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Phase separation in polycrystalline PgsSry5-,Ca,MnO,
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In this work we present electrical resistivity and magnetizatigh) @ata as a function of temperatufeand
magnetic fieldH of polycrystalline PgsSip 5 ,CaMnO; (x=0.1 and 0.2 Within a largeT range we have
observed the coexistence of the ferromagnéfiel) and charge-ordered antiferromagnetic phases. From the
spontaneous magnetization in kg H) curves we obtained the fraction of the FM phagg, . We found that
Xem IS ~20% at lowT, and increases by increasing bdtandH. Through a simple free-energy model driven
by random disorder, we reproduce theandH evolution of the phase-separation phenomena. We also show
that a low-energy difference between the competing states is responsible for the dramatic effects that the
disorder has on the physical properties.
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In recent years, the coexistence of several magneticSQUID) magnetometer with a 50-kOe magnet in the
phases, such as, for example, the charge-ordered antiferrg-—300-K temperature range. Electrical resistivip) (mea-
magnetic(CO-AFM) state with a ferromagneti¢M) metal-  surements were performed by the usual four probe method
lic one has attracted great interest. This phenomenon isetween 5 and 300 K with applied magnetic fields up to 9 T.
known as phase separatiéRS.! Direct observations of na- Figure 1 showsM(H) data at severalincreasing T for
nometer sized FM clusters inside an AFM matrix and viceboth samplegsimilar curves were obtained decreasifyg It
versa have been performed in transmission electron micross evident the presence of a FM component at all tempera-
copy (TEM) experiments:? Some recent papers have asso-tures, including below 200 K where the samples are in the
ciated the occurrence of PS with the existence of disordeCO-AFM phasé* Then, we conclude that this FM compo-
that controls the size of the clustéré. This disorder could nent is a clear signature of PS in this compound, so that the
compensate a small energy difference between the competO state is not a pure phase. Such a FM component inside
ing states, inducing the formation of clusters of both phdsesthe mainly CO state was also observed in other phase-

We focus our attention on those Mn perovskites that exseparated manganité4
hibit the coexistence of the FM and CO-AFM phases. It is  Below 200 K theM (H) curves present a remarkable hys-
knowr?'? that the fraction of FM phase increases with theteresis. At low fields, normal FM curves of the already men-
magnetic fieldH, and in most cases increases with the tem+ioned FM component are observed. These curves tend to
peratureT. Moreover, it has been shown that a high enoughsaturate, but at high fields the magnetization begins to in-

field induces a metamagnetic transition from the mainly COcrease more rapidly. This complex behavior is related to the
AFM to the FM staté>*?

In particular, in PggSty s ,CaMnO; the complex com-
petition between FM and AFM interactions is related to the
increase of the bandwidth of theg, electrons when the Ca
atoms are replaced by Sr. At loly the Pp Ca sMnO5; com-
pound is a CO-AFM insulator with a CE-type spin
arrangement’ In contrast, in the other limit the also AFM
compound RysSK, sMnO; is A-type with a two-dimensional
(2D) metallic band, and increasifigbecomes FM metalli&?

For the intermediate region, Damay al® have suggested
the possibility of the coexistence of the FM and CO phases.
Recently, in the RysSry :Ca sMnO; compound(our x=0.2
sample, Savostaet al'® by NMR studies have found evi-
dence of PS within the CO-AFM and in the FM phases.

Here we study the electric and magnetic properties of ce-
ramic samples of BgSr s ,CaMnO; for x=0.1 and 0.2.
Through magnetization measurements we show that both
samples present PS and we obtain the fraction of the FM
phase. We describe the temperature and field evolution of the
PS phenomena in the frame of a simple free-energy model
driven by random disorder.

The sample preparation and characterization was de- FIG. 1. M(H) data at different temperatures for both samples,
scribed elsewher¥. Magnetization 1) data were taken in a (a) x=0.1 and(b) x=0.2. The straight line iitb) shows an extrapo-
commercial superconducting quantum interference devicttion to zero field to obtaiMy(T).
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1.00 remarkable agreement with our magnetic estimation for the
Pry.sShys-xCaMnO; samples.

It is important to note that although the way to obtain
Xem in the present paper is not direct, this simple procedure
correctly reproduces the phase transition from charge order-
ing to ferromagnetism. This transition is related to the large
increase oXg), nearT;, and the observed hysteresis is gen-
erated by the first-order character of the transition. At low
temperatures the CO state dominates, coveri@®% of the
sample. We suggest that the minority FM phase is immersed
in the CO-AFM matrix in the form of clusters, as observed
before! On the other hand, the highphase is dominated by
the FM state] Xgpm(T;) ~82%]. Therefore in this transition
the FM phase must percolate, and consequently a simulta-
neous change in the resistivity should be observed. This is

FIG. 2. FM phase fraction & =0 vs T/T; for thex=0.1 (@) indeed the case, as we will show below.

and 0.2 ©O) samples. Two lines were obtained from the free-energy Katsufuji et al” showed t_hat (_Zr impurities in the Mn site
model with different values of parameters. Solid lines of charge-ordered manganites induce the appearance of FM

=0.98AE,, 7,=0.6QAE,. Dotted line: 7. = n,=1.2AE,. In both  clusters. They associated this effect with the random disorder
casesy=0.20AE,. Inset: the same experimental data shown as dntroduced by the Cr atoms, that produces the clustering of
function of T. Dashed lines are a guide to the eye. the systent.In a recent paper, Moreet al* have also shown
that the disorder induces PS in systems with two phases with
increase of the volume of the FM phase against the CO-AFMimilar free energies. This disorder could be related to some
one! WhenH is decreased fra 5 T awide hysteresis is structural inhomogeneities, strairgationic disorde?;® non-
generated until the low-field region is reached again. Weuniform oxygen distributiod, surface effects, or grain
name the temperature where the irreversibility disappears dwundarie$. The effective action of the disorder is a random-
T; (200 and 190 K for the samples witk=0.1 and 0.2, ness in the parameters that dominate the energies of the com-
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respectively. peting states, as, for example, the hopping enérglye su-
To quantify the FM component we have obtained theperexchange coupling, etc. .
spontaneous magnetizatiohlo(T) by extrapolating the Several theoretical papéfs® considering different inter-

M(H) curves toH=0 T from the field increasing branch actions leading to CO have been published. In all cases, the
(see the example in the lower panel of Fig. The AFM  €nergy gain due to that interaction is comparable to the loss
phase has zero spontaneous magne'[iz;:';u'ion7 MBJS pro- of kinetic energy ¢t). In this condition, the energy differ-
portional to the fraction of the FM phasé-, . ence between the FM and the CO stateSE{=Egy
In the case that the whole Samp|e were FM, M@ at _ECO) is expected to be small. This is in fact the result
very low T should be 3.5 (Mn®" and Mrf* ions in a 1:1  obtained in some recent papé?syhereAE, was found as a
relation, and it should decrease with increasifigOn the ~small fraction oft. Considering the local Jahn-TelledT)
contrary, as it is obvious in the curves of F|g W in- distortions with a characteristic ener@y~ 2t, in the CO
creases withT. This feature undoubtedly demonstrates thatstate a gapAco~Ejr opens at the Fermi levét With a
also Xgy increases withl. To obtainXgy , we have esti- Hamiltonian containing the JT distortions, similar to that
mated the spontaneous magnetizafiogey, of a totally FM  used in Ref. 21AE, can be estimated as0.02 to 0.05 per
Samp|e é(FM = ]_) We obtained this estimatiﬂfnfrom the Mn site, witht~0.2 eV. These values imply that even when
Brillouin function using a saturated magnetizatidl,  Aco is as high as 400 meV, the energy difference between
=3.5ug. Then both states could be as small as 4 meV per Mn site, so that a
critical field H.~20 T breaks the CO and transforms the
Mo(T) sample to the FM metallic state. This low-energy difference
Moem(T) " (1) provides a unique opportunity to the disorder to induce the
appearance of PS. KE, were much greater the effect of
We note that although the Brillouin function is based on adisorder would be negligible.
mean-field approach, the qualitative behaviorXgfy, (in- In order to describe the effect of the disorder we refer to a
creasing withT) is not modified. previous paper of Imry and Mao obtain a free energy of
The resultingXgy for x=0.1 and 0.2 as a function of phases coexistence. In that papery® dependence was
T/T; are shown in Fig. Zthe inset presents the same data asstated for the energy gain of a given phase due to random
a function ofT). At low T the FM phase includes20% of  fluctuations, wher#/ is the volume of that phase. A domain-
the sample. The experimental observation of PS in chargewall energy must also be included that in the Ising case has
ordered manganites has been the subject of extensive studiesv?? dependenc@.
By neutron powder-diffractiof"*?and NMR (Ref. 18 mea- Also aT dependence must be introduced, and for simplic-
surements, the FM fraction in other half doped polycrystal-ty we have taken the difference in the free energies between
line manganites have been estimated~&20% at lowT, in  the FM and CO phases asEy(1—7), wherer=T/T, is a

Xem(T) =
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00 2 for two different sets of parameters, together with the ex-
N, = 0.96AE, X X . .

| = 0.604F perimental results. To obtain the hysteretic behavior we have
: ’ taken theXgy at T=0 and in the increasind branch we

have followed the position of that minimum of the free en-

ergy until it disappeared abovig. For T>T; the Xgy value

was extracted from the position of the second minimum. In

the decreasin@ branch, the position of this minimum was

taken as theXgy, value, until again it disappeared at Iow

Of course, near the irreversibility temperatures where the

0.4

F/AE,

-0.8

a2t . . c=11 energy barrier aKg),=0.5 is small enough, the thermal ac-
0.00 0.25 0.50 0.75 1.00 tivation makes the system jump to the secdficst) mini-
Xom mum before the firs¢second minimum disappears, thus re-

ducing the real hysteresis. However, even with this simple
FIG. 3. Free energy vs FM phase fraction at different temperamodel the agreement between the experimental data and the
tures, containing the effect of random disorder. calculatedX gy, (T) is quite fair.
Some relevant features are observed in Fig. 2. First, the
reduced temperature af@ the transition temperature in the gata of thex=0.1 andx=0.2 samples collapse on a single
absence of disorder. Then, the simplest free energy for PS ig§,rve when are shown as a function BT, . Second, the

zero field takes the form energy provided by the disorder) to produce the PS is
12 comparable ta\E,, the energy difference between the FM-
F(Xem 1) =ABo(1—7)Xem— 76X~ 7a(1—Xen) metallic and the CO-AFM phases. The solid line in Fig. 2
+ ¥(0.5— | Xgy—0.5)23 (2)  Was obtained with the same parameters values used in Fig. 3,
whereng=0.96AE, and 7,=0.6QA E,. In this way, the dis-
where the parametens- and 7, represent the strength of the order can revert the energy difference between both states in
disorder that favor the FM metallic and the CO-AFM state,some regions of the sample, thus producing the PS. Third, in
respectively. The last term gives the domain-wall energyour model the unbalanced disorden:>7,) produces an
with strengthy, and is written in the simplest way to select asymmetry between the loWwand highT states. As the ratio
the wall surface of the smaller volume. We note that the freene / 75 increases theXgy aboveT; also increases and is
energy of Eqg.(2) does not imply charge segregation, as ex-closer to 1, as shown by the solid curve in Fig. 2. Although
pected for half doped manganites with large clusters, it symmetric disorder is the simplest case, it does not seem to
which the Coulomb energy would destroy the PS. It is clealbe a strong reason to assume this condition.
that our phenomenological model is a very simple one, but We have also investigated the effect of a magnetic field
the main features of the system are contained and we expeen the phase-separated state. In Fig) 4ve presentp(T)
that the principal result of phases coexistence can be repralata for thex=0.1 sample(the results forx=0.2 are simi-
duced. lar). For H=0 an insulator to metal transition appears at
In Fig. 3 we show theF vs Xgy curves at several tem- To=268 K, related to the paramagneteM) to FM transi-
peraturesr for a given set of parametefindicated in the tion. On further coolingp shows a clear break, increasing
figure). As can be observed, even a0 the system pre- abruptly belowTco~185 K. This temperature coincides
sents a fractioiXgy,>0. This state is not a metastable state;with that T whereX\, changes notablysee Fig. 2. Above
on the contrary, the system has only one minimunFadt T the predominating phase is the low-resistive FM one.
Xem=10%. Another important feature is the appearance of ©n the other hand, beloW. g the CO-AFM state dominates,
second minimum aKg,,>0.5 whenr increases. This high thus the resistivity exhibits a strong insulating behavior.
Xgm State corresponds to the mainly RiFM) phase. Both The charge-ordering temperatuiie-g depends on the
minimums have the same energyrat0.75, indicating that a thermal process, presenting an appreciable hysteresis be-
first-order phase transition takes place at fhisvhere the tween the cooling and heating T) curves in Fig. 4a). The
order parameteKgy, has a discontinuous jump. Of course, temperature where the irreversibility disappears and both
this transition exhibits hysteresis due to the energy barriecurves collapse on a single one is labeled’g$l) for each
generated aXg),,=0.5, and the transition at=0.75 should field. The T;(H=0T) remarkably coincides with thaTf;
not be observed. An appreciable thermal hysteresis in theshere the system turns to the mFM phase and NHgH)
physical properties of the system is the expected behavior, asirves become reversible.
it was indeed observed M andp vs T measurements®19:16 In the inset of Fig. 48) we show the magnetoresistance
The phase transition should be then characterized by the teniMR=[ p(H) — po]/po) vs H. These data also exhibit a wide
peratures where the irreversibility disappears. In Fig. 3 it ishysteresis al <200 K, being totally reversible above that
shown that the temperature where the minimumXat, T, as do theM (H) data. The fieldH;(T) where the irrevers-
< 0.5 disappears ig;=~0.9 for this set of parameters. ibility disappears is indicated for eadh It can be noted that
From theF (Xg),) curves we obtained the FM fraction as for T<200 K the MR is greatly increased, as shown by the
a function of T as the position of the minimum of the free p(T) data atH=9 T. This behavior is related to the in-
energy. The resultinggy vs T/T, curves are plotted in Fig. crease of the FM volume, thus at high fields a metamagnetic
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H-dependent temperatures where the irreversibility (i)
disappeard T;(H) in Fig. 4a]. By other way, from the
MR(H) data, we extracted the fieldts (T) where also these
curves become reversibleircles.

It is clear that bothT;(H) and H;(T) describe the same
phenomena. This boundary separates the mFM phase above
the T;(H) line from the also phase-separated mainly CO-
AFM (mCO) phase below it. To describe this boundary we
have added to the free energy of Ef) the magnetic term
Fm(Xem -H)=—=MgHXg\ . With this new term we obtained
the irreversibility temperature as a functiontdf the bound-
ary T;(H)]. This calculation is represented in the diagram of
Fig. 4(b) with dashed lines. To reproduce the experimental
results, we used the same parameters of Fig. 3 and the values
AE;=0.03 and 0.055 for the x=0.1 and 0.2 samples, re-
spectively, and=0.2 eV, in good agreement with the ex-
pected values.

In summary, in the BrSKp s CaMnO; compound we
observed the coexistence of the FM and CO phases. From
magnetization measurements we estimated the FM fraction
Xem» being ~20% at low T, similar to other half doped
manganites. By increasing, the system presents a first-
order phase transition to the mainly FM phase, generating an
appreciable hysteresis XK\ (T) and in the electrical prop-
erties. The application of a magnetic field increases the FM

obtained from resistivity data. Filled and open symbols correspong/olume, producing the high magnetoresistance exhibited by

to thex=0.1 and 0.2 samples, respectivel(H) (squaresand
T;(H) (triangles data were extracted from(T). The H;(T) data
(circles were obtained fronMR(H). The dashed lines indicate the
phase boundary between the mainly CO-ARKCO) phase and the
mainly FM (mFM) state, calculated from the free-energy model.

transition to the mFM phase takes place, where the hig
resistive CO-AFM state is replaced by the low resistive FM

phase.
In Fig. 4(b) we present al-H diagram that summarizes
the resistivity results of both samples. Frgn(iT) we ob-

tained theT(H) (squarepthat indicates the boundary be-

this compound in the low (low Xgy) phase-separated state.
Assuming cluster formation in our samples, as observed in
other manganites, we construct a simple free-energy model
containing the effect of random disorder. With this model we
describe the temperature evolution Xgy, and the field-
ependent boundary between the low and tgfy states. In
this frame, the only condition for the appearance of PS is that
the competing states have to present a small energy differ-
ence that the disorder can counteract.
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