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Perovskite-type (La,_,Nd, YCrO; has the orthorhombic GdFeOs-
type structure with the space group Pnma. The electrical resistivity
of (La,_,Nd,)CrO, (0 = x = 1.0) was measured in the temperature
range 300 to 1000 K. Although the cell volume decreases linearly
with increasing x, significant compositional dependence on electri-
cal resistivity is not found. (La,_,Nd,)CrO, is a p-type semiconduc-
tor with an activation energy of ca. (.26 to ca. (.28 eV. Rietveld
analysis and XPS measurements indicate that each CrO; octahe-
dron has little distortion and that the decrease in the angles for
Cr—0(1)-Cr or Cr-0(2)-Cr is caused by the linear decrease in
the cell volume. @ 1995 Academic Press, Inc.

INTRODUCTION

LaCrO, has an orthorhombic perovskite-type structure
witha =5.479A b =7.756 A, and ¢ = 5.513 A(1). LaCrO,
exhibits antiferromagnetism with a Néel temperature (Ty)
of 282 K, and obeys the Curie~Weiss law with a Curie
constant (C) of 2.41 (2). Rao et al. measured the electrical
properties of rare earth ortho-chromites, ortho-manga-
nites, and ortho-ferrites (3). According to their report,
LaCrO, is a p-type semiconductor with an activation en-
ergy (£,) of ca. 0.22 eV. Goodenough proposed the one-
electron energy diagram for LaCrQ, consisting of partially
filled &* orbitals and #* holes (4). The localized #»* orbitals
of o and 8 spins at a given cation are split by the intra-
atomic exchange ( E,,), and the collective o* orbitals are
also splil by F_, .

NdACrQ, also has an orthorhombic perovskile-lype
structure with @ = 5.430 A, b = 7.692 A, and ¢ = 5.488
A (1). Because of the lanthanide contraction, the celt
volume of NdCrO, is smaller than that of LaCrO,.

! To whom correspondence should be addressed.

NdCrO, exhibits antiferromagnetism with Ty = 224 K,
and does not obey the Curie—Weiss law (2). The difference
in the magnetic properties of LaCrQ,; and NdCrQ, is
strongly influenced by the type of rare-earth ion and/or
the Cr—0 distance.

Cubic perovskite-type SrFeQ;_; has an anion-deficient
nonstoichiometry (5). The Fe-O distance decreases lin-
early with decreasing &, and the electrical properties are
strongly influenced by the Fe-O distance. From these
results, it is important to estimate the overlap between
cationic t,, and anionic p_ orbitals. The electrical proper-
ties for NdCrQO; have not been reported. Since the cell
volume of NdCr(), is smaller than that of LaCrQ,, the
overlap between the chromium #,, and oxygen p,, orbitals
of NdCrQ, may vary from that of LaCrQ,, and the electri-
cal conductivity for NdCrQ, will be different from that
of LaCrQ,.

In the present study, we synthesized perovskite-type
{La,_,Nd,)Cr0; (0 = x = 1.0) to study the relationship
between the Cr-0 distance and the electrical properties.
These results will provide information regarding the over-
lap between the chromium t,, and oxygen p, orbitals in
orthorhombic perovskite-type oxide systems.

EXPERIMENTAL

(La,_ [Nd,)Cr(, (0 = x = 1.0) samples were prepared
by a standard ceramic technique. Dried La,0,, Nd,0,,
and Cr,0; powders (Nacalai Tesque, Japan) were weighed
tn 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 at 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.
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FIG. 1. X-ray powder diffraction patterns for the system

(La;_,Nd,)Cr0;.

The phases of the samples were identified by X-ray
powder diffraction (XRD) with monochromatic CuK« ra-
diation (RAD-1C, Rigaku, Japan). The cell constants of
the samples were determined from high-angle reflections
with Si as an external standard. The a-axis of Si is 5.4309 A
(6). The structure refinement was carried out by Rietveld
analysis of the X-ray powder diffraction data with the
“RIETAN’’ program written by Izumi (7). X-ray diffrac-
tion data were collected by step scanning over an angular
range of 20° = 2¢ = 80° in increments of 0.02° (26) with
monochromatic Cu K« radiation. The electrical resistivity
of the samples was measured in air by a standard four-
electrode technique in the temperature range 300-1000 K
(195A, Keithley, USA and 7651, Yokogawa, Japan).
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X-ray photoelectron spectroscopy (XPS) measurement
of the samples was carried out for the La3d, Nd3d, Cr2p,
and Ols levels of the samples using MgKa radiation
(ESCA-750, Shimadzu, Japan) at room temperature. The
energy calibration was made against the C 15 level from
a usual contamination.

RESULTS AND DISCUSSION

X-ray powder diffraction patterns of (La,_,Nd,)CrO,
(0 = x = 1.0) were completely indexed as the orthorhom-
bic perovskite-type (GdFeOs-type) structure and are
shown in Fig. 1. Figure 2 shows the relationship between
the cell constants (&, &-, and c-axes) and the composition.
With increasing x, the a-axis decreases slightly, has a
minimum value at x = 0.6, then increases. On the other
hand, both the b- and ¢-axes decrease monotonically with
increasing x. Figure 3 shows the relationship between cell
volume and composition. The cell volume of LaCrQ; is
234.4 A}, and decreases linearly to 228.6 A (x = 1.0)
with increasing x. The ionic radii of a La** ion and a Nd**
ion with a coordination number (CN) of 12 are 1.35 and
1.27 A, respectively (8, 9). The linear decrease in the cell
volume is ¢xplained by the difference in the ionic radius
between the La’* and Nd** ions.

Figure 4 shows the relationship between the electrical
resistivity (p) of (La,_ Nd, )CrQ; and the reciprocal tem-
perature. Although the cell volume decreases linearly with
increasing x, as seen in Fig. 3, we could not find significant
compositional dependence on the electrical resistivities.
All samples were p-type semiconductors above room tem-
perature. The relationship between log p and 1000/T was
linear at high temperatures. We calculated an activation

783 T

7.79

TTTTr T T T T

7.75

b (A)

(P PR A PR P A R PR B P W

7.71

7.67

P I Y PR

763 C 1 i 1 1

00 02 04 06 08 1.0

X

FIG. 2. Cell constants vs composition for the system (La,_ Nd)CrG,.
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FIG. 3. Cell volume vs composition for the system {La, ,Nd,)Cr0;.

energy (E,) from the linear portion of the log p-1000/T
curves, E, values for LaCr0O, and NdCrQO, are ca. 0.26 and
ca. .28 eV, respectively. Figure 5 shows the relationship
between E, and the composition. £, increases slightly
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FIG. 4. Electrical resistivity vs 1000/T for the system (La, ,Nd,)
Cr0,.
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with increasing x. Rao et al. reported that E, for LaCrQ,
is ca. 0.22 eV (3). On the other hand, Ruiz ¢f al. reported
that E, for LaCrQ; is ca. 0.6 ¢V (10). The present E, for
LaCrQ, is nearly equal to the value reported by Rao et
al. (3).

We carried out the structure refinement of (La,_ Nd,)
Cr0O, by Rietveld analysis of X-ray powder diffraction
data. (La,_,Nd,)CrO; has an orthorhombic GdFeOs-type
structure with the space group Pnma (11). In the present
study, isotropic thermal parameters (B) for La, Nd, Cr,
O(1), and O(2) ions were fixed at 0.3 A? for all samples.
Refined structural parameters and residuals Ry, R,, and
Rpare listed in Table 1. Ryp, R, and Ry are the residuals
for the weighted pattern, the integrated intensity, and the
structure factor, respectively. Final R, of all samples was
less than 2.119%. The low R, suggests that the structural
model for (La,_Nd,)Cr0O, is good.

In the orthorhombic GdFeOs-type structure, the A-site
cation {(LL.a and/or Nd ions) coordinates with 12 anions: 4 .
O(1) and 8 O(2) ions. The B-site cation (Cr ion) coordi-
nates with 6 anions: 2 O(1) and 4 O(2) ions. We calculated
the average (La, Nd)-0 and Cr-0O distance of (La, _ Nd,)
CrO, from the refined structural parameters. Figure 6
shows the average (I.a, Nd)—O and Cr-0O distances. The
average (La, Nd)-O distance of La§r03 is ca. 2.759 A
and decreases slightly to ca. 2.752 A (x = 1.0) with in-
creasing x. This decrease is due to the difference in ionic
radius between the La** and Nd** ions. On the other
hand, the average Cr-O distance of LaCrO; is ca.
1.97t A, and increases slightly to ca. 1.978 A(x =10
with increasing x.

We calculated the angles for O-Cr-O and Cr-O-Cr
of (La,_,Nd,)CrO, from the refined structural parame-
ters. The average angles for O(1}-Cr-0O(1) and



Refined Structure Parameters for (La,_,Nd )CrO,
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TABLE 1

Atom

Position

X

Y

Z

B

x=0,a=54786(1) A, b = 7.7573(1) A, ¢ = 5.5146(1) A, Ryp = 10.48%, R; = 3.03%, and Ry = 1.94%

La- 4(c) 0.020(1) 0.25 ~0.004(1) 0.3
Cr 4(b) 0 0 0.5 0.3
o) 4(c) 0.493(5) 0.25 0.061(7) 0.3
o) 8(d) 0.273(6) 0.036(4) ~0.278(5) 0.3
r=02a=5476820) A, b = 7.75102) A, ¢ = 5.4996(2) A, Ryp = 9.58%, R; = 2.73%, and Ry = 1.56%
La, Nd 4(c) 0.024(1) 0.25 ~0.005(1) 0.3
Cr 4(b) 0 0 0.5 0.3
o) 4(c) 0.490(5) 0.25 0.071(10) 0.3
0(2) 8(d) 0.278(6) 0.034(6) ~0.278(6) 0.3
x=04,a=54722 A, b =7.73872) A, ¢ = 5.4807(2) A, Ryp = 10.60%, R, = 2.77%, and Ry = 1.56%
La, Nd 4(c) 0.029(1) 0.25 ~0.006(1) 0.3
Cr 4(b) 0 0 0.5 0.3
0(1) 4(c) 0.486(6) 0.25 0.081¢14) 0.3
o) 8(d) 0.282(9) 0.034(7) —0.285(8) 0.3
x=06,a=5473603) A, b = 7.7367(4) A, ¢ = 5.4521(3) A, Rup = 14.15%, Ry = 2.69%, and Rp = 2.11%
La, Nd 4¢) 0.033(1) 0.25 ~0.006(1) 0.3
Cr 4(b) 0 0 0.5 0.3
o(1) 4(c) 0.491(7) 0.25 0.077(16) 0.3
oR) 8(d) 0.290(9) 0.037(8) —0.277(10) 0.3
x =08 a=547542) A, b = 7.7154(4) A, ¢ = 5.438803) A, Ryp = 12.26%, R, = 2.27%, and R = 1.49%
La, Nd ) 0.037(1) 0.25 —0.008(1 0.3
Cr 4(b) 0 0 0.5 0.3
o(1) 4(c) 0.487(7) 0.25 0.088(i4) 0.3
0(2) 8(d) 0.290(7) 0.031(7) —0.289(8) 0.3

x=10,u=3548291) A, b = 7.6919(1) A, ¢ = 5.4203(1) A, Ryp = 10.03%, R| = 2.46%, and Ry = 1.54%

Nd 4(c) 0.041(1) 0.25 —0.00%(1) 0.3
Cr 4(b) 0 0 0.5 0.3
0x) 4(c) 0.484(5) 0.25 0.082(6) 0.3
o) 8(d) 0.293(4) 0.041(4) —0.289(5) 0.3
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O(1)-Cr-0(2) are 180° and 90°, respectively. The aver-
age angle for O(2)-Cr-0(2) is 90° or 180°. On the other
hand, both the angles for Cr—O(1)-Cr and Cr-0(2)-Cr
are less than 180° and decrease monotonically with
increasing x, as shown in Fig. 7. Figure 8 shows a
perspective view of the anionic chain in (La,_Nd,)-
CrQ,. The CrO, octahedron connects at O(1) or O(2)
of the other’s CrQ; octahedron. From the results of
the Cr-O distance and the average angles for O-Cr-0,
it is obvious that each CrO, octahedron has little distor-
tion. The bending among the neighboring CrO, octahedra
sharpens with increasing x.

Figure 9 shows the XPS spectra of the La3d,,,
Nd3ds,, and Cr2 py, levels of (La,_ Nd, )CrO; . The bind-
ing energies of La3ds;,, Nd3ds;;, Cr2p,y, and Ols,» are

independent of the composition: 833.38 + 0.18 ¢V for
La3ds;,;, 981.17 = 0.17 ¢V for Nd3ds;,, 575.24 = (.11 eV
for Cr2p,,;, and 528.49 = 0.14 ¢V for Ols,,. The full
width at half-maximum of the Cr2p,;, level is ca. 2.44
eV and is independent of the composition. Taguchi and
Shimada discussed the chemical bond of the orthorhombic
perovskite-type CaMnQ;_; from the binding energy differ-
ence (ABE) (12). ABE for Ca2p-0O1s increases and ABE
for Mn2p-0ls decreases with decreasing oxygen con-
tent. The increase in ABE indicates that the chemical
bond becomes more ionic. In the present study, ABE for
La3 d5,2—01 S, Nd3 di,'z-—ol Si2, and Cl‘Zpyz—OI Sy are
independent of the composition: 304.92 = 0.15 eV for
La3d512—013”2, 452,67 = 0.18 eV for Nd3d5,12—015”2,
and 46.75 = 0.09 eV for Cr2p,;;,~-01s,,. These results
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FIG. 6. Average (La, Nd}-O and Cr-Q distances vs composition for the system (La; Nd)CrQ;.

suggest that the chemical bond for L.a-0O, Nd-0, or Cr-0
is not affected by the composition.

From the results of the Rietveld analysis and XPS mea-
surements for (La,_ Nd, )CrQ,, itis obvious that the Cr=0O
distance of the CrO, octahedron increases slightly with
increasing x; however, each CrQ, octahedron has little
distortion. The decrease of the angles for Cr—O(1)}-Cr or
Cr—0O(2)-Cr is caused by the linear decrease of the cell
volume. The electronegativity values of La and Nd are
1.1 and 1.2, respectively (13}, From these results of the
electronegativity and Cr-O distance, it is believed that
the chemical bond for Cr—0 is not affected by the compo-
sition.

According to the one-electron energy diagram for La
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FIG. 7. Angles for Cr~0(1)-Cr and Cr—O(2)—Cr vs composition for
the system (La,_,Nd )Cr0,.

CrO, (4), three 3d-electrons of the Cr’* ion are all
localized and the Fermi level lics between the filled £,,*
levels and the narrow o* band orbitals. From the
electronic spectra, the energy of excitation (10 Dq) is
experimentally found to be ca. 2.0 eV (10). The activa-
tion energy (E,) is half of 10 Dq; that is, ca. 1.0 eV,
However, the measured E, is smaller than 1.0 eV.
Therefore, 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 LaCrQ; (3). Due to the
slight increase in the Cr-O distance and the decrease
of the angle for Cr—0O(1)-Cr or Cr—0(2)-Cr, the overlap
between the chromium f,, and oxygen p. orbitals de-
creases slightly with increasing x. Although we could

FIG. 8. Perspective view of the anion chain in (La,_,Nd)CrQO;.
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FIG. 9. XPS spectra of the Laddy,, Nd3ds,, and Cr2p;, levels for the system (La;_ Nd,)CrO;.

not find significant change in the electrical resistivity
as shown in Fig. 4, E, as shown in Fig. § is affected
by the composition.

CONCLUSION

Although the cell volume of (Ia;_ Nd,)CrO; decreases
linearly with increasing x, Rietveld apalysis and XPS
measurements indicate that the decrease of the angles
for Cr-O(1)-Cr or Cr-0(2)-Cr i1s due to the linear
decrease in the cell volume. The chemical bond for Cr—-O
is not affected by the camposition. {La,_Nd )CrO, are
p-type semiconductors with an activation energy of ca.
0.26 to 0.28 eV. Although significant compositional
dependence in the electrical resistivities was not found,
the activation energy increases slightly with the composi-
tion. This increase is caused by the slight decrease
of the overlap between the chromium 7,, and oxygen
p.. orbitals.
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