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low-spin cobalt forms an ordered semiconductive phase.
Perovskite-type Nd(Cr12x COx)O3 was synthesized in the The metallic high-temperature phase for T . 650 K is

range 0 # x # 1.0, and has the orthorhombic GdFeO3-type nucleated and grows with increasing temperature in the
structure with space group Pnma. The decrease of the average interval 350 , T , 620 K.
(Cr, Co)–O distance and the effective magnetic moment (meff) Madhusudan et al. (3) reported that rare-earth trioxoco-
indicate that the Co31 ion in Nd(Cr12x COx)O3 is in the low-spin baltates, LnCoO3 (Ln 5 Pr, Nd, Tb, Dy, and Yb), exhibit
state (d«)6(dg)0 at low temperature. With increasing tempera- low-spin to high-spin transitions of cobalt. The susceptibil-
ture, the 1/x-T curve exhibits the plateau, and this plateau

ity behavior of solid solutions of (La12xNdx)CoO3 has beenindicates the temperature interval where there is a conversion
investigated to see how the behavior characteristic offrom the low-spin state of the Co31 ion to a mixed spin state.
NdCoO3 changes to that of LaCoO3. NdCoO3 is pseudo-From the results of the electrical resistivity (r), Nd(Cr12xCox)O3
tetragonal with orthorhombic symmetry and the GdFeO3-is semiconductive with the energy gap (Eg) of P0.36–0.47 eV.
type structure with a 5 0.5345 nm, b 5 0.7560 nm, andThe log r-1000/T curves at high temperature deviate from those

at low temperature. Rietveld analysis indicates that each (Cr, c 5 0.5345 nm (4). From the magnetic measurement, the
Co)O6 octahedron has little distortion and that the average spin state of cobalt changes at P240 K.
angles for (Cr, Co)–O(1 and 2)–(Cr, Co) increase with increas- NdCrO3 also has the orthorhombic GdFeO3-type struc-
ing x, in agreement with the decrease in the average (Cr, Co)–O ture with a 5 0.5430 nm, b 5 0.7692 nm, and c 5 0.5488 nm,
distance. Therefore, it is apparent that the magnetic and electri- and exhibits antiferromagnetism with a Néel temperature
cal properties of Nd(Cr12xCox)O3 depend on the spin state of (TN) of 224 K (5, 6). The magnetic susceptibility indicates
the Co31 ion and a cation–anion–cation overlap.  1996 Aca-

that the electron configuration of Cr31 ions is (d«)3 (dc)0.
demic Press, Inc.

From the temperature dependence of the electrical re-
sistivity (r), NdCrO3 exhibits a p-type semiconducting be-
havior above room temperature (5). The activation energyINTRODUCTION
(Ea) calculated from the linear portion of the log r-1000/
T curve is P0.28 eV (7).Raccah and Goodenough (1) reported the coexistence

of the low-spin and high-spin states of cobalt in LaCoO3 Taguchi (8) investigated the relationship between the
electrical properties and a cation–anion–cation overlap inand a first-order phase change at 1210 K. The first-order

phase change is a localized-electron } collective-electron Nd(Cr12xMnx)O3 . The average (Cr, Mn)–O distance and
the effective magnetic moment (eeff) indicate that the spinphase change for electrons in orbitals of eg symmetry. Be-

low 398 K, LaCoO3 is a semiconductor with a conductivity state of the Mn31 ion is high. Nd(Cr12xMnx)O3 is a semicon-
ductor and has a maximum activation energy (Ea) at x 5(s) given by s 5 s0 exp(2E/kT). The conductivity in-

creases much more rapidly with increasing temperature in 0.2. The overlap between the cation d« and oxygen pf

orbitals plays an important role in the electrical propertiesthe interval 398 , T , 923 K. In the interval 923 , T ,
1210 K, the conductivity goes through a broad peak and of Nd(Cr12xMnx)O3 . The ionic radius of the Co31 ion is

smaller than the ionic radius of the Mn31 ion (9). There-has a maximum value. Above 1210 K, the conductivity
decreases with increasing temperature. fore, it is apparent that the (Cr, Co)–O distance in

Nd(Cr12xCox)O3 decreases with increasing x. It is very in-Recently, Senaris-Rodriguez and Goodenough (2) pre-
pared homogeneous LaCoO3 from coprecipitated precur- teresting to investigate the relationship between the cat-

ion–anion–cation overlap in Nd(Cr12xCox)O3 and thesors, and investigated the spin state of cobalt ions. A first-
order phase change near 1200 K only appears when Co3O4 physical properties.

In the present study, Nd(Cr12xCox)O3 was synthesizedis present as an impurity phase. In the interval 110 , T ,
350 K, a mixture of approximately 50% high-spin and 50% to study its electrical properties, magnetic properties, and
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FIG. 1. Cell constants vs composition for the system Nd(Cr12xCox)O3 .

the structure refinement. These results will provide infor- between the cell constants (a, b, and c axes) and the compo-
mation regarding the cation–anion–cation overlap in sition. In the range 0 # x # 0.8, the cell constants decrease
Nd(Cr12xCox)O3 . linearly with increasing x. The observed cell constants of

NdCoO3 (x 5 1.0) are larger by P0.0010 nm than the cell
EXPERIMENTAL constants extrapolated from the values in the range 0 #

x # 0.8.Nd(Cr12xCox)O3 was prepared by a standard ceramic
Figure 2 shows the relationship between the cell volumetechnique. Dried Nd2O3 , Cr2O3 , and 2CoCO3 ? 3Co(OH)2 (V) of Nd(Cr12xCox)O3 and the composition. The cell vol-powders were weighed in the appropriate proportions and

ume of NdCrO3 (x 5 0) is 0.2285 nm3 and decreases linearlymilled for a few hours with acetone. After the mixed pow-
with increasing x. The observed cell volume of NdCoO3ders were dried at 373 K, they were calcined at 1173 K for
(x 5 1.0) is 0.2151 nm3 and is larger than the cell volumea few hours in air, and then fired 1573 K for 24 h in a flow
extrapolated from the values in the range 0 # x # 0.8.of pure oxygen gas. In order to measure the electrical
The ionic radii of a Cr31 ion, a Co31 ion (low-spin state),resistivities, the powders were pressed into a pellet form
and the Co31 ion (high-spin state) with a coordinationunder a pressure of 50 MPa, and the pellet was sintered
number (CN) of 6 are 0.0615, 0.0525, and 0.061 nm, respec-at 1573 K for 12 h in the flow of pure oxygen gas.
tively (9). The decrease in the cell volume is explained byThe phases of the samples were identified by X-ray pow-
the difference in the ionic radius between the Cr31 andder diffraction (XRD) with monochromatic CuKa radia-

tion. The cell constants of the samples were determined
from high-angle reflections with Si as an external standard.
The structure refinement was carried out by Rietveld anal-
ysis of the XRD data with the RIETAN program written
by Izumi (10). XRD data were collected by step scanning
over the angular range 208 # 2u # 1008 in increments of
0.028 (2u) with monochromatic CuKa radiation.

The electrical resistivity of the samples was measured
by a standard four-electrode technique in the interval
150 # T # 1253 K. The magnetic susceptibility was mea-
sured by a magnetic torsion balance in the interval 80 #
T # 763 K. Differential thermal analysis (DTA) of the
sample was performed in the interval 300 # T # 1273 K.

RESULTS AND DISCUSSION

XRD patterns of Nd(Cr12xCox)O3 (0 # x # 1.0) were
completely indexed as the orthorhombic perovskite-type

FIG. 2. Cell volume vs composition for the system Nd(Cr12xCox)O3 .(GdFeO3-type) structure. Figure 1 shows the relationship
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TABLE 1
Refined Structure Parameters for Nd(Cr12xCox)O3

x 5 0.0 a 5 0.54798(1) nm b 5 0.76918(2) nm c 5 0.54221(1) nm
RWP 5 12.69% RI 5 2.01% RF 5 1.26%

Atom Position x y z B

Nd 4(c) 0.041(1) 0.25 20.008(1) 0.0028(6)
Cr 4(b) 0 0 0.5 0.0028(6)
O(1) 4(c) 0.484(4) 0.25 0.082(6) 0.0028(6)
O(2) 8(d) 0.292(4) 0.041(3) 20.289(4) 0.0028(6)

x 5 0.2 a 5 0.54489(2) nm b 5 0.76608(3) nm c 5 0.54050(2) nm
RWP 5 11.66% RI 5 1.98% RF 5 1.28%

Atom Position x y z B

Nd 4(c) 0.040(4) 0.25 20.008(1) 0.0023(5)FIG. 3. DTA curve of NdCoO3 (x 5 1.0).
Cr, Co 4(b) 0 0 0.5 0.0023(5)
O(1) 4(c) 0.491(4) 0.25 0.076(6) 0.0023(5)
O(2) 8(d) 0.288(4) 0.036(3) 20.293(4) 0.0023(5)

Co31 ions, and the Co31 ions must be in the low-spin state
x 5 0.4 a 5 0.54208(2) nm b 5 0.76324(3) nm c 5 0.53901(2) nm(d«)6 (dc)0.

RWP 5 11.28% RI 5 1.51% RF 5 1.21%
Figure 3 shows DTA of NdCoO3 (x 5 1.0) in the interval

300 # T # 1273 K. On heating, NdCoO3 gave a broad and Atom Position x y z B
weak endothermic peak in the interval 920 # T # 1120 K.

Nd 4(c) 0.039(1) 0.25 20.008(1) 0.0029(5)However, NdCoO3 gave no exthothermic or endothermic
Cr, Co 4(b) 0 0 0.5 0.0029(5)peaks on cooling. The phase of the sample after the DTA
O(1) 4(c) 0.491(4) 0.25 0.072(5) 0.0029(5)measurement was identified by XRD. The diffraction pat-
O(2) 8(d) 0.283(5) 0.036(3) 20.292(4) 0.0029(5)

tern had both the peaks of orthorhombic perovskite-type
NdCoO3 and extra peaks. The extra peaks were very weak x 5 0.6 a 5 0.53873(4) nm b 5 0.75998(8) nm c 5 0.53718(5) nm

RWP 5 16.47% RI 5 3.26% RF 5 1.99%and were indexed as Nd2O3 . From the results, it is consid-
ered that a little NdCoO3 decomposed into Nd2O3 and
cobalt oxides in the interval 920 # T # 1120 K. Atom Position x y z B

The structure refinement of Nd(Cr12xCox)O3 (0 # x #
Nd 4(c) 0.036(1) 0.25 20.007(1) 0.0025(9)1.0) was carried out by Rietveld analysis of XRD data.
Cr, Co 4(b) 0 0 0.5 0.0025(9)

Nd(Cr12xMnx)O3 has the orthorhombic GdFeO3-type O(1) 4(c) 0.490(7) 0.25 0.071(11) 0.0025(9)
structure with space group Pnma (8). Therefore, in the O(2) 8(d) 0.284(10) 0.038(7) 20.288(9) 0.0025(9)
present study, it can be concluded that Nd(Cr12xCox)O3 has

x 5 0.8 a 5 0.53532(2) nm b 5 0.75689(4) nm c 5 0.53565(3) nmthe same structure with space group Pnma (11). Isotropic
RWP 5 17.04% RI 5 3.47% RF 5 2.30%thermal parameters (B) for Nd, Cr, Co, O(1), and O(2)

ions were refined assuming that they had the same values.
Atom Position x y z B

Refined structural parameters and residuals, RWP , RI , and
RF are listed in Table 1. RWP , RI , and RF are the weighted Nd 4(c) 0.036(1) 0.25 20.006(1) 0.0036(9)

Cr, Co 4(b) 0 0 0.5 0.0036(9)pattern, the integrated intensity, and the structure factor,
O(1) 4(c) 0.495(8) 0.25 0.067(11) 0.0036(9)respectively. The final RF of all samples was less than 2.30%,
O(2) 8(d) 0.281(11) 0.039(6) 20.284(9) 0.0036(9)and the low RF suggests that the structural model for

Nd(Cr12xCox)O3 is reasonable. x 5 1.0 a 5 0.53312(1) nm b 5 0.75482(1) nm c 5 0.53461(1) nm
In the orthorhombic GdFeO3-type structure, A-site cat- RWP 5 14.01% RI 5 2.56% RF 5 2.20%

ions (Nd ions) coordinate with twelve anions; four O(1)
and eight O(2) ions. B-site cations (Cr and Co ions) coordi- Atom Position x y z B
nate with six anions; two O(1) and four O(2) ions. The

Nd 4(c) 0.035(1) 0.25 20.005(1) 0.0017(6)average (Cr, Co)–O distance of Nd(Cr12xCox)O3 was calcu-
Co 4(b) 0 0 0.5 0.0017(6)lated from the refined structural parameters and is shown
O(1) 4(c) 0.495(5) 0.25 0.076(8) 0.0017(6)

in Fig. 4. The average Cr–O distance of NdCrO3 (x 5 0) O(2) 8(d) 0.287(6) 0.040(4) 20.285(6) 0.0017(6)
is P0.1977 6 0.0014 nm. In the range 0 # x # 0.8, the
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490 K (x 5 0.2), 450 K (x 5 0.4), 380 K (x 5 0.6), 270 K
(x 5 0.8), and 210 K (x 5 1.0). These temperatures are
defined as TM , and are shown as the arrows in Fig. 6. The
1/x-T curve of Nd(Cr12xCox)O3 resembles that of LaCoO3

(2). In LaCoO3 , both the low-spin and high-spin states of
the Co31 ions coexist in the interval 110 , T , 350 K, and
the 1/x-T curve exhibits a plateau in the interval 450 ,
T , 650 K. The plateau indicates a temperature interval
where there is a conversion from one stable spin configura-
tion at cobalt ions to another. Above 650 K, both the high-
spin and intermediate-spin states of the Co31 ions coexist.

The effective magnetic moment (eeff) was calculated
from the region that obeyed the Curie–Weiss law. Figure
7 shows the relationship between eeff of Nd(Cr12xCox)O3

and the composition. The theoretical eeff is calculated using

eeff 5 Ï(1 2 x)e2
Cr31 1 xe2

Co31 1 e2
Nd31 ,

FIG. 4. Average (Cr, Co)–O distance vs composition for the system where eCr31 , eCo31 , and eNd31 are the effective magnetic
Nd(Cr12xCox)O3 . moment of the Cr31 ion, the Co31 ion, and the Nd31 ion,

respectively (12). From the values of the spectroscopic
splitting factor (g) and the total angular momentum (J)

average (Cr, Co)–O distance decreases linearly. The aver- of the Nd31 ion, eNd31 is calculated to be 3.62 (8). In Fig.
age Co–O distance of NdCoO3 (x 5 1.0) is P0.1931 6 7, the broken lines (1) and (2) indicate the theoretical
0.0008 nm, and this value is larger by P0.0014 nm than values calculated in cases of both the high-spin and the
the average Co–O distance extrapolated from the values low-spin states of the Co31 ion; the line (1) is the high-
in the range 0 # x # 0.8. Because the ionic radius of the spin state (d«)4(dc)2 and the line (2) is the low-spin state
Co31 ion with the high-spin state is nearly equal to the (d«)6(dc)0. From the results of Fig. 7, it is obvious that
ionic radius of the Cr31 ion (9), the linear decrease of the spin state of the Co31 ion in Nd(Cr12xCox)O3 is low
the average (Cr, Co)–O distance suggests that the Co31 below TM . Above TM , the 1/x-T curve exhibits the plateau,
ion must be in the low-spin state (d«)6(dc)0. The angles and this plateau must be the conversion from the low-spin
for O–(Cr, Co)–O and (Cr, Co)–O–(Cr, Co) in state of the Co31 ion to the mixed spin state.
Nd(Cr12xCox)O3 are calculated from the refined structural
parameters. The average angles for O(1)–(Cr, Co)–O(1),
O(1)–(Cr, Co)–O(2), and O(2)–(Cr, Co)–O(2) are 1808,
908, and 908 or 1808, respectively. From the results of the
average (Cr, Co)–O distances and the average angles for
O–(Cr, Co)–O, it is obvious that each (Cr, Co)O6 octahe-
dron has little distortion. The average angles for (Cr, Co)–
O(1)–(Cr, Co) and (Cr, Co)–O(2)–(Cr, Co) are less than
1808 and are shown in Fig. 5. In the range 0 # x # 0.8,
the average angles for both (Cr, Co)–O(1)–(Cr, Co) and
(Cr, Co)–O(2)–(Cr, Co) increase linearly with increasing
x. However, the average angles for both Co–O(1)–Co and
Co–O(2)–Co in NdCoO3 (x 5 1.0) are P155.68 and 155.78,
respectively. These values are larger than the extrapo-
lated values.

The temperature dependence of the inverse magnetic
susceptibility (1/x) of Nd(Cr12xCox)O3 (0 # x # 1.0) is
shown in Fig. 6. NdCrO3 (x 5 0) and Nd(Cr0.8Co0.2)O3

(x 5 0.2) are antiferromagnetic with TN P 220 K and
TN P 180 K, respectively. However, Nd(Cr12xCox)O3

(0.4 # x # 1.0) is paramagnetic above 80 K. The 1/x-T FIG. 5. Angles for (Cr, Co)–O(1)–(Cr, Co) and (Cr, Co)–O(2)–(Cr,
Co) vs composition for the system Nd(Cr12xCox)O3 .curves obey the Curie–Weiss law below P630 K (x 5 0),
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room temperature, and the spin state of the Co31 ion varies
partly from low to another. In the present study, XRD
data were collected at room temperature. Therefore, both
the average Co–O distance and the average angles for
Co–O(1 and 2)–Co are larger than the extrapolated values,
and the log r-1000/T curves are strongly affected by the
spin state of the Co31 ion.

The (Cr, Co)O6 octahedron in Nd(Cr12xCox)O3 connects
with O(1) or O(2) of the other (Cr, Co)O6 octahedron.
The Cr31 ion has the electron configuration (d«)3(dc)0,
and the Co31 ion has the electron configuration (d«)6(dc)0

or (d«)4(dc)2. There are two kinds of the cation–anion–
cation overlap; one is an overlap (f bonding) between the
cation d« and oxygen pf orbitals, and the other is the
overlap (s bonding) between the cation dc and oxygen ps

orbitals. According to Goodenough (13), three 3d elec-
trons of the Cr31 ion in LaCrO3 are all localized and the
Fermi level lies between the filled d«* levels and the narrow
dc* levels. Rao et al. (14) proposed that the Cr41 ions
present as a result of impurities or native defects give rise
to p-type extrinsic conduction in LaCrO3 . Below TM (or
TR), Nd(Cr12xCox)O3 is the semiconductor with Eg of
P0.36–0.47 eV, and the d«* level is filled by 3d electrons
and the dc* level is empty. Both the d«* and dc* levels are
localized and narrow, and the cation–anion–cation overlap
integrals (Df

cac for f bonding and Ds
cac for s bonding) are

smaller than the critical overlap integral (DC); Df
cac ,

Ds
cac , DC (15). The intra-atomic exchange (Dex) between

the d«*-a and d«*-b levels is larger than the crystal-field
splitting (10Dq) between the d«* and dc* levels. If the

FIG. 6. Inverse magnetic susceptibility (1/x) vs temperature (T) for
the system Nd(Cr12xCox)O3 .

The relationship between the logarithm of the electrical
resistivity (log r) of Nd(Cr12xCox)O3 and the reciprocal
temperature (1000/T) is shown in Fig. 8. The decrease
of log r with increasing temperature indicates that
Nd(Cr12xCox)O3 is a semiconductor. The log r-1000/T
curves are linear below P560 K (x 5 0), 460 K (x 5 0.2),
420 K (x 5 0.4), 370 K (x 5 0.6), 330 K (x 5 0.8), and
240 K (x 5 1.0). These temperatures are defined as TR ,
and are shown as the arrows in Fig. 8. The energy gaps
(Eg) calculated from the linear portion of log r-1000/T
curves are P0.45 eV (x 5 0), 0.47 eV (x 5 0.2), 0.38 eV
(x 5 0.4), 0.38 eV (x 5 0.6), 0.36 eV (x 5 0.8), and 0.37
eV (x 5 1.0).

TM is nearly equal to TR ; that is, the region that obeyed
FIG. 7. Effective magnetic moment (eeff) vs composition for thethe Curie–Weiss law agrees with the linear portion of the

system Nd(Cr12xCox)O3 . The broken lines (1) and (2) indicate the theoret-
log r-1000/T curves. The spin state of the Co31 ion is low ical values calculated in cases of both the high-spin and low-spin states
below TM , and the low-spin state of the Co31 ion converts of the Co31 ion; the line (1) is the high-spin state (d«)4(dc)2 and the line

(2) is the low-spin state (d«)6(dc)0.to another above TM . TM for NdCoO3 (x 5 1.0) is below
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weak with increasing temperature, the transfer of the elec-
trons through s bonding becomes active. From these re-
sults, it is apparent that the cation–anion–cation overlap
is strongly affected by the spin state of the Co31 ion.

CONCLUSION

I have shown that the magnetic and electrical properties
of Nd(Cr12xCox)O3 depend on the spin state of the Co31

ion and the cation–anion–cation overlap. The decrease of
the average (Cr, Co)–O distance and eeff indicate that
the Co31 ion in Nd(Cr12xCox)O3 is in the low-spin state
(d«)6(dc)0 below TM . Above TM , the 1/x-T curve exhibits
the plateau, and this plateau exhibits the conversion from
the low-spin state of the Co31 ion to the mixed spin state.
Below TM (or TR), the log r-1000/T curves indicate that
Nd(Cr12xCox)O3 is semiconductive with Eg of P0.36–0.47
eV. The log r-1000/T curves above TM (or TR) deviate
from that below TM (or TR).
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