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Magnetization studies of phase separation in La0.5Ca0.5MnO3
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We present magnetization studies in a series of phase-separated La0.5Ca0.5MnO3 manganite samples, with
different low-temperature fractions of the ferromagnetic~FM! and charge-ordered antiferromagnetic phases. A
particular experimental procedure probes the effect of the magnetic field applied while cooling the samples,
which promotes FM fraction enlargement and enhances the melting of the charge-ordered phase. The response
of the system depending on its magnetic field history indicates the existence of three different regimes in the
phase-separated state which develops belowTC . Our data allow us to identify the onset temperature below
which the system becomes magnetic and structurally phase separated and an onset field above which FM
fraction enlargement occurs.
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I. INTRODUCTION

The mixed-valent manganitesR12xAxMnO3 (R5rare
earth,A 5 Ca, Sr, or Ba! have attracted considerable scie
tific interest due to their wide variety of spin, charge, a
orbital states.1 Extensive investigation of these compoun
was first stimulated by the discovery of colossal magneto
sistance~CMR!, a large decrease in electrical transport wh
a magnetic field is applied, which takes place in vario
compounds near a ferromagnetic transition. Subseque
the main focus of attention has moved beyond the study
CMR effects in manganites, in particular to thex5 1

2 substi-
tuted compositions, which in La12xCaxMnO3 represent the
boundary between competing ferromagnetic~FM! and
charge-ordered antiferromagnetic~CO-AFM! ground states,
a favorable scenario for phase separation~PS! phenomena.2

Phase separation also occurs in several other systems, a
is most studied in (La12zPrz)0.7Ca0.3MnO3 at an intermediate
z doping range;3 the end membersz50 and z51 are FM
metallic and CO-AFM insulating at low temperatures, r
spectively. Recent experimental investigations have sho
undisputed evidence of the existence of inhomogene
states and PS in various manganite compounds,4 a major
discovery in the study of strongly correlated electron s
tems.

In the case of La0.5Ca0.5MnO3, the ‘‘standard’’ compound
changes on cooling to a FM phase atTC;220 K and, sub-
sequently, to CO-AFM atTCO;150 K (;180 K upon
warming!.5 However, it has been established that this syst
is better described as magnetically phase segregated o
wide range of temperatures. The nature and properties of
phase-separated state have been the subject of num
experimental6–11 and theoretical2,4 investigations. At low
temperaturesT,TCO , FM metallic regions are trapped in
CO-AFM matrix. This is consistent with the sizable bu
magnetization values observed,6,7 arising from the ferromag-
netic component, and with resistivity data, which may sh
metallic behavior due to the percolation of FM clusters. T
fraction of FM phase remaining at low temperatures
0163-1829/2002/65~10!/104403~8!/$20.00 65 1044
-
n
s
ly,
of

d it

-
n

us

-

m
r a
is

ous

e
s

strongly sample dependent. It has been previou
demonstrated7 that the fraction of FM and CO-AFM phase
in polycrystalline La0.5Ca0.5MnO3 can be controlled by ap
propriate thermal treatments, which produces a continu
change of the relative fraction of the competing FM a
CO-AFM phases. The existence of phase separation wi
the FM phase, i.e., in the intermediate temperature reg
TCO,T,TC , has also been established in various inve
gations. The occurrence of an incommensurate charge-
orbital-ordered state betweenTC and TCO , incompatible
with ferromagnetic order, was found through transmiss
electron microscopy.8,12 Detailed neutron studies6 reported
the appearance belowTC of a second crystallographic phas
structurally different from the FM phase and lacking ma
netic order. A consensus has now emerged in the litera
regarding the paramagnetic character of this second
phase,13–15 although the possible existence of an AFM i
commensurate charge-ordered state cannot be ruled out8

Microscopic probes were more successful than magn
measurements in detecting the intermediate phase-sepa
state. Indeed, previous magnetization studies appeared
consistent with the existence of a homogeneous ferrom
netic state atTCO,T,TC ,5,7,16 without any indication of
PS. The main reason for the mentioned limitation of t
magnetic techniques can be found in the sensitivity of
phase-separated state to the measuring magnetic field,9,10,17

which can mask the real characteristics of the system in c
ventional magnetization measurements. In a previ
investigation11 we have shown through transport measu
ments how the application of a low magnetic field can al
the volume fraction of the competing magnetic phases. W
the field is applied while cooling the sample, in a conve
tional field-cooled-cooling~FCC! experiment, it promotes an
enlargement of the FM volume fraction, by preventing t
formation of otherwise non-FM regions. On the other ha
if the field is turned on while the measurement is made a
turned off while cooling the sample, a procedure called
turn-on–turn-off mode, the relative fraction of the existin
phases is less disturbed during the cooling process. The m
©2002 The American Physical Society03-1
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sured magnetoresistance of the compounds differs cons
ably when comparing data obtained with the FCC andturn-
on–turn-off modes, since the former enhances t
percolation of the FM metallic regions. In fact, it has be
theoretically proposed4,18 and experimentally confirmed11,15

that the observed colossal magnetoresistance effect in m
ganites is caused by a field-induced percolative transition
metallic regions in phase-separated systems. Within this
nario, it is possible that a moderate applied field (;1 T) can
be high enough to suppress the non-FM phase betweenTC
and TCO in a FCC experiment, giving rise to a magne
response of the system consistent with a homogeneous s
This is probably the reason for the lack of detection of
intermediate phase-separated state through magnetic
surements.

In this paper we present a detailed magnetization stud
phase-separated La0.5Ca0.5MnO3 manganites, focusing
mainly in the intermediate-temperature regionTCO,T
,TC . The samples are a series of polycrystalline co
pounds, with varying low-temperature volume fraction
FM and CO-AFM phases. We investigated the magnetic
sponse of the system under different measurement pr
dures, extending the idea related toturn-on–turn-off-type
measurements to magnetization studies. We found tha
changing separately the measuring and cooling field lead
different magnetic responses, providing an important too
investigate PS effects through magnetization measurem
Using this particular experimental procedure we were abl
identify three different regimes in the phase-separated s
of La0.5Ca0.5MnO3 below TC , related to the response of th
system to the cooling and measuring fields.

II. EXPERIMENTAL DETAILS

Polycrystalline La0.5Ca0.5MnO3 was obtained by a stan
dard citrate-nitrate decomposition method. Additional th
mal treatments were performed to obtain a batch of sam
with different grain sizes. Care was taken to ensure tha
samples have the same oxygen stoichiometry, and sam
doping concentration near 0.5. More details on mate
preparation and x-ray analysis are given elsewhere.7 Magne-
tization measurements were performed with a commer
magnetometer~Quantum Design PPMS! between room tem-
perature and 2 K, with applied fields up toH59 T. Trans-
port data were obtained with a standard four-point techniq
Table I lists some physical parameters of the measu
samples, labeled A–E: grain sizes, low-temperature volu
fraction of the FM phase, ferromagnetic transition tempe
ture TC , and charge-ordered antiferromagnetic transit
temperatureTCO measured on cooling. The fraction of FM
phase was estimated fromM vs H measurements at 10 K, a
previously described.7

III. RESULTS

In order to characterize the magnetic behavior of the st
ied compounds, Fig. 1 shows the temperature dependen
the magnetization, measured withH52 mT for samples
A–E. As the temperature is lowered all samples displa
10440
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FM transition atTC , followed by a hysteretic first-orde
transition to a CO-AFM state atTCO ~the latter not visible
for sample A!. The bulk magnetization measured belowTCO
signals the presence of FM domains trapped in the CO-A
matrix, as previously reported for this material.6,7 It is clear
from the data that the FM volume fraction strongly increas
through the series, starting from a compound mostly C
AFM at low temperatures in sample E and reaching a ne
fully FM material in sample A. The transition temperatur
TC and TCO , obtained through the maximum slope of th
magnetization data, are listed in Table I. The FM transit
decreases fromTC;227 to 214 K for samples A–E, respec
tively, and the temperature of the CO-AFM transition i
creases fromTCO;128 to 142 K, signaling the stabilizatio
of the CO-AFM phase as the low-temperature FM fracti
decreases in the materials. A pronounced irreversibility, i

FIG. 1. Magnetization as a function of temperature
La0.5Ca0.5MnO3 samples, labeled A–E. Results obtained withH
52 mT, with zero-field-cooling ~ZFC!, field-cooled-cooling
~FCC!, and field-cooled-warming~FCW! procedures.

TABLE I. Main characteristics of La0.5Ca0.5MnO3 samples, la-
beled A–E. FM ~%! is the ferromagnetic phase fraction at lo
temperatures~Ref. 7!, TC the ferromagnetic transition temperatur
and TCO the charge-ordered antiferromagnetic transition tempe
ture measured on cooling.TC and TCO were obtained from the
maximum inflection of the low-field~2 mT! magnetization data.

Sample grain size~nm! FM ~%! TC(K) TCO (K)

A 180 84 225 2

B 250 77 219 129
C 450 54 218 137
D 950 15 215 143
E 1300 9 214 147
3-2
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the difference between the FCC and zero field-cooled~ZFC!
curves, is observed for all samples, as a consequence o
magnetic anisotropy of the compounds. The fractio
change j in magnetization, expressed asj
5(MFCC-MZFC)/MFC , has approximately the same valu
in all samples,j.0.9460.03 at 10 K. Magnetization mea
surements at various fields~not shown! reveal little changes
in j up to H50.02 T and a strong decrease aboveH
.0.1 T. This is consistent with the values obtained for
coercive field~a measure of the magnetic anisotropy!, Hc
.0.05 T at 10 K for all samples. ForH@Hc , j becomes
negligible.

The effect of the magnetic field on the coexisting FM a

FIG. 2. Magnetization as a function of field of La0.5Ca0.5MnO3

samples, labeled A–E. Results obtained after zero-field coolin
T5130 K.
10440
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CO-AFM phases can be readily visualized through meas
ments ofM vs H. Figure 2 shows data taken at 130 K, ju
below the CO transition. It is interesting to observe how t
results evolve through the series of samples. For sample
and E, with higher CO-AFM content at low temperatures,
effects due to the FM and AFM phases are clearly separ
in the curves. As the field increases it initially aligns the F
moments, followed by a metamagnetic transition of the AF
moments to a field-induced ferromagnetic phase. At this te
perature and at the highest field reached, the entire samp
in a FM state. The metamagnetic transition displays la
field hysteresis and time relaxation at the fields wh
dM/dH is maximum. Samples C and D show a larger init
saturation value of the FM moments and less pronoun
hysteresis, related to the increase of the FM fraction a
decrease of the CO-AFM fraction in the compounds. Sam
A shows data similar to a fully FM sample, consistent w
the results of magnetization as a function of temperat
~Fig. 1!.

We shall now demonstrate that when a magnetic field
applied while cooling the samples it can dynamically chan
the relative fraction of the magnetic states in this pha
separated material. This phenomenon is investigated by
tending to magnetization data the idea ofturn-on–turn-off
-type measurements, where the field is left on at fixed te
peratures, while taking a data point, and turned off wh
cooling the sample. In a more general procedure employe
the present study, the measured magnetization may de
on two different variablesx andy, wherex is the measuring
field and y the field in which the sample is cooled~both
expressed in T!. This measuring technique is hereafter call
the M (x-y) mode. Figure 3 displays the results obtained
all samples, comparing the data taken with the FCC a
M (1-0) modes, the latter with a measuring field of 1 T a
cooling field zero. The value of 1 T was chosen since it
much above the observed anisotropy field and much be
values that would cause a pronounced decrease inTCO due to
melting of the CO state. For sample A, nearly fully FM dow
to low temperatures, the FCC andM (1-0) results virtually
coincide. As the CO-AFM fraction increases through the

to
re
FIG. 3. Magnetization as a function of temperature of La0.5Ca0.5MnO3 samples, labeled A–E. The curves with solid symbols we
measured with a field-cooled-cooling~FCC! mode, with H51 T. Curves with open symbols obtained with a measuring fieldx51 T, and
a cooling fieldy50, called theM (1-0) mode.
3-3
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ries the magnetization becomes strongly dependent
whether or not the field is left on while cooling the sample
In samples B and C, below a certain temperature,
M (1-0) data are shifted with respect to the FCC data.
samples D and E, with higher CO-AFM fraction, it is r
markable to observe huge differences in bulk magnetiza
when comparing the curves obtained with the two measu
procedures. The temperature where the FCC andM (1-0)
curves separate,To.20062 K, is nearly unchanged in
these two samples and progressively decreases throug
series. As discussed below, the change in magnetization
pending on the measuring mode is due to the existenc
non-FM regions within the FM phase.

Before interpreting these results some points must be v
fied to ensure the physical meaning of the data. Since
field is being switched on and off continuously in th
M (x-y) mode, one may suspect the samples to be in so
kind of magnetic metastable state, where strong relaxa
effects would be present. In order to rule out this possibi
the M (1-0) data were repeated, leaving the field on for
min and subsequently leaving the field switched off for t
same period of time before proceeding to next data po
The observed fractional change inM (1-0) is always less
than 2% at all temperatures. Long-time relaxation data w
also taken at selected temperatures, giving a fractio
change inM (1-0) of less then 3% in a period of 4 h.
different test was also made, by varying the temperature
terval between data points, from 0.5 to 5 K, with no effect
the M (1-0) curves. These results clearly establish that
field in which the samples are cooled has an overwhelm
effect in the bulk magnetization measured. It is worth not
that the results~not shown! taken while warming the
samples, with field-cooled warming andM (1-0) warming
modes~measured after FCC!, virtually coincide.

The remainder of this paper will focus on measureme
on sample E, with the largest CO-AFM volume fraction

FIG. 4. Magnetization as a function of temperature
La0.5Ca0.5MnO3, sample E. Results obtained with a measuring fi
x51 T and several values of the cooling fieldy, theM (1-y) mode.
The main panel shows an enlarged portion of the data at inter
diate temperatures, with~from bottom to top! y50, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, and 0.85 T. The inset shows the same resu
lower temperatures, withy50, 0.2, 0.4, 0.6, and 0.85 T.
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low temperatures and where PS effects are more pronoun
Figure 4 shows additional measurements taken in
M(x-y) mode. The main panel displays the results at int
mediate temperatures, while the inset shows an enlarged
with the low-temperature data. The measuring field was k
constant atx51 T, and the cooling fieldy was varied in
order to study its influence on the measured magnetizat
The M (1-0.06) data~not shown for clarity of the figure! are
virtually identical to M (1-0); a small difference betwee
M (1-0.1) andM (1-0) is observed, and theM (x-y) curves
start to clearly separate from theM (1-0) data aty*0.2 T.
With increasing cooling fieldsy the curves gradually evolve
towards the data obtained with the FCC mode. With the m
suring field kept constant, these results indicate an onse
H.0.1 T above which the cooling field induces changes
the measured magnetization~see Fig. 4!. This is consistent
with the results shown in Fig. 5~a!, where it is shown that
with a measuring field of 0.1 T, FCC andM (0.1-0) results
practically coincide. The different panels in Fig. 5 compa
data taken with the FCC andM (x-0) modes. The cooling
fields is kept at zero, and the measuring fieldx increases
from 0.1 to 0.3, 1, and 3 T, respectively. As will be discuss
below, the data in the each of the panels of Fig. 5 may
interpreted in a qualitatively different way. The same over
results were obtained on samples B–D, which shows that
cooling field effect is the same regardless of the ratio
tween the competing FM and CO-AFM phases.

Complementary resistivity measurements are shown
Fig 6. Three different curves are plotted, corresponding
different experimental procedures: measured without an
plied field (H50), measured withH51 T on the FCC
mode, and measured with a fieldx51 T while cooled in
zero field, theR(1-0) mode. The inset of Fig. 6 depicts th

f

e-

at
FIG. 5. Magnetization as a function of temperature

La0.5Ca0.5MnO3, sample E. The curves with solid symbols we
measured with a field-cooled-cooling~FCC! mode, with H
50.1 T ~a!, 0.3 T ~b!, 1 T ~c!, and 3 T ~d!. Curves with open
symbols measured with a cooling fieldy50, theM (x-0) mode.
3-4
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magnetoresistance MR5@R(0)-R(H)#/R(0), comparing the
results obtained with FCC andR(1-0) modes. The result
clearly show that the large low-temperature MR is solely d
to the cooling field, as discussed in more detail in the f
lowing section.

IV. DISCUSSION

When performing magnetic measurements in pha
separated materials the applied magnetic field can affec
balance between the coexisting phases by increasing
amount of the FM phase, an effect called ferromagnetic fr
tion enlargement~FFE!.11,15,19The magnetization response
a phase-separated system involves two field-dependent
tributions: the alignment of the magnetic moments of the F
phase and the FFE effect. The applied magnetic field can
lower TCO , a phenomenon known as melting. It has be
argued that PS plays a major role in the melting mechani
with the competition and coexistence among the FM com
nent and the CO phase causing a drop in the CO trans
temperature.20 Our results~Figs. 3–6! clearly show that the
capability of the magnetic field to change the relative fra
tions of the coexisting phases is strongly dependent on
way in which the field is applied, with the cooling and me
suring fields affecting the system in different ways. As p
viously reported,11 in a FCC procedure the cooling field in
duces FFE mainly by inhibiting the formation of the non-F
regions. On the other hand, the measuring field, app
solely at fixed temperatures once the zero-field relative fr
tions are established, can produce FFE only if it is la
enough to transform some fraction of the material from o
phase to the other, in a metamagneticlike transition. It m
be emphasized that the observed difference in the mag
zation curves regarding the way in which the field is appl
is a direct consequence of the phase-separated nature o
system. On a nearly homogenous FM sample the magne
tion is almost the same in theM (x-y) and FCC modes, a
observed in Fig. 3~a!.

FIG. 6. Resistivity as a function of temperature
La0.5Ca0.5MnO3, sample E. Results measured withH50, field-
cooled cooling withH51 T and with a measuring fieldx51 T
and cooling fieldy50, the R(1-0) mode. The inset depicts th
magnetoresistanceMR52@R(H)2R(0)#/R(0), calculated for the
FCC andR(1-0) modes; the curves separate atTo .
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The results of Fig. 3 emphasize the fact that regardles
the relative low-temperature fractions of the FM and C
AFM phases, which is highly dependent on sample prepa
tion, there is an onset temperatureTo below which the cool-
ing field plays an unbalancing role in favor of the FM sta
Measurements displayed in Fig. 4 evidence that abov
threshold value ofH.0.1 T the FM phase fraction monoto
nously increases as a function of the applied cooling fie
The same threshold field is obtained for the other samp
~data not shown!. These findings are most likely an intrins
characteristic of the La0.5Ca0.5MnO3 system, beyond the par
ticular differences among the samples.

In order to adequately separate the effects of the mea
ing and cooling fields in the ground state of the system le
call D f (x-y) the FFE produced when measuring in t
M (x-y) mode andD f (x) the FFE induced in a FCC proce
dure. The actual FM phase fraction at a given temperatur
proportional to (f 01D f ), where f 0 is the equilibrium frac-
tion of the FM phase at zero field. This notation is useful
a qualitative analysis of Fig. 5, which provides interesti
insights into how the magnitude of the applied magnetic fi
affects the phase-separated state belowTC by comparing the
results measured in theM (x-0) and FCC modes. AboveTo
the magnetization response is the same in both modes, u
the highest field employed~3 T!. The equilibrium state of the
sample under the applied magnetic field is the same irres
tive of the way in which the magnetic field is applied, so w
can conclude thatD f (x-0)'D f (x) for T.To .

On cooling belowTo a different magnetization respons
arises depending on the measuring mode and on the ap
field. While the curves obtained with the extreme fields us
~0.1 T and 3 T! show thatD f (x-0)'D f (x), a net distinction
between FCC andM (x-0) modes is observed for 0.3 T and
T, indicating thatD f (x).D f (x-0) for these intermediate
fields. In the data measured withH50.3 T, shown in Fig.
5~b!, the difference belowTo between the FCC and
M (0.3-0) results gives direct evidence of the FFE induc
by the cooling field. While the magnetization in the FC
mode continuously increases on cooling acrossTo , the
M (0.3-0) curve shows that a sudden loss of FM phase h
pens in a small temperature region close belowTo . On fur-
ther cooling M (0.3-0) increases again, indicating that t
remaining amount of the FM phase is almost constant u
TCO . Some remarkable differences are found in theM (1-0)
curve @Fig. 5~c!# with respect toM (0.3-0). The former also
starts to deviates from the FCC curve atTo , but continu-
ously decreases on further cooling, contrarily to what h
pens withM (0.3-0). This fact can be attributed to the effe
of the measuring field, which in this case is large enough
convert non-FM regions to a FM state. This process is
complished each time the field is turned on. As the tempe
ture is lowered the capability of the field to produce su
transformation decreases. Thus, whileD f (1 T) remains al-
most constant in the intermediate temperature ran
D f (1-0) decreases asTCO is approached from above. Th
capability of even higher measuring magnetic fields to c
vert the material from non-FM to FM is clearly visualized
Fig. 5~d!, where results obtained with theM (3-0) and FCC
3-5
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modes coincide aboveTCO , indicating that the measurin
field is sufficient to induce a nearly complete metamagn
transition. The above-described scenario is consistent
that proposed by Mahendiranet al.,15 who suggested that th
phase coexistence aboveTCO is characterized by the exis
tence of CO domains of different sizes and, concomitan
different critical field values for the local metamagnetic tra
sition.

At TCO the system changes to a CE-type CO-AF
state.21 It is well known that below this temperature th
phase-separated state is characterized by the coexisten
small FM regions embedded in a CO-AFM matrix. There
negligible FFE induced by the measuring field, whereas
cooling field considerably enhances the low-temperature
fraction ~see inset of Fig. 4!. Fast cooling rates also produc
the same effect.22 It is worth noticing that the charge orde
transition temperatureTCO is lower on the FCC mode a
compared to theM (x-0) mode, because the cooling fie
enhances the melting of the CO-AFM state. The value
TCO ~obtained through the maximum slope at the decreas
the magnetization! ranges from 146 K atH50.1 T to 116 K
at H53 T in the FCC mode, but it is almost field indepe
dent (TCO514661 K) in the M (x-0) mode. The physica
processes occurring in each of the panels of Fig. 5 may
summarized in the following way: 5~a! cooling and measur
ing fields induce no changes in the magnetic phases;~b!
cooling field induces FM fraction enlargement; 5~c! cooling
field induces FM fraction enlargement and enhanced mel
of the CO transition, while the measuring field induces o
partial FFE; 5~d! FM fraction enlargement is saturated b
both the cooling and the measuring fields aboveTCO , and
the cooling field also promotes melting of the CO transitio

The resistivity results of Fig. 6 are consistent with th
analysis. The onset temperatureTo below which FCC and
turn-on–turn-off-type measurements separate is the sam
magnetization and resistivity data. AboveTo , FCC and
R(1-0) resistivity results also coincide. BetweenTo andTCO
the resistivity is lower when cooling in the presence o
magnetic field. It is remarkable to note that belowTCO the
magnetoresistance is entirely due to the cooling field. Res
with H50 and withH51 T applied solely during the mea
surements practically coincide belowTCO . On the other
hand,H51 T applied while cooling the sample conside
ably lowers the resistivity. The inset of Fig. 6 shows how t
magnetoresistance is enhanced in the FCC mode as
pared to theR(1-0) mode. This confirms that PS effects a
responsible for the observed magnetoresistance in this c
pound. Transport measurements evidence the different w
in which the system reaches the low-temperature CO-A
state depending on the measuring mode. As the tempera
is lowered in the FCC mode a sharp increase of resistivit
observed atTCO , indicating that CO and AFM states occu
simultaneously when cooling under a 1 T field. On the ot
hand, the zero-field resistivity curve changes nea
smoothly while cooling, suggesting that the fully CO state
reached by a continuous increase of the CO regions be
TC . The enhanced melting~lower TCO! as a result of the
cooling field is also observed in the magnetoresistance p

The overall behavior observed in La0.5Ca0.5MnO3 through
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magnetization measurements, and confirmed by resisti
shows the existence of well-differentiated regimes in
phase separated state belowTC . The main characteristics o
each regime are clearly visualized in theM vs H data showed
in Fig. 7. At different temperatures we performed the me
surements with a definite experimental procedure: the sam
is cooled without an applied field to the target temperatu
or alternatively, the sample is cooled withH51 T to the
target temperature. At 210 K~top inset of Fig. 7!, in the
high-temperature regionTo,T,TC , both results coincide
The inhomogeneous FM state that develops atTC is charac-
terized by the coexistence of isolated FM clusters embed
in a paramagnetic host.13,14 With an applied field these clus
ters can grow freely against the paramagnetic phase,
spectively of the way in which the field is applied.

The temperatureTo signals the onset of a different phas
separated state. Following the results of Huanget al.,6 this
phase-separated state consists of FM regions coexisting
a structurally different phase. The second phase has diffe
cell parameters than the FM one and is characterized b
major degree of order of thedz

2 orbital. Traces of PS of a
structural nature, with an onset atT'200 K, have also been
found in magnetostriction studies.23 Thus, belowTo , the FM
clusters are structurally confined and cannot grow fre
when a magnetic field is applied in theM (x-y) mode, due to
the presence of energy barriers at the phase boundaries.
netic relaxation measurements in the intermedia
temperature range also support the above descriptio24

These energy barriers increase as the temperature is low
and therefore the capability of the measuring field to indu
the structural transition from a non-FM to a FM state dim
ishes. This is responsible for the lower magnetization in
M (1-0) data of Fig. 5~c!. However, the same magnetic fie
applied in the FCC mode can locally prevent the format
of the secondary phase, giving rise to an enhanced amou
the FM phase with respect to that obtained in theM (x-y)
mode.

FIG. 7. Magnetization as a function of field of La0.5Ca0.5MnO3,
sample E. The main panel shows results measured after zero
cooling ~ZFC! to T5170 K ~solid squares!, after ZFC to T
510 K and subsequently warmed to 170 K~solid circles! and after
field-cooled-cooling~FCC! with H51 T to 170 K ~open circles!.
The insets show data measured after ZFC~solid squares! and FCC
~open circles! to T5210 and 120 K.
3-6
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The magnetic properties of the intermediate pha
separated state become evident through measurementsM
vs H at T 5 170 K ~main panel of Fig. 7!. The data recorded
after FCC withH51 T start from a nearly saturated ma
netization value, reflecting that the cooling field almost
tally inhibits the formation of the secondary phase. Inste
the results obtained after ZFC to 170 K show a low init
magnetic component, and a smooth metamagneticlike tra
tion, completed atH;3 –4 T. An additional curve is dis
played, in which the sample is cooled to 10 K and sub
quently warmed to the target temperature. In this case
majority phase is the low-temperature AFM-CO pha
which can be transformed to a FM state in a sharp metam
netic transition, as observed in the figure. Finally, belowTCO
most of the material falls into the CO-AFM state, which
robust with respect to the application of moderate magn
fields, and the relative phase fractions are no longer c
trolled by the measuring field but only by the cooling fiel
At 120 K, both ZFC and FCCM (H) curves~bottom inset of
Fig. 7! display the same overall behavior, with an abru
field-induced CO-AFM to FM metamagnetic transition
H.7.4 T The data obtained after ZFC and FCC conditio
differ only in the magnetization values just above 1 T, due
the FFE effect of the cooling field.

V. CONCLUSIONS

The present investigation addresses the effects of an
plied magnetic field in the magnetic phases
La0.5Ca0.5MnO3, one of the prototype compounds for stud
ing PS effects in manganites. The close interplay between
FM fraction and the applied magnetic field is crucial f
interpreting the magnetization of this phase-separated
tem. We have used a particular experimental protocol rela
to the application of the magnetic field, which reveals t
phase-separated nature of the compound, due to the d
guishable effects of the cooling and measuring magn
fields. The presented magnetization results show the e
tence of three well-differentiated PS regimes: ‘‘soft PS’’ f
TC.T.To , ‘‘intermediate’’ PS forTo.T.TCO , and ‘‘hard
PS’’ for T,TCO . These regimes were identified followin
the system’s response to an applied magnetic field, and
consistent with neutron scattering results.6

The actual existence of a phase-separated state clos
low TC is not directly revealed by our measurements,
was addressed by other authors.8,12,14,25 In this region the
magnetic response of the system is the same in a wide r
of magnetic fields, irrespective of the way in which the fie
is applied. This seems to indicate that the coexisting pha
differ in their magnetic properties~paramagneticlike and
FM! but do not display energy barriers at the phase bou
aries. This fact characterizes the soft PS regime, in which
FM phase can grow almost freely with the application o
magnetic field, whichever mode is employed. The interme
ate region has its onset atTo , where magnetization curve
obtained in the FCC andM (x-y) modes begin to separate
The different response of the system to the cooling and
measuring fields is consistent with the fact that the pha
10440
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separated state in this temperature range is of a struc
nature,6 with some degree of charge and/or orbital orderi
in the secondary phase.15,26 A moderate applied magneti
field (;1 T) is successful in preventing the formation of th
secondary phase in the FCC mode. On the other hand, in
M (x-y) mode the magnetic field has to induce a structu
transition to accomplish the growth of the FM phase aga
the non-FM one, overcoming the energy barriers at the ph
interfaces; therefore, much less FFE is achieved. It is wo
noting that the preceding statements are only valid for m
suring fields within a definite window, outside which ma
netic measurements are unable to reveal the phase-sepa
nature of the system at this intermediate temperature ra
With low magnetic field values (H&0.1 T) even the cooling
field does not induce FFE, while at relatively high valu
(H*3 T) the measuring field alone promotes a compl
metamagnetic transition, transforming the system in to
nearly homogeneous FM state.

The hard PS regime which appears belowTCO is the most
studied in previous papers. It consist of minority FM regio
embedded in an CO-AFM host with CE-type structure,
more robust state with respect to the application of a m
netic field. However, relatively low cooling fields can pro
duce small variations of the FM fraction, which in turn pr
duces huge changes in the resistivity when the FM fractio
near the percolation threshold. The transport data prese
provide clear evidence for the percolative nature of the lo
field low-temperature colossal magnetoresistance. At te
peratures well belowTCO , an applied cooling field is solely
responsible for a sizable decrease in electrical transport.
the other hand, there is no appreciable magnetoresistan
measurements with theR(x-0) mode, since the measurin
field cannot produce FFE in the hard PS region. Both tra
port and magnetization data also show the drastic effec
the cooling field in lowering the CO transition temperatu
whereas no reduction inTCO is observed in theM (x-0) mea-
surements with fields up to;3 T.

Summarizing, the measured magnetization values
phase-separated manganites depend strongly on the mag
field applied during the measurements and on the field
plied while cooling the sample. We were able to determ
through magnetization data the onset atTo of the intermedi-
ate PS region and established the existence of a critical c
ing field above which FFE occurs. The overall results sh
how turn-on-turn-off-type magnetization measurements c
be employed to reveal the phase-separated nature of ma
nite compounds. Needless to say, more powerful tools s
as microscopic techniques are required to fully characte
the coexisting phases at the various temperature ranges
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