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Abstract

Nanoparticles of antiferromagnetic LaFeO3; were prepared by the sol-gel method. An
exchange bias effect has been observed and is attributed to the exchange coupling between the
ferromagnetic shell and antiferromagnetic core of the particles. The results provide clear
evidence of the presence of spontaneous exchange bias in this system. After field cooling from
room temperature, the exchange bias increases while the coercivity decreases with decreasing
temperature. Taking into account the role of thermal activation, the temperature dependence of

exchange bias and coercivity has been interpreted in terms of the spontaneous exchange bias

mechanism proposed recently.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The subject of exchange bias (EB) has received considerable
interest because of its important applications and fascinating
fundamental physics [1]. An EB anisotropy appears in
hybrid ferromagnetic—antiferromagnetic (FM/AFM) systems
and manifests itself in the form of a shift of the hysteresis
loop. Conventionally, the EB appears after cooling the
system in the presence of a magnetic field through the Néel
temperature (7y) of AFM. However, a few reports have shown
that the EB anisotropy is established even when the system
is zero field cooled [2—4]. Recently, Saha and Victora [5],
by micromagnetic simulation, proposed a mechanism for
spontaneous EB in a bilayer system with a polycrystalline
AFM. The term spontaneous refers to the case in which the
system is not conventionally field cooled.

Extensive research has been done on the discovery of many
different materials exhibiting EB properties. Most of these
studies have been focused on bilayers, core—shell nanoparticles
and FM nanoparticles embedded in an AFM matrix [1]. The
presence of uncompensated surface spins also leads to an EB
anisotropy in the nanostructures of AFM materials such as
NiO [6], Co3z04 [7], CuO [8], Cr,03 [9] and ferritin [10].
In particular, NiO has attracted much attention because of
its relatively high 7y of 520 K. However, despite extensive
research, the interesting magnetism of the AFM nanostructures
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has not been very well understood. Recently, the EB effect
has been observed in perovskite oxides such as manganites
[11,12], cobaltites [13] and nanoparticles of AFM BiFeO;
[14,15]. Besides the EB effect, a weak ferromagnetism was
also found in the nanoparticles of perovskite oxides such as
La1/3$r2/3FeO3 [16] and LaCoO3 []7]

Lanthanum orthoferrite (LaFeOs3) is a canted G-type AFM
with ahigh Ty = 750 K [18] and has an orthorhombic distorted
perovskite structure. In the perovskite structure, the Fe** ion
is surrounded by six 0%~ ions and forms an octahedron. Thin
films of LaFeQOj3 are excellent model systems for exploring the
correlation between their crystalline, AFM domains and the
resulting EB anisotropy when coupled to a FM layer, such as
Co/LaFeOs; [19]. In contrast, magnetic properties of LaFeO3
nanopowders have been relatively less studied [20-22]. In
this study, we report the first observation of EB properties in
LaFeO; nanoparticles. We provide an interpretation of the
temperature dependence of EB and coercivity, based on the
spontaneous EB mechanism.

2. Experimental

Nanoparticles of LaFeO; were prepared using the sol-gel
route. High purity Fe(NO3); - 9H,0, La(NO3)3 - 6H,O, citric
acid (C¢HgO7) and ethylene glycol (C,HgO,) were used as
raw materials. Stoichiometric amounts of Fe and La nitrates

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. XRD pattern of sample S1. The circles are the
experimental data (Yps), the solid line is the calculated pattern (Y., )
and the bottom curve is the difference between the experimental and
calculated patterns (Yobs — Yca1). The vertical bars are the Bragg
reflections for the space group Pnma.

were mixed in deionized water and the obtained solution was
dissolved in an aqueous solution of citric acid and ethylene
glycol. The pH value of the solution was adjusted to 2-3 by
adding ammonia solution. The obtained solution was dried at
about 70 °C. The precursor powders were calcined at 600 °C
(labelled S1) and 725°C (labelled S2) for 5h to obtain the
nanocrystalline samples. The structural characterization of
the samples was carried out using x-ray diffraction (XRD) with
Cu K« radiation, field-emission scanning electron microscopy
(FE-SEM) and transmission electron microscopy (TEM).
The XRD patterns of the samples were analysed using the
FULLPROF package [23]. Magnetization measurements
were performed using a superconducting quantum interference
device (SQUID) magnetometer.

3. Results and discussion

Figure 1 shows the experimental and calculated XRD patterns
of sample S1. The analysis of the XRD patterns using
the FULLPROF program shows that the samples have an
orthorhombic crystal structure with the space group Pnma.
No detectable secondary phase is observed in the patterns.
The unit cell parameters were found to be ¢ = 5.561A,
b = 7.848A, ¢ = 5.552 A for sample S1 and a = 5.561 A,
b = 7.843A, ¢ = 5.552 A for sample S2. Figure 2 shows
the typical FE-SEM images of the samples. The average
particle size of sample S1 was estimated to be in the range
40-45nm. For sample S2, by using FE-SEM and TEM (not
shown here) images, the average particle size was estimated to
be about 70 nm.

Figure 3 shows the temperature dependence of magnetiza-
tion in the zero field cooling (ZFC) and field cooling (FC) pro-
cesses under an applied field of 50kOe between 5 and 340 K.
As seen from figure 3 for both samples, the ZFC magnetiza-
tion does not show a defined maximum. Moreover, there is a

100nm

15.0kV  X90,000 WD 9.5mm

SEI 15.0kV X100,000 100nm WD 9.5mm

Figure 2. Typical FE-SEM images of sample S1 (a) and
sample S2 (b).
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Figure 3. Temperature dependence of FC and ZFC magnetization
of LaFeO; nanoparticles (samples S1 and S2) in an applied field
of 50kOe.

splitting between the ZFC and FC branches in the whole tem-
perature range up to 340 K. Such splitting between the ZFC
and FC magnetization at high magnetic fields below the Ty
was also observed in the nanowires of Co3;O4 [24]. It is also
seen that the splitting decreases with increasing particle size.
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Figure 4. The M—H loops of LaFeO; nanoparticles (samples S1
and S2) at (a) 300K, (b) 5K after FC in 50 kOe and (c) shows the
high-field region of the hysteresis loops for sample S1.

The relatively larger magnetization obtained for sample S1 can
be attributed to the larger fraction of uncompensated surface
spins which are responsible for //size dependence of magneti-
zation in the nanoparticles of AFM materials [6, 8, 15]. From
figure 3, it can be understood that the Ty of the samples is
higher than 340 K. Ita et al reported that while the bulk sample
of LaFeO; has a Ty of 750 K, the nanoparticle sample with an
average particle size of about 40 nm (similar to sample S1) has
alower Ty of 700K [22].

The magnetic hysteresis loops measured at 300 and at
5K after cooling the samples in a field of 50kOe are shown
in figure 4. For clarity, an enlarged view of the central
part of the loops is also shown in figure 5. The observed
linear M—H loop, as expected for a bulk AFM, indicates the
presence of a predominant AFM phase. Moreover, a weak FM
component is also clearly seen in the loops. This behaviour
can be interpreted in terms of a core/shell model; the FM-like
component comes from the surface of the particles and the field
linear AFM contribution comes from the core spins [25]. The
hysteresis loops remain open even in a high magnetic field of
50kOQe (figure 4(c)), as reported for other AFM nanoparticle
systems [7,8]. As seen from figures 5(a) and (), the FC
hysteresis loops for both samples show a shift Hg to the
negative direction expected from the EB effect. Sample S1,
which has a smaller particle size, shows a larger Hg at 5K;
HZ' = 15500e, H* = 12050e. This EB is attributed to
the exchange coupling between the FM-like shell and AFM
core of the particles. As discussed in [1], most of the studied
exchange-biased nanoparticle systems are composed of FM
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Figure 5. An enlarged part of the M—H loops of LaFeO3
nanoparticles: (a) sample S2 at 5 K after ZFC and after FC in
50kOe, (b) sample S1 at 300K and 5 K after FC in 50 kOe.

cores and AFM shells. The FM(core)/AFM(shell) structure is
inverted in the nanoparticles of AFM materials, i.e. a FM-like
shell surrounds the AFM core. This situation is similar to the
exchange-biased MnO/Mn3;QO, system, where the AFM MnO
is in the core [26, 27]. Alternatively, the EB anisotropy can be
seen as an asymmetry in the remanence magnetization. The
temperature dependence of the vertical magnetization shift
(Mgg) follows a similar trend as the EB field (see the inset
of figure 6). This shift is a manifestation of the presence
of a unidirectional exchange anisotropy interaction and has
also been observed in Co3;04 nanowires [7] and Pr-based
manganites [11]. It is also seen that the appearance of the
EB is accompanied by an enhancement of the coercivity
(HCFC > HCZF ) (figure 5(a)), characteristic of exchange-biased
systems like CuO nanoparticles [8]. It should be mentioned
that a nonzero shift to the negative direction is also observed at
300 and 5 K after ZFC. For sample S2, the coercivity and EB,
after ZFC to 5 K, were found to be about 440 Oe and 200 Oe,
respectively (figure 5(a)).

Besides the uncompensated surface spins, there are other
factors which may contribute to the magnetization of LaFeO3
nanoparticles. (i) The canted spin structure of LaFeOj3
gives rise to a weak ferromagnetism. Such behaviour
may be enhanced at the surface of particles. (ii) Oxygen
nonstoichiometry can change the valence state of Fe** and
alter the magnetization. The formation of Fe?* was reported
to have a role in improving the magnetization of nanoscale
BiFeO; [14]. (iii) Structural defects, broken exchange bonds
and a smaller number of atomic neighbours induce a spin
disorder at the surface of particles which may lead to a spin-
glass-like behaviour [28,29]. As discussed by Nogués et al
[1], this spin-glass surface layer can act as FM on AFM
nanoparticles. The observed open hysteresis loop at high
magnetic fields (figure 4(c)) is a signature of the presence of
a spin-glass phase at the surface of the particles [7,30]. The
opening of the hysteresis loop up to 50 kOe implies that some of
the spin-glass-like surface spins presumably have a switching
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Figure 6. Temperature dependence of EB (Hg) and coercivity (Hc)
for sample S2 after FC from room temperature in 50 kOe. Inset
shows the temperature dependence of the vertical magnetization
shift (Mgg).

field higher than the applied field. The splitting between
ZFC and FC magnetization (figure 3), which is characteristic
of spin-glass-like behaviour [12,30], gives further evidence
for the existence of a surface spin-glass phase in LaFeOj3
nanoparticles. Due to the smaller surface/volume ratio for
sample S2, the effect of surface disorder is smaller in this
sample which manifests itself in the smaller splitting between
ZFC and FC magnetization (figure 3).

Figure 6 shows the temperature dependence of EB and
coercive fields of sample S2 after FC (50kOe) from room
temperature. Such a cooling process is not conventional
FC, because the Ty of the prepared LaFeO; nanoparticles
is much higher than room temperature. This means that
the EB is established without the conventional FC of the
system through the 7y. From figure 6 it is seen that
the EB increases and coercivity decreases with decreasing
temperature. A similar behaviour can be understood for
sample S1 from figure 5(b), which shows that the coercivity
at 5K is smaller and the EB is higher than that at 300 K.
In contrast to this behaviour, in the nanoparticles of BiFeO3
[15] and other AFM materials [6, 8,9], the increase in EB
with decreasing temperature is usually accompanied by an
increase in the coercivity. The temperature dependence of
Hg and Hc can be interpreted using the spontaneous EB
mechanism by considering the thermal activation of the AFM
core of the particles. As reported by several groups [5, 31-33],
thermally activated reversal of the AFM grains plays a crucial
role in establishing EB anisotropy in nanostructures. The
prepared LaFeO3 nanoparticles represent a system of particles
containing FM/AFM interfaces, with random anisotropies and
with an energy barrier (K ap V,3©) distribution, and hence show
features similar to those previously used for simulation [5].

The application of the first field point (here 50 kOe) for
loop evaluation spontaneously introduces a preferred direction
in the system through some particles. When the direction
of the field is reversed, larger particles do not have enough
thermal energy to switch back. Such particles have fixed
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Figure 7. A schematic illustration of the possible orderings of the
AFM (core) spins.

core spins, do not contribute to the hysteresis loop during the
entire field cycle and induce a spontaneous EB anisotropy.
In smaller particles, core spins follow the spins of the FM
part during field reversal. In principle, one would expect that
the particles with reversed AFM spins lead to an enhanced
coercivity. Figure 7 simply shows the two possible orderings
of the core (AFM) spins after reversing the magnetization
of the FM part. The appearance of the EB at 300 and 5K
after ZFC is consistent with this interpretation. When the
samples are field cooled from room temperature to lower
temperatures, the thermal energy decreases and also the AFM
anisotropy constant increases; thus more particles will be
locked. Therefore, the number of particles with reversed core
spins decreases with decreasing temperature, which leads to a
lower Hc and a stronger Hg, as seen in figure 6. Finally, it is
noteworthy that van Lierop et al [2] reported the observation
of the EB effect in NiggFe,0/Co30, thin films even when the
system is zero field cooled. They argued that the temperature
dependence of EB is dominated by thermal fluctuations.

4. Conclusion

In summary, we have shown that the nanoparticles of AFM
LaFeO; exhibit EB properties. This effect originates from
the coupling between the FM shell and the AFM core of the
particles. Thermally activated reversal of the AFM spins can
explain the appearance of EB without the conventional FC, as
well as the temperature dependence of EB and coercivity.
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