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Polycrystalline samples of Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1) have been syn-
thesized using a conventional solid-state reaction method, and the crystal
structure studied at room temperature. The magnetic susceptibility was
measured from 5 K to 350 K. The electrical resistivity, Seebeck coefficient,
and thermal conductivity were investigated as functions of temperature below
850 K. For all samples, the perovskite structure at room temperature exhib-
ited orthorhombic Pbnm phase. While the Pr0.9Sr0.1MnO3 (x = 0) sample
exhibited ferromagnetic-like ground state below TC = 145 K (Curie tempera-
ture), the ferromagnetic transition temperature TC decreased with increasing
x. The Seebeck coefficient of the samples with 0 £ x £ 0.8 decreased with
increasing temperature because of double-exchange interaction of Mn ions. In
fact, the carrier type for x = 0 changed from hole-like to electron-like behavior
above 800 K. On the other hand, the samples with x ‡ 0.9 showed large pos-
itive Seebeck coefficient over the entire temperature range, indicating that the
low-spin state of Fe ions dominated the electronic structure for this x range. In
particular, the sample with x = 1 exhibited p-type thermoelectric properties
with relatively high Seebeck coefficient, moderate electrical resistivity, and
low thermal conductivity. Thus, the sample with x = 1 showed power factor of
20 lW m�1 K�2 at 850 K leading to ZT of 0.024 at this temperature, indicat-
ing that hole-doped perovskite-type iron oxide is a good candidate high-tem-
perature thermoelectric p-type oxide.

Key words: Thermoelectric properties, magnetic properties, perovskite
structure, ZT value, spin state, Heikes formula

INTRODUCTION

Since the layered cobalt oxide NaxCoO2 was dis-
covered to have large Seebeck coefficient (S =
100 lV K�1) and low electrical resistivity (q =
20 mXm) at room temperature, oxides have been
intensively studied as possible high-temperature
thermoelectric materials for use above 1000 K1; For
example, the misfit-layered cobalt oxide Ca3Co4O9,
exhibiting S = 130 lV K�1, q = 150 mXm, and j =
1.0 W mK�1 at room temperature, where j is the
thermal conductivity, has been studied as a potential

thermoelectric p-type oxide.2 In the case of Al-doped
ZnO, which shows band conduction, the carrier
concentration increases and the n-type thermoelec-
tric properties improve with increasing Al content.3

The perovskite-type oxide Ba1�xSrxPbO3 (0 £ x £ 1),
which also shows band conduction, has high carrier
mobility and n-type thermoelectric properties that
improve with increasing x.4 Another perovskite-type
oxide, CaMnO3, was found to have high carrier
mobility and good n-type thermoelectric properties
upon partial substitution at Ca sites by lanthanoid
cations, due to the resulting increase in the distance
between polaron hopping sites.5

Power generation using an oxide thermoelectric
module consisting of p-type Ca2.7Bi0.3Co4O9 and
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n-type La0.9Bi0.1NiO3 has been published.6 Indeed,
charging of a mobile phone has been achieved
using this oxide thermoelectric module, although
the maximum efficiency gmax was £1.4%.7 Urata
et al.8 also built thermoelectric modules consisting
of p-type Ca2.7Bi0.3Co4O9 and n-type CaMn0.98-

Mo0.02O3, achieving gmax of 2.0%. However, the n-
type elements were destroyed by thermal stress
with the substrate.8 Therefore, a thermoelectric
module consisting of p–n elements with small
linear thermal expansion coefficient difference is
desirable. Thus, our group has focused efforts on
the study of perovskite-type oxides, which can form
both n- and p-type conductors, and recently iden-
tified Pr0.9Sr0.1MnO3 as a potential thermoelectric
p-type oxide, despite its low ZT of 0.0035 at
468 K.9

Perovskite-type oxides such as titanate,10 man-
ganate,5 ferrate,11 and cobaltate12 exhibit large
Seebeck coefficient, an essential requirement for
thermoelectric materials. These large S values
result from strong interactions between spin states,
orbitals, charges, and crystal structure. Koshibae
et al.13 proposed that the Heikes formula based on a
localized picture can give the high-temperature
limit of S in 3d transition-metal oxides. When the
degeneracy of spin and/or orbital degrees of freedom
in 3d transition-metal ions is high, the Heikes
formula can be expected to yield large S.9 Thus,
control over the spin and/or orbital states of 3d
transition-metal ions would enable improvement of
ZT in thermoelectric oxides. From this perspective,
electron-doped manganates have shown interesting
n-type thermoelectric properties at high tempera-
tures.5,14–20 Though perovskite-type Mn oxides have
already been extensively researched due to their
colossal magnetoresistance (CMR) at low tempera-
ture,21,22 which has been attributed to competition
between the double-exchange (DE) interaction23

and Jahn–Teller (JT) distortion of the octahedral
MnO6 structure,24 we focused on the n-type ther-
moelectric properties at high temperatures. In the
case of polycrystalline n-type Ca0.9Yb0.1MnO3, Fla-
haut et al.19 reported ZT = 0.16 at 1000 K in air.

While remarkably little is known about the p-type
thermoelectric properties of perovskite-type oxides,
hole-doped perovskite-type Fe oxides exhibit p-type
thermoelectric properties at high temperature.
Indeed, Iijima and Murayama11 reported ZT of
0.075 at 1273 K for polycrystalline p-type
La0.95Sr0.05FeO3. Thus, it is necessary to perform
detailed studies of the p-type thermoelectric prop-
erties of both hole-doped perovskite-type Mn and Fe
oxides. In the present study, we prepared polycrys-
talline samples of Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1),
and investigated their p-type thermoelectric prop-
erties considering the effects of Fe doping on both
the magnetic properties and crystal structure, to
elucidate the ZT of these materials. From both the
magnetic properties and crystal structure of
Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1), we determined

both the ionic valences and spin states of the 3d
transition-metal ions, and estimated the high-tem-
perature limit of S using the Heikes formula. Thus,
we also present a more efficient approach to identify
promising thermoelectric p-type oxides.

EXPERIMENTAL PROCEDURES

Polycrystalline samples of Pr0.9Sr0.1Mn1�xFexO3

(0 £ x £ 1) were synthesized using a conventional
solid-state reaction method: Stoichiometric mix-
tures of Pr6O11 (99.9%, 3 N, Wako Pure Chemical
Industries, Ltd.), SrCO3 (99.99%, 4 N, Wako Pure
Chemical Industries, Ltd.), Fe2O3 (99.9%, 3 N,
Wako Pure Chemical Industries, Ltd.), and Mn2O3

(99.9%, 3 N, Kojundo Chemical Laboratory Co.,
Ltd.), mixed in an agate mortar with ethanol, were
calcined at 1273 K for 24 h in air.9 The calcined
powders were pressed into pellets under 16 MPa of
pressure and sintered in pure flowing oxygen gas at
1573 K for 48 h.9 The pellets were cooled to 300 K in
the furnace.9 Powder x-ray diffraction (XRD) data
were collected with a diffractometer (RINT2500,
Rigaku Co.), using Cu Ka (k = 1.542 Å) radiation
with a pyrolytic graphite monochromator at room
temperature.9 Crystal structure parameters were
refined by Rietveld analysis using RIETAN-FP
software25 with XRD data in the 2h range from 10�
to 90� in steps of 0.02�.9

The resistivity q was measured by van der Pauw
technique in the temperature range from 80 K to
395 K using commercial apparatus (ResiTest8300,
TOYO Co.) and by the direct-current four-probe
method in the temperature range from 300 K to
850 K using an apparatus built in house.9 The
Seebeck coefficient S was measured using a steady-
state technique in the temperature range from 80 K
to 395 K using ResiTest8300 apparatus (TOYO Co.)
and in the temperature range from 300 K to 850 K
using home-built apparatus.9 S was measured by
least-squares approximation to a plot of thermo-
electromotive force versus temperature difference,
from which the contribution of lead wires was
subtracted.9 The thermal conductivity j was calcu-
lated from the thermal diffusivity a, the specific
heat at constant volume CV, and the bulk density d,
using the relationship j = daCV.9 The bulk density
was measured by the Archimedes method at room
temperature using a specific gravity measurement
kit (SMK-401, Shimadzu Co.).9 The relative density
of all samples was measured to lie approximately in
the range from 90% to 95%.9 The specific heat was
determined by differential scanning calorimetry
(DSC) in the temperature range from 303 K to
323 K using X-DSC7000 apparatus (Hitachi High-
Tech Science Co.).9 The thermal diffusivity was
measured at room temperature and from 573 K to
973 K in steps of 100 K, using the laser flash
method (TC-7000, ULVAC-RIKO Co.).9 The mag-
netic susceptibility v was measured in the temper-
ature range from 5 K to 350 K using a
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superconducting quantum interference device
(SQUID) magnetometer (MPMS, Quantum Design,
Inc.) under zero-field cooling (ZFC) conditions at
magnetic field of 1 T during the warming process.9

RESULTS AND DISCUSSION

Our XRD data confirmed that all specimens were
single phase with orthorhombic perovskite struc-
ture (space group Pbnm) for Pr0.9Sr0.1Mn1�xFexO3

(0 £ x £ 1), as shown in Fig. 1 and Table I. The
structural parameters were determined by the
Rietveld refinement method using the RIETAN-
FP program (Table I).25 In this work, the isotropic
atomic displacement parameters B were fixed in
the analysis at 0.5 for both Pr/Sr sites and Mn/Fe
sites, and 1.0 for both apical oxygen (O1) sites and
equatorial oxygen (O2) sites.9 A split pseudo-Voigt
function was used to fit the Bragg peak shapes.9

The Rietveld refinement’s weighted profile reliabil-
ity factors Rwp ranged from about 8% to 18%,
indicating good fit between observed and calculated
intensities.

Although the ionic radii of the high-spin (HS)
Mn3+ and HS Mn4+ ions are slightly larger than
those of the low-spin (LS) Fe3+ and LS Fe4+ ions,
respectively (0.645 Å for HS Mn3+, 0.53 Å for HS
Mn4+, 0.55 Å for LS Fe3+, and 0.585 Å for LS
Fe4+),26 it can be seen that lattice parameters a
and c slightly increase with increasing Fe content x,
as shown in Fig. 2. The Mn/Fe–O1/O2 distances and
the Mn/Fe–O1/O2–Mn/Fe angles are summarized in
Table I, together with the Goldschmidt tolerance
factor27 and the bond valence sum (BVS).28 The
Goldschmidt tolerance factor for the perovskite

structure ABO3 is defined as rA þ rOð Þ=
ffiffiffi

2
p

rB þ rOð Þ
and represents a structural parameter describing
geometric distortion, where rn (n = A, B, and O) are
the average ionic radii of the A, B, and oxygen sites,
respectively. On the other hand, the BVS of A and B
sites in ABO3 are defined as

P

jexp[(r0 � rij)/
0.37 Å], where r0 and rij are the bond valence
parameter and observed bond length between cation
and oxygen, respectively. In addition, the r0 values
used for Pr3+, Sr2+, Mn3+, Mn4+, Fe3+, and Fe4+ are
2.138 Å, 2.118 Å, 1,732 Å, 1.750 Å, 1.751 Å, and
1.765 Å, respectively. As shown in Table I, despite
the decrease in rB, the tolerance factor increased
with increasing x because rA remained constant,
indicating that lattice parameters a and c increased
slightly. On the other hand, the BVS of A and B
sites was observed to be about 2.9 and 3.1, corre-
sponding to the nominal ionic valences of the
cations, respectively. This indicates, therefore, that
the contribution of the redox activity of praseody-
mium, i.e., Pr3+/Pr4+, would be negligible in
Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1).

Figure 3 shows the temperature variation of the
direct-current (dc) susceptibility v � v0 under mag-
netic field of 1 T for 0 £ x £ 1, measured during the
process of warming to room temperature after ZFC to

5 K, where v0 is the contribution of the temperature-
independent magnetic susceptibility. The tempera-
ture dependence of v � v0 suggests that ferromag-
netism is suppressed with increasing x. Figure 4
shows the inverse of the dc susceptibility (v � v0)�1

versus temperature T for specimens with 0 £ x £ 1,
where the curves show a linear relationship in the
high-temperature paramagnetic (PM) range. PM
properties can be expressed as v � v0 = C/(T � H),
where C is the Curie constant and H is the Curie
temperature.9 The PM properties summarized in
Table II were obtained by plotting (v � v0)�1. The
effective magnetic moment of each B site, leff, was
then established using the observed C value, i.e.,

leff ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S0 S0 þ 1ð Þ
p

lB ¼

ffiffiffiffiffiffiffiffiffiffiffiffi

3kBC

NA

s

; ð1Þ

where kB, lB, NA, and S¢ are the Boltzmann
constant, the Bohr magnetron, Avogadro’s number,

Fig. 1. X-ray diffraction patterns of Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1)
at room temperature.
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(Å

2
)

0
.5

0
.5

0
.5

0
.5

0
.5

0
.5

0
.5

0
.5

0
.5

0
.5

0
.5

g
1
.0

1
.0

1
.0

1
.0

1
.0

1
.0

1
.0

1
.0

1
.0

1
.0

1
.0

O
1

x
0
.0

7
3
(2

)
�

0
.0

9
3
(3

)
�

0
.0

7
8
(2

)
�

0
.0

6
5
(2

)
�

0
.0

6
5
(3

)
�

0
.0

7
6
(3

)
�

0
.0

7
4
(1

)
�

0
.0

7
7
(1

)
�

0
.0

7
4
(1

)
�

0
.0

7
3
(1

)
�

0
.0

8
0
(2

)
y

0
.4

9
3
(1

)
0
.5

0
5
(2

)
0
.5

1
4
(1

)
0
.5

0
7
(1

)
0
.5

1
7
(2

)
0
.5

1
1
(2

)
0
.5

1
4
(1

)
0
.5

1
3
(1

)
0
.5

1
3
(1

)
0
.5

1
4
(1

)
0
.5

1
3
(1

)
z

1
/4

1
/4

1
/4

1
/4

1
/4

1
/4

1
/4

1
/4

1
/4

1
/4

1
/4

B
(Å
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and the spin quantum number, respectively. Since
the Mn/Fe ions in Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 0.9)
are in HS Mn3+ (t2g

3 eg
1), HS Mn4+ (t2g

3 ), LS Fe3+ (t2g
5 ),

and LS Fe4+ (t2g
4 ) states, respectively, the valence

state of each Mn/Fe ion can be directly derived from
Eq. 1. Although the nominal valence states of Mn/
Fe ions for all specimens are fixed at 3.1, the
majority of the trivalent and tetravalent ions at B
sites change from HS Mn3+ and HS Mn4+ to LS Fe3+

and LS Fe4+, respectively, with increasing x. Some
of the trivalent ions for x = 1 change from LS Fe3+ to
intermediate-spin (IS) Fe3+ (t2g

4 eg
1). Table II presents

v0, H, C, leff, S¢, the ionic ratios of Mn/Fe ions, and
the average ionic radii of A/B sites for 0 £ x £ 1.

The temperature dependence of the electrical
resistivity q for specimens with 0 £ x £ 1 measured
below 850 K is shown in Fig. 5. All samples showed
semiconducting behavior over the whole tempera-
ture range, and the resistivity increased with
increasing x. However, the resistivity decreased
rapidly when x was increased from x = 0.9 to x = 1.
This suggests that the low-spin sate of Fe ions
dominates the electronic structure for x ‡ 0.9 and
the specimen with x = 1 is a good electroconductive
oxide. In addition, all samples exhibited adiabatic
small polaron behavior in the conduction mecha-
nism above room temperature, as shown in Fig. 6.
For small polaron hopping conduction, the carrier
mobility l exhibits thermally activated temperature
dependence, i.e., l � exp (� WH/kBT), rather than
the carrier concentration n, where WH is the
hopping energy of small polarons and n denotes
the number of hopping small polarons per unit
volume, i.e., n0 exp(� Eg/2kBT). Thus, the temper-
ature dependence of the electrical conductivity
r = enl, predicted by polaron theory,29–31 is as
follows:

r ¼ e2n0xLOa
2
0

kBT
exp �WH þ Eg=2

kBT

� �

¼ r0

T
exp � Er

kBT

� �

;

ð2Þ

where n0 is the concentration of tetravalent ions per
unit volume, xLO is the optical phonon frequency, a0

is the characteristic intersite hopping distance
corresponding to the typical Mn/Fe–O–Mn/Fe dis-
tance in our samples, r0 is the preexponential term,
and Er is the activation energy of the conduction
process.9

As is clear from Table III, all r values above
300 K are well explained by the activated conduc-
tion process. As shown in Fig. 6, the Arrhenius
relationship between rT and T�1 above 300 K is
nearly linear with slope of Er. Furthermore, least-
mean-square fitting yielded r0 in the range from
107 X�1 m�1 K to 108 X�1 m�1 K by extrapolating
rT to T�1 fi 0 in Fig. 6. xLO (Table III) was
derived from the concentrations of tetravalent ions
(n0 � 1027 m�3 to 1028 m�3), calculated from the
lattice parameters and the mean Mn/Fe–O–Mn/Fe
distance a0 determined by Rietveld refinementT
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(Table I). Even when the effect of polycrystallinity
in the samples is taken into account, the calculated
values of xLO are consistent with the typical optical
phonon frequency, i.e., xLO � 1013 Hz to 1014 Hz.

Figure 7 shows the temperature dependence of S
for the specimens with 0 £ x £ 1 measured at tem-
peratures up to 850 K. All samples showed large
positive S below room temperature and a sharp fall
up to 400 K, above which the positive S for x £ 0.8

decreased gradually and approached zero. On the
other hand, the positive S values for x ‡ 0.9 main-
tained large absolute value, showing a gradual
increase up to 850 K. For high-temperature extrap-
olation (Fig. 8), we assumed an expression for S
above room temperature with T�1 dependence
according to the following equation because of small
polaron hopping conduction:32

S ¼ S1 � kB

e

ES

kBT
; ð3Þ

where ES (> Er) is the characteristic energy for the
Seebeck coefficient, and S1 is the thermopower in
the high-temperature limit, i.e., the temperature-
independent term. Table III presents the results for
ES and S1 for the specimens with 0 £ x £ 1 obtained
from least-mean-squares fitting in Fig. 8. If we
assume that the values of ES correspond to Eg/2 in
Eq. 2, the hopping energy can be expressed as
WH = Er � ES.9 The values of WH for the samples
with 0 £ x £ 1 are also given in Table III.

According to an extended Heikes formula,13,33 S1
for Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1) can be
expressed as

S1 ¼ � kB

e
ln

g3

g4
� x4

x3

� �

; ð4Þ

where x3 = 0.9, x4 = 0.1, and g3 and g4 are the
concentration of the trivalent ion, concentration of
the tetravalent ion, degeneracy of the spin and
orbital degrees of freedom of the trivalent ion, and
degeneracy of the spin and orbital degrees of
freedom of the tetravalent ion, respectively. Since
Mn3+ and Mn4+ ions are in the HS state and eg-level
splitting occurs because of JT distortion of the

Fig. 2. Lattice parameters of pseudocubic Pr0.9Sr0.1Mn1�xFexO3

(0 £ x £ 1) at room temperature.

Fig. 3. Temperature dependence of dc magnetic susceptibility
(v � v0) for Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1) under zero-field cool-
ing conditions at magnetic field of 1 T during the warming process,
where the temperature-independent term, v0, is evaluated from
v(T fi 1).

Fig. 4. Temperature dependence of inverse magnetic susceptibility
(v � v0)

�1 for Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1). The straight lines
represent the Curie–Weiss law above room temperature.
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octahedral MnO6,24 g3 = 5 due to the spin degener-
acy of the t2g

3 eg
1 state and g4 = 4 due to the spin

degeneracy of the t2g
3 state. Thus, S1 for x = 0 is

calculated to be 170.1 lV K�1. However, as shown
in Fig. 8, negative S1 = –69.9 lV K�1 was obtained
by extrapolating S to T fi 1. We do not have a
clear explanation for this discrepancy yet, but
suspect that the thermopower for x = 0 may change
sign in going from hole- to electron-like behaviorT
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Fig. 5. Temperature dependence of electrical resistivity (q) for
Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1).

Fig. 6. Arrhenius relationship between rT and T�1 for
Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1) above 125 K. The straight lines
represent the linear portions of the Arrhenius plots.
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above 800 K. On the other hand, since a part of the
trivalent ions for x = 1 change from LS Fe3+ to IS
Fe3+, S1 for x = 1 is calculated to be

S1 ¼ � kB

e
ln

6

9
� 0:100

0:560

� �

� kB

e
ln

24

9
� 0:100

0:340

� �

¼ 204:4 lV K�1;

ð5Þ

where g3 for LS Fe3+, g3 for IS Fe3+, and g4 for LS
Fe4+ are equal to 6, 24, and 9, respectively, owing to
both the spin and orbital degeneracy. As shown in

Fig. 8, this is in good agreement with the experi-

mental value of S1 ¼ 157:7lV K�1 for x = 1.
Figure 9 shows the temperature dependence of

the power factor S2/q calculated from the data for
0 £ x £ 1 in Figs. 5 and 7 in the temperature range
up to 850 K. S2/q for x = 0 increases up to 467 K
then decreases rapidly, reaching a maximum value
of 9.5 9 10�6 W m�1 K�2 at 467 K. On the other
hand, S2/q for x ‡ 0.9 increases monotonically with

Fig. 7. Temperature dependence of Seebeck coefficient (S) for
Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1).

Fig. 8. Temperature dependence of Seebeck coefficient (S) for
Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1) above 125 K, where the straight
lines represent the theoretical relationship of Eq. 3.

Fig. 9. Temperature dependence of power factor (S2q�1) for
Pr0.9Sr0.1Mn1�xFexO3 (0 £ x £ 1).

Fig. 10. Temperature dependence of total thermal conductivity
(j = jL + je) above room temperature for Pr0.9Sr0.1Mn1�xFexO3

(0 £ x £ 1). The inset shows the temperature dependence of the
electronic thermal conductivity (je = L0rT) above 400 K for 0 £ x £ 1
using the well-known Wiedemann–Franz law.
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increasing temperature, and the maximum S2/q is
20 9 10�6 W m�1 K�2 at 850 K for x = 1. Above
700 K, the second S2/q maximum is
5.5 9 10�6 W m�1 K�2 at 850 K for x = 0.9. The
x = 1 specimen clearly showed the largest S2/q of all
the samples above 600 K.

Figure 10 shows the total thermal conductivity j
(= jL + je), where jL and je are the lattice thermal
conductivity and electronic thermal conductivity,
respectively. The electronic thermal conductivity is
calculated by using the well-known Wiedemann–
Franz law (je = L0rT), where the Lorenz number L0

is equal to 2.45 9 10�8 V2 K�2. je is illustrated in
the inset. Although je increases with increasing
temperature, the influence of je on j is much
smaller than that of jL. For all specimens, jL is
more significant than je, so j is mainly ascribed to
jL. As shown in Fig. 10, jL for all the samples
maintained small values of up to 3 W m�1 K�1 over
the whole temperature range.

Finally, we present the ZT values for 0 £ x £ 1 as
a function of temperature. Figure 11 shows that ZT
for x ‡ 0.9 increased monotonically with increasing
temperature. Clearly, the specimen with x = 1
exhibited the largest ZT of all the samples above
600 K. The largest ZT for x = 1 was 0.024 at 850 K,
whereas the specimen with x = 0 showed maximum
ZT of 0.005 at 467 K. This result indicates that hole-
doped perovskite-type Fe oxides show p-type ther-
moelectric properties at high temperature, with
relatively high Seebeck coefficient, moderate elec-
trical resistivity, and low thermal conductivity.

CONCLUSIONS

Polycrystalline samples of Pr0.9Sr0.1Mn1�xFexO3

(0 £ x £ 1) were synthesized by a conventional solid-
state reaction,9 and their crystal structure,

magnetic properties, and thermoelectric properties
investigated. All samples at 300 K showed single
phase with orthorhombic perovskite structure in
space group Pbnm. The Goldschmidt tolerance
factor was observed to increase with increasing x
because of the constant rA, indicating that lattice
parameters a and c slightly increased, in spite of the
decrease in rB. On the other hand, the BVSs of sites
A and B were found to be about 2.9 and 3.1,
respectively, corresponding to nominal ionic
valence. The temperature dependence of the mag-
netic susceptibility suggested that ferromagnetism
was suppressed with increasing x. In addition, with
increasing x, most of the trivalent and tetravalent
ions at B site changed from HS Mn3+ and HS Mn4+

to LS Fe3+ and LS Fe4+, respectively. In particular,
some of the trivalent ions for x = 1 changed from LS
Fe3+ to IS Fe3+. We concluded that the low-spin
state of the Fe ions dominated the electronic
structure for x ‡ 0.9 and that all samples exhibited
adiabatic small polaron behavior in their conduction
mechanism above room temperature. In fact, the
xLO values calculated from the Arrhenius relation-
ship between rT and T�1 are consistent with the
typical optical phonon frequency, i.e.,
xLO � 1013 Hz to 1014 Hz. We also confirmed that
the positive S for x ‡ 0.9 showed a gradual increase
up to 850 K, and the predicted S1, as defined by the
Heikes formula, for x = 1 was in good agreement
with the experimental value of S1. The x = 1
specimen clearly showed the largest S2/q of all the
samples above 600 K. j was mainly ascribed to jL,
which maintained low values of up to 3 W m�1 K�1

over the whole temperature range. Thus, we
obtained the largest ZT value of 0.024 at 850 K for
x = 1. This indicates that hole-doped perovskite-
type iron oxides exhibit p-type thermoelectric prop-
erties at high temperature, with relatively high
Seebeck coefficient, moderate electrical resistivity,
and low thermal conductivity.
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