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The electrical transport properties of (CaysM,)MnOy(M =
Y, La, Ce, Sm, In, Sn, Sb, Pb, Bi) are investigated in terms of
a new material for high-temperature thermoelectric conversion.
The substitution at the Ca site causes 4 marked increase in the
electrical conductivity «, along with a moderate decrease in
the absolute value of the Secbeck coefficient S. The plots of
log oT vs 1/T show a negative linear relation, indicating that
hopping conduction occurs in these oxides. The o values at
room temperature increase with increasing ionic radii of the
cation substituents, implying an increase in the carrier mobility
due to larger intersite distance for hopping. The sample of
(CagsBis )MnO; attains the largest power factor, 2.8 x 10~/W
m~'K 2, at 800°C and leads to the figure of merit 0.7-0.75 X
10~*K"* over the wide range of temperatures 600-900°C. The
oxide shows a maximum ZT value of 0.085 at 900°C. o199
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INTRODUCTION

Thermoelectric power generation utilizes the Seebeck
effect in solid materials to convert thermal energy directly
1o electrical energy (1). Three fundamental physical pa-
rameters related to the electrical and thermal transport
properties of solids, the electrical conductivity o, the
Seebeck coefficient S, and the thermal conductivity «, gov-
ern the conversion efficiency of thermoelectric devices.
The figure of merit for thermoelectric conversion, defined
by Z = S%c¢/k, is a primary criterion for the thermoelectric
materials constituting the devices. Because these three pa-
rameters are all closely connected with the scattering mech-
anisms of charge carriers and lattice vibrations (phonons),
they are dependent upon each other, and optimization of
the thermoelectric performance always requires a compro-
mise between them. Moreover, theories of conventional
broad-band semiconductors predict that there is a general
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tendency for § and oto vary in a reciprocal way. These facts
cause serious problems in development of thermoelectric
materials and hence in practical utilization of thermoelec-
tric power generation. Some semiconducting materials are
reported to have unexpectedly promising thermoelectric
properties, much better than predicted by the broad-band
theories for which the free electron approximation holds
good. These materials include transition metal disilicides
and boron carbides, in which hopping conduction occurs
(2, 3). Development of new materials, however, is still the
most important issue for practical application of thermo-
electric power generation.

Since the Carnot efficiency, ., of the thermoelectric
system improves with increasing temperature difference,
high-temperature operation is an alternative route to im-
proving the conversion efficiency. A higher operating tem-
perature, T, yields a larger dimensionless figure of merif,
ZT, which has a value near one or higher in efficient materi-
als. High durability at elevated temperatures is therefore
essential for thermoelectric materials to attain highly effi-
cient energy conversion. As high-temperature thermoelec-
tric materials, Si—Ge alloys (4-6), several metal chalcogen-
ides (7, 8), transition metal disilicides (9-11), and some
boron compounds (12-14) have been of much interest.
However, besides the difficulties and high costs of fabricat-
ing devices with these materials, they generally have inevi-
table shortcomings for practical use at high temperature
in ambient air. Many of them require costly surface protec-
tion to prevent vaporization or surface oxidation, and some
others have an inherent limitation in high-temperature op-
eration due to phase transitions at high temperatures.

In terms of heat resistance, oxide materials are appar-
ently advantageous, since most metal oxides in their com-
mon oxidation states are highly stable at elevated tempera-
ture in air. Nevertheless, research on oxide thermoelectric
materials has scarcely been reported, although there are
a large number of publications on electrical conduction
and the Seebeck effect in metal oxides. The major reason
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for such lack of enthusiasm for research on oxide thermo-
electric materials appears to be the rather low values of
the carrier mobilities often observed for many oxide semi-
conductors, which are thought to be due to the highly ionic
character of oxides. Some metal oxides, however, exhibit
rather high carrier mobility. Fonstad et al. reported that
an SnO, single crystal showed a Hall carrier mobility of
150-260 ¢m?/V sec at 300 K (15). These values are much
higher than the 30 em?/V sec reported for metallic ReQO;
(16). We have already pointed out that some mixed metal
oxides based on InyO;, which is also well known as a highly
conductive oxide, exhibited high thermoelectric perfor-
mance, and that they would be promising as new candidate
materials for high-temperature thermoelectrics (17).
Moreover, sintered bodies of these oxides can be prepared
easily by conventional ceramic processes in ambient air
and are apparently stable in air at least up to 1400°C with-
out any surface protection.

Perovskite-type oxides form a large family of metal ox-
ides, since many kinds of metal elements can fit into the
perovskite structure. The electronic properties of these
oxides also range widely from collective to localized elec-
trons (18), and several perovskite-type oxides are well
known as highly conductive ceramics. Although there have
been an enormous number of studies on the clectrical, as
well as the magnetic, properties of the perovskite-type
oxides, those focused on applicability as thermoelectric
materials are very scarce. Bates ef al. examined the electri-
cal and thermal transport properties of (Y, Ca)CrO; and
(La, Sr) CrO; and reported their ZT values as 0.03-0.09
at 1000°C (19); these chromites have poor sinterability,
which also causes serious probiems in their application to
solid oxide fuel cells. A few high-temperature supercon-
ducting cuprates having perovskite-related structures were
once proposed as low-temperature materials for thermo-
electric cooling {20), but the proposal was concluded to
be hopeless because of their very low carrier mobility due
to the highly localized nature of these cuprates (21, 22).
Kobayashi et al. (23) recently reported that the substitution
of some lanthanide elements for Ca in CaMnQOj; raised the
electrical resistivity below room temperature, resulting in
an increase of the semiconductor-to-metal transition tem-
perature. Although they also suggested the possibility of
the oxides as thermoelectric materials, the focus of their
investigation was neither on the increased conductivity
in the hopping conduction regime above the transition
temperature nor on the thermoelectric performance at high
temperatures. On CaMnO; and related materials, there
have been many reports on electrical and magnetic proper-
ties, but most of them dealt with the properties at room
temperature or below (24-27). We have hence started our
studies on the thermoelectric properties of partially substi-
tuted perovskite-type oxides with respect to high-tempera-
ture thermoelectric applications. This paper describes the
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effects of substitution at the Ca site of CaMnQ; on its
electrical transport properties with a focus on thermoelec-
tric performance at high temperature. The thermal conduc-
tivity and the figure of merit of the materials are also dis-
cussed.

EXPERIMENTAL

Allsampies of the CaMnOj;-based mixed oxides were pre-
pared by solid state reaction from fine powders of CaCOs,
MnCQ;, and single oxides of metal substituents. All the raw
materials were of guaranteed grade (>99.9%) and were
used without further purification. These powders were kept
inadrying oven at about 100°C and then cooled in a desicca-
tor before weighing. Powders of two carbonates and a metal
oxide as a substituent were weighed at a nominal propor-
tion, mixed in a nylon-lined ball mill for 24 hr, and calcined
at 850°C for 10 hr in air. The mixture was then pulverized
with an alumina mortar and uniaxially pressed into a pellet.
The pellet was sintered at 1300°C for 10 hr in atr.

The electrical measurements were carried out on speci-
mens cut from the sintered pellets as parallelepiped bars of
ca. 4 %X 3 % 15 mm in size and polished with SiC emery pa-
pers. The elecirical conductivity o and the Seebeck coeiffi-
cient § were measured simulianeously at the steady-state
temperature. The mesurement procedures and an experi-
mental setup have been described elsewhere in detail (17).
Briefly, two 13%Rh/P1-Pt thermocouples were attached on
both end surfaces of the sample bar, and another two Pt
paste electrodes were placed between them in the standard
four-wire arrangement. First, after an even and steady tem-
perature was attained, o was measured by the dc four-wire
technique using Pt legs of each Pt/Rh-Pt thermocoupie as
current leads. Subsequently, small (<5 K) and steady-state
temperature gradients of varying extent were applied by a
heater located near one end of the sample, and then § was
obtained from the slope of the least-square regressions of
the thermoelectromotive force as a function of the tempera-
ture difference. The measurements were carried out from
room temperature up to 1000°, Crystal phases in the samples
were examined by a powder X-ray diffraction (XRD) study.
The relative density of the sintered samples was determined
by Archimedes’ method. The thermal conductivity x was
determined from the thermal diffusivity and the specific
heat capacity measured by the laser flash technique on an
ULVAC TC-7000 thermal constant measurement sytem.
The measurements were carried out for sample disks ca. 10
mm in diameter and 1-2 mm in thickness at up to 1000°C
in vacuo. All the ¥ measurements were calibrated with a
standard sample of sapphire single crystal.

RESULTS AND DISCUSSION
The Electrical Conductivity

The Ca site of CaMnQ;, usually referred as the A site
of ABO; perovskite-type oxides, was subjected to partial
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FIG. 1. The temperature dependence of the electrical conductivities
for (CagoMoe1)MnO;,

substitution by tri- or tetravalent metal cations of lanthan-
ide-related elements Y, La, Ce, and Sm, and later typical
elements In, 8n, Sb, Pb, and Bi. All samples obtained here
were apparently dense sintered bodies with more than 95%
of theoretical density. An XRD study confirmed that ail
the substituted oxides at least up to 10 at.% substitution
consist of a single phase having the CaMn(); crystal struc-
ture and detected no impurity phases containing the metal
substituents. The XRD patterns of all the samples exhib-
ited strong diffraction lines assigned to CaMnQ; in cubic
symmetry and also showed some very weak lines which
can be ascribed to an oxygen-deficient perovskite phase
with defect ordering, Ca,Mn;Os, in which Mn ions are
trivalent. These results are consistent with previous reports
which mentioned that in CaMnO; fired at 1350-1400°C in
air, only 80% of Mn ions were tetravalent (24, 25). Whereas
the exact valency and spin-state of the Mn ion and the
oxygen content of the samples have not yet been deter-
mined, X-ray photoelectron spectroscopy confirmed that
the Mn 2p3/2 spectra of both doped and undoped samples
gave virtually the same peak position, 642.3 eV, using the
Au 4f7/2 spectrum as a standard, and that this peak posi-
tion corresponds to that of MnO,. We therefore assumed
that Mn** is the dominant manganese species in our sam-
ples, and the difference in the oxygen deficiency is negli-
gible.

The effects of the substitution on the electrical conduc-
tivity of (CageMg)MnO; are summarized in Fig. 1. The
oxide CaMnQ, with no substitution was an #-type semicon-
ductor having rather low values of o, ca. 107! S/cm at
room temperature, consistent with the values reported by
McChesney et al. (27). Goodenough reported that CaMnO,
is classified as a semiconducting oxide having a localized
valence band and a collective conduction band (28). At
room temperature, all the substituted samples showed o
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vaiues much higher than that of the undoped sample. Of
particnlar interest is the Bi substitution, which resulted in
an increase in o by more than 3 orders of magnitude.
Moreover, the temperature coefficients, do/dT, of the sub-
stituted samples changed from positive to nearly zero or
negative, except that of the Sb-substituted one. Even for
the Sb substitution, da/dT decreases with increasing tem-
perature and turns negative at around 600°C. The highest
conductivity occurs for the Bi-substituted sample, which
shows negative values of do/dT within the whole tempera-
ture range examined.

The Conduction Mechanism

Negative values of do/d T usually imply metallic conduc-
tion. However, hopping conduction with a small activation
energy may also cause negative dofd7. For hopping con-
duction, in which hopping of the charge carriers is ther-
mally activated with the activation energy £, , the electrical
conductivity o is given as

o= (C/T) exp{—E/kT), 1]
where k is the Boltzmann constant (29). The equation
predicts a linear relation between log o7 and 1/T instead
of the usual Arrhenius plots for the electrical conductivity,

Figure 2 presents the plots of log oT versus 1/T for
(CapsMy 1 )MnQO;. In the temperature region below 300°C,
the plots for all the samples except the Sb-substituted one
lie on the straight lines, confirming the applicability of Eq.
[1]. Moreover, the highly conductive samples with Bi, La,
Ce, Sm, or Y retain linearity at much higher temperatures,
e.g., up to 5(00-800°C. This would be attributed to an exten-
sion of the extrinsic region due to the doping effect of
tri- or tetravalent cations. The undoped CaMnO; gives a
stecper straight line up to 400°C, yielding an activation
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FIG. 2. The relation between log oT of (CageMy)MnO; and 1/T.
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FIG. 3. The electrical conductivities of {CayoMy,)MnQ; at room
temperature as a function of the ionic radii of the cation substituents M.

energy E, of (.16 eV. This value is in good agreement with
the 0.192 eV reported for LaCrQO4 (29) and 0.19 = 0.01
eV for LaMnQ; (30). The plots for all the samples with
substifuents except Sb yield small and virtually equal values
of E, of 0.02-0.04 eV. For Sb substitution, the plots below
150°C appear to be on a straight line with £, of ca. (.16
eV, very similar to that of the undoped sample.

The linear relation seen in Fig. 2 implies a hopping
conduction mechamsm in the CaMnQs-based oxides. The
electrical conductivity of small polaron hopping in the adia-
batic case, with the intersite distance g, can be written as

o = nep = nea*(A/T) exp(—Eu/kT), [2]

where # 15 the carrier concentration, e the electrical charge
of the carrier, u the carrier mobility, £y the activation
energy for hopping, and A the pre-exponential term related
to the carrier scattering mechanism (31). If differences in
n, A, and Ey between the samples are sufficiently small,
Eq. [2] at a certain temperature can give rise to a linear
relation between log o and log a.

Figure 3 clearly depicts the surprisingly good linearity
between the logarithm of ionic radii, rs, of the cation
substituents and the logarithm of the electrical conductivity
at room temperature, ogr, for ail the CaMnO;-based ox-
ides with the A-site substitution at 10 at.%. In this figure,
the carrier concentrations # are assumed to be predomi-
nantly governed by the concentrations of the dopant cat-
ions. The ogrr values for Pb** and Sn** in Fig. 3 are there-
fore adjusted by a factor of 0.5, because these tetravalent

cations substituting on the divalent Ca sites can provide

twice the number of carrier electrons than the trivalent
cations. Undoped CaMnQOs; is completely inconsistent with
the linearity in Fig. 3, having much lower . 1t should be
noted that the ionic radii presented here are the values
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for 6-fold coordination, according to Shannon (32), since
we cannot find a complete list of values for 12-coordination,
which is actually the case for A-site cations in the perov-
skite-type oxides. Moreover, as mentioned above, the as-
sumption of almost the same value of Ey may no longer
hold, which is certainly so for the Sb-substituted sample.
Nevertheless, in spite of the extreme simpleness of the
estimation, Fig. 3 suggests that the hopping intersite dis-
tance, which presumably varies with the ionic radii of the
cation substituents, mainly governs the condutivity at low
and intermediate temperatures. This implies that the
change in conductivity is due to an increase in the carrier
mobility. These results indicate that a hopping conduction
mechanism is highly probable for the CaMnO;-based, par-
tially substituted, perovskite-type oxides in the present
study. Based on a reported value of the lattice constant of
cubic CaMnQO; as 7.465 A (corresponding to an edge of
3.73 A for the perovskite pseudocell) (24, 25, 27), the
dopant concentration of 0.1 per formula unit, and the elec-
trical conductivities at room temperature, the carrier mo-
bilities can be calculated as 0.86 cm?/V sec at the highest
for the Bi-substituted sample, as well as 0.18 and 0.015
c¢cm?/V sec for the Y- and In-substituted ones, for instance.
These values are consistent with the higher limit of the
mobility predicted from the small polaron hopping mecha-
nism, 1.0-0.1 cm?/V sec. To elucidate the true nature of
the conduction mechanism, however, further investigation
will be necessary, e.g., exact carrier concentrations, the
Hall mobility, the spin-state of the electrons, the activation
energy of carrier generation and hopping, and the detailed
crystal and defect structure of the samples as well.

The Seebeck Coefficient

The temperature dependence of the Seebeck coeffi-
cients, §, of the samples is summarized in Fig. 4. All samples
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have negative values of §, indicating n-type conduction.
The absolute values of § decrease with substitution at the
Ca site in most cases, This tendency appears to be in fairly
good agreement with the increase in o with substitution,
as seen in Fig. 1, and would be ascribed to an increase in
the carrier concentrations. Even though the suppression
of § as seen in Fig. 4 is apparent, the absolute values of §
are still fairly large. Even for the highly conductive samples
substituted by Bi, La, Sm, and Y, they retain § values of
about —80 uV/K at room temperature. Moreover, it should
be noted that the absolute value of S for these samples
increases almost linearly with increasing temperature, at
least up to 800°C, and attains a value of —120 xV/K for
the Bi-substituted sample. Such absclute values of § are
definitely too large for metallic conduction. Although the
principles of small polaron hopping conduction predict an
almost temperature-independent Seebeck coefficient (31),
linear increase in Seebeck coefficients with increasing tem-
perature has also been reported for polaron hopping con-
duction in LaCrOs (19) and hopping between inequivalent
sites in boron carbides (12, 33, 34).

Thermoelectric Performance and Applicability to High
Temperature Thermoelectric Materials

Since thermoelectric applications require high ¢ and
large S, the thermoelectric properties of the perovskite-
type oxides (CagoMg)MnO; described above are of great
interest in high-temperature thermoelectrics. Their electri-
cal conductivities are markedly high, and yet the absolute
values of their Seebeck coefficients are fairly large, showing
an almost linear increase with increasing temperature.
Moreover, because the samples of these oxides are pre-
pared by sintering at 1300°C in air, the oxides are consid-
ered to be stable at temperatures even higher than 1000°C
in ambient air, accordingly. These facts strongly suggest
that these oxides are promising for thermoelectric applica-
tions at high temperature.

The power factor S?¢ evaluates the electrical compo-
nents of the thermoelectric performance. The temperature
dependence of the power factors of (Ca, oMy 1)MnO; calcu-
lated from the data in Figs. 1 and 4 is plotted in Fig. 5.
Clearly, the Bi-substituted sample shows the largest power
factor of all the samples. The power factor of the oxide
increases up to 800-900°C and then rapidly decreases, at-
taining a maximum value of 2.8 X 10~* W/m K?2. Although
some other CaMnOs-based oxides, such as those with $m,
La, and Pb dopants, also show rather good power factors,
the resuits of the Bi-substituted sample are much superior.

The band theories for conventional semiconductors with
broad-band electronic structure predict that higher carrier
mobility leads to larger values of both the electrial conduc-
tivity and the Seebeck coefficients (35, 36). In Eq. 2], an
increase in a, the mean distance between the hopping sites,
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FIG. 5. The temperature dependence of the power factors for
(CHD_gMo_l )MnOS -

yields a higher mobility of the carriers. One can see that
the larger cations such as Bi** and La** give larger power
factors, whereas the smaller ones such as Sn** and Sb**
result in marked depression of the thermoelectric perfor-
mance. Although there are, of course, some exceptional
cases, such as Ce** and In*", it would be reasonable to
attribute the improved performance to an increase in mo-
bility due to larger sizes of the substituent cations. We
therefore further examined the most promising candidate,
(Cag9Bip1)MnOs3.

To maintain a temperature difference sufficient to gener-
ate large thermoelectromotive force, thermoelectric power
generation requires that the thermal conductivity « of the
materials should be low. The k value of (CageBig;)MnO;
at room temperature was 3.0 W/mK, almost the same as
that of undoped CaMnO;. As shown in Fig. 6, however,
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the « of (CageBiy1)MnO; increased slighly with increasing
temperature, whereas that of undoped CaMnQ; decreased.
Nevertheless, the & of {CagoBig)MnQ; does not exceed
3.8 W/mK even at 1000°C. The figure of merit, Z =
S?0/k, of (CapsBip )MnOs; thereby attains values of
0.7-0.75 x 10~* K! in the rather wide temperature range
600-900°C, and the maximum value of the dimensionless
figure of merit, Z7, is 0.085 at 900°C (see Fig. 7). This
value is slightly larger than those reported for (La, St)Cr;
(19) at 900°C, and at lower temperatures the present ZT
values are much larger than for (La, Sr)CrQs. In addition,
our samles have no problems with sinterability as the lan-
thanum chromites generally have, because the relative den-
sities of the CaMnOs-based oxides casily reach more
than 95%.

The maximum Z values obtained here are about half
those estimated for (Lap1CageyMnO; (Ln = Y, Th, Ho)
by Kobayashi et al. In their estimation, however, the «
values of LaCrO; reported by Weber er al. (19) were used
instead of the real values of their own samples. Because the
electrical conductivities of (Lng1Cay0)MnQ; were about
an order of magnitude higher than that of Lag ¢Sty ;CrO,
reported by Weber er al, the actual values of x of
(Ln91Cane)MnO; would also be much higher than the val-
ues used in their estimation and would lead to the much
lower Z in reality.

At present, the Z values of (Cag¢Biy 1 )MnQ; are roughly
half an order of magnitude larger than those of the mixed
oxide In,O, - Sn0O; which we have already reported as a
novel thermoelectric oxide material (17). Moreover, the
Z values presented here appear to be comparable to those
of some nonoxide candidates, i.e., larger than those of B4C,
even at 1000°C, and also larger than that of 8-SiC in the low
and intermediate temperature regions (37). By optimizing
compositions and preparative conditions as well as efforts
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to reduce the « values, further improvement of the thermo-
electric performance of (Ca; - Bi,)MnQ; is likely. Also, the
present oxides are considered to be advantageous because
of their stability at high temperature in air.

CONCLUSIONS

Electrical transport properties of partially substituted
CaMnQ;-based perovskite-type oxides {CapyMp1IMnQ;,
where tri- or tetravalent elements M are Y, La, Ce, Sm,
In, Sn, Sb, Pb, and Bi, were investigated in terms of a new
material for high-temperature thermoelectirc conversion.
Substitution for 10 at.% of the Ca site caused marked
increases in the electrical conductivity o and moderate
decreases in the absolute value of the Seebeck coefficient
S. This tendency can be attributed at least partly to an
increase in the carrier concentration caused by the doping
effect of the higher valence cations. The temperature de-
pendence of ¢ showed a linear relation in plots of log o7
versus 1/7. The o values of the substituted samples at room
temperature increased with increasing ionic radii of the
cation substituents, implying an increase in the mobility
due to larger intersite distances for hopping. These results
strongly suggest that the hopping conduction mechanism
is operative in these oxides. The Bi-substituted sample
showed the highest o and fairly large § with a linear in-
crease with temperature up to 900°C, and thereby exhibited
a marked improvement in the power factor for thermoelec-
tric conversion. Since the thermal conductivity of (Cagg
Big)MnO; was found to be as low as 3.8 W/mK up to
1000°C, the oxide attained a figure of merit of 0.7-0.75 X
107* K™! over a wide range of temperatures (600-900°C),
and the maximum ZT value was 0.085 at 900°C. The Z
values obtained were comparable to those of typical non-
oxide candidates for high-temperature thermoelectric ma-
terials such as B,C and §-SiC. The good thermoelectric
performance as well as excellent high-temperature durabil-
ity of the metal oxides presented here suggest that small
polaron oxides are of interest as potential materials for
high-temperature thermoelectrics.
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