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Controlled phase separation in La0.5Ca0.5MnO3

P. Levy,* F. Parisi, G. Polla, D. Vega, G. Leyva, and H. Lanza
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A systematic study of phase separation effects in polycrystalline La0.5Ca0.5MnO3 obtained under different
thermal treatments is reported. Samples with average grain size ranging from 200 to 1300 nm were studied.
Magnetic and electrical measurements show quantitative differences among samples in their low-temperature
behavior, indicating that the fraction of the ferromagnetic~FM! phase gradually decreases as the grain size
increases. Percolation of the FM phase in samples with a small fraction of this phase suggests that grain
boundaries play a distinctive role in the spatial distribution of coexisting phases. The defective structure at the
grain surface could explain the local inhibition of the antiferromagnetic charge ordered phase, an effect that is
gradually removed with increasing grain size. Qualitative agreement of the data with this description is found.
This effect is also found to be highly dependent on the oxygen content of the samples and its spatial
distribution.
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I. INTRODUCTION

The hole-doped rare-earth manganitesL12xAxMnO3 (L is
a lanthanide andA a divalent alkaline earth! are being the
focus of extensive investigation. The strong interplay b
tween electronic, magnetic and structural properties
played by these materials gives rise to a wide variety
phases.1 Most of the interesting physical properties of th
manganese perovskites arise from the competition betw
ferromagnetic double exchange and antiferromagnetic su
exchange, the ratio of these competing interactions being
termined by intrinsic parameters such as doping level, a
age cation size, cation disorder and oxygen stoichiometr

The system La12xCaxMnO3 has a rich phase diagram2

where paramagnetism~P! ferromagnetism~FM!, antiferro-
magnetism~AFM!, and orbital and charge ordering~CO! are
determined by the temperature and the doping levelx. Its
ground state is ferromagnetic metallic~FMM! for 0.15,x
,0.5. The phase boundary pointx50.5 is the focus of grea
interest. Following early reports, upon lowering temperat
this compound first undergoes aP to FM phase transition a
TC.225 K, and then to a COAFM phase atTCO.155 K.3,4

Nevertheless, experimental data on magnetization and r
tivity do not always agree with that description and slig
differences from one to other report can be found in
literature. These disagreements are found mainly in the
temperature region, where a residual magnetization of s
tenths ofmB /Mn is observed,2,3,5,6and metallic like behavior
belowTCO is sometimes obtained.7,8 The fact that, in general
a nonfully AFM state is reached at low temperatures
been early attributed to small variations in cation or oxyg
stoichiometry, or to the existence of a canted antiferrom
netic phase, but recent results from nuclear magnetic r
nance data,8–10 electron microscopy,11 neutron scattering,4

and magnetostriction7 show a more complex scenario,
which the low-temperature state of La0.5Ca0.5MnO3 is char-
acterized by the coexistence of FMM and COAFM phase
PRB 620163-1829/2000/62~10!/6437~5!/$15.00
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the microscopic level. This residual low-temperature mag
tization would then be a measure of the fraction of the to
volume that corresponds to the FM phase which is trappe
the AFM host, and the metallic behavior a consequence
the formation of percolative paths of FMM clusters acro
the sample.

The origin of the inhomogeneities in the magnetic pro
erties is not clear. Recently, Ueharaet al.12 presented a sys
tematic study of the coexistence of phases
La5/82zPrzCa3/8MnO3; they showed that the relative fractio
of the coexisting phases can be controlled by the Pr con
z, and explained the metallic behavior by percolation of F
submicrometer-scale domains. In this system, competi
between the FM ground state of thez50 compound and the
COAFM ground state of thez55/8 one seem to be the rea
son of the observed features.

In La0.5Ca0.5MnO3, the stable state between competi
FM and COAFM phases is determined by the temperatu
Although the COAFM phase is the ground state, its sm
energy difference with the FM state, revealed by magne6

and time relaxation measurements13 can indicate a tendenc
towards phase coexistence. There are some trends in th
erature pointing to an explanation of this feature in t
framework of the electronic phase separation scenario
dicted for the manganites14, but it is more probable that suc
behavior can be mainly determined by structural inhomo
neities characteristic of the ceramic samples, which can
hance or even determine local magnetic properties. In
picture it appears that average quantities, as mean ca
size, bond angles, etc., could not be the appropriate par
eters to account for physical properties which can be de
mined on a short length scale by, for instance, cat
disorder15 and off-stoichiometric oxygen distribution.16 Neu-
tron scattering experiments4 have shown that the COAFM
state can be described as two interpenetrating lattices of
each one with a different coherence length~a few hundred Å
for the Mn13 sublattice, some thousands Å for the Mn14
6437 ©2000 The American Physical Society
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6438 PRB 62P. LEVY et al.
one!. Then, physical properties could be dramatica
changed by structural inhomogeneities at that scale.

Grain boundaries appear as the most drastic disrupt o
idealized perfect crystal, owing to their inherent charac
but also because they can act as accumulative pinning
ters for structural defects. The dependence of the magn
properties on grain size has been established in severa
lated compounds,17,18,19,20,21and the differential behavior o
surfaces respect to bulk material has been determine22

These studies were performed on systems with a w
defined ground state~FM!; the role of grain boundaries i
expected to be drastically enhanced in compounds wit
mixed phases character. In this work we study the magn
and transport properties in submicronic samples
La0.5Ca0.5MnO3. We found that low-temperature resistivit
and magnetization are strongly dependent on grain size,
also on other sources of defects, such as oxygen conten
its spatial distribution. We present evidence that using a s
cific thermal treatment process it is possible to control
FM-COAFM coexistence in a nearly continuous way, lea
ing to a wide range of values for the low temperature re
tivity and magnetization.

II. EXPERIMENTAL

Polycrystalline samples were obtained by a citrate/nitr
decomposition method using 99.9% purity reactants. A
the mixed citrates were dried at 100 °C they were heate
air at 700 °C for 15 h, and then furnace cooled to roo
temperature. Additional thermal treatments were perform
in air. We have prepared two sets of samples. On one h
samples with different average grain size were obtained
performing short time~5 h! accumulative thermal treatmen
on the same batch with a gradual increase of the final sin
ing temperature. As magnetic and transport properties
La12xCaxMnO3 are critically dependent on both the dopin
level x and the oxygen content in the region nearx50.5, we
have performed this particular thermal process with the tw
fold aim of assuring the samex for all samples and minimiz-
ing changes in the oxygen content as the grain size is
creased. Samples obtained in this way are labeledA to E. On
the other hand, two additional samples (E1 andE2) were
obtained through different thermal processes, originat
samples with different thermal history but the same aver
grain size. Thermal history of different samples is presen
in Table I. In all cases samples were cooled down to ro
temperature at about 100 °C/h. The phase purity, unit

TABLE I. Thermal treatments performed on samples discus
in the text, their mean grain size and percentage of Mn14 content
~absolute error 2%!.

Sample Thermal treatment Grain size~nm! Mn14 ~%!

A 5 h at 900 °C 180 54.5
B A15 h at 950 °C 250 53.4
C B15 h at 1000 °C 450 55.6
D C15 h at 1100 °C 950 53.5
E D15 h at 1200 °C 1300 55.3

E1 E15 h at 1200 °C 1300 54.0
E2 10 h at 1200 °C 1300 51.4
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dimensions and structural parameters were analyzed u
the Rietveld method. XRD data were gathered at room te
perature in a Bragg-Brentano diffractometer using CuKa ra-
diation, 0.5 ° dispersion slit, step size 0.02 ° and count
time 25 sec by step. Four probe resistivity measureme
were performed in the temperature range 30–300 K on p
crystalline pellets previously pressed and sintered. Mn14

contents were determined by iodometric titration. Magne
zation measurements were performed in a commercial m
netometer~Quantum Design PPMS! between room tempera
ture and 2 K with applied fields up toH59 T. Average grain
size was estimated through SEM microphotographs.

III. RESULTS AND DISCUSSION

X-ray diffraction patterns of as grown and thermal treat
samples showed them to be single phase and all the pat
could be indexed on the basis of an orthorhombic cell w
space groupPnma. No changes in peak positions were o
served through the series, indicating that cell parameters
nearly the same for all samples@a55.4148(5) Å, b
57.6389(7) Å, c55.4260(5) Å#. Broadened reflections
(0.6 °) were found due to small particle size in sampleA
with processing conditions performed at 900 °C. On t
other hand, narrow peaks (0.2 °) were found for sampleE,
with a final heating temperature of 1200 °C. The percent
of Mn14 was found almost constant through the ser
~around 54%!.

Figure 1 shows the normalized resistivitiesr for samples
A to E as a function of temperature. The resistivity of samp
A displays typical features of aP- FM reversible system,
with activated conduction at high temperatures, and meta
clike behavior at low temperatures, without any signature
charge order. The resistivity of sampleB follows that of
sampleA down toT5125 K on cooling, where an increase
observed, indicating the presence of charge order. NeaTp
5100 K a new peak develops and metallic behavior is
tained at lower temperature. Irreversibility between 70 a
180 K is revealed on warming. Overall features of sampleB
are observed in samplesC, D, andE, with a gradual increase
of the low temperature resistivity values and a decrease
Tp .

Magnetization~M! data measured as a function of tem

d

FIG. 1. Normalized resistivity as a function of temperature
samplesA–E. The inset displays room temperature resistiv
r(300 K! as function of the final sintering temperatureTs .
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PRB 62 6439CONTROLLED PHASE SEPARATION IN La0.5Ca0.5MnO3
perature withH51 T on samplesA to E are shown in Fig. 2.
All of them show a FM ordering at the same temperat
TC.250 K but, while sampleA apparently remains FM in al
the temperature range, a clear FM-AFM transition is o
served for the other samples. The low-temperature magn
zation changes smoothly from 3mB /Mn for sampleA to
0.3mB /Mn for sampleE, showing that a FM phase is coex
isting with AFM in all samples, but in different proportion

Measurements ofM vs H at 10 K allow an estimation o
the percentage of FM phase in the samples. The behavior
to each phase is clearly separated in a graph ofM vs 1/H,
plotted in Fig. 3. This field dependence arises from the do
nant term in the ‘‘law of approach to saturation.’’23 The
straight lines in the graph are extrapolated to high fie
(1/H→0) to give the FM saturation moment, which can
compared with the theoretical value for a fully FM samp
(3.5mB /Mn). We obtain 84, 77, 54, 15, and 9 for the pe
centage of the FM phase in samplesA to E, respectively. The
upturn at small values of 1/H signals the presence of th
AFM phase. This feature is present even in sampleA, which
has no signal of the presence of COAFM phase in eit
r(T) or M (T) data.

In spite of quantitative differences in the low temperatu

FIG. 2. Temperature dependence of the magnetization (H51 T!
for samplesA–E.

FIG. 3. Magnetization as a function of 1/H at 10 K for samples
A–E. The extrapolation of the straight lines indicates the satura
values of the FM phase. The fraction of the FM residual phase
calculated assuming a maximum value of 3.5mB /Mn.
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behavior, the Curie temperatureTC and TCO are nearly the
same throughout the series, and the samples display the
ferromagnetic behavior aroundTC ~Fig. 2!. All samples dis-
play a common metallic behavior in the low-temperatu
range: their resistivity curves forT,70 K collapse into a
single one when normalized by their resistivity at 30 K,r(30
K!, as shown in Fig. 4. This behavior can be doubtless
lated with the percolation of a single FM phase. Quantitat
changes in the resistivity values for the different samples
then due to changes in the fraction of the material that
mains FM and percolates. In the simplest model each sam
can be considered as a parallel circuit formed by the frac
y of the total volume which is FM and percolates~character-
ized by resistivityrF) and 12y of the rest of the materia
~characterized byrCO) consisting of COAFM and nonperco
lating FM phases. The total resistivityr can then be written
as

1/r5y/rF1~12y!/rCO.

With this picture it is easy to show that, in the temperatu
range whererF /rCO,,y the function r/r(30 K! is
y-independent~i.e., sample independent!, in agreement with
experimental results shown in Fig. 4. Of course, the valid
of this argument also requiresy to be almost temperatur
independent in that interval, as expected in the lo
temperature reversible region. It is worth noting that a sim
lar model was used by Royet al.,6 who studied the metallic
behavior induced by application of moderate magnetic fie
in an otherwise insulating sample of La0.5Ca0.5MnO3. They
found the same common behavior for the normalized lo
temperature resistivity for different applied fields. Their d
scription, in terms of a field dependent number of free ca
ersn(H), is obviously related to the percolating fractiony of
the FM phase. Surprisingly, they found no percolation
H50, although the low-temperature magnetization w
around 1mB /Mn for H51 T. This indicates an isolated clus
ter distribution for the FM phase, as that observed in Ref.
The application of a magnetic field increases the volume
the clusters, and eventually leads to the percolation of
metallic phase.

In our case the change in the fractiony of the percolative
FM phase is controlled through the thermal treatment p

n
s

FIG. 4. The temperature dependence of the resistivity
samplesA–E normalized by their value at 30 K.
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6440 PRB 62P. LEVY et al.
cess. Assumingy51 for the almost pure FM sampleA, we
obtainy'0.64, 0.4, 0.05, and 0.002 for samplesB, C, D, and
E respectively. As the magnetization of sample E at l
temperatures is about 10% of the saturation value of sam
A, only a 2% of this minority FM phase percolates~i.e.,
0.2% of the total sample volume!. As a comparison, in Ref
6 percolation is obtained through 1% of the sample by
plying H59 T. All these facts imply that in phase separati
systems the relationship between low-temperature mag
zation and transport properties is not direct, and not only
presence but also the spatial distribution of the meta
phase must be considered.

In the La5/82zPrzCa3/8MnO3 system the percolation of th
FM phase is explained by a phase transition which chan
the system from a state of coexisting short ranged CO
FM nanodomains to a phase characterized by the coexist
of long range FM with CO domains.12 Instead, in
La0.5Ca0.5MnO3 no additional phase transition related to pe
colation is observed: transport properties are determined
the spatial distribution of the untransformed hig
temperature FM phase trapped in the COAFM host be
TCO. Percolation of the metallic phase even in those sam
with a small fraction of FM material point to the grai
boundaries as a candidate to produce the aggregation o
FM phase. At grain boundaries strain and local compo
tional variations characteristic of surfaces can give rise t
zone in which the structural disorder causes the local inh
tion of the COAFM phase.

Within this simplified picture, each grain can be describ
by an insulating core and a FMM surface layer of thickne
d, so ad/f dependence for the percolative fractiony with
the grain sizef is expected. In Fig. 5 we sketchr(30 K! vs
1/f. Experimental data can be well fitted by the functi
r(30 K! 5A(1/f21/fc)

21. This functional form implies
y;(1/f21/fc); thus ad/f dependence fory is obtained if
the thicknessd of the FMM surface layer diminishes linearl
with increasing grain size. The parameterfc;1320 nm can
be then interpreted as the critical grain size for which
volume effect suppresses surface disorder.

The weakening of the surface layer can be due to b

FIG. 5. r(30 K! data for samplesA–E as a function of the
inverse grain size. The solid line is the adjustment of the data po
with the functionr(30 K)5A(1/f21/fc)

21, whereA50.0023V
andfc51323 nm.
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intrinsic and extrinsic grain size effects. The former w
shown to have a strong influence on magnetic properties
magnetoresistance response of manganites;18 in particular,
this effect has been described by the decrease of the th
ness of the disordered layer as grain size increases
La2/3Sr1/3MnO3.20 On the other hand extrinsic effects as ox
gen content,6 nonuniform oxygen distribution24 or surface
contamination25 were recently shown to be relevant param
eters to describe transport properties on related compou

We have indications that the oxygen content in t
samples does not change: Macroscopic parameters re
with it such asTC and cell constants do not show substant
changes with thermal treatments, and the Mn14 measure-
ments gave values close to 54% for all samples. As a deo
genation process involves cation diffusion it is feasible t
our short-time accumulative annealing step~5 h! is not
enough to produce substantial changes in the oxygen sto
ometry. However, the trend of the compound to loss
oxygen excess as the sintering temperature is increased
lead to an internal diffusion of vacancies towards the surfa
yielding a nonuniform distribution of the off- stoichiometri
oxygen. This effect can be enhanced by the accumula
thermal treatment process performed here, which yields
increase of the grain size by fusion of the grains obtained
the previous step. Thus, new defects at the glued bounda
are generated which, in turn, will be affected by the diffusi
process.

In order to clarify this point, we have performed magn
tization and resistivity measurements on a new series
samples, all of them with the same average grain size~1300
nm! but obtained through different thermal treatmen
SampleE1 was obtained by an additional 5 h thermal treat-
ment at 1200 °C of sampleE, and sampleE2 by a 10 h
thermal treatment at 1200 °C of the as-grown powder w
no intermediate steps. Figure 6 shows the resistivity data
samplesE, E1, and E2. A degraded metallic behavior i
displayed by sampleE1 with respect to sampleE. This may
indicate that, keeping constant the grain size, the additio
heating produces the cleaning of the surface through el
nation of oxygen excess, weakening the thickness of
FMM layer. On the other hand, no metallicity is observed
the single-step grown sampleE2, which displays the insulat
ing behavior of a pure COAFM system at low temperatu

ts

FIG. 6. Normalized resistivity as a function of temperature
samplesE, E1, andE2 on cooling and warming.
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The low temperature magnetization of sampleE2 at 1 T is
also around 0.3mB /Mn, thus confirming the presence of
FM phase not distributed along percolative paths. These
sults show that the grain size dependence of the phys
properties is highly influenced by other factors, as the ac
oxygen stoichiometry or spatial defect distribution. Thus,
ries with different oxygen content would be described
different values of the critical grain size parameterfc .

IV. CONCLUDING REMARKS

The overall presented data confirm that the coexistenc
FM and COAFM phases is affected by the local defect str
ture. In the submicrometer samples studied here the l
temperature metallic behavior is obtained because
COAFM state is partially inhibited by structural disorder
the grain surfaces, which acts as an accumulation point
these defects. Changes in low-temperature resistivity va
as thermal treatments are accumulated can be ascribe
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both grain size and oxygen distribution effects. Beyond
detailed mechanisms determining phase separation,
FMM-COAFM coexistence can be controlled in an almo
continuous way giving rise to a wide range of possible v
ues for the low-temperature resistivity and magnetizati
Phase separation has been recently signalized as the re
sible for the large low-temperature magnetoresistance ef
observed in La5/82zPrzCa3/8MnO3. The possibility of con-
trolling the coexistence of phases in La0.5Ca0.5MnO3 opens a
route to study the phase separation effects on magnetor
tance without changingTC and TCO; this could give addi-
tional insight about the mentioned interrelation.
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