
zas,

PHYSICAL REVIEW B 1 JANUARY 1999-IVOLUME 59, NUMBER 1
Critical exponents of the ferromagnetic-paramagnetic phase transition
of La12xSrxCoO3 „0.20<x<0.30…
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M. A. Señarı́s-Rodrı´guez
Departamento de Qı´mica Fundamental e Industrial, Universidade de A Corun˜a, E-15008 A Corun˜a, Spain

~Received 22 July 1998!

The critical exponents of the second-order ferromagnetic-paramagnetic phase transition of La12xSrxCoO3

(0.20<x<0.30) compounds are obtained. The results 0.43<b<0.46, 1.39<g<1.43, and 4.02<d<4.38 are
qualitatively different than those reported in the literature for parent manganites, and are taken as the indication
of the absence of long-range interactions below the Curie point. Electronic phase segregation in hole-rich
ferromagnetic and hole-poor LaCoO3-like regions is supposed to explain the observations. The hole-poor
regions would dilute the magnetic lattice and prevent the occurrence of long-range order. Also, a spin transition
of the Co31 ions atTC or the hole-poor regions~acting equivalently to missed spin clusters in amorphous
ferromagnets! could be the reason for the highb value in the framework of a Heisenberg model.
@S0163-1829~99!02801-5#
nc

-
d
l
ity

o

in
i-

p
r
ns
le
rc

e
de
T
h
n
p

n
red.

ase
or
ese
ra-
ra-
r
. A

one
m-
ure-
ture
the

lly
ied,
e

itial
e-

t-
by

the

of
ion
I. INTRODUCTION

Since the discovery of colossal magnetoresista
~CMR!1 in manganese-based compoundsR12xBxMnO3 (R
5rare earth,B5alkaline ion), their ferromagnetic to para
magnetic~FM-PM! phase transition has been widely studie
Metal-insulator transitions,2 anomalous lattice therma
expansion,3 and temperature hysteresis in the resistiv
around their Curie temperatureTC ~Ref. 4! have been re-
ported, and has been interpreted some times as evidence
first-order transition.4–6 The related perovskite system
La12xSrxCoO3, which does not show CMR,7–9 has a similar
magnetic behavior, with ferromagnetic interactions sett
up with increasingx.10–13However, thermally and compos
tionally induced spin state changes in the Co ions12,14 ~from
low-spin to intermediate- or high-spin states15,16! add some
peculiarities to this system. The nonhomogeneity of the s
state of these ions might affect the cooperative behavio
the Co sublattice, and concretely, the FM-PM phase tra
tion. The lack of a proper study of such a transition has
us to the determination of its critical exponents, in the sea
for differences between this system and manganites.

II. RESULTS

La12xSrxCoO3 samples withx50.20, 0.25, and 0.30 wer
prepared by conventional ceramic methods. X-ray pow
diffraction revealed that all the samples are single phase.
temperature dependence of resistivity was checked wit
standard four probe technique. Magnetic data were take
vibrating-sample magnetometry between 77 and 300 K u
PRB 590163-1829/99/59~1!/123~4!/$15.00
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15 kOe maximum applied magnetic fields.
Zero field cooled~ZFC! and field cooled dc magnetizatio

under magnetic fields of 1 kOe and 20 Oe were measu
Figure 1~a! shows ZFC data forH520 Oe. Forx50.25 and
0.30 the increment in magnetization aroundT5240 K ~con-
sidered so far as the Curie temperature of the FM-PM ph
transition! marks the onset of ferromagnetic interactions. F
x50.20 this onset takes place at lower temperature. Th
results are basically in agreement with the previous lite
ture, excepting the fact that in Ref. 13 a lower onset tempe
ture for x50.20 is given. In this study, we pay particula
attention to the behavior near the FM-PM phase transition
first rough evaluation of the transition temperature was d
using the determination of the maximum slope of the te
perature dependence of the magnetization. Further meas
ments below and above the determined ordering tempera
were performed. As a general example, Fig. 2 shows
magnetization vs field isotherms for the particular casex
50.30. Note that saturation magnetization is not fu
reached. The same was found for other compositions stud
in agreement with Itohet al.,13 who pointed out the absenc
of true long-range order~LRO! ferromagnetism in these
compounds. From these types of measurements the in
susceptibilityx0 was also evaluated. Corrections of the d
magnetizing field were taken into account.

First of all, in order to discard the possibility of a firs
order phase transition we have used the criterion given
Banerjee,17 who detected the essential similarity between
Landau-Lifshitz18 and Bean-Rodbell19 approaches to the
problem to give a simple criterion for the identification
first- and second-order magnetic transitions. The criter
123 ©1999 The American Physical Society
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consists in inspecting the slope of isotherm plots ofH/M vs
M2. In our case the slope is positive, so following Banerje
criterion we assume that the FM-PM phase transition in th
cobaltites is basically of second order. In the region arou
the phase transition, the following expressions hold for
spontaneous magnetizationMS and the initial susceptibility
x0 :

~x0!21~T!}~T2TC!1/g for TC,T, ~1!

MS~H !}Hd for T5TC , ~2!

FIG. 1. ~a! ZFC magnetization vs temperature under a field
20 Oe and~b! derivative of the resistivity vs temperature curves f
the studied samples~the temperatures at which they display t
maxima are taken asTC* ).

FIG. 2. M vs H curves at several temperatures f
La0.7Sr0.3CoO3.
s
e
d
e

MS~T!}~TC2T!1/b for TC.T. ~3!

In order to properly determine the Curie temperature
well as the critical exponentsb, g, andd for the spontaneous
magnetization and the inverse initial susceptibility, resp
tively, the modified Arrott plot technique was used20 consid-
ering the temperature intervale5uTC2Tu/TC,0.05. A self-
consistent method to obtain the best fitting was conside
Starting from an initial estimation of the values of the critic
exponents, modified Arrott plots are constructed. The sp
taneous magnetization as a function of the temperatur
determined from the intersection of the linear extrapolat
of the straight line in the modified Arrott plots with theM1/b

axis, while the inverse of the susceptibility corresponds
the intersection of these lines with the (H/M )1/g axis. These
data are fitted to the exponential behavior of Eqs.~1! and~3!.
New values for the critical exponents are thus obtained,
reintroduced in the scaling of the modified Arrott plot ax
The process is repeated until the iteration converges, lea
to the optimum fitting values. Figure 3 shows the behav
for x50.25 of M1/b and (H/M )1/g for the b and g values
corresponding to the optimum fitting.d is calculated from
the Widom scaling relationd511g/b. Direct fits ofd tak-
ing into account that nearTC Ms'Hd give values close to
those obtained from the scaling relation (d53.96 for x
50.20 and 4.07 forx50.30). The data for the critical tem
peratureTC and the critical exponents are collected in Tab
I. It must be emphasized that a quite careful study has to
done in order to properly achieve the critical exponents a

f

FIG. 3. Modified Arrott plot isotherms on La0.75Sr0.25CoO3 for
the optimum fitting (b50.46, g51.39).

TABLE I. Transition temperatures obtained from modified A
rott plots (TC), peak temperature of the temperature derivative
resistance (TC* ), and critical exponents of the magnetic phase tra
sition for La12xSrxCoO3 compounds withx50.20, 0.25, 0.30.

x TC ~K! TC* ~K! b g d

0.20 198.5 198 0.46 1.39 4.02
0.25 222.3 228 0.46 1.39 4.02
0.30 223.4 235 0.43 1.43 4.38
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TC . Special care must be paid to the search for optim
fittings. The roughness of many of the fits found in the
erature for the manganites explains the important differen
found from author to author for the critical exponents
similar systems. Also, to fully describe the behavior at
phase transition not only the ferromagnetic phase, but
the paramagnetic one must be analyzed, in order to calcu
a complete set of critical exponents.

The temperature dependence of resistivity was a
checked. The results, shown in Fig. 1~b!, are in agreemen
with previous reports.8,9 The samples are metallic and a d
crease in temperature within the ferromagnetic region affe
only the thermal dependence of the metallic behavior und
temperatureTC* , due to magnon scattering,21 but not the me-
tallic regime, that continues aboveTC* . The values ofTC* are
shown in Table I. From this table, the first remarkable res
is the discrepancy between the values of the transition t
peratures and the temperatures of the change of the the
dependence of resistivityTC* for samplesx50.25 and 0.30.
Provided that magnon dispersion is responsible for
change in the resistivity evolution, bulk ferromagnetis
should be necessary for the variation of slope in resistiv
therefore we expectedTC* to be equal toTC , and, in fact, in
the past it has been interpreted so. This means that au
willing to study critical phenomena through observations
the electrical conductivity should proceed with caution a
be aware of the absence of a critical point atTC* .

III. DISCUSSION

After Fisher, Ma, and Nickel,22 who used a renormaliza
tion group analysis of systems with exchange interaction
the form J(r )51/r d1s (d5dimension of the system,s
5range of the interaction!, mean field critical exponents cor
respond to LRO (s.2). Theoretical predictions giveb
50.5, g51, d53 for such a case. This was found by Moh
et al. in La0.8Sr0.2MnO3,

23 who reported values ofb50.5,
g51.08,d53.13. It is plausible if the metallicity induced i
these materials by ferromagnetic interactions is conside
Also, Loflandet al.24 useb50.5, g51 to fit the Curie point
with Arrott plots in the same compound. It must be not
that in the manganites, for slightly higher doping rangesx
.0.25) some authors4,5 have signaled the incompatibilitie
of a smooth second-order transition with their results a
have pointed out the existence of a first-order transition
tending to thermal irreversibilities in the resistance, abr
variations in the double exchange coupling energy,4 and a
discontinuous change in the mean kinetic energy of the
3d electrons.6 In recent neutron diffraction studies25 an
anomalous change of the Co-O bond length has been
served in La0.7Sr0.3CoO3 above;220 K ~at a value similar
to the one extracted forTc from our fits!, associated to a
transition from itinerant to polaronic regime. This might b
an argument to suspect a first-order transition; however,
have concluded before that this transition is of second or

In principle, mean field exponents, similar to those in t
manganites, should be expected in the FM-PM transition
La12xSrxCoO3, but our results~Table I! give ab coefficient
that is not as high as expected~0.5!. Furthermore, theg value
is very close to that corresponding to a Heisenberg mode
the only report to our knowledge on a related compou
es
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Menyuk, Raccah, and Dwight26 studied the critical expo-
nents of the FM-PM phase transition of La0.5Sr0.5CoO3. For
this doping degree the material does not present a distor
of the perovskite cubic structure27 and they expectedg
51.4, applying the high-temperature thermal expansion
culation of the classical Heisenberg model with neare
neighbor interactions.28 They got 1.27, and tried to justify the
deviation invoking the role of more-distant-neighbor intera
tions. Difficulties in the achievement of the correct pha
might also be involved. In fact, Sen˜arı́s-Rodrı´guez and
Goodenough12 have recently noted the difficulty to achiev
full oxygen stoichiometry in La12xSrxCoO3 for x>0.30.

According to our resultsg corresponds to a Heisenber
model butb is more mean-field-like, which distorts a glob
composition. Asb is calculated from fittings belowTC @Eq.
~3!# andg above that point@Eq. ~1!# there could be room for
other changes not considered until now. One of them mi
be changes in the spin state of the Co31 ions due to the
alterations of the Co-O bond length. In fact seve
authors29,30have already stressed the strong influence of s
a bond length on the electronic state of LaCoO3. As we have
already mentioned, the abrupt increase in the Co-O b
length for thex50.30 sample atTC could cause a spin-stat
transition simultaneously with the FM-PM transition. Th
picture would indicate that different regimes are fitted abo
and belowTC .

At this point one concern must be addressed. Why d
La12xSrxCoO3 (x>0.20) behave so differently compared
doped manganites? Or equivalently, why do the studied
terials behave so much like a Heisenberg model, provi
that it does not apply properly to metallic conductors such
these? The main reason should be searched for in the ch
ing nature of the Co31 spin state, which makes the differenc
with the unaltered Mn31 spin state in the manganites~as has
been remarked on in several papers,9,12,31 especially by
Gayathriet al.32 in a study of La0.7Ca0.3Mn12xCoxO3 mixed
compounds!, and in the phase segregation taking place
these cobaltites.12 According to Sen˜arı́s-Rodrı´guez and
Goodenough12 the Sr content leads to hole-rich metallic fe
romagnetic regions and a hole-poor matrix similar
LaCoO3. These regions are isolated untilx50.20, where the
ferromagnetic clusters reach a percolation threshold and
der ferromagnetically belowTC . But despite the percolation
the hole-poor matrix still persists and within it the Co31 spin
state is in a ratio 50:50 high-spin/low-spin. Here the ho
poor portions of the material with diamagneticS50 ions
will dilute the magnetic lattice and prevent global LRO. Th
could also be the reason for the highb in the framework of
the Heisenberg model. Poon and Durand33 studied in the
1970’s the critical behavior of amorphous ferromagne
They detected a trend of enhanced values ofb in amorphous
alloys that contained at least one nonmagnetic compon
and explained it in terms of a dilution model. They support
their results with simulations done by Mu¨ller-Krumbhaar34

on homogeneous Heisenberg spin systems with missed
clusters. In these simulations it was found that the local va
of b increased close to the missed clusters~increasing, there-
fore, the the bulk value as well!. In our case, the hole-poo
regions might act as missed spins.

The discrepancies between the Curie temperature and
temperature of the change of slope in resistivity are sim
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to those reported by Loflandet al.24 in La0.8Sr0.2MnO3, and
our reasoning will be in some aspects similar:TC marks only
the break of cluster ordering, but the clusters can per
aboveTC , and short-range magnetic correlations could ta
place between them. If the lifetime of such magnetic cor
lations is larger than the transport time, from an electro
point of view the carriers see a global ferromagneticlike
vironment. These different time scales underlie the coex
ence of a magnon dispersion without having global fer
magnetism from a static measurement point of view. Fr
x50.25 to x50.30, TC remains almost the same, butTC*
increases from 227 to 235 K, indicating that the clusters h
grown and enable a FM environment to carriers up to hig
temperatures. On the other hand, the growth does not a
the ordering among clusters, soTC is not altered.

In summary, through an analysis of the critical expone
at the second-order FM-PM phase transition on the title co
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pounds we have obtained that the system is better descr
with a Heisenberg model than with a mean field one, suita
for manganese perovskites. This also means that the abs
of long-range interactions are probably due to the prese
of segregated LaCoO3-like hole-poor regions that would
hinder them. Also, theb value is larger than expected for
Heisenberg model, which could be understood if a spin-s
transition takes place atTC ~yielding different magnetic spe
cies above and belowTC) or if such hole-poor regions ac
equivalently to missed spin clusters in amorphous ferrom
nets.
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