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Oxygen vacancies effect on phase separation in Pr 0.5Ca0.2Sr0.3MnO3Àd

D. Niebieskikwiat,a) A. Caneiro, and R. D. Sánchez
Comisión Nacional de Energı´a Atómica-Centro Ato´mico Bariloche and Instituto Balseiro,
8400 Bariloche, Argentina

~Presented on 14 November 2002!

We study the effect of the introduction of a controlled amount of oxygen vacancies on the magnetic
and transport properties of the phase separated manganite Pr0.5Ca0.2Sr0.3MnO32d , for d50 and
0.01. This compound presents a paramagnetic to ferromagnetic~FM! transition belowTC;240 K,
and then to a charge-ordered~CO! and antiferromagnetic~AFM! phase atTCO;175 K. However,
belowTCO an appreciable FM component (;20%) still survives, related to a FM volume immersed
within the CO/AFM matrix. At low temperatures, in the mainly CO phase, the introduction of
oxygen vacancies enhances the FM ordering, with the consequent decrease of resistivity and
magnetoresistance~MR!. On the contrary, in the FM phase~in the rangeTCO,T,TC) the
magnetization is reduced and the resistivity and MR increase. These results are discussed in the
frame of percolative transport in metal–insulator mixtures, and frustrated double exchange
interaction due to the interruption of some Mn–O–Mn chains. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1540182#
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I. INTRODUCTION

The study of magnetic and transport properties of ph
separated manganites of the typeA12x

31 Ax8
21MnO3 has be-

come, in the recent past, a very important topic in the are
transition metal oxides.1–10 The most attractive properties o
the phase separation~PS! phenomenon are the percolativ
type insulator-to-metal~IM ! transitions and the high ‘‘colos
sal magnetoresistance’’ generated by the growth of the fe
magnetic ~FM! clusters when a magnetic field~H! is
applied.3,4 These FM domains have been found to coex
either with paramagnetic~PM! or charge-ordered antiferro
magnetic~CO/AFM! phases, depending on the doping lev
x and the temperature~T! range.5 Although several theoreti
cal attempts have been made to understand the origin o
PS,1,6–8there are no conclusive experiments about this po
In this sense, there are some claims that the oxygen sto
ometry could play an important role.8–10 In low-doped
La12xCaxMnO3, an increase of the oxygen content produc
an IM transition due to the percolation of the FM metal
phase.9 On the other hand, in La0.5Ca0.5MnO3, the introduc-
tion of oxygen vacancies just induces a decrease of the
sistivity at low T.10

In the present work we study the influence of a sm
amount of oxygen vacancies on the electric and magn
properties of Pr0.5Ca0.2Sr0.3MnO32d , for d50 and 0.01.

II. EXPERIMENT

Magnetization~M! data were recorded in a commerci
superconducting quantum interference device magnetom
in the 5–300 K temperature range with applied magne
fields up to 50 kOe. Four-probe resistivity (r) was measured
between 5 and 300 K forH50 and 90 kOe. The sampl
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preparation and characterization was described elsewh3

For the oxygen control, the equilibrium oxygen partial pre
sure @p(O2)# data as a function ofd were obtained atT
51000 °C through thermogravimetric measurements.11 The
as-made sample was found to be stoichiometric (d50),
while the d50.01 sample was prepared by annealing thed
50 one atT51000 °C andp(O2)51.0331025 atm during
24 h, and later quenching at liquid nitrogen temperature.

III. RESULTS AND DISCUSSION

In the inset of Fig. 1 we showM vs H curves of the two
samples studied at two selected temperatures. From the
extrapolation of these curves to zero magnetic field we
tained the spontaneous magnetizationM0 as a function of
temperature, as shown in the main panel of the same fig
In phase separated manganites,M0 is directly proportional to
the FM phase fraction~X!,6 thus it allows a direct quantita
tive comparison of the two samples studied. As observed
the M0(T) data, atTC;240 K there is a PM to FM transi
tion, and loweringT below TCO;175 K there is a FM to
CO/AFM transition. However, even atT510 K the magne-
tization loops in the inset of Fig. 1 continue showing a FM
like behavior, with a reducedM0'0.78mB and 0.89mB for
d50 and 0.01, respectively. This behavior has been in
preted as the signature of the coexistence of the FM
CO/AFM phases.6 When compared to the saturation magn
tization Ms'3.5mB , the values ofM0 indicate that the FM
phase fraction at lowT is increased fromX'22% for d
50 to '25% for d50.01.

For temperatures around 200 K, it has been shown
the d50 compound is almost totally FM.3 The M0(T)
curves of Fig. 1 show that, in the FM phase, the introduct
of oxygen vacancies causes a reduction of the magnetiza
as opposed to the low temperature behavior. This resu
fully compatible with the resistivity data, which are shown
a function ofT in Fig. 2. As can be observed, forT.TCO the
il:
0 © 2003 American Institute of Physics
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r for d50.01 is higher than ther of the stoichiometric
sample. The reduction of the ability for the charge transp
can be interpreted as a partial suppression of the double
change~DE! interaction.12 Due to the absence of some ox
gen ions, some Mn–O–Mn paths for the conducting elec
trons are interrupted. The interruption of these cha
induces an increase of resistivity, and at the same time
effective FM~DE! interaction between neighboring Mn site
is frustrated, thus reducing the magnetization.

Below TCO, the strong insulating state exhibited by th
r(T) curves in Fig. 2 is related to the transition to the main
CO/AFM phase at lowT. However, the saturating resistivit
below T;75 K in the d50 sample has been shown to b
induced by the remaining FM fractionX;22%.3 Notably,
below the CO temperature, where the oxygen vacancies
duce a magnetization increase, ther for d50.01 is reduced
with respect to that ford50, as opposed to the caseT
.TCO. The increase of the FM phase fraction at lowT to
X;25% in thed50.01 sample favors the percolation of th

FIG. 1. Spontaneous magnetization (M 0) as a function of temperature fo
the Pr0.5Ca0.2Sr0.3MnO32d compound.~Inset! Magnetization vs field curves
at two selected temperatures.

FIG. 2. Resistivity vs temperature curves for the two samples studie
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metallic phase, with the consequent reduction of the resis
ity. The enlargement of the FM volume indicates that wh
oxygen vacancies are introduced in the AFM host of
half-doped compound, these destabilize the AFM phase
ducing a FM polarization. A simple estimation can be ma
about the volume polarized by each oxygen vacancy. If
assume a homogeneous distribution of the oxygen vacan
throughout the sample, a fractionX of them will lie within
the FM volume, while the remaining fraction (12X) should
be placed within the initially AFM volume. Then, when a
amountd of oxygen vacancies is introduced, the induc
change ofM0 is given by

DM05d~12X!mvA1dXmvF , ~1!

where mvA ~or mvF) is the magnetic moment induced b
each oxygen vacancy located in the initially AFM~or FM!
volume. As mentioned before, the vacancies located in a
host reduce the magnetization, thus the second term of
~1! gives a negative contribution toDM0 (mvF,0). At T
5200 K, where X;1, we have DM0(200 K)
'20.125mB , implying that mvF;DM0(200 K)/d
5212.5mB . If we assume thatmvF is not strongly tempera-
ture dependent, we can use Eq.~1! to obtain the value ofmvA

at T510 K as

mvA;
DM0

d~12X!
2

X

~12X!
mvF . ~2!

In fact, since at lowT we have thatX!(12X), the
precise value ofmvF is not very important for an estimatio
of mvA . By evaluating Eq.~2!, we find that each vacancy in
the AFM host induces a polarizationmvA;17.6mB . Assum-
ing that the effect of these vacancies is a full polarization
the surrounding Mn sites (3.5mB for each one!, this mvA

would correspond to a FM polarization of;5 neighboring
Mn cations. Of course this is a rough estimation of the eff
of the oxygen vacancies. However, this result clearly in
cates that, at lowT, the oxygen vacancies have a tendency
produce a local FM ordering in their vicinity. This local o
dering implies the formation of small FM polarons, with
correlation length of;1 nm, similar to those observed in th
slightly doped La12xCaxMnO3.13

In Fig. 3 we present the ratior(H590 kOe)/r(H
50), i.e., the magnetoresistance atH590 kOe, as a function
of temperature. What can be observed is that in the FM ph
(TCO,T,TC) the MR is improved when the oxygen vaca
cies are introduced, i.e. the ratior(90 kOe)/r(0) is low-
ered, while the opposite response is observed in the ma
CO/AFM phase. Once again, the crossover between the
regimes occurs atTCO, like in the M0(T) andr(T) curves.
This different behavior at both sides of the CO temperatur
related to the different MR mechanisms of the FM and
states. In the high-T FM phase, thed50 sample exhibits the
usual MR of polycrystalline FM manganites.14 In addition,
due to the partially frustrated DE interaction, in the oxyg
deficient sample there are some Mn sites with reduced m
netization acting like scattering centers. When a magn
field is applied, these Mn sites are polarized and this sca
ing disappears, thus the relative reduction of resistivity
more important than in thed50 sample.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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In the PS low-temperature state the MR mechanism
different. In this case, the magnetic field induces the swel
of the FM clusters due to the gain of the Zeeman energy.
enlargement of the metallic volume improves the percola
paths for the current transport, then producing a huge
crease ofr. The fact that the MR at lowT is more important
for d50 indicates that, in this sample, the increase ofX with
H is larger. There are two possibilities to explain this r
sponse. On one hand, it is possible that in thed50.01
sample, due to the enlarged zero-field FM fraction, the f
ther increase of FM volume,}(12X), becomes reduced
thus reducing the MR. However, this explanation is we
ened by the fact that, in the Pr0.5Ca0.2Sr0.3MnO3 compound,
fields much higher than 90 kOe are necessary at lowT to
reach the complete FM stateX51.6 On the other hand, it is
likely that the oxygen vacancies produce a pinning of the
clusters, making their growth more difficult.

FIG. 3. Magnetoresistancer(H)/r(0) at H590 kOe as a function of tem-
perature for the stoichiometric (d50) and oxygen-deficient (d50.01) com-
pounds.
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IV. SUMMARY

In summary, we studied the electric and magne
properties of the phase separated manga
Pr0.5Ca0.2Sr0.3MnO32d , for d50 and 0.01. We show that th
oxygen vacancies behave in a different way, depending
the predominant magnetic phase. In the mainly CO/AF
phase at lowT, these vacancies exhibit a tendency to produ
a local FM ordering in their vicinity, with the conseque
reduction of the resistivity. On the contrary, in the FM pha
aboveTCO they act as scattering centers, where the dou
exchange interaction is locally suppressed due to the in
ruption of a Mn–O–Mnchain.
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