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A series of samples in the Gd,_, St, CoO;_, (x = 0.00, 0.25, 0.50, 0.75, and 1,00} system with perovskite-
type oxide have been prepared at 1200°C under an almosphere with and without oxygen gas flow.
X-ray diffraction analysis of the solid solution assigns the structure of the compositions of x = 0.00,
0.25, and §,00 to the orthorhombic system, x = 0.50 to the cubic system, and x = 0.75 to the tetragonal
system. The reduced lattice volume of the system is increased as the x value gets higher. The amount
of Co** ion or the mixed valence state between Co** and Co** ions is quantitatively analyzed by the
iodometric titration method. The mole ratio of the Co** ion, the 7 value, is maximized at the composition
of x = 0.50 and the y value, the oxygen deficiency, increases as the x value increases. Nonstoichiometric
chemical formulas are obtained with the x, =, and y values. The electrical conductivity of the GdCoO, 4
sharply increases within the experimental temperature range; therefore, the activation energy of this
compound is higher than those of the other compositions. The electrical conductivity measurement
of the composition {x = 0.50) indicates a metallic property. The compounds of the compositions (x =
0.00 ~ 0.75) show a paramagnetic properly. The magneiic measurement shows that the paramagnetic
Curie temperature (9,) is a positive value in the case of x = 0.50 with the maximum amount of the
Co'' ion. The pr_¢, is decrcased as the 7 value gets higher. The SrCo0; s, has the Néel temperature

of 550 K. © 192 Academic Press, fnc.

Introduction

In perovskite-type ABQ, compounds, the
higher valence state of the transition metal
is generally stabilized with larger A-site ion
({-6). Therefore, the perovskite-type com-
pounds have extensively been studied be-
cause of their unique and interesting prop-
ertics,

Raccah and Goodenough (7) and Bhide
et al.(8) have investigated a LaCoQ; system
in which cobalt ions predominently exist in
the low spin state Co™ (¢8,¢) at low temper-
aturc. According to these studies, the cqui-
librium between the low and high spin states
can be changed with tcmperature because
of the small energy dillerence beiween the
stales (=0.08 ¢ V). They have also suggested
that the LaCoO; undergoes a first-order
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transition at 1210 K and then becomes me-
tallic. Their interpretation of the transition
mechanism involves the o* band broaden-
ing which makes the 1, level lie within the
o* band in the metallic phase.

Thornton et al. (9), however, have sug-
gested that the LnCoO, (La: La, Nd, Gd,
Ho, and Y} system should show broad and
high-order semiconductor-lo-metal transi-
tions over the temperature ranges of La:
385-570 K and Gd: 490-770 K. These tran-
sitions involve t§,e% — 14, ¢} excitation and
delocalization of e, orbitals to form a collec-
tive o* band,

The SrCoQ), s has brownmillerite or hex-
agonally deficicnt perovskite structure de-
pending on annealing temperature and oxy-
gen pressure during the sample preparation
(10-12). The high temperature phase of
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SrCo0Q, ¢ is a brown millerite-type, ortho-
rhombic structuare, and has the Néel temper-
ature of 550 K (/0).

The magnetic properties of the cobaltite
with perovskite structure are dependent
upon the spin states of Co* and Co**
whether they are the low spin state or the
high spin state. They also depend on the
indirect exchange interaction between co-
balt ions through an intermediate oxygen
ion (/3, I4). Due to this interaction, the
Co**-0?"-Co** and the Co**-0*-Co**
systems show a ferromagnetic and antiferro-
magnetic property, respectively (5, 15, 16).

The Co** ion is formed in La,_,Sr,CoO,
in accordance with the x value (0.00 = x =
0.60) and induces ferromagnetic interaction
with the Co** ion (6). The Co** ion is delo-
calized over all the cobalt ions. The La,_,
Sr,Co0, system becomes ferromagnetic
when x > 0.15 due to an increased amount
of the itinerant Co** ions. The itinerent elec-
tron has a ferromagnetic property. The com-
pounds of compositions (x > 0.15) become
metallic and their paramagnetic Curie tem-
peratures are positive,

The transition metals with mixed valence
states, which are produced due to the diva-
lent cation substituted for the trivalent cat-
ion on the A-site of the perovskite, have
been investigated by us and several other
research groups previously (/-6). In the
transition metal oxides, it is possible to
study their properties in terms of the mixed
valence states. In this present study, the
Gd,_, Sr,Co0,_, (0.00 = x = 1.00) system
has been prepared and their structures are
analyzed by X-ray diffraction and a thermal
analysis method. The amount of Co** ions
to the total cobalt ions is determined by an
iodometric titration. The nonstoichiometric
chemical formula of the Gd,_ Sr,
Coit,Coi*0;_, (¥ = (x — 7)/2) system is
determined. The magnetic and other physi-
cal properties of this system with the non-
stoichiometry are discussed.

Experimental

The solid solutions of the Gd,_ Sr,
Co0O;_, system were prepared with the
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compositions of x = 0.00, 0.25, 0.50,
0.75, and 1.00, and the starting materials
for these compositions were Gd,0;, Sr
CO,, and Co(NO,); - 6H,0. Appropriate
amounts of the mixtures were dissolved
in dilute nitric acid. The solution was evap-
orated over a burner flame and then fired
at 800°C for 4 hr. After being ground, the
samples were heated at 1200°C under an
atmosphere for 24 hr. The weighing, grind-
ing, and heating processes were repeated
in order to produce a homogencous solid
solution. In order to compare the physical
properties of the composition which has
the mixed valence state and oxygen va-
cancy, the composition of x = 1.00 was
prepared in an atmosphere with and with-
out oxygen. Each powdered sample was
shaped into a pellet, then sintered under
the same conditions.

The mole ratio of the element of the start-
ing materials was confirmed by energy dis-
persion X-ray spectroscopy (EDX). By the
X-ray diffraction analysis with monochro-
matized CuKa (A = 1,5418 A) radiation, the
lattice parameter, the reduced lattice vol-
ume of the unit cell, and the crystal structure
of the prepared samples were determined.
DTA and TGA were carried out in the range
300 ~ 1000 K. The oxidation states of the
cobalt ion were specified by the chemical
analysis in which the samples were dis-
solved in an acidified KI solution and fol-
lowed by redox titration. The amount of
Co%*, the oxygen vacancy, and the nonstoi-
chiometric chemical formulas for the system
were also determined.

The electrical conductivity measure-
ments of the samples, using a polycrystal-
line disk form, have been carried out by the
four probe d¢ technique in the temperature
range 78 ~ 1000 K. The electrical conduc-
tivities were calculated using Laplume’s
equation. The magnetic susceptibilities
were measured using a Faraday balance
from room temperature to 800 K.

Results and Discossion

The mole ratio of each material in the
samples was quantitatively confirmed by
EDX analysis.
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TABLE I

LATTICE PARAMETERS, REDUCED LATTICE VOLUME, AND CRYSTAL SYSTEM FOR THE
Gd;_,Sr,Co0;_, SYsTEM

Lattice parameter (A)

(x£0.001 A) Reduced
lattice Crystal
x a b ¢ volume (A% system
0.00 5.228 5.387 7.463 52.55 Orthorhombic
0.25 5.256 5413 7.461 53.06 Orthorhombic
0.50 3.805 — — 55.08 Cubic
0.75 3.849 — 3.846 56.98 Tetragonal
1.00 {Air) 5.463 15.735 5.565 59.80 Ortherhombic
1.00 (Oy) 5.456 15.738 5.568 59.77 Orthorhombic

The X-ray diffraction patterns of the com-
positions of x = 0.00 and 0.25 ar¢ indexed
on the basis of a distorted perovskite-type
structure with orthorhombic symmetry like
GdFeOQ; (17). According to the spectra of
the compositions of x = 0.50 and 0.75, the
symmetries of these compositions are cubic
and tetragonal, respectively. In the tetrago-
nal system (x = 0.75), the lattice parameter
a is slightly larger than ¢, The composition
of x = 1.00, SrCo0, 5, and SrCoQ, ¢, shows
the brownmillerite-type structure which is
similar to the SrCoQ, 5, suggested by Gren-
ier et al. (10, 11, 18). They suggested that
SrCo0, 55, the brownmillerite-type struc-
ture, contains oxygen vacancies which are
ordered along the [101] rows (i8). The lat-
tice parameters of the crystal system of
SrCoQ, s, and SrCoQ, ¢ are similar to those
of SrCo0Q,s,. We guess that their residue
oxygens are randomly distributed.

The lattice parameters, the reduced lat-
tice volume of the unit cell, and the crystal
system of the compositions are listed in Ta-
ble I. According to the previous studies (/,
2), the unit cell volume of the ABO, system
is affected by the factors such as ionic radius
of the substituted ion in A-site, the oxygen
vacancy, and the mixed valence state of
B-site ions. The reduced lattice volume in-
creases with the substitution of Sr** for
Gd** as shown in Fig. 1. The ionic radius
effect of the substituted ions in the system

is predominent because the ionic radius of
the Sr2* ion (1.58 A) is larger than that of
the Gd** ion (1.25 A).

The 7 value, y value, and nonstoichiomet-
ric chemical formula corresponding to each
composition are listed in Table I1. The com-
position of x = 0.00, GdCo0O, ,, is a stoi-
chiometric compound and the others are
nonstoichiometric ones. As shown in Fig.
2, the mole ratio of the Co*t ion to total
cobalt ions, the 7 value, increases as the x
value increases within the range of 0.00 =
x = 0.50 and the 7 value is maximized at the
composition of x = 0.50. However, the
value decreases as the x value increases for
the composition of x > 0.50, in which the
formation of the oxygen vacancies might be
casier than the formation of the Co?* ion. In
the case of x = 1,00, the compound prepared
under an oxygen atmosphere contains larger
amounts of the Co** ion than that prepared
under an air atmosphere.

The experimental data of DTA and TGA
for the compositions of x = 0.00 ~ 0.75
show that there is neither weight loss nor
phase transition in the temperature range of
300 ~ 1000 K. These compositions, there-
fore, are thermally stable in this temperature
range. Since there is no oxygen decomposi-
tion, it is considered that the amounts of
the oxygen vacancy and the Cot ion are
stationary to 1000 K.

The electrical conductivity measure-
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F1G. 1. Plot of reduced lattice volume vs composition (x) for the Gd,_,Sr, CoO,_, system. (O, the
composition of x = 1,00 prepared under the oxygen atmosphere.)

ments have been carried out in the tempera-
ture range 78 ~ 1000 K under an atmo-
spheric condition. These conductivity data
are shown in Fig. 3. The activation energies
of electrical conduction are listed in Table
III for all the compositions in the given tem-
perature ranges.

In GdCoO, . the activation energy for
T < 350 K corresponds to the excitation
from a t,; band to a conduction o* band
in the trivalent cobalt ion. The short range

ordering is established between low and
high spins of the trivalent cobalt ions in the
temperature range of 360 to 540 K.
GdCoO; , shows high conductivity as well
as metallic behavior above 800 K because
of overlapping of #w* and o* band.

In the Gd,_,Sr,Co0,_, (x = 0.25, 0.50,
0.75, and 1.00) system, there exists the low
spin state of the Co** ion (13, %) by replacing
the Gd** ion with the Sr** ion. The activa-
tion energy decreases with the x value in

TABLE II

x, T, ¥ YALUES, AND NONSTOICHIOMETRIC CHEMICAL FORMULA FOR THE
Gd,_, Sr,Cof?,Coi* 0y, (v = (x — 7)/2) SYSTEM

T

x (+0.005) y Chemical formula
0.00 0.00 0.00 Gd, ,Cot 000
0.25 0.19 0.03 Gdy 75515,35C03 5, Cod 60 07
0.50 0.31 0.09 Gdy 5,St0.50C05 5 Col 50201
0.75 0.17 0.29 Gdy 5557, 75C035:C0d 17027,
1.00 (in Air) 0.04 0.48 Sr oCodsCod 5005
1.00 (in Oy) 0.20 0.40 51, 06C08 nCod 50260
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F1G. 2. Plot of the  and y values vs composition (x) for the Gd,_,Sr,CoO;_, system. (O and O,
the composition of x = 1.00 prepared under the oxygen atmosphere.)

x = 0.50 but shows an irregular pattern in
x = 0.50. The conductivity for the composi-
tion of x = 0.50 is independent of tempera-
ture in the temperature T << 450 K, and then
decreases as the temperature increases for
T > 450 K as a metallic behavior. The acti-
vation energy depends on the concentration
of the Co** ion which has the 3d electron
hole in the #,, level. The 3d holes are delocal-
ized over all the cobalt ions which is made
possible by indirect interaction between the
cobalt ions through the intermediate oxygen
ions. The delocalization of the 34 electron
hole induces ferromagnetic interaction to
x = 0.50 which contains the large amount
of the Co** ion (r = 0.31).

The activation energy of the x = 0.75 com-
position is considerably larger than that of
x = 0.25 even though they have similar 1
values. The activation energies of the com-
positions of x = 0.25 and x = 0.75 are 0.03
and 0.16 eV, respectively. The oxygen va-
cancies formed by the replacement of the
Gd** ion with the Sr?* ion interrupt the delo-
calization of the 34 holes over all the cobalt

ions in the composition x > 0.50, The
SrCo0, , sample contains a larger amount
of the Co** ion; however, it has a higher
activation energy than that of the ¥ = 0.25.
Since there are many oxygen vacancies in
SrCo0, ¢, the delocalization of the Co** ion
is interrupted in the same way as the case
of x = 0.75. Both the activation energy and
the resistivity are decreased in proportion
to the amount of collective Co** ions and
increased in proportion to the oxygen va-
cancies.

The reciprocal magnetic susceptibilities
as a function of temperature are shown in
Figs. 4-6 within the temperature range of
300 ~ 800 K. The compositions of x =
0.00 -~ Q.75 show paramagnetism within the
temperature range of the magnetic measure-
ment. In contrast with the LaCoO, (8) com-
pound, a plot of 1/xy vs T of GdCoO; o does
not indicate any plateau region, but it shows
the change of the slope of the susceptibility
curve at about 500 K. Also, the composi-
tions of x = 0.25 and 0.50 show the change
of slope at about the same temperature as
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F1G. 3. Plot of log conductivity vs 100/T for the Gd;_,Sr.CoO;_, system,

the above. However, the composition of
x = 0.75 does not show any slope change
in the plot. The antiferromagnetic behavior
of the StCo0, , below the Néel temperature
of 350 K can be described by the superex-
change model (3) in which the antiferromag-
netic Co*"'-0?"-Co®" interaction is pre-
dominent, The SrCoQ, o, prepared under an
oxygen atmosphere shows an anomaly in
1/xy vs T curve below 360 K. This anomaly
results from a weak ferromagnetic behavior
caused by the canting of the spin. Since
SrCo0, ¢, with a brownmillerite structure
contains restdue oxygens, excess oxygens
distribute randomly in the tetrahedral layer,
Such a distribution causes the spin canting
of the cobalt-sublattice, which produces a

TABLE Iil
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ACTIVATION ENERGIES OF THE ELECTRICAL
CoNpucTIVITY FOR THE Gd,_, 51,Co0;_, SYSTEM

Temperature Activation
range cnergy
x (K) eV}

78 = T = 360 0.46 = 0.01

0.00 360 < T = 540 0.18 = 0.01
540 = T = 800 0.76 + 0.03
0.25 78 = T = 350 0.03 * 0.002
0.50 78 = T = 450 0.01 = 0.001
0.75 78 < T = 700 0.16 £ 0.005
1.00 78 =< T = 500 0.05 = 0.002

{in 0y)
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F1G. 4. Plot of 1/xy vs temperature for the Gd,_,8r,Co0;_, (0.00 < x = 0.75) system.

weak ferromagnetism in SrCo0, ¢, and gives
rise to small residual magnetization. The
perovskite GdCoO,; contains only the
Co’* ion and it has a slightly distorted perov-
skite-type structure like an orthoferrite.
Since the sublattice spin of GdCoO,, is
canted with the hidden one, it does not pro-
duce any residual magnetization similar to
that of GdFeO, (79) but has only antiferro-
magnetic interaction.

The Curie constant (C), the paramagnetic
Curie temperature (6,), and the effective
magnetic moment {u.;) obtained from the
lixy vs T plot for each composition in the
temperature ranges are listed in Table IV.
The paramagnetic Curie temperature (6,) is

increased as the 7 value increases and is
positive only for the composition of x =
0.50 having the maximum r value. A large
amount of the collective Co** ion causes the
ferromagnetic interaction due to delocaliza-
tion of the 3d hole over all the cobalt ions.
The 8, decreases sharply as the x value in-
creases in x > 0.50 due to the interruption of
the delocalization of the collective 3d holes.
This interruption is caused by the formation
of the oxygen vacancies. The Curie constant
and the . are decreased as the x value in-
creases.

It can be assumed that for the Gd,_, Sr,
CoO;_, system the exchange interactions
between the Gd** ions (u.r = 7.94 up) and
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TABLE 1V
MAGNETIC SUSCEPTIBILITY PARAMETERS OF THE Gd,_, Sr,Co0;_, SYSTEM aS A FUNCTION OF THE ¥ VALUES

et OF the
Temperature C Co-ion only;

X range (K) (x£0.01) 8, ot el Ca

0.00 [ 500 = T = 800 10.78 —80 9.29 4.89
’ 280 = T = 500 9.96 —40 8.92 4.16
0.25 [ 400 = T = 800 7.83 —60 7.91 3.98
: 280 = T = 400 6.73 -20 7.34 2.65
0.50 [ 580 = T = 800 4.88 70 6.25 2.81
. 280 = T = 520 4.70 110 6.13 2.53
0.75 280 = T = 800 3.95 —-120 5.62 4.15
1.00 {in Air) 680 = T = 800 3.16 —759 5.03 5.03
1.00 ¢in Oy 370 = T = 800 2.06 —254 3.85 3.85

the cobalt ions do not exist in paramagnetic
ranges. From the assumption, we can
denote

Xtor = Xco T Xad>

where xqor is total magnetic susceptibility
and x¢, and gy are magnetic susceptibilities
of the cobalt and the gadolinium ions, re-
spectively. Consequently, the effective
magnetic moment of the cobalt ion-only,
ie—co» €an be calculated as a function of
composition. The calculated values are
shown in Table IV and Fig. 7.

The g.g_c, ¥ composition curve in Fig,
7 shows the opposite trend to the r value in
Fig. 2. The spin angular momentum of the
cobalt ion calculated from the gy ¢, value
that the trivalent cobalt ions exist as a mixed
state of low and high spins below the transi-
tion temperature and mainly as a high spin
state above the transition temperature. In
the perovskite structure, the Co** ion within
the octahedral site is stable with a low spin
state (t5,e2).

In the case of GdCoO; . the effective
magnetic moment and the spin angular mo-
mentum of the cobalt ion are 4.89 py and 2
above 500 K, respectively. From the above
result, we believe that the trivalent cobalt
ion in GdCoQ,  exists only as a high spin
state (13;¢2) above 500 K.

The electrical properties of GdCoO, o can

be explained with one of the following mech-
anisms. According to the first model pro-
posed by Raccah and Goodenough (7) and
Bhide et al. (8, 16, 21), it is possible that the
trivalent cobalt ion undergoes the transition
from a low spin state to a high spin state
with the increasing temperature. The
LnCoQ; (Ln: rare earth metal) systems have
low activation energy such as 0.1 ¢V for the
LaCoO; and 0.2 ~ 0.3 eV for the GdCo0O,
in the temperature range of 78 to 200 K due
to the low energy gap between the high spin
state and low spin state of the Co*" ions at
low temperature. Above 200 K, the Co**
and Co®* ions can be produced by electron
transfer from the low spin state to the high
spin state of the Co’* ion through the inter-
mediate oxygen. The metallic transition is
a first order transition in which the localized
15, levels locate within the collective o*
band at about 1200 K.

The second model proposed by Thornton
et al. (9} is that the semiconducting phase
consists of localized o *(e,) and 7*(z,,) orbit-
als and, in order to get the metallic transition
from the semiconducting phase, the 1§, e —
t3.e3 excitation should occur, resulting in
the change in the spin transition from low
spin state and high spin state of the Co**
ions and the delocalization of the e, orbital
to form a collection o* band. The gradual
increase in the population of the delocalized
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Fig. 7. Plot of the effective magnetic moment (Co-ien only) vs compesition {x) for the Gd,_,Sr,
Co0Q;_, system. (O, the composition of x = 1.00 prepared under the oxygen atmosphere.)

a* 3d band causes the metallic transition of
the LnCo0, to be a higher order transition
at the temperature region of 520 ~ 750 K,

In the present study, it is found that the
GdCo0, 4, has no Co** ions. The magnetic
measurement shows that the GdCoO, y, pre-
dominently involves the high spin state of
Co** ions above 500 K, and the low spin
state Co**t ions in this system exist in the low
temperature. The transition of the trivalent
cobalt ion from the low spin (15,e) to the
high spin (r{,¢) with an increase of the tem-
perature leads to an increase in the popula-
tion of the ¢, electrons and the formation of
the o* band. The population of the o* band
causes the o* band broadening as well as the
band gap narrowing. The metallic transition
occurs by overlapping of the #* and &*
bands above the short range ordering tem-
perature. The o* band is not localized at a
particular cobalt ton but detocalized over all
the cobalt ions through the intermediated
oxygenions, which results the long range or-
dering.
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