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A dynamical magnetic susceptibility study on La12xSrxCoO3 samples obtained by a coprecipitation
method is reported forx<0.30. Forx,0.20 differences between zero field cooled and field cooled
dc magnetic susceptibility appear at a temperatureTa below the Curie point,TC'240 K, as well as
a magnetic freezing point at a temperatureTb,Ta . Alternating current magnetic susceptibility
shows two maxima at these temperatures, which is interpreted as the evidence of different
interaction processes between ferromagnetic clusters mediated by a matrix of changing spin-state
Co31 ions. Forx>0.20 an unique blocking process seems to take place due to the percolation of the
ferromagnetic clusters, making unimportant the contribution of the matrix. ©1997 American
Institute of Physics.@S0021-8979~97!74008-8#

I. INTRODUCTION

The interplay between magnetism and electrical conduc-
tivity in perovskite type oxides has been matter of study for
several years, and with renewed interest since the discovery
of a colossal magnetoresitance~CMR! in doped manganese-
based compounds.1 Specifically, the dependence on the
thermal-history of the dc magnetization in these manganese
oxides has been related to similar effects on their magnetore-
sistive properties, in the search for correlations between elec-
tronic conductivity and spin structure.2 Their magnetization
is basically determined by the spin moment of the Mn ions,
coexisting Mn31–Mn31 interactions with Mn31–Mn41

double exchange ones.3 Competition or frustration between
antiferromagnetic and ferromagnetic interactions might be
responsible for the magnetic irreversibilities in dc magneti-
zation.

A search over other transition metal oxides with the per-
ovskite structure, like LaCoO3 has been object of interest,
due to the possibility of finding similar CMR properties.
Nevertheless, LaCoO3 is a more complicated system. In ad-
dition to the peculiarities of similar perovskites the spin state
of the Co31 ions depends on the temperature range, present-
ing a t2

6e0 low-spin~S50! configuration at low temperatures,
which changes above 35 K to at2

4e2 high-spin~S52! state.
Near 100 K both populations are stabilized in a ratio 50:50 in
a dynamical equilibrium.4 Substitution of La31 with divalent
ions, like Sr21, creates intermediate-spin metallic ferromag-
netic clusters, the ferromagnetic interactions taking place be-
tween Co31/Co41, supposed to arise from a double exchange

mechanism like in other related materials.5 In the
La12xSrxCoO3 series these clusters are in a superparamag-
netic state ifx,0.20. At x50.20, the coupling between the
intermediate-spin metallic ferromagnetic clusters within an
interpenetrating Co31 matrix reaches a percolation threshold
that orders the clusters ferromagnetically belowTC'240 K.6

Also at this point the dynamical behavior of the magnetiza-
tion changes from a spin-glass to a cluster-glass regime.7 In
order to gain a deeper insight in the dynamical behavior of
La12xSrxCoO3 in the vicinity of x50.20, we have performed
ac susceptibility measurements at different frequencies.

II. EXPERIMENTAL DETAILS

La12xSrxCoO3 samples were prepared by a coprecipita-
tion method described elsewhere6 from La2O3, Co~NO3!2 and
SrCoO3 as starting materials. The cobalt nitrate was first dis-
solved in water; the cobalt content in the solution was deter-
mined gravimetrically with anthranilic acid as the precipitat-
ing agent. Known volumes of this cobalt solution were then
mixed with the corresponding lanthanum and strontium ni-
trate solutions obtained by dissolving in nitric acid weighted
amounts of dry La2O3 and SrCoO3. Coprecipitation atpH 11
was achieved by adding aqueous solutions of KOH and
K2CO3 as precipitating agents. The precipitates were care-
fully washed, dried, and then decomposed at 750 °C. The
obtained precursor powders were subsequently pressed into
pellets, heated in air at 1000 °C for 77 h and cooled slowly to
room temperature~1°/min!.
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The product materials were examined by x-ray powder
diffraction with a Philips PW 1729 diffractometer and Cu
Ka51.5418 Å radiation. NaCl was used as an internal stan-
dard. All the samples were single-phase materials. The lattice
parameters calculated from the x-ray patterns were in agree-
ment with those reported in literature.8 The thermal stability
of all the materials was checked by differential thermal
analysis~DTA! and thermogravimetric analysis~TCA! with
a Perkin-Elmer Thermal Analysis system. Iodometric titra-
tion were carried out to analyze the oxygen content of the
materials: the samples were dissolved in acidified KI solu-
tions, and the I2 generated was titrated against a thiosulphate
solution; the whole process was carried out under a nitrogen
atmosphere. The iodometric titrations revealed that the
samples are stoichiometric in oxygen. Particle size and mor-
phology were studied with a JEOL 6400 scanning electron
microscope. The coprecipitated samples showed individual
particles with quite perfect spherical shapes with sizes be-
tween 700 and 900 nm.

The dc magnetic measurements were carried out using a
Quantum Design SQUID magnetometer in the temperature
range 4,T~K!,350. The real and imaginary part compo-
nentsx8 and x9 of the external complex ac susceptibility
were measured as a function of temperature using a mutual
inductance technique described elsewhere.9 The calibration
was performed using a Gd2~SO4!3•8H2O paramagnetic stan-
dard with the same shape and size as the investigated
samples. Demagnetizing effects have been taken into ac-
count in the calculation of the so called internal susceptibil-
ity. Data were collected on warming from 13 to 300 K, after
zero field cooling of the sample. For each run of measure-

ments, the ac field was applied in the same direction as the
dc field with a fixed amplitude ofHac5300 A/m ~3.75 Oe! at
fixed frequenciesf , ranging from 5 to 1000 Hz. The tem-
perature of the samples was controlled with an accuracy of
about 0.1 K.

III. RESULTS

In Fig. 1~a! zero field cooled~ZFC! and field cooled
~FC! susceptibility measured at 1 kOe for La0.85Sr0.15CoO3
are shown. The rapid onset of dc magnetic susceptibility at
TC5240 K indicates the ferromagnetic ordering within the
clusters. BelowTC , the susceptibility increases with a small
shoulder at about 170 K, where irreversibility appear. At 70
K a plateau in the FC curve and a clear cusp in the ZFC one
are observed. The real part of the ac susceptibility for the
same sample@Fig. 1~b!# shows three features: a sharp de-
crease of signal nearTC , a wide shoulder nearTa5170 K
and a sharp maximum atTb570 K. All of them are scarcely
dependent on the frequency of the applied field: the largest
variation is shown byTb , which shifts from 69 to 72 K when
the frequency changes from 33 to 1000 Hz.

For x50.20 several variations with respect to the previ-
ous sample are seen. The material is a ferromagnet below
TC ,

6 and for this reason the susceptibility is much higher
@Fig. 2~a!#. The clear cusp has disappeared and only a broad
hump persists in the ZFC curve near 100 K. Alternating cur-
rent measurements confirm the variation@Fig. 2~b!#, with x8
presenting a clear maximum at 150 K. Small humps are vis-
ible at 70 K and nearTC .

Samples withx.0.20 show basically a same qualitative
behavior, with a cusp in the ZFC branch nearTC @Fig. 3~a!#

FIG. 1. ~a! ZFC and FC dc magnetic susceptibility for La0.85Sr0.15CoO3, ~b!
real part~x8! of the complex ac susceptibility vs temperature for the same
sample. See the text for the definition ofTa , Tb andTC .

FIG. 2. ~a! ZFC and FC magnetic susceptibility and~b! x8 vs temperature
for La0.8Sr0.2CoO3.
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and a sharp asymmetric frequency independent maximum in
x8 at almost the same temperature@Figs. 3~b! and 3~c!#. TC
experiences a slight increase with the Sr content. The small
anomaly inx8 nearTC is still present in these samples, al-
though it appears hidden by the magnitude of the main peak.

IV. DISCUSSION

A first inspection of Fig. 1~a! could be interpreted as
being a measurement taken in a conventional spin-glass, with
a first splitting of FC and ZFC nearTa corresponding to the
blocking of the larger clusters and a cusp at a temperatureTb
in ZFC accompanied by a plateau in FC evidencing a final
collective blocking of smaller clusters; and in fact it has been
interpreted so.7 But, in a conventional case a well defined
maximum has to appear in the real part of ac susceptibility at
the same temperature of the cusp in the ZFC curve.10 This is

not clearly the case here: the shoulder atTa is telling us that
the blocking process is not exactly the same as inTb . What
makes then the difference? As we said in Sec. I
La12xSrxCoO3 is somewhat more complex than other per-
ovskites because of the changing nature of the Co spin state
with composition and temperature. Upon small Sr doping the
material segregates into hole-rich metallic ferromagnetic re-
gions and a hole-poor matrix similar to LaCoO3.

6 While the
S50 Co31 ions are diamagnetic, theS52 ones can indeed
mediate the intercluster interactions. Thus, intercluster cou-
pling through the matrix takes place at a relative highT
~above 110 K!. On the other hand, as below 110 K the Co31

ions in the matrix tend to go low-spin, the matrix mediation
weakens and the ferromagnetic clusters have more difficul-
ties to couple, presenting for the new situation a second
blocking point atTb . The low temperature spin-glasslike
characteristics, i.e., the sharp maximum in ZFC susceptibility
andx8, and the plateau in FC susceptibility belowTb suggest
a collective freezing of cluster moments.

The increase of Sr leads to a growing of cluster size and
then to a decreasing role of the matrix in mediating interclus-
ter interactions, reducing therefore the differences between
the two aforementioned processes. Forx50.20, the large
maxima observed in the ZFC susceptibility andx8, and the
behavior of the FC susceptibility suggest a progressive
blocking of cluster moments, not followed in this case by the
collective freezing at lower temperature.

For higher Sr content~x.0.20! the ferromagnetic clus-
ters reach a percolation threshold which orders them ferro-
magnetically belowTC . The matrix actually losses its role
for so high Sr concentrations. The sharp maximum ofx8 at a
frequency independent temperature is due indeed to the fer-
romagnetic transition in the percolating cluster network.
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