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Magnetization studies of phase separation in Lg;Cay sMnO 5
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We present magnetization studies in a series of phase-separatg€ial. MnO; manganite samples, with
different low-temperature fractions of the ferromagnéftM) 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 bélgw 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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[. INTRODUCTION strongly sample dependent. It has been previously
demonstratefthat the fraction of FM and CO-AFM phases
The mixed-valent manganite®; ,A,MnO; (R=rare in polycrystalline LgCa MnO; can be controlled by ap-
earth,A = Ca, Sr, or Ba have attracted considerable scien- propriate thermal treatments, which produces a continuous
tific interest due to their wide variety of spin, charge, andchange of the relative fraction of the competing FM and
orbital states. Extensive investigation of these compoundsCO-AFM phases. The existence of phase separation within
was first stimulated by the discovery of colossal magnetorethe FM phase, i.e., in the intermediate temperature region
sistancCMR), a large decrease in electrical transport whenT-o<T<T., has also been established in various investi-
a magnetic field is applied, which takes place in variousgations. The occurrence of an incommensurate charge- and
compounds near a ferromagnetic transition. Subsequentlgrbital-ordered state betweef: and T.o, incompatible
the main focus of attention has moved beyond the study ofvith ferromagnetic order, was found through transmission
CMR effects in manganites, in particular to tke 3 substi-  electron microscop$!? Detailed neutron studi€seported
tuted compositions, which in La,CaMnO; represent the the appearance beloW of a second crystallographic phase
boundary between competing ferromagne(ieM) and  structurally different from the FM phase and lacking mag-
charge-ordered antiferromagneti€O-AFM) ground states, netic order. A consensus has now emerged in the literature
a favorable scenario for phase separatiBf phenomend. regarding the paramagnetic character of this secondary
Phase separation also occurs in several other systems, anghase’>~° although the possible existence of an AFM in-
is most studied in (La ,Pr,) o Ca MnO; at an intermediate  commensurate charge-ordered state cannot be rulétl out.
z doping rang€ the end members=0 andz=1 are FM Microscopic probes were more successful than magnetic
metallic and CO-AFM insulating at low temperatures, re-measurements in detecting the intermediate phase-separated
spectively. Recent experimental investigations have showstate. Indeed, previous magnetization studies appeared to be
undisputed evidence of the existence of inhomogeneousonsistent with the existence of a homogeneous ferromag-
states and PS in various manganite compodndsmajor netic state affco<T<Tc,>"® without any indication of
discovery in the study of strongly correlated electron sysPS. The main reason for the mentioned limitation of the
tems. magnetic techniques can be found in the sensitivity of the
In the case of LgsCa, sMnOj, the “standard” compound phase-separated state to the measuring magneticfigld,
changes on cooling to a FM phaseTai~220 K and, sub- which can mask the real characteristics of the system in con-
sequently, to CO-AFM aftTco~150 K (~180 K upon ventional magnetization measurements. In a previous
warming.® However, it has been established that this systeninvestigatiot* we have shown through transport measure-
is better described as magnetically phase segregated ovem@nts how the application of a low magnetic field can alter
wide range of temperatures. The nature and properties of thikie volume fraction of the competing magnetic phases. When
phase-separated state have been the subject of numerdhe field is applied while cooling the sample, in a conven-
experimentd ! and theoreticdl* investigations. At low tional field-cooled-coolingFCC) experiment, it promotes an
temperature§ <T.o, FM metallic regions are trapped in a enlargement of the FM volume fraction, by preventing the
CO-AFM matrix. This is consistent with the sizable bulk formation of otherwise non-FM regions. On the other hand,
magnetization values observ&larising from the ferromag- if the field is turned on while the measurement is made and
netic component, and with resistivity data, which may showturned off while cooling the sample, a procedure called the
metallic behavior due to the percolation of FM clusters. Theturn-on-turn-off mode, the relative fraction of the existing
fraction of FM phase remaining at low temperatures isphases is less disturbed during the cooling process. The mea-
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sured magnetoresistance of the compounds differs consider- TABLE I. Main characteristics of LgCa sMnO; samples, la-
ably when comparing data obtained with the FCC &urd- beled A—E. FM (%) is the ferromagnetic phase fraction at low
on-turn-off modes, since the former enhances thetemperaturegRef. 7), Tc the ferromagnetic transition temperature,
percolation of the FM metallic regions. In fact, it has beenand Tco the charge-ordered antiferromagnetic transition tempera-
theoretically proposéd® and experimentally confirmét*>  ture measured on cooling’c and Tco were obtained from the
that the observed colossal magnetoresistance effect in mafi@ximum inflection of the low-field2 mT) magnetization data.
ganites is caused by a field-induced percolative transition of

metallic regions in phase-separated systems. Within this sc@2mPle  grain sizénm) — FM (%) Te(K) — Teo (K)
nario, it is possible that a moderate applied fieldl( T) can A 180 84 225 _

be high enough to suppress the non-FM phase betWgen B 250 77 219 129
and Tco in a FCC experiment, giving rise to a magnetic 450 54 218 137
response of the system consistent with a homogeneous state., 950 15 215 143
This is probably the reason for the lack of detection of the 1300 9 214 147

intermediate phase-separated state through magnetic mea-
surements.

In this paper we present a detailed magnetization study ofp transition atT¢, followed by a hysteretic first-order
phase-separated 45CasMnO; manganites, focusing  transition to a CO-AFM state & (the latter not visible
mainly in the intermediate-temperature regiolco<T  for sample A. The bulk magnetization measured bel®w,
<Tc. The samples are a series of polycrystalline comsijgnals the presence of FM domains trapped in the CO-AFM
pounds, with varying low-temperature volume fraction of matrix, as previously reported for this matefidllt is clear
FM and CO-AFM phases. We investigated the magnetic refrom the data that the FM volume fraction strongly increases
sponse of the system under different measurement Procénrough the series, starting from a compound mostly CO-
dures, extending the idea related tiarn-on-turn-ofttype  AFM at low temperatures in sample E and reaching a nearly
measurements to magnetization studies. We found that byly FM material in sample A. The transition temperatures
changing separately the measuring and cooling field leads tp_ and T, obtained through the maximum slope of the
different magnetic responses, providing an important tool tqnagnetization data, are listed in Table I. The FM transition
investigate PS effects through magnetization measurementgecreases froffi .~ 227 to 214 K for samples A—E, respec-
Using this particular experimental procedure we were able @vely, and the temperature of the CO-AFM transition in-
identify three different regimes in the phase-separated stalgegses fronT .o~ 128 to 142 K, signaling the stabilization
of Lag sCa sMnO; below T, related to the response of the of the CO-AFM phase as the low-temperature FM fraction
system to the cooling and measuring fields. decreases in the materials. A pronounced irreversibility, i.e.,

Il. EXPERIMENTAL DETAILS

0.30 ' — ' —
0.15

Polycrystalline LgsCa,sMnO5; was obtained by a stan- I
0.00

dard citrate-nitrate decomposition method. Additional ther-

mal treatments were performed to obtain a batch of samples

with different grain sizes. Care was taken to ensure that all
samples have the same oxygen stoichiometry, and same Ca .~
doping concentration near 0.5. More details on material
preparation and x-ray analysis are given elsewhdfagne-
tization measurements were performed with a commercial
magnetometefQuantum Design PPM$etween room tem-
perature and 2 K, with applied fields up k=9 T. Trans-
port data were obtained with a standard four-point technique.
Table | lists some physical parameters of the measured
samples, labeled A—E: grain sizes, low-temperature volume
fraction of the FM phase, ferromagnetic transition tempera-
ture T¢, and charge-ordered antiferromagnetic transition
temperaturel .o measured on cooling. The fraction of FM

B/Mn

=,

N

=

0.06 [

phase was estimated frolh vs H measurements at 10 K, as
previously described.

Ill. RESULTS

In order to characterize the magnetic behavior of the stud- F|G. 1. Magnetization as a function of temperature of
ied compounds, Fig. 1 shows the temperature dependence 104, .Ca MnO; samples, labeled A—E. Results obtained with
=2 mT, with zero-field-cooling (ZFC),

the magnetization, measured with=2 mT for samples
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A—E. As the temperature is lowered all samples display aFCC), and field-cooled-warmingFCW) procedures.
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- CO-AFM phases can be readily visualized through measure-
] ments ofM vs H. Figure 2 shows data taken at 130 K, just
. below the CO transition. It is interesting to observe how the
- results evolve through the series of samples. For samples D
TICO00u ] and E, with higher CO-AFM content at low temperatures, the
*“““T“‘ OO B _ effects due to the FM and AFM phases are clearly separated
. in the curves. As the field increases it initially aligns the FM
- moments, followed by a metamagnetic transition of the AFM
] moments to a field-induced ferromagnetic phase. At this tem-
] perature and at the highest field reached, the entire sample is
] in a FM state. The metamagnetic transition displays large
. field hysteresis and time relaxation at the fields where
] dM/dH is maximum. Samples C and D show a larger initial
] saturation value of the FM moments and less pronounced
] hysteresis, related to the increase of the FM fraction and
N decrease of the CO-AFM fraction in the compounds. Sample
A shows data similar to a fully FM sample, consistent with
] the results of magnetization as a function of temperature
] (Fig. 1.
- We shall now demonstrate that when a magnetic field is
applied while cooling the samples it can dynamically change
H (T) the relative fract_ion of_ the magnetic states in_this phase-
separated material. This phenomenon is investigated by ex-
FIG. 2. Magnetization as a function of field of § &Ca, MnO; tending to magnetization data the ideatofn-on-turn-off
samples, labeled A—E. Results obtained after zero-field cooling tetype measurements, where the field is left on at fixed tem-
T=130 K. peratures, while taking a data point, and turned off while
cooling the sample. In a more general procedure employed in
the difference between the FCC and zero field-co0f€C)  the present study, the measured magnetization may depend
curves, is observed for all samples, as a consequence of th@ two different variables andy, wherex is the measuring
magnetic anisotropy of the compounds. The fractionafield andy the field in which the sample is coolgoth
change ¢ in  magnetization, expressed asé¢  expressed in ) This measuring technique is hereafter called
=(Mgcc-Mzec)/MEc, has approximately the same value the M(x-y) mode. Figure 3 displays the results obtained for
in all samples£&=0.94+0.03 at 10 K. Magnetization mea- all samples, comparing the data taken with the FCC and
surements at various fieldaot shown reveal little changes M (1-0) modes, the latter with a measuring field of 1 T and
in £ up to H=0.02 T and a strong decrease abadde cooling field zero. The value of 1 T was chosen since it is
=0.1 T. This is consistent with the values obtained for themuch above the observed anisotropy field and much below
coercive field(a measure of the magnetic anisotrppid,  values that would cause a pronounced decrea$gdgdue to
=0.05 T at 10 K for all samples. Fdi>H_, & becomes melting of the CO state. For sample A, nearly fully FM down
negligible. to low temperatures, the FCC amdl(1-0) results virtually
The effect of the magnetic field on the coexisting FM andcoincide. As the CO-AFM fraction increases through the se-

M (u_/Mn)
O =2 NW O 2 NW O MNW O—_2MNDNW O—="2NMNW

60 120 180 240 60 120 180 240 60 120 180 240 60 120 180 240 60 120 180 240
T (K) T(K) T(K) T(K) T(K)
FIG. 3. Magnetization as a function of temperature of, iGa, ;MnNO; samples, labeled A—E. The curves with solid symbols were

measured with a field-cooled-coolift§CC) mode, with H=1 T. Curves with open symbols obtained with a measuring field T, and
a cooling fieldy=0, called theM (1-0) mode.
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FIG. 4. Magnetization as a function of temperature of 0.8t

Lay Ca& sMnO;, sample E. Results obtained with a measuring field M(1-0)
x=1 T and several values of the cooling figidhe M (1-y) mode. 0.0l . . . 0.0L . . .
The main panel shows an enlarged portion of the data at interme- 60 120 180 240 60 120 180 240
diate temperatures, wittfrom bottom to top y=0, 0.1, 0.2, 0.3, T (K) T (K)
0.4, 0.5, 0.6, 0.7, and 0.85 T. The inset shows the same results at
lower temperatures, witf=0, 0.2, 0.4, 0.6, and 0.85 T. FIG. 5. Magnetization as a function of temperature of

Lay :Ca gMnO3, sample E. The curves with solid symbols were

. h L b v d d measured with a field-cooled-coolingFCC) mode, with H
ries the magnetization becomes strongly dependent ong, 1 @, 03 T(h), 1 T (), and 3 T(d). Curves with open

whether or not the field is left on while c_ooling the samples.symbolS measured with a cooling fieyd=0, the M (x-0) mode.
In samples B and C, below a certain temperature, the

M(1-0) data are shifted with respect to the FCC data. Irlow temperatures and where PS effects are more pronounced.
samples D and E, with higher CO-AFM fraction, it is re- Figure 4 shows additional measurements taken in the
markable to observe huge differences in bulk magnetizatioM(x-y) mode. The main panel displays the results at inter-
when comparing the curves obtained with the two measuringnediate temperatures, while the inset shows an enlarged plot
procedures. The temperature where the FCC BI{d-0)  with the low-temperature data. The measuring field was kept
curves separate],=200+2 K, is nearly unchanged in constant ax=1 T, and the cooling field/ was varied in
these two samples and progressively decreases through theder to study its influence on the measured magnetization.
series. As discussed below, the change in magnetization d&he M (1-0.06) datgnot shown for clarity of the figudeare
pending on the measuring mode is due to the existence afirtually identical to M(1-0); a small difference between
non-FM regions within the FM phase. M(1-0.1) andM(1-0) is observed, and thé (x-y) curves
Before interpreting these results some points must be veritart to clearly separate from ti¢(1-0) data aty=0.2 T.
fied to ensure the physical meaning of the data. Since th/ith increasing cooling fieldy the curves gradually evolve
field is being switched on and off continuously in the towards the data obtained with the FCC mode. With the mea-
M(x-y) mode, one may suspect the samples to be in somsuring field kept constant, these results indicate an onset at
kind of magnetic metastable state, where strong relaxatiorl=0.1 T above which the cooling field induces changes in
effects would be present. In order to rule out this possibilitythe measured magnetizatigsee Fig. 4 This is consistent
the M(1-0) data were repeated, leaving the field on for 30with the results shown in Fig.(8), where it is shown that
min and subsequently leaving the field switched off for thewith a measuring field of 0.1 T, FCC arid (0.1-0) results
same period of time before proceeding to next data pointpractically coincide. The different panels in Fig. 5 compare
The observed fractional change M(1-0) is always less data taken with the FCC anbl (x-0) modes. The cooling
than 2% at all temperatures. Long-time relaxation data weréields is kept at zero, and the measuring figldncreases
also taken at selected temperatures, giving a fractiongrom 0.1 to 0.3, 1, and 3 T, respectively. As will be discussed
change inM(1-0) of less then 3% in a period of 4 h. A below, the data in the each of the panels of Fig. 5 may be
different test was also made, by varying the temperature ininterpreted in a qualitatively different way. The same overall
terval between data points, from 0.5 to 5 K, with no effect inresults were obtained on samples B—D, which shows that the
the M(1-0) curves. These results clearly establish that theooling field effect is the same regardless of the ratio be-
field in which the samples are cooled has an overwhelmingween the competing FM and CO-AFM phases.
effect in the bulk magnetization measured. It is worth noting Complementary resistivity measurements are shown in
that the results(not shown taken while warming the Fig 6. Three different curves are plotted, corresponding to
samples, with field-cooled warming ard (1-0) warming different experimental procedures: measured without an ap-
modes(measured after FOCvirtually coincide. plied field (H=0), measured wittH=1 T on the FCC
The remainder of this paper will focus on measurementsnode, and measured with a field=1 T while cooled in
on sample E, with the largest CO-AFM volume fraction atzero field, theR(1-0) mode. The inset of Fig. 6 depicts the

104403-4



MAGNETIZATION STUDIES OF PHASE SEPARATION. .. PHYSICAL REVIEW B5 104403

: ' ' — — The results of Fig. 3 emphasize the fact that regardless of

10° §1.o E the relative low-temperature fractions of the FM and CO-
104k g ] AFM phases, which is highly dependent on sample prepara-
< 0s tion, there is an onset temperaturg below which the cool-
10°§ E 3 ing field plays an unbalancing role in favor of the FM state.
s . S ] Measurements displayed in Fig. 4 evidence that above a
é =00 R(1-0) threshold value oH=0.1 T the FM phase fraction monoto-
< 10k 60 120 180 240 ] nously increases as a function of the applied cooling field.
T(K) The same threshold field is obtained for the other samples
10°¢ R0 N 3 (data not shown These findings are most likely an intrinsic
107k (1-0) = H=0 ] characteristic of the LgCa sMnO; system, beyond the par-
FCC (1T) ticular differences among the samples.
60 120 180 240 In order to adequately separate the effects of the measur-
T (K) ing and cooling fields in the ground state of the system let us

call Af(x-y) the FFE produced when measuring in the
FIG. 6. Resistivity as a function of temperature of M(x-y) mode andAf(x) the FFE induced in a FCC proce-
LagsCa sMNnO;, sample E. Results measured with=0, field-  dure. The actual FM phase fraction at a given temperature is
cooled cooling withH=1 T and with a measuring field#=1 T  proportional to ,+Af), wheref, is the equilibrium frac-
and cooling fieldy=0, the R(1-0) mode. The inset depicts the tjon of the FM phase at zero field. This notation is useful for
magnetoresistandd R= —[R(H) ~R(0)J/R(0), calculated for the - 5 g ajitative analysis of Fig. 5, which provides interesting
FCC andR(1-0) modes; the curves separateTgt insights into how the magnitude of the applied magnetic field

magnetoresistance MR R(0)-R(H)]/R(0), comparing the affects the phase-separated state belevby comparing the
results obtained with FCC ani(1-0) modes. The results results measured in tHd (x-0) and FCC modes. AboVE,
clearly show that the large low-temperature MR is solely dughe magnetization response is the same in both modes, up to
to the cooling field, as discussed in more detail in the fol-the highest field employe@ T). The equilibrium state of the
lowing section. sample under the applied magnetic field is the same irrespec-
tive of the way in which the magnetic field is applied, so we
IV. DISCUSSION can conclude thah f(x-0)~Af(x) for T>T,.

When performing magnetic measurements in phase- _On cooling _belowTo a diﬁ‘eren_t magnetization response
separated materials the applied magnetic field can affect trfises depending on the measuring mode and on the applied
ba'ance between the Coexisting phases by increasing tﬁ:@ld While the curves obtained with the extreme fields used
amount of the FM phase, an effect called ferromagnetic fract0-1 T and 3 7 show thatA f(x-0)~Af(x), a net distinction
tion enlargemer(tFFE).ll,IS,lgThe magnetization response of between FCC ani (X'O) modes is observed for 0.3 Tand 1
a phase-separated system involves two field-dependent coh- indicating thatAf(x)>Af(x-0) for these intermediate
tributions: the alignment of the magnetic moments of the FMfields. In the data measured with=0.3 T, shown in Fig.
phase and the FFE effect. The applied magnetic field can alsgb), the difference belowT, between the FCC and
lower Tco, a phenomenon known as melting. It has beenM(0.3-0) results gives direct evidence of the FFE induced
argued that PS plays a major role in the melting mechanismy the cooling field. While the magnetization in the FCC
with the competition and coexistence among the FM compomode continuously increases on cooling acrdgs the
nent and the CO phase causing a drop in the CO transitio (0.3-0) curve shows that a sudden loss of FM phase hap-
temperaturé® Our results(Figs. 3—6 clearly show that the pens in a small temperature region close belgy On fur-
capability of the magnetic field to change the relative frac-ther coolingM(0.3-0) increases again, indicating that the
tions of the coexisting phases is strongly dependent on theemaining amount of the FM phase is almost constant until
way in which the field is applied, with the cooling and mea- Tco. Some remarkable differences are found inthgl-0)
suring fields affecting the system in different ways. As pre-curve[Fig. 5c)] with respect taV (0.3-0). The former also
viously reported? in a FCC procedure the cooling field in- starts to deviates from the FCC curve B, but continu-
duces FFE mainly by inhibiting the formation of the non-FM ously decreases on further cooling, contrarily to what hap-
regions. On the other hand, the measuring field, applieghens withM(0.3-0). This fact can be attributed to the effect
solely at fixed temperatures once the zero-field relative fracef the measuring field, which in this case is large enough to
tions are established, can produce FFE only if it is largeconvert non-FM regions to a FM state. This process is ac-
enough to transform some fraction of the material from onecomplished each time the field is turned on. As the tempera-
phase to the other, in a metamagneticlike transition. It musture is lowered the capability of the field to produce such
be emphasized that the observed difference in the magnetiransformation decreases. Thus, whlé(1 T) remains al-
zation curves regarding the way in which the field is appliedmost constant in the intermediate temperature range,
is a direct consequence of the phase-separated nature of thd(1-0) decreases &abcg is approached from above. The
system. On a nearly homogenous FM sample the magnetizaapability of even higher measuring magnetic fields to con-
tion is almost the same in thié (x-y) and FCC modes, as vert the material from non-FM to FM is clearly visualized in
observed in Fig. &). Fig. 5(d), where results obtained with thé(3-0) and FCC
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modes coincide abov&cg, indicating that the measuring ' 7 ' '

. . . . . FCC with 1T

field is sufficient to induce a nearly complete metamagnetic S

transition. The above-described scenario is consistent with g 3

that proposed by Mahendiraat al,*® who suggested that the 2 / ) 1

phase coexistence aboVg is characterized by the exis- § / ]

tence of CO domains of different sizes and, concomitantly, ~5 -F / T, 210K

. . . . C =

different critical field values for the local metamagnetic tran- = ; =970 K g

sition. = i ZFCtwof Z o g &
At Tco the system changes to a CE-type CO-AFM | 10K 1 i iy

state?! It is well known that below this temperature the 0

phase-separated state is characterized by the coexistence of ol T=170K ° %, (Tf °

small FM regions embedded in a CO-AFM matrix. There is ' . - . L '

negligible FFE induced by the measuring field, whereas the 0 2 H (T) 4 6

cooling field considerably enhances the low-temperature FM
fraction (see inset of Fig. 4 Fast cooling rates also produce  F|G. 7. Magnetization as a function of field of 4.4Ca, MnOs,,
the same effec?. It is worth noticing that the charge order sample E. The main panel shows results measured after zero-field
transition temperaturdco is lower on the FCC mode as cooling (ZFC) to T=170 K (solid squares after ZFC to T
compared to thevi(x-0) mode, because the cooling field =10 K and subsequently warmed to 17Q46lid circles and after
enhances the melting of the CO-AFM state. The value ofield-cooled-cooling(FCC) with H=1 T to 170 K(open circles
Tco (obtained through the maximum slope at the decrease dfhe insets show data measured after ZB6lid squaresand FCC
the magnetizationranges from 146 K a4=0.1 Tto 116 K  (open circlesto T=210 and 120 K.
atH=3 T in the FCC mode, but it is almost field indepen-
dent (Tco=146+1 K) in the M(x-0) mode. The physical magnetization measurements, and confirmed by resistivity,
processes occurring in each of the panels of Fig. 5 may beshows the existence of well-differentiated regimes in the
summarized in the following way:(8 cooling and measur- phase separated state bel®w. The main characteristics of
ing fields induce no changes in the magnetic phaséw; 5 each regime are clearly visualized in tievs H data showed
cooling field induces FM fraction enlargementrbcooling in Fig. 7. At different temperatures we performed the mea-
field induces FM fraction enlargement and enhanced meltingurements with a definite experimental procedure: the sample
of the CO transition, while the measuring field induces onlyis cooled without an applied field to the target temperature,
partial FFE; %d) FM fraction enlargement is saturated by or alternatively, the sample is cooled with=1 T to the
both the cooling and the measuring fields abdvyg,, and target temperature. At 210 Kop inset of Fig. 7, in the
the cooling field also promotes melting of the CO transition.high-temperature regioii,<T<T¢, both results coincide.

The resistivity results of Fig. 6 are consistent with this The inhomogeneous FM state that develops ais charac-
analysis. The onset temperatufg below which FCC and terized by the coexistence of isolated FM clusters embedded
turn-on-turn-offtype measurements separate is the same iin a paramagnetic host:**With an applied field these clus-
magnetization and resistivity data. Abovie,, FCC and ters can grow freely against the paramagnetic phase, irre-
R(1-0) resistivity results also coincide. BetwegnpandT.,  spectively of the way in which the field is applied.
the resistivity is lower when cooling in the presence of a The temperatur@, signals the onset of a different phase-
magnetic field. It is remarkable to note that beldw, the  separated state. Following the results of Huat@l.® this
magnetoresistance is entirely due to the cooling field. Resultghase-separated state consists of FM regions coexisting with
with H=0 and withH=1 T applied solely during the mea- a structurally different phase. The second phase has different
surements practically coincide beloW.o. On the other cell parameters than the FM one and is characterized by a
hand,H=1 T applied while cooling the sample consider- major degree of order of thd§ orbital. Traces of PS of a
ably lowers the resistivity. The inset of Fig. 6 shows how thestructural nature, with an onset 4200 K, have also been
magnetoresistance is enhanced in the FCC mode as corfound in magnetostriction studié$Thus, belowT,, the FM
pared to theR(1-0) mode. This confirms that PS effects areclusters are structurally confined and cannot grow freely
responsible for the observed magnetoresistance in this comvhen a magnetic field is applied in thé(x-y) mode, due to
pound. Transport measurements evidence the different wayke presence of energy barriers at the phase boundaries. Mag-
in which the system reaches the low-temperature CO-AFMetic relaxation measurements in the intermediate-
state depending on the measuring mode. As the temperaturemperature range also support the above description.
is lowered in the FCC mode a sharp increase of resistivity iShese energy barriers increase as the temperature is lowered,
observed afl o, indicating that CO and AFM states occur and therefore the capability of the measuring field to induce
simultaneously when cooling under a 1 T field. On the othetthe structural transition from a non-FM to a FM state dimin-
hand, the zero-field resistivity curve changes nearlyishes. This is responsible for the lower magnetization in the
smoothly while cooling, suggesting that the fully CO state isM(1-0) data of Fig. &). However, the same magnetic field
reached by a continuous increase of the CO regions beloapplied in the FCC mode can locally prevent the formation
Tc. The enhanced meltindower T¢o) as a result of the of the secondary phase, giving rise to an enhanced amount of
cooling field is also observed in the magnetoresistance plothe FM phase with respect to that obtained in WMéx-y)

The overall behavior observed in { &g sMnO; through  mode.
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The magnetic properties of the intermediate phaseseparated state in this temperature range is of a structural
separated state become evident through measuremehs ofnature® with some degree of charge and/or orbital ordering
vsH at T = 170 K (main panel of Fig. ¥ The data recorded in the secondary phas&?® A moderate applied magnetic
after FCC withH=1 T start from a nearly saturated mag- field (~1 T) is successful in preventing the formation of the
netization value, reflecting that the cooling field almost to-secondary phase in the FCC mode. On the other hand, in the
tally inhibits the formation of the secondary phase. InsteadM (x-y) mode the magnetic field has to induce a structural
the results obtained after ZFC to 170 K show a low initial transition to accomplish the growth of the FM phase against
magnetic component, and a smooth metamagneticlike transihe non-FM one, overcoming the energy barriers at the phase
tion, completed aH~3—-4 T. An additional curve is dis- interfaces; therefore, much less FFE is achieved. It is worth
played, in which the sample is cooled to 10 K and subsenoting that the preceding statements are only valid for mea-
qguently warmed to the target temperature. In this case thsuring fields within a definite window, outside which mag-
majority phase is the low-temperature AFM-CO phasenetic measurements are unable to reveal the phase-separated
which can be transformed to a FM state in a sharp metamagrature of the system at this intermediate temperature range.
netic transition, as observed in the figure. Finally, belovy, ~ With low magnetic field values{=<0.1 T) even the cooling
most of the material falls into the CO-AFM state, which is field does not induce FFE, while at relatively high values
robust with respect to the application of moderate magneti§H=3 T) the measuring field alone promotes a complete
fields, and the relative phase fractions are no longer comrmetamagnetic transition, transforming the system in to a
trolled by the measuring field but only by the cooling field. nearly homogeneous FM state.

At 120 K, both ZFC and FC®(H) curves(bottom inset of The hard PS regime which appears belbwy is the most
Fig. 7) display the same overall behavior, with an abruptstudied in previous papers. It consist of minority FM regions
field-induced CO-AFM to FM metamagnetic transition atembedded in an CO-AFM host with CE-type structure, a
H=7.4 T The data obtained after ZFC and FCC conditionamore robust state with respect to the application of a mag-
differ only in the magnetization values just above 1 T, due tonetic field. However, relatively low cooling fields can pro-

the FFE effect of the cooling field. duce small variations of the FM fraction, which in turn pro-
duces huge changes in the resistivity when the FM fraction is
V. CONCLUSIONS near the percolation threshold. The transport data presented

) o provide clear evidence for the percolative nature of the low-

_The present investigation addresses the effects of an afe|d low-temperature colossal magnetoresistance. At tem-
plied magnetic field in the magnetic phases ofperatures well beloW o, an applied cooling field is solely
Lao sCa sMNnOs, one of the prototype compounds for study- responsible for a sizable decrease in electrical transport. On
ing PS effects in manganites. The close interplay between the other hand, there is no appreciable magnetoresistance in
FM fraction and the applied magnetic field is crucial for peasurements with thR(x-0) mode, since the measuring
interpreting the magnetization of this phase-separated Syfeld cannot produce FFE in the hard PS region. Both trans-
tem. We have used a particular experimental protocol relatefort and magnetization data also show the drastic effect of
to the application of the magnetic field, which reveals thethe cooling field in lowering the CO transition temperature,

phase-separated nature of the compound, due to the distijhereas no reduction fico is observed in thél (x-0) mea-
guishable effects of the cooling and measuring magnetig,,;ements with fields up te3 T.

fields. The presented magnetization results show the exis- Summarizing, the measured magnetization values in

tence of thret_a weII—dlf_ferentlated PS regimes: “soft PS” for phase-separated manganites depend strongly on the magnetic
Tc>T>T,, “intermediate” PS forT,>T>Tco, and *hard  fie|q applied during the measurements and on the field ap-
PS” for T<Tco. These regimes were identified following plieq while cooling the sample. We were able to determine
the system's response to an applied magnetic field, and agyough magnetization data the onsefgtof the intermedi-
consistent with neutron scattering resdlts. ate PS region and established the existence of a critical cool-
The actual existence of a phase-separated state close Qgy field above which FFE occurs. The overall results show
low T¢ is not directly revealed byl o measurements, butow turn-on-turn-off-type magnetization measurements can
was addressed by other auth%i‘ég *“In this region the  pe employed to reveal the phase-separated nature of manga-
magnetic response of the system is the same in a wide rangfye compounds. Needless to say, more powerful tools such
of magnetic fields, irrespective of the way in which the field 35 mjcroscopic techniques are required to fully characterize

is applied. This seems to indicate that the coexisting phasgfie coexisting phases at the various temperature ranges.
differ in their magnetic propertiegparamagneticlike and

FM) but do not display energy barriers at the phase bound-
aries. This fact characterizes the soft PS regime, in which the
FM phase can grow almost freely with the application of a
magnetic field, whichever mode is employed. The intermedi- We thank G. Polla and G. Leyva for sample preparation.
ate region has its onset &t, where magnetization curves This work was partially financed by PRONEX/FINEP/CNPq
obtained in the FCC ant(x-y) modes begin to separate. (Contract No. 41.96.0907.0and CONICET PEI 125/98.
The different response of the system to the cooling and thAdditional support was given by FAPERJ and by Antorchas,
measuring fields is consistent with the fact that the phaseBalseiro, and Vitae Foundations.
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