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Metal-Insulator Transition in the System (Ca,_,La,)MnO,q;
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The electrical resistivity of (Ca;_,La, )MnO-.4; (0.05 = x = 0.4) was measured in the temperature
range from 80 to 1000 K. All manganates are n-type semiconductors below room temperature. Below
125 K, the electrical resistivity follows the Mott’s T-'* law indicating the possible occurrence of
variable hopping of electrons due to Anderson localization. Above ca. 400-450 K, all manganates
exhibit a metal-insulator transition without crystallographic change. From the results of magnetic
measurement, the mechanism of the metal-insulator transition is explained by the band model of

covalency criterion for localized vs collective electrons in oxides with the perovskite structure.
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Introduction

CaMnO, has an orthorhombic
perovskite-type structure and exhibits a
weak ferromagnetism with Ty = 123 K (/).
Wollan and Koehler synthesized the non-
stoichiometric CaMnQO;_;, and examined its
crystallographic and magnetic properties
(2). The cell constants of CaMnO;-; were
independent of the oxygen content, but
Néel temperatures (Ty) increased with de-
creasing the oxygen content. Taguchi re-
ported that CaMnQ;_; were n-type semi-
conductors, and log p (p: electrical
resistivity) vs T~ was linear and log p de-
creased with decreasing the oxygen content
below 360 K (3). The electrical properties
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of CaMnOQ;_s were explained by the vari-
able range hopping of electrons (4, 5).
Many investigations on the substitution
of La** ion by Ca?*, Sr** and Ba’" ions
in LaMnO; have been reported (6, 7).
Jonker and Van Santen first reported that
(La;-Ca,)MnQO; was ferromagnetic in the
range0.1 = x=0.5(6). Wollan and Koehler
reported that the ferromagnetic and antifer-
romagnetic properties of (La,_,Ca,)MnO;
strongly depend on its chemical composi-
tion (2). (LagesCag3s)MnO; was ferromag-
netic, but above and below x = 0.35
(La,-.Ca,)MnO; was antiferromagnetic.
LaMnOs is a semiconductor with an elec-
trical resistivity of 10° Q cm at 200 K (8).
The electrical resistivity of (LLa,—,Ca,)MnO;
decreased with increasing x in the range
0 = x = 0.2. In the range 0.3 = x = 0.5,
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F1G. 1. DTA curve in the system (Ca,_,La)MnO, o,.

(La,_,Ca,)MnO; was metallic at low tem-
perature, and exhibited a metal-semicon-
ductor transition near the Curie tempera-
ture (9). According to Tanaka et al., the
metal-semiconductor transition of (Lagy
Cao2)MnQ; was explained by the localiza-
tion of the hole forming the magnetic spin
molecule for Mn** ion in its neighbor (/0).

In the present study, an attempt was
made to synthesize the perovskite-type
(Ca,_,La)MnO,4; (0.05 = x = 0.4) in order
to study its electrical properties from the
results of both electrical resistivity and
the magnetic susceptibility measurements.
These results will provide some informa-
tion for discussing the behavior of 3d elec-
trons of Mn ions in the perovskite oxide
system.

Experimental

All (Ca;_,La,)MnO; (0.05 = x = 0.4)
samples were prepared using a standard
ceramic technique. Powders of La;0.,
CaCOs, and MnCO; were weighed in the
desired proportions and milled for a few
hours with acetone. After the mixed pow-
ders were dried at 100°C, they were
calcined in air at 800°C, then fired at 1300°C
for 24 hr in a flow of pure oxygen gas. For
measuring the resistivity, the powder was
compressed into a pellet form under a pres-
sure of 50 MPa, and then the pellet was
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sintered at 1300°C for 12 hr in a flow of pure
oxygen gas. The oxygen deficient materials
obtained in this way were annealed at 600~
700°C in air for 50 hr.

The phases of the samples were identified
by X-ray powder diffraction with filtered
CuKa radiation. The oxygen content in
each samples was determined by the oxida-
tion—reduction method (/1). The electrical
resistivity was measured by a standard
four-electrode technique in the temperature
range from 80 to 1000 K. Magnetic suscep-
tibility was measured by a magnetic torsion
balance in the temperature range from 300
to 700 K. Phase transition of the sample
was measured by differential thermal analy-
sis (DTA) in the temperature range from
300 to 1523 K.

Results and Discussion

The oxygen content of all samples
(Ca;-.La,)MnO;_;(0.05 = x = 0.4) annealed
at 600-700°C in air was determined to be
2.97 (6 = 0.03) from chemical analysis. X-
Ray powder diffraction patterns of (Ca,;_,
La,)MnO,q; were completely indexed as
the pervoskite-type structure. Figure 1
shows the results of differential thermal
analysis (DTA) of (Ca,-.La,)MnO,;.
(Ca;_,LagMnO,q; (0.05 = x = 0.2) gave
exthothermic peaks at ca. 1160-1190 K. On
the otherhand, (Ca;_,La)MnO, ¢, (0.2=x =
0.4) did not give either exothermic or endo-
thermic peak up to 1523 K. These results
indicate that the crystal structure of
(Ca,-,La)MnO,4; (0.05 = x = 0.4) did
not change below 1160 K.

The electrical resistivity data in the tem-
perature range from 80 to 1000 K is shown
in Fig. 2. Below room temperature, all sam-
ples were n-type semiconductors and the
electrical resistivity (p) increased with in-
creasing x. The activation energy calcu-
lated from the linear portion of log p vs 1/T
increased monotonicaily with increasing x
as shown in Table 1. Below 125 K, log p vs
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Fi1G. 2. Electrical resistivity vs 1/T in the system
(Ca,-,LayMnO, ;.

1/T was nonlinear. The relation between log
pvs T-"for (.05 = x = 0.4 samples is shown
in Fig. 3. As seenin Fig. 3 log p vs T~ was
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F1G. 3. Electrical resistivity vs T-# in the system
(Ca;-,La)MnO; ;.

linear below ca. 100 K and log p strongly
depended on the chemical composition.
From these results, the electrical properties
of (Ca;_,La)MnO,4; was explained by the
variable range hopping of electrons by anal-
ogy with CaMnOQ;.; at low temperature
(3-5). Above ca. 400-450 K, (Ca,_,
La)MnO,y; had a metallic temperature
coefficient and the electrical resistivity in-
creasing temperature as seen in Fig. 2.
From the result of DTA shown in Fig. 1, it
is said that the metal-insulator transition in
(Ca;-_,La,)MnO,4; occurred without the
phase transition.

Wollan and Koehler

reported that

TABLE 1

THE AcTIVATION ENERGY (E), PARAMAGNETIC CURIE
TEMPERATURE (T,) AND EFFECTIVE MAGNETIC MOMENT (pteq)
IN THE SYSTEM (Ca,_La)MnO-y;

300 = T = 450-500

450-500 = T = 700

x E (eV) T, (K) Hert T, (K) Mete
0.05 0.04 — — — —
0.1 0.05 150 2.96 56 3.35
0.2 0.12 — — - —
0.3 0.18 218 3.34 203

0.4 0.19 —
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F1G. 4. Inverse magnetic susceptibility vs tempera-
ture in the system (Ca,-,La,)MnQO,g;.

(La,_,Ca )MnO;_; was antiferromagnetic in
therange 0.6 = x = 1.0, and the Néel temper-
ature (Ty) increased with decreasing x (2).
The temperature dependence of the inverse
susceptibility (1/xy) of (Ca;—_,La,)MnO,¢;
(x = 0.3 and 0.4) is shown in Fig. 4. The
1/xg~T curve obeyed the Curie—Weiss law,
and had a deflection point at ca. 450-500 K.
In Fig. 4, the arrows indicate the metal-
insulator transition of each sample. The
paramagnetic Curie temperature (7y) and
the effective magnetic moment (u.g) calcu-
lated from the linear portions below and
above 450-500 K in the 1/x,—T curve are
listed in Table I. T, decreased and us in-
creased above ca. 450-500 K. These results
suggested that the change of the electron
configuration of Mn ions in (Ca;_,
La,)MnO;4; occurred above 450-500 K,
and affected the electrical conductivity.
Goodenough proposed an energy band
scheme consisting of the partially filled o*
orbitals and #* hole, and the band scheme
for the perovskite structure (/2). The local-
ized 7* orbitals of @ and 8 spin at a given
cation are split by the intraatomic exchange
(E.y), and collective o* orbitals were also
splite by E.,. The magnitude of the electro-
static field (A) depends on both particular
anion complex and valency state of cation.
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wege of (Ca;_,La,)MnO,5; increases above
450-500 K as shown in Table I. The Mn**
ion (3d%) had the electron configuration of
(de)*(dy)®. On the other hand, Mn3* ion
with 3d* electron configuration have both
low- and high-spin state with the (de)*(dy)°
and (de)’(dy)!, respectively. The calculated
value of g for (CagolLag )MnO, g7 with the
low-spin state of Mn** ion and the high-spin
state of Mn?* ion is 3.71 and 4.04 ug, re-
spectively. Although the observed value of
Mt listed in Table I is smaller than that cal-
culated, it is consider that the spin state of
Mn?* ion changed from low (E, < A) to high
(E.x < A) above T; (metal-insulator transi-
tion point). Below T, the electrons existed
in the localized 7* orbital of a and 8 spins.
Above T, the collective o* orbital of « spin
overlapped with the localized #* orbital of
B spin. Since the electrons partially filled
both collective o* and localized #* orbitals,
(Ca,_,La,)MnO,4; exhibited metallic be-
havior at high temperature.

It i1s concluded that (Ca,_,La,)MnO;g;
(0.05 = x = 0.4) exhibits a metal-insulator
transition without the phase transformation
at high temperature. Both T, and p.g of
(Ca,-,La,)MnO, 4; changed above 400-450
K, and the electrical properties were
strongly influenced by the magnetic proper-
ties. The mechanism of the metal—insulator
transition in (Ca,_,La,)MnO, ; is explained
by the band model proposed by Good-
enough (/2).
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