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Glassy ferromagnetism and magnetic phase separation in La1ÀxSrxCoO3
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We present the results of a comprehensive investigation of the dc magnetization, ac susceptibility, and
magnetotransport properties of the glassy ferromagnet La12xSrxCoO3 . The compositions studied span the
range from the end-member LaCoO3 (x50.0) through tox50.7. These materials have attracted attention
recently, primarily due to the spin-state transition phenomena in LaCoO3 and the unusual nature of the
magnetic ground state for finitex. In this paper we present a consistent picture of the magnetic behavior of
La12xSrxCoO3 in terms of short-range ferromagnetic ordering and intrinsic phase separation. At high Sr doping
(x.0.2) the system exhibits unconventional ferromagnetism~with a Curie temperature up to 250 K!, which is
interpreted in terms of the coalescence of short-range-ordered ferromagnetic clusters. Brillouin function fits to
the temperature dependence of the magnetization as well as high-temperature Curie-Weiss behavior suggest
that the Co31 and Co41 ions are both in the intermediate spin state. At lower Sr doping (x,0.18) the system
enters a mixed phase that displays the characteristics of both a spin glassand a ferromagnet. A cusp in the
zero-field-cooled dc magnetization, a frequency-dependent peak in the ac susceptibility and time-dependent
effects in both dc and ac magnetic properties all point towards glassy behavior. On the other hand, field cooling
results in a relatively large ferromagneticlike moment, with zero-field-cooled and field-cooled magnetizations
bifurcating at an irreversibility point. Even in the region abovex50.2 the out-of-phase component of the ac
susceptibility shows frequency-dependent peaks below the Curie temperature~indicative of glassy behavior!
which have previously been interpreted in terms of the freezing of clusters. All of the results are consistent with
the existence of a strong tendency towards magnetic phase separation in this material, a conclusion which is
further reinforced by consideration of the electronic properties. The metal-insulator transition is observed to be
coincident with the onset of ferromagnetic ordering (x50.18) and has a behavior in the doping dependence of
the low-temperature conductivity which is strongly suggestive of percolation. This can be interpreted as a
percolation transition within the simple ferromagnetic cluster model. On the metallic side of the transition the
system exhibits colossal magnetoresistance-type behavior with a peak in the negative magnetoresistance
~;10% in 90 kOe! in the vicinity of the Curie temperature. As the transition is approached from the metallic
side we observe the onset of a negative magnetoresistance that increases in magnitude with decreasing tem-
perature, reaching values as large as 90% in a 90-kOe field. This magnetoresistance is enhanced at the
metal-insulator transition, where it persists even to room temperature.

DOI: 10.1103/PhysRevB.67.174408 PACS number~s!: 75.50.Lk, 71.30.1h, 72.15.Gd
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I. INTRODUCTION

Magnetic oxides with perovskite~or similar! crystal struc-
tures have proven to be a fertile research area for physic
solid-state chemists, and materials scientists, due to the
cinating array of superconducting, magnetic, and electro
properties they exhibit. These properties range from hi
temperature superconductivity,1 colossal magnetoresistanc
~CMR!,2,3 and ferroelectricity4,5 ~even simultaneous ferro
magnetic and ferroelectric ordering6,7! to co-incident metal-
insulator, structural, and magnetic phase transitions. In
perovskite manganites alone, materials such
La12xSrxMnO3, Nd12xSrxMnO3, and Pr12xCaxMnO3 ex-
hibit rich phase diagrams involving charge, orbital, can
antiferromagnetic, simple antiferromagnetic, and ferrom
netic orderings.2 In addition to this richness in magnetic b
havior metal-insulator transitions~MIT’s ! often occur and
can even be coincident with structural or magnetic chan
due to the strong coupling between charge, magnetic,
lattice degrees of freedom.

Despite their discovery in the 1950s8,9 ~at the same time
as the manganites! the perovskite cobaltites have receiv
relatively little attention. This is particularly surprising give
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the renewed interest in the manganites, which was stimula
to a large extent by the re-discovery of CMR effects in e
taxial thin films and single crystals.10,11 The cobaltites have
receivedsomeattention however, due to a couple of uniqu
properties; namely, the existence of spin-state transitions12–16

~and the possibility of rarely observed Co spin states17–19! as
well as the unusual magnetic ground state of dop
cobaltites.20–24The former effects are due to the fact that t
crystal-field splitting of the Cod states (ECF) and the Hund’s
rule exchange energy (EEX) are comparable for the coba
tites, meaning that the energy gap between thet2g and eg
states is rather small. In fact, this gap can be of the orde
10 meV in LaCoO3, meaning thatt2g electrons can be ther
mally excited into theeg states, resulting in higher spi
states.12–16 Spin-state transitions also occur in other cob
tites such as Pr0.5Ca0.5CoO3 ~Ref. 25! and GdBaCo2O5.5,26,27

while the ‘‘intermediate spin state’’~which is seldom ob-
served in Co compounds! has been claimed to exist i
La12xSrxCoO3 by several authors.17–19 The second unusua
property of doped cobaltites which has received some at
tion is the existence of ‘‘glassy ferromagnetism’’ i
La12xSrxCoO3.20–24 In essence, the system evolves from
spin-glass or cluster-glass phase at low Sr doping, to a s
©2003 The American Physical Society08-1
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that has characteristics associated with ferromagnetic~F! or-
der at higher doping. The boundary between the two,
indeed the exact characteristic of the two phases, is not c
Higher doping level samples show Brillouin-like temperatu
dependence of magnetization and an apparent Curie tem
ture (TC) but also exhibit signatures of glassy behavior su
as frequency-dependent ac susceptibility peaks and t
dependent phenomena. Similarly, the low doping samp
exhibit frequency-dependent peaks in the ac susceptib
that can be identified as spin-glass characteristics, but
show large field-cooled magnetizations and an irreversib
temperature, which are suggestive of strong ferromagn
correlations.

It should be made clear that co-existence of fer
magnetic ordering and glassy behavior is not confin
solely to systems like La12xSrxCoO3. In particular, materials
such as Y12xCaxMnO3,28,29 La0.72xYxCa0.3MnO3,30

NdBa2Cu3O72d ,31 Sr3FeCoO72d ,32

La0.8Sr0.2Co12xMnxO3,33 and La0.7Sr0.3Co12xGaxO3 ~Ref.
34! all show related behavior. The physics of these mix
phase ferromagnetic/spin-glass systems is also of relev
to re-entrant spin-glass systems~where Au-Fe alloys are the
canonical example!, particularly perovskites such a
La1.2Sr1.8Mn2O7 ~Ref. 35! and La0.46Sr0.54Mn12yCryO3.36

Although this behavior is far from fully understood it
thought to have its origin in the short-range intrinsic ma
netic phase separation, which is considered to be a key i
in many other related systems such as cuprates and ma
nites. In the manganites alone, phase segregation has
observed by various methods such as neutron scatteri37

scanning tunneling microscopy~STM!,38 temperature-
dependent random telegraph noise,39,40 and time-dependen
magnetotransport measurements.41 From the theoretical poin
of view many authors have pointed out that these mater
are susceptible to magnetic and electronic phase separ
even in the absence of chemical phase separation,42,43 and
that this concept can successfully explain many of the f
tures seen in the magnetic and electronic behavior of m
ganites. Spontaneous magnetic phase separation is thou
be a distinct possibility in situations where a delicate ene
balance exists due to close competition between various
teractions. Abundant evidence for the existence of compe
interactions in materials such as the manganites is prov
by the existence of a multitude of ground states, as discu
above.2 It has also been suggested~on the basis of x-ray-
absorption fine-structure data! that materials like
La12xSrxMnO3 possess intrinsic chemical and structu
inhomogeneity.44 Such inhomogeneity would be an obviou
driving force for magnetic phase segregation. It is worth n
ing at this point that intrinsic phase separation, in the form
the formation of magnetic polarons, is already viewed as
prime candidate for the explanation of many phenomena
hibited by magnetic and diluted magnetic semiconduct
such as EuS,45 a-GdxSi12x ,46 Gd32xvxS4 (v5vacancy)47

and doped Cd12xMnxTe.48 Although the formation and be
havior of these entities49 is far better understood in thes
classic magnetic semiconductors it seems clear that
share many common features with the perovskite mangan
and cobaltites. In cobaltite materials specifically, many of
17440
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magnetic properties can be simply explained by the form
tion of short-range-ordered ferromagnetic clusters. Sp
glass ~SG! ordering at low doping is then understood
terms of the frustration between the F order in the clust
with the antiferromagnetic~AF! interactions present in the
background matrix. These ferromagnetic clusters eventu
coalesce, leading to apparent ferromagnetic ordering.

In this paper we investigate in detail the magnetic a
magnetotransport properties of La12xSrxCoO3. We have
studied 14 compositions in the range 0.0,x,0.70, in poly-
crystalline bulk material. Combining dc magnetization me
surements after field cooling~FC! and zero-field cooling
~ZFC!, ac susceptibility measurements as a function of f
quency, ferromagnetic hysteresis loops, and the field
temperature dependence of the resistivity, we are able
build an understanding of the empirical behavior in t
whole of the interesting composition range. We are able
systematically ‘‘track’’ the evolution from the short-range
ordered FM state to the SG-like state at low doping. In
ferromagnetic phase we still observe frequency-depend
phenomena in the out-of-phase component of the ac sus
tibility ~suggesting that some glassy behavior still persis!,
as well as metallic behavior and CMR-type magnetore
tance. Both Co ions (Co31 and Co41) are determined to be
in the ‘‘intermediate spin state’’ from the temperature depe
dence of the spontaneous magnetization in the ferromagn
state and from the Curie-Weiss behavior in the paramagn
state. As the Sr content is lowered the F dominant state is
and the SG characteristics dominate, although large FC m
netizations still exist, as well as a noteworthy irreversibil
line. The CMR is decreased with decreasing Sr doping le
and an additional low-temperature negative MR compon
is observed. Eventually a MIT occurs~at x'0.18), co-
incident with the loss of FM order. We interpret our data
terms of the short-range order ‘‘cluster model’’ which qua
tatively explains this behavior. Finally, we suggest that th
materials exhibit a tendency towards phase separation w
is even stronger than that seen in the manganites sugge
that doped cobaltites could be model systems for the inv
tigation ~both theoretical and experimental! of magnetic
phase separation.

II. EXPERIMENTAL CONSIDERATIONS

Polycrystals of La12xSrxCoO3 (0.0,x,0.70) were fab-
ricated from La2O3, Co3O4, and SrCO3 starting materials
by the standard solid-state reaction method. The star
powders were thoroughly ground, calcined in air for 7 da
at 980 °C, then furnace cooled over a period of 6 h to room
temperature. The reacted powders were then cold pre
under 8000 psi into disks of thickness;1 mm. These disks
were sintered in air for 1 day at 1200 °C and then sl
cooled over a period of 24 h. Structural characterization w
performed by high-resolution x-ray diffraction~XRD!, scan-
ning electron microscopy~SEM!, energy dispersive analysi
of x rays ~EDAX! and iodometric titration. In particula
XRD was performed at regular intervals to monitor t
progress of the reaction. A typical XRD diffraction pattern
shown in Fig. 1~for x50.30), confirming that, at least within
8-2
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GLASSY FERROMAGNETISM AND MAGNETIC PHASE . . . PHYSICAL REVIEW B 67, 174408 ~2003!
the sensitivity of XRD, the samples are single phase
have the expected lattice parameter (a55.42 Å and c
513.26 Å, for x50.30). It is worth noting that we do no
observe any magnetic anomalies at any of the expected
sition temperatures of other cobalt oxides (Co3O4, CoO,
etc.! or any other foreign phases, further evidence that
samples are single phase. The crystal structure is rhomb
dral for x50 and shows a reduction in the rhombohed
distortion with increasingx. In fact forx.0.5 the structure is
cubic. The broadening of the reflections, which can be qu
tified via the full width at half maximum of the variou
peaks, is due to the effects of grain size and microstrain.
relative importance of the two contributions can be decon
luted with a Williamson-Hall analysis that allows us to i
vestigate the microstrain and its dependence on Sr dop
This is depicted in Fig. 2, which shows the effect of Sr do
ing on the microstrain before and after the final sinter
step. It is clear that the considerable strain that is introdu
into the lattice by Sr doping is relieved by sintering
1200 °C for 1 day. SEM revealed that the average grain

FIG. 1. Wide angle powder x-ray-diffraction spectrum of anx
50.30 sample taken with CuKa radiation.

FIG. 2. The doping dependence of the microstrain contribut
to the full width at half maximum of the XRD peaks before~open
symbols! and after ~closed symbols! the final 1200 °C sintering
step. The peak broadening is due to microstrain and grain size
fects. These were deconvoluted using a Williamson-Hall analysi
the n(110) reflections.
17440
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of our material is of the order of 10mm, independent of Sr
doping level. EDAX was used to check the overall stoic
ometry of the samples, as well as to probe the compositio
fluctuations. Within experimental uncertainty we determin
that the composition within a grain is identical to that seen
grain boundaries, and that the composition of multiple gra
are identical. Measuring the La/Sr ratio every 2mm along a
20-mm-long, randomly chosen straight line results in a sta
dard deviation of 4.8% for anx50.5 sample, which should
be compared to an experimental uncertainty of 6.1%. Fina
a small number of samples had their oxygen content pro
by iodometric titration resulting in a measured oxygen s
ichiometry of La12xSrxCoO2.9860.03. In summary, the
samples are single phase, large grain size, stoichiom
polycrystals with small compositional fluctuations.

The magnetic measurements were made in a comme
superconducting quantum interference device~SQUID! mag-
netometer and a commercial dc extraction magnetomete
the temperature range 4,T,300 K and in magnetic fields
up to 50 kOe. ac susceptibility measurements were a
made in a commercial system in the frequency range 10
, f 5v/2p,10 kHz and over the same temperature inter
as dc measurements. An ac driving field of 10 Oe was e
ployed and ‘‘zero-field’’ cooling was performed in fields o
less than 0.1 Oe. For higher temperature measuremen
the dc susceptibility vs temperature a commercial vibrati
sample magnetometer~VSM! was used. Finally, magne
totransport measurements employed an ac excitation at
Hz and were made in the interval 4.5,T,300 K in fields up
to 90 kOe. The magnetic field was aligned perpendicula
the sample plane, and therefore the current direction. A sm
number of samples in the vicinity of the metal-insulator tra
sition were measured down to 0.4 K in a commercial H3

refrigerator. Again a 13.7-Hz ac excitation was used a
great care was taken to ensure that sample self-heating
fects were negligible.

III. RESULTS AND DISCUSSION

dc magnetization, ac susceptibility and magnetotransp
measurements are discussed in turn in Secs. III A, III B, a
III C, respectively.

A. dc magnetization

1. Basic magnetic properties and the phase diagram

The temperature dependence of the dc magnetiza
~measured in a static field of 10 Oe! is shown in Fig. 3, for
five representative samples (x50.50, 0.20, 0.18, 0.15, an
0.09!. It must be stressed that more samples were measu
at a total of 14 compositions, but only five are presented
the purposes of clarity. Both FC and ZFC data are presen
where the field cooling was performed in 10 Oe. Thex
50.50 and 0.20 data are representative of all composition
the range 0.2,x,0.7; FC curves show a ‘‘Brillouin-like’’
temperature dependence of the magnetization50 and a TC
which reaches a maximum value of 250 K atx50.5, at
which point the saturation magnetization is approximat
10 000 emu/mol. In contrast, the ZFC magnetization is rat

n

f-
of
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J. WU AND C. LEIGHTON PHYSICAL REVIEW B67, 174408 ~2003!
low and shows a nonmonotonic behavior with a peak
some temperatureTA which is approximately 5–20 K below
TC , depending on the exact composition. Such data h
been observed before in several works20–24and are typically
interpreted in terms of the ferromagnetic~short-range-
ordered! cluster model. It is postulated that the system ph
separates into hole-rich ferromagnetic clusters dominated
the ferromagnetic double exchange interaction betw
Co31 and Co41, the clusters being embedded in a hole-po
nonferromagnetic matrix.20–24 This matrix is dominated by
the Co31-Co31 interaction, which is known to be antiferro
magnetic~AF! superexchange,51 as is the Co41-Co41 inter-
action. In essence, the concept is that upon zero-field coo
the clusters freeze into random orientations, dictated b
‘‘local anisotropy field.’’ When field cooled the cluster
align, leading to the onset of a large ferromagnetic-type m
netization. The existence of a peak in the ZFC magnetiza
at TA is then interpreted in terms of a competition betwe
the random local magnetization orientations of the individ
clusters and the applied magnetic field. It should be no
that according to this model the hysteresis loops
La12xSrxCoO3 for x.0.2 ~the F regime! should not saturate
at moderate magnetic fields due to the finite number of
spins in the nonferromagnetic matrix~where the interactions
are of AF type!. This is indeed the case, and is discuss
later. It is also noteworthy that previous measurements of
field dependence of the temperature at which the ZFC m
netization reaches a maximum show a behavior that is c
sistent with the de Almeida-Thouless line52 ~a line in theH-T
plane!, a theory which was originally developed for SG sy
tems. As pointed out by Nam and co-workers20,21 this is fur-
ther evidence that the peak in the ZFC magnetization is

FIG. 3. Temperature dependence of the dc magnetization fx
50.50~a!, 0.20~b!, 0.18~c!, 0.15~d!, and 0.09~e!. ZFC curves are
shown as open symbols, whereas FC curves are shown as
symbols.
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to a competition between the random orientation of sho
range-ordered clusters and the external field.

As x is decreased to 0.18 the behavior of the FC mag
tization is not qualitatively altered but the ZFC magnetiz
tion begins to show a sharper cusp at a temperature whic
now significantly belowTC . As x is decreased further to
0.15 and eventually 0.09 the FC magnetization no lon
shows a simple ‘‘Brillouin-like’’ ferromagnetic behavior an
is considerably reduced in magnitude. Simultaneously
ZFC magnetization begins to show a sharp cusp at a t
perature that decreases with decreasing Sr content dow
0.03. In summary, the ferromagneticlike behavior in the
magnetization disappears belowx50.18, at which the point
the FC magnetization begins to show nontrivial temperat
dependence and the ZFC magnetization begins to rese
the characteristic SG cusp. Canonical SG systems typic
display a bifurcation of the ZFC and FC magnetizations o
very close toTf , the SG freezing temperature,53 but in this
case the point at which bifurcation occurs~the irreversibility
temperature,Tirr) is @Tf . In some respects this resembl
‘‘cluster-glass’’ behavior as pointed out by several auth
~e.g., Ref. 22!. A curious aspect of the data for samples w
x,0.15 is the unusual doping dependence ofTirr , a point
which will be returned to later in this paper.

The Sr doping dependence ofTC , M, and the 100 K co-
ercivity HC are shown in Fig. 4, where the existence of
critical Sr doping level for the onset of ferromagnetic orde
ing ~at x50.18) is clear.TC , M, andHC all show a sharp
increase aroundx50.18 with a maximum inTC occurring at
x50.5. This maximum inTC is simply explained by the fac
that atx50.50 the 1:1 ratio of Co31 to Co41 maximizes the
strength of the double exchange interaction. This leads
simultaneous optimization of the electron transfer and
minimum in the resistivity~r!, as shown in Fig. 4~d!. ~The
electronic transport properties are returned to in more de

lid

FIG. 4. Sr doping dependence of~a! TC , ~b! M (H
53000 Oe), ~c! HC (T5100 K) and ~d! r (T5270 K). TC was
estimated from Brillouin fits as described in Sec. III A 2.
8-4



4
ng
a
i
t

e
s
er
ic
st
on
A

io
th

th
o
it
-

ou
.
e

-

a

i-

-
m-
m is

of a
red
rs.

d

pa-
in
of

ese
ve
py

dis-
e-
gth
ith
c-
ses.

the

e
e
di-
ne
eti-
ol-
the

K.
g

eti-

GLASSY FERROMAGNETISM AND MAGNETIC PHASE . . . PHYSICAL REVIEW B 67, 174408 ~2003!
in Sec. III C.! The magnetization values displayed in Fig.
are for an applied field of 3 kOe, rather than simply quoti
saturation values. This is done because even in the ferrom
netic phase atx@0.18 the magnetization does not saturate
fields up to 50 kOe. Representative hysteresis loops aT
5100 K are shown in Fig. 5 forx50.60, 0.18, and 0.06. Th
x50.60 and 0.18 loops are representative of all sample
x.0.18, showing ferromagnetic behavior with clear hyst
esis, in addition to a component of the magnetization wh
does not saturate. This is consistent with the simple clu
model where some fraction of the Co spins exist in the n
ferromagnetic matrix, where the interactions are AF.
simple method to completely separate the F contribut
from the non-F spins in the AF matrix is to recognize that
high-field magnetization is given byMF1xAFH, whereMF
is the F component andxAF is the slope ofM vs H at high
field. Extrapolation of this high-field behavior back toH
50 therefore gives the F component only. Hence in Fig. 4~b!
we show twoM values; data obtained atH53 kOe and the
trueMF values. As can be seen from the figure the two me
ods are in close agreement. As a final comment on the d
ing dependence of these basic magnetic parameters
worth pointing out thatHC is temperature dependent, show
ing a significant increase with reducingT in the F phase.HC
values as large as 600 Oe are obtained at 10 K, which c
be related to the inhomogeneous magnetic ground state

Combining these data we are able to construct a magn
phase diagram similar to that of Itohet al.24 as shown in Fig.
6. We have also included the behavior of thex50 compound
and the evolution of the LaCoO3 MIT and spin-state transi
tions with very low Sr doping from Yamaguchiet al.54 The
phase diagram is dominated by the transition atx5xc
(0.15,xc,0.18) from the regime where the FC magnetiz
tion shows F ordering, to the regime atx,xc where the
magnetism is dominated by the SG-type behavior. TheTC

FIG. 5. Hysteresis loops@M (H) curves# for ~a! x50.60, ~b! x
50.18, and~c! x50.06. In all cases the temperature is 100
Loops were measured by starting at large positive field, sweepin
negative field, and then returning to positive field.
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monotonically decreases with decreasingx, from x50.5
down to x50.18, below which the phase diagram is dom
nated byTf , which decreases with decreasingx. We propose
that the critical pointxc marks the point where the ferromag
netic clusters coalesce allowing for ferromagneticlike te
perature dependence of the magnetization when the syste
field cooled and the clusters are aligned. The existence
finite TC at the point at which the F ordered phase is ente
is strong evidence for percolating ferromagnetic cluste
Starting from very lowx, the system is originally dominate
by AF interactions between Co31 ions. Asx is increased and
the fraction of Co41 ions increases the system phase se
rates into ferromagnetically interacting hole-rich clusters
an antiferromagnetically correlated matrix. In the context
our interpretation of the phase diagram in terms of th
ferromagnetic clusters it is important to note that they ha
been studied directly by transmission electron microsco
~TEM! in La12xSrxCoO3, by Caciuffo et al.55 High-
resolution images were indicative of an inhomogeneous
tribution of La ions leading to hole-rich regions in a hol
poor matrix, with the phase separation occurring on len
scales of the order of 10 nm. As the F clusters grow w
increasingx the temperature at which the F and AF intera
tions compete and spin-glass freezing occurs, increa
Hence theTf(x) line increases monotonically withx, even-
tually joining with theTC(x) line at the point (xc) at which
the clusters coalesce. The SG phase is achieved due to
frustration between the AF superexchange~between
Co31-Co31 and Co41-Co41) and the ferromagnetic doubl
exchange (Co31-Co41). It is in this regime that we observ
irreversibility between ZFC and FC magnetization in ad
tion to a relatively large field-cooled magnetization. O
simple explanation of this behavior is that the ferromagn
cally interacting spins within the clusters respond to the co
ing field, leading to the onset of a large FC moment at

to

FIG. 6. Magnetic phase diagram~in the T-x plane! for
La12xSrxCoO3 . PS5paramagnetic semiconductor, PM
5paramagnetic metal, FM5ferromagnetic metal, SG5spin glass,
MIT5metal-insulator transition, andTirr is the irreversibility tem-
perature which marks the bifurcation of ZFC and FC dc magn
zation curves. The open triangles at very lowx indicate the esti-
mated spin-state transition temperature from Yamaguchiet al.
~Ref. 14!.
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J. WU AND C. LEIGHTON PHYSICAL REVIEW B67, 174408 ~2003!
same time as SG behavior, which is due to the competi
between F double exchange and AF superexchange. Alte
tive explanations have been advanced based on cluster
concepts,22 as well as superparamagnetic behavior in the
correlated clusters.56 In the latter work56 Senaris-Rodriguez
et al. postulate that the bifurcation of ZFC and FC magne
zation curves in this regime is due to the different tempe
ture dependence of ZFC and FC magnetizations of clus
with volumes below the superparamagnetic limit. Looking
Fig. 6 the problem with interpreting our data with either
these models is the anomalous behavior ofTirr with Sr dop-
ing level. In contrast to Ref. 56 we observe thatTirr actually
decreaseswith increasingx, meeting with theTC(x) and
Tf(x) lines at the critical pointxc . This would imply that the
freezing temperature of the superparamagnetic clusters is
creasing with increasing volume~i.e., increasingx!, contrary
to our expectations. We are unable to explain theTirr(x)
behavior although it is clear that the facts thatTirr decreases
with x and that the three phase boundaries meet atxc are
critical.

The dissimilarity between the phase diagram
La12xSrxCoO3 shown in Fig. 6 and that of La12xSrxMnO3
~Ref. 2! is striking, and is worthy of some comment. This
primarily due to the fact that thex50 compound LaCoO3 is
a diamagnetic semiconductor atT50, unlike LaMnO3 which
exhibits AF ordering withTN'150 K. The La12xSrxMnO3
phase diagram shows an AF charge ordered insulating p
at low x which eventually evolves into a ferromagnetic ins
lator then a ferromagnetic metal.2 Above x50.45 AF order
reappears.2 In the cobaltite case there has been some sug
tion of orbital ordering effects at 100,T,500 K for x50,19

but these effects, and the spin-state transitions, are rap
destroyed with increasingx. Intriguingly, the very lowx re-
gime (x,0.01) shows magnetic behavior which is sugg
tive of magnetic polaron formation.54 These polarons could
well be the precursors of the ferromagnetically correla
clusters that dominate the behavior at largerx. Indeed, the
distinction between ‘‘magnetic polaron’’ and ‘‘short-rang
ordered ferromagnetic cluster’’ is quite arbitrary in our op
ion.

In summary, the La12xSrxCoO3 compound displays a
crossover from an SG dominated phase atx,0.18 to a F
dominated phase atx.0.18, although in both cases neith
ground state is entirely pure. Following previous work
which were stimulated by the blurred distinction between
SG and F phases in this compound, we undertook an
susceptibility investigation as discussed in Sec. III B.

2. Determination of the spin state of the Co ions

To shed some light on the spin state of the Co ions
attempted to deduce the Co ion spin value by two sim
methods. First we fitted the temperature dependence of
ferromagnetic magnetization to a Brillouin function for ea
value ofx, and extracted the best-fit value of the average
spin, Savg(x). In the second method we extractedSavg(x)
from the Curie-Weiss behavior in the paramagnetic phas
T.TC . Note that another seemingly simple probe of t
spin values—measuring the saturation moment inmB per Co
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ion—is fraught with complications due to the lack of satur
tion in M (H), as previously discussed.

Figure 7 shows the temperature dependence of the m
netizationM ~for x50.5) taken in a 10-Oe applied field, afte
field cooling from 300 to 5 K in a field of 10 Oe. The solid
line is the S51 Brillouin function which is a reasonabl
description of the data. The best fit was determined by fi
ing theSvalue which minimizes the statistical deviation~D!
between the fit and data, as shown in the inset of Fig. 7.~The
exact definition ofD is provided in the figure caption.! The
result of this procedure is a best-fit value ofS51.25. Inter-
estingly, repeating our fitting procedure for all otherx values
results in almost the same spin value,S'1.25. This is most
clearly illustrated in Fig. 8 which shows the reduced mag
tization @M /M (T50)# vs the reduced temperature (T/TC)
for all six samples in the range 0.2,x,0.7. The data col-
lapse to a single curve showing that the spin value is in
pendent ofx, being approximately 1.25 in all cases. Th
exact same fitting procedure was also applied to the temp
ture dependence of the saturation magnetization recorded
ing larger cooling fields and in larger measuring fields. It w
found that the reduced magnetization vs reduced tempera
curves always collapse in the range 0.2,x,0.7, regardless
of the exact value of the cooling field and measuring fie
~fields used were in the range 0,H,100 Oe). It is impor-
tant to stress the point that even if the extraction of a defin
spin value from the fit shown in Fig. 7 is considered uns
isfactory, the data collapse shown in Fig. 8 proves that
spin values is independent ofx ~at least for 0.2,x,0.7),
regardless of the confidence in the exact value ofS.

FIG. 7. M vs T for x50.5. The points represent the experimen
data while the dotted line is anS51 Brillouin function fit. The data
were taken after cooling from 300 to 5 K in a 10-Oe field. The
measuring field was 10 Oe. Inset: The deviation~D! between the
data and Brillouin function, as a function of the chosen spin valueS.

D5A( i 51
N ~Mi2MBrillouin!2

N
whereMi is the i th data point,MBrillouin is the value of the theoret
ical Brillouin function, andN is the total number of data points. Th
dotted line is a guide to the eye.
8-6
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GLASSY FERROMAGNETISM AND MAGNETIC PHASE . . . PHYSICAL REVIEW B 67, 174408 ~2003!
The results from our second method to determineSavg(x)
are displayed in Fig. 9. This method examines the param
netic phase where the susceptibility follows the Curie-We
law,

x5
C

T2u
, ~1!

where

C5
Nmeff

2

3kB
and meff5g@J~J11!#1/2mB . ~2!

Here, x is the susceptibility,C is the Curie constant,u
'TC , N is the number of Co ions per m3, meff is the effec-
tive number of Bohr magnetons (mB), g is the Lande´ g fac-
tor, andJ is the total spin quantum number. For allx values
Eq. ~1! describes the data very well at high temperatures
illustrated in the inset of Fig. 9 forx50.5, which plotsx21

vs T. The slope provides the spin valueSavg while the inter-

FIG. 8. M ~normalized to theT50 value! vs T ~normalized to
TC) for six samples in the range 0.2,x,0.7. As for Fig. 7, the
cooling and measuring fields were both set at 10 Oe.

FIG. 9. x dependence of the average spin value (Savg) extracted
from the Curie-Weiss behavior at highT. The dotted line assume
IS Co31 and HS Co41. The broken line assumes IS Co31 and LS
Co41. The solid line assumes IS Co31 and IS Co41. Inset:x21 vs
T(T.TC) for x50.5. Solid line is the Curie-Weiss fit.
17440
g-
s

s

cept yieldsu. ~All the u values extracted in this manner a
comparable toTC .) The values ofSavg are then plotted
againstx in Fig. 9, confirming the conclusion from the pre
vious analysis that the spin values always lie in the rang
,S,1.5 and are largely independent of Sr doping lev
Note that our data reveal no distinct changes in slope in
x21 vs T curves, suggesting that thermally driven spin-st
transitions@such as those observed in the undoped coba
LaCoO3,12–16 GdBaCo2O5.5,26,27 and Pr0.5Ca0.5CoO3 ~Ref.
25!# do not take place in this material~at least in the range
0.2,x,0.7).

Denoting the spin of Co31 and Co41 ions asS31 andS41

we can write the average spin value in La12xSrxCoO3 as

Savg5~12x!S311xS415S311x~S412S31!. ~3!

Clearly the only way to obtain anSavg which is independent
of x is to haveS315S41. The complicating factor in cobal
tites is the existence of various spin states, very close
energy, as summarized in Table I. Recent theoretical wo
clearly favor the intermediate-spin~IS! state for the Co31 ion
in LaCoO3,18,19 but the spin state of the Co ions i
La12xSrxCoO3 is more controversial. Although the IS sta
can be expected for Co31, due to the suppression of th
low-spin ~LS! state with very small Sr doping~as shown in
the phase diagram, Fig. 6! the spin state of the Co41 ion is an
open issue. One should bear in mind that intermediate
high-spin states for Co41 ions are somewhat surprising as
other compounds Co41 favors the low-spin state. The situa
tion where Co31 ions are in the intermediate-spin sta
(S3151) and the Co41 ions are in the high-spin stat
(S4152.5), as is commonly assumed, is shown as a do
line in Fig. 9. Clearly our data are at variance with the

TABLE I. The possible spin states of the Co31 and Co41 ions in
La12xSrxCoO3 . The lower energy levels correspond to thet2g elec-
trons, while the highest levels~which are separated from the lowe
ones by a gap! correspond to theeg states.
8-7
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J. WU AND C. LEIGHTON PHYSICAL REVIEW B67, 174408 ~2003!
assumptions. Moreover, the situation where Co31 ions adopt
the IS state and Co41 ions are in the LS state is also a po
description of the data, as shown by the broken line in Fig
In fact, examining Table I it is clear that the only situatio
which is consistent with the Co31 and Co41 spin values
being approximately equalandclose to 1.25 is the one wher
both ions are in the intermediate-spin state@i.e., S51 for
Co31 (x50) andS51.5 for Co41 (x51)]. This is shown as
the solid line in Fig. 5 and is clearly in far better agreeme
with our data than the assumption of high-spin state or lo
spin state Co41. Note that the data of Fig. 7 and the inset
Fig. 9 ~which both deal with thex50.5 case! are perfectly
consistent with this hypothesis, asS51.25 is the expected
spin value forx50.5.

This situation where both Co ions are in the intermedia
spin state has been recently proposed by Ravindranet al.18

~from spin-density-functional band-structure calculatio
employing the fixed spin moment method!, who suggest tha
hole doping in this material reduces ionicity, enhancing h
bridization between Co and O, and stabilizing t
intermediate-spin state. They assert that hole doping
La12xSrxCoO3 uniformly affects all Co ions, meaning tha
the spin states of the two ions are identical. Due to this Co
hybridization the expected average Co moment (1.98mB /Co
for x50.5) is reduced compared to the simple ionic mo
prediction (2.5mB /Co). Although the difficulties with deter
mining the saturation magnetization of these cobaltites h
already been noted, our best estimate forx50.5 lies at
1.92mB /Co, in excellent agreement with the predicted va
of 1.98mB /Co. Our observation of an IS spin state fro
magnetometry measurements on samples in the range
,x,0.7 is also consistent with the previous neutro
scattering measurements17,55and adds further weight to thes
arguments. It should be noted that some of these studies
only with a single composition (x50.5),17 while our mea-
surements reinforce the point thatthe intermediate spin stat
is stable over a very wide composition range, and that this
can be deduced from very simple magnetometry meas
ments. It should also be noted that our data are in agreem
with the work of Caciuffoet al.,55 who suggest that it is the
Co ions in the ferromagnetic clusters that are in the IS st
It is clear that the measurements of ferromagnetic magn
zation presented in Fig. 8 probe primarily the Co spins
these ferromagnetic clusters.

We would like to reiterate the point that we observe
evidence of any spin-state transition in the interval 5,T
,800 K, for compositions in the range 0.2,x,0.7. The ex-
istence of both ions in an intermediate-spin state may
consistent with the fact that we observe no evidence for th
thermally driven spin-state transitions. As pointed out
Ravindranet al.36 and Korotin et al.,11 the energy gap be
tween the intermediate- and high-spin states is far larger
the gap between the low-spin and intermediate-spin sta
meaning that compounds such as La12xSrxCoO3 with an
intermediate-spin ground state~at least for 0.2,x,0.7) are
unlikely to display thermal excitation to the high-spin sta

To summarize our attempts to determine the spin stat
the Co ions in the F state of La12xSrxCoO3, we have deter-
17440
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mined the average spin value as a function ofx from Bril-
louin function fits to the behavior belowTC and from Curie-
Weiss fits to the behavior aboveTC . In both cases this spin
values is relativelyx independent and is consistent withboth
Co ions adopting the intermediate-spin state.

B. ac susceptibility

The temperature dependence of the ZFC ac susceptib
is displayed in Fig. 10 for 4 representative samples withx
50.40, 0.30, 0.18, and 0.09. Bothx8 and x9 ~the in-phase
and out-of-phase components, respectively! are measured a
10, 100, 1000, and 10 000 Hz. In the F regime atx.0.18 all
samples display a strong peak inx8, followed by a mono-
tonic decrease asT→0. Given the proximity toTC , and the
frequency-independent nature of the peak, this is interpre
as the onset of ferromagnetic ordering. It should be no
that FC x8(T) shows similar behavior to ZFCx8(T), the
only discernible difference being a larger peak value of
susceptibility in the FC case. As expected from the pre
ously discussed behavior ofTC(x), the temperature at which
x8 reaches a maximum decreases asx is decreased toward
0.18, where the indication of the onset of ferromagnetic
dering is lost. Belowx50.18 all samples show a frequenc
dependent peak which occurs very close to the point
which the ZFC dc magnetization reaches a maximum. T
frequency dependence is a direct indication of slow spin
namics leading us to associate this peak with the SG free
temperatureTf . This frequency dependence is illustrate
more clearly in Fig. 11 which shows a ‘‘closeup’’ of this pea
in x8(T), measured with a temperature spacing of 0.25
for thex50.09 sample. We observe the expected SG beh
ior, with Tf increasing monotonically with increasing fre
quency f. Moreover, this dependence on frequency is w
described by the conventional critical ‘‘slowing down’’ of th
spin dynamics53,57 as described by

t

t0
}S Tf2TSG

TSG
D 2zn

, ~4!

wheret} f 21, TSG is the critical temperature for SG orde
ing ~this is equivalent to thef→0 value of Tf), zn is a
constant exponent, andt0 is the characteristic time scale fo
the spin dynamics. The agreement with Eq.~4! is shown in
Fig. 12 for x50.09, where log10( f ) is plotted as a function
of log10@(Tf2TSG)/TSG#. The best fit to the form shown in
Eq. ~4! is obtained by choosing the value ofTSG which mini-
mizes the least-square deviation from a straight-line fit. T
values oft0 andzn are then extracted from the intercept a
slope, respectively. For thex50.09 sample this results in th
values TSG539.1 K, zn59.33, andt053310215 s. The
TSG value extracted in this manner is clearly reasonable~by a
simple extrapolation ofTf to zero frequency!, while the other
fitting parameters should be compared to canonical SG
tems where typical values arezn'10 andt0;10213 s.53,57

A similar fitting procedure applied to all samples belowx
50.18 results in the values shown in Fig. 13. It should
noted that in all cases the chosen value ofTSG results in a
clear minimum in the least-square deviation from straig
8-8
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FIG. 10. Temperature depen
dence of the in-phase~left panel!
and out-of-phase ~right panel!
components of the ZFC ac susce
tibility for x50.40 @~a! and ~e!#,
x50.30 @~b! and~f!#, x50.18 @~c!
and ~g!#, and x50.09 @~d! and
~h!#. The data were taken at 10
100, 1000, and 10 000 Hz as ind
cated in the figure.
e
di
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nd
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0– the
line behavior in log10( f ) vs log10@(Tf2TSG)/TSG#. The data
show the expected increase inTSG with x ~consistent with the
ZFC dc magnetization data! along with a systematic increas
in time scale with Sr doping level. These data clearly in
cate slower spin dynamics as the doping level increases
cluster sizes grow. As we shall see in the next section of
paper the F phase also displays some glassy character
that can be well described by Eq.~1!. In this case anoma

FIG. 11. Closeup of the temperature dependence of the in-p
ac susceptibility forx50.09, at seven frequencies in the range 1
10 000 Hz.
17440
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lously larget0 values are extracted, consistent with the tre
shown in Fig. 13.

It is well known that the out-of-phase component of the
susceptibility,x9, provides valuable information on the mag
netic energy dissipation or ‘‘energy loss’’ over a single cyc
of the ac magnetic field. Thex9(T) behavior is shown in the
right-hand panel of Fig. 10, again as a function of frequen
of the ac field.x9(T) shows a clear evolution in behavio
with decreasingx. For thex50.40 and 0.30 samples~in the

se FIG. 12. log10( f ) vs log10@(Tf2TSG)/TSG# for x50.09, demon-
strating the agreement with Eq. 1. The solid line is a best fit to
data with the parameters shown in the figure.
8-9
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J. WU AND C. LEIGHTON PHYSICAL REVIEW B67, 174408 ~2003!
F phase! we observe a sharp peak in the vicinity ofTC ,
which is independent of frequency, in addition to a stron
frequency-dependent peak at someT,TC . Close examina-
tion of x9(T), x8(T) ~Fig. 7!, and the FCM (T) ~Fig. 3!
reveal that thepeak in x8(T) corresponds to theTC value
extracted from dcM (T), while it is the point at whichx9(T)
approaches zero which corresponds toTC , rather than the
peak in x9(T), which actually occurs significantly below
TC . This subtlety has been discussed in detail by Nam
co-workers20,21 who pointed out that this may indicate th
the peaks nearTC in x8(T) andx9(T) have different origin.
In fact they postulate that the peak inx9(T) corresponds to
the reversibility temperature in dcM (T), where the FC and
ZFC magnetizations bifurcate just belowTC .20,21 We there-
fore labelTC as the point at whichx9(T) approaches zero.

The frequency-dependent peak atT,TC is of greater in-
terest. As shown in Fig. 10 this peak becomes less p
nounced and shows reduced frequency dependence asx is
lowered towardsx50.18. In fact, at the critical value fo
ferromagnetic order (x50.18), the peak is no longer clear
observed. In this sample the lower temperature side of
main peak inx9(T) has now become frequency depende
suggesting that the two peaks originally observed forx
50.40 have actually merged asx→xc . At all compositions
less thanx50.18~the SG phase!, x9 is considerably reduced
in magnitude and simply displays a peak atTf . The exis-
tence of a frequency-dependent peak inx9(T) occurring well
below TC is a very clear indication that even in the ‘‘
phase’’ these samples do not exhibit conventional long-ra
ferromagnetic ordering. Rather, it seems natural to asc
this peak to the freezing of the ferromagnetic clusters wh
are responsible for the ‘‘Brillouin-like’’ FCM (T). Following
Nam and co-workers20,21we fitted the frequency dependen
of this peak to the form in Eq.~4! where the freezing tem
perature is now the freezing temperature of the ferromagn

FIG. 13. Doping dependence of the spin-glass freezing temp
ture (TSG) and relaxation time (t0), as extracted from fits of the
type shown in Fig. 12.
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clusters andTSG is replaced by the zero-frequency extrap
lation of this cluster freezing temperature, denotedTclust. In
agreement with Nam and co-workers we find that the ch
acteristic time scale describing the spin dynamicst0 is con-
siderably increased over that found previously for the
phase~Fig. 13! and the typical values for canonical S
systems.53 We obtain t05431029 s for x50.30 and 8
31029 s for x50.40, with zn values of 9.38 and 11.66
respectively. Such large characteristic times are no doub
lated to the size of the clusters.

It should be noted that Nam and co-workers20,21also mea-
sured large aging effects in ‘‘waiting time’’ experiments o
x50.5 compounds, both below and above the apparent c
ter freezing temperature. These data represent further
dence of the glassy nature of the ferromagnetically orde
state atx.0.18.

In summary, the ac susceptibility of La12xSrxCoO3
evolves in a systematic way asx is lowered from the F re-
gime into the SG dominated phase. In the F dominated
gime x8(T) shows a frequency-independent peak atTC
which occurs at a lower temperature asx is lowered. When
the SG phase is entered this peak becomes frequency de
dent and marks the SG freezing temperature. On the o
handx9(T) increases from zero atTC to form a frequency-
independent peak in the F phase. This is followed by a s
ond peak atT!TC , which shows a strong frequency depe
dence and has been interpreted as the point at which
ferromagnetic clusters freeze. Unsurprisingly the dynam
of this process become slower asx is increased and the fer
romagnetic clusters become more dominant.

C. Magnetotransport

As expected, doping divalent Sr onto the trivalent La si
in the semiconductor LaCoO3 results in hole doping and th
eventual onset of metallic behavior. The evolution of t
temperature dependence of the resistivity with Sr doping
displayed in Fig. 14. Note again that more compositio
were measured but only 11 are shown for the purpose
clarity. Thex50 end point, LaCoO3, shows semiconducting
behavior asT→0, along with a small anomaly in the vicinity

a-

FIG. 14. Temperature dependence of the resistivity
La12xSrxCoO3 in the range 0.00,x,0.50.
8-10
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GLASSY FERROMAGNETISM AND MAGNETIC PHASE . . . PHYSICAL REVIEW B 67, 174408 ~2003!
of the spin-state transition at 100 K, as detailed elsewher16

Sr doping rapidly decreasesr(T50) and eventually leads to
a metallic like temperature dependence (dr/dT.0) for x
.0.20. Concerning the exact position of the MIT it is im
portant to note the qualitative differences betweenr(T) for
x50.15 andx50.18. In the former caser(T) appears to be
diverging atT50, indicating that the system is on the ins
lating side of the MIT. On the other hand thex50.18 sample
appears to show a weakening inr(T) as T→0, and would
appear to have a finite value for the zero-temperature
trapolation of the conductivity, i.e., metallic behavior.~Here
we are using the rigorous definition of a metal—a mate
with a finite ~nonzero! conductivity at the absolute zero o
temperature.! This is shown more clearly in Fig. 15, whic
displays the temperature dependence of the low-tempera
conductivitys for x50.15, 0.18, and 0.20. Measurement
the s(T) curves forx50.15 andx50.18 was extended to
0.4 K in order to make a more meaningful assessment of
zero-temperature conductivity. Given the nonzero value
the zero-temperature extrapolation of the conductivity fox
50.18, we conclude that the MIT lies in the range 0.
,xC,0.18. The dependence of the 5 K conductivity onx is
shown in Fig. 16~both on linear and log10 scales!, where we
see that the onset of metallic behavior is quite sharp an
followed by an immediate saturation of the conductivity. T

FIG. 15. Temperature dependence (0.40,T,20 K) of the con-
ductivity for x50.15, 0.18, and 0.20. Note the ‘‘split’’ conductivit
scale.
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data clearly show that the critical Sr doping level for t
onset of ferromagnetic order (xc'0.18) is identical to the
MIT critical point. This is in contrast to the manganite sy
tem La12xSrxMnO3 where ferromagnetism is achieved at
much lower Sr doping than the onset of metallicity.2 In fact
the phase that is classified as ‘‘ferromagnetic insulator’’x
.0.09) occurs before the ‘‘ferromagnetic metal’’ phase
entered (x.0.16).2 This is also true of numerous other pha
diagrams in the manganite series.2 The simultaneous onset o
ferromagnetism and metallicity in our cobaltite system lea
us to propose that the two are related. Specifically we s
gest that the critical Sr doping valuexc is the point at which
the ferromagnetically ordered~hole-rich! clusters begin to
coalesce and percolation occurs. This leads to metallic
havior in r(T) and ferromagnetlike behavior inMFC(T). In
this simple model we would expect that the behavior ofs
(T→0) as a function ofx would be more consistent with
percolation transition than a conventional Mott-Anders
transition. At conventionalT50 MIT’s the conductivity is
expected to follow the form

s~T→0!5s0S x

xC
21D m

~5!

from the scaling theory of electron localization.58 In this
equations0 is a constant prefactor whilem is the conductiv-
ity critical exponent. The value of the exponent has bee
matter of experimental and theoretical debate since the in
duction of the scaling theory, but is found to lie in the ran
0.5,m,1.0 in the vast majority of cases.59 The situation for
a percolation transition is very different; again a number
values have been proposed form but they are in the region o
m'1.6– 2.0.60 For the specific situation of a mixed valenc
manganite system Xionget al.61 calculated the critical expo
nent for a percolation transition, finding, in agreement w
earlier experiments,62 that the exponent is significantly large
than 1 and is strongly magnetic-field dependent. Althou
the data in Fig. 16~a! do show a rounded transition followe
by a rapid increase ins with increasingx ~i.e., they would
appear consistent withm@1.0) the elevated temperature~5
K! produces significant thermal smearing of the transit
region.63 Future work will include extending these measur
ments to below 1 K to investigate this issue in detail. It i
also clear that this would require investigation of a larg
number of samples in the critical region.
-
FIG. 16. Sr doping depen
dence of the 5 K conductivity~a!
on a linear scale and~b! on a log10

scale. The solid line is a guide to
the eye.
8-11
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J. WU AND C. LEIGHTON PHYSICAL REVIEW B67, 174408 ~2003!
The most striking feature of the data shown in Fig. 16
not the details of the onset of metallic behavior~which were
just discussed!, but the saturation of the conductivity imme
diately after the metallic phase is entered. This behavio
reminiscent of the simplest possible scenario for a perc
tion transition where one of the phases is metallic with
finite conductivity and the other is insulating with zero co
ductivity atT50. After the percolation limit is exceeded an
metallic paths become present the conductivity saturate
the conductivity of the metallic phase. An alternative exp
nation is that the conductivity is limited by grain bounda
scattering in these polycrystalline specimens. We reject
hypothesis on the grounds that the conductivity saturate
unreasonably low values for a grain size, which is known
be in themm range. Assuming a simple free-electron mod
and reasonable values for the free-carrier density we ca
late that the conductivity at which we observe saturation c
responds to a mean free path of the order of 10 nm, i.e
least 100 times lower than the grain size. In order to obta
mean free path comparable to the grain size for these
ductivity values we would have to accept a carrier density
low as 1018 cm23. Although free-electron models are un
likely to account exactly for the metallic conductivity in sy
tems such as these, it seems that the conductivity satura
shown in Fig. 16 is not due to grain-boundary scattering.
therefore interpret the data in terms of the simple percola
model.

The temperature dependence of the conductivity near
MIT is worthy of further comment. As expected from th
effects of electron-electron interaction in the presence of
order, Sr doping levels just on the metallic side of the tra
sition exhibit a T1/2 dependence in the conductivity.59 As
shown in Fig. 17, forx50.18, the conductivity obeyss(T)
5s(T50)1mT1/2,59 with s(T50)510.3 (V cm)21 and m
51.23 (V cm)21 K21/2, below about 10 K. Suchm values
are in good agreement with previous work on disorde
systems near the MIT.59,48This analysis cannot be applied
higher x samples because~i! it only applies in the weakly
localized regime close to the MIT and~ii ! samples with
x.0.20 were not measured below 5 K. On the insulat
side of the MIT the data of Fig. 14 forx,0.18 where found
to fit the Mott variable range hopping law,s
5A exp@2(T0 /T)1/4#, where A and T0 are constants.T0

FIG. 17. Temperature dependence of the conductivity fox
50.18 plotted on aT1/2 scale.
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shows a dramatic reduction with increasingx ~as the MIT is
approached!, falling from 3.33107 K for x50.03 to 2
3104 K at x50.15. This can be understood based on the f
that To scales as 1/j3, wherej, the localization length, di-
verges at the MIT in accordance with the scaling theory.58,59

The behavior of the magnetoresistance~MR! ratio
@Dr/r05r(H)2r(H50)/r(H50)# and a closer examina
tion of r(T,H) are shown in Fig. 18. Samples withx
50.60, 0.30, 0.18, 0.15, and 0.09 are shown, and the
data were taken in a magnetic field of 90 kOe. Thex50.60
and 0.30 samples are representative of the F phase, sho
metallic behavior inr(T) and a negative MR which peaks i
the vicinity of TC . At the most conductive composition
~aroundx50.4– 0.6) dr/dT.0 in the wholeT range, and
MR values up to 10% can be achieved. We consider this
to be a CMR-type behavior similar to that observed
La0.67Sr0.33MnO3,2,3,10,11,63due to the fact that it is negative
peaks just belowTC and has the expected field dependen
as shown in Fig. 19. Here it is clearly seen that ther(H)
behavior is ‘‘rounded’’ aboveTC and ‘‘sharp’’ below TC .
This is due to the fact that the MR scales with the sam
magnetization,2,3,63 meaning that the resistivity decreas
quickly with applied field forT,TC , where M increases
rapidly with H. There are a number of noteworthy poin
about the behavior of the CMR, which should be addres

FIG. 18. Temperature dependence of the resistivity~left panel!
and magnetoresistance~right panel! for x50.60 @~a! and ~f!#, x
50.30@~b! and~g!#, x50.18@~c! and~h!#, x50.15@~d! and~i!#, and
x50.09 @~e! and ~j!#. The resistivity data were taken in zero fie
~closed symbols! and 90 kOe~open symbols!. All of the MR values
are for 90 kOe. The arrows indicate the value ofTC for the ferro-
magnetic samples.
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before we continue to a description of the magnetotranp
behavior asx is decreased and the MIT occurs. First, t
low-temperature tail in MR(T) for the most conductive
samples@e.g.,x50.6 in Fig. 18~b!# is rather small. This tail
is typically observed in polycrystalline manganite thin film
and bulk samples but is not observed in single crystals.3,64–66

It is attributed to intergranular tunneling across grain bou
aries, an effect analogous to the tunneling magnetoresist
~TMR! observed in planar F/insulator/F tunnel junctions.67 It
is therefore accompanied by hysteresis inr(H) and increases
strongly with decreasing temperature. Our samples disp
neither of these effects; we observe no hysteresis in the
and, at least for the most conductive part of the phase sp
the MR does not increase sharply with decreasingT. We
therefore doubt that the low-T MR is due to the intergranula
tunneling mechanism. It is also worth noting that we obse
none of the complex, history dependent, resistivity nonc
sure effects observed in a previous study of the MR
La12xSrxCoO3 polycrystals by Mahendiranet al.68 Mahendi-
ranet al.also report an unexpected crossover to positive M
at highT for the most metallic samples. We do not obser
such behavior.

As x is lowered and the MIT is approached this lowT tail
in MR(T) becomes more pronounced, as does an uptur
r(T) at low temperatures, likely due to weak localizatio
@Given that we have conclusively proven that samples w
x.0.18 have finite zero-temperature conductivity and
therefore metals we interpret the low-T upturn inr(T) sim-
ply as due to weak localization, rather than a re-entr
insulator-metal transition as suggested by Senaris-Rodrig
et al.56# As x is reduced to 0.18 and below, the CMR peak
the vicinity of TC decreases in magnitude and eventua
disappears, the low-T MR increases andr(T) crosses over to
a semiconductorlike temperature dependence.x50.18 is the
lowest x which shows a peak in MR(T), further evidence
that the critical composition lies in the range 0.15,xc
,0.18. The dependence of the MR onx is more clearly
shown in Fig. 20, which plots the peak MR value~due to
CMR effects! and the maximum low-T MR ~measured at 5

FIG. 19. Magnetic field dependence of the magnetoresista
ratio for x50.40. The data were taken just above~260 K! and just
below ~240 K! TC ~250 K!.
17440
rt

-
ce

y
R
ce,

e
-
f

e

in
.
h
e

t
ez

K! as a function ofx. The CMR peak vanishes sharply atxc ,
while the low-T MR monotonically increases with decrea
ing x, as the insulating phase is entered. The behavior
below the MIT atx50.15 is particularly interesting@Fig.
17~h!#, as the MR persists even up to room temperat
where it attains a value of approximately 35%. The origin
this MR is not completely clear although it is likely due
spin-dependent effects in the hopping regime. These eff
are due to the spin-dependent part of the random pote
distribution, which is suppressed in large magnetic fields
the spins are aligned. The behavior in the magnetic semic
ductor Gd32xvxS4 as investigated by von Molnaret al.47 is
the classic example. Very similar behavior has previou
been observed by us in LaCoO3 above the spin-state trans
tion temperature,16 where the Co31 ions are paramagnetic. I
is important to note that the work on classic magnetic se
conductors such as Gd32xvxS4 ~Ref. 47! and Cd12xMnxTe:In
~Ref. 48! shows that the behavior of the MR in the insulatin
phase can be understood in terms of the formation of m
netic polarons. The polarons are aligned by the magn
field leading to a suppression of the spin-dependent par
the disorder potential and increased probability for a hop47

In our cobaltite system the situation is similar. The Co31 and
Co41 spins which make up the magnetic polarons~or ferro-
magnetic clusters! are aligned by the magnetic field leadin
to an increased hopping probability and a negative MR. T
simple, albeit very qualitative, model also offers a possi
explanation for the enhancement of the MR near the M
leading to MR persisting to room temperature forx50.15. In
the situation where the composition is very close to the p
colation threshold it is clear that the application of a ma
netic field, which changes the spin alignment of the clust
is likely to induce large changes in the conductivity. This
consistent with the concepts developed by Xionget al.61

where the critical exponent for the percolation driven MIT
a strong function of magnetic field.

It is important to note that the SG freezing appears
have no effect onr or the MR. There are no anomalies atTf
at any of the compositions studied. The effect of SG freez

ce
FIG. 20. The doping dependence of the two magnetoresista

contributions. The open symbols denote the low-temperature~5 K!
MR, while the solid symbols represent the CMR-type behav
which occurs in the vicinity ofTC .
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on the transport properties of magnetic semiconductors
relatively open issue and there are few cases whereTf influ-
ences the conduction mechanism. Rare examples inc
a-MnxSi12x ~Ref. 69! and Cd12xMnxTe:In,70 where the SG
freezing leads to a corresponding freezing of the magn
polaron binding energy, which in turn leads to the recov
of a simple activated form forr(T) in the hopping regime.

As a final note on the magnetotransport properties of
system and their relation to the ferromagnetic clusters
percolation, we would like to point out that a similar mod
is invoked to explain the observation of a giant anomalo
Hall effect in single-crystal La12xCaxCoO3.71 The original
discovery of the largest anomalous Hall effect of any kno
metal was made in La12xCaxCoO3 thin films by Samoilov
et al.72 who interpreted their data in terms of enhanced sp
orbit scattering at the interfaces between low-spin and h
spin regions, in the vicinity of the percolation thresho
Baily et al.71 prefer to interpret the giant anomalous Ha
effect as being due to an inhomogeneous current density
to the existence of ferromagnetic clusters. This second
nario is entirely consistent with the cluster model used in t
paper to understand the magnetotransport properties
La12xSrxCoO3.

To summarize our magnetotransport measurements
observe a MIT atxc which is consistent with a percolatio
transition. The ferromagnetic clusters begin to coalesce
this point leading to the simultaneous onset of ferrom
netism. CMR-type behavior is observed on the metallic s
of the MIT, while a low-T component to the MR increases
magnitude as the insulating phase is entered. This MR c
tribution is attributed to the increase in the probability
hopping processes as the external field aligns the Co sp
leading to negative MR.

IV. SUMMARY AND CONCLUSIONS

We have presented a detailed set of magnetometry
susceptibility and magnetotransport measurements on p
crystals of La12xSrxCoO3 at a total of 14 compositions from
x50 (LaCoO3) to x50.7. The magnetic phase diagram h
been constructed and the characteristics of each phase e
lished. In the ferromagnetic phase measurements of the
erage spin state of the Co ions, from both Brillouin functi
fits to the temperature dependence of the magnetization
Curie-Weiss behavior at high temperatures, indicated a c
position dependence that is consistent with both ions ad
ing the intermediate-spin state. Atx>0.18 we observe indi-
on
-
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cations of ferromagnetic ordering~large magnetization,
Brillouin-like temperature dependence of the field cool
magnetization and the existence of a Curie temperature! as
well as simultaneous indications of glassy behav
~frequency-dependent peaks in the out-of-phase compo
of the ac susceptibility and an unusual temperature dep
dence of the zero-field-cooled magnetization!. On the other
hand, forx,0.18 we observe clear indications of spin-gla
freezing ~a frequency-dependent peak in the in-phase co
ponent of the ac susceptibility which can be described
critical slowing down of spin dynamics! as well as indica-
tions of strong ferromagnetic correlations~large field-cooled
magnetization!. In terms of magnetotransport properties w
have determined that the metal to insulator transition is
incident with the onset of ferromagnetic ordering. On t
metallic side we observe colossal magnetoresistance-typ
fects which exhibit a peak in the vicinity of the Curie tem
perature. In contrast, the magnetoresistance on the sem
ducting side monotonically increases with decreas
temperature and shows an enhancement near the trans
We have consistently interpreted all of these phenomen
terms of the short-range-ordered ferromagnetic clus
model, which seems to be a very reasonable qualitative
scription of the phenomenology. This system clearly show
propensity for intrinsic phase separation that is even stron
than that seen in manganites such as La12xSrxMnO3. We
suggest that the evidence for magnetic phase separatio
doped cobaltites is abundant, and that these compound
model systems in which to study intrinsic phase separat
Future experiments which would greatly benefit the und
standing of the fundamentals of phase separation incl
transmission electron microscopy, neutron scattering, sc
ning tunneling microcopy, scanning tunneling spectrosco
and Co nuclear magnetic resonance. In addition it is cl
that quantitative models of the phase separation are ne
along with predictions concerning the size, magnetizati
carrier density, and spin dynamics of the ferromagnetica
correlated clusters.
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