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The electrical resistivity of the perovskite-types (Ndy, Cagg)(Mn,-,ALL)OD; (0 = x = 0.10) and (Nd, .,
Capg,Mn0, (0 = y =< 0.06) was measured in the temperature range 80-800 K. The concentration of
the Mn** ion decreases with increasing x or v. In the range 0 =< x or y = 0.06, these systems exhibit
the metal-insulator transition. In the metallic region, dp/dT increases with decreasing concentration
of the M’ ion, and is not affected by the A1’* jon. On the other hand, both the metal-insulator
transition temperature (T;) and the energy gap (E,) calculated from the semiconductive region increase

with decreased Mn*' concentration, and are also affected by the AP ion.

Introduction

Orthorhombic pcrovskite-type CaMnQ,
exhibits a weak ferromagnetism with Ty, =
123 K, and an n-type semiconductor (). In
recent years, many investigation have been
reported on the substitution of the Ca?* ion
by the rare earth ion in CaMnO,. According
to Jonker and Van Santen (2), (La,_,Ca,)
MnG; was ferromagnetic in the region
0.1 = x = 0.5 (2). Taguchi et al. measured
the electrical properties of (Ln,_,Ca,)MnO,
(Ln: La, Nd, and Gd) (3-5). These manga-
nates exhibit n-type semicanducting behav-
ior below room temperature. At low temper-
ature, the electrical resistivity foliows
Mott’s T~'"* law, indicating the possible oc-
currence of variable range hopping of elec-
trons due to Anderson localization (6). At
high temperature, the electrical resistivity
of (Ln,_ Ca, MnO, (Ln: La, Nd, and Gd)
has a positive temperature coefficient, and
the metal-insulator transition of these man-
ganates  occurs  without any crystallo-
graphic change., '
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The metal-insulator transition tempera-
ture (T;) of (Ln;.,Ca, )MnO; (Ln: La, Nd
and Gd} dccreases with increasing x. At a
particular wvalue of x, for which the
Mn**/Mn®* ratio is constant, 7, increases
with increasing ionic radius of the rare earth
ion. From magnetic measurements of
(Ln,..Ca)MnO, (Ln: La, Nd, and Gd), it
is obvious that the spin state of the Mn**
ion changes from low to high at T, (3-5).

In the metallic region of (Ln,_ . Ca, )MnQ,
(Ln: La, Nd, and Gd}, dp/dT monotonically
increases with increasing x with little differ-
ence between La, Nd, and Gd (7). No differ-
ence was observed in the dp/dT—x relation
for La, Nd, and Gd, because the number of
3d electrons in the conduction band does
not depend on the Ln ion. The number of
3d electrons which exist in the conduction
band results from the high-spin state of the
Mn** ion. With increasing x, the number of
3d eclectrons in the conduction band de-
creases and dp/dT increases.

From these results, it is obvious that the
high-spin state of the Mn** ion plays an im-
portant role in controlling the dp/dT of
(Ln_,Ca MnO, (Ln: La, Nd, and Gd).
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In the present study, we tried to synthe-
size (Nd, ;Cay ¢)(Mn,_,Al1)O, (0 =x = 0.10)
and (Ndg; ,Cage,,)MnO; (0 = y =
0.06) samples. The former is expressed
as (NdgjCag)Mngs(Mn3'_, AZ9)]O;. As
the AP* ion has no 3d electron, the
number of 3d electrons in the conduc-
tion band decreases with x. The latter
is expressed as (Ndj%_,C 09+y)(Mnn .

nd’_ -y)JO;. The concentration of the
Mn3+ ion or the number of 34 electrons in
these systems is the same when x = y, and
decreases with increasing x or y. The differ-
ence between these systems is the presence
of the Al** ion in the former system. Then,
we measured the electrical properties of
these systems. These results provide some
information about the effect of the Mn* ion
for dp/dT in the metallic region.

Experimental

All (Ndg ;Cagg)(Mn,_,Al)O; (0 = x =
0.10) and (Nd,,_,Cayy,, )MnO; (0 = y =
0.06) samples were prepared by a standard
ceramic technique. Powders of Ng,0,,
CaCO,, MnO,, and Al,O(CH,COO), - 4H,0
were weighed in the appropriate proportions
and milled for a few hours with acetone,
After the mixed powders were dried at
373 K, they were calcined in air at 1073 K
for 24 hr, then fired at 1623 K for 24 hr under
a flow of pure oxygen gas. For measuring
the electrical resistivity, the powder was
pressed into a pellet form under a pressure
of 50 MPa, and the pellet was sintered at
1623 K for 12 hr under a flow of pure oxygen
gas. The oxygen-deficient samples obtained
in this manner were annealed at 973 K under
a flow of pure oxygen gas.

The phases of the samples were identified
by X-ray powder diffraction (XRD) with
monochromatic CuKea radiation. The cell
constants of the samples were determined
from high-angle reflections with Si as a
standard.

The oxygen content in each sample was
determined by the oxidation—-reduction
(redox) method. After sodium oxalate solu-
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tion and perchloric acid were added to dis-
solve the sample in a flask, the solution was
titrated with a standard potassium perman-
ganate solution (8).

In the temperature range 300-800 K, dif-
ferential thermal analysis (DTA) and ther-
mogravimetry (T(G) of the samples were per-
formed in air. The electrical resistivity of
the samples was measured by a standard
four-electrode technique in the temperature
range 80-800 K.

Results and Discussion

The oxygen content of (Nd;,Cay,)
(Mn;_,Al)O;_; (0 = x = 0.10) and (Nd,,_,
Cag94,)MNO;_; (0 = y = 0.06) samples an-
nealed at 973 K under a flow of pure oxygen
was determined to be 2.99-3.00 (3 =
0.00-0.01) by the chemical analysis, and in-
dependent of the composition (x or y). This
result suggests that all manganates are free
of oxygen deficiency. In the temperature
range 300-800 K, no exothermic or endo-
thermic peaks were found in DTA measure-
ment. We could not find any loss or gain in
TG. These facts indicate that all manganates
are stable in air below 800 K. XRD patterns
of all manganates were completely indexed
as the orthorhombic perovskite-type
structure.

The relation between the cell constants
and the composition (x or y) for these sys-
tems is shown in Fig. 1. The cell constants
for (Nd;;Cag)(Mn,_, Al )O; decrease lin-
early with increasing x. Since the concentra-
tions of the Nd**, the Ca*", and the Mn**
ions are independent of x in this system, the
cell constants are affected by the concentra-
tion of both the Mn?* and the AI** ions. The
ionic radii of the Mn** (low-spin state), the
Mn?* ion (high-spin state), and the A** ions
with a coordination number (CN) of 12 are
0.58 nm, 0.65 nm, and 0.53 nm, respectively
{9). With increased amounts of the AI’* ion
with a small ionic radius, the cell constants
decrease linearly as seen in Fig. 1. The cell
constants for (Nd, ;_,Cag 5,,)MnQ; also de-
crease with increasing y. In this system, the
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FiG. 1. The relation between the cell constants and the composition (x or y) for (Nd,;Cayy)

{Mn,_,AL)O, and (Ndy, ,Cayg,,)MnO;.

concentration of the Nd**, Ca?*, Mn**, and
Mn*" ions changes with y. The ionic radius
of the Ca®" ion with CN = 12 is 0.135 nm
(9). Although the ionic radius of the Nd**
ion with CN = 12 is not reported (9), it
is extrapolated to be ca. 0.10 nm from the
results of Shannon and Prewitt (9). The cell
constants decrease with increasing the Ca®**
ion in spite of the fact that the ionic radius
of the Ca?* ion is larger than that of the
Nd** ion. The decrease of the cell constants
is explained by the increase of the Mn** ion;
that is, the ionic radius of the Mn** ion with
CN = 12 is 0.54 nm and is smaller than that
of the Mn?* ion.

Figure 2 shows the reciprocal tempera-
ture dependence of the electrical resistivity
(p) for (Ndp;Cagy)Mn,_ Al )O;. (Ndy,
Cago)XMn,_,Al,)O; are semiconductors be-
low room temperature, At low tempera-
tures, the slope of log p vs 1000/T is nonlin-
ear in the region 0 = x = 0.04. Figure 3
shows the relation between log p and T~*4.
In the region 0 < x = 0.04, the log p vs.
T~ plot is linear in the temperature range
80 to 110 K, and iog p strongly depends on
x. From these results, it is obvious that the
electrical properties of (Nd, ,Cayo)Mn,_,
Al )O, (0 = x = 0.04) can be related to vari-
able range hopping of electrons due to An-
derson localization in similar to (Eu,_,Sr,)
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FiG. 2. Electrical resistivity vs 1/T for (Nd; Cayg)
(Mn,__AL)O,.
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FeO, (6, 10). Above 110K, log p vs. 1000/T
is linear as seen in Fig. 2. We calculated the
energy gap (E,) of (Nd, ; Cay g)(Mn,_,Al)O,
from the linear portion of the log p—1000/T
curves, Figure 4 shows the relation between
E, and x. E, monotonically increases with
increasing x.

Figure 5 shows the temperature de-
pendence of the electrical - resistivity for
(Nd, ;Cag¢)(Mn,_,AL)O,. In the range 0 <
x = 0.06, the electrical resistivity has a posi-
tive temperature coefficient at high tempera-
ture, and increases linearly with increasing
temperature. From these results, it is obvi-
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F1G. 4. The relation between the energy gap (E;) and
the composition {x or y) for (Ndy ;Cage)Mn,_, Al )O,
and (Ndy, ,Cagg.,)Mn0;,.
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FiG. 5. Electrical resistivity vs T for (Ndy,Cag,)
(Mn,_,AL)O,.

ous that (Nd, Cayo}Mn,_, Al )O; exhibits
the metal-insulator transition. We define
the metal-insulator transition temperature
(T,) as the temperature where the electrical
resistivity coefficient changes from negative
to positive. The relation between 7, and x
is shown in Fig. 6. T, increases with increas-
ing x. p is generally given by

(1

where p; is a constant which increases with
increasing the impurity content, p' is a con-
stant and « is a temperature coefficient, and
Tis temperature (7). As we used the sintered
manganates to measure the electrical prop-
erties, py depends on the density of the man-
ganates. In the present study, we used
dp/dT, which is given by

p=py + pal,
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-~

dp/dT = p'a, (2)

because it is not easy to get p’ and e indepen-
dently. Figure 7 shows the relation between
dp/dT and x. dp/dT linearly increases with x.

Figure 8 shows the reciprocal tempera-
ture dependence of the electrical resistivity
for (Nd,,_,Cagyy,,)MnO;. (Ndg,_,Cagg,,)
MnQ; are semiconductors below room tem-
perature. At low temperature, the slop of
log p vs. 1000/7 is nonlinear in the region
0 = y = 0.02. Figure 9 shows the relation
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between log p and T-". In the region 0 <
y = 0.02, the relation between log p and
T~ is linear in the temperature range 80
to 110 K, and log p strongly depends
on y. From these results, it follows that
the electrical properties of (Ndgy,-,
Cagyy,)MnO; are similar to those of
(Nd,,;CaggiMn,_,Al)O;.

In both manganate systems, variable
range hopping of electrons due to Anderson
localization may occur (6). The variable
range hopping conductivity (o) for the three-
dimensional case is given by
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TABLE 1

THE CHARACTERISTIC MoOTT TEMPERATURE (T})
AND THE CRITICAL TEMPERATURE (T,) FOR NEAREST
NEIGHROR HOPPING OF (Ndy CaggHMny_ Al }D; AND
(Nd().l-ycaﬂ.%y)MnO}

Sample Ty (K) T.({K)
x =000 552.8 110.9
x =002 926.1 104.2
x =0.04 1035.1 90.9
y = 0.00 552.8 110.9
y = 0.02 502.5 1219

where o is a constant, T is the characteris-
tic Mott temperature, ¢ is the dimensiontess
constant, ' is the coefficient of exponential
decay of the localized state, £ is the Boltz-
mann constant, and N{u) is the density of
states at the Fermi level (//, /2). The critical
temperature (7.} for nearest neighbor hop-

ping is
1 9 4 NY"
Tc‘Esm'N(u)< 3 ) )

where NV is the concentration of ‘‘the impur-
ity center’’ participating the hopping motion
(12). Table I shows the value of T, and T,
of both manganate systems. Although T of
(Nd, ;Cay ¢)(Mn,_, Al,)O, slightly decreases
with increasing x, T, largely increases. On
the other hand, both T, and T, of (Nd,,-,
Cayg+,)MnO; slightly vary with increasing
y. These results suggest that the density of
states at the Fermi level (N(u)) decreases
by substitution of Mn’* jon by AI’* ion,
which has no 34 electrons. Above 110 K,
the relation between log p and 1000/7T is
linear, as seen in Fig. 8. E, for (Nd,,,
Cagy,,)MnO,, calculated from the linear
portion of log p—1000/T, curves, is also
shown in Fig. 4. E, for (Nd, ,-,Cay5,,)MnO;
has a minimum value at y = 0.02. Then,
E, increases with increasing y in the range
0.02 =y = 0.06, although E, for (Nd,_,
Cayg.,)MnO; is smaller by ca. 0.02 €V than
E, for (Nd, ,Cay 5)(Mn,_, AL )O,.
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Figure 10 shows the temperature depen-
dence of the electrical resistivity for
(Ndy -, Cagg4,)MnO;. At high temperature,
the electrical resistivity has a positive tem-
perature coefficient, and increases linearly
with increasing temperature. From these re-
sults, it s concluded that {Nd,,_,Cagg,)
MnO; exhibits a metal-insulator transition.
The relation between T, and y is shown in
Fig. 6. T, for (Nd,,_,Cag,,)Mn0O; has a
minimum value at y = 0.02. Then, T, slightly
increases with increasing y. The relation be-
tween dp/dT and y is presented in Fig. 7.
Both (Nd, ;Ca, ¢)(Mn,_,Al,)O; and (Nd,; .,
Capo4,)MnO; have the same values of
dp/dT, and dp/dT increases with decreasing
concentration of Mn>* ion.

When x = y, the Mn*" concentration
in (Ndy Cagge)(Mn,_,AL)O; and (Ndg,,
Cagg4,)MnO; is identical. With increasing
x or y, the concentration of the Mn** ion
decreases. These systems exhibit the
metal-insulator transition in the range 0 <
x, ¥ = 0.06. In the semiconductive region,
E, of (Ndy,Cay)(Mn,_,Al)O; is larger by
ca. 0.02 eV than E of (Nd, ,_,Cago,,)MnO;
as seen in Fig. 4. In Ref. (7), we have pro-
posed a simple energy band scheme in which
the valence band (7 * orbital) and the con-
duction band (o* orbital) are separated by
E, (or A). Ej is strongly affected by tempera-
ture, the number of 3d electrons, the Mn~-O
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200 400 600 1000
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Fig. 10. Electrical resistivity vs T for (Ndy,
Cagg¢,)Mn0O;.
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distance, and the impurity concentration.
From magnetic measurements on (Ln__
Ca,)MnO, (Ln: La, Nd and Gd), it was
shown that the Mn** ions are in the low spin
state below T, (3-5), and that there are no
3d electrons in the conduction band at low
temperature. Since the Mn-O distance of
these systems decreases with increasing x
or y as seen in Fig. 1, E, is not strongly
affected by the Mn-0Q distance. Therefore,
we consider that the presence of the AP* ion
makes £, of (Ndy ;Cag o)(Mn, _, Al, }O; large,
and the low-spin state of the Mn** ion be-
comes stable at high temperature. Conse-
quently, the metal—insulator transition of
(Nd, Cag)Mn,_,Al)O; occurs at high
temperature in comparison with (Ndg,_,
Cay9,,)MnO;, and T, for (Nd;,Cay,)
(Mn,_, Al,)O; will be higher than for (Nd, ,_,
Cagy,,)MnO;, as seenin Fig. 6. In the metal-
lic region of these systems, the Mn’* ions are
in the high-spin state, and we could not find
adifference in dp/dT for these systems (Fig.
7). This result supports our assumption that
dp/dT depends on the number of 3d ¢lectrons
in the conduction band (7).

The trivalent ions, both the Mn?* and the
AP** ions, play an important role in control-
ling the electrical properties of (Ln,_,Ca)
MnQ;. We have to decrease the concentra-
tion of the Mn** ion in order to get higher val-
ues of dp/dT. There are two ways to do so.
Oneistoincrease xin (Ln,_,Ca )MnQO;, and
the other is to substitute the Mn** ion by the
AP*ionin{Ln,_,Ca,)MnO;. Itis shown that
dp/dT increases with decreasing concentra-
tion of the Mn?* ion in both systems, but that
the AI** ions themselves do not influence
dp/dT, although both E, and T, are strongly
affected by the AI** ion

Conclusion
(Nd,,Cag 5)(Mn,_;A1)O, (0 = x = 0.10)
and (NdOI Fca09+v)MnO3 (0 = = 006)
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exhibit a metal-insulator transition. The
concentration of the Mn't ion decreases
with increasing x or y. Although the concen-
tration of the Mn** ion in these systems is
the same when x = y, both E, and T, for
(Nd, ,Cag o Mn,_, Al )O; are larger than for
(Ndy,-,Cag9+,)MnO;. Since the A" ion in
(Nd, Cago)Mn,_, Al )O; makes E, large,
the low-spin state of the Mn®" ion is stable
at higher temperatures in comparison with
(Ndg ;—,Cay9.,)MnO;. Consequently, the
metal-insulator transition occurs at higher
temperatures, and T, for (Ndq ,Cago)(Mn,_,
AL)O; is higher than that for (Ndg,_,
Cayg,,)MnO;. In the metallic region, how-
ever, there is no difference in dp/dT for
these systems. dp/dT depends on the con-
centration of the Mn** ion, that is, the num-
ber of 3d electrons in the conduction band.
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