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Perovskite-type (La;_,Ca,)MnO,y; (0.90 = x = 1.00) were
synthesized by a standard ceramic technique. (La;_,Ca,)MnO,,
exhibits the metal-insulator transition in the range 0.90 =
x = 0.98. With increasing x, the metal-insulator transition
temperature (7;) decreases and dp/dT increases. The decrease
in both the angles for Mn—O(1 and 2)-Mn and the number of
3d electrons with increasing x makes 7r-bonding weak. (Layy,
Caygs)MnO,o(x = 0.98) has the peak at ca. 780 K in the p-T
curve, and this peak is caused by the oxygen deficiency. 0196
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INTRODUCTION

CaMnO; has an orthorhombic perovskite-type structure
with a = 0.5282 nm, b = 0.7452 nm, and ¢ = 0.5265 nm,
and exhibits weak ferromagnetism with Ty = 123 K (1, 2).
Taguchi reported that CaMnOj;_;is an n-type semiconduc-
tor and log p (p is electrical resistivity) vs T-"* is linear
at low temperature (3). The electrical properties of
CaMnO;_; are explained by the variable range hopping
electrons due to Anderson localization (4).

The electrical properties have been reported on the sub-
stitution of the Ca** ion by the rare earth ion (Ln = La,
Nd, Gd, Tb, Ho, and Y) in CaMnOj; (5-8). Orthorhombic
perovskite-type (Ln;_,Ca,)MnOj_; exhibits the n-type
semiconductor at low temperature. dp/dT of these manga-
nates changes from negative to positive at high tempera-
ture. Differential thermal analysis (DTA) or differential
scanning calorimetry (DSC) indicates that the metal—
insulator transition occurs without any crystallographic
change. From the magnetic measurements of these manga-
nates, the spin state of the Mn®* ion changes from low to
high at the metal-insulator transition temperature (5-8).

The metal-insulator transition temperature (7;) of
(Ln;_Ca,)MnO;_; decreases with decreasing Ln>* ion
content (9). At a particular value of the Ln** ion content,
the metal-insulator transition temperature increases with
increasing ionic radius of the Ln3* ion. In the metallic
region, dp/dT is positive and increases with decreasing

Ln*" ion content. The increase of dp/dT depends on both
the decrease in the Mn-O distance and the number of 3d
electrons that exist in the Mn>* ion with the high-spin state.

It is interesting to examine the relationship between the
crystal structure and the electrical properties of the Ca-
rich region in (La;_,Ca,)MnO;_s. In the present study,
(La;_Ca,)MnO; was synthesized in the range 0.90 = x <
1.00. From the measurement of the electrical resistivity, the
range that (La,_,Ca,)MnO;_, exhibits the metal—insulator
transition was determined. Thereafter, the relationship be-
tween the cation—anion—cation overlap and the electrical
properties was considered to understand the mechanism
of the metal-insulator transition in perovskite-type (La;_,
Ca,)MnO;_;.

EXPERIMENTAL

(La;-,Ca,)MnO;_; (0.90 = x = 1.00) samples were pre-
pared by a standard ceramic technique. Dried La,0O;,
CaCOs;, and MnO, powders were weighted in the appro-
priate proportions and milled for a few hours with acetone.
After the mixed powders were dried at 373 K, they were
calcined at 1173 K for 12 hr in air, then fired at 1573 K
for 24 hr under a flow of pure oxygen gas. For measuring
the electrical resistivities of the samples, the powders were
pressed into pellet form under a pressure of 50 MPa, and
the pellet was sintered at 1573 K for 12 hr under the flow
of pure oxygen gas. The samples obtained in this manner
were annealed at 973 K for 24 hr under the flow of pure
oxygen gas.

The oxygen content in each sample was determined by
the oxidation-reduction method (10). The phases of the
samples were identified by powder X-ray diffraction with
monochromatic CuKe radiation. The structure refinement
was carried out by the Rietveld analysis of the powder
X-ray diffraction data with the “RIETAN”’ program writ-
ten by Izumi (11). Powder X-ray diffraction data were
collected by step scanning over an angular range of 20° =
26 = 100° in increments of 0.02° (26) with monochromatic
CuKo radiation.
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FIG. 1.

Platinum wires were attached on the sintered samples
with platinum paste as electrodes and annealed at 1173 K
in air. The electrical resistivity of the samples was measured
by a standard four-electrode technique in the temperature
range 40-935 K. Differential thermal analysis (DTA) and
thermogravimetry (TG) for (LapgCagos)MnOs_s (x =
0.98) were performed in the temperature range 300-960 K.

RESULTS AND DISCUSSION

The oxygen content of (La;_,Ca,)MnO;_; (0.90 = x =
1.00) annealed at 973 K for 24 hr under the flow of pure
oxygen gas was determined to be ca. 2.97 from chemical
analysis. Powder X-ray diffraction patterns of (La,_,Ca,)
MnO, 4, (0.90 = x = 1.00) at room temperature were com-
pletely indexed as the orthorhombic perovskite-type struc-
ture. Figure 1 shows the relationship between the cell con-
stants (a, b, and ¢ axes) and the composition. The cell
constants decrease linearly with increasing x. Figure 2
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FIG. 2. Cell volume (V') vs composition (x) for the system (La;_,
Ca,)MnO, ;.
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Cell constants (a, b, and ¢) vs composition (x) for the system (La;-,Ca,)MnO,g;.

shows the relationship between the cell volume and the
composition. The cell volume also decreases linearly with
incresing x. The ionic radii of the Ca** ion and the La**
ion with a coordination number (CN) of 12 are 0.135 and
0.132 nm, respectively (12). Although the ionic radius of
the Ca®" ion is larger than that of the La’" ion, both the
cell constants and the cell volume decrease with increasing
x. The linear decrease in the cell constants and the cell
volume is explained by the increase of Mn*" ion content;
that is, the ionic radius of the M** ion is smaller than that
of the Mn®* ion located in the octahedral site (12).

The structure refinement of (La;_,Ca,)MnO,o; (0.90 =
x = 1.00) was carried out by Rietveld analysis of powder
X-ray diffraction data. (La;_,Ca,)MnQO,y; has the ortho-
rhombic GdFeOj;-type structure with space group Pnma
(2). In the present study, isotropic thermal parameters (B)
for the La, Ca Mn, O(1), and O(2) ions were fixed at 0.003
nm? for all samples. Refined structural parameters and
residuals, Rwp, Ry, and R, are listed in Table 1. Rywp, R;,
and Rr are the weighted pattern, the integrated intensity,
and the structure factor, respectively. The final R of all
samples was less than 3.59%, and the low Rg suggests that
the structural model for (La;_,Ca,)MnO,, is reasonable.

In the orthorhombic GdFeOs-type structure, A-site cat-
ions (La and Ca ions) coordinate with 12 anions; 4 O(1)
and 8 O(2) ions. B-site cations (Mn ions) coordinate with
6 anions: 2 O(1) and 4 O(2) ions. Table 2 shows the Mn—-O
distance of (La;_,Ca,)MnQOj;_; calculated from the refined
structure. The Mn—-O(1), Mn-0O(2) X 2, and Mn-0O(2) X
2 distances of (Lag;0Capo)MnOj97(x = 0.90) are
0.191 = 0.001 nm, 0.187 = 0.004 nm, and 0.194 = 0.003
nm, respectively. The Mn—O(1 and 2) distances are inde-
pendent on the composition. The angles of O—Mn-0O and
Mn-O-Mn of (La;_,Ca,)MnO, o, are calculated from the
refined structural parameters. The angles for O(1)-Mn—
O(1), O(1)-Mn-0(2), and O(2)-Mn-0O(2) are 180°, 90°,
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TABLE 1
Refined Structure Parameters for (La;_,Ca,)MnQO,,

Atom Position x y z B
x=090 a=0530633)nm b =0.74923(5)nm ¢ = 0.52988(3) nm

Rwp = 13.85% R; = 3.06% Ry =3.34%
La, Ca 4(c) 0.027(1) 025 -0.006(3)  0.003
Mn 4(b) 0 0 0.5 0.003
o(1) 4(c) 0490(4) 025 0.067(8)  0.003
0(2) 8(d) 0.280(6) 0.030(4) —0.289(5) 0.003
x=0.92 a=0.529973)nm b =0.74836(4)nm ¢ = 0.52931(3) nm

Rwp = 13.38% R;=3.2%% Rr=3.13%
La, Ca 4(c) 0.028(1) 0.25 —0.005(3) 0.003
Mn 4(b) 0 0 0.5 0.003
o(1) 4(c) 0.490(3) 0.25 0.072(8) 0.003
0(2) 8(d) 0.287(4) 0.029(3) —0.284(5) 0.003
x=094 a=052940(4)nm b =0.74770(6) nm ¢ = 0.52862(4) nm

Rwp = 14.31% Ry =3.61% R =3.18%
La, Ca 4(c) 0.029(1) 0.25 —0.006(3) 0.003
Mn 4(b) 0 0 05 0.003
o) 4(c) 0.488(3) 0.25 0.072(8) 0.003
0(2) 8(d) 0285(5)  0.030(3)  —0288(5)  0.003
x=096 a=0.52896(3)nm b =0.74670(5)nm ¢ = 0.52786(3) nm

Rwp = 16.08% Ry =3.36% Ry =3.41%
La, Ca 4(c) 0.029(1) 025 -0.005(4)  0.003
Mn 4(b) 0 0 0.5 0.003
o(1) 4(c) 0.489(4) 025 0.074(9)  0.003
0(2) 8(d) 0.281(5) 0.030(4) —0.292(5) 0.003
x=098 a=052851(2)nm b =0.74570(4)nm ¢ = 0.52711(3) nm

Rwp =17.34% R;=3.82% Rr =2.89%
La, Ca 4(c) 0.032(1) 0.25 —0.007(3) 0.003
Mn 4(b) 0 0 0.5 0.003
o(1) 4(c) 0.489(4) 0.25 0.079(8) 0.003
0(2) 8(d) 0.284(4) 0.030(3) -0.292(4) 0.003
x=1.00 a=052819(1)nm b =0.74547(2)nm ¢ = 0.52658(1) nm

Rwp = 13.47% R, =4.74% Rg =3.59%
La, Ca 4(c) 0.034(1) 0.25 —0.005(3) 0.003
Mn 4(b) 0 0 0.5 0.003
o) 4(c) 0.491(3) 0.25 0.085(6) 0.003
0Q2) 8(d) 0287(3)  0.030(3)  —0292(3)  0.003

TABLE 2

Mn-0O Distance of (La;_,Ca,)MnO,;

Mn-O(1) (nm)

Mn-(2) X 2 (nm)

Mn-0O(2) X 2 (nm)

0.90
0.92
0.94
0.96
0.98
1.00

0.191(1) 0.187(4)
0.191(1) 0.189(3)
0.191(1) 0.189(3)
0.191(1) 0.186(4)
0.191(1) 0.187(3)
0.192(1) 0.188(2)

0.194(3)
0.192(3)
0.192(3)
0.194(3)
0.193(3)
0.192(2)

TABLE 3

Mn-O-Mn Angle (°) for (La;-,Ca,)MnO,;

X Mn-O(1)-Mn Mn-0O(2)-Mn
0.90 158.3(25) 159.2(14)
0.92 156.8(24) 159.2(14)
0.94 156.5(26) 158.6(11)
0.96 156.1(29) 158.8(14)
0.98 154.5(24) 158.0(12)
1.00 152.9(18) 157.5(09)

and 90° or 180°, respectively. Table 3 shows the angles for
Mn-O(1 and 2)-Mn calculated from the refined structure.
The angles for Mn—O(1 and 2)-Mn are less than 180°, and
decrease with increasing x. The rate of decrease in the
angle for Mn-O(1)-Mn is larger than that in the angle for
Mn-O(2)-Mn.

Figure 3 shows the relationship between the logarithm
of the electrical resistivity (log p) of (La;_,Ca,)MnO,g;
(x = 0.96, 98, and 1.00) and the reciprocal temperature
(1000/T). Atlow temperature, all samples are n-type semi-
conductors, and log p increases with increasing x. The en-
ergy gap (E,) calculated from the linear portion of the log
p—1000/T curves is shown in Fig. 4. E, is ca. 0.03-0.05 eV
in the range 0.90 = x = 0.98, and increases abruptly to ca.
0.13 eV for x = 1.00. The temperature dependence of the
electrical resistivity indicates that the sample (x = 1.00) is
the n-type semiconductor below 953 K, and the log p—1000/
T curve has a deflection point at ca. 770 K. This point is
shown as an arrow in Fig. 3. On the other hand, the log
p—1000/T curves of the samples (0.90 = x = 0.98) have
minimum values. These results indicate that (La;_,Ca,)
MnOQO,y; exhibits the metal-insulator transition in the
range 0.90 = x = 0.98. The log p—1000/T curves are nonlin-
ear at low temperature, and the log p—T""* curves are
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FIG. 3. Logarithm of the electrical resistivity (log p) vs 1000/T for

the system (La;_,Ca,)MnO,;.
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FIG. 4. Energy gap (E,) vs composition (x) for the system (La;_,
CaX)Mn02_97 .

plotted in Fig. 5. The linear relationship between log p and
T+ indicates that the electrical properties of (La; ,Ca,)
MnO,y; can be related to the variable range hopping of
electrons due to Anderson localization (4), which was
also reported for other perovskite-type oxides such as
CaMnO;_;5(3) and (Eu;_,Sr,)FeO; (13).

The relationship between the electrical resistivity (p) of
(La;-,Ca,)MnO, 97 (0.90 = x = 0.98) and temperature (7")
in the temperature range 100-935 K is shown in Fig. 6.
dp/dT of the electrical resistivity (p) changes from negative
to positive with increasing temperature. The electrical re-
sistivity (p) of (Lag02Cagos)MnO,9; (x = 0.98) has a peak
at ca. 780 K. Taguchi and Shimada reported that the metal—
insulator transition of (La;-,Ca,)MnOj;_; is caused by the
change of the spin state of the Mn3" ion (5). The metal-
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FIG. 5. Logarithm of the electrical resistivity (log p) vs 10/T"* for

the system (La;_,Ca,)MnO,;.
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FIG. 6. Electrical resistivity (p) vs temperature (7") for the system
(La;-,Ca,)MnO, ;.

insulator transition temperature (77) is defined as the tem-
perature where dp/dT changes from negative to positive.
Figure 7 shows the relationship between T} and the compo-
sition. 7T for x = 0.90 is ca. 313 K, and decreases monotoni-
cally to ca. 229 K (x = 0.98). The electrical resistivity (p)
is generally given by

p=pot+ pal,

where p, is a constant depended on the impurity content,
p' is a constant, « is a temperature coefficient, and 7 is
temperature (14). As the sintered samples were used to
measure the electrical resistivity, we used dp/dT which is
given by

dpldT = p'«
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FIG. 7. Metal-insulator transition temperature (7}) vs composition
(x) for the system (La;_,Ca,)MnO, ;.
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because it is difficult to measure p’ and « independently.
dp!dT for x = 0.90is ca. 1.3 X 107 Q - cm/K, and increases
with increasing x. The relationship between dp/dT and the
composition is shown in Fig. 8.

From the results of Fig. 6, it is obvious that (Lagg,
Caj93)MnO; 97(x = 0.98) exhibits the metal-insulator tran-
sition at ca. 240 K, and has the peak at ca. 780 K. DTA
and TG measurements were carried out to make clear the
appearance of the peak. Figure 9 shows the results of DTA
and TG of (LagCagos)MnO,;(x = 0.98). The sample
gives neither an exothermic nor endothermic peak up to
960 K. The gradual weight loss was observed, and the
weight loss at 960 K was ca. 0.17%. These results indicate
that the crystal structure of (Lagg,Cages)MnO,q; did not
change below 960 K, and the weight loss was caused by
the oxygen deficiency. Taguchi reported the relationship
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FIG. 9. DTA and TG curves for the system (LaggCagos)MnO; 97
(x = 0.98).
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between the electrical resistivity (p) of CaMnO;_; and
the oxygen content (3). The electrical resistivity (p) of
CaMnO;_; decreases with increasing oxygen deficiency
(6). In the present study, the results of DTA and TG of
(LagnCagog)MnO, o7 indicate that the oxygen deficiency
increases with increasing temperature, so that the electrical
resistivity (p) decreases and has the peak at ca. 780 K.

The MnQOg octahedron in (La;_,Ca,)MnO,q; connects
with O(1) or O(2) of the other MnOg4 octahedron. The
Mn** ion has the electron configuration (de)’(dy)°, and
the Mn** ion has the electron configuration (de)*(dy)° or
(de)*(dvy)!. There are two kinds of the cation—anion—cation
overlap; one is an overlap (7-bonding) between the cation
de and oxygen p, orbitals, and the other is the overlap (o-
bonding) between the cation dy and oxygen p, orbitals.
Since the Mn-O(1 and 2) distances are independent of the
composition as seen in Table 2, it is obvious that the overlap
between the cation de and oxygen p, orbitals decreases
with angles for Mn—O(1 and 2)-Mn deviating from 180°.
The decrease in both the angles for Mn—O(1 and 2)-Mn
and the number of 3d electrons with increasing x make 7-
bonding weak (15), and make 10Dq increase. Therefore,
it is observed that log p increases the 7, decreases with
increasing x.

The mechanism of the metal-insulator transition for
(La;-,Ca,)MnOs; is explained by using the model proposed
by Goodenough (16, 17). The band scheme consists of the
valence band (localized 7* orbital) and the conduction
band (collective o* orbital) which are split by the electro-
static field (A). The localized 7* orbitals of o and 3 spins
at a given cation are split by the intra-atomic exchange
(E<x), and collective o* orbitals are likewise split by E.,.
The 3d electrons in (La;_,Ca,)MnQO,; exist in the local-
ized m*-« orbital at low temperature. At high temperature,
the spin state of the Mn>* ion changes from low to high.
The 3d electrons coexist in the localized 7*-o orbital and
the localized 7*-8 orbital. In the case of A = E,, the 3d
electrons partially filled both the localized 7* orbitals and
the collective o* orbitals, and (La;_, Ca,)MnQO, o; exhibits
metallic behavior. The number of 3d electrons in (La;_,
Ca,)MnO,; is 3.10 for x = 0.90, 3.08 for x = 0.92, 3.06
for x = 0.94, 3.04 for x = 0.96, and 3.02 for x = 0.98,
respectively. Three 3d electrons exist in the localized 7*
orbital, and the number of 3d electrons in the collective
o* orbitals decreases linearly from 0.10 (x = 0.90) to 0.02
(x = 0.98). Therefore, as seen in Fig. 8, dp/dT increases
linearly with decreasing 3d electrons in the collective o* or-
bitals.

CONCLUSION

(La;_,Ca,)MnQO,4; exhibits the metal-insulator transi-
tion in the range 0.90 =< x < 0.98. The Mn-O(1 and 2)
distances are independent of the composition, while the
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angles for Mn-O(1 and 2)-Mn deviate from 180°. The
decrease in both the angles for Mn—O(1 and 2)-Mn and
the number of 3d electrons with increasing x makes -
bonding weak. The metal—insulator transition temperature
(T,) decreases with increasing x. dp/dT in the metallic
region increases with decreasing 3d electrons in the collec-
tive o* orbitals.
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