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Perovskite-type Nd(Cr,_,Mn,)O, was stoichiometrically synthe-
sized in the range 0 < x =< 0.6 and has the orthorhombic GdFeO;-
type structure with space group Pnma. The average (Cr, Mn)-O
distance and the effective magnetic moment (u.q) indicate that
the Mn** jon is in a high-spin state with the (de)*dy)' con-
figuration. From the results of the electrical resistivity (p),
Nd(Cr, ., Mn,)O; is a semiconductor and has a maximum ionization
energy (AFE) at x = 0.2, Rietveld analysis indicates that each (Cr,
Mn)Q; octahedron has little distortion and that the average angles
for (Cr, Mn)-0(2)—(Cr, Mn) have a maximum value at x = 0.2,
that is, the overlap between the cation de and oxygen p, or-
bitals plays an important role in the electrical properties of
Nd(Cr;_ MnJO;. © 1995 Academic Press, Inc.

INTRODUCTION

NdCrO; has an orthorhombic GdFeO,-type structure
witha = 5.430 A, b = 7.692 A, and ¢ = 5.488 A (1), and
exhibits antiferromagnetism with a Néel temperature (Tyy)
of 224 K (2). The Cr*t ions (34°) have the electron config-
uration {de)*(dy)’ which is similar to that of the Mn**
ions. From the temperature dependence of the electrical
resistivity (p), NdCrO, exhibits a p-type semiconducting
behavior above room temperature (1); the activation en-
ergy (E,)} calculated from the linear portion of the log
p—1000/T curve is ca. 0.28 eV (3).

NdMnO, also has the GdFeO;-type structure with a =
5.406 A, b =7.556 A, and c = 5.789 A, and exhibits weak
ferromagnetism with a Curie temperature (T¢) of 50 K
{(4). From the results of the magnetic measurement, the
electron configuration of the Mn?* ions (3@} is the high-
spin state (de)*(dy)'. According to Kamegashira and Miya-
zaki, NdMnO, shows nonstoichiometry, that is, the stoi-
chiometric NdMnO; was obtained below log (P /Pa) =
1.0 and the cell volume of NdMnQ;, ; decreases finear]y
with increasing oxygen content (5). NdMnO,,, is a p-
type semiconductor and the hole-hopping mechanism is
dominant as in LaMnO; (5, 6).

Both the Cr** ions (34%) and the Mn** ions (3d*) coexist
in the Nd(Cr,;_.Mn_)O, system. In the present study,

Nd(Cr,_,Mn,)O, was synthesized to study its electrical
properties, magnetic properties, and the structure re-
finement. These results will provide information regarding
the cation—anion—cation overlap in the perovskite-type
Nd(Cr,_.Mn,)O,.

EXPERIMENTAL

Nd(Cr,_,Mn, )0, was prepared by a standard ceramic
technique. Dried Nd,0,, Cr,0;, and MnO, powders 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 at 1173 K for a few
hours in air, then fired 1623 K for 24 hr in air. In order
to measure the electrical resistivities, the powders were
pressed into a rod form under a pressure of 50 MPa, and
the rod was sintered at 1623 K for 12 hr in air.

The phases of the samples were identified by X-ray
powder diffraction (XRD) with monochromatic CuKe ra-
diation. The cell constants of the samples were deter-
mined from high-angle reflections with Si as an external
standard. The structure refinement was carried out by
Rietveld analysis of the XRD data with the ““RIETAN"’
program written by Izumi (7). XRD data were collected
by step scanning over an angular range of 20° = 2¢ =
100° in increments of 0.02° (26) with monochromatic CuKa
radiation. The electrical resistivity of the samples was
measured in air by a standard four-electrode technique
in the temperature range 300-1000 K. The magnetic sus-
ceptibility was measured by a magnetic torsion balance
in the temperature range 80-703 K.

RESULTS AND DISCUSSION

XRD patterns of Nd(Cr,_,Mn,}0, (0 = x = 1.0) were
completely indexed as the orthorhombic perovskite-type
(GdFeO;-type) structure. Figure 1 shows the relationship
between the cell constants (a-, b-, and c-axes) and the
composition. In Fig. 1, the cell constants of stoichiometric
NdMnO; (x = 1.0) reported by Kamegashira and Miyazaki
are also plotted as filled circles (5). Inthe range 0 = x =
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FIG. 1. Cell constants vs composition for the system Nd(Cr,_,Mn,)0;. The filled circles indicate the values reported by Kamegashira and

Miyazaki (5).

0.6, the g-axis increases and the c-axis is independent of
x, while the b-axis decreases with increasing x. In the
present study, owing to the synthesis of NdMnO; (x =
1.0) at 1623 K in air, the oxygen content is more than 3.0
and the cell constants extrapolated from the values in the
range 0 = x =< 0.6 agree with those of stoichiometric
NdMnO, (5).

Figure 2 shows the relationship between the cell volume
(V) of Nd(Cr,_,Mn,)O; (0 = x = 1.0) and the composition.
The cell volume of NdCrO, (x = 0) is 228.6 A’ and in-
creases with increasing x. The cell volume of NdMnO,
(x = 1.0), extrapolated from the values in the range 0 =
x = 0.6, agrees with the cell volume of stoichiometric
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FIG.2. Cell volume vs composition for the system Nd(Cr;_,Mn,)0;.
The filled circle indicates the value reported by Kamegashira and Miya-
zaki (5).

NdMnO, (V = 239.5 A% (5). From the results of Figs. 1
and 2, it is obvious that stoichiometric Nd(Cr,_ Mn,)O;
was synthesized in the range 0 = x < 0.6. In the present
study, therefore, the magnetic properties and the electri-
cal resistivity of Nd(Cr,_,Mn,)O; were measured in the
range 0 < x < 0.6. The ionic radii of a Cr** ion, a Mn**
ion (low-spin state), and the Mn** ion (high-spin state)
with a coordination number (CN) of 6 are 0.615, (.58, and
0.65 A, respectively (8). The increase in the cell volume
is explained by the difference in the ionic radius between
the Cr* and Mn** ions, and the Mn** ions must be in
the high-spin state (de)*(dy).

The temperature dependence of the inverse magnetic
susceptibility (1/x) on Nd(Cr,_ Mn,)O; (0 < x < 0.6) is
shown in Fig. 3. NdCrO; (x = 0) is antiferromagnetic with
Ty = 220 K, while Nd(Cr,_Mn,)0; (0.2 = x = 0.6) is
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FIG. 3. Temperature dependence of the inverse magnetic suscepti-
bility (1/x) for the system Nd{(Cr,. . Mn,)O;.
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FIG. 4. Effective magnetic moment (u.5) vs composition for the
system Nd(Cr,_ Mn,)O;.

paramagnetic above 80 K. The 1/x-T curves obey the
Curie-Weiss law above 220 K, and the paramagnetic Cu-
rie temperature (7,) for x = 0, 0.2, 0.4, and 0.6 are ca.
—216, —95, —55, and —8 K, respectively. The effective
magnetic moment (i) of Nd(Cr,_,Mn,}O, calculated
from the linear portion of the 1/x-T curve increases with
increasing x and is shown in Fig. 4. The theoretical g,
is calculated using the equation

ter = V(1 = )pdor + xpud + plge, {1

where g+, gy, and uyg+ are the effective magnetic
moments of the Cr** ion, the Mn®* ion, and the Nd** ion,
respectively (9). The spectroscopic splitting factors (g)
of the Nd** ion and pyg+ are calculated using the equa-
tions (10)

JU+D+SS+ ) - LWL+ 1) 2]
2J(J+ D)

ung = gVIT +1). 3]

g=1+

The orbital angular momentum (L) is 6, the spin angular
momentum (8) is 1.5, and the total angular momentum
(J) is 4.5. Therefore, g is calculated to be 0.727 and
fngt+ 1s 3.62. In Fig. 4, broken lines (1) and (2) indicate
the theoretical values calculated for cases of both the
high-spin and low-spin states of the Mn** ions; line (1) is
the high-spin state (de)’(dy)! and line (2) is the low-spin
state (de)*(dy)®. From the resuits of Fig. 4, it is obvious
that the spin state of the Mn** ions in Nd(Cr,_Mn,)0,
is high.

The relationship between the electrical resistivity (p)
of Nd(Cr,_,Mn,)O, and the reciprocal temperature
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FIG. 5. Electrical resistivity (p) vs 1000/T for the system
Nd{Cr,_,Mn,)0,.

(1000/T) is shown in Fig. 5. The decrease in log p with
increasing temperature indicates that Nd(Cr,_ Mn,)O, is
a semiconductor above room temperature. The ionization
energy gap (AE) between the valence band (Ey) and the
acceptor level (£,) is calculated from the linear portion
of log p—1000/T curves, and the relationship between AE
and the composition is shown in Fig. 6. Although 34 elec-
trons in Nd(Cr,_Mn,)O, increase with the substitution
of Cr** ions (3d%) by Mn** ions (3@*), AE of NdCrO,
(x = 0)is ca. 0.45 eV and has a maximum value (ca. 1.15
eV)atx = 0.2,

The structure refinement of Nd(Cr,_Mn,)O, (0 = x =
0.6) was carried out by Rietveld analysis of XRD data.
Nd(Cr,_,Mn,)O; has an orthorhombic GdFeQ,-type
structure with space group Pmma (11). In the present
study, isotropic thermal parameters (B) for Nd, Cr, Mn,
O(1), and O(2) ions were fixed at 0.3 A? for all samples.
Refined structural parameters and residuals, Ryp, R, , and
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FIG. 6. lonization energy (AE) vs composition for the system
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TABLE 1
Refined Structure Parameters for Nd{Cr,_ Mn_ )0,

x=00 a=547981A b=760182)A c¢=54208DA
Rup= 12.69% Ry =2.01% Ry = 1.29%

Atom Position x y z B
Nd 4(c) 0.041(1)  0.25 —0.0081) 0.3
Cr ) 0 0 0.5 0.3
o) 4(c) 0.484(4) 025 0.082(6) 0.3
02) 8(c) 0.292(4)  0.041(3) —0.2894) 03
x=02 a=5511000A b=76%53)A c=5425424A

Rup=1602% R, =2571% Ry = 1.86%

Atom Position x y z B
Nd 4(c) 0.045(5)  0.25 -0.0091) 03
Cr, Mn 4() 0 0 0.5 0.3
o) 4(c) 0.487(6)  0.25 0.097(8) 0.3
oQ) 8(d) 0.290(5)  0.037(4) —-0.285(5) 0.3
x=04 a=555480A b=76795A c=5482181)A

Ryp = 1630% R, =2.79% Ry = 2.04%

Atom Position x ¥ z B
Nd 4 0.048(1) 025 -0.010(1} 0.3
Cr, Mn 4(b) 0 0 0.5 0.3
o) 4(c) 0.485(6)  0.25 0.0947) 03
o) 8(d) 0.292(5)  0.041(44  -0.286(5} 0.3
x=06 a=5672NDA b=764682A c=54181(04

.pr = 19.56% Rl = 424% RF = 2.61%

Atom Position x ¥ z B
Nd 4(c) 0.054(1) 025 —0.011(1) 0.3
Cr.Mn  4b) 0 0 0.5 0.3
o) 4(c) 0.479%8)  0.25 0.0938) 0.3
o) 8(d) 0.301(6)  0.044(4) —0.282(7) 0.3

Ry are listed in Table 1. Ryp, Ry, and Rg are the residuals
for the weighted pattern, the integrated intensity, and the
structure factor, respectively. The final Ry of all samples
was less than 2.61%, and the low Rp suggests that the
structural model for Nd(Cr,_,Mn, )0, is reasonable.

In the orthorhombic GdFeO,-type structure, A-site cat-
ions (Nd ions) coordinate with 12 anions: 4 O(1) and 8
O(2) ions. B-site cations (Cr and Mn ions) coordinate with
6 anions: 2 O(1) and 4 O(2) ions. The average (Cr, Mn)-0O
distance of Nd(Cr,_Mn,)0, was calculated from the re-
fined structural parameters and is shown in Fig. 7. The
average Cr-0 distance of NdCrO, (x = 0} is ca. 1.977 =
0.014 A. Because the ionic radius of the Mn?* ion with
the high-spin state is larger than the ionic radii of the Cr**
ion (8), the average (Cr, Mn}-O distance increases linearly
with increasing x. The angles for O—(Cr, Mn)-0 and (Cr,
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FIG.7. Average{Cr, Mn)-0 distance vs composition for the system
Nd(Cr,_,Mn,)0;.

Mn)-0—Cr, Mn) of Nd(Cr,_,Mn_)O, are calculated from
the refined structural parameters. The average angles for
O(D—(Cr, Mn)-0(1), O(1)—(Cr, Mn)-0(2), and O(2)~(Cr,
Mn)}-0O(2) are 180, 90, and 90 or 180°, respectively. From
the results of the average (Cr, Mn)-0O distances and the
average angles for O-(Cr, Mn)-0, it is obvious that
each (Cr, Mn)O, octahedron has little distortion. The
average angles for (Cr, Mn)-O(1)-(Cr, Mn) and (Cr,
Mn)-0(2)-(Cr, Mn) are less than 180° and are shown in
Fig. 8. The average angle for (Cr, Mn)-O{(1)-(Cr, Mn)
decreases in the range 0 = x = 0.2; it is independent of
composition in the range 0.2 < x = 0.6. On the other
hand, the average angle for (Cr, Mn)-0(2)—(Cr, Mn) in-
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Mn) vs composition for the system Nd(Cr,_ Mn,)O;.
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FIG. 9. Crystal structure of Nd(Cr,_ Mn,)O;.

creases and has its maximum value (156.3 = 1.5% at x =
0.2, and then decreases linearly with increasing x.
Figure 9 shows the crystal structure of NdJ(Cr _,
Mn,)O;. The (Cr, Mn)O; octahedron connects at O(1) or
0O(2) of the other’s (Cr, Mn)O, octahedron. The Cr*t ions
have the electron configuration (de)(dy)" and the Mn**
ions have the electron configuration (de)*(dy)! in
Nd(Cr,.. Mn,)O,. Therefore, there are two kinds of
cation-anion—cation overlap; one is an overlap (7 bond)
between the cation de and oxygen p, orbitals, and the
other is the overlap (& bond) between the cation ¢y and
oxygen p, orbitals. According to the one electron energy
diagram for LaCrO;, the three 3d electrons of the Cr
ion are all localized and the Fermi level lies between the
filled de* levels and the narrow dy* levels (12). Although
the activation energy (E,) calculated from the electronic
spectra is ca. 1.0 eV (13), the measured E, is smaller than
1.0 eV and Rao et al. proposed that the Cr** ions present
as a result of impurities or native defects give rise to p-
type extrinsic conduction in LaCrO; (14). Owing to the
high AE of semiconducting Nd(Cr,..,Mn O, it is consid-
ered that both the de* and dy* levels are localized and
narrow; the cation-anion—cation overlap integrals (A7,
for = bond and AZ,. for o bond) aré smaller than the
critical overlap integral (A.); AT, < AZ. < A_ (15). The
de* level is fully filled by three 3d electrons and the dy*
level is partly filled. The intra-atomic exchange (4,,) be-
tween the de*-a and de*-8 levels is larger than the crystal-
field splitting (10 Dq) between the de* and dy* levels.
From a geometrical arrangement between the cation dy
and oxygen p, orbitals, it is obvious that ¢ bonding is
strong where the average angle for (Cr, Mn)-O(1)—(Cr,
Mn) is 180°, and the decrease in the average angle for
(Cr, Mn)-0O(1)=(Cr, Mn) from 180° weakens o bonding.
On the other hand, the overtap between the cation de and
oxygen p, orbitals increases with the deviation of the
average angle for (Cr, Mn)-0O(2)—(Cr, Mn) from 180°,
that is, = bonding becomes stronger. The number of o
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bonding, 7 bonding, and 3d electrons is generally consid-
ered to be the important factor in the electrical propertics
of Nd(Cr,_,Mn_)O,. The linear increase in the number of
3d electrons or the monotonic decrease in o bonding with
increasing x cannot explain the maximum AE at x = (0.2,
As seen in Fig. 8, the increase in the average angle for
(Cr, Mn)-0(Q2)-(Cr, Mn) at x = 0.2 weakens 7 bonding.
Therefore, it is considered that electron transfer through
7 bonding decreases, and Nd(Cr,_,Mn,)O, has the maxi-
mum AFE at x = 0.2.

CONCLUSION

From the cell constants and the cell volume, stoichio-
metric Nd(Cr,_,Mn, )0, was synthesized in the range 0 <
x = 0.6. The increases in the average (Cr, Mn)-O distance
and u.qindicate that the Mn?* ion is in the high-spin state
(de)*(dy)'. The temperature dependence of log p indicates
that Nd(Cr,_,Mn, )0, is semiconductive with maximum
AE at x = (.2, and this maximum value corresponds to
the variation in the average angles for (Cr, Mn)-0O{2)-(Cr,
Mn). Therefore, it is considered that the electrical proper-
ties of Nd(Cr,_,Mn,)O, depend on the overlap between
the cation de and oxygen p,. orbitals.
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