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Thermoelectric properties such as resistivity (p), Seebeck coefficient (S) and thermal conductivity (K) of 
polycrystalline samples of late rare earth-doped (Ca1_xLnx)3Co20 6 with Ln = Ho, Dy, Tb at x = 0 - 0.05 are 
investigated in the temperature range from room temperature to 1300 K. The Seebeck coefficient at 
temperatures higher than 500 K increases with increasing Ho concentration. The thermal conductivity of the 
samples decreases with increasing temperature, particularly at the high Ho concentrations. High temperature 
thermoelectric figure-of-merit (Z) of the samples is thereby improved by the rare-earth substitution, 
particularly those of Ho3+ for Ca2

+. The magnetic properties of the samples are also investigated and 
discussed. 
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1. INTRODUCTION 

Thermoelectric devices have attracted much interest 
in terms of their potential application to clean energy
conversion systems. The conversion efficiency of a 
thermoelectric material is evaluated by the figure-of
merit Z = S2 I pK, where S is the See beck coefficient, p is 
the electrical resistivity, and K is the thermal 
conductivity. Oxides have thus been regarded as 
unsuitable for thermoelectric applications because of 
their high electrical resistivity resulting from poor 
mobility. However, the recent discovery of large 
thermopower coexisting with low electrical resistivity in 
NaxCo02 and Ca3Co40 9 has opened the way to the 
exploration of oxide thermoelectric materials [1-4]. The 
single crystal of these cobalt oxides exhibits good 
thermoelectric performance (ZT > 1 at 1000 K) [3], 
being competitive with conventional degenerate 
semiconductors such as BizTe3, PbTe. However, since 
these cobalt oxides decompose at around 1100 K, 
materials of greater stability are required for power 
generation from waste heat in higher temperature re
gions, such as 627-1773 K in the steel industry and 
473- 1223 Kin the ceramic industry. 

Recently, Ca3Co20 6 has intensively studied because 
of its interesting thermoelectric and magnetic properties 
[5-11]. This compound, which is stable in air up to 1300 
K, has one-dimensional structure with the Co-O chains 
consisting of alternating face-sharing octahedra 
(containing Col) and trigonal prisms (with Co2) along 
the hexagonal c-axis [5]. Recent researches on rare-earth 
containing cobalt perovskites, (Ca, R)Co03 (R = Gd, Tb, 
Dy, Ho ... ), revealed that the figure-of-merit is enhanced 
and showed the largest value for the Ho substitution [12]. 

In this report, we focus on the high-temperature 
thermoelectric and magnetic properties of the Ho-doped 
polycrystalline samples denoted as (Ca1_xHo~3Co206, in 
which the heavier Ho3+ ion substitutes for Ca +. 
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2. EXPERIMENTAL PROCEDURES 
(Ca1_xHox)3Co20 6 samples with x = 0, 0.01, 0.03 and 

0.05 were synthesized by solid-state reaction starting 
from CaC03 (99.99%), Co30 4 (99.95%) and Ho203 
(99.9%). These powders were mixed by rocking mill for 
6h and in an agate mortar with ethanol. The mixtures 
were pressed into pellets and calcined in air at 1223 K 
for 24 h. The calcined samples were ground into 
powders and sintered at 1273 K in air for 48 h. The 
sintered samples were re-ground, pelletized and re
sintered under the same conditions for 48 h. 

X-ray powder diffraction patterns were recorded on 
a diffractometer using CuKa radiation. The electrical 
resistivity was measured by the direct-current four-probe 
method from 300 K to 1300 K. The thermal conductivity 
of the samples was measured from 300 K to 1100 K by 
laser flash method. The magnetic susceptibility and 
magnetization curves were measured by a SQUID 
magneto meter with the fields up to 5 T. 
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Fig.l Powder X-ray diffraction patterns of the samples 
at room temperature. 
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3. RESULTS AND DISCUSSION 
3.1 Thermoelectric properties 

X-ray diffraction patterns of (Ca1 •• Ho,)3Co20 6 

samples with x = 0, 0.01, 0.03 and 0.05 are shown in Fig. 
1. These results and thermal analyses showed that they 
contain no impurity phases and are stable up to 1300 K. 
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Fig.2 Temperature dependence of the electrical 
resistivity of the samples. 

Fig. 2 shows the temperature dependence of the 
electrical resistivity for the samples. The p value 
decreases rapidly with increasing temperatures for all 
the samples in a temperature range of 300 to 1073 K. 
The relationship between logp and T 1 is linear in the 
lower temperature region, indicating a localized 
character of the carriers in the Co20 6 chains. It is 
reported that the transport character of Ca3Co20 6 is 
consistent with one-dimensional structure, with the 
metal-metal intrachain distance (2.595 A) much shorter 
compared to the interchain separation (5.24 A) [11]. It 
is clear that the p values of the Ho-doped samples 
increased with increasing Ho concentration, particularly 
in the low temperature range. However, it should be 
noted that the resistivity of the samples converged with 
increasing temperature and the value became almost the 
same at about 1000 °C. The increased resistivity can be 
explained by a decease in the hole concentration due to 
the substitution of Ho3+ for Ca2+ ions. 
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Fig.3 Thermal conductivity as a function of temperature 
of the samples. 

Temperature dependence of the thermal conductivity 
for the samples is shown in Fig. 3. The total K value of 
the Ho-doped samples decreased with increasing 
temperature and became remarkably low at the 
temperatures higher than 700 K. The contribution of the 
electronic component Kelec to the sum total Ktotal for the 
Ca3Co20 6 sample estimated by using the Wiedemann
Franz relation is very small [11]. It indicates that the 
major contribution to the K101a1 is the phonon term Kph· 

The decease in the thermal conductivity is, therefore, 
attributed to the reduction of lattice component due to 
incorporation of heavier Ho3+ ion compared to Ca2

+ ion. 
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Fig.4. Temperature dependence of the Seebeck 
coefficient of the samples measured upon heating. 

Fig. 4 shows the Seebeck coefficient as a function of 
temperature for the samples upon heating from 300 K to 
1300 K. The Seebeck coefficients showed a positive 
value in the measured temperature range, indicating that 
the major conduction carriers are holes. Whereas the 
Seebeck coefficient of the Ca3Co20 6 and the Ho-doped 
sample with x = 0.01 deceased rapidly with increasing 
temperature, S of the other samples decreases gradually 
to the S values higher than those of none-doped sample 
(> 98 j..tV.K'1). It can also be seen clearly that the 
Seebeck coefficients increased with increasing Ho 
concentration at the temperatures higher than 500 K. 
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Fig.5 The temperature dependence of the power factor 
for the samples. 

These results appear to be consistent with the decreases 
in the carrier concentrations. As discussed before, 
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however, the electrical resistivity of the samples was 
almost the same at about 1000 °C. These results suggest 
that there would be an enhancement of thermopower at 
high temperature. 

Accordingly, the power factor derived from the 
electrical resistivity and Seebeck coefficient data 
showed a marked increase at high temperatures with 
increasing Ho concentration. Fig. 5 is the power factor 
as a function of temperature for the samples. At about 
1058 K, the values of power factor are 1.37x10'5 2.05 
x10·2.39x10'5 and 2.82x10'5 W.m·1.K2 for the sa~ples 
with x = 0, 0.01, 0.03 and 0.05, respectively. 
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Fig.6 The figure-of-merit versus temperature of the 
samples 

Finally, we calculated the thermoelectric figure-of
merit for the samples. Fig. 6 shows the temperature 
dependence of figure-of-merit, Z. The value of Z 
increased with increasing temperature and shows its 
maximum, 0.2 x10·4

, 1.0 x10'4, 1.3 x104 and 1.4 x10'4 

K 1 for the samples with x = 0, 0.01, 0.03 and 0.05, 
respectively, at 1058 K. As a result of combining the 
decrease in the thermal conductivity and the increase in 
the power factor, the figure-of-merit was significantly 
enhanced at high temperature for the Ha-doped samples. 

3.2 Magnetic properties 
The temperature dependence of the magnetic 

susceptibility and inverse susceptibility of the samples 
are shown in Fig. 7. An anti-ferromagnetic (AF) peak 
can be observed at about Tcz - 10 K for the samples. 
This AF peak grew up with increasing Ho concentration, 
indicating the increase in the AF interaction between 
Co-O chains. 

The inverse magnetic susceptibility showed clearly a 
paramagnetic behavior at temperatures higher than 80 K. 
The plots are linear and well follow the Curie-Weiss law. 
By using the Curie-Weiss equation, the effective 
magnetic moment (.Ueu) was calculated from magnetic 
susceptibility data. The obtained results are listed in the 
table I. 

Table I: The effective magnetic moment (.Uert) of the 
I samples. 

(Cat-xHox)JCoz06 &r(.UB)_ 
x=O 5.03 
X= 0.01 5.37 
X= 0.03 5.78 
X= 0.05 6.03 

It is clear that the effective magnetic moment 
increased with increasing Ho concentration. These 
results suggest a mixture of high and low spin 
configuration due to the existence of two different 
crystallographic sites for cobalt in octahedral and 
trigonal prism. The values of 5.03 .UBand 5.37 .Ua for the 
samples with x = 0 and x = 0.01, respectively are rather 
in good agreement with the mixed states oflow spin Co11 

- 1 .ua and high spin Co111
- 4 .UB· For the samples with x 

= 0.03 and x = 0.05, the values .uerr are much higher than 
5 .UB, suggesting a more complicated spin configuration 
of Co 1 and Co2. 
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Fig. 7 The magnetic susceptibility and inverse 
susceptibility of the samples measured upon heating at 
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Fig.8 The magnetization curves measured at different 
temperatures of the non-doped sample. 

From the thermal magnetization curves, the 
temperature ranges can be divided to be assigned to 
different magnetic states: T > T eh T cz < T < T c1 and T < 
T cz. The whole picture of magnetic behavior can be 
observed from the magnetization as a function of 
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magnetic field measured at different temperatures 
(magnetization isotherms) through T et and T cz. Fig. 8 
shows the magnetization isotherms for the non-doped 
and a typical Ho-doped sample. 
For T >> Tct> in agreement with the paramagnetic state 
of the compounds, the magnetization is proportional to 
the applied magnetic field and the curves are linear (for 
example at T = 300 K). ForT cz < T < Tc~> the intrachain 
ferromagnetic and interchain antiferromagnetic coupling 
are set up. For non-doped sample the interchain AF 
coupling is still too weak to force the ferrimagnetic 
installation. As the field increases, one can see an 
induced magnetization plateau (for example at T = 10 K). 
Then beyond a critical field about 3.5 T, magnetization 
jumps more or less abruptly to reach its saturation, 
indicating a field-induced transition. The magnetization 
plateau can not be observed for the Ho-doped samples 
due to the increase in the interchain AF interaction. For 
T < T cz, the transitions remains abrupt but becomes 
irreversible as shown in the magnetization curves at 5 K. 

As a summary, detailed magnetic phase diagrams of 
non-doped and the Ho-doped samples are proposed in 
Fig. 9. Four domains can be distinguished, 
corresponding to the paramagnetic (PM), partial 
antiferromagnetic (P AF), ferrimagnetic (FR) and 
ferromagnetic (FM) states. Below 5 K, the samples show 
irreversible properties due to complicated magnetic 
substructures at very low temperatures. 
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Fig.9 Magnetic phase diagrams, PM, PAF, FR and FM 
are for paramagnetic, a partial antiferromagnetic, 
ferrimagnetic and ferromagnetic states. (a) and (b) are 
for non-doped and the Ho-doped samples, respectively. 

4. CONCLUSIONS 
High temperature thermoelectric properties of the 

(Cat-xHoxhCo20 6 polycrystalline samples with x = 0, 
0.01, 0.03 and 0.05 were investigated for the first time in 
detail from room temperature to 1300 K. At high 
temperatures, the figure-of-merit was improved 
remarkably by substitution of small amount of Ho3

+ for 
Ca2+ due to the decease in the thermal conductivity and 
the increase in the power factor. 

Higher Ho concentration resulted in an increase in 
the AF interaction between Co-O chains and the 
enhanced effective moment of the samples. The 
magnetic structures to explain an enhancement of the 
effective magnetic moment for the samples with x <!: 

0.03 need more evidences and further investigations. 
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