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(R,_,Ca, )MnO;_; (R: Tb, Ho, Y) solid solutions with the orthorhombic perovskite-type structure were
synthesized and their electrical resistivity and thermoelectric power were measured in the temperature
range 80 to 1000 K. At low temperature, the electrical properties of (R;_,Ca )MnO;_; are explained
by the variable range hopping of electrons model. At high temperature, hopping conduction occurs in
the composition range 0.4 = x = 0.6, while metal-insulator transition occurs in the range 0.7 = x =
0.9. Transition temperature increases with increasing average Mn-O distance. It is concluded that the
increase in Mn-O distance enhances the magnitude of the electrostatic field, and consequently the
transition temperature is raised. (R;_,Ca, )MnO;_; (R: Tb, Ho, Y, 0.7 = x = 0.9) are candidates as high

temperature thermoelectric conversion materials.

Introduction

Metal-insulator transitions in the perov-
skite systems have been widely investi-
gated. R,_,Sr.,CoO; (R: Nd, Pr) and La
Ni;_ .M, 0, (M: Cr, Mn, Fe, Co) solid
solutions show composition-controlled
metal-insulator transitions (/-3), while La
Co0O, shows a temperature-induced
metal-insulator transition (4). In the latter
case, the transition occurs as a result of tem-
perature-dependent compositional change
of diamagnetic and paramagnetic cobalt spe-
cies (4).

The electrical properties of the system
(R,_,Ca)MnO;_; (R: La, Nd, Gd) have
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been investigated (5—7). These manganates
exhibit n-type semiconducting behavior be-
low room temperature. The electrical re-
sistivity follows the Mott T~ law, indicat-
ing the possible occurrence of variable range
hopping of electrons due to Anderson local-
ization (8,9). At high temperature, metal—in-
sulator transition occurs without a change
in the crystallographic parameters. It was
reported that the metal-insulator transition
was caused by a change in the spin state
of trivalent manganese ion (6, 7). The
metal-insulator transition temperature de-
creases with the decreasing ionic radius of
the rare earth ions.

In the present study, the solid solution
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system (R,_,Ca,)MnO;_; containing rare
earthions (Tb’*, Ho?*, and Y**) of smaller
ionic radii than those of La?*, Nd**, and
Gd** were synthesized and electrical resis-
tivity was measured in order to study the
correlation between lattice distortion and
metal-insulator transition. Thermoelectric
properties were also investigated and their
potentials as high temperature thermoelec-
tric conversion materials were examined.

Experimental

All(R,_ Ca,)MnO;_,;(R:Tb, Ho, Y) com-
pounds were prepared by a standard ce-
ramic technique. Powders of CaCO,,
MnCO;, and rare earth metal oxides were
weighed in the appropriate proportions and
milled for 48 hr with acetone. After the
mixed powders were dried at 100°C, they
were calcined at 850°C for 15 hr in air. The
calcined powders were ground and pressed
into pellet form under a pressure of 100
MPa, and then the pellets were heated at
1350-1400°C for 24 hr under a stream of pure
oxygen gas. The oxygen-deficient materials
obtained in this way were annealed at 700°C
for 12 hr under pure oxygen gas.

The phases of the products were identified
by X-ray powder diffraction analysis using
Ni-filtered CuK« radiation. The lattice pa-
rameters were determined by a least-
squares method using silicon as an internal
standard. The oxygen content in each sam-
ple was determined by the oxidation-reduc-
tion method (/0).

The electrical resistivity was measured by
a standard four-electrode technique in the
temperature range 80 to 1000 K. The ther-
mocelectric power was measured using ther-
mocouples as contacts in the temperature
range 80 to 1000 K by applying a tempera-
ture gradient along the length of a sample
ranging from 5 to 10°C. Cu/Constantan and
Pt/Pt—13%Rh thermocouples were used be-
low and above room temperature, respec-
tively. Copper or platinum metal was used
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as an electrode. The values of thermoelec-
tric power were obtained from the slope of
temperature difference versus thermoelec-
tromotive force.

Results and Discussion

1. Synthesis of the Perovskite-Type
Solid Solution

X-ray powder diffraction patterns of
(R,_,Ca,)MnO;_; (R: Ho, Y) were com-
pletely indexed as the orthorhombic perov-
skite-type (GdFeOs-type) structure in the
composition range 0.5 = x = 1.0. In the
composition range x < 0.5, a hexagonal per-
ovskite-type phase coexisted with the ortho-
rhombic phase. Complete series of solid so-
lution with the orthorhombic perovskite-
type structure were formed in the
(Tb,_,Ca,)MnO;_; system. The oxygen
content of (R, Ca,)MnO;_;(R: Tb, Ho, Y)
annealed at 700°C under pure oxygen was
determined to be 2.97-2.98 (5: 0.02—0.03)
from the chemical analysis, and indepen-
dent of the composition.

Compositional dependences of the lattice
parameters of (R, ,Ca,)MnO;_; (R: Tb,
Ho, Y) are shown in Fig. 1. It was reported
that the lattice parameters of (R,_,Ca,)
MnO;_; (R: Nd, La), in which the ionic ra-
dius of Nd@** and La** were close to that of
Ca%*, were monotonously decreased with
increasing x (6, 7). Such linear decrease is
explained by the increase of Mn** content;
that is, the ionic radius of the Mn** is
smaller than that of Mn?* located at the oc-
tahedral site. In the present solid solution
systems containing an ionic radius of R>*
smaller than that of Ca’*, the unit cell vol-
ume linearly decreases with increasing x.
Both the a-axis and the b-axis decrease with
increasing x, while the c-axis has a maxi-
mum value at about x = 0.8. The second
anomalous change in the c-axis observed in
(Th,_,Ca, )MnO, ¢ (x < 0.5) may be due to
the Jahn-Teller effect of the Mn** located
at the octahedral site.
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FiG. 1. Compositional dependences of the lattice parameters of (Ry-,CaMnO;_; (R: Tb, Ho, Y).

Two types of orthorhombic structures,
the O-type (a = ¢/V2 < b) and the O'-type
(a < ¢/V2 < b), are distinguished for all
solid solution systems as shown in Fig. 1.
The O-type structure was also formed in
the (Nd,_,Ca,)MnO, 4 (0.5 = x = 1.0) and
(La,_,Ca,)Mn0O, o; (0.8 = x = 1.0) systems
(6, 11). It is well known that the difference
in symmetry of the perovskite-type struc-
ture is explained by the tolerance factor
(t = (ry + rB)/\/i(rB + ry) for ABX;) pro-
posed by Goldschmidt (12). A cubic perov-
skite-type structure is stable if the parame-
ter t is equal to unity. If # is slightly different
from unity, the perovskite structure is
slightly distorted. Figure 2 shows the varia-
tion of the tolerance factor with the compo-
sition for various (R,_,Ca)MnO; ; sys-
tems. The tolerance factor was calculated
by using Ahrens’ ionic radii (/3). The arith-
metical average of the ionic radii were taken
for an A-site cation (R,_,Ca,). The bound-

ary between the O-type and the O'-type or-
thorhombic structures was determined to be
t = 0.860 from the present results. This criti-
cal value is consistent with the results of

Tetragonal
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Orthorhombic

O'-type
Orthorhombic

Tolerance factor

Hexagonal

0. 1

1 1 1 1 | 1 1 1 1

1.0
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F1G. 2. The variation of the tolerance factor with the

composition in the system (R;_.Ca)MnO;_; (R: rare
earth element).
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F1G. 3. In p vs 1/T plots of (R, _,Ca,)MnO;_; (R: Tb, Ho, Y).
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F1G. 4. In p vs T~ plots of (R,_,Ca )MnO,_; (R: Tb, Ho, Y).

(Nd,_,Ca )MnO, 4 (6) and (Pr,_,Ca,)
MnO; (14) systems. The tetragonal—ortho-
rhombic (O-type) boundary was determined
from the results of the (La,_.Ca )MnO,
system (//) and also indicated in Fig. 2.

2. Metal-Insulator Transition

The results of the electrical resistivity
measurements are shown in Fig. 3. Below

room temperature, all (R,_ ,Ca )MnO;_; (R:
Tb, Ho, Y) samples are semiconductors
with a negative temperature coefficient of
resistivity and the electrical resistivity de-
creases with increasing x. The relation be-
tween In p and 1000/7 is not linear in the
low temperature region, except (Tb,_.Ca,)
MnO, ¢ (0 = x = 0.3). The relation of In p
vs T™" in (R,_,Ca, )MnO;_; is shown in
Fig. 4. At low temperature, In p follows the
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F1G6. 5. In ¢ T vs 1/T plots of (R;_,Ca,)MnQ,_; (R: Tb, Ho, Y).

Mott 7~ law, which indicates the possible
occurrence of variable range hopping of
electrons due to Anderson localization (8,
9). This conduction mechanism was also
proposed for other perovskite systems such
as (R, ,Ca )MnO;_; (R: La, Nd, Gd) (5-7)
and (Eu,_,Sr,)FeO; (8).

At higher temperature, the linear relation
of In o T vs 1/T is observed in the composi-
tion range 0.4 = x = 0.6 as shown in Fig. 3,
which indicates the occurrence of hopping
conduction. Figure 6 shows the relation of

1. +L.

p vs T of the solid solutions with the compo-
sition range 0.7 = x = 0.9. The sign of
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F1G. 6. p vs T plots of (R, _,CaMnO;_; (R: Tb, Ho, Y).

dp/dT changes from negative to positive and
electrical resistivity linearly increases with
increasing temperature. From these results,
it is obvious that (R,_,Ca,)MnO;_; (R: Tb,
Ho,Y,0.7 = x = 0.9) exhibits a metal-insu-

lator transition analogous to (R,_,Ca,)
MnO,_; (R: La, Nd, Gd) (5-7).

Rao and Ganguly (4) summarized the
metal-insulator transition in some perov-
skite systems and pointed out that the com-
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Fi1G. 7. Metal-insulator transition temperature vs
composition in the system (R,_,Ca )MnO;_; (R: rare
earth element).

position-controlled metal-insulator transi-
tion occurred at the composition whose
value of resistivity was ~2 x 1073 ohm cm.
They also pointed out that this critical value
of resistivity was close to the value expected
from the Mott’s concept of minimum metal-
lic conductivity (I5, 16). 1t is notable that
the metal-insulator transitions in (R,_,Ca,)
MnO;_;(R: Tb, Ho, Y, 0.7 = x =0.9) occur
at the temperature at which the value of
resistivity becomes ~35 x 107° ohm cm.
This resistivity value is also close to the
Mott’s minimum metallic conductivity.
The metal-insulator transition tempera-
ture (7) is defined as the temperature where
the resistivity coefficient changes from neg-
ative to positive. The relation between 7,
and the composition is shown in Fig. 7,
together with the previous works on (R, _,
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Ca )MnO,_; (R: La, Nd) (5, 6). T, increases
gradually with decreasing x in La** and
Nd3* solid solution systems in which the
lattice distortion is small. On the other hand,
T, increases drastically with decreasing x in
Tb3*+, Ho’*, and Y?* solid solution systems
in the composition range where lattice dis-
tortion becomes large. This may be due to
the variation of the Mn-O interatomic dis-
tance with composition.

In order to clarify the relation between 7
and the composition, the Mn-O distance
was calculated by using the refined posi-
tional parameters of the orthorhombic per-
ovskite-type structure (space group, Pbnm)
for (Tb,_,Ca,)Mn0, o (0.7 = x = 0.9) and
(Nd, _,Ca)Mn0O,4 0.5 = x = 09).
(Nd, _,Ca,)MnQ, o samples were prepared
as indicated in Ref. (6). Structure refinement
was carried out by Rietveld analysis of the
X-ray powder diffraction data with the
“RIETAN"’ program written by Izumi (/7).
Isotropic thermal parameters were fixed at
0.5 A? for all samples. Final R-factors were
all less than 8%. Refined structural parame-
ters and residuals, Ryp, R; and Ry are listed
in Table I. Ryp, R; and Ry are the residuals
for the weighted pattern, the integrated in-
tensity, and the structure factor, respec-
tively.

Figure 8 shows the relation between T,
and the average Mn-O distance in
(Tb,_,Ca, )MnO, oz and (Nd, _,Ca, )MnO, 4.
All the plots well lie on a unique curve. T,
increases with increasing the average Mn-O
distance.

The energy band scheme for the perov-
skite-type structure  proposed by
Goodenough (/8) was adopted for the inter-
pretation of the metal-insulator transition
in the (R,_,Ca )MnO;_; (R: La, Nd, Gd)
systems (5-7). The energy band scheme
consists of partially filled o* electron and
* hole states. The localized 7* orbitals of
« and B spins at a given cation are split by
the interatomic exchange (E.,). Below T,
electrons exist in the localized 7* orbital of
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TABLE 1
REFINED STRUCTURAL PARAMETERS FOR (R;_,Ca)MnO;_; (R: Tb, Nd)

Space group Pbnm

Atom Position X y z
Tby 1 CayeMnO; gg Tb, Ca 4(c) —0.007(2) 0.035(1) i
Mn 4(b) 3 0 0
a = 0.5284(1) nm o) 4(c) 0.081(5) 0.492(3) 1
b = 0.5306(1) nm 0Q2) 8(d) —0.284(4) 0.293(3) 0.027(3)
¢ = 0.7475(2) nm
Ryp = 1.66% R; = 5.90% Rr = 6.30%
Thby,CagsMnO, g5 Tb, Ca 4(c) —0.005(2) 0.037(1) E:
Mn 4(b) 3 0 0
a = 0.5296(1) nm () 4(c) 0.097(4) 0.489(3) i
b = 0.5328(1) nm 02) 8(d) —0.289(4) 0.299(2) 0.024(2)
¢ = 0.7492(3) nm
Ry, = 1.82% Ry = 6.20% Rr = 7.26%
Tby3Cay ;MnO; o Tb, Ca 4(c) —0.005(2) 0.039(1) 3
Mn 4(b) 3 0 0
a = 0.5311(1) nm o(1) 4(c) 0.098(6) 0.493(4) e
b = 0.5367(1) nm 02) 8(d) —0.295(5) 0.302(3) 0.028(2)
¢ = 0.7478(2) nm
Ryp = 1.80% R; = 4.94% Ry = 4.80%
Ndy CaysMnO; g Nd, Ca 4(c) —0.015(2) 0.029(1) i
Mn 4(b) 3 0 0
a = 0.5285(1) nm (1) 4(c) 0.072(7) 0.488(5) b
b = 0.5303(1) nm 02) 8(d) —0.290(7) 0.284(7) 0.009(6)
¢ = 0.7475(2) nm
Ryp = 1.98% R, = 8.50% Ry = 7.12%
Nd,,Cay sMnO, g9 Nd, Ca 4(c) —0.010(2) 0.027(1) 1
Mn 4(b) b 0 0
a = 0.5306(1) nm O(1) 4(c) 0.100(6) 0.496(6) i
b = 0.5330(1) nm 02) 8(d) —-0.277(7) 0.298(4) 0.011(5)
¢ = 0.7500(2) nm
Ryp = 1.94% R, = 6.37% Ry = 7.20%
Ndg;Cag;MnO; g9 Nd, Ca 4(c) —0.003(3) 0.027(1) i
Mn 4(b) H 0 0
a = 0.5338(1) nm o) 4(c) 0.087(7) 0.493(6) i
b = 0.5350(1) nm 0(2) 8(d) —0.286(8) 0.297(6) 0.026(3)
¢ = 0.7530(2) nm
RWP - 1.95% R[ = 5-32% RF = 6.33%
Ndy sCag sMnO, g Nd, Ca 4(c) —0.002(3) 0.029(1) b
Mn 4(b) 1 0 0
a = 0.5379(1) nm o) 4(c) 0.066(8) 0.494(4) i
b = 0.5401(1) nm 0®2) 8(d) —0.275(6) 0.306(4) 0.035(3)
¢ = 0.7591(3) nm

Ryp = 2.00% R, = 5.43% Ry = 5.77%
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FiG. 8. Metal-insulator transition temperature vs
Mn-O distance in the system (R;_,Ca )MnO;_; (R: Tb,
Nd). Numbers in figure correspond to the value of x.

« and B spins. Above T,, the collective o *
orbital of « spin overlaps with the localized
@* orbital of 8 spin. The metal-insulator
transition correlates with the magnitude of
the electrostatic field (A). It is concluded
that the increase in Mn-O distance en-
hances the magnitude of the electrostatic
field, and consequently, the metal-insulator
transition temperature is raised.

3. Thermoelectric Properties

Figure 9 shows the thermoelectric power
of (R,_,Ca)MnO;_; (R: Tb, Ho, Y) as a
function of temperature. In the (R,_.Ca,)
MnO;_;(R: Ho, Y, 0.5 = x = 0.9) systems,
the sign of the thermoelectric power is nega-
tive; i.e., the major conduction carrier is
the electron. The conduction carrier of
(Tb,_,Ca,) MnO, g is the electron in the
composition range 0.5 = x = 0.9, while that
of (Tb,_,Ca,) MnO, ¢ with 0.1 = x = 0.4 is
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the hole. It is regarded that the conduction
carrier is the hole in the case of Mn**(3d%)
> (Mn**(34?) and it is the electron in the
case of Mn** < Mn**, when hopping or
metallic conduction occurs in the mixed va-
lency oxides containing Mn ions. This as-
pect is also applied to the present solid solu-
tion systems.

Since (R,_,Ca, )MnO,_; (R: Tb, Ho, Y,
0.7 = x = 0.9) solid solutions possess large
thermoelectric power and high electrical
conductivity in the metallic conduction re-
gion, they are considered to be candidates as
high temperature thermoelectric conversion
materials. The figure of merit (£) of thermo-
electric conversion was calculated by the
equation Z = S2¢/\, where S, o, and \ are
thermoelectric power, electrical conductiv-
ity, and thermal conductivity, respectively.
Here, the value of A was taken from the
data of another orthorhombic perovskite,
LaCrO,, given by Weber et al. (19). Results
are shown in Fig. 10. Z mainly depends on
the thermoelectric power, because the elec-
trical conductivity of all samples is about
10%(S/cm) in the metallic conduction region.
Figure 11 shows the figure of merit of
(R,_,Ca)MnO;_; (R: Tb, Ho, Y) together
with various commercial used thermoelec-
tric materials (20). Z values of the present
solid solution systems are lower than those
of other representative thermoelectric mate-
rials by an order of magnitude, but they be-
come slightly higher than that of 8-FeSi,
above 800°C, suggesting the possible appli-
cation for high temperature thermoelectric
conversion.

Conclusion

In the present study, solid solutions
(R,_,Ca, )MnO;_; (R: Tb, Ho, Y), with the
orthorhombic perovskite-type structure
were synthesized by solid state reactions.
Two types of orthorhombic structures, the
O-type and the O'-type, are found in these
systems. The boundary of the tolerance fac-
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F16G. 9. Temperature dependence of the thermoelectric power of (R;_,Ca )MnO;_; (R: Tb, Ho, Y).

tor between the O-type and the O’-type is
determined to be 0.860.

The conduction mechanism in (R,_,Ca,)
MnO;_;(R: Tb, Ho, Y) systems is explained
by variable range hopping of electrons due
to Anderson localization in the low tempera-
ture region. At high temperature, the
metal—insulator transition occurs in the
composition range 0.7 = x = 0.9. Transition

temperature increases with increasing aver-
age Mn-O distance. This fact is interpreted
by an enhancement of the magnitude of the
electrostatic field in the energy band scheme
(/8) with increasing Mn—O distance.
(R,_,CaMnO;_;(R: Tb, Ho, Y, 0.7 = x
= 0.9) have large thermoelectric power and
high electrical conductivity in the metallic
conduction region. These materials are con-
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sidered to be candidates as high temperature
thermoelectric conversion materials.
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