely synchronized by the wedge system. The
anvils are fabricated from tungsten carbide, having a
16x16mm® top-square face. Cubic pyrophyllite
(21x21%21 mm’) was used as a sample container. The
sample assembling technique to prepare skutterudite
phosphides is similar to that used for the synthesis of
black phosphorus ®.  Powders of high purity, Ce,Sm,
Fe, Ru, Os (99.9% respectively) and P (99.999%) were
used as starting materials. The starting materials were
mixed as stoichiomefric amounts and sealed in a
crucible, made of Boron-nitride (BN). The BN crucible,
which is fitted inside a graphite heater is placed into
the cubic pyrophyllite container. This pyrophyllite is
kept in the center of the anvils, and the pressure is
applied gradually. After the pressure reached about
4GPa, the temperature is increased to the desired value
(1000~1200°C) in about 30min. Temperature is held
for about 30 to 60 min. and then quenched to room
temperature.
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Fig.3. ¥-ray diffraction pattern of Sm0s,Pia
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Fig. 4. X-ray diffraction pattern of Lap, 1Ceq, a084P12

2.2 Characterization

The samples were characterized by powder X-ray
diffraction using CuKea, radiation and silicon as a
standard. X-ray diffraction patterns of SmQs,P), and
Lag CeqoOs4P; are shown in Fig. 3 and Fig. 4
respectively. Both samples are predominantly in the
filled skuiterudite phase with a negligible amount of
OsP, as a impurity phase. Lattice constants of some
skutterudite compounds are listed in table 1.

Thermocouples

AT,

b«

AT,

b4

AT;

AT (Temperature difference)

Fig. 5. Schematic diagram of Thermal conductivity measurement
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Fig. 6. Schematic diagram of Seebeck coefficient measurement

2.3 Resistivity Measurement

Resistivity was measured by using standard
four-prove direct current method over a temperature
range from 2 to 300K.

2.4 Thermal conductivity measurement

Thermal conductivity is measured using a steady state
comparative method in  room temperature.The
schematic diagram is shown in Fig. 5. In this method,
the unknown sample, whose thermal conductivity is to
be measured, is sandwiched between two reference
materials of known thermal conductivity. The
temperature gradients in the standards and unknown
samples are measured with applying constant heat flux.
The samples sizes are measured to calculate the
thermal conductivity, is given by equation (1)

o Hodg AT AT,
Hyd 2AT

Where k' W/mK is thermal conductivity, H mm is
the height and 4 mm? is the area of the unknown
sample, while x5 Hyand A4, are of reference samples.
ATy, AT;and AT; are temperature gradient between the
samples. 100 Q metal film resistor was used as a heater.
Heater currents were set at 0, 20, 40 and 60mA. The
temperature gradients were measured at a stable
temperature state of all the thermocouples. K type
thermocouples are connected with 2mm thick Cu block

(1)

136

(5%5mm?) to measure the temperature. Heat conductive
grease (k=9.6 mW/cmK ) was used to connect the Cu
plates and samples. Quartz glass (1=13.6 mW/cmK } of
dimension 5x5mm’, was used as a standard samples,
Chamber was vacuumed by turbo molecular pump at
1.4x10% Torr during the measurement, Thermal
resistivity of heat conductive grease, heat leak from
thermocouples and radiative losses are likely to cause
error. Error was found +5%, while measuring quartz
glass as an unknown sample. Re-measurement showed
less than 1% error. When the size of unknown sample
is very smaller than standard samples, values of
thermal resistivity appears less than actual values.
These errors and losses were estimated and corrected
for the data.

2.5 Seebeck coefficient measurement

Seebeck coefficient was measured by DC method.
When a temperature difference is applied between two
ends of the material, a voltage V, is produce. The
temperature difference AT can be measured by nieans
of thermocouples. The average thermoelectric power,
which is also called Seebeck coefficient S as a function
of average temperature difference AT is given by

S=Vy/AT

Schematic Seebeck  coefficient

diagram  of
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measurement is shown in Fig. 6. The sample was fixed
between the two stages with the support of heat
insulated sample holder. Temperature difference is
applied to the sample by the heater from the lower
block at the temperature gradient of 2 K. Two
thermocouple probes, which also push the two different
points of the sample, are used to measure the
temperature difference and thermoelectric power.
Measuring unit is surrounded by low pressure He gas.

3. RESULTS

The variation of elecirical resistivity with temperature
of the La,Ce; TP (T=Ru, Os) (0< x<0.2) is plotted
in Fig. 7 and Fig. 8. All these compounds show
semiconducting behavior. We reported that CeOs, Py,
shows low resistivity values, because of large carrier
mobility compare to CeRu,P, 12 14 dopant causes
decrease in resistivity with increase of La percentage in
CeRuyPyp. Resistivty of Lag;CeyoRuyPy, observed 10
times lower than CeRuyP), at room temperature and 16
times at 125 K. The shoulder has found in the
resistivity as a function of temperature in CeRuyPy; at
around 100 to 150 K and disappeared after La dopping.
However in case of CeOsyPy;, La doping effect in

electrical resistivity is negligible above 100 K.
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The Seebeck coefficient of La,Ce RuPp (0 x<
0.2) as a function of temperature is shown in Fig. 9.
High Seebeck coefficient (500 uV/K ) of CeRu,Py; has
been reported down to 200 K 2, In this study, Seebeck
coefficient was measured down to 100 K. I is invented
that, Seebeck coefficient of CeRu,P;» is positive down
to 140 K, which indicate hole conductor. However
below 140 K it changes to negative, which indicate
electron conductor. The maximum peak (437 pV/K )
was found at 180K. The variation of Seebeck
coefficient of La,Cey,084P, (0 x< 0.2) is plotted in
Fig. 10. CeOs P2 also shows high Seebeck coefficient
(140 uV/K ) over a wide temperature range with the
weak temperature dependence ¥. High Seebeck
coefficient was found above 450 K with 16% La
dopant. The power factors of La,Ce . T4P» (T=Ru, Os)
(0< x< 0.2) are shown in Fig.11 and Fig. 12. Power
factor values in CeRu,Py; increased with La dopant,
Lag1CepyRu, P2 shows high power factor value in the
order of 10 mW/K over a wide temperature range.
Variation of electrical resistivity and Seebeck
coefficient of SmT.Py, (T=Fe, Ru, Og) are plotted in
Fig. 13, Fig. 14 and Fig. 15. All Sm based compounds
show metallic behavior in contrast with the
semiconducting behavior of Ce based phosphide

fwogy] A3T1ATISTS9Y
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compounds. However, SmRusP» shows
metal-insulator transition at 16K, which is in
agreement with the previous report 2. High seebeck
coefficient value (82 pV/K) was observed at around 10
K in SmRuyP;; Seebeck coefficient of SmFe P, and
SmOs,P;; increase with temperature. Maximum
seebeck coefficient value (46 pV/K) was found at
around 700 K in SmFe,Pi, which is comparatively
high in the metallic compounds.

Thermal conductivity of Sm and Ce based compounds
at room temperature are listed in Table 1. The thermal
conductivities of some Ce based compounds at room
temperature are in agreement with the previeus study
101 The thermal conductivity of SmFesPy; SmRugP);
and SmOs4Py, is 75.5 mW/cmK, 63.7 mW/cmK and
58.54 mW/cmK respectively. The calculated
dimensionless thermoelectric figure of merit ZT values
for the CeRudP 5, CeOsP;, SmFey P2, SmRuyPy, and
SmOs,P), are relatively low at room temperature of
0.003, 0.02, 0.0006, 0.0001 and 0.001 respectively.
These low values can be attributed to their high
thermal conductivity. In order to increase their ZTs,
reduction in both electrical resistivity and thermal
conductivity should be carried cut. In metals, like Sm
based filled skutterudite compounds, the ratio of /o=

Table 1

constant (¢=1/p) and it is not possible fo
simultaneously reduce one value and increase the other,
In case of semiconductors, however doping process
increase in  conductivity and reduce thermal
conductivity due to phonon scattering in discrdered
compounds, which can achieve high ZTs materials. We
succeeded  to improve power factor by La doping into
the CeRu,P;,, which showed the possibilities of
increasing the values of ZT of these filled skutterudite
semiconductors. Measurements of thermal conductivity
for the La Ce,., T4P, (T=Ru, Os) (x= 0.1 and (.2) are
planned in the very near future.

4. SUMMARY

La,Ce ;TP (T=Ru, Os) (0< x< 0.2) and SmT,Py,
(T=Fe, Ru, Os) have been synthesized under high
pressure and their thermoelectric properties have been
measured. The room temperature properties of
La,Ce . TPz (T=Ry, Os) (0< x< 0.2) and SmT,Pp»
(T=Fe, Ru, Os) are listed in Table 1. La,CeT4P)2
(T=Ru, 08} (0< x< 0.2) are p-type semiconductors and
have good thermoelectric properties. Power factor was
optimized by 10% La doping in CeRu,P ;. Thermal

Room temperature properties of some Sm and Ce based filled skutterudite compounds.

Units CCRU4P. 12 Lao 1C30_9RU4P 12 LB-()QCGQ_SRU4P 12

Lattice constant A 8.0446 8.0478 8.0478
Electrical resistivity mlcm 71.9 7.7 12.2
Seebeck coefficient wV/K 256 214 204
Thermal conductivity mW/emK 107

ZT 0.003

Units CeOssPiy Ly CepoOsPry  LagoCeysOsiPrr

Lattice constant A 8.0700 8.0689 8.0708
Electrical resistivity mem 2.26 3.52 3.60
Seebeck coefficient uv/K 147 120 97
Thermal conductivity mW/ecmK 105

ZT 0.02

Units SmFe4P 12 SHJRU4P| 2 SmO S4P 17

Lattice constant A 7.7986 8.0395 8.0764
Electrical resistivity mQcm 1.9 52 1.8
Scebeck coefficient uV/K i8 i1 19
Thermal conductivity mW/ecmK.  75.5 63.7 58.54

ZT 0.0006 0.0001 0.001

Units CeFe,P1y CeFesSby, CeRu,Sby,

Lattice constant A 7.7917 9.1350 9.2657
Electrical resistivity mflem 20.5 0.75 0.31
Seebeck coefficient pv/K 58 59 31
Thermal conductivity mW/cmK 140 14 42

ZT $.0003 0.1 0.022
*ReE®  *xRefh
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conductivity decrease in the order of transition metal (5) W, Jeitschko and D. Braun: Acta Crystallogr. Sect.
Fe, Ru, Os in Ce based phosphides and vise vursa in B 33 (1977), pp 3401-3406
Ce based antimonides. SmT P, (T=Fe, Ru, Os) show (6) D.J. Braun and W. Jeitschko: J.Solid state Chem.
metallic behavior and posses high Seebeck coefficient 32 (1980), pp 357-363
at high temperatures. Thermal conductivity decreases (7) D.J. Braun and W. Jeitschko: J. Less-Common
in the order of transition metals Fe, Ru, Os. It can be Met. 70 (1980), 147-156
believed that, thermal conductivity of (filled {(8) C. Sekine, T. Uchiumi, 1. Shirotani and T. Yagi:
skutterudite compounds can be reduced by not only Phys. Rev. Lett. 79 (1997), pp 3218-3221.
selecting a good rattler but also selecting a proper (9) G. A. Slack and V. G.Tsoukala: . Appl. Phys. 76
fransition metal, which makes optimum size of atomic (1994)
cage for rattler. We found that, Os makes optimum size (10) A. Watcharapasorn, R. C. Demattei, R. S.
for phosphides and Fe for antimonides filled Feigelson, T. Caillat, A. Borshchevsky G. .
skutterudite compounds. Snyder and J-P. Fleurial: J. Appl. Phys. 86 (1999),
pp 6213-6217
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