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a b s t r a c t

The magnetic properties of two nanogranular La0:25Ca0:75MnO3 manganites with different average grain
sizes have been studied. Besides the well-known exchange bias effect and the appearance of
ferromagnetic clusters in the grains of both samples, the results show the occurrence of an antiferro-
magnetic transition and spin-glass properties. Both samples are described as core–shell magnetic
systems, whose main difference is found in the interface between the outer ferromagnetic and the
inner antiferromagnetic phases of the grains.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

During last several years, perovskite manganites with the
general chemical formula A1� xBxMnO3 (where A is a trivalent
rare-earth ion and B is a divalent alkaline earth ion) attracted
considerable attention as new magnetic properties emerged as a
consequence of a reduction from bulk to nanometric size. When
bulk manganites with high values of calcium doping ðx40:5Þ are
cooled below their charge ordering (CO) transition temperature, TCO,
an antiferromagnetic (AFM) phase appears where charge carriers
localize and orbitals order around the manganese ions [1,2]. This
transition is rarely observed when the size of this kind of manga-
nites is reduced to form either nanograins or nanoparticles [3], since
this leads to the destruction of the collinear AFM configuration in
the surface of these nanometric components [4–6]. In this case, a
ferromagnetic (FM)-like spin glass (SG) or cluster glass (CG)
behavior is manifested in magnetic measurements [4,7–11]. This
behavior is commonly described in the framework of the core–shell
model, where FM clusters generally form close to the surface of the
nanograins and this allows the occurrence of the exchange bias (EB)
interaction with the AFM core [7,9,12,13]. Among other nanosys-
tems, the La0:25Ca0:75MnO3 manganite is a clear example [14] of the
effects just described. In this paper, the experimental investigation

of the magnetic properties of two nanogranular samples of this
composition is reported.

2. Experimental setup

Two nanogranular polycrystalline La0:25Ca0:75MnO3 samples
were prepared by the sol–gel method, following the procedure
described in [4]. The samples were then annealed at 600 1C
(sample A) and 1000 1C (sample B) during 10 h, getting average
grain sizes of 53 nm and 182 nm, respectively, from scanning
electron microscope (SEM) images as shown in Fig. 1. Magnetic
measurements following zero-field cooled (ZFC) and field cooled
(FC) procedures were performed in a Quantum Design Magnetic
Properties Measurement System (MPMS) magnetometer, in the
temperature range between 5 and 300 K, applying magnetic fields
up to 73 T. ac susceptibility measurements were also carried out
applying a driving magnetic field amplitude of 2 Oe for different
frequency values in the range 10–1000 Hz after the samples had
been submitted to a ZFC process.

3. Results and discussion

Fig. 2 shows the temperature dependence of the ZFC (open
dots) and FC (closed dots) magnetization, M(T) curves, for sample
A [panel (a)] and sample B [panel (b)] obtained under an applied
magnetic field of 50 Oe. Each ZFC curve describes a wide peak
centered at TBC135 K for sample A and TBC185 K for sample B,
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which is commonly interpreted as the signature of a magnetic
blocking transition of the FM clusters with a broad distribution of
sizes [4], indicating the presence of such clusters in our samples.
In addition, a smaller peak centered at TFC30 K is displayed in the
ZFC curve in panel (b), suggesting a second transition involving the
formation of another sort of FM clusters, as supported by the fast
increase of the magnetization around the same temperature in the
FC curve. The fact that the magnetization values are around ten
times larger for sample A than for sample B can be ascribed to a
higher FM-surface/AFM-core ratio in the former.

Fig. 3 presents FC magnetization measurements performed
under an applied magnetic field of 2 T in the same range of
temperatures as in Fig. 2. The curve shown in panel (b) for sample
B reveals a high-temperature peak around 260 K which is similar
to the one observed for the AFM/CO transition in bulk samples of
this manganite [15]. Moreover, following the procedure described
in Ref. [15], a value of TCOC235 K has been determined from the
derivative of this curve, which agrees with bulk values commonly
reported in the literature [2,4,15]. This peak is completely absent
for sample A in panel (a), where the curve resembles the FC one
plotted in Fig. 2(a) for H¼50 Oe. This indicates that the size effects
in sample B are not strong enough to hide AFM bulk properties at
2 T, while the grains in sample A manifest only FM properties at
these experimental conditions, in accordance with the behavior
discussed in Fig. 2.

Panels (a) and (b) in Fig. 4 show the temperature dependence
of the real part of the ac susceptibility, χ', for sample A and sample
B, respectively (see the legend for frequency values). Both curves
display broad peaks, similar to those observed in the ZFC dc
magnetization curves in Fig. 2, but they are centered at tempera-
ture values (around 155 K for sample A and 205 K for sample B)
which are slightly larger than their respective TB values (around
135 K for sample A and 185 K for sample B), as expected for a
blocking temperature. However, as the frequency increases,
although the χ' value at the peak tends to shrink for both samples,
the centering temperature values do not change, which is not the
behavior expected for superparamagnetic (SPM) clusters, SGs or
CGs [14]. The appearance of the peak in our samples should be
then mostly related to the temperature range at which the
anisotropy energy barriers begin to vanish due to the loss of
magnetic ordering as the temperature increases, and this would
explain why the position of such peak does not depend on
frequency. The temperature of magnetic ordering, TMO, can be
defined at the inflection point of the χ' curves to be around 235 K
for sample A and 260 K for sample B. Such point matches the
temperature at which all the curves superimpose, as expected for a
paramagnetic state. If we focus on sample B, we realize a reason-
able coincidence of TMO with the peak position of Fig. 3(b),
suggesting that all kinds of magnetic ordering transitions (FM
and AFM) manifest together at the same temperature.

To complete the discussion of Fig. 4, we would like to remark
the occurrence in panel (b) of a frequency-independent tiny peak
which coincides with the position of TF found in Fig. 2(b) around
30 K for sample B. In order to shed light on the transition
associated to this peak, a genuine ZFC protocol was followed on
this sample. This kind of memory effect measurement consists in a
ZFC process from 300 K to a certain temperature below TF, that in
this case was chosen as 12 K, at which the sample was then aged
for a waiting time of 3 h. Afterwards the systemwas further cooled

Fig. 1. Scanning electron microscope (SEM) images obtained for sample A (top
panel) and sample B (bottom panel). The scale (100 nm) is shown at the bottom of
the images.

Fig. 2. Temperature dependence of the zero-field cooled (ZFC, open dots) and field
cooled (FC, closed dots) magnetization obtained for sample A (a) and sample B
(b) in a magnetic field of 50 Oe.
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down to 2 K and the magnetization was subsequently measured
under an applied magnetic field of 750 Oe between 2 K and 24 K.
The result of this process is plotted (solid dots) in Fig. 5 together
with the curve (open squares) obtained when a standard ZFC
protocol was followed in the same range of temperature under the
same applied magnetic field. The genuine ZFC magnetization curve
displays a minimum at 12 K, indicating the memory effect of this
sample, a usual feature of SG systems when the chosen aging
temperature is far below their freezing temperature. We therefore
suggest that TFC30 K should be considered more precisely as a
second magnetic transition leading to the development of SG
behavior at low temperatures in sample B [16].

Fig. 6 shows magnetic hysteresis cycles for sample A [panels
(a) and (d)] and sample B [panels (b) and (e)] obtained at 5 K
following ZFC and FC protocols, the latter under an applied
magnetic field of 3 T. A lateral displacement of the FC loop with
respect to the ZFC one is displayed in panels (d) and (e) indicating
the occurrence of EB interaction and hence confirming the
presence of FM and AFM phases in both samples. The values of
the EB field (HEBC420 Oe for sample A and HEBC380 Oe for
sample B) are reasonably similar to those reported in previous
works [14]. Moreover, although the lateral displacement is larger
for sample A, the FC curve shows an overall vertical shift with
respect to the ZFC one which is larger for sample B [see panels
(a) and (b)]. This shift is almost absent at higher temperatures, as it
can be observed in panels (c) and (f) in Fig. 6, where the magnetic
hysteresis cycles obtained for sample B at 50 K following the same
ZFC and FC protocols are plotted. We suggest that this effect,
together with the results obtained in Figs. 2(b and 5, are explained
considering that at low temperature the spins in the interface
between the FM surface and the AFM core in every grain of sample
Bwould freeze in a SG configuration. As a consequence, depending
on the cooling protocol, the final frozen state may be oriented (FC
process) or not (ZFC process), and this originates the vertical shift
observed in the magnetic cycles at 5 K. Although the EB effect in a
system including a SG component has been studied [17–19], the
effect investigated here for this kind of manganites has been
hardly reported [20].

4. Conclusions

In conclusion, the magnetic behavior of two nanogranular
La0:25Ca0:75MnO3 manganite samples with different average grain
sizes has been experimentally investigated and has been found to
be well-described by applying a core–shell model to each grain,
considering an antiferromagnetic core and a ferromagnetic outer
surface. Both samples show the occurrence of exchange bias effect
in their magnetic hysteresis cycles, associated with the interaction

Fig. 4. Temperature dependence of the real part of the ac magnetic susceptibility
for sample A (a) and sample B (b) obtained by applying an ac magnetic field of 2 Oe
for different frequency values (see the legend for details) after each sample had
been submitted to a ZFC process.

Fig. 5. Genuine (solid dots) and standard (open squares) ZFC magnetization curves
obtained for sample B under an applied magnetic field of 750 Oe.

Fig. 3. Temperature dependence of the field cooled (FC) magnetization obtained
for sample A (a) and sample B (b) in a magnetic field of 2 T.
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between these two phases. For each sample, the results suggest
that magnetic ordering of both phases occurs at the same
temperature. Moreover, the sample with the largest grains pre-
sents a second transition at low temperature which, together with
the observation of ageing phenomena, has been interpreted as a
spin-glass freezing of the spins at the interface between the
ferromagnetic surface and the antiferromagnetic core of the
grains. This effect is not observed in the other sample because,
due to the small size of the grains, the fraction of ferromagnetic
phase is dominant. Finally, it is worth being emphasized that most
of these features have nothing to do with those commonly shown
by nanoparticle manganites, where only spin glass or cluster glass
behavior and exchange bias effect are observed in magnetic
measurements.
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