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The electrical resistivity (p) of the perovskite-type (Ln;_,Ca )MnO;_; (Ln: La, Nd, and Gd) and
(Nd, ,Cay 9_,Sr,)MnO, 5; were measured in the temperature range 300 to 800 K. In the case of (Ln,_,Ca,)
MnO;_; (Ln: La, Nd, and Gd), dp/dT increases with increasing x. The increase of dp/dT is explained
by both the decrease in the Mn—O distance and the number of 34 electrons which exist in the conduction
band. On the other hand, in the case of (Nd, ;Cayg_,Sr,)MnO, o7, dp/dT decreases slightly with increas-

ing y and corresponds to an increase in the Mn-O distance.

Introduction

CaMnO, has an orthorhombic perovskite-
type structure, and the space group is Pnma
(1, 2). CaMnO, exhibits a weak ferromagne-
tism with Ty = 123 K (3) and an n-type
semiconductor (4). Many investigations
have been reported on the substitution of
Ca’* ion by rare earth ion in CaMnO, (3, 5,
6). The electrical properties of (Ln,_,Ca,)
MnO;_; (Ln: La, Nd, Gd, Tb, Ho, and Y)
were measured by Taguchi et al. and
Kobayashi et al. (7-10).

(Ln,_,Ca )MnO;_; (Ln: La, Nd, Gd, Tb,
Ho, and Y) exhibits n-type semiconducting

! To whom correspondence should be addressed.

0022-4596/92 $3.00
Copyright © 1992 by Academic Press, Inc.
All rights of reproduction in any form reserved.

© 1992 Academic Press, Inc.

behavior below room temperature. At low
temperature, the electrical resistivity (p) fol-
lows Mott’s T ! law, indicating the possi-
ble occurrence of variable range hopping of
electrons due to Anderson localization (11).
At high temperature, p of these manganates
has a positive temperature coefficient, and
the metal-insulator transition of these man-
ganates occurs without any crystallographic
change; dp/dT of these manganates depends
on x. The metal-insulator transition temper-
ature (T,) of these manganates decreases
with increasing x. At a particular value of x,
in which the Mn®*/Mn*" ratio is constant,
T, of these manganates increases with in-
creasing average Mn-O distance (10).

The electrical properties of the perov-
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skite-type (Nd, ;Cagy_,Sr,)Mn0, o, were
measured (12). In (Nd, ,Cag4_,Sr,)MnO, g, ,
both the number of 4f electrons in the rare
earth ion and the Mn3*/Mn** ratio are inde-
pendent of y. In the range 0 < y = 0.4, the
metal-insulator transition occurs. Both the
cell constants and T, linearly increase with
increasing y. Since both the number of 4f
electrons and 3d electrons are independent
of y, it is considered that T, depends on the
Mn-O distance.

In the present study, we exactly measured
dp/dT of both (Ln,_,Ca)MnO;_; (Ln: La,
Nd, and Gd) and (Nd,Cay,_,Sr,)MnO, 5,
at high temperature. The mechanism of the
metal-insulator transition of these manga-
nates and the effect of dp/dT, a band gap,
T,, and Mn-0O distance are discussed.

Experimental

The preparation of (Ln;_,Ca)MnO,_,
(Ln: La, Nd, and Gd) and (Nd,,Cag,_,
Sr,)MnO,,; was described in detail else-
where (7-9, 12). For measuring the electri-
cal resistivity, the powder manganates were
pressed into a pellet form under a pressure
of 50 MPa, and the pellet was sintered at
1623 K for 12 hr under the flow of pure
oxygen gas. The oxygen-deficient materials
obtained in this manner were annealed at
973 K under a flow of pure oxygen gas.

The electrical resistivity of the manga-
nates was measured by a standard four-
electrode technique in the temperature
range 300 to 800 K.

Results and Discussion

At high temperature, the electrical resisti-
vity (p) of (Ln,_,Ca)MnO,_; (Ln: La, Nd,
and Gd) linearly increases with temperature
in the range 0.7 < x = 0.9 for La, 0.6 <
x = 0.9 for Nd, and 0.7 < x = 0.9 for Gd,
respectively; p of (Nd,Cayy_,Sr,)MnO, 4
also linearly increases with temperature in
the range 0 =y = 0.3. At high temperature, p

477

dp/dT
(x105 Qem)
8.0 T T T T
- -
6.0 | ° La .
& Nd
% o Gd
40 |- Q
20 | g -
A
= a -
a
0.0 & Y W— 1 1
. 0.5 0.6 0.7 0.8 0.9 1.0

X

F1G. 1. dp/dT vs x for the system (Ln;_,Ca, )MnO;_;
(Ln: La, Nd, and Gd).

for the metallic materials linearly increases
with increasing temperature and given by

p = p, + p(D), (D

where p, is a constant which increases with
increasing impurity content and p(T) is the
temperature-dependent part of the electrical
resistivity (13). p(T) is'given by

p(T) = p'aT, 2

where p’ is a constant, « is a temperature
coefficient, and T'is temperature (I14). As we
used the sintered manganates, p, depends
on the density of the manganates. On the
other hand, p’ depends on the composition
of the manganates. In the present study, we
used dp/dT which is given by

dp/dT = p'a, (3)

because it is not easy to get p’ and @ indepen-
dently. Figure 1 shows the relation between
dp/dT of (Ln,_,Ca )MnO,_; (Ln: La, Nd,
and Gd) and x; dp/dT monotonously in-
creases with increasing x with little differ-
ence between La, Nd, and Gd. Figure 2
shows the relation between dp/dT of
(Nd, ,Cag5.-,Sr,)MnO, 4, and y. Though
both the number of 4f electrons in the rare
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F1G. 2. dp/dT vs y for the system (Ndy;Cagy_,
Sry)Mn02_97 .

earth ion and the Mn?*/Mn** ratio are inde-
pendent of y, dp/dT slightly decreases with
increasing y.

The characteristics of (Ln,_,Ca, )MnO;_;
(Ln: La, Nd, and Gd) and (Nd, ,Cay_,Sr,)
MnO, 4; are summarized as follows (7-9,
12). The unit cell volume of (Ln;_,Ca,)
MnO;_; (Ln: La, Nd, and Gd) decreases
with increasing x. The decrease of the unit
cell volume is explained by the decrease of

log p
A
x=0.5
i x=0.9

1/1000T
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the Mn3* ion content, and the Mn-O dis-
tance decreases with increasing x. The unit
cell volume of (Nd,,Cazy_,Sr,)MnO,,
slightly increases with increasing y. The in-
crease of the unit cell volume is explained by
the increase of Sr** ion content, and Mn-O
distance slightly increases with increasing
y. At low temperature, these manganates
are n-type semiconductors and the relation
between log p and 1/T is schematically
shown in Fig. 3(A). With increasing x, the
slope of log p—1/T curves for (Ln,_,Ca M-
nO;_; (Ln: La, Nd, and Gd) decreases and
the band gap (A) between the valence band
and conduction band decreases. On the
other hand as shown in Fig. 3(B), the slope
of log p-1/T curves for (Nd,;Cay,_,S-
r,)MnO, 4, slightly increase with increasing
y, and A increases. Figure 4 schematically
shows the changes in T, with composition.
Magnetic susceptibility measurement of the
manganates suggests that the spin state of
Mn?* ion changes from low to high at T,
7-9).

We propose a simple energy band scheme
of which the valence band (#* orbital) and
the conduction band (o* orbital) are sepa-
rated by A as shown in Fig. 5 which is

log p
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F16. 3. Schematic illustration of log p vs 1/T for the systems [A] (Ln;_,Ca,)MnO;_; (Ln: La, Nd,

and Gd) and [B] (Ndy Caqs_,Sr,)MnO, 4.
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F16. 4. Schematic illustration of 7, vs x or y for the
systems [A] (Ln,_,Ca )MnO;_s (Ln: La, Nd, and Gd)
and [B] (Nd, Cags_,Sr)MnO, ;.

strongly affected by temperature, the num-
ber of 3d electrons, and the Mn-O distance.
In the case of (Ln,_,Ca )MnO,_; (Ln: La,
Nd, and Gd), both the Mn-O distance and
the number of 3d electrons decrease with
increasing X, and A decreases. Because A is
narrow when Mn** dominates, it is easy for
the spin state of the Mn?* ion to change
from low to high at low temperature. Conse-
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quently, the metal-insulator transition oc-
curs, and T, decreases with increasing x. On
the other hand in the case of (Nd, Cay,_,
Sr;)MnO, o;, the number of 3d electrons is
constant and only the Mn~O distance in-
creases slightly with increasing y and A in-
creases. It is therefore unfavorable for the
spin state of Mn’* ion to change from low
to high at low temperature and conse-
quently, T, increases with increasing y. The
present discussion gives a good agreement
with the schematic illustration of experi-
mental results shown in Fig. 4. Based on
these results, it is clear that the Mn-O dis-
tance plays an important role to 7; that is,
T,increases with increasing Mn-O distance.

Both the Mn-O distance and the number
of 3d electrons are important factors that
control dp/dT above T,. In the case of
(Ln,_,Ca)MnO,_; (Ln: La, Nd, and Gd),
both the Mn~O distance and the number of
3d electrons decrease with increasing x. No
difference was observed in dp/dT-x relation
for La, Nd, and Gd (see in Fig. 1.) because
the number of 3d electrons does not depend
on the Ln ion. The number of the 3d elec-
trons which exist in the conduction band
decreases with increasing x, and dp/dT in-
creases with increasing x. From these re-
sults, it is concluded that both the Mn-O
distance and the number of 3d electrons play
an important role in determining dp/dT. On

-
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FIG. 5. Schematic illustration of the energy band for the systems (Ln,_,Ca,)MnO;_gs (Ln: La, Nd,
and Gd) and (Ndo,,Caolg_ySry)MnOZ'W. [A] is below T, and [B] is above T,.
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the other hand, in case of (Nd,;Cag,_,
Sr,)MnO, 4;, the Mn-O distance increases
slightly with increasing y, but the number of
3d electrons is constant. Though the number
of the 3d electrons which exist in the con-
duction band is constant, dp/dT slightly de-
creases with increasing y, as shown in Fig.
2. From these results, it is concluded that
the small decrease in dp/dT is caused by the
increase of the Mn~Q distance.

Conclusion

The band gap, A, which is affected by
Mn-O distance and the number of 3d elec-
trons, directly affects the metal-insulator
transition in (Ln,_,Ca)MnO;_; (Ln: La,
Nd, and Gd) and (Nd, ;Cag4_,Sr,)MnO, 4.
In the case of (Ln;_,Ca)MnO,;_; (Ln: La,
Nd, and Gd), both the Mn-O distance and
the number of 3d electrons decrease with
increasing x whereby A decreases with in-
creasing x and the spin state of Mn?* ion
easily changes from low to high. Conse-
quently, the metal-insulator transition oc-
curs, and 7, decreases with increasing x.
Above T,, dp/dT increases with a decrease
in both the Mn-O distance and the number
of 3d electrons in the conduction band.

In contrast, in the case of (Nd, ,Cag,_,
Sr,)MnO, 5;, the number of 3d electrons is
constant and A increases slightly with in-
creasing Mn-O distance. It is unfavorable
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for the spin state of Mn*" ion to change from
low to high at low temperature. Conse-
quently, T, increases with increasing y and
above T,, the slight increase in the Mn-O
distance causes the decrease of dp/dT.
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