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CHEMISTRY

The electrical and magnetic properties of the x =0.5 composition in the perovskite system La; _ Sr,CoO;, annealed
in air at different temperatures, have been investigated. Results from powder XRD, ac magnetic susceptibility, high
field and low field (FC and ZFC) dc magnetization, electrical resistivity and EDAX measurements revealed that
differences in the properties between the samples annealed at different temperatures (1000—1300 °C) arise due to
compositional inhomogeneity. A true compositionally homogeneous compound is formed when annealed in a
narrow temperature region close to ca. 1150 °C. A pronounced resistivity anomaly at the Curie temperature with a
maximum temperature coefficient of resistance and a well defined magnetic transition are observed for the samples
annealed at 1150 °C. The results can explain most of the unusual and widely differing results reported in the
literature on the electronic and magnetic properties of different compositions in the La, _ .Sr,CoO; system which are

synthesized and processed at different temperatures.

Introduction

The perovskite systems based on La; A .MO; compositions
(where A =Ca, Sr, Ba, etc. and M =Mn, Co) have been studied
extensively for the past four decades because of their interesting
electrical and magnetic properties.'™! In the recent past, there
is a renewed interest in the study of these systems because of
the colossal magnetoresistance (CMR) shown by the manga-
nates (M =Mn).” The cobaltates, on the other hand (M = Co)
exhibit low magnetoresistance (MR).81! CMR effect in the
manganates is coupled with the Jahn-Teller distortion of the
MnOy octahedra containing Mn®* (4* ion) and it has been
reported that there is a distortion of the structure of the
manganates at the Curie temperature where maximum MR
effect is observed.!>!3 Among the corresponding cobaltates,
the system La,;_,Sr,CoO; has been extensively studied in
connection with the onset of ferromagnetism and insu-
lator-metal (I-M) transition on Sr doping and the high
metallic conductivity of Sr-rich compositions. The compound
Lay sSr, sCoO; shows close resemblance with cuprate super-
conductors, though the system does not show any signs of
superconductivity down to lowest temperatures.!4

In pure stoichiometric LaCoQj;, cobalt is present in the
low-spin Co™ state at low temperatures and it exhibits a low-
spin (f5,%,”)-high-spin (#,,%¢,?) state equilibrium in the tem-
perature range 400-600 K.'37!8 The substitutional effects of
Sr?* in La, _,Sr,Co0O; (0<x<0.5) on the structural, electrical
and magnetic properties have been found to be remarkable.
Substitution of part of La®** by Sr?* in LaCoO; converts an
equivalent amount of Co®* to Co** to preserve charge
neutrality. Effective magnetic moments () obtained from
the paramagnetic susceptibility data of all compositions for
x>0 agree with the calculated spin-only moments assuming
that cobalt ions are present as high-spin Co** and low-spin
Co'V.319 But, it has been proposed from electron spectroscopic
studies®® that the cobalt ions exist as low-spin Co™ and high-
spin Co**. However, very recent XPS studies suggested that
the intermediate spin state is realized in the ferromagnetic
phase.?!

Substitution of La** by Sr?* in this system gives rise to
I-M transition and ferromagnetic ordering for x>0.18.
Ferromagnetic ordering temperature increases with x and
maximum 7', (=250 K) is observed for x=0.5.2 Recent results

from the investigation of the structural®? and low field magnetic
properties® in the La, _,Sr,CoOj; system are of much interest.
In the limit 0<x<0.5 the crystal structure is rhombohedral
but at x~x0.25 the Co—O distance and Co—O—Co angle in
this system showed an abrupt decrease and increase, respec-
tively, and the conductivity behavior changed from semicon-
ducting to metallic. Itoh et al.?®* have shown that there is no
true long range ferromagnetic order in compounds with
x>0.18. For x<0.18, the compounds show spin glass behavior
due to the frustration of random competing exchange inter-
actions, and in the region 0.18 <x < 0.5 the compounds behave
like a cluster glass. An investigation on the static and dynamic
response of the cluster glass system LagsSry;CoO; was
reported recently.?*

Detailed electron spectroscopic studies?* on the I-M
transition in the La; _,Sr,CoOj; system gave no indication of
a clear emergence of Fermi cut-off in the metallic samples
(x>=0.2) as distinct from the insulating ones. However, recent
XPS results®® on La, sCa, sCoO; showed the features of a
Fermi level crossing when compared to that of LaCoO;.
Various types of measurements using different techniques on
La,_,Sr,CoO; were performed on samples processed under
different heat treatment conditions and various types of anom-
alies in the electrical and magnetic properties are reported
from time to time. Electron spectroscopic studies®® were per-
formed on samples processed at 950 °C whereas the work of
Itoh er al.?® on the magnetic behavior of various compositions
is based on the samples processed at 1300 °C. Various other
reports also show that the compounds are processed in the
temperature range 950-1300°C.%11:21-27 It thus appears that
the reported anomalies in the magnetic, electrical transport
and spectroscopic properties may be due to the variation in
the processing conditions.

In order to understand the origin of the conflicting results
obtained from various studies reported earlier, we have studied
the properties of the composition La, sSr, ;CoO5 annealed in
air at different temperatures, using powder X-ray diffraction,
ac magnetic susceptibility, dc magnetization, and resistivity
measurements.

Experimental

Polycrystalline La, 5Sr, sCoO5 samples were prepared by the
ceramic method. La,0; (preheated at 1000 °C), SrCO; and
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CoC,0,-2H,0 were taken in the required stoichiometric ratio
and thoroughly mixed in an agate mortar. The mixture was
initially heated at 950°C for 48 h with two intermediate
grindings and subsequently at 1000 °C for 72 h in air with six
intermediate grindings. 500 mg portions of the ground powder
were pressed into the form of a pellet and were annealed in
air along with another 500 mg of the powder sample at
different temperatures (1000<7 ,/°C<1300 ) for 24 h each
with one intermediate grinding (the samples are denoted as
given in Table 1). The samples were cooled to room tempera-
ture at 100 °C h™ 1. La, ¢Sry ,CoO; samples used in this study
were also prepared and processed under identical conditions.

All the samples were characterized by powder X-ray
diffraction (XRD) using a Philips 1730 X-ray diffractometer
(Cu-Ka radiation with Ni filter). Chemical homogeneity was
checked by energy dispersive analysis by X-rays (EDAX)
using a KEVEX analyzer attached to a JEOL JSM 5200
scanning electron microscope. Oxygen stoichiometry of the
samples at room temperature was determined by oxidation-re-
duction titration using potassium permanganate and iron (1)
ammonium sulfate solutions.

Electrical resistivity (dc) measurements?® in the temperature
range 12<7/K <300 were made on the sintered pellets
(polished and unpolished surfaces) by the four probe van der
Pauw method.?® The ac magnetic susceptibility (ACS)
measurements were performed using the mutual inductance
technique in an APD cryogenics closed-cycle helium cryostat
in the temperature range 15<7/K<300 at a frequency of
27 Hz and an applied magnetic field of 10 Oe. The dc magnetiz-
ation (H,=5000 Oe) as a function of temperature
(80<T/K<300) as well as the field cooled (FC) and zero
field cooled (ZFC) measurements (H, =100 Oe) were done on
an EG&G PAR vibrating sample magnetometer (VSM ) Model
4500. The saturation magnetization at 80 K was measured at
a field of 15 kOe.

Results

Powder XRD patterns of La, sSr, ;CoO; samples annealed at
different temperatures are shown in Fig. 1. The patterns are
almost identical but those of the low- and high-temperature-
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Fig. 1 Powder X-ray diffraction patterns of La, sSr, sCoO; annealed
at various temperatures in the range 1000-1300 °C. The patterns are
indexed on a pseudo-cubic lattice. The labels on the curves indicate
sample codes as defined in Table 1.
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Fig. 2 Powder XRD pattern showing the (111) reflection from the
pseudo-cubic lattice of La, sSry sCoO5 annealed at different tempera-
tures. The labels on the curves indicate sample codes as defined
in Table 1.

annealed samples show asymmetry for some of the reflections.
The expanded XRD patterns (in the 20 range 39.5-42°) of
some of the samples are shown in Fig. 2. The XRD peak in
this 20 region corresponds to the (111) reflection from the
pseudo-cubic lattice.?® For LSC1000, a higher angle shoulder
is observed in the (111) reflection and this shoulder almost
vanished for LSC1200 and reappears for LSC1300. The
estimated oxygen stoichiometry of different samples of
La, sSry sCoO5 is given in Table 1. Chemical homogeneity
measurements indicated an overall La/Sr ratio =1 for all the
samples, within the error of EDAX measurements. When
measured on individual grains, the ratio was found to vary
from grain to grain for the low-temperature annealed samples.
For LSC1200 this ratio ~ 1 with no appreciable variation from
grain to grain. Oxygen stoichiometry as well as the La/Sr ratio
of the Lag ¢Sty ,CoO; samples also showed similar variations.
The value of § in Lay ¢Sry, ,CoO5_; varied from 0.06 for the
sample annealed at 1000 °C to 0.02 for the sample annealed
at 1200 °C as observed for La, sSry sCoO; (see Table 1).

The normalized resistivity vs. temperature curves of the
Lag sSrgsCo0O; samples (measured on polished pellets)
annealed at different temperatures are shown in Fig. 3. The
resistivity curves show the metallic nature of the samples
exhibiting a slope change at ca. 250 K, which is close to the
Curie temperature, T, for this composition.*® At all tempera-
tures, the resistivity values are higher for the samples annealed
below 1150°C and maximum variation in the resistivity is
obtained for LSC1150. For T ,>1150°C, a broad maximum

Table 1 Details of La, sSr,sCoO; annealed at various temperatures,
along with the room temperature resistivity, and the magnetic ordering
temperatures obtained from the ac susceptibility measurements

Annealing Oxygen
Sample temperature/°C; content p(300 K)/
code duration/h* (£0.02) mQcm T/K T, max/K
LSC1000 1000; 72 2.95 0.75 251 232
LSC1100 1100; 24 2.96 0.62 250 226
LSC1101 1100; 48 2.98 — 250 230
LSC1130 1130; 24 2.98 — 249 230,248
LSC1150 1150; 24 2.99 0.30 252 247
LSC1200 1200; 24 2.98 0.28 250 247
LSCI1250 1250; 24 2.98 0.25 248 246
LSC1300 1300; 24 2.95 0.22 246 238

“Compound was initially heated at 950 °C; 48 h.
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Fig. 3 p(7T')/p(300 K) curves of the La, sSr, sCoO; samples annealed
at different temperatures; (a) 1000°C, (b) 1100°C, (c) 1150°C,
(d) 1300 °C. Insets: (A) Room temperature resistivity, p(300 K), as a
function of annealing temperature, 7 ,; (B) p(T') curve of the sample
annealed at 1200 °C, measured on the unpolished surface of the pellet.

centered around 150 K is observed apart from the 7', anomaly,
for the unpolished pellets. This is shown for LSC1200 in the
inset B of Fig. 3 (LSC1250 and LSC1300 also showed identical
behavior). This behavior is not observed in the resistivity data
of those samples annealed at or below 1150 °C. The feature at
150 K was not observed when measurements were made after
polishing the surface of the pellets. As 7' is increased, the
room temperature resistivity value is decreased. An abrupt
change in room temperature resistivity is observed for the
sample annealed above 1100°C as shown in the inset A
of Fig. 3.

The temperature variations of ac susceptibility (ACS) of
the Lag sSr sCoQO5 samples annealed at different temperatures
are shown in Fig. 4. Values of T, obtained from the tempera-
ture derivative of susceptibility and T, are given in Table 1.
It may be noted that the 7', is almost a constant, ca. 250 K,
for the samples annealed up to 1150 °C and decreases continu-
ously for the samples annealed above this temperature. There
is no significant change in the maximum value of the suscepti-
bility or the position of the broad maximum after annealing
the sample at 1100 °C for longer duration (inset of Fig. 4).
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Fig. 4 Temperature variation of the ac susceptibility of La, sSr, sCoO5
samples annealed at different temperatures; (a) 1000 °C, (b) 1100 °C,
(c) 1130°C, (d) 1150°C, (e) 1250°C and (f) 1300°C. Inset: ACS
curves of the sample annealed at 1100 °C for (1) 24 h and (2) 48 h.

LSC1150

-
he} . .
§| 100 150 200
?é TIK
1 ] 1 "
0 100 200 300
T/IK

Fig. 5 Temperature variation of the derivative of the ac susceptibility
(dyae/dT) of La, sSr, sCoO; sample annealed at 1150 °C. Inset shows
the expanded curve in the temperature range 100-200 K.

The sample annealed at 1130°C shows the features of the
ACS curves of both LSC1100 and LSC1150. A broad feature
with a shoulder-like behavior appeared below 180 K in the
ACS curve of LSC1150, which is not visible in the susceptibility
curves of the low-temperature-annealed samples. The peak at
T max is slightly broadened for LSCI1300 compared to
LSC1250 and the magnitude of the low-temperature feature
also is enhanced compared to that of other samples.

Fig. 5 shows the derivative of the ac susceptibility, dy,./d7,
of LSC1150 plotted vs. temperature. The sharp peak at 252 K
is at the T.. The inset of Fig. 5 shows the derivative in the
temperature range 100-200 K. A broad maximum centered
around 150 K is clearly visible in the figure.

The magnetization vs. temperature curves of the samples
annealed at various temperatures are shown in Fig. 6. It
appears that for the low-temperature-annealed samples, 7. is
lower than that of the high-temperature-annealed samples and
T . continuously increased as 7', is increased. The inset of
Fig. 6 shows the normalized magnetization curves which
clearly shows the sharp magnetic transition of the high tem-
perature annealed sample. The magnetization measured at
80 K at a field strength of 15 kOe is ca. 25 emug ! for
LSC1000 and ca. 40 emu g~! for LSC1250. Fig. 7 shows the
magnetization curves of La, ¢Sty ,C005. T, is decreased from
ca. 250 K to ca. 180 K as T, is increased from 1000 to 1200 °C.
This behavior is opposite to that observed for Lag Sty sCoOs5.
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Fig. 6 Temperature variation of the dc magnetization of
La, sSr, sCo0; annealed at different temperatures. The labels on the
curves indicate sample codes as defined in Table 1. Inset: normalised
magnetization (M/M,,,, vs. T') curves showing the increasing sharpness
of the magnetic transition as the annealing temperature is increased.
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Fig. 7 Temperature variation of the dc magnetization of
Lay¢Sry,CoO; annealed at different temperatures; (a) 1000 °C,
(b) 1100 °C, (c) 1200 °C.

The FC and ZFC magnetization curves of the samples
LSC1000, LSC1200 and LSC1300, measured at an applied
field (H,) of 100 Oe, are shown in Fig. 8. A sharp magnetic
transition at ca. 250 K is observed for LSC1200 and LSC1300
whereas the magnetic transition is very broad for LSC1000.
For LSC1200 and LSC1300 a change in slope for the ZFC
curve is observed below 160 K. Fig. 9 shows the temperature
derivative of the ZFC (dM,pc/dT) curves of LSC1000 and
LSC1200. A sharp peak at the Curie temperature is obtained
for LSC1200 whereas multiple broad peaks are seen for
LSC1000.

Discussion
Structure

The powder XRD patterns recorded in a wide 20 range
(10<20/°<80) did not show any extra reflections which
indicate the absence of unreacted starting compounds or
impurity phases. The absence of any extra reflections in the
powder XRD pattern of the samples processed at different
temperatures has been attributed in the literature!!-20-23-26 to
the ‘single-phase’ behavior of La, sSr,sCoO;. However, the
present detailed X-ray diffraction analysis revealed a minor
structural dissimilarity between the low- and high-temperature-
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Fig. 8 Temperature variation of the field cooled (FC) and the zero
field cooled (ZFC) curves of LSC1000, LSC1200 and LSC1300 at a
field of 100 Oe. The labels indicate sample codes as defined in Table 1.
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Fig. 9 Temperature variation of the derivative of My pc (dMypc/dT)
of LSC1000 and LSC1200. The labels indicate sample codes as defined
in Table 1.

annealed samples (Fig. 2). For the La, _,Sr,CoOj; system, the
rhombohedral angle, «, varies linearly from 60.05 to 60.8°
between x=0.5 and x=0.0 (ref. 22). For the rhombohedral
lattice, the pseudo-cubic (111) reflection corresponds to (202)
and (006) reflections and the difference in the position between
the two reflections for La, sSr, sC0QO; is less than 0.2° so that
they appear as a single peak in the XRD pattern as observed
for LSC1200. Therefore the high angle shoulder in the XRD
peak (Fig.2) of the samples annealed below 1150°C and
above 1250°C can only be accounted if it is assumed that
extra phase(s) with slightly differing composition(s) (or oxygen
deficiency) are present in the sample apart from the x=0.5
composition. The possibility of line broadening due to lower
particle size of low-temperature-annealed samples can be ruled
out as the XRD pattern is asymmetric rather than broad.
Also, the particle size of the samples annealed in the tempera-
ture range 1000-1300 °C (obtained from SEM) varied only
from 0.5-1 um and hence the line broadening due to these
particles will be much less than the observed splitting/asym-
metry. Thus the asymmetry of the XRD peak of the low-
temperature-annealed samples is due to compositional inhomo-
geneity because of the presence of La-rich phases which are
rhombohedral. The small rhombohedral splitting may not be
visible in the powder XRD patterns recorded in a wide 20
range due to the compressed scale and hence the powder XRD
patterns recorded in a wide 20 range appear to be identical
for all the samples. Battle ez al.®' have recently addressed the
inability of powder XRD patterns to show the presence of
different compositions of a solid solution in a sample of the
layered manganates and used a two phase model in the
Rietveld refinement of the X-ray diffraction pattern. It has
been shown that separation into different phases is apparent
only on detailed inspection of the profile.

Oxygen stoichiometry

Oxygen stoichiometry measurements are usually carried out
as part of the characterization of the cobaltates.??%22:26 It is
known that at high values of x in La, _ Sr,CoO; an oxygen
non-stoichiometry effect is predominant.>'®* Oxygen stoichi-
ometry measurements at room temperature indicate (see
Table 1) that near-stoichiometric composition is obtained for
samples annealed between 1150 and 1250 °C. The large devi-
ation from full oxygen stoichiometry for the low-temperature-
annealed samples is an evidence for compositional inhomogen-
eity because it is unlikely that the low-temperature-annealed
samples are oxygen deficient. Jonker and Van Santen? have
reported that firing at very high temperatures causes
appreciable loss of oxygen from the sample. If various phases
with locally differing La and Sr compositions, whose macro-



scopic average give La, sSr, sC00O;, are present in the samples,
then the calculated oxygen content will be different from what
is expected. This is because the Sr-rich compositions will be
highly oxygen deficient when annealed in air.'® Since a homo-
geneous phase is obtained for 7', > 1150 °C, the lower oxygen
content of LSC1300 may be understood in terms of oxygen
loss from the sample because the oxygen loss from the sample
is very high at higher processing temperatures.”*? So the
sample heated at higher temperatures when cooled back to
room temperature will be oxygen deficient compared to the
sample heated to a lower temperature. The reappearance of
the rhombohedral splitting in the XRD pattern (Fig. 2) may
be attributed to this oxygen deficiency. Thus, it appears that
the compound annealed below 1150°C is compositionally
inhomogeneous and that annealed above 1250°C is
compositionally non-stoichiometric (oxygen deficient).

Composition

Further evidence for compositional inhomogeneity for the
sample annealed below 1150°C is obtained from EDAX
analysis. It has been pointed out earlier*® from EDAX analysis
that compositional inhomogeneity exists in compounds such
as (LaSr)MnOj; and (LaSr)CrO; when processed at low tem-
peratures and even in the sample heated to 1400 °C. When the
compositions of individual particles were measured, it was
found that the composition varied from particle to particle
and all compositions in the entire range 0 <x <1 were observed
in the low-temperature-processed samples of a nominal com-
position La, sSry sMnO;. Similarly, in the present case, the
difference in the La/Sr ratio on different grains of LSC1000
shows microscopic non-homogeneity arising due to the pres-
ence of Sr-rich (La-deficient) and Sr-deficient (La-rich) regions
within the sample. The La/Sr ratio of LSC1200 is close to
unity and is uniform throughout the sample suggesting a
uniform distribution of La®>*/Sr** and the formation of a
compositionally homogeneous La, sSr, sCoOj5. The local vari-
ation of the La/Sr ratio as well as oxygen deficiency affects
the distribution of Co®** and Co** in the lattice. This will
directly affect the electrical and magnetic properties of
La, sSry sCo0O;.

Electrical properties

Differences in the behavior of the resistivity curves of different
samples (Fig. 3) can be explained in terms of the distribution
of Co®*/Co** in these samples. Although the low-tempera-
ture-annealed samples are non-homogeneous, they still show
metallic behavior. The T, anomaly®® is observed for all the
curves but maximum drop in resistivity below the T is
observed for the sample annealed at 1150 °C (nearly 33% drop
in resistivity in the range 200-250 K for LSC1150 whereas
<18% drop for LSC1000 and LSC1100 in the same tempera-
ture range). When the compound is compositionally homo-
geneous, the Co®* /Co** ratio =1 throughout the sample and
a sharp T, anomaly can be expected. Deviation of this ratio
from unity shifts the T, to lower temperatures.'® Hence a well
defined T'. anomaly may not be seen for an inhomogeneous
sample. The continuous decrease of the room temperature
resistivity with the increase in annealing temperature is due to
the improved homogeneity as well as due to the increased
compactness of the pellets at higher annealing temperatures.
The large difference between the room temperature resistivity
values of the sample annealed at 1100 and 1150 °C (Table 1
and inset A of Fig. 3) and maximum variation of the resistivity
with temperature for the sample annealed at 1150 °C compared
to that of the samples annealed above and below this tempera-
ture indicates a uniform Co®* /Co** distribution in the sample
processed at 1150 °C. The upturn at 30 K in the resistivity
curve of LSC1300 (Fig.3) may be explained in terms of
oxygen deficiency (Table 1). Recently, Chan et al** and

Madhukar er al.*® have reported the resistivity behavior of
thin-film samples of La, sSr, sCoO; processed at different
temperatures and conditions. They have shown that the stoi-
chiometric Lay sSrgsCoO; films are metallic as against a
semiconducting transport behavior for oxygen deficient films.
The slightly higher resistivity values at low temperatures for
LSC1200 and LSC1250 compared to that of LSC1150 also
can be accounted to the presence of an oxygen deficient
insulating phase in the high-temperature-annealed samples.
The anomaly (broad feature) at 150 K in the resistivity curve
(inset B of Fig. 3) disappeared after removing the surface layer
from the sample pellet. Examination of the surface as well as
the interior part of a LSC1200 pellet by XRD and EDAX
analysis did not show any evidence for the presence of extra
phases or variation in the La/Sr ratio. This shows that probably
a very thin layer, of thickness much less than the electron
penetration depth, is formed as a secondary phase on the
surface.

ac susceptibility

The contribution from the x=0.5 phase in the ACS curve
(Fig. 4) is <50% for LSC1000 as evidenced from the
magnitude of the susceptibility at T',,,, compared to that of
LSC1250. ym., increases with annealing temperature and there
is no considerable change in the 7', of samples annealed up
to 1150°C (Table 1). This implies that the amount of
La, sSry sCoO; is increased as the annealing temperature is
increased and this phase is stoichiometric, though the entire
sample is compositionally inhomogeneous (in other words, the
compositional range narrowed down as the annealing tempera-
ture is increased, as reported in ref. 33). Some other important
observations from the ACS results are; (i) the difference
between T'. and T .« (ie. To—T,pay) is minimum for the
high temperature sharp peak of the sample annealed at
1130°C, and (ii) T, is maximum for the 1150°C annealed
sample. It may be expected that T ;— T, Will be minimum
for a single phase composition as observed for the stoichio-
metric compound SrRuO3,***” where T',—T ;=1 K. The
ACS behavior of LSC1150 is found to be almost identical to
that of SrRuO;. Observation of a large difference in the
T .— T ,max value or more than one peak in the ac susceptibility
curve (as observed for LSC1130) thus shows the presence of
extra phases with different compositions. The shift of 7. and
T ;max to lower temperatures for LSC1300 can be explained in
terms of oxygen deficiency. The increase in oxygen deficiency
increases the Co®* content compared to Co**. Since the
exchange interaction Co** —O—Co** is known to be ferro-
magnetic and the Co3" —O—Co?* interaction is antiferromag-
netic, a decrease in the 7' is expected. The fact that 7. — T, .
is minimum (1 K) for the high temperature sharp peak in the
ACS curve of LSC1130, the T, is maximum for LSC1150,
and the extra feature at 150 K in the ACS curves starts
appearing after annealing at 1150 °C and above, suggest the
difficulty to stabilize a pure and compositionally homogeneous
phase of Lay sSrysCo0O;. A true ferromagnetic composition,
thus, may form in a narrow temperature region between 1130
and 1150°C. However, it is possible that the temperature
range which gives a single phase compound may vary
depending on the atmosphere in which the sample is annealed.

The broad feature in the derivative ac susceptibility curve
(inset of Fig. 5) as well as in the resistivity curve of LSC1200
(inset B of Fig. 3) is almost in the same temperature region
and can be attributed to the contribution from an oxygen
deficient phase since it appears only in high-temperature-
annealed samples. It may be assumed that oxygen deficiency
at the surface of a particle/pellet of the compound is higher
than that in the bulk. The broad feature around 150 K was
also observed in the field dependent dc magnetization studies*
of Lagy sSrysCoO;. This feature showed frequency as well as
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magnetic field dependence. Itoh et al.*® have found that for
x=0.18 the magnetic transition temperature is close to 150 K
and shows the characteristic features of a spin glass®® system.
As the additional feature in the ac susceptibility curve is
centered around 150 K, the Co®* /Co** ratio on the surface
will be close to that of x~0.18 in La;_,Sr.CoO;. However,
one has to look into this 150 K feature also in terms of the
Hopkinson effect,® which is the observation of a secondary
peak (at a certain temperature below the main peak at the
Curie temperature) in the permeability vs. temperature curve
of a ferromagnetic system.**! The secondary maximum is
observed when measured only at very small magnetic fields
and vanishes at higher measuring fields.

dc magnetization

For LSC1000 the dc magnetization curve (Fig. 6) is very broad
and appears as if the T, of this sample is lower than that of
the actual T, of LagsSrysCoQO5;. However, the T, values
obtained from the ACS curves are comparable for all the
samples. Thus, the apparent low 7', of LSC1000 is due to the
coexistence of different compositions of La, _ Sr.CoO; with
varying x values whose magnetic ordering temperatures are
different.*> The sum of the magnetization curves of these
individual phases when plotted against temperature will appear
as a broad magnetic transition.

Since maximum 7', in the La,_ Sr,.CoO; series is for the
x=0.5 composition, the presence of the low-7 . phases is not
directly evident in the magnetization curves shown in Fig. 6.
Lay ¢Sry ,Co0O5, whose T is lower than the maximum 7', of
x=0.5, shows direct evidence for compositional inhomogeneity
in its magnetization curves (Fig. 7). This compound is expected
to show a ferromagnetic transition at ca. 180 K.*%23 However,
for the sample annealed at 1000 °C there is an increase in the
magnetization at ca. 250 K. A marked increase in the suscepti-
bility at ca. 240 K for the compositions with 0<x<0.15 in
La,_,Sr,.CoO; was earlier assigned to the onset of magnetic
order within superparamagnetic clusters, for samples synthe-
sized by the coprecipitation method and annealed at 1000 °C.2¢
Similarly for compositions with 0.2 <x<0.5 also the transition
temperature varied only between 7. ~250 K at x=0.2 and
T.~255K at x=0.5. The independence of T, with x has been
attributed to the disproportionation of the compounds into
two phases. Ac susceptibility measurements on the spin glass
composition LaggsSry5Co0O; synthesized by the ceramic
method and annealed at 1000 °C showed a sharp magnetic
transition at ca. 250 K, the shape of the curve was similar to
that of La, sSrysC005.4* A clear cusp in the ac susceptibility
curve at the spin glass freezing temperature, as reported by
Itoh et al.,?® was observed only after annealing the sample at
1300 °C for a long duration, Therefore, for the La, ¢Sry ,CoO5
sample also, the increase in the magnetization at ca. 250 K
implies the presence of the x=0.5 phase (Sr-rich phase) when
annealed at low temperatures. At higher annealing tempera-
tures the contribution due to the Sr-rich phases decreases
and T shifts to lower temperatures, as observed for
LaggsSry.15C005. Finally a compositionally homogeneous
phase is obtained with 7.~ 180 K after annealing at 1200 °C.
Thus, these results are consistent with the conclusion drawn
from the EDAX and powder XRD analyses that low tempera-
ture processed samples are compositionally inhomogeneous.

The FC and ZFC results (Fig. 8) of Lay sSrysCoO; show
the absence of true long range ferromagnetic ordering,?® since
a large thermoremanent magnetization at 80 K is observed for
LSC1000, LSC1200 and LSC1300 samples. The sharp rise in
the FC and ZFC magnetizations at 250 K for LSC1200 and
LSC1300 is an evidence for a finite-range ferromagnetic
ordering. It may be assumed that lack of true long-range FM
ordering is due to the formation of finite-size ferromagnetic
clusters which orders at a quasi-critical temperature. The
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presence of excess Co®* in the sample hinders the true long-
range Co®*"—O—Co*" exchange interaction which in turn
decides the size of the ferromagnetic clusters. Hence we believe
that the magnitude of T'.— T, .« in the ac susceptibility curve
will have a strong dependence on the size of the ferromagnetic
clusters. The comparatively low value of the ZFC magnetiz-
ation of LSC1000 at 250 K as against that of LSC1200 and
LSC1300 supports the conclusion drawn from the ACS studies
that less than 50% of the sample contains the true
La, sSry sCoO5 phase.

The continuous increase of the FC magnetization of
LSC1000 down to 80 K indicates the contribution from a
paramagnetic phase superimposed on that from a ferro-
magnetic phase. The paramagnetic phase arises from the
presence of compositions with x <0.5 whose 7', continuously
shifts to lower temperatures as x is decreased to zero. The low
temperature 3’Co M&ssbauer spectroscopic studies** on the
La,_,Sr,CoO; compounds also revealed the presence of a
paramagnetic phase (PM) in the ferromagnetic (FM ) composi-
tions. The true magnetic behavior of these compounds was
explained on the basis of the occurrence of ferromagnetic
clusters of varying sizes in a paramagnetic matrix. The present
study suggests that the paramagnetic phase is due to the
presence of La-rich phases in this composition. The broad
maximum at ca. 200 K in the M gc curve and the broad
magnetic transition in the Mg curve of LSC1000 sample are
due to superimposition of a large number of curves (for
different x values) of the type obtained for LSC1200. This
aspect can be distinctly seen in the dM,pc/dT vs. T curves
given in Fig. 9. The derivative curve of LSC1200 gives a sharp
peak at the Curie temperature whereas for LSC1000 multiple
broad peaks are seen. The most intense peak in the derivative
curve for LSC1000 is at the T, of LaysSrysCoO; and the
second most intense peak is at ca. 230 K where ACS measure-
ment gave a broad peak. The change in slope of the ZFC
curves of LSC1200 and LSC1300 below 160 K (since ZFC
measurements were performed at a sufficiently higher field of
100 Oe, this feature is not seen as distinctly as in the ACS
curves which were measured at 10 Oe) supports the conclusions
drawn from the resistivity and the ACS studies. The M ,xc
curve shown by Itoh e al*® for the composition
Lay sSry sCo0O5 shows a slope change near 150 K for the
sample annealed at 1300 °C and the overall nature of the curve
is similar to that of LSC1300.

Most of the anomalies and discrepancies reported in the
literature on the electronic and magnetic properties of the
La,_,Sr,CoO; system can, now, be explained in the light of
the present study. The absence of a clear emergence of the
Fermi cut-off in the metallic samples as distinct from the
insulating samples of La;_,Sr,CoO; observed from electron
spectroscopic studies?® can be explained in terms of composi-
tional inhomogeneity of the samples processed at 950 °C.
Because of this compositional inhomogeneity, a close control
over the true composition is not possible for samples processed
at low temperatures, which prevents a clear transition from
the insulating phase to the metallic phase on Sr doping. The
low Fermi level density of states of the metallic phase is due
to the presence of a lanthanum-rich insulating phase which
increases the room temperature resistivity. On the other hand,
Saitoh et al*' have reported that the valence band spectra
show systematic changes and reflect the semiconductor-metal
transition with Sr doping, for those samples processed at
1300 °C with subsequent oxygen treatment.

A metallic behavior with a well defined 7. anomaly is
reported for polycrystalline'® as well as single-crystal®
Lag ¢Sty ,C00j5. The insulating behaviour of the same composi-
tion is also reported.'!?® As La, ¢Sr, ,C0O; falls near the I-M
transition region, a local deviation of the Co®**/Co** ratio
can drastically affect the resistivity behavior of this composi-
tion. Hence the insulating nature obtained!!?® for the com-



pound may be attributed to the low processing temperature
resulting in compositional inhomogeneity as against the high
temperature processed metallic samples. The upturn in the
resistivity curves'’?¢ at low temperature for the metallic
samples and the presence of a magnetic transition at ca. 240 K
reported for x<0.5 compositions*>#> also can be explained
within this framework.

Conclusions

Electrical resistivity, low field ac magnetic susceptibility and
dc magnetization at low (FC and ZFC) and high magnetic
fields are measured as a function of temperature to study the
effect of processing conditions on these properties of the
system La, sSry sCoO5. These measurements indicate that only
the samples annealed at or above 1150 °C showed a composi-
tionally homogeneous Lag sSr, sCoO5; with a near-uniform
distribution of Co** and Co** which determines its metallic
and magnetic properties. It is not possible to predict micro-
scopic homogeneity of the compound from powder XRD
measurements alone. Oxygen stoichiometry measurements also
is not a reliable technique to check the local Co®* /Co*" ratio
as it measures only the average oxygen content if various
phases are present in the sample. ACS measurement gives
information on the extent of chemical homogeneity, as the
various phases with different compositions in La; _ Sr,.CoOj
are magnetic with varying magnetic ordering temperatures.
The present results suggest that in the low temperature
annealed samples, La, sSry, s;CoO5; phase co-exists with other
phases having different La/Sr ratio. The inconsistencies in the
results of various studies reported earlier on Lag sSry sCoO;
could be explained on the basis of the results obtained from
the present work.
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