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Orthorhombic perovskite-type (La,,Ca,,)(Mn,_ Ge )O; was
synthesized in the range (0.00 < x < 0.10). Since the ionic radius
of the Ge** ion is equal to that of the Mn** ion, the (Mn, Ge)—
O(, 2) distances and the angles for (Mn, Ge)-O(1, 2)-
(Mn, Ge) are independent of the composition (x). From the
measurement of the electrical resistivity (p), all manganates
exhibit a metal-insulator transition. With increasing x, the
metal-insulator transition temperature (7,) increases and dp/dT
decreases. The cation—anion—cation overlap integrals are
weakened by the Ge** ion. © 1998 Academic Press

Orthorhombic perovskite-type (Ln; - Ca,)MnO; (Ln =
La, Nd, Gd etc.) exhibits a metal-insulator transition with-
out any crystallographic change (1-4). From the magnetic
measurement of these manganates, the spin state of the
Mn** ion changes partly from low to high at the metal-
insulator transition temperature (7T,) (1-3). T, is strongly
affected by the composition (x) and the ionic radius of the
rare—earth ion (5).

Taguchi et al. investigated the role of a tetravalent ion in
the metal-insulator transition in (Lay ;Cag o)(Mny_ Tiy)
O3 (6). With increasing x, the average (Mn, Ti)-O distances
increase linearly and the average angles for (Mn, Ti-O—
(Mn, Ti) decrease slightly. The manganates exhibit the
metal-insulator transition in the range 0.0 < x < 0.3. From
these results, it is obvious that the difference in the ionic
radii between the Ti** and the Mn** ions makes the
cation—anion—cation overlap integrals weaken.

The Ge*™ ion has the closed shell of the 3d'° electrons,
and the ionic radius of the Ge*™* ion is equal to that of the
Mn** ion (7). Therefore, it is expected that the (Mn, Ge)-O
distance will be independent of x. The total number of the 3d
electrons that participate in the electrical conductivity will
increase linearly with increasing x. In the present study, we

1To whom all correspondence should be addressed.
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tried to synthesize (Lay ;Cago)(Mn,_.Ge,)O; samples.
These samples are expressed as (Lad’ Cad’%)[Mn3?
(Mn¢% _.Get")]O;5. From the relationship between the
crystal structure and the electrical properties, we will make
a comparison between (La, ;Cagyo)(Mn;_,Ge,)O; and
(Lao.1Cag.0)(Mn; -, Ti,)Os.

Dried La,03;, CaCO3;, MnO,, and GeO, powders were
weighted in the appropriate 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 h in air
and then fired at 1573 K for 24 h under a flow of pure
oxygen gas. For the measurement of the electrical resistivity,
the powders were pressed into a pellet form under a pressure
of 50 MPa, and the pellet was sintered at 1573 K for 12 h
under a flow of pure oxygen gas. The samples were then
annealed at 973 K for 24 h under a flow of pure oxygen gas.

The phases of the samples were identified by X-ray pow-
der diffraction (XRD) with monochromatic CuKo radi-
ation. The structure refinement was carried out by the
Rietveld analysis of the XRD data with the “RIETAN”
program written by Izumi (8). The XRD data were collected
by step scanning over an angular range of 20 < 20 < 100° in
increments of 0.02° (260) with monochromatic CuKo radi-
ation. The electrical resistivity (p) of the samples was mea-
sured by a standard four-electrode technique in the
temperature range 25-973 K. The type of semiconductor,
n or p, was identified from the measurement of the ther-
moelectric effect. The magnetic susceptibility (y) was mea-
sured with a magnetic torsion balance in the temperature
range 300-673 K.

In the range 0.00 < x <0.10, the XRD patterns of
(Lag.1Cag.o)(Mn; _Ge,)O5 were completely indexed as the
orthorhombic perovskite-type structure. But, the XRD pat-
terns of the samples (x > 0.15) gave both the orthorhombic
perovskite-type phases and the unknown phases. The struc-
ture refinement of (Lay ;Cag.o)(Mn; _ .Ge,)O5 was carried
out by the Rietveld analysis. The space group of an orthor-
hombic GdFeO;-type structure is Pnma (9). Isotropic ther-
mal parameters (B) for La, Ca, Mn, Ge, O(1), and O(2) ions
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TABLE 1
Refined Structure Parameters for (La,,Ca,,)(Mn, _ . Ge )O,

BRIEF COMMUNICATION

TABLE 2
(Mn, Ge)-O Distances (nm) of (La,,Ca,,)(Mn, _ Ge )O,

Atom Position X y z B X (Mn, Ge)-O(1) (Mn, Ge)-O(2) x 2 (Mn, Ge)-O(2) x 2
x = 0.00, a = 0.53072(2) nm, b = 0.74943(2) nm, ¢ = 0.53007(2) nm 0.00 0.191(1) 0.190(3) 0.192(3)
Rywp = 12.36%, Rp = 8.65%, R; = 2.76%, Rg = 2.93% 0.05 0.191(1) 0.189(3) 0.192(3)
La, Ca 4(c) 0.027(1) 0.25 — 0.005(2) 0.0027(8) 0.10 0.191(1) 0.183(3) 0.1923)
Mn 4b) O 0 0.5 0.0027(8)
o(1) 4(c) 0.491(3) 0.25 0.068(6) 0.0027(8)
0(2) 8(d)  0.286(4) 0.031(3) —0.284(4) 0.0027(8)

x = 0.05, a = 0.53074(2) nm, b = 0.74951(2) nm, ¢ = 0.53021(2) nm
Ryp = 11.89%, Rp = 7.87%, R, = 3.01%, Ry = 3.73%

La, Ca 4c)  0.027(1) 025 —0.0043)  0.0026(8)
Mn, Ge 4b) 0 0 0.5 0.0026(8)
o(1) 4c)  0488(3) 025 0.070(7)  0.0026(8)
o) 8(d)  0.286(4)  0.0303)  —02824)  0.0026(8)

x = 0.10, a = 0.53067(2) nm, b = 0.74927(3) nm, ¢ = 0.53011(2) nm
Ryp = 11.67%, Rp = 8.02%, R, = 3.22%, Ry = 3.37%

La, Ca 4c)  0.026(1) 025 —0.0043)  0.0009(7)
Mn, Ge 4b) 0 0 0.5 0.0009(7)
o(1) 4c)  0491(3) 025 0.070(7)  0.0009(7)
0(2) 8d)  0.281(4)  0.0303)  —02854)  0.0009(7)

were refined assuming that they had the same values. Re-
fined structure parameters are summarized in Table 1. The
cell constants (a, b, and ¢ axes) are independent of x. Ryp,
Rp, Ry, and Ry are the R factors of the weighted pattern, the
pattern, the integrated intensity, and the structure factor,
respectively.

The ionic radii of the Mn*"*, Ge*", and Ti*" ions with
a coordination number (CN) of 6 are 0.054, 0.054, and
0.0605 nm, respectively (7). Therefore, it is considered that
the cell constants of (Lay ;Cag.9)(Mn; - Ge,)O5 are inde-
pendent of x, while the cell constants of (Lagy ;Cag.o)
(Mn, _,Ti, )O3 increase linearly with increasing x (6). In the
orthorhombic GdFeO;-type structure, the La and Ca ions
coordinate with twelve anions; four O(1) and eight O(2)
ions. The Mn and Ge ions coordinate with six anions; two
O(1) and four O(2) ions. There are two kinds of the ca-
tion—anion—cation overlap integrals (A7, and AZ,); A%, is
the overlap integral between the cation de* and oxygen
p. orbitals, and AZ,. is the overlap integral between the
cation dy* and oxygen p,, orbitals (10). The (Mn, Ge)-O(1, 2)
distances calculated from the refined structural parameters
are shown in Table 2. The (Mn, Ge)-O distances are inde-
pendent of x. The angles for O-(Mn, Ge)}-O and (Mn,
Ge)-O—Mn, Ge) are calculated from the refined structural
parameters. The angles for O(1)~(Mn, Ge)-O(1), O(1)~«(Mn,
Ge)-0(2), and O(2)+(Mn, Ge)-O(2) is 180, 90, and 90 or
180°, respectively. The angles for (Mn, Ge)-O(1, 2)~(Mn, Ge)
are shown in Table 3. They are less than 180° and indepen-
dent of x. Since the Ge** has the closed shell of 3d'°

electrons, it is considered that the cation—anion—cation
overlap integrals (A%, and AZ,.) are weakened by increasing
the Ge*™* ion.

From the measurements of the electrical resistivity (p) and
the thermoelectric effect of (Lay {Cag o)(Mn; _,Ge,)Os, all
manganates are n-type semiconductors at low temperature.
The energy gap (E,) calculated from the linear portion of the
log p—1000/T curves is =~ 0.08 eV for x = 0.00, ~ 0.11eV
for x =0.05, and = 0.14 eV for x = 0.10, respectively. Fig-
ure 1 shows the relationship between p and temperature (7).
p has a positive temperature coefficient at high temperature
and increases linearly with increasing temperature. These
results indicate that (Lay ;Cag.¢)(Mn,_,Ge,)O; exhibits
the metal-insulator transition as well as (Lagy Cag.o)
Mn, _,Ti,)O3(0 < x <0.3).In(Lay ;Cag.o)(Mn; _,Ge,)O3,
T,is ~ 305 K (x = 0.00), ~ 395 K (x = 0.05), and ~ 625K
(x =0.10). dp/dT  decreases with increasing Xx;

~34x107°Q-cm/K (x =0.00), ~29x107°Q-cm/K
(x =0.05), and ~1.9x107°Q-cm/K (x = 1.00).

The total number of 3d electrons () per formula unit
of (Lag.1Cag.o)(Mn; - .Ge, )O3 is (3.1 + 7x). The relationship
among T, dp/dT, and ny in (Lag 1Cag o)(Mn; - A,) O3
(A = Ge, Ti) is shown in Fig. 2. With increasing nug,
T, varies parabolically and dp/dT decreases. Figure 3 shows
the 1/3—T curve of (Lay 1Cag.o)(Mng 95Geg.05) O3 (x = 0.05).
We can observe the deflection at 400-440 K, and this
deflection corresponds nearly to T,. The effective mag-
netic moment (u.) calculated from the 1/y—T curve
is =376 +0.01ug in the range 300-400K, and

~ 3.81 £ 0.01 ug in the range 430-673 K, respectively.
These results indicate that the spin state of the Mn** ion
changes partly from low to high. Above n, = 3.0, the
metal-insulator transition of (Lay Cago) (Mn;_,A4,)O3

TABLE 3
(Mn, Ge)-O—(Mn, Ge) Angles (deg) for
(Lay,Cay,)(Mn, _ Ge,)O,

X (Mn, Ge)-O—(1)~«(Mn, Ge) (Mn, Ge)-O(2)«(Mn, Ge)
0.00 157.9(20) 158.8(10)
0.05 157.2(21) 159.5(11)
0.10 157.5(21) 159.7(11)
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FIG.1. Electrical resistivity (p) vs temperature (7') for the system

(Lao.1Cag.0)(Mn; - Ge,)O3.

(A = Ge, Ti) is explained by the band model proposed by
Goodenough (10, 11). At low temperature, the 3d electrons
coexist in the localized n*-o and n*—f orbitals. At high
temperature, the spin state of the Mn** ion changes partly
from low to high. Since the 3d electrons coexist in the
localized n*—a and the collective a*—o orbitals, (Lay ;Cag o)
(Mn; - ,A,)O; (A = Ge, Ti) exhibits the metal-insulator
transition. T, has a minimum value at n, = 3.1. The vari-
ation of T, in the range 3.0 < n,,, < 3.1 depends on the
cation—anion—cation overlap integrals (A7,. and AZ,.) in
(Lao.1Cag.0)(Mn, —Ti, )O3 (6). In (Lao.;Cag.o)(Mn, - Ge,)
0O;, the Ge** weakens the cation-anion—cation overlap
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FIG. 3. Inverse magnetic susceptibility (1/y) vs temperature (T') for

(Lao.;Cag.0)(Mng.05Geg.05) O3 (x = 0.05).

integrals (AZ,. and AZ,.), and T, increases above n > 3.1.
The increase in the number of the 3d electrons in the
collective o* orbital makes dp/dT decrease.

It is concluded that Rietveld analysis of (Lag ;Cag.o)
(Mn; -, Ge,)O;3 (0.00 < x <0.10) indicates that the (Mn,
Ge)-0(1,2) distances and the angles for (Mn, Ge)-O(1, 2)-
(Mn, Ge) are independent of x. (Lag 1Cag.o) (Mn; - .Ge, )O3
exhibits the metal-insulator transition. The cation—ani-
on—cation overlap integrals (AZ,. and AZ,.) are weakened
by the Ge** ion, and T, increases with increasing x.
The decrease of dp/dT is caused by the increase of the 3d
electrons in the collective ¢* orbtal.
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FIG. 2.

Relationship among the metal-insulator transition temperature (T),

ntotal

dp/dT, and the total number of 3d electrons (ngy) in

(Lao.1Cag.0)(Mn; - A,) O3 (4 = Ge, Ti). (A) (Lag.1Cag.o)(Mn; - ,Ge,)O3; (O) (Lag.1Cag.o)(Mn, - Ti,) O3 (6).
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