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A series of samples in the Sm;-.Sr.CoO;_, x=0.00, 0.25, 0.50, 0.75 and 1.00) system has been prepared at 1200
€ under ambient atmosphere. The X-ray diffraction patterns of the samples with x=0.00 and 025 are indexed with
orthorhombic symmetry like GdFeQ; and x=0.50 appears to be perfectly cubic. In the tetragonal system (x=0.75),
the structure is similar to that of SrCoO,s. The composition of x=1.00, SrCoQ.s, shows the brownmillerite-type
structure. The reduced lattice volume is increased with x value in this system. The chemical analysis shows the
v value (the amount of the Co** ions in the system) is maximized at the composition of x=0.50. Nonstoichiometric
chemical formulas are determined by the x, T and y values. The electrical conductivity has been measured in the
temperature range of 78 to 1000 K. The activation energy is minimum for those of x=0.25 and x=0.50 with metallic
behavior. First-order semiconductor-to-metal transition of SmCoOs is not observed. Instead, a broad, high-order semi-
conductor-to-metal transition is observed. In general, the effective magnetic moment is increased with increasing
v values at low temperature. At high temperature, the magnetic moment is maximum for that of x=0.00. The 3d-
electrons are collective and give ferromagnetism in £=050.

Introduction

Preparations and characterizations of oxides containing ap-
preciable quantities of cobalt in a rare valence state +4 have
been reported by several research groups. In perovskite-type
ABO; compounds, the higher valence state of the transition
metal is generally stabilized with larger A-site ion.!~7

Raccah and Goodenough® and Bhide ef 4l have investi-
gated a LaCoO; system in which cobalt ions predominantly
exist in the diamagnetic, low spin state Co®*(f%,”) at low
temperature. According to these studies, the low-spin 4,
state of trivalent cobalt ion is only 0.08 eV more stable than
the high-spin T state. Therefore, the equilibrium between
the states can be changed with temperature. They have also
suggested that LaCoO; exhibits a first-order transition due
to the delocalization of the eg electrons forming a ¢* band
states. So beyond 1200 K, LaCoO; becomes metallic.

Thornton et al.,'® however, have suggested that the LnCoO;
(Ln:La, Nd, Gd, Ho, and Y) system show broad, high order
semiconductor-to-metal transitions over the approximate
temperature ranges (La : 385-570 K, Nd : 400-590 K, Gd : 490-
770 K). These transitions involve gradual delocalization of
eg electron to form a collective ¢* band.

The SrCoQ,s has brownmillerite or hexagonally deficient
perovskite structure depending on annealing temperature
and oxygen pressure during the sample preparation.''~* The
high temperature phase of SrCoQ,s is brownmillerite-type,

orthorhombic structure, and has the Neel temperature of
550 K)l

Substitution of La®* in LaCoO; by Sr?* (creating Co'*
holes) brings about remarkable changes.’3!* Thus, the system
La;_,Sr,Co0; becomes ferromagnetic at low temperatures
when x>0.125, the ferromagnetism arising from the positive
Co**-0-Co®* interaction; the d electrons show itinerant be-
havior (both above and below T,) in these compositions.

In this present study, the Sm;-,Sr.CoO;-,(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 magnetic and other physical
properties of this system with the nonstoichiometry are dis-
cussed.

Experimental

Samples of Sm;-,Sr,Co0; with various values of x (x=0.00,
0.25, 0.50, 0.75, and 1.00) were prepared by coprecipitating
the starting materials in the required proportions, essentially
following the method described earlier.!'® The starting mate-
rials were Smy0;, SrCO,; and Co(NOs).-6H;O. Appropriate
amounts of the mixtures were dissolved in dilute nitric acid.
The solution was evaporated over a burner flame and then
fired at 800 C for 4 hr. After being ground, the samples
were heated at 1200 T under an ambient atmosphere for
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Table 1. Lattice Parameters, Reduced Lattice Volume, and
Crystal System of the Sm,_,Sr,Co0;_, System

Reduced

Lattice parameter &) Crystal

* (+£0.001 A) lattice volume system

a b c &9
000 5297 5357 7.500 53.20 Orthorhombic
025 5363 5353 7.592 5449 .Orthorhombic
050 3.795 54.66 Cubic
0.75 10.877 7.716 57.06 Tetragonal
100 5454 15.702 5.559 59.51 Orthorhombic

48 hr. The weighing, grinding, and heating processes were
repeated in order to produce homogeneous solid solutions.
In order to minimize oxygen vacancies, the samples have
been annealed at 1000 C for 3 days. Especially the SrCoO,;
(x=1.00) was fired at 1150 T in air and was subsequently
quenched to prevent it from changing into the low tempera-
ture phase and absorbing oxygen. Each powdered sample
was shaped into a pellet, then sintered under the same con-
“dittons. )

. X-ray diffraction-patterns were taken at each stage to mon-
iter the completion of the reaction. By the X-ray diffraction
analysis with monochromatized CuKo. (A=1.5418 &) radiation,
‘the lattice parameter, the reduced lattice volume of the unit
cell, and the crystal structure of the prepared samples were

determined. DTA and TGA were carried out in the range:

specified by the chemical analysis in which the samples were
dissolved in an acidified KI solution and followed by redox
titration.

The electrical conductivity (employing the four probe
method) measurements of the samples were made in the
temperature range 78-1000 K. The electrical conduyctivities
were calculated using Laplume’s equation. Magnetic suscep-
tibility measurements were made in the temperature range
300-800 K employing a Faraday balance. '

" Result and Discussion

The X-ray diffraction patterns of the compositions of x=
0.00 and 0.25 are indexed on the basis of a distorted perov-
skite-type structure with orthorhombic symmetry like Gd-
Fe0,.1® According to the spectra of the compositions of x=
0.50 and 0.75, the symmetries of these compositions are cubic
and tetragonal, respectively. The orthoferrite-type distortion
decreases: with increasing Sr content, and the composition
of x=0.50 appears to be perfectly cubic. In the tetragonal
system (x=0.75), the structure is similar to that of SrCo0Q;g.
The composition of x=1.00, SrCoQ,s,, shows the brownmill-
erite-type structure which is similar to the SrCoQ.s sugges-
ted by Grenier et al.'"'!7 They suggested that SrCoQ,s,
the brownmillerite-type structure, contains oxygen vacancies
which are ordered along [101] rows.” The lattice parameters
of the crystal system of SrCoQO.s, are similar to that of Sr-
Co0ss0.

The lattice parameters, the reduced lattice volume of the

unit cell, and the crystal system of the compositions are

listed in Table 1. The*ionic radius effect of the substituted
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Figure 1. Plot of reduced lattice volume vs. composition (x) for
the Sm;_,Sr,Co0;_, system.

Table 2. x, t, y Values, and Nonstoichiometric Chemical Formu-
las for the Sm;_,Sr,CoQ;_, System

N 4 (i0.0_OS) y

Chemical formula

0.00 000 000 - SmiwCo™1000s
025 021 0.02 . SmyzSrasCo® 078C0" 021020
0.50: 0.50 0.00 - SmgsSrosC0o* 056C0** 05003
0.75 ) 0.18 0.29 v_SmoszrmCo3 +032C0‘+o_150271
1.00 0.04 048 sr;_m003+o_95C0‘+o,o¢Oz5z -
0.6
y value

]
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Figure 2. Plot of v and y-values vs. composition for the Sm,-,-
Sr.Co0;-, system.

ions in the system is predominantf Therefore, The reduced
lattice volume increases with the substitution of Sr**(1.58
&) for Sm**(1.38 &) as shown in Figure 1.

The t value (the mole ratio of the Co** ion), y value,
and nonstoichiometric formula corresponding to each compo-
sition are listed in Table 2. The compositions of ¥=0.00 and
0.50 are stoichiometric compounds and the others are
nonstoichiometric ones. As shown in Figure 2, the v value
increases as the x value increases within the range of 0.00
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Figure 3. Plot of log conductivity vs. 1000/T for the Sm,;_,Sr.-
Co0s-, system.

Table 3. Activation Energies of the Sm;_,Sr,Co0;-, System

x-value Temperature range (K) . Activationi energy eV)

80<T<290 034

0.00 290<T<500 0.08
500<T7<720 0.89

0.25 80<T<430 0.006

0.50 80<T<360 0.008

0.75 80<T<800 0.134

1.00 80<T<220 0.001
240<T<450 0.132

<x<0.50 and the t value is maximized at the composition
of x=0.50. However, the t value decreases as the x value
increases for the compositions of £>0.50, in which the forma-
tion of oxygen vacancies might be easier than the formation
of the Co'* ion.

The experimental data of DTA and TGA for the composi-
tions of x=0.00-1.00 show that there is neither weight loss
nor phase transition in the temperature range of 300-1000
K. These compositions, therefore, are thermally stable in this
temperature range. The electrical conductivity measurements
have been carried out in the temperature range 78-1000 K
under an atmospheric condition. These conductivity data are
shown in Figure 3. The activation energies of electrical con-
duction are listed in Table 3 for all the compositions in the
given temperature ranges. In SmCoQ; g, the activation ener-
gy for T<290 K corresponds to the excitation from a local-
ized #5 band to a conduction ¢* 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 290 to 500 K. SmCoOse shows high conductivity
as well as metallic behavior above 720 K because of over-
lapping of n* and o* band.”® The electrical conductivity rises
from 107Q 'em™! at 500 K to 107'Q " !em~! at 730 K. And
SmCo0s4 shows no first-order transition at about 1200 K
in DTA spectra. These facts suggest a mechanism for the
semiconductor-to-metal transition which borrows much from
the band broadening and overlap model. The mechanism
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Figure 4. Plot of 1/xy vs. temperature for the SmCoQOs.
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Figure 5. Plot of 1/¢yx vs. temperature for the Sm,_,Sr,Co0O;-,
(x=0.25, 0.50, and 0.75) system.

proposed by Thornton et al.'® deduced for Ti;0; involves the-
rmal population of the e, band from the @, band. It involves
collective d-electron states, with thermal population of the
highly antibonding ¢* band from the n* band, which would
result in an increase in Co-O bond length and hence the
lattice parameters. In turn, this would result in a stabilization
of both n* and o* bands due to a reduction in A°, and
A", overlap integrals. However, because A°,>A",, the ¢*
bands would be stabilized with respect to n*, the n*-c* band
gap decreased, and the n*-o* excitation made easier.

In the Sm; ,Sr,Co0Os-, (x=0.25, 0.50, 0.75, and 1.00) sys-
tem, there exists the low spin state of the Co'* ion (f,%,")
by replacing the Sm3* ion with the Sr’* one. The activation
energy is minimum for those of x=0.25 and 0.50 with metal-
lic behavior. The activation energy of the x=0.75 composition
is considerably larger than that of x=0.25 even though they
have similar t values. The oxygen vacancies formed by the
replacement of the Sm®* ion with the Sr** one interrupt
the ferromagnetic Co®*-0?"-Co' interaction. The SrCoQ:s;
sample contains a small amount of the Co** ion and many
oxygen vacancies. Therefore it has a higher activation energy
than those of the x=0.25 and 0.50 in the temperature range
T>200 K. Both the activation energy and the resistivity are
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Figure 6. Plot of 1/xx vs. temperature for the SrCoO:s.
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Figure 7. Plot of effective magnetic moment vs. temperatures
for the Sm;..Sr.CoO;_, system.

decreased in proportion to the amount of ferromagnetic Co®*
-0?"-Co" interaction.

The reciprocal magnetic susceptibilities as a function of
temperature are shown in Figures 4-6 within the tempera-
ture range of 300-800 K. The Sm®" ion(4f%), with a $Hsp
ground state, does not follow a simple Curie-Weiss law."
Furthermore, the |7/2> state are at a low enough energy
to mix strongly with the components of the [5/2> ground
state, and thereby modify substantially the g-values. So, the
compositions of x=0.00-0.75 show no good linearity in plots
of V/yu vs T. In SmCoQsp0, a plot of 1/xy vs T is similar
to YC00O;. Demazeau ef al® assigned the increase in YCoO;
cell parameters and magnetic susceptibility to a rapid inc-
rease in the concentration of high-spin cobalt species. The
total effective magnetic moments as a function of tempera-
ture are shown in Figure 7. In general, the effective magnetic
moment is increased with increasing t values at low temper-
ature. It has been reported that Co®* ion is stabilized with
low spin states (%% at low temperature and the .y of
the Sm®" ion is very small (0.84 ug).° Therefore, the effective
magnetic moment of the Co** ions is predominant in the
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system and the total effective magnetic moments is propor-
tional to t value. At high temperature, the magnetic moment
becomes maximum for the sample with x=0.00. As the tem-
perature increases, the Co™ low spin states transfer to Co®*
high spin states (f3,'¢,%). The SrCoO:;s, sample has the lowest.
effective magnetic moment (~2 pg) due to substituting para-
magnetic Sm®* ions with diamagnetic Sr** ions. The compo-
sition SmosSrysCo0; is a metallic ferromagnet (T.=325 K).
The ferromagnetism arising from the positive Co®*-0?"-Co!
interaction; the d electrons show itinerant behavior in this
composition.
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