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We have investigated microscopic magnetoelectronic phase separation and phase evolution with temperature
in La1−xSrxCoO3, for x in the range zero to 0.3, using high-field139La NMR. For xù0.1 three coexisting
magnetic phases, ferromagnetic(FM), paramagnetic(PM), and spin glass(SG) or cluster glass are observed in
the spectra over a wide temperature range. The temperature evolution of the phases shows some conversion of
SG to FM phase occurs as the temperature is raised above 30 K. This temperature range coincides with the
interval in which Co ions undergo a low-spin(LS) to intermediate-spin(IS) state transition in undoped or very
lightly doped material. Measurements on undoped and lightly dopedsx=0.03d samples provide information on
line shape, nuclear relaxation rates, and the LS to IS transition of the Co ions in the PM material. At high
temperatures approaching the maximum measured Curie temperature of,240 K, found forxù0.3, the FM
phase signal changes and shifts significantly following the magnetization. Evidence for the existence of mag-
netic entities such as spin polarons coexisting with the PM phase is found at the higher temperatures.
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I. INTRODUCTION

Intrinsic phase separation in doped transition metal oxides
is found to be important in determining unusual properties in
these materials. An important example is colossal magne-
toresistance in the manganites. Phenomena of this kind have
attracted considerable experimental and theoretical interest.
The high-TC cuprates and the cobaltites provide further ex-
amples of microscopic phase separation effects. Recent the-
oretical work1,2 has provided insight into the mechanisms
that give rise to nanoscale phase separation in these systems.

Experimental evidence3,4 obtained for Sr-doped cobal-
tites, La1−xSrxCoO3, has confirmed that ferromagnetic(FM)
and nonferromagnetic(NFM) phases coexist for a wide
range of dopant levels. Co ions are present in different
charge and spin states leading to a rich variety of properties
as a function of temperature and applied magnetic field, in-
cluding large negative magnetoresistance forx,0.2 (Refs. 5
and 6) and a very large anomalous Hall effect.7 Phase dia-
grams for the doped system have been proposed by a number
of workers,8–11 and show a metal-insulatorsMI d transition at
x=0.18 and a Curie temperatureTC close to 240 K for
x.0.3. In the metallic region, FM coupling is attributed to
double exchange between Co3+ and Co4+ ions, similar to the
double exchange mechanism in the doped manganites. Neu-
tron and transport measurements12 suggest that magnetic po-
larons are formed in Sr-doped samples asT is raised and
passes throughTC.

The crystal structure of LaCoO3 is almost cubic, with a
small rhombohedral distortion, and has the space groupR3c.
For La1−xSrxCoO3 the rhombic distortion decreases with in-
creasing x, eventually vanishing forx=0.5. In undoped
LaCoO3 competing crystal field splitting and Hund’s rule
coupling effects lead to a small gap betweent2g

6eg
0sS=0d,

low-spin (LS), and t2g
5eg

1sS=1d, intermediate-spin(IS),
states. Magnetic susceptibility measurements13 and photo-

emission spectroscopy14 show a transition of Co ions from
LS to IS states in the temperature range 30–100 K as a result
of thermal excitation. At temperatures above 100 K Curie-
Weiss susceptibility behavior is observed.

For Sr-doped samples the Co3+ IS states are stabilized at
all temperatures in the vicinity of dopant atoms.13 The MI
transition atx=0.18 corresponds to a percolation threshold
involving metallic FM clusters. Magnetization and ac sus-
ceptibility measurements11 on selected samples have shown
that spin-glass(SG) or cluster-glass(CG) behavior is ob-
served as the temperature is lowered belowTC. Field cooled
(FC) and zero-field cooled(ZFC) magnetization data11,15

show marked differences at temperatures well belowTC that
may be explained in terms of SG or CG properties. The FC
MsTd curves can be fitted using a Brillouin function withS
=1.11 This is consistent with the Co3+ ions being in the IS
state and Co4+ ions in either the LS or IS states.3,11,10,16Neu-
tron diffraction has shown that temperature-dependent local
lattice distortions, specifically involving Co-O bond angles
and lengths, are present in doped material.3 Elastic and in-
elastic neutron scattering experiments16 provide evidence for
both static and dynamic Jahn-Teller(JT) distortions depend-
ing on the dopant concentration. Long-range elastic interac-
tions between JT sites may be important in determining the
SG properties.16

While phase separation has been established for high
quality doped cobaltite samples, many questions relating to
the underlying mechanism remain to be answered. Direct
evidence for hole-rich and hole-poor regions, based on high-
resolution transmission electron microscopy images, has
been obtained in samples withx=0.15 andx=0.30.3 The
evolution with temperature of the distinct FM and NFM
phases has not previously been studied in detail at the micro-
scopic level.

59Co NMR spin echo experiments have provided informa-
tion on the coexistence of FM and NFM phases for tempera-
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tures in the range 2–25 K for both metallic and insulating
samples.4 Measurements at higher temperatures were not car-
ried out since the59Co spin-spin relaxation timeT2 decreases
with T and above 25 K becomes so short that spin echo
detection is no longer possible. The ZF and high-field(HF)
59Co results, taken together, have shown that phase separa-
tion, as determined using the areas of NMR spectra, is not
sensitive to the field used or to the cooling protocol(FC or
ZFC) followed. 139La NMR offers an alternative approach to
the study of phase separation in this system. Previous ZF
139La NMR experiments in doped material17 have shown that
the transferred hyperfine coupling at the La sites corresponds
to a resonance frequency of,15 MHz in the FM regions.
Few previous high-field139La measurements appear to have
been carried out on doped or undoped material. The present
work has used high-field139La NMR to investigate phase
separation effects in La1−xSrxCo3 for a number of dopant
concentrationsx in the range 0.1 to 0.3, at temperatures up to
300 K. For comparison purposes some measurements have
been made on an undoped sample and a lightly doped
sample.

II. EXPERIMENTAL PROCEDURES

The samples were prepared by solid-state reaction. Details
of material preparation and characterization have been given
previously.4,11 The samples consisted of polycrystalline ma-
terial with an average grain size of 10µm. Samples withx
values 0, 0.03, 0.1, 0.18, and 0.30 were used in the investi-
gation.

The 139LasI = 7
2

d NMR spin echo experiments were carried
out using a pulsed spectrometer with a tuned variable tem-
perature probe. At a chosen temperature, spectra were ob-
tained from the spin echo envelope, at a fixed frequency of
87.5 MHz, by sweeping the magnetic field over the range
10–15 T using a superconducting magnet. Signal averaging
enhanced the signal-to-noise ratio. Experiments at higher
fields, up to 22 T, were carried out using a resistive Bitter
magnet. Temperatures were controlled and measured using a
Lakeshore controller with calibrated sensor. No enhancement
of the nuclear signal due to FM effects was found.

The signal amplitude was monitored for a range of rf
power settings and pulse lengths to ensure that optimal spin
echo conditions were achieved. Spin-spin and spin-lattice re-
laxation rates were measured as a function of field and tem-
perature. In analyzing the recovery of the nuclear magneti-
zation due to spin-lattice relaxation processes, use was made
of either single exponential or multiexponentialI =7/2 mas-
ter equation fitting procedures. Further details are given with
the results.

III. RESULTS AND DISCUSSION

A. Undoped and lightly doped material

Figures 1(a) and 1(b) show 139La field scan 87.5 MHz
spectra taken at 20 K for LaCoO3 and La0.97Sr0.03CoO3
samples, respectively. A classic quadrupolar split powder
spectrum is obtained for the undoped material. The quadru-
polar coupling frequency, obtained by fitting theI =7/2 spec-

trum, using standard second-order expressions and assuming
axial symmetry,18 is vQ=1.7 MHz, in agreement with the
value obtained by Itoh and Natori.19 A spectrum obtained at
120 K showed the same structure as the 20 K spectrum with
a small Knight shift. The139La Knight shift as a function of
temperature has a form similar to that of the magnetic sus-
ceptibility, rising from zero forT below 20 K to a maximum
of 0.56% at 115 K.19 The form of the susceptibility curve as
a function of temperature has been discussed by Yamaguchi
et al.13 using a mean-field approach. Recent electronic struc-
ture calculations20 have provided a description of the tem-
perature induced LS-IS transition and the associated changes
in the magnetic properties revealed by experiment.

The 20 K spectrum for the lightly doped material, with
x=0.03, shows significant broadening compared to thex=0
spectrum. This is in part attributed to a distribution of quad-
rupolar coupling frequencies due to local lattice distortions
produced by Sr doping. Changes in the quadrupolar interac-
tion should produce a symmetrically broadened line shape. A
low-field tail on the spectrum is observed which may be
attributed to a local field distribution. Magnetic susceptibility
measurements13 together with infrared spectroscopy21 have
revealed a marked change in the low temperaturex behavior
between undoped and very lightly Sr-doped samplessx
=0.002−0.01d. In the latter, the highly enhancedx for
T,100 K is attributed to localized magnetic polarons with
high spin numbers.13

FIG. 1. (a) 139La spectrum for LaCoO3 at 20 K. (b) 139La spec-
trum for La0.97Sr0.03CoO3 at 20 K.
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Thus, small amounts of hole doping lead to a local col-
lapse of the LS-IS gap in regions surrounding dopant ions,
with the Co ions in the IS state.13 The observed NMR line
shape forx=0.03 is consistent with the139La nuclei experi-
encing a distribution of local fields due to variations in the
local x values produced by the random location of Sr ions.
Superparamagnetic clusters have been suggested as precur-
sors to the FM clusters found at higher Sr concentrations.3 At
temperatures close to and above the Curie temperature, it has
been suggested that magnetic polarons become important as
the FM regions tend to disorder.3,12 The present work pro-
vides further evidence for magnetic correlation effects being
significant for a range of dopant concentrations and tempera-
tures. This feature is discussed below in the context of the
highly doped samples.

Spin-lattice relaxation measurements have been made as a
function of temperature for the undoped,x=0, sample. Fig-
ure 2 shows the transition rate139W versus 1/T. The values
for 139W were obtained by fitting the observed nuclear mag-
netization recovery curves using the master equation for
magnetic relaxation of the centralsu7 1

2
l↔ u± 1

2ld transition
in an I = 7

2 system. A dramatic increase in the relaxation rate
occurs above 30 K, with a maximum around 70 K and the
rate decreasing at higher temperatures. This temperature
range coincides with that in which Co ions undergoS=0 to
S=1 spin-state transitions.13,14,20Magnetic susceptibilitysxd
data,13 with a constant scale factor, are shown for compari-
son purposes in Fig. 2. The relationship between139W andx
is discussed below.

139La nuclei experience a fluctuating transferred hyperfine
interaction, induced by the spin-state transition in neighbor-
ing Co ions, which gives rise to nuclear relaxation. The
Hamiltonian for the139La system is

H = HZ + HQ + HHF, s1d

with HZ andHQ the Zeeman and quadrupolar Hamiltonians,
respectively, andHHF the transferred hyperfine interaction
due to spins on adjacent ions. In the slightly distorted cubic
structure each La ion occupies abody-centersite. HHF may
be written in terms ofB, the hyperfine coupling between a
nuclear spinI and neighboring electron spinsSi on sitesi, as

HHF = B SiI ·Si . s2d

HHF is assumed isotropic and fluctuates, with short correla-
tion timet, between zero forS=0 and a maximum value for
S=1, giving rise to a small temperature-dependent paramag-
netic Knight shift in the nuclear resonance spectrum and in-
ducing nuclear relaxation transitions. We ignore relaxation
contributions due to quadrupolar mechanisms since these
will be small at the temperatures of interest here.

If it is assumed that correlations among theS spins may
be ignored and that the correlation function of the resultant
fluctuating hyperfine field due to spin-state transitions decays
exponentially with time, the nuclear relaxation transition rate
may be written as18

139W = f2 zPisTdB2/3"2gSsS+ 1dft/s1 + svI − vSd2t2g.

s3d

PisTd is the probability of finding anS spin in sitei, with z
=8 the number of neighboring sites, whilevI −vS is the dif-
ference between the nuclear and electron Larmor frequen-
cies. SincevI !vS, we dropvI in the denominator.t is the
correlation time of spins in theS=1 state.

It is necessary to consider whether the maximum ob-
served at 70 K in the measured transition rate plot, shown in
Fig. 2, is linked to the maximum in the spectral function in
Eq. (3). Detailed calculations show that this is not the case.
The energy of a Co ion in theS=1 (IS) state in an applied
magnetic fieldH, allowing for exchange couplingJ with
nearest neighbors in the IS state, is

E = gmBHm− 2zJkSlm+ D, s4d

with the electrong<2,m=0, ±1 andmB the Bohr magneton.
Yamaguchiet al.13,21 have assumed an antiferromagnetic in-
teraction between neighboring spins in their mean-field treat-
ment of magnetic susceptibility results, but Zobelet al.22

have found that they can fit their susceptibility data using an
approximation in whichJ is assumed negligible. In order to
simplify the present discussion, we neglect any exchange
interactions in comparison to the gap energyD,180 K.

The probability factor in Eq.(3) is given by

PisTd = nSmexpfsgmBHm− Dd/kBTg/Z, s5d

with orbital degeneracyn, spin gapD, and partition function
Z. In the high-temperature approximation this becomes, mea-
suringD in K,

PisTd = ns2S+ 1de−D/T/Z, s6d

with Z=1+ns2S+1de−D/T.
The recent magnetic susceptibility measurements22 have

shown that orbital nondegeneracy applies in the IS state for
T,500 K, and we have therefore chosenn=1. For D
=180 K,22 Eq. (6) predicts thatPisTd increases rapidly with
T between 30 and 100 K before tending towards a limiting
high T sT,300 Kd value of 0.66. Figure 2 permits a com-
parison to be made of the relaxation rate 1/T dependence
with that of the magnetic susceptibility.13 The similarity in
form below 70 K is striking and points to an underlying
connection. Yamaguchiet al.21 and Zobelet al.22 have ana-
lyzed theirx data using a model that incorporates LS to IS
spin-state transitions with energy gapD between the
t2g

6eg
0sS=0d ground state and thet2g

5eg
1sS=1d state.

The susceptibility may be written as22

xsTd = fNg2mB
2/3kBTgfnSsS+ 1ds2S+ 1de−D/T/Zg. s7d

If in Eq. (3) we assumevSt!1 and make use of Eq.(5), we
obtain

139W = f32/3sB/"d2ghnSsS+ 1ds2S+ 1de−D/T/Zjt. s8d

It is clear that Eqs.(7) and(8) have similar forms, leading to
the following relationship
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139W = C xsTdT t, s9d

with T-independent factors collected intoC. The Knight shift
may similarly be written as

K = Bz xsTd/NgmB, s10d

which shows thatK tracksxsTd as observed.19

The hyperfine frequency contribution per Co neighbor,
B/", may be estimated using the static hyperfine coupling in
the ferromagnetic phase in Sr-doped material.(This implic-
itly assumes that Co3+ and Co4+ ions involved in double
exchange have similar transferred hyperfine couplings at the
La sites.) The value obtained using the frequency shift given
in Sec. III B is 1.7 MHz per Co ion. The correlation timet
may be determined using this value in Eq.(6) and taking
D=180 K.

Figure 3 shows values oft in the range 10−12 to 10−13 s,
obtained from the relaxation data using Eq.(8), plotted as a
function of 1/T. Below 70 K, t decreases roughly linearly
with increasingT, while at higher temperatures the decrease
with T becomes more rapid. The linear dependence is con-

sistent witht~1/T. Insertion of an inverseT dependence for
t in Eq. (9) gives a direct proportionality between the relax-
ation rate and the magnetic susceptibility, as implied by the
experimental results in Fig. 2 for temperatures below 70 K.

In order to understand the correlation time behavior with
temperature, it is necessary to consider the phonon processes
that are responsible for spin-state transitions. Ignoring pos-
sibleJ couplings, as discussed above, Eq.(4) shows that two
energy gaps are important:D=180 K and d=gmBH
=20 K sH=14 Td within the Zeeman splitS=1 multiplet.
Correspondingly, using expressions for relaxation due to
spin-phonon processes,23 we have

1/t = 1/tD + 1/td, s11d

with the correlation times for the two independent processes
given by

1/tD = P D3f1/s1 − e−bDdg

and

1/td = P8d3f1/s1 − e−bddg.

P andP8 are the spin-phonon coupling constants for the two
processes that are considered withb=1/kBT. The coupling
constants may be estimated within a Debye model approach,
but such estimates are of dubious value in view of the com-
plex lattice dynamics of the LaCoO3 system. Clearly,td

øtD since tD is the characteristic lifetime of the excited
state. In the temperature range 30 to 70 K the system is in the
high-temperature limit ford-transitions within theS=1 mul-
tiplet but in the low-temperature limit for theS=0 to S
=1 D-transitions. Expansion of the Planck distribution in the
high-temperature limit leads to a 1/T dependence fortd. Our
results suggest that forT,70 K td,tD, giving rise to the
observed linear behavior in Fig. 3. At higher temperatures,
tD presumably becomes sufficiently short that both times are
important in Eq.(11), leading to a nonlinear decrease oft
with T.

As discussed above, our analysis ignores possible ex-
change couplings between theS=1 spins. Inclusion of cou-
plings of this kind, within a mean-field approach, is possible
but has not been attempted in view of the uncertainties in the
magnitude of these couplings. The information on correlation
times for the spin-state transitions presented in Fig. 3 is not
expected to be altered in any significant way by exchange
effects at the temperatures of interest. The peak in the relax-
ation rate versusT curve may be understood as not due to a
maximum in the spectral function given in Eq.(3), nor the
maximum in xsTd, but is due to competition between the
rapid increase in the probability of occupation of theS=1
state, in the range 30 to 100 K, and the steady decrease in the
correlation timet with temperature in analogy with highTC
cuprates.

B. Highly Sr-doped material

Figure 4 shows representative139La field scan spectra(at
87.5 MHz) as a function ofT, between 2 and 280 K forx
=0.1, 0.18, and 0.30:x=0.1 is located in the insulating
phase,x=0.18 at the MI phase boundary, andx=0.30 in the

FIG. 2. (Color online) Spin-lattice relaxation rate139W versus
1/T for LaCoO3 and scaled(100 times smaller) LaCoO3 magnetic
susceptibilityx vs 1/T (x data are from Ref. 21).

FIG. 3. Correlation timet for theS=1 thermally excited state in
LaCoO3 versus 1/T. The t values have been extracted from the
measured139La relaxation data assuming a spin gapD of 180 K.

HOCH et al. PHYSICAL REVIEW B 70, 174443(2004)

174443-4



ferromagnetic metallic phase.11 The areas have been normal-
ized to allow for changes in the Boltzmann factor. This pro-
cedure was checked for consistency by plotting the areas
against 1/T. Similar spectra were obtained at higher fields
for x=0.10 and 0.18. Figure 5 shows an example of an 87.5
MHz spectrum forx=0.10. All the spectra exhibit multiple
peaks in the field ranges shown. In most of the discussion
that follows emphasis is placed on the 87.5 MHz, 10-15 T

results. The data obtained at higher fields in the 18–22 T
range are consistent with the 10–15 T results and no field
dependence of the phase separation properties is apparent in
our results. While we cannot exclude a possible field depen-
dence of the FM phase fraction at low magnetic fields, the
present high-field(10-20 T) measurements, taken together
with our previous59Co ZFC and FC results,4 suggest that
such effects are likely to be small. The spectra were fit using
three Gaussian curves as shown in Fig. 5. For this discussion
the peaks are labeled I, II, and III with increasing field.
Lorentzians gave slightly better fits above 160 K, and were
used in that temperature range to find the relative areas, al-
though the differences were small. The arrow shown in Fig.
5 corresponds to the field,(13.95 T) for the unshifted139La
spectrum at a frequency of 87.5 MHz using139g
=6.014 MHzT−1. It can be seen that the center frequency of
peak III lies very close to the unshifted value. This suggests
that peak III, which is relatively narrow compared to the
other two peaks, corresponds at lowTs,30 Kd to paramag-
netic LS (PM) phase regions in the sample. Previous59Co
NMR results17,24 have provided evidence for the presence of
a LS phase with a Knight shift of,2% in agreement with
the low temperature value found in undoped material. This
shift is discussed in greater detail below. The short59Co spin-
spin relaxation time prevented measurements at higher tem-
peratures where LS to IS spin-state conversion of Co ions
occurs.

The low-field peak I is broad and is centered at a field of
11.5 T, which is 2.45 T lower than the center of peak III.
Using the 139g value this field shift corresponds to a fre-
quency shift of 14.7 MHz, close to the transferred hyperfine
field value obtained in ZF NMR experiments. We therefore
identify peak I with spectra from139La in FM regions.

In FM regions, the resonance field for a given nucleusi
may be written as

FIG. 4. (Color online) 139La 87.5 MHz spectra as a function ofT for x=0.1, 0.18, and 0.30.

FIG. 5. (Color online) Gaussian fits tox=0.18 spectra forT
=5 K. This fitting procedure was used for all temperatures and con-
centrations. The relative areas are proportional to the relative con-
centrations at a given temperature. To compare for different tem-
peratures they must be scaled by the Boltzmann factor. The splitting
between the low-field peak(I) and the unshifted peak(III ) corre-
sponds to the observed zero external field139La NMR frequency,
establishing that it comes from the ferromagnetic regions in the
sample.
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B = Bo + Bhf
i , s12d

whereBo is the applied field andBhf
i the hyperfine field ati

given by the product of the hyperfine coupling and the mean
electron spinkSl, which is proportional to the magnetization
M in the region containing the nucleus. The large linewidth
observed for this peak is attributed to a distribution of hyper-
fine fields in the FM components. It is interesting to note that
the linewidth increases with increasingx. The downfield shift
of peak I means that the transferred hyperfine field is aligned
parallel to the applied field.

The fitted peak II lies at an intermediate field between the
PM phase almost unshifted line, and the FM hyperfine
shifted line. This spectral component has a shift which is less
than half that of the FM peak I but a comparable breadth. We
tentatively assign this phase as a SG phase, although the
precise nature is not clear and is likely to involve a distribu-
tion of local environments. The transferred hyperfine field is
clearly smaller in the SG phase than in the FM phase. Pre-
vious work suggests that this phase involves interactions be-
tween small hole-rich clusters mediated by a LS matrix.3,8,9

Some uncertainty in the sum of Gaussians fit of peaks I
and II must be considered, because of spectral overlap. How-
ever, consistent results are found in all cases when the pro-
cedure is used in a systematic way. The numbers of La ions
in the different phases are proportional to the areas under the
corresponding NMR spectral peaks. For all three concentra-
tions there are common features in the changes in peak cen-
ter fields and areas, which are observed asT is raised.

By following changes in peak areas with temperature, in-
formation on the evolution of the concentration of the sepa-
rate phases was obtained. The variations in the area under the
individual peaks withT, for the three concentrations studied,
are shown in Fig. 6. Similarities in the phase evolution be-
havior for the three concentrations are clear, with an initial
growth of the FM phase concentration with increasing tem-
perature, followed at higher temperatures by a decrease. Fur-
ther discussion of these results is given below.

Figure 4 shows that the transferred hyperfine field for
peak I decreases withT for all three concentrations as ex-
pected. Figure 7 shows the reduced field shiftDH /DHo,
which is proportional to the reduced magnetizationM /Mo,
versus reduced temperaturet=T/TC for x=0.18. DHo is the
extrapolatedT=0 K shift. The fitted curve shown is the Bril-
louin function for S=1 as used in fitting conventional FC
magnetization data.11 The upper and lower limits of the dif-
ferent reported Curie temperaturesTC for x=0.18, 160(Refs.
8 and 11) –240 (Refs. 9 and 10) K, were taken from pub-
lished phase diagrams. While the reduced data do not agree
with the Brillouin function forTC=160 K, which is the value
expected fromMsTd and resistance data forx=0.18,11 we
find that for TC=240 K (the maximum forx approximately
0.5) the agreement with the Brillouin function is fairly good
over a large range of reduced temperatures. The discrepancy
in TC values is not currently understood. Our results suggest
that the macroscopic measurements lead to a lowerTC than
is found from the microscopic NMR measurements. This
points to small FM regions having relatively highTC values
close to the value found in larger FM regions. At the highest

t values, in the vicinity oft=1, the data points show a de-
parture from the fitted Brillouin function with a gradual de-
crease in the normalized shift persisting above the nominal
TC. This feature is discussed below.

The center field for peak III agrees with the unshifted
139La value, to within an uncertainty of 0.5%, and shows
only a weakT dependence, consistent with a small paramag-
netic shift (not shown in the figures) at all x values studied.

FIG. 6. (Color online) 139La Gaussian areas(proportional to the
relative concentration) for peaks I(FM or possibly spin polarons at
high temperature), II (SG), and III (PM) versusT for (a) x=0.10,
(b) x=0.18, and(c) x=0.30. The center field for peak I shifts withT
and forT.200 K is not possible to differentiate between FM shifts
and effects due to superparamagnetic clusters or spin polarons.

FIG. 7. (Color online) Center field for peak Isf =84.2 MHzd
versus reduced temperatureT/TC for x=0.18. The solid curves are
Brillouin functions forS=1 with TC=160 and 240 K, respectively.
Upper and lower possible values forTC have been used to scale the
experimental temperature values. The curves through the scaled
data points are to aid the eye.
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The lack of any measurable shift at lowT is consistent with
these La nuclei being in a Co LS phase. AsT is raised, Co
(III ) ions in the LS paramagnetic PM phase undergo a spin-
state transition to an IS state, between 30 and 100 K, corre-
sponding to the energy gap of 180 K betweent2g

6eg
0 (LS)

and t2g
5eg

1 (IS) states.59Co NMR experiments on undoped
LaCoO3 have shown a temperature-dependent resonance
shift with a low-temperature(LS) value of 2.1%, attributed
to a Van Vleck orbital contribution, rising to over 5% at the
maximum around 100 K.17 The much smaller shifts for
139La, found in the present experiments, are consistent with
the small shifts due to transferred hyperfine coupling found
in the undoped material at temperatures above 40 K.19 As
mentioned in Sec. III A above, the magnetic susceptibility
shows a peak at 100 K, reflecting the LS to IS transition,
with Curie-Weiss behavior at higher temperatures.8,13,25

The behavior withT of the center field for peak II is less
clear than for the other two peaks. The amplitude of this peak
is stronglyT dependent and the behavior is consistent with
partial conversion of SG phase to FM phase with increasing
temperature, as discussed below.

Figure 6 shows the areas of peaks I, II, and III expressed
as a fraction of the total area under the spectrum, as a func-
tion of T. For all threex values, the fraction of the sample
associated with the FM(peak I) phase shows an increase
while that due to the SG phase(peak II) shows a decrease as
T is raised from 2 to 80 K. Above 80 K this trend is reversed
with the FM component steadily decreasing in importance.
The growth of the FM phase is consistent with partial con-
version of the SG phase to FM over the temperature range in
which LS to IS spin-state conversion occurs, as discussed
above. The fractional area of peak I, corresponding to the
PM phase, remains roughly constant with temperature.

The 139La relaxation time results in the highly doped ma-
terial will not be presented in great detail, partly because the
spin dynamics of this system have previously been discussed
at some length based on59Co relaxation time
measurements.26 A brief discussion of the principal findings
are given here. The observed139La spin-lattice relaxation
recovery curves forxù0.1 were multiexponential at all tem-
peratures studied, for all three phases. TheI = 7

2 master equa-
tion did not provide a satisfactory fit to the recovery curves.
The multiexponential form of the recovery curves is consis-
tent with a distribution of local environments. For the FM
and SG regions theT1 values decreased with temperature,
pointing to a mechanism involving fluctuating moments
whose correlation times are changing with temperature as
discussed previously for59Co relaxation in NFM phases.26

The observations in the PM region are consistent with LS to
IS spin state conversion processes becoming important asT
is increased. Figure 8 is a plot of the relaxation rates forx
=0 (undoped) and x=0.18 samples. Similar fitting proce-
dures involving a single exponential were used for consis-
tency in the comparison of relaxation rates although, as has
been pointed out in Sec. III A, the undoped sample recovery
curves were well fitted using the master equation. A clear
similarity in the shapes of the relaxation rate curves shown in
Fig. 8 is evident, and this proves that the LS to IS transition
occurs in the PM phase of the highly doped samples. The
maxima in the rates forx=0 andx=0.18 are at roughly the

same temperature. The gradual decrease in the relaxation rate
at low temperatures is attributed to a mechanism involving
paramagnetic impurities, or oxygen vacancies. Recent work
has shown that oxygen nonstoichiometry effects in LaCoO3
can give rise to the existence of interacting magnetic exci-
tons, which could play a role here.27

The present findings concerning phase separation and
phase conversion with temperature raise important questions
concerning the phase diagrams that have previously been
presented for the Sr-doped cobaltites. It is clear from our
work, and from previous investigations,3,4 that the mixed
phase nature is intrinsic to this material over a wide range of
dopant concentrations. Evidence for phase separation in
Nd1−xSrxCoO3 has also recently been obtained using NMR.28

While it may be useful to represent the average macroscopic
properties as a function ofx andT it is necessary to appre-
ciate that these oxide systems, at any nominalx, may have a
distribution of properties resulting from the nano-scale dis-
tribution of phases.3,26

It is convenient in attempting explanations for the present
results to consider the low temperaturesTø80 Kd and high
temperaturesT.80 Kd regimes separately.

1. TÏ80 K

A qualitative explanation for the initial growth of FM re-
gions, for a givenx, with increasingT followed by a de-
crease at higherT may be given as follows. We suggest that
spin state conversion in NFM regions adjacent to FM regions
leads to the growth of the FM regions through local transfor-
mation to the more ordered state. Local static or dynamic
JT-type distortions, involving Co-O bond parameters, are
likely to play a role in the FM phase growth process as
suggested previously.3,12 For sufficiently largex (0.1–0.3 in
the present experiments) interconnection of isolated FM re-
gions, which at lowT are separated by SG material, may
occur. The proposed conversion mechanism is consistent
with disorder effects, associated with local variations in hole
concentrations, playing a role in the process. Both Co ion
spin-state conversion and local JT distortions that occur with
increasing temperature in adjacent SG regions may drive the

FIG. 8. (Color online) 139La spin-lattice relaxation rates for
LaCoO3 and La1−xSrxCoO3sx=0.18d versus 1/T.
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SG to FM conversion. This proposed growth process in-
volves an increase in the spin correlation length in the FM
regions.

Pulsed neutron diffraction data10 have provided evidence
for two types of Co-O bonds in the range 15–300 K. Co
(III )(LS)-O bonds are shorter than Co3+sISd-O bonds. The
pulsed neutron experiments in addition show that interaction
of lattice and charge dynamics can lead to local dynamic
distortions. The present NMR results show that thermal ef-
fects can convert SG regions into FM regions.

As the temperature is lowered below 100 K, our results
show that FM regions tend to break up into FM plus SG
regions possibly linked to IS to LS freeze-out. For the case
of magnetoelectronic phase separation due to direct inhomo-
geneities in hole doping, these effects are likely to occur in
regions with hole concentrations intermediate between so-
called Sr-rich and Sr-poor. The FM-SG phase transformation
behavior with temperature is reversible, as shown by warm-
ing and cooling experiments.

The theoretical density functional calculations,20 which
allow for spin polarization, suggest that hole doping stabi-
lizes the IS state. While it is difficult to suggest a model for
the SG to FM conversion, as observed in the present experi-
ments at temperatures in the range 40 to 100 K, it is likely
that a delicate interplay of spin and local structural mecha-
nisms is important in the conversion process.

2. T.80 K

At higher temperatures, where the FM fraction starts to
decrease, the important role of JT distortions21,29 may be
gradually reduced by thermal effects and the FM regions are
converted into magnetic polarons in hole-rich regions as sug-
gested by previous work.3,12 The present results(see Figs. 6
and 7) suggest that clusters of this sort persist at temperatures
aboveTC. This conclusion is drawn on the basis of the low-
field shoulder for the spectra shown in Figs. 4 and 6, which
persists well above the “bulkTC.” If the material were to
become a simple paramagnet aboveTC a much narrower line
would be observed centered on a slightly shifted resonance
field value.

As mentioned above, neutron diffraction data10 has pro-
vided evidence for two types of Co-O bonds over a wide
temperature range. In a detailed study of La1−xSrxCoO3
s0.1,x,0.3d using neutron diffraction and SANS,3 the re-
sults have shown that forx=0.3 there is a transition from
itinerant to polaronic conduction asTC is approached from
below. The Co-O bond length shows an abrupt increase with
temperature aboveTC. The increase in the cell volume leads
to a critical concentration ofx=0.3 for the transition from
itinerant metallic to localized semiconducting behavior for
T.TC. Magnetic susceptibility measurements on samples
with x=0.3 show a departure from Curie-Weiss behavior at
temperatures in the range 240 to 300 K; i.e., just aboveTC.12

This finding, together with the neutron data, is interpreted as
evidence for segregation into hole-rich regions containing
magnetic polarons(or other magnetic entities) and hole-poor
paramagnetic regions aboveTC. The present NMR results
provide support for this interpretation. The observed hyper-
fine shifts giving rise to the low-field peak in the high tem-

perature spectra shown in Fig. 4 are attributed to spin po-
larons that persist above the transition. These clusters do not
appear to contribute significantly to the low-fields,0.1 Td
magnetization data forT.240 K,11 but their effects are evi-
dent in the magnetic susceptibility results which show depar-
tures from Curie-Weiss behavior below 300 K.12 It is impor-
tant to note that the present experiments necessarily involve
high magnetic fields that could play a role in determining
certain features of the observed magnetic behavior at high
temperatures.

At temperatures well belowTC the spectra are dominated
by contributions from FM regions. For these FM regions the
magnetization follows the expected decrease withT at tem-
peratures as high as 200 K. As the breakup of the FM regions
into smaller clusters starts to occur at higherT, significant
departures from the Brillouin function prediction occur. The
behavior in this temperature range is again found to be re-
versible with temperature.

IV. CONCLUSION

Measurements of the139La NMR spectrum as a function
of temperature have provided direct evidence of phase sepa-
ration in La1−xSrxCoO3 for x=0.1, 0.18 and 0.30. The differ-
ent phases experience different hyperfine fields correspond-
ing to the different local magnetic environments in which
they are situated. The results show that all three phases co-
exist at low temperatures forxù0.1. The phases are identi-
fied as FM, SG, and PM, in agreement with conclusions
reached on the basis of previous low-temperature59Co NMR
results. The proportions of the phases are proportional to the
areas under the spectral components. Some interconversion
of phases is observed, specifically SG to FM, as the tempera-
ture is raised above 30 K.

Measurements on undoped and lightly dopedsx=0.03d
samples have provided information on the Co ion LS to IS
conversion process, which becomes important at tempera-
tures in the range 30 to 100 K. The temperature dependence
of the correlation time for theS=1 thermally excited spin
state has been determined ast~1/T for T,70 K. At higher
T the correlation time decreases more rapidly, corresponding
to t~1/Ta with a.1. Spin phonon processes determine the
behavior oft with T. The spectra obtained for the undoped
and lightly doped samples show evidence of quadrupolar
broadening and paramagnetic shifts. This information is use-
ful in interpreting the spectra obtained for the more heavily
doped material.

For xù0, the FM phase shows a large temperature-
dependent hyperfine shift, proportional to the local magneti-
zation, that can be fitted, in reduced form, using a Brillouin
function at temperatures up to 200 K. At higher temperatures
the FM phase shows a more gradual decrease of hyperfine
field than that given by the Brillouin function. While the
amplitude of the signal decreases at the higher temperatures,
this component persists above the Curie point of around 240
K. This is consistent with FM regions breaking up into spin
polarons as the temperature traverses the Curie temperature.

The nature of the phase identified as SG is less clear than
for the other two phases. The measured mean shift of

HOCH et al. PHYSICAL REVIEW B 70, 174443(2004)

174443-8



roughly 10% is smaller than that of,25% for the FM phase
but is consistent with the presence of some form of weak
magnetic ordering. The large linewidth points to a distribu-
tion of local fields. It is likely that this phase corresponds to
a spin-glass or cluster-glass component in which frustrated
interactions between spins or spin clusters are important.
This component shows a marked temperature dependence
with gradual conversion into the FM phase occurring as the
temperature is raised. It is likely that LS to IS spin-state
conversion and changes in local JT distortions play a role in
the gradual conversion of the SG to the FM component as
the temperature is raised from 40 to 100 K.

The almost unshifted139La spectral line observed at the
high-field end of the spectrum, and designated PM, is attrib-
uted to regions with local atomic environments similar to
LaCoO3. At low temperatures the Co ions in these regions
are in their LS states. The width of this line is much less than
for the other two components, and the Curie law corrected
amplitude shows little variation with temperature, as seen
from Fig. 6. The behavior is consistent with the139La being
situated in regions which are either diamagnetic or paramag-
netic. The observed shortening of the spin-lattice relaxation
time is consistent with fluctuating local fields produced by

paramagnetic Co3+ ions at temperatures above 30 K which is
the temperature at which LS to IS conversion starts to be
important in the undoped or lightly doped material.

The present results have revealed details of intrinsic phase
separation for threex values in La1−xSrxCoO3 and have per-
mitted the evolution of the various phases with temperature
to be monitored over the range 2 to 300 K. These findings
have important implications for the phase diagrams that have
been proposed for the system by other workers. The phase
diagrams attempt to capture the average behavior of trans-
port and magnetic properties withx andT. It is clear, how-
ever, that for any givenx there is a distribution of properties
corresponding to the distribution of phases that coexist and,
furthermore, allowance must be made for interconversion of
the two magnetic phases with temperature. These features
need to be borne in mind in any discussion of the properties
of the material.
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