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The heavy fermion compound Ce3Co4Sn;3 was studied in terms of its thermoelectric properties. To enhance
its figure of merit we milled the solid sample and then pressed to obtain a consistent granulated material. The main
properties, such as the Seebeck coefficient, thermal conductivity and electronic resistivity were measured at low
(< 300 K) temperatures for both, the solid and the granulated sample. Thermal conductivity was diminished and
the Seebeck coefficient was slightly enhanced, while the resistivity of produced material was increased. We explain
it by strong electron scattering on defects and grain boundaries present in the sample. The resulting figure of
merit ZT was found to be enhanced almost across the whole measured T region.
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1. Introduction

In recent years, there has been a significant interest
in the research of rare-earth based intermetallic com-
pounds since they are potentially good thermoelectric
materials. This type of compounds is often called heavy
fermion systems due to exhibition of strong electronic
correlations. The efficiency of a thermoelectric material
is usually characterized by dimensionless figure of merit
ZT = S*T/(kp), where S, k and p are the Seebeck coeffi-
cient (also referred to as thermopower), thermal conduc-
tivity and electrical resistivity, respectively. There are
several main features of heavy fermions that considerably
enhance their transport properties. Strong electronic cor-
relation leads to the formation of narrow band near the
Fermi level Fr with very high density of states N(FE) [1].
Since the Seebeck coefficient is proportional to the deriva-
tive dN(E)/dE at Ep, in heavy fermions it often reaches
values of 10-100 times greater than those in ordinary
metals [2]. While optimizing the ZT, it is desired to re-
duce the lattice thermal conductivity of a material. This
involves boosting the phonon scattering. In this mat-
ter, especially promising are cage compounds, mainly
clathrates and skutterudites. Filling these compounds
with foreign atoms (rare earths) can significantly depress
thermal conductivity due to “rattling” of host atoms in-
side the crystal lattice cages [3]. On the other hand, there
is a different approach aimed at lowering the thermal con-
ductivity. It involves preparation of material with fine-
grained structure by milling to a powder and then hot
pressing. Dense distributed grain boundaries provides
low phonon thermal conductivity. We report the S, p,
x measurements and resulting Z7T of Ce3CosSnys com-
pound which crystallizes in a skutterudite-like structure
and is reported to be a Kondo system [4]. Our aim is
to compare the thermal and electronic transport of solid
sample and its grained counterpart.

*corresponding author; e-mail: andrzej.slebarski@us.edu.pl

2. Experimental

Polycrystalline Ce3Co4Sn;3 sample has been prepared
by arc melting the constituent elements on a water cooled
copper hearth in a high-purity argon atmosphere with an
Al getter. The sample was remelted several times to pro-
mote homogeneity and annealed at 870°C for 12 days.
Almost no mass loss (< 0.2%) occurred during the melt-
ing and annealing process. Sample was carefully exam-
ined by X-ray diffraction analysis and found to be a single
phase with cubic structure (space group Pm3n). Part
of the sample has been milled mechanically with agate
mortar and pestle. Obtained powder has been charac-
terized by taking an image with Zeiss optical microscope
and grain size analysis using ImageJ software. Then, the
powdered sample has been pressed under the pressure
of 17 kbar. The almost identical stoichiometry of the
solid and granulated samples was confirmed by the mi-
croprobe technique. In both samples the deviations from
the nominal composition was less than 0.5%.

All of the following thermoelectric measurements have
been accomplished by a temperature gradient method
(S) and a four-contact method (x, p). The Physical
Property Measurement System (PPMS) platform was
used with Thermal Transport System (TTO) option.
The measurement was carried out in the temperature
range 5-300 K.

3. Results and discussion

Figure 1 shows the microscopic image of milled
Ce3Co4Sny3 powder. Black areas present the grains.
From image analysis the granules were found to be in
the range of ~ 0.1—20 um?. Theoretical studies [5] sug-
gest that thermoelectric properties of the Kondo systems
should be highly sensitive to size of grains in the nanos-
tructured material.

Our result of thermal conductivity measurement for
Ce3Co45n;3 solid sample presented in Fig. 2 is consistent
with reported earlier data in [6]. As expected, the mea-
sured values keyp are lower for pressed sample. The dif-
ference between keyp of solid and granulated sample is

(309)
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Fig. 1.

Microscope image of milled Ce3Co4Sn;3 pow-
der dispersed in silicon oil.
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Fig. 2. Thermal conductivity of Ce3CosSniz. Com-
parison of pressed and solid sample. Dashed and dotted
lines show estimated electronic contribution xe.

nearly constant (=~ 2 W K=! m™1) over the range 100
240 K. Near room temperature it begins to diminish and
in low temperatures it grows up and has a maximum
~ 3.5 WK !m™!at T =15K. In solid sample, the x(T)
curve has a sharp hump at 13 K, while in grained coun-
terpart this hump is highly flattened.
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Fig. 3. Low temperature thermal resistivity of

Ce3Co4Sny3 for granular and solid sample. Solid line
represents theoretical fit with expression W, = AT—&—%,
where A = 0.02 mW ™!, B =4.2 K>3mW ! for solid and
A =006 mW™, B = 37.2 K3mW~! for granulated

sample.

The thermal conductivity « of a metal consists of two
components: an electronic k. and lattice ;. The elec-
tronic contribution . is directly related to the electronic
conductivity of a material and it is described by the
Wiedemann—Franz law k. = LoT/p, where Lg is called
the Sommerfeld value of the Lorenz number and its em-
pirical value is m/3(kp/e)? = 2.44 x 1078 W Q K2 [7].
The k. contribution vs. T" obtained for the both samples
from the p(T") data is shown in Fig. 2.

The comparison of estimated xe and kKexp, indicates a
small contribution of electronic thermal conductivity in
the wide T-range. This conclusion is not valid at low
temperatures, since the Wiedemann-Franz law is then
not fulfilled [6].

Low temperature electronic thermal resistivity W, is
described by equation W, = AT + % [7], where A
and B are constants. The measured thermal resistivity
W = 1/Kexp fitted to the data and plotted for 7' < 10 K
in Fig. 3 is well fitted with W, (solid lines). The good
fits suggest that the electronic thermal conductivity dom-
inates within this temperature region.

In the paramagnetic region the resistivity p(T') ex-
hibits metallic conductivity p(T) = po + ppn + pi
(Matthienssen’s rule), where po is residual resistivity
and p; is an additional contribution to ppn which repre-
sents electron—phonon scattering. In Fig. 4 the electrical
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Fig. 4. Resistivity data for Ce3sCo4Snis granular and
solid sample. Inset shows resistivity difference Ap of the
respective samples.

resistivity p(T') exhibits metallic conductivity, well ap-
proximated by the Bloch—Griineisen—-Mott formula

T\* o dx 3
p(T)=po+4RT (6D> /(ew—1)(1—e—w) KT
(@p stands for the Debye temperature, R and K are
constants, and K712 describes interband scattering pro-
cess) [8] either for the solid or granular sample. Neglect-
ing the crystal field effect and the possible spin fluctu-
ations [4], the fits are good and give Op about 7 K
larger for the granulated sample than ©p of the solid
one, which signals significant contribution of defects in
the granulated sample. Assuming that pg is tempera-
ture independent, the different p(7') behaviour for the
granular Ce3Co4Snis can be related to the scattering
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of conduction electrons on grain boundaries and other
structural defects. The linear Ap vs. T dependence
displayed in the inset to Fig. 4 is characteristic of the
strongly disordered alloys [9].

In Fig. 5 thermoelectric power S(T) of the granular
sample is =~ 40% higher in relation to the solid one in the
temperature region 150-200 K. Moreover, the positive
values of S(T") suggest that the dominant charge carriers
are holes, as has been reported in [6].
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4. Conclusion

The granulation of heavy fermion cage type
CesCo4Snys has positively changed the ZT. The en-
hancement of resistivity is compensated by increase of
thermopower and reduction of thermal conductivity.
Improvement of thermoelectric properties was accom-
plished by impact of scattering processes on grain
boundaries and structural defects produced by milling
and pressing. We have also shown that the leading
contributions to the thermal conductivity have electrons
at low temperatures and phonons at high temperatures.
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Fig. 5. Thermopower for Ce3Co4Sniz granular and
solid sample. Inset show difference AS = Sg — S where
Sq is granular sample thermopower.
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Fig. 6. Thermoelectric figure of merit for both

Ce3Co4Sn13 samples.

Figure 6 shows temperature dependence of Z7T.
The aim of milling and pressing the sample was to en-
hance figure of merit and it was accomplished except
the small low-T" region.
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