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Abstract

Thermoelectric (TE) properties such as resistivity (p), Seebeck coefficient (S), and thermal
conductivity (k) of Cas_3,Ces Mn;0;g (0 < x < 0.03) polycrystalline samples were mea-
sured from room temperature to 1000 K. p shows an obvious decrease with the increment of
Ce content. The hopping conduction mechanism is used to explain the conduction behavior
of these samples. The negative S values indicate that these materials are n-type. The sample of
x = 0.03 has the largest power factor, 0.52 x 10~ Wm ™' K™% at 1000 K. The value of « and
the dimensionless figure of merit of this sample is 1.51 Wm ™' K" and 0.034 at 1000 K,
respectively. © 2002 Elsevier Science Ltd. All rights reserved.

Keywords: A. Oxides; B. Chemical synthesis; C. X-ray diffraction; D. Electric properties; D. Thermal
conductivity

1. Introduction

As a power generation system without moving parts and without inducing any
pollution, the thermoelectric (TE) generation system has long been studied for several
decades and has again attracted interest recently for the ecological environmental
needs. The figure of merit, Z = $?¢/x, is a primary criterion for evaluating the
performance of the TE materials constituting the devices, where S, ¢, and k is the
Seebeck coefficient, electrical conductivity, and thermal conductivity, respectively.
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Practical applications generally require ZT > 1 (7, absolute temperature). TE semi-
conductors, such as PbTe, Bi,Tes, can satisfy the above demand, but they are easily
decomposed or oxidized at high temperature in air. Therefore, practical utilization of
these materials as a power generator has been limited. With respect to high-
temperature operation in air, the advantages of metal oxides are very obvious for
their excellent stability to heat. However, the previous guiding principles indicated
that the metal oxides are not suitable for TE applications due to their low mobilities.
Recently, Terasaki et al. have reported on a new TE oxide material, which breaks the
previous guiding principles [1]. In their work, NaCo,0, is suggested as a potential
p-type TE material with a large thermopower 100 uV K~' and a low resistivity
0.2 mQ cm at 300 K. After that, a series of work on the cobalt oxides have been
published [2-11]. Among these works, Funahashi et al. have reported that (Ca, Bi,
Sr)-Co-O whiskers have a ZT value over 1.2 at T > 873 K in air [4]. This result
indicates that the cobalt oxides as p-type TE materials can meet the requirement
ZT > 1 and at the same time have quite good high-temperature stability. Therefore,
these materials are potentially useful for TE generator applications.

As another indispensable part of TE conversion device, n-type oxide TE materials
have been investigated extensively. Many oxide materials have been studied as n-type
candidates, such as In,Os-based oxides [12], (CagoMg 1 )MnO5; (M =Y, La, Ce, Sm,
In, Sn, Sb, Pb, Bi) [13,14], (Zn,_,Al)O [15-17], Y,0;3 [18], Nd,_,Ce,CuO, [19],
(Zn0),,In,0O5 [20-22], Sr,_,La,PbO; [23], Ba,_,Sr,PbO; [24], etc. However, up to
date, no n-type oxide material with TE performance comparable to that of the cobalt
oxides has been found. Hence, further investigations are still needed to find a potential
n-type oxide TE material.

Since Hicks and Dresselhaus have predicted that ZT for a superlattice system
should be substantially enhanced relative to the corresponding bulk materials [25,26],
considerable attention have been focused on the low-dimensional systems. Recently,
Venkatasubramanian et al. have reported superlattice TE thin films that demonstrate a
significantenhancementin ZTat 300 K, compared to state-of-the-art bulk Bi,Te; alloys
[27]. It, therefore, becomes very interesting to study the TE performance of layered
compounds. Recently, Fisher etal. have reported a systematic study on the thermopower
of La-dopedCa,, , {Mn,,03,,, ; (n = 1,2,and 00) [28], and claimed that these compounds
are n-type materials and their absolute values of thermopower are quite large. However,
to our knowledge, no one has reported a systematic TE investigation of these so-called
Ruddlesden—Popper (RP) compounds Ca,, ; {Mn,,03,,,; (n = 1,2, 3, and 00), except for
Ohtaki et al., who reported a maximum ZT value of 0.16 at 900°C for CaMn 9Ing ;05
(n = o0) [14]. In this work, we have focused on the n = 3 member due to its relatively
low p, and studied its high temperature TE performance.

2. Experimental

Polycrystalline samples Ca,_3,Ce3z Mn3O0 o (x = 0,0.01,0.015,0.02,0.03,and 0.04)
were prepared by solid-state reaction method. After the well-ground stoichiomatric
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mixtures of CaCO;, CeO,, and Mn,O; powders had been prepared, a relatively low-
temperature heating sequence were carried out, heated at 800°C for 24 h, 1000°C for
30 h, and 1200°C for 48 h in air with intermediate grindings. And then, the final
heating was carried out at 1310°C for 48 h in air for all the samples.

X-ray diffraction (XRD) patterns of the powder samples were obtained on a
RIGAKU diffractometer with Cu Ko radiation to examine the sample purities. The
high-pure silicon powder was mixed with the sample powder as an internal standard to
calibrate the system errors. The samples for electrical measurement were cut out from
the sintered pellets as rectangular bars. Two Pt wires were tightly bound around the
bars and pasted by Pt conductive paste. Pt/Pt—Rh thermocouples were attached on
both end surfaces of the sample by Pt paste. The temperature dependence of p was
measured using a standard four probe method by taking each Pt leg of thermocouples
as current leads and two Pt wires as voltage leads. The thermoelectromotive force
(AV) and temperature difference (AT) of both ends of sample were measured and S
was obtained by AV/AT. The thermal conductivity x was determined from the thermal
diffusivity and the specific heat capacity, which was measured by the laser flash
technique on a RIGAKU thermal constant measurement system. The experiment
detail and the laser flash technique were described in [29]. The measurements were
carried out for sample disks approximately 10 mm in diameter and 1-2 mm in
thickness from room temperature to 1000 K in vacuo. The bulk density of the sintered
sample was measured by Archimedes’ method.

3. Results and discussions

Fig. 1 shows the XRD patterns of Cas_5,Ce3 Mn3O0;o (x = 0, 0.01, 0.015, 0.02,
0.03, and 0.04). Except for the sample of x = 0.04 with a small amount of impurity
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Fig. 1. XRD patterns of Cay_3,Ce;,Mn30;¢ (x = 0, 0.01, 0.015, 0.02, 0.03, and 0.04). Impurity phase
is pointed out by the asterisk.
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Table 1
Bulk density, relative density, electrical resistivity at room temperature (prr), lattice parameter, and
cell volume for Cay_3,Ce;,Mn3;0;¢ (x = 0, 0.01, 0.015, 0.02, 0.03)

x value  Bulk density Relative prr  Lattice parameter Cell volume
(gem™) density (%) - - - (A%
a (A) b (A) c (A)

0 3.326 84 585 5.2646(6) 5.2630(4) 26.8286(4) 743.42(3)
0.01 2.891 69 86 5.2641(7) 5.2630(5) 26.8294(5) 743.28(2)
0.015 2.785 65 62 5.2620(10) 5.2659(7) 26.8112(7) 742.9(2)
0.02 2.682 63 50 5.2620(8) 5.2672(6)  26.8096(5) 743.03(7)
0.03 2.843 65 40 5.2615(20) 5.2697(15) 26.7918(15) 742.6(2)

marked by asterisks, all the peaks can be indexed as the RP phase with orthorhombic
symmetry. The cell parameters were refined from the XRD data by a least-square
method, as shown in Table 1. For the undoped sample, we obtained that,
a=5.2646(6) A, b=152630(4) A, c=26.8286(4) A, consistent with the data
(a =5.26557(12), b =5.26039(11), ¢ = 26.8276(5) A) reported by Battle et al.
[30]. The x = 0.01 sample has almost the same cell parameters as the undoped
sample because of the very small amount of Ce content. As expected, substitution of
smaller Ce*" jon (r=20.87 A) for the larger Ca’" ion (r=1.00 A) [31] results in the
decrease of the ¢ length. However, with Ce*" substitution, Mn> " is formed with d**
(tggeé) electronic configuration, and the ionic radius of Mn> " larger than that of Mn*™,
could possibly increase the a length or b length. As listed in Table 1, with increasing
the Ce substitution, although the a lengths almost do not change within the error
range, the b lengths obviously increase and the c lengths decrease. The systematical
change in lattice parameters and cell volumes indicates that Ce is indeed doped into
the bulk of the samples.

The temperature dependencies of p are shown in Fig. 2. Because all the samples
were prepared in air, the oxygen stoichiometry is not perfect. Therefore, the resistivity
of the undoped sample is reasonable smaller than the reported value by Fawcett et al.
[32]. In fact, Mihut et al. [33] reported that the room temperature resistivity of
CayMn30;g_s is about 220 mQ cm. Their sample was also prepared in air. With
increasing the Ce content, the carrier concentration is progressively increased.
Consequently, the magnitude of p systematically decreases. By comparing with
the data reported in [13], p of Cas_3,Ces; Mn30,g is obviously higher than that of
Ca;_,Ce,MnO:s. This is attributed to the difference in structures of these two systems.
It is known that CaMnOs has the perovskite-type structure characterized by a three-
dimensional (3D) array of corner-sharing MnOg octahedra. However, in the
CayMns0g, every three CaMnO; perovskite layers is separated by a rock-salt layer.
Therefore, the larger p of Ca;Mn;0 is reasonably associated with the introduction
of the insulating rock-salt type CaO layers between the perovskite blocks. In addition
to such an intrinsic reason, the microstructure of the Ca,_3,Ce;,Mn;0; sintered
body could induce the increment of p. The relative densities of Cas_3,Ce;,Mn30,¢
are very low, seen in Table 1, indicating the presence of a lot of pores included in the



Y. Zhou et al./Materials Research Bulletin 37 (2002) 1123—1131 1127

600
:E: 400 —
G
\E/ L
Q. 200
L l .
400 600 800 1000
T (K)
100 T . T . T -
%0 r x=0.01 A
%0 _\_/\-—\_
g 70F_ x=0.015 —_
G -\/_/-
60 E
% - x=0.02 4
50 _—'\ /
e x=0.03
L \
30 | |
. ! . .
400 600 800 1000

T(K)

Fig. 2. T dependence of p of Cay_3,Ce;,Mn30y (x = 0, 0.01, 0.015, 0.02, 0.03).

sintered body. Moreover, as a preferred grain orientation was not obtained, the c-axis
component of p was picked up in the p—T data. The densification and grain orientation
could possibly reduce the in-plane p value to closer to that of Ca;_,Ce,MnOs.

In the frame of the polaron hopping conduction mechanism, the following formula
is used to fit our data:

()

where C, k, and Ey are a constant, Boltzmann constant and the hopping energy,
respectively [34]. This formula predicts a linear relation between log ¢7and 1/7, and
—FEw/k is the slope of the straight line. The curves of log o7 versus 1000/T of the
samples are shown in Fig. 3. A linear fit of the data is consistent in the temperature
region 330 < T < 780 K. Moreover, the samples with higher Ce doping retain
linearity in a wider temperature range. In fact, as pointed out by Maignan et al.
[35], in the system of Ca; _,Sm,MnQO3;, due to the mechanism of carrier creation (non-
isovalent cationic substitution) and considering the Jahn—Teller effect (the distortion
of MnOg octahedra due to tggeé configuration), a continuous formation of small
polarons with increasing doping content is expected.

It is interesting to note that a peak appears around 800 K in the p—T curves shown in
Fig. 2. It was observed in both the heating and cooling process during the measure-
ments. The anomalies systematically disappear when the Ce content increases.
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Fig. 3. The relation between log ¢T and 1000/T.

Therefore, the anomalies are found to be an intrinsic properties of (Ca, Ce);Mn30,¢
phase. We did not obtain any evidence of phase transition around 800 K in TG and
DTA curves. So it would come from the electric phase transition or spin transition.

Having a large absolute value of S is critical for potential TE materials. The
temperature dependences of S of Ca,_3,Ces; Mn;0,( are shown in Fig. 4. The straight
line is fitted by a least-square method. All the S values are negative, indicating that the
samples are n-type materials. The absolute values of S of all samples increase with
increasing temperature within the whole temperature range measured and decrease
with increasing the Ce content. At 1000 K, the absolute values of S of our samples are
all larger than 140 pV K~ ', showing the advantage for TE application. It is interesting
to note that the temperature dependence of S is well fitted by a straight line,
S = 8o + T(dS/dT),, which is not expected from the principles of hopping mechan-
ism [36]. In fact, such a case has been reported, for example, for LaCrO5; [37], and
(CapoMp.1)MnO; M =Y, La, Ce, Sm, In, Sn, Sb, Pb, Bi) [13].
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Fig. 4. T dependence of S. The straight line is fitted by the least-square method.
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Fig. 5. T dependence of k and k; of Caz9,CeygoMnz0;o. The solid line is a guide for eyes.

From the definition of Z, a low thermal conductivity x of the material is required to
keep the temperature difference large enough. Cas¢;CengoMn30;( has the largest
power factor, 0.052 x 10~> Wm ™' K2, among all the samples, and its temperature
dependence of x is shown in Fig. 5. The specific heat and thermal diffusivity at room
temperature of this sample is 0.895 Jkg~' and 0.00573 cm” s, respectively. In
general, k can be expressed by the sum of a lattice component (x;) and an electronic
component (k) as K = K| + K.. And k. = LoT, where L is the Lorenz number. Here,
L=245x 108 W QK ?is employed to calculate the k. [38]. Hence, k; is obtained
from K—x, and is also shown in Fig. 5. It is clear that x comes largely from the lattice
component contribution, so the value of « is closely related to the crystallographic
structure of samples. The x value of Caz 9;Ceg goMnzOgis 1.52-1.51 W mK ™! from
470 to 987 K, less than a half of that of Cag 9Big ;MnO; reported by [13]. In addition
to the difference in the bulk density, a low x value of Cas ¢;Ce 0oMn30; could be
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Fig. 6. T dependence of Z of Cajz9;CeggoMn;0;¢. The solid line is a guide for eyes.
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attributed partly to the suppression by phonon scattering at the rock-salt layer between
the perovskite blocks.

The temperature dependence of Z of Caz 9;Ce( goMn3;0q is shown in Fig. 6. The Z
value increases with increasing 7, and at 1000 K, ZT = 0.034. The improvement of
the microstructure could reduce p as described above and hence increase ZT.
However, TE performance of the layered perovskite manganites does not seem to
exceed that of the 3D simple perovskite manganites.

4. Conclusions

TE properties of the n = 3 member of the RP compounds, (Ca, Ce),Mn;0,,, were
investigated for the first time in detail from room temperature to 1000 K. The
conduction behaviors of these samples were explained by the polaron hopping
mechanism. The temperature dependence of S indicated them as n-type materials.
K was separated into a small electron component and a large phonon component by
applying the Wiedemann—Franz law. The dimensionless figure of merit Z7T of
Caz.91Cep 0oMn301( is 0.034 at 1000 K. A certain improvement of TE performance
could be achieved by a reduction of p.
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