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Polycrystalline samples of Ca0.98RE0.02MnO3�d (RE = Sm, Gd, and Dy) have
been prepared by conventional solid-state reactions and their properties mea-
sured at 300 K to 700 K. All samples were single phase with orthorhombic
structure. The average valence and oxygen content of Ca0.98RE0.02MnO3�d were
determined by iodometric titration. Doping at the Ca site by rare-earth metals
causes a strong decrease of electrical resistivity due to the creation of charge
carrier content by Mn3+ in the Mn4+ matrix, as evidenced by iodometric titration
results. The Seebeck coefficient of all the samples was negative, indicating that
the predominant carriers are electrons over the entire temperature range.
Among the doped samples, Ca0.98Dy0.02MnO3�d had the highest dimensionless
figure of merit of 0.073 at 612 K, representing an improvement of about 115%
with respect to the undoped CaMnO3�d sample at the same temperature. All the
samples exhibited an antiferromagnetic transition with Néel temperature of
around 120 K. Magnetization measurements indicated that Ca0.98RE0.02

MnO3�d samples exhibited a high-spin state of Mn3+.
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INTRODUCTION

Thermoelectric energy conversion can be used to
generate electricity from waste heat. The efficiency
of thermoelectric materials in this process is deter-
mined by their dimensionless thermoelectric figure
of merit, ZT = S2rT/j, where S, r, T, and j are the
Seebeck coefficient, electrical conductivity, absolute
temperature, and thermal conductivity, respec-
tively.1,2 In the past few decades, several innovative
bulk intermetallic compounds that exhibit high
values of ZT (�1) have been identified and devel-
oped.3–5 Despite their high ZT values, these com-
pounds are of limited practical use because of their
low chemical stability in air at high temperatures.
Realization of widespread, large-scale industrial use
of thermoelectric technology is contingent on the
development of low-cost thermoelectric bulk mate-
rials that are environmentally friendly and stable
at high temperatures in air. Thermoelectric bulk

oxides have attracted considerable attention because
they fulfill these requirements. Since the discovery
of p-type NaxCoO2,6 which has an unexpectedly
high absolute value of S despite possessing metallic
conductivity, several researchers have made exten-
sive studies on oxide materials; For instance, the
p-type misfit-layered cobaltites Ca3Co4O9+d and
Bi2Sr2Co2O9 have been shown to exhibit high ZT
values at high temperatures in air.7,8 Compared
with the p-type oxide thermoelectric materials,
there are relatively few n-type oxide materials.
Among the n-type oxide materials, CaMnO3�d is the
most promising. CaMnO3�d has attracted attention
as a potential n-type oxide thermoelectric material
for use in thermoelectric generators. Ohtaki et al.9

and Funahashi et al.10 studied the thermoelectric
properties of CaMnO3�d by substituting Bi, Y, La,
Ce, and rare-earth metals such as Nd, Tb, Ho, Yb,
and Lu at the Ca site. They reported that the elec-
trical conductivity increased considerably, while the
Seebeck coefficient decreased slightly. It was also
found that, when substituting Pr, Sr, and Mo at the
Ca site of CaMnO3�d, the thermoelectric properties
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improved.11–13 Many groups have attempted to
prepare Ca1�xRExMnO3 systems with higher con-
centration (x ‡ 0.1) of rare-earth elements, reporting
remarkable changes in thermoelectric proper-
ties.14–16 Lemonnier et al.17 reported that small
concentration of rare-earth dopants in layered
Ca3.95RE0.05Mn3O10 compounds led to a significant
modification of the thermoelectric properties.
According to the calculations using dynamic mean
field theory in Ref. 18, it seems that the optimized
ZT should occur at low doping level. Therefore, it is
interesting to investigate the effects of small con-
centration of dopants on thermal and magnetic
properties. Herein, we report thermoelectric and
magnetic properties of Ca0.98RE0.02MnO3�d where
RE = Sm, Gd, and Dy.

EXPERIMENTAL PROCEDURES

Polycrystalline samples of Ca0.98RE0.02MnO3�d

(RE = Sm, Gd, and Dy) and CaMnO3�d were syn-
thesized by solid-state reaction from CaCO3, Mn2O3,
Sm2O3, Gd2O3, and Dy2O3 powders. The powders
were heated at 900�C for 10 h and at 1200�C for
20 h in air with intermediate grinding. The result-
ing powders were then pressed into parallelepipeds
and sintered in air at 1200�C for 20 h. The phase
purity of the resulting powders was examined using
a Shimadzu XRD-6000 powder x-ray diffractometer
using Fe Ka radiation. Electrical resistance mea-
surements were carried out using standard four-
probe technique. Thermopower measurements were
performed between 300 K and 700 K using a steady-
state technique with a temperature difference of
0.5 K to 2 K across the sample. A type E differential
thermocouple was used to measure the temperature
difference between the hot and cold ends of the
sample, which was measured using a Keithley 2000
multimeter.19 The temperature difference was typ-
ically between 0.5 K and 1 K. The thermopower of
the sample was obtained by subtracting the ther-
mopower of the Cu Seebeck probes. Thermal con-
ductivity measurements were carried out using
transient plane source techniques with very small
temperature perturbations of the sample material
using a Hot Disk thermal constants analyzer. The
transient plane source technique makes use of a
thin sensor element in the shape of a double spiral.
The Hot Disk sensor acts as both a heat source for
generating a temperature gradient in the sample
and a resistance thermometer for recording the
time-dependent temperature increase. The encap-
sulated sensor was sandwiched between two pieces
of samples. During a preset time, 200 resistance
recordings were taken, and from these a relation
between temperature and time was established. A
commercial superconducting quantum interference
device magnetometer (Quantum Design) was used
to characterize the magnetic properties of the sam-
ples. The oxygen content and manganese valence
state were determined using iodometric titration.20

RESULTS AND DISCUSSION

Figure 1 shows x-ray diffraction (XRD) patterns at
room temperature of the CaMnO3�d and Ca0.98

RE0.02MnO3�d (RE = Sm, Gd, and Dy) samples. All
the diffraction peaks for the series of samples can be
indexed based on an orthorhombic CaMnO3�d

structure21 without any measurable impurity pha-
ses, indicating that a single phase of orthorhombic
Ca0.98RE0.02MnO3�d (RE = Sm, Gd, and Dy) is
obtained for each sample. Lattice parameters were
calculated and are tabulated in Table I. As seen in
Table I, the lattice parameters do not show a
monotonic trend, which may be due to oxygen defi-
ciency and small amount of dopants.

Table II summarizes the characterization and
properties for the series of samples at room temper-
ature. The undoped sample shows the highest resis-
tivity among the samples. The resistivity of the
undoped sample is 0.1 X-cm at 300 K. The size of q
for all doped samples is in the range 0.02 X-cm to
0.04 X-cm, decreasing with decreasing RE3+ ionic
radius. Doping at the Ca site by rare-earth metals
causes a strong decrease of q due to the creation of
charge carrier content by Mn3+ in the Mn4+ matrix.
The concentration of carriers in these samples can be
correlated with the oxidation state of Mn. Creation of
Mn3+ comes from two sources in the title system, i.e.,
doping of RE3+ (trivalent rare-earth ion) and oxygen
deficiency. In other words, at the same doping level
of RE3+, the oxygen deficiency plays a role in the

Fig. 1. XRD patterns of CaMnO3�d and Ca0.98RE0.02MnO3�d

(RE = Sm, Gd, and Dy) (Color online).

Table I. Lattice parameters of Ca0.98RE0.02MnO32d

(RE = Sm, Gd, and Dy)

RE a (Å) b (Å) c (Å)

CaMnO3�d 5.27 (9) 7.43 (2) 5.26 (1)
Sm 5.25 (3) 7.42 (2) 5.27 (3)
Gd 5.24 (6) 7.43 (4) 5.28 (6)
Dy 5.27 (2) 7.42 (4) 5.25 (3)
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creation of charge carriers by Mn3+. The oxygen
deficiency in CaMnO3�d creates two Mn3+ five-
coordinated sites for each O vacancy according to the
x-ray absorption near-edge spectra results.22 To
compensate the oxygen deficiency and maintain
electrical neutrality, an excess of Mn3+ should
therefore be present in these samples. There are also
earlier reports on oxygen deficiency for other elec-
tron-doped calcium manganites.23,24 The negative
thermopower confirms that the dominant charge
carriers are electrons for all the samples. The
undoped CaMnO3�d has a very large absolute S,
being about �319 lV K�1 at 300 K. The room-tem-
perature value of absolute S for the undoped sample
is lower than the value of �600 lV/K reported by
Flahaut et al.14 Our 2% doped samples exhibit higher
resistivity than the values (5 mX-cm to �7 mX-cm)
for Wang’s samples with 10% doping content at room
temperature. Furthermore, our 2% doped samples
exhibit largerthermopower than the values (�95 lV/K
to �80 lV/K) for Wang’s samples with 10% higher
doping content at room temperature.15 These differ-
ences can probably be attributed to the oxygen defi-
ciency and composition variation.

The doped samples show relatively small absolute
S due to the increase of carrier concentration
(Table II). The rare-earth doping induces a clear
decrease of the absolute S value due to the increase of
the concentration of Mn3+. The temperature depen-
dences of the resistivity (q) and thermopower (S) of
these samples were reported recently.25 The main
features of our results are: (1) Electrical resistivity for
CaMnO3�d decreases with increasing temperature, a
typical characteristic of nonmetal-like temperature
dependence (Fig. 2a). On the other hand, the abso-
lute value of the thermopower increases with
increasing temperature, a characteristic of metal-
like temperature dependence (Fig. 2b); (2) Both
electrical resistivity and the absolute value of the
thermopower for all doped samples Ca0.98RE0.02

MnO3�d increase with increasing temperature, a
typical characteristic of metal-like temperature
dependence; (3) Both resistivity and the absolute
value of the thermopower for all the doped samples
show significant decreases as compared with
CaMnO3�d; (4) Both electrical resistivity and the abso-
lute value of the thermopower for CaMnO3�d show
significant decreases as compared with those reported
by Ohtaki et al.9 In sharp contrast to our CaMnO3�d,
the absolute value of thermopower of Ohtaki’s sam-
ple decreases with increasing temperature, a typical

characteristic of nonmetal-like temperature depen-
dence. This difference should be attributed to the
contribution of the oxygen deficiency.25

The temperature dependence of the power factor
(PF) (S2r) is shown in Fig. 3. It can be seen that the
values ofpower factor for all thesamples increasewith
increasing temperature. The highest value of S2r =
2.21 lW cm�1 K�2 at 700 K is obtained for Ca0.98

Dy0.02MnO3�d as a result of its low q value combined
with its moderate absolute S value. Muguerra et al.26

reported a power factor of �2.1 lW cm�1 K�2 at
700 K for Ca0.98Dy0.02MnO3, which is lower than for
our sample. Ca0.98Dy0.02MnO3�d exhibits a higher

Table II. Characterization and properties of Ca0.98RE0.02MnO32d (RE = Sm, Gd, and Dy) at room temperature

RE MnV+ d q (mX-cm) S (lV/K) jtotal (W/mK) jel (W/mK) jph (W/mK) PF (lW/cm-K2) ZT

CaMnO3�d 3.90(8) 0.04(4) 102 �319 3.72 0.007 3.713 0.99 0.008
Sm 3.94(4) 0.01(2) 41 �212 2.71 0.018 2.692 1.09 0.018
Gd 3.92(8) 0.02(4) 35 �223 2.71 0.020 2.690 1.21 0.018
Dy 3.91(9) 0.03(4) 22 �175 2.86 0.034 2.826 1.41 0.020

Fig. 2. (a) Temperature dependence of electrical resistivity and
(b) thermopower for CaMnO3�d and Ca0.98RE0.02MnO3 (RE = Sm,
Gd, and Dy) (Color online).

Bhaskar, Liu, and Yuan2340



power factor of 2.21 lW cm�1 K�2 at 700 K than that
reported by Park et al.27 because our sample shows a
lower q value of 2.9 mX-cm and higher S value of
�254 lV/K. Park et al.27 reported that the highest
power factor of 0.37 lW cm�1 K�2 occurred at 800 K
for Ca0.8Dy0.2MnO3 with q = 8.3 mX-cm and S =
�55 lV/K.

The temperature dependence of the thermal con-
ductivity is shown in Fig. 4. To examine the values
of thermal conductivity for our samples in more
detail, the lattice contribution jph was estimated by
the equation below. The total thermal conductivity
jtotal of solids can be written as

jtotal ¼ jel þ jph; (1)

where jel and jph represent the electronic and
lattice thermal conductivity, respectively. jel can
be calculated by using the Wiedemann–Franz
relationship,

jel ¼ LrT; (2)

where L = p2k2/3e2 = 2.45 9 10�8 W X K�2 is the
Lorenz number, r is the electrical conductivity, and
T is the absolute temperature. jph is obtained by
subtracting jel from jtotal. The undoped sample has
jtotal = 3.4 W m�1 K�1, which is similar to the value
jtotal = 3.6 W m�1 K�1 at room temperature
reported by Flahaut et al.14 It can be clearly seen
from Table II that the total thermal conductivity for
all the doped samples is less than that of CaMnO3�d.
For materials with q > 1 X-cm, jel is negligible.
However, in our case, the resistivity is lower than
1 X-cm, a fact which leads us to determine jel by
using the Wiedemann–Franz law. The calculated
value of jel for CaMnO3�d is 0.019 W m�1 K�1, and
that for Ca0.98Dy0.02MnO3�d is 0.059 W m�1 K�1, at
700 K. For all the samples, the lattice contribution
is more important than the electronic one. Due to
the small jel, jtotal is mainly attributed to the lattice

contribution. As reported by Cong et al.,11 rare-
earth metal substitution induces a decrease of jph

due to the phonon–lattice defect interaction. More-
over, for the same RE3+ content, the size of jtotal

increases from Sm to Dy substitution. Both jel and
jph decrease with decreasing RE3+ ionic radius
(Table II). The effect of RE3+ doping on the lattice
vibration arises from two main factors. One is the
crystallographic distortion caused by the change in
ionic radius. The other factor is that the weight of
RE3+ is much higher than Ca2+. Flahaut et al.14 also
reported that in this system j strongly depends on
the atomic weight at the A site but to a lesser extent
on the ionic radius. Due to the large difference of
weight between RE3+ and Ca2+, the RE3+ ions can
vibrate independently from the other ions, which
can cause large local vibrations.15 As a result, the
mean free path of phonons will be shortened, and
thus jph will be markedly suppressed. At the same
time, the mass difference between RE3+ and Ca2+

will cause further reduction in jph.
Based on the data of q(T), S(T), and j(T), the

dimensionless figure of merit ZT = S2rT/j was cal-
culated for all the samples. The obtained results are
shown in Fig. 5. The ZT values for all the samples
increase with increasing temperature over the
entire temperature range. The highest ZT is obtained
for Ca0.98Dy0.02MnO3�d, because of its low values of
q and j, and moderate value of S. The doped sam-
ples exhibit higher ZT values than CaMnO3�d

because of the reduction of q and j. We obtain
ZT = 0.073 at 612 K for Ca0.98Dy0.02MnO3�d, which
represents a 115% increase when compared with
CaMnO3�d. Ca0.98Dy0.02MnO3�d exhibited a higher
value of ZT = 0.073 than reported by Wang et al.28

and Kosuga et al.29 at the same temperature. Wang
et al.28 reported ZT values of 0.035, 0.058, and 0.060
at 600 K for Ca0.95Ce0.05MnO3, Ca0.9Y0.1MnO3, and
Ca0.9La0.1MnO3, respectively. Kosuga et al.29

Fig. 3. The temperature dependence of the power factor of CaM-
nO3�d and Ca0.98RE0.02MnO3�d (RE = Sm, Gd, and Dy) (Color
online).

Fig. 4. The temperature dependence of the thermal conductivity K of
CaMnO3�d and Ca0.98RE0.02MnO3�d (RE = Sm, Gd, and Dy) (Color
online).
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reported a ZT value of 0.05 at 600 K for Ca0.7

Sr0.2Yb0.1MnO3�d. Muguerra et al.26 reported a ZT
value of �0.019 at 300 K for the Ca0.98Dy0.02MnO3

system, which is in agreement with our value for
Ca0.98Dy0.02MnO3�d of ZT = 0.020 at 300 K. These
results suggest that there is scope for improving ZT
of n-type CaMnO3�d for high-temperature thermo-
electric applications.

Figure 6 shows the magnetic susceptibility (v) as a
function of temperature for CaMnO3�d and
Ca0.98RE0.02MnO3�d (RE = Sm, Gd, and Dy). The
Ca0.98RE0.02MnO3�d samples differ from that of
CaMnO3�d by the appearance of a small kink at
around T = 65 K, which may be due to a cluster-glass
state.30 The RE3+ ions replace Ca2+ at the A site, but
their fraction is too low to establish long-range mag-
netic order. Instead of this, due to Mn3+–Mn4+

exchange interactions, short-range ordering occurs,
forming ferromagnetic clusters in the antiferromag-
netic matrix. Maignan et al.30 reported that the clus-
ter-glass state (TCG) was observedat Tm = 68 K for the
Ca0.975Sm0.025MnO3 system. Hejtmanek et al.31 also
reported that TCG was observed at 110 K for
Ca0.95Sm0.05MnO3. However, more work is necessary
to elucidate further details of the cluster-glass state at
low temperatures. The Néel transition temperatures
(TN) were obtained from the inflection point of the
dv/dT versus temperature curves and are given in
Table III. It is clear from the table that the TN values
lie in the range from 115 K to 120 K for all the sam-
ples. Moritomo et al.32 reported that the antiferro-
magnetic transition for CaMnO3�d occurred at
TN = 120 K, which is in agreement with our undoped
sample result (TN). The magnetic susceptibility in the
paramagnetic region can be described by the Curie–
Weiss law, i.e., v = C/(T + hp), where C is the Curie–
Weiss coefficient, being related to the effective
magnetic moment leff; hp is the paramagnetic Curie–
Weiss temperature. Table III presents the calculated
values of leff, C, and hp for the CaMnO3�d and

Ca0.98RE0.02MnO3�d (RE = Sm, Gd and Dy) samples
from the best fits (above 150 K). The Curie–Weiss
temperature (hp) is related to the strength of the
antiferromagnetic interaction. hp is large and negative
for CaMnO3�d, indicating antiferromagnetic interac-
tion. A few researchers have previously reported22,33

that the magnitude of hp is high, which can be
explained by the G-type antiferromagnetic interaction.

The observed effective magnetic moments lie
between 4.23 and 4.07 lB (Table III). The observed
effective magnetic moment of CaMnO3�d

(leff = 4.15 lB) is lower than the reported value
(leff � 4.37 lB), which may be due to the absence of
spin-glass behavior.22 Wiebe et al.34 reported that
differences between the experimental and calculated
effective magnetic moments have been attributed to
ferromagnetic interactions from Mn3+–Mn4+ clus-
ters. Nakade et al.35 reported that the observed
effective magnetic moment of CaMnO3�d was
3.69lB, which was due to the low-spin state of the
Mn3+ ion. To the best of our knowledge, there is only
one previous report in the literature regarding the
extraction of the effective magnetic moment value
from the Curie–Weiss law for higher concentration
(0.1) of rare-earth-doped CaMnO3.36 The theoretical
effective magnetic moment is calculated by

leff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:98l2
eff ;Mn4þ þ 0:02l2

eff ;Mn3þ þ 0:02l2
eff ;RE3þ

q

:

(3)

The effective magnetic moments of Sm3+, Gd3+, and
Dy3+ are 0.85 lB/f.u., 7.9 lB/f.u., and 10.6 lB/f.u.,
respectively. According to the energy band scheme for
perovskite manganites,37 the electron configuration
of Mn4+ and Mn3+ ions are 3d3 and 3d4, respectively.
With respect to the crystal-field splitting between the
t2g and eg states and the Hund coupling energy
(exchange energy), the spin state configuration of

Fig. 5. The temperature dependence of the dimensionless figure of
merit ZT of CaMnO3�d and Ca0.98RE0.02MnO3�d (RE = Sm, Gd, and
Dy) (Color online).

Fig. 6. The temperature dependence of the magnetic susceptibility
for CaMnO3�d and Ca0.98RE0.02MnO3�d (RE = Sm, Gd, and Dy) in
applied field of 50,000 Oe (Color online).
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Mn4+ is t2g
3 eg

0, yielding a total spin S = 3/2 with effec-
tive magnetic moment 3.9lB, whereas the Mn3+ can
exist either in the high-spin (HS) state t2g

3 eg
1 yielding

total spin S = 2 with effective magnetic moment
4.9lB, or the low-spin (LS) state t2g

4 eg
0 yielding total

spin S = 1 with effective magnetic moment 2.8lB.
The calculated effective magnetic moments of
Ca0.98RE0.02

MnO3 are 3.88lB (Mn3+ LS) and 3.92lB (Mn3+ HS) for
RE = Sm, 4.04lB (Mn3+ LS) and 4.07lB (Mn3+ HS) for
RE = Gd, and 4.16lB (Mn3+ LS) and 4.19lB (Mn3+

HS) for RE = Dy, respectively. It can be seen from the
table that the Ca0.98RE0.02MnO3�d (RE = Sm, Gd,
and Gd) system has high-spin state of Mn3+, which
supports the transport properties of Ca0.98RE0.02

MnO3�d (RE = Sm, Gd, and Gd).25 Both the substi-
tution of a trivalent rare-earth cation for divalent Ca
and the presence of the oxygen defect induce partial
occupation of eg states. The hybridization between
Mn 3d eg and O 2p orbitals could develop an impurity
band for the title system in a similar way as for
degenerate semiconductors.25 Wang et al.36 reported
that the HS state of Mn3+ was observed below the
metal–insulator transition temperature (TMI) and
partial Mn3+ ions changed from the HS to the LS
state above TMI in Ca0.9RE0.1MnO3 (RE = La, Pr, and
Yb). In addition, the transition temperatures (TMI)
were observed in the range from 325 K to 420 K. Our
results do not exhibit any MI transition in this tem-
perature range, which may be due to the oxygen
deficiency and composition variation. It should be
noted that the partial unoccupied O 2p states could
contribute to the magnetic moments.38 The presence
of Mn3+ of high spin state could enhance the hybrid-
ization between Mn 3d and O 2p.

CONCLUSIONS

The effects of rare-earth element doping at the Ca
site on the thermoelectric properties of Ca0.98RE0.02

MnO3�d (RE = Sm, Gd, and Dy) have been investi-
gated in an attempt to improve the thermoelectric
performance of the materials. All samples were
single phase with orthorhombic structure. The rare-
earth dopant elements had remarkable effects on
the transport behavior of the title system. The
highest ZT was reached for Ca0.98Dy0.02MnO3�d,
being 115% higher than that of undoped CaMnO3�d.
These results suggest that 2% doping of rare-earth
metals at the calcium site of the CaMnO3�d phase

results in reduction of resistivity and thermal con-
ductivity. The effective magnetic moment was
determined from the temperature dependence of the
paramagnetic susceptibility.
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