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The crystallographic structure and the magnetic order of the distorted perovskite La12xSrxCoO3 (0.10<x
<0.30) has been studied by neutron diffraction, high-resolution electron microscopy, and magnetic-
susceptibility measurements. The results give direct evidence for an inhomogeneous distribution of the Sr21

ions and the segregation of the material into hole-rich ferromagnetic regions and a hole-poor semiconducting
matrix at lower values ofx. The holes introduced by Sr doping are attracted to the Sr21 ions where they
stabilize to lowest temperatures an intermediate-spin state at neighboring trivalent cobalt. The antibondinge
electrons so stabilized increase the mean unit-cell volume and are delocalized over the cobalt atoms of the
cluster where they couple the localizedt5 configurations ferromagnetically. Long-range ferromagnetic order
between clusters is realized even for Sr doping as low asx50.10. The transition to a spin glass state is
observed only for Sr concentrations smaller than 0.10. The volume of a hole-rich cluster grows in a magnetic
field, and the origin of the large negative magnetoresistance observed nearTC for 0.15<x<0.25 appears to be
due to a growth of the clusters to a percolation threshold. Forx50.30, thes* band of the intermediate-spin
state belowTC is at the threshold of a transition from itinerant to polaronic conduction and, aboveTC , the
system transforms smoothly to a cluster state.@S0163-1829~99!01002-4#
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I. INTRODUCTION

The remarkable electrical transport properties of
mixed-valent pseudocubic perovskites Ln12xAxMnO3,
Ln5rare earth andA5alkaline earth, have been reported
many groups, for example Refs. 1–6, and have b
interpreted7 in terms of a transition from localized to itiner
ant e-electron behavior in the presence of localizedt3 con-
figurations (S53/2) at the high-spin Mn-atom configuration
of meant3e12x character. In particular, a huge magneto
sistance, so large as to deserve the description ‘‘colo
magnetoresistance’’~CMR!, has been observed above a fe
romagnetic Curie temperatureTC in mixed-valent composi-
tions having an O-orthorhombic (c/a.&) structure. For a
fixed Mn~IV !/Mn ratio, e.g., 0.3, theAMnO3 perovskite
evolves across the O-orthorhombic phase from
O8-orthorhombic (c/a,&) phase to anR-rhombohedral
phase in a narrow range of increasing mean ionic radiu
the A-site cations. In the O8 phase, localizede electrons at
Mn31 ions are ordered by cooperative local Jahn-Teller
PRB 590163-1829/99/59~2!/1068~11!/$15.00
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formations into orbitals oriented in the~001! planes; in theR
phase thee electrons occupy a narrows* band ofe-orbital
parentage. In the O phase, the CMR has its maximum va
near the O8-O phase boundary whereTC increases dramati
cally with increasing mean ionic radius of theA-site cations,
the magnetic transition is first order, and thee-electron con-
ductivity changes from polaronic aboveTC to that of a bad
metal belowTC .

Both theory and experiment have indicated that a fir
order transition occurs at the crossover from localized to i
erant electronic behavior. Where the critical temperature
segregation of a localized-electron and an itinerant-elec
phase is too low for atomic diffusion, phase segregation m
be accomplished by atomic displacements. In transiti
metalAMO3 oxides with the perovskite structure, an oxyg
displacement within a~180°-f! M -O-M bond introduces a
shorterM -O bond on one side and a longer one on the oth
Cooperative oxygen displacements can segregate dom
with shorter metal-oxygen bonds from those with long
bonds; and in a mixed-valent system, higher oxidation sta
1068 ©1999 The American Physical Society
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are stabilized in the domains with shorterM -O bonds. In this
way, an electronic phase segregation is accomplished w
out the introduction of the chemical inhomogeneities t
characterize a conventional phase segregation by atomic
fusion. Moreover, such a phase segregation would allow
phase boundaries to be mobile. Where one phase is fe
magnetic with a Curie temperature significantly higher th
the other phase, superparamagnetic clusters may be s
lized above the long-range ordering temperatureTC of the
matrix and spin-glass behavior may be found belowTC in
the absence of any measurable chemical inhomogen
Moreover, if the superparamagnetic clusters are rich in i
erant charge carriers and the short-range cooperative at
displacements are dynamic, the application of a magn
field may enlarge the volume of the superparamagnetic c
ters to beyond their percolation threshold to give a CM
Such a situation has been suggested7 to be responsible for the
CMR phenomenon in the manganese-oxide perovskites.
present work was undertaken to see whether such an i
pretation would be applicable in another perovskite sys
exhibiting a CMR.

A large magnetoresistance observed in La12xSrxCoO3
thin films at doping 0.15,x<0.20 ~Ref. 8! has stimulated a
reinvestigation of this perovskite system.9–15 A reexamina-
tion of the La12xSrxCoO3 phase diagram was also made16,17

just prior to the report of a large magnetoresistance. LaC3
had been known to exhibit remarkable transport and m
netic properties as a result of thermally induced transiti
from a low-spin~LS! to a high-spin~HS! or intermediate-
spin ~IS! state at the trivalent cobalt atoms.18 Sr doping sta-
bilizes the IS spin state.19

At room temperature and below, the parent compou
LaCoO3 is an insulator with a rhombohedral (R3̄c) perov-
skite structure.20 At lowest temperatures the trivalent coba
are all in the LS1A1 state~t2

6s* 0; S50! with no long-range
magnetic order.21,22 With a uniform LS distribution, the
empty e orbital can be anticipated to form a narrow an
bondings* band of itinerant electron states that are stron
hybridized with the O 2ps orbitals. A small energy separa
tion between the LS state and the HS5T2 state (t2

4e2;S
52) allows thermal excitation of HS configurations that i
crease in population with temperature.18 It was postulated
early23 that the displacement of oxygen atoms away from
HS configurations with localizede2 ~or e1 at an IS ion!
would stabilize LS configurations at neighboring cobalt
oms, but no static ordering of LS and HS~or IS! ions has
been observed. On the other hand, Mo¨ssbauer data24 distin-
guished two kinds of trivalent cobalt atoms below 100
and infrared spectroscopy25 has identified dynamic Jahn
Teller deformations at localized IS (t2

5e1) configurations
rather than dynamic breathing modes of HS (t2

4e2) configu-
rations. Moreover, the bulk conductivity and dielectric pro
erties below 350 K support polaronic charge transport.26 In
the temperature range 350,T,650 K, the transport proper
ties of LaCoO3 change smoothly from that of a thermal
activated semiconductor to that of a metal, a metallic te
perature dependence becoming stable above 650 K.18 This
change may be attributed17,18 to a transition, as the polaro
population exceeds 50%, from localized IS configuratio
coexisting with LS configurations at nearest neighbors t
h-
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uniform IS state~t2
5s* 1; S51!. If the Fermi energy of the

s* band intersects thet5 energy level in this model, the
system would correspond to an ‘‘intermediate-valence’’ st
~to use rare-earth terminology! t2

52ds* 11d having a mean
spin S511d with a d that increases with temperature. Th
parameterd would correspond to the fraction of HS sta
admixed with the IS state.

Substitution of Sr21 for La31 in La12xSrxCoO3 oxidizes
the CoO3 array. The evolution with Sr doping of the mag
netic and transport data has been interpreted as follows.16 ~i!
For 0,x,0.1, the holes introduced into the CoO3 array sta-
bilize to lowest-temperature IS clusters that are trapped
Sr21 ions; the IS clusters become superparamagnetic belo
ferromagnetic Curie temperatureTC'230 K, which indi-
cates the clusters are isolated from one another.~ii ! In the
range 0.1<x<0.18, the IS clusters become larger, each c
taining several holes, and interactions between isolated
perparamagnetic clusters give a spin-glass behavior belo
temperatureTg,TC . A collective freezing of the cluster mo
ments belowTg via frustrated intercluster interactions ha
been confirmed,27 but whether the large IS clusters a
Sr21-rich has not been established.~iii ! In the range 0.18
,x<0.25, the size of the IS clusters appears to vary w
temperature belowTC so as to pass through a temperatu
range where, in zero applied field, the volume of the meta
clusters exceeds the percolation threshold. In this comp
tional range, the ferromagnetic clusters are coupled fe
magnetically to one another below a metal-insulator tran
tion at TMI,TC'240 K, whereTMI increases toTC with
increasingx. ~iv! For x.0.25, the percolation threshold fo
the ferromagnetic metallic clusters is exceeded at all te
peraturesT,TC , as has also been confirmed.27 A powder
neutron-diffraction study has also confirmed the presenc
long-range ferromagnetic order forx.0.2, but no magnetic
scattering was observed at lower doping levels.28

As in conventional metallic ferromagnets, samples w
x.0.25 have a resistivity versus temperature curve t
changes slope atTC where spin-disorder scatterin
saturates.14 Samples with dopings 0.2,x,0.4 show a small,
negative magnetoresistance~uDr/ru,10% in a magnetic
field of 6 T! that becomes positive atx'0.5.15 Larger values
of the magnetoresistance~up to uDr/ru'40% for B56 T!
were observed as the doping approachesx50.2, the compo-
sition where the ferromagnetic IS clusters approaches t
percolation threshold in zero applied field.29 Correlation of
the large magnetoresistance with a loss of metallic cond
tivity was attributed to the loss of long-range ferromagne
order forx,0.2,15,29 which is consistent with a loss of per
colation in zero field of the metallic IS clusters.

To determine the details of the structural changes indu
by doping with Sr the LaCoO3 parent compound and to
check whether magnetic ordering of any kind could be
tected for doping levelsx,0.2, we have performed a
neutron-diffraction experiment on samples of La12xSrxCoO3
~x50.10, 0.15, 0.20, 0.25, and 0.30! under better conditions
for instrumental resolution and sensitivity than those
ported in Ref. 28. The neutron experiments have b
complemented by high-resolution transmission electron
croscopy and by measurements of the linear and nonlin
components of the complex magnetic susceptibility. The



r
em
a
p
th
e

oi
te
nd
th

th
r
ri

so
nt

y

e

e
T
r-
ra
d
e

im
n
0

ua
e

et
tu
nc
K

a
d
p
e
t

ing

ie
nd
o
-

th
a

a
in

ong
e of
b-
i-
e
-

ght
ow
ple
nd,
the

e
and
ed

ch
in

ag-

n
ate
ter-

lass
ore

h
ous
as-
rich

1070 PRB 59R. CACIUFFOet al.
sults have allowed a complete crystallographic study and
vealed that ferromagnetic order is indeed present at low t
perature even in thex50.10 sample, although with
strongly reduced ordered moment. Information on the s
state of the trivalent Co ions has been obtained from
variation withx of the Co-O distance and the volume of th
unit cell. A peculiar behavior has been observed for thex
50.30 sample for temperatures higher than the Curie p
TC5227 K, where the lattice thermal expansion devia
from the Grüneisen behavior and the equilibrium Co-O bo
length dramatically increases. These observations, toge
with large departures of the magnetic susceptibility from
Curie-Weiss law and the sudden growth of a temperatu
dependent component in the small-angle neutron scatte
distribution, are taken as evidence for the formation of i
lated magnetic clusters and a transition from itinera
electron to polaronic conduction atTC .

II. EXPERIMENTAL PROCEDURE

The specimens of La12xSrxCoO3 ~x50.10, 0.15, 0.20,
0.25, and 0.30! used in the present study were prepared b
coprecipitation method from La2O3, Co~NO3!26H2O, and
SrCO3 as starting materials, following the procedure d
scribed in Ref. 16.~See Note added in proof.! A small
amount of a sample withx50.05 was also prepared by th
same method for magnetic susceptibility measurements.
products were fully characterized by x-ray-diffraction, diffe
ential thermal analysis, thermogravimetry, iodometric tit
tion under nitrogen atmosphere, electron microscopy, an
magnetic susceptibility measurements. The samples w
stoichiometric and thermally stable; no evidence for any
purity phase was found in either x-ray or neutron diffractio
Particle size and morphology were studied with a JEOL 64
scanning electron microscope, which revealed individ
particles with quite perfect spherical shape and size betw
700 and 900 nm.

The linear and nonlinear components of the ac magn
susceptibility were measured as a function of tempera
with a Lake Shore 7000 system using the mutual-inducta
technique. Data were collected on warming from 13 to 300
after zero-field cooling of the sample. The calibration w
performed with a Gd2~SO4!38H2O paramagnetic standar
having the same shape and size as the investigated sam

High-resolution transmission electron microscopy obs
vations were carried out on thex50.30 and 0.15 samples a
room temperature with a Philips CM200 microscope offer
a point-to-point resolution of 0.27 nm.

The neutron powder-diffraction experiments were carr
out on the high-resolution neutron diffractometer D2B a
the medium-resolution, high-intensity diffractometer D20
the Institute Laue-Langevin~ILL !, in Grenoble, France, cov
ering the angular range 5°,2u,165° with incident neu-
trons of wavelengthl51.5943(1) Å andl52.4062(5) Å,
respectively. On both instruments, data were collected
several temperatures on warming from 2.5 to 300 K with
sample contained in a 5-mm-diam, cylindrical vanadium c
inside a helium cryostat.
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III. ELECTRON MICROSCOPY

High-resolution electron microscopy~HREM! was used
to analyze samples with Sr contentx50.15 and 0.30 in a
search for possible segregation or ordering between the L31

and Sr21 cations. No superstructure spots were detected
any of the various crystallites selected and oriented al
different zone axes. However, evidence for the presenc
hole-rich regions imbedded in a hole-poor matrix was o
tained from the observation of bright fringes with nonun
form periodicity in HREM micrographs taken along th
@021 1# zone axis~Miller indices referred to the rhombohe
dral cell!. One of the images recorded for thex50.30 sample
is shown in Fig. 1. The different spacing between the bri
fringes in the matrix and in the region indicated by the arr
cannot be accounted for either by variations in the sam
thickness or by crystallographic defects. On the other ha
the observations can be locally simulated by assuming
presence of aperiodically alternate Sr-rich and La-rich~0 1 1!
planes. Different periodicity for the bright fringes can b
obtained by changing the repetition ratio between Sr-rich
La-rich planes. Simulations of this kind have been perform
with the EMS software package,30 and an example of the
results obtained is shown in the inset of Fig. 1. Hole-ri
regions with sizes ranging from 8 to 40 nm were detected
both thex50.15 and thex50.30 samples.

IV. MAGNETIC SUSCEPTIBILITY

On the basis of magnetization measurements, the m
netic phase diagram of La12xSrxCoO3 has been divided into
a spin-glass region for 0<x,0.10 and a cluster-glass regio
for 0.10<x<0.6,31,32 the appearance of the spin-glass st
being ascribed to the frustration of random exchange in
actions.

Our susceptibility measurements indicate that a spin-g
behavior can be assumed only at very low Sr doping, a m
complex phenomenology emerging already atx50.10. The

FIG. 1. HREM image taken along the@0 21 1# zone axis for
La0.7Sr0.3CoO3. The periodicity of the bright fringes changes wit
the spatial position inside the sample, indicating an inhomogene
distribution of the La ions. The observation can be simulated
suming the presence of aperiodically alternate Sr-rich and La-
~0 1 1! planes, as shown in the inset.
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real part of the linear magnetic ac susceptibility,x8, and the
magnitude of the third-harmonic nonlinear susceptibili

u( 3
4 )x3H0

2u, are shown as functions of temperature in Fig
and Fig. 3 for samples with 0.05<x<0.30. The linear com-
ponent was measured with a driving field of amplitudeH0
53.75 Oe oscillating at a frequency of 1 kHz. The nonline
term was obtained from the third harmonic of the volta
induced in the pickup coils by the time-varying sample ma
netization. The primary coil was driven at a fundamen
frequencyf 59 kHz while the reference input to the lock-i
amplifier, set to a band-pass filter mode of operation, wa
a frequency 3f .

FIG. 2. Real part of the linear magnetic ac susceptibility a
function of temperature for La12xSrxCoO3 (0.05<x<0.30). Data
were taken with a driving field of amplitudeH053.75 Oe oscillat-
ing at a frequency of 1 kHz.

FIG. 3. Magnitude of the third-harmonic nonlinear susceptibil
measured for La12xSrxCoO3 (0.05<x<0.30) as a function of tem-
perature. Data were taken with a driving field of amplitudeH0

51.25 Oe oscillating at a frequency of 9 kHz.
,

r

-
l

at

For x50.05, the linear susceptibility has a shape tha
usually observed in spin-glass systems, with a sharp cus
a temperatureTg'20 K. The hypothesis of a spin-glass sta
at this composition is supported by the behavior of the n
linear susceptibility, which also shows a cusp around 20
As the freezing temperatureTf is approached, the mean-fiel
theory for spin glasses anticipates a critical divergence
ux3u according to the power law@(T2Tf)/Tf #

2g. In the
present case, we obtain a critical exponentg51.1, which
compares favorably with the values obtained for canon
spin-glass systems.33 A freezing of the magnetic moment
into a spin-glass state has been suggested also
La0.92Sr0.08CoO3, where a polarized neutron scattering stu
has shown that the paramagnetic scattering increases ste
with decreasing temperature but saturates below 24 K.22

The magnetic behavior forx>0.10 is more complicated
The nonlinear susceptibility component has a rounded sh
similar to that observed for La0.5Sr0.5CoO3;34 it has been
attributed to the freezing of ferromagnetic clusters.32 The
onset of the linear susceptibility at about 230 K, steeper
steeper with increasingx, announces ferromagnetic orderin
for all the samples. However, the variation withx of the x8
magnitude indicates that the ordered phase occupies on
fraction of the volume; this fraction increases with the
content. The maximum near 60 K, observed forx50.10 and
0.15, indicates spin-glass behavior persisting in the volu
of material that is not ferromagnetic. These features beco

a

FIG. 4. Temperature dependence of the inverse magnetic
ceptibility 1/x for La0.7Sr0.3CoO3 and La0.75Sr0.25CoO3 ~inset!. The
solid line is a fit to the Curie-Weiss law. Deviations from the line
behavior aboveTC are due to strong fluctuations in the magne
order parameter.

FIG. 5. High-resolution neutron-diffraction patterns recorded
different temperatures for La0.7Sr0.3CoO3 ; the intensity distribution
is plotted as a function of the inverse interplanar spacing 1/d.
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1072 PRB 59R. CACIUFFOet al.
less and less evident as, with increasingx, the cluster size
grows and a percolating network of clusters is formed.

In the samples withx50.25 and 0.30, deviations from th
Curie-Weiss law are apparent well aboveTC , as is shown in
Fig. 4, where the inverse susceptibility is plotted as a fu
tion of T. These deviations are similar to those observed
La12xCaxMnO3 ~Ref. 35! and suggest the presence of flu
tuating short-range-ordered regions.

V. NEUTRON DIFFRACTION

A. Diffraction patterns and data analysis

Selected diffraction patterns recorded on D2B for thex
50.30 specimen at different temperatures are shown in
5. The results obtained atT515 K with D20 for the other
investigated La12xSrxCoO3 samples~x50.10, 0.15, 0.20,
and 0.25! are shown in Fig. 6. All the observed Bragg pea
can be indexed in the rhombohedralR3̄c space group, with
only one Co site. At no temperature or composition was
~1 1 1! reflection ~allowed in theR3̄ symmetry! observed.

FIG. 6. Neutron-diffraction patterns observed for La12xSrxCoO3

~x50.10, 0.15, 0.20, and 0.25! at T515 K. The~1 1 0! Bragg peak
is shown in the inset at 270 K~triangles! and 2 K ~dots!. The
increased intensity at low temperature is due to the ferromagn
order of the Co magnetic moments.

FIG. 7. The~1 1 0! Bragg peak for La0.85Sr0.15CoO3 at three
temperatures. The peak is resolution limited aboveTC ~230 K! and
at the lowest temperature. A broadening can be appreciated in
temperature interval between 80 and 230 K.
-
r

g.

e

This result excludes the occurrence of static crystallograp
distortions to structures with two inequivalent Co sites.

The growth in intensity of the low-angle reflections r
veals that ferromagnetic order occurs at low temperat
even in the sample with Sr content as small as 0.10.
shown in the inset of Fig. 6, this growth in intensity is mo
evident at the~1 1 0! position due to the very small nuclea
structure factor for the corresponding crystallographic Bra
peak. No magnetic satellites have been detected, exclu
the development of antiferromagnetic order of any kind,
least down to 2 K. The observation of ferromagnetic ord
for samples withx,0.2 is at variance with the results re
ported in Ref. 28, where a magnetic Bragg peak was
served only forx>0.2.

At T54 K, magnetic and nuclear Bragg peaks have
same linewidth, which is slightly larger than the instrume
resolution. Although the linewidth of the magnetic~1 1 0!
reflection becomes progressively broader with decreasinx,
the correlation length for the magnetic order remains sev
hundreds of angstroms even forx50.10. No temperature
variation of the~1 1 0! peak shape could be detected forx
50.20, 0.25, and 0.30. On the contrary, forx50.15 this peak
becomes broader as the temperature is increased~Fig. 7!; the
ferromagnetic correlation length changes from about 700
below 80–90 K to about 300 Å for temperatures between
and 200 K. The magnetic intensity for thex50.10 sample
was too weak for an analysis of the temperature depende
of the line shape.

Rietveld analysis of the diffraction patterns was pe
formed with the programs available in the GSAS~General

tic

he

FIG. 8. Observed and calculated neutron-diffraction patterns
La0.7Sr0.3CoO3 at 2 K. The lower trace is the difference profile.

FIG. 9. The crystallographic structure of La12xSrxCoO3 (0<x
<0.30). Only two CoO6 polyhedra are shown for simplicity.
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TABLE I. Cell parameters (a,a), oxygen fractional coordinate~x!, isotropic temperature factors~B!, and ordered magnetic moment~m!

for La12xSrxCoO3 (0.10<x<0.30) at 2 K. The parameters are referred to the rhombohedral axes~space groupR3̄c, No. 167!. The La~Sr!

ions occupy the 2(a) sites with fractional coordinates~1
4,

1
4 ,1

4!, the Co is at 2(b), ~0,0,0!, and the O is at 6(e) (x, 1
2 2x, 1

4 ).

Sr content 0.10 0.15 0.20 0.25 0.30

a ~Å! 5.3647~1! 5.3713~1! 5.3807~2! 5.3864~1! 5.3933~3!

a ~deg! 60.826~2! 60.758~2! 60.663~2! 60.605~2! 60.534~1!

Oxygenx 0.2010~2! 0.2032~2! 0.2051~3! 0.2081~2! 0.2102~2!

BLa (Å 2) 0.20~4! 0.18~3! 0.17~6! 0.16~4! 0.15~3!

BCo (Å 2) 0.43~4! 0.42~3! 0.40~6! 0.39~4! 0.39~6!

BO (Å 2) 0.65~4! 0.63~3! 0.62~6! 0.61~4! 0.60~2!

m (mB) 0.3~1! 0.52~2! 1.26~5! 1.58~3! 1.71~2!
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Structure Analysis System! suite of crystallographic
routines.36 Structure parameters, isotropic temperature f
tors, oxygen occupation factor, and cell parameters were
termined from single or automatic sequential refineme
The scattering lengths used werebLa58.24 fm, bSr
57.02 fm, bCo52.49 fm, andbO55.805 fm. The angular
dependence of the magnetic scattering amplitude was
scribed with the free-ion form factorf (sinu/l) for Co31

~the difference between the form factors for Co31 and Co41

being smaller than 2% in the investigated range of sinu/l!.37

The background was fitted with a 12th-order shifted Che
chev polynomial, and the shape of the Bragg peaks was
scribed by a four-term pseudo-Voigt function. The fin
weighted patternR index,Rwp , varied between 2% and 4%
Observed, calculated, and difference diffraction patterns
La0.7Sr0.3CoO3 at 2 K are shown, as an example, in Fig. 8

B. Variation of the structural parameters
with Sr content at T52 K

The crystal structure of La12xSrxCoO3 (0<x<0.30) is
shown in Fig. 9. The structural parameters atT52 K, re-
ferred to the rhombohedral axes, are reported in Table I.
refinement of the oxygen occupancy confirmed that the
vestigated samples were oxygen stoichiometric within 0.8
As shown in Fig. 10, the volume of the unit cell has
abrupt expansion as Sr21 is introduced at small doping lev
els, but it increases linearly with the Sr contentx for x
>0.10. The equilibrium Co-O bond length also makes

FIG. 10. Variation withx of the La12xSrxCoO3 rhombohedral
unit-cell volume. The linear fit for 0.10<x<0.30 emphasizes the
initial jump at small Sr21 doping levels. Error bars are smaller tha
the size of the dots.
-
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jump as the composition is changed fromx50 to 0.1, but it
is scarcely influenced by a further increase of the Sr conc
tration up to x50.30 ~Fig. 11!. The bond lengths forx
>0.10 are intermediate between those obtained from the
of tabulated ionic radii,38 namely 1.95 Å for HS Co31 and
1.89 Å for LS Co31.

The rhombohedral distortion is due to the cooperative
tations of the CoO6/2 polyhedra about the threefold axis o
the ideal cubic perovskite structure, and it can be measu
by the departure from 180° of the Co-O-Co angle, which a
modulates the strength of the Co-O-Co interaction. On
other hand, the deviation from 90° of the O-Co-O ang
gives a measure of the distortion of the cubic CoO6/2 octahe-
dra. As shown in Fig. 12, an increase ofx results in a smaller
and smaller rhombohedral distortion and in the straighten
of the CoO6/2 polyhedra, the corresponding angles varyi
almost linearly withx. The combined effect of these struc
tural variations is to enhance the Co(3d)-O(2p)-Co(3d) in-
teractions, which broadens thes* band and is consisten
with the occurrence of the semiconductor-to-metal transit
with increasingx.

C. Temperature variation of the structural parameters

The temperature variation of the relevant bond angles
the x50.30 sample is shown in Fig. 13. A similar behavi
was observed for all the other investigated compositions.
structural modifications induced by an increase of tempe
ture are very small up to about 50 K. At higher temperatur

FIG. 11. Equilibrium Co-O bond length as a function of the
contentx, at T52 K. After an initial jump, the Co-O distance re
mains almost constant asx is increased up to 0.30.
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the distortion decreases with increasing temperature in
same way it does at 2 K with increasing Sr concentration: th
O-Co-O angle moves towards 90°, the value correspond
to perfect CoO6/2 octahedra, and the rhombohedral distorti
decreases as the Co-O-Co angle becomes larger. The v
tion seems to saturate on warming above the Curie poin

As shown in Fig. 14, a small but significant increase
the equilibrium Co-O distance was observed on warming
all the samples. It is interesting to notice that the Co-O bo
length is largest forx50.20, close to the semiconductor-t
metal transition. A peculiar behavior of the Co-O distance
observed atx50.30~Fig. 15!. At this composition, the Co-O
bond length remains almost constant up to about 230 K, n
the Curie pointTC , and increases dramatically in the par
magnetic phase. As discussed below, this behavior can
attributed to a transition from itinerant to polaronic condu
tion at TC ; magnetic polarons are stabilized aboveTC .

The temperature variation of the rhombic cell parame
aR is plotted in Fig. 16 forx50.10, 0.15, 0.20, and 0.25. Th
lattice thermal expansion is typical for a solid and can
fitted to the formula

aR~T!5a0H 11
aLTE

2 FcothS TE

2TD21G J ,

which is obtained from the Gru¨neisen approximation for the
anharmonic phonon effects and the Einstein model for
constant-volume specific heat;a0 is the value ofaR at T
50, TE is the Einstein temperature, andaL is the linear

FIG. 12. Variation with the Sr contentx of the Co-O-Co and
O-Co-O angles, atT52 K. Error bars are smaller than the size
the symbols.

FIG. 13. Temperature variation of the Co-O-Co and O-Co
angles for La0.7Sr0.3CoO3.
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thermal expansion coefficient forT@TE . The solid lines in
Fig. 16 are calculations with the above formula for theTE
andaL values shown in Fig. 17 and thea0 values given in
Table I. To be noted are the reductions of bothTE and aL
that accompany the transition from the semiconduct
phase, atx50, to the metallic phase, atx50.20.

For x50.30, a regular thermal expansion is observed
long as the sample remains in the ferromagnetic phase
shown in Fig. 18, a departure from the Gru¨neisen behavior is
evident aboveTC ; the lattice parameter increases more ra
idly than expected. The observed deviations from the ca
lated values are correlated to the anomalous tempera
variation of the Co-O distancedCo-O, as can be seen in th
inset of Fig. 18, where the ratio @dCo-O(T)
2dCo-O(0)#/dCo-O(0) is compared to the relative differenc
(aR,obs2aR,calc)/aR,calc.

FIG. 14. Temperature variation of the equilibrium Co-O d
tance for samples with 0.10<x<0.25. The expansion between 2
and room temperature is smaller than 0.07% for all the samp
The largest Co-O distance is attained atx50.20, close to the
semiconducting-to-metal transition boundary.

FIG. 15. The equilibrium Co-O bond length as a function
temperature for La0.7Sr0.3CoO3. A dramatic increase occurs abov
230 K. The broken line is a guide to the eye.
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D. Magnetic order parameter

The Rietveld analysis of the magnetic-intensity distrib
tion indicates a ferromagnetically ordered low-temperat
phase with the Co magnetic moments oriented along
~1 0 0! direction of the rhombohedral cell. The values of t
ordered moment atT52 K are given in Table I; they vary
with x in a nonlinear way, fromm50.3(1)mB for x50.10 to
m51.71(2)mB for x50.30.

For thex50.10 sample, the magnetic contribution to t
diffraction profile was too weak to allow a proper determ
nation of the ordered moment through the Rietveld meth
and we limited our analysis to the evaluation of the magn
moment at 2 K from the integrated intensity of the~1 1 0!
peak. For the other compositions, the temperature de
dence of the magnetic moment was refined, and the res
are compared in Fig. 19 with the Brillouin function forJ
52. Approaching the Curie point, the magnetic mome
scales astb, wheret512T/TC , with almost the same Curie
temperatureTC522764 K for all the samples andb close to
0.4. It should be noted that a considerably smaller value ob
was obtained in the La manganates due to an impor
single-ion anisotropy term in the Hamiltonian for th
system.39 A deviation from the mean-field prediction is ev
dent for both thex50.15 and thex50.20 samples, with a
step near 0.5TC in the temperature region where the ma
netic Bragg peak becomes sharper and the slope of the
ceptibility curve changes. A much smaller step is also visi

FIG. 16. Temperature dependence of the rhombohedral la
parameteraR for La12xSrxCoO3 (0.10<x<0.25). The solid line is
a fit to the Gru¨neisen-Einstein model with the parameters plotted
Fig. 17.

FIG. 17. Variation of the Einstein temperatureTE and the linear
thermal expansion coefficient forT@TE ,aL , with the Sr contentx.
-
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in the m(T) curve for thex50.30 sample, while a strong
fluctuation tail seems to be present above the scaling valu
TC for x50.25.

VI. DISCUSSION

In LaCoO3, the transition of the cobalt LS configuration
to a higher-spin configuration with increasing temperat
introduces antibondinge electrons, which increases the equ
librium Co-O bond length. A continuous increase in the fra
tion of higher-spin Co31 ions gives a smooth transition tha
translates to an unusually large thermal expansion of the
tice. For localized electrons, a LS state normally transfor
to a HS state; but it was recognized that stabilization of an
state might be expected in a solid wheree electrons are trans
formed into itinerant-electrons* -band states, and a subs
quent LDA1U calculation40 has suggested that above a cri
cal Co-O bond length the IS state would be more stab
Photoemission and x-ray spectroscopy studies suppo
smooth transition to a higher spin state.41 However, dynamic
Jahn-Teller deformations observed25 at isolated IS cobalt in
LaCoO3 indicate neighboring LS trivalent cobalt confines t

ce

FIG. 18. Temperature dependence of the rhombohedral la
parameteraR for La0.7Sr0.3CoO3. The solid line is a fit to the
Grüneisen-Einstein model. The inset shows the comparison
tween the relative variation@dCo-O(T)2dCo-O(0)#/dCo-O(0) of the
Co-O distance and the relative departure of the lattice param
from the value predicted by the Gru¨neisen-Einstein formula,
(aR,obs2aR,calc)/aR,calc.

FIG. 19. Reduced magnetic ordered momentm/m(T50) vs re-
duced temperatureT/TC . The broken line is the mean-field predic
tion for theJ52 Brillouin function.
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e electrons to localizedt5e1 IS configurations below 350 K
With increasing concentrations of higher-spin configuratio
whether HS or IS, the formation of IS metallic clusters h
been predicted16,17 for the interval 350,T,650 K, a global
IS state being stabilized only above 650 K. The anomal
thermal expansion observed42 near 500 K may reflect con
solidation of the IS clusters rather than addition of some
configurations.

High-resolution electron microscopy provides eviden
for an inhomogeneous distribution of the Sr21 ions in the
La12xSrxCoO3 system. The Co~IV !:t5e0 ions are in a low-
spin state, the stronger Co~IV !-O covalent bonding stabilize
IS Co31:t5e1 at the neighboring cobalt atoms to lowest te
peratures, and thee1 electrons are shared with the Co~IV !
ions within an IS molecular-orbital cluster. The sharede1

electrons couple the localizedt5 configurations ferromagneti
cally, so the clusters become superparamagnetic with
Co31-ion matrix in which the IS configurations remain loca
ized and paramagnetic below room temperature. Loss
oxygen above room temperature has restricted the temp
ture range of measurement of Sr-substituted samples.
observation of Sr21 ion clustering indicates an instabilit
relative to the formation of Sr21-rich clusters containing
hole-rich IS configurations within a hole-poor matrix. Th
degree of such chemical heterogeneity would depend on
thermal history of the sample and its eventual oxidat
state, so the critical concentration for the onset of long-ra
ferromagnetic order may differ from one sample to anoth
from one laboratory to another. On the other hand, there
little evolution of the degree of chemical heterogeneity in o
samples on going fromx50.15 to 0.30 whereas there is
strong evolution of the size of the ferromagnetic IS cluste
Therefore, we presume that mobile two-phase interfaces
also present as a result of dynamic cooperative oxygen
placements that segregate, below room temperature, fe
magnetic hole-rich regions of IS states with itinerants*
electrons from hole-poor regions in which the higher-s
configurations at Co31 ions remain localized and parama
netic due to their isolation by neighboring LS Co~IV ! ions.
We employ this assumption to interpret the unusual evo
tion with x of the physical properties in the La12xSrxCoO3
system.

The composition-driven transition to the metallic, ferr
magnetic phase atx50.2 can be considered to occur at
percolation threshold for IS metallic clusters; the thresh
composition would vary with the size of the IS clusters a
hence with the strength of an applied magnetic field ab
the long-range ferromagnetic-ordering temperatureTC ; be-
low TC , the Weiss molecular field stabilizes larger IS met
lic clusters. The ferromagnetic superexchange coupling
tween hole-rich ferromagnetic clusters belowTC is via
alternating LS and localized IS Co31-ion states of the hole
poor matrix; but a decrease in the concentration of locali
IS states at lower temperatures can break this superexch
coupling, thereby reducing the Weiss molecular field t
induces growth of the ferromagnetic clusters beyond pe
lation. In the compositional range 0.15,x,0.3, the variabil-
ity of the critical composition for percolation with the Weis
molecular field of the hole-poor matrix is manifest by t
appearance belowTC of a metallic state~beyond percolation!
on cooling throughTC , but with a reentrant insulating phas
,
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~below percolation! at lowest temperatures.16 The large mag-
netoresistance nearTC in this compositional range8 reflects
the growth to percolation of the metallic, ferromagnetic clu
ters in an applied magnetic field.

The step in the magnetization versus temperature cu
of the x50.15 and 0.20 samples, Fig. 19, may be attribu
to an increase in the globalTC with increasing percolation
above 150 K; the localTC for the superparamagnetic cluste
does not change significantly withx. An increase in the size
of the metallic clusters at percolation would also give
increase in the mean cobalt spin. Byx50.30, percolation is
established, and the deviation of the magnetization fr
mean-field behavior is small.

A spin-only magnetization for IS La12xSrxCoO3 would be
(22x)mB /Co; the LDA1U calculation40 gave 2.1mB /Co
for x50. The observed magnetizations for ferromagne
La12xSrxCoO3 compositions are consistent with a ferroma
netic IS matrix containing LS Co~IV !-poor clusters that de
crease in volume with increasingx>0.25. However, even in
the x50.10 sample the widths of the magnetic Bragg pea
in the neutron-diffraction profiles indicate a spin-correlati
length of several hundred angstroms. This observation in
cates ferromagnetic coupling between clusters is occur
via superexchange interactions before the percolation thr
old is reached.

The anomalous thermal expansion of thex50.30 sample,
Fig. 18, deserves special attention. A small-angle-neutr
scattering~SANS! experiment performed on the same spe
men used in the present investigation has shown a magn
signal that increases with temperature to a sharp maximu
little aboveTC ,43 suggesting a growth to a maximum atTC
in the number of ferromagnetic regions with sizes of t
order of 10–15 Å on warming throughTC . Similar observa-
tions for Ca-doped LaMnO3 have been interpreted to indica
a break-up of long-range ferromagnetic order aboveTC into
magnetic polarons stabilizing regions of short-range fer
magnetic order.5 However, a maximum in the thermoelectr
power suggests the regions of short-range ferromagnetic
der trap out mobile polarons from the matrix, which ind
cates the ‘‘magnetic polarons’’ represent a second electro
phase.7 This interpretation can also be applied
La0.7Sr0.3CoO3, which shows an increase in spin-disord
scattering on the approach toTC and a maximum in the
thermoelectric power a little aboveTC ~Ref. 16! but with
retention of a metallic temperature dependence of the c
ductivity in the paramagnetic matrix to room temperature

In a SANS experiment, the energy of the scattered n
tron beam is not analyzed and, therefore, what is obtaine
the magnetic response integrated over a large energy win
centered at zero energy transfer. This means that the
served clustering effect, which is also manifest in the stro
deviation of the magnetic susceptibility from Curie-Wei
behavior, may be dynamic in origin as would occur for sho
range ferromagnetic fluctuations.

A transition from an itinerant electron to a cluster or p
laronic state can account for the dramatic increase in
Co-O bond length on heating throughTC . According to the
virial theorem of classical mechanics, which states
central-force fields that 2̂K&1^V&50, an increase in the
mean kinetic energŷK& of the electrons on changing from
itinerant to polaronic behavior must be compensated by
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increase in the magnitude of their negative mean poten
energyu^V&u. For antibonding electrons, an increase in t
Co-O bond length stabilizes the Co~IV !/Co~III ! couple,
thereby increasingu^V&u. In order to maintain itinerant-
electron behavior on the approach to a transition to polaro
behavior, a perovskite system may maintain a fixedM -O
distance while straightening theM -O-M bond angle, as is
observed in thex50.30 sample; the rhombohedral distortio
of the perovskite structure is seen to diminish on heating,
CoO6/2 polyhedra moving towards perfect octahedra.

VII. CONCLUSIONS

High-resolution electron microscopy, linear, and nonl
ear magnetic susceptibility and neutron-diffraction expe
ments have been performed to study the crystallograp
structure and the magnetic order in the rhombohedrally
torted perovskites La12xSrxCoO3 ~x50.10, 0.15, 0.20, 0.25
and 0.30!. The parent compound LaCoO3 has all low-spin
Co~III !:t6e0 configurations at lowest temperatures, but th
mal excitation of higher-spin configurations introduces
anomalously large thermal expansion. The higher-spin c
figurations appear to be ISt5e1 and to remain isolated an
localized below 350 K; above 650 K, all the trivalent cob
is transformed to IS states with itinerante electrons occupy-
ing a narrows* band.

Doping with Sr introduces LS Co~IV !:t5e0 ions that sta-
bilize IS Co31 near neighbors having theire electrons delo-
calized over molecular orbitals of a hole-rich cluster. Ret
tion of IS configurations to lowest temperatures produce
sharp increase in the unit-cell volume and mean Co-O b
length at 2 K in the range 0,x,0.10, Figs. 10 and 11. Th
delocalizede electrons provide strong ferromagnetic co
pling of the localizedt5 configurations at the cobalt atoms
a hole-rich cluster. Below room temperature, the higher-s
configurations of the hole-poor matrix remain localized, a
at low Sr doping (x,0.05) the hole-rich clusters becom
superparamagnetic. With increasingx, the superparamag
netic clusters become coupled ferromagnetically to one
other via superexchange through the hole-poor matrix,
by x50.10 long-range ferromagnetic order of a small v
ume fraction of the sample was found. This volume m
depend, for a givenx, on the preparation conditions. Th
volume of the superparamagnetic clusters grows in a m
sh
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netic field, and in the range 0.15<x<0.25 the volume of the
hole-rich clusters approaches percolation. In this comp
tional range, percolation may be induced aboveTC by the
application of a magnetic field to give a large negative m
netoresistance; on cooling belowTC , the Weiss internal
magnetic field induces percolation, but on further cooling
reentrant break-up of percolation occurs as the ferromagn
coupling between hole-rich clusters is weakened by a
crease in the concentration of higher-spin cobalt in the m
trix. At x50.30, percolation is retained at all temperatur
belowTC with retention of a constant Co-O bond length; b
SANS shows an increase in the concentration of short-ra
ferromagnetic clusters that reaches a maximum atTC ; above
TC , the mean Co-O bond length increases sharply with te
perature indicative of a confinement of the delocalized el
trons to clusters of finite volume aboveTC even though a
metallic temperature dependence of the conductivity is
tained to room temperature. The paramagnetic susceptib
Fig. 5, confirmed retention of extensive short-range fer
magnetic order for 60 K aboveTC .

Electron microscopy showed evidence of Sr-rich pha
in the x50.15 and 0.30 samples indicating that segregat
of a hole-rich phase persists above room temperature
attracts Sr21 ions. However, the absence of an evolution
the chemical heterogeneity betweenx50.15 and 0.30 would
seem to indicate that not all of the hole-rich clusters
pinned at the Sr-rich planes and that certainly the growth
the ferromagnetic hole-rich clusters in a magnetic field is
inhibited by any pinning that may occur.

Note added in proof.This procedure involves annealing
1000 °C. Anilkumaret al. @J. Appl. Phys.83, 7375 ~1998!#
have shown that, forx50.15, phase segregation may occ
under our experimental conditions. However, an annea
T>1200 °C gave them a homogeneous product with a s
glass transition temperatureTg575 K.
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