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Size-dependent exchange bias in Lag,5Ca,7sMnQO3; nanoparticles

X. H. Huang, J. F. Ding, G. Q. Zhang, Y. Hou, Y. P. Yao, and X. G. Li*

Department of Physics, Hefei National Laboratory for Physical Sciences at Microscale, University of Science and Technology of China,
Hefei 230026, People’s Republic of China and International Center for Materials Physics, Academia Sinica, Shenyang 110015,
People’s Republic of China
(Received 29 July 2008; revised manuscript received 31 October 2008; published 8 December 2008)

Exchange bias phenomena are observed in Lag,5Caj 7sMnO5 nanoparticles with average sizes ranging from
40 to 1000 nm. It is found that the magnetic hysteresis loops display horizontal and vertical shifts in field-
cooled processes. The variations of the exchange bias field (Hgg) and the coercivity (H,) with particle size
follow nonmonotonic dependencies and show maxima for particles with diameter around 80 nm at 7=5 K,
which can be mainly ascribed to the changes in uncompensated surface spins with nanoparticle size. The peak
position for H, shifts to larger particle size at higher temperature while that for Hgg is unconspicuous. The

linear relationship between Hgg and vertical magnetization shift (Mgg) further indicates that the characteristics
of uncompensated spins play an important role in the variations of Hgg for the manganite.
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INTRODUCTION

The exchange bias (EB) associated with the exchange
coupling at the interface between ferromagnetic (FM) and
antiferromagnetic (AFM) spin structures'~ has attracted lots
of attention due to its potentially technological applications
in magnetic devices.* The EB effect has been observed in
different systems, such as materials containing ferrimagnets
(FIs) [e.g., AFM/FI (Ref. 5) and FI/FM (Ref. 6)] or spin-
glass (SG) phase [e.g., FM/SG (Ref. 7)], FM/AFM bilayer
films,® as well as nanoparticles”!' due to the exchange cou-
pling between the AFM core and FM shell.

Being typical strongly correlated electron systems, the
perovskite-type manganites display many fascinating proper-
ties, e.g., colossal magnetoresistance (CMR), charge order-
ing, and insulator-metal transition, etc.,!2 which have drawn
much attention in the last decade. In addition, it is worth-
while to mention that the EB effect has been found recently
in manganites such as Pr;;;Ca,;;MnO5,"3 Y ,Ca;sMnO5,'
as well as nanosized Lay,CaysMnO; (Ref. 15) and
CaMnO;_s (Ref. 16) and so on, which opens a different field
of science and technology for CMR materials. One of the
most important issues in this field is how to control the EB
effect. It has been reported that the EB effect can be manipu-
lated by cooling magnetic fields'* or by changing thickness
of FM/AFM layers.'” As for the Prj;Cay;MnO;
compound,'3 though there exists a large hysteresis loop shift,
the inconvenience to control the amount of the FM nan-
odomains immersed in the AFM background may limit its
applications. Therefore, it is still an open question to search
for appropriate approaches to manipulate the EB field, which
would provide more opportunities in applications for the
manganites.

Actually, many researches have revealed that the robust
charge ordering in bulk manganites can be weakened in
nanoparticles with an appearance of weak ferromagnetism.'®
However, it is not clear whether there exists the EB effect
and how to control it in charge-ordered manganites. Our re-
cent research on the charge-ordered Laj,5Cay75MnO5
nanoparticles'” demonstrates that the coexistence of FM
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cluster glass and AFM phases occurs when the particle size is
reduced to nanoscale. Thus, the EB effect can be expected in
those manganite nanoparticles. For charge-ordered mangan-
ites, since the FM interaction alters as the nanoparticle size
varies,!” changing the particle size would be a practical way
to tune the EB effect.

In this paper, we studied the temperature and particle di-
ameter (D) dependencies of the exchange bias field (Hgg)
and coercivity (H,) of Laj,5Cay75sMnO5 nanoparticles. Our
results indicate that Hgg and H, are strongly related to the
particle size, which can be well explained on the basis of the
uncompensated surface spin related core-shell model.

EXPERIMENT

Polycrystalline nanoparticles of Laj,sCay75MnO3 were
prepared by a sol-gel method described elsewhere.!” The
crystal structure of each sample was confirmed as an ortho-
rhombic phase by x-ray diffraction (XRD). The field emis-
sion scanning electron microscope morphologies of
Lag»5Caj75sMnO5 nanoparticles reveal that the sizes of the
crystallized particles obtained by different thermal treatments
are homogeneous, and the average diameter (D) ranges from
40 to 1000 nm as the annealing temperature increases from
600 to 1280 °C. The magnetization measurements were per-
formed using a superconducting quantum interference device
(SQUID) magnetometer. The magnetic hysteresis loops were
measured between —50 and 50 kOe after cooling the sample
from 300 K to the measuring temperature in zero-field-
cooled (ZFC) or field-cooled (FC) processes, and the field
for the FC process is 50 kOe. The temperature dependencies
of ZFC and FC magnetizations were measured on warming
with a magnetic field of 100 Oe, and the field for the FC
process is 100 Oe. In the measurement of ZFC magnetiza-
tion relaxation, the sample was cooled from the room tem-
perature to 50 K without magnetic field, and a field of
100 Oe was applied after different waiting times #,,=0, 1000,
and 2000 s, then the time evolution of magnetization was
recorded.
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FIG. 1. (Color online) (a) Temperature dependencies of the ZFC
and FC magnetizations for the sample with diameter of 80 nm. Both
the cooling and measuring fields are 100 Oe. (b) Magnetic field
dependencies of magnetizations measured at 5 K for the samples
with diameters of 40, 50, 80, and 100 nm.

RESULTS AND DISCUSSION

Figure 1(a) shows the temperature dependencies of mag-
netizations M(T) for a typical sample with diameter of
80 nm (more details are shown in Ref. 19). With decreasing
temperature both ZFC (M zgc) and FC (Mpc) magnetizations
rise sharply around the temperature Tg; (T;=210 K) that is
defined as the minimum of dM/dT vs T curve, suggesting
the appearance of a short-range FM coupling and the forma-
tion of FM clusters.?%2* M,-(T) increases gradually to its
maximum around a temperature 7 (7,~ 136 K), and then
decreases, while Mpc(T) continues to increase slowly rather
than a complete saturation with lowering temperature. All
these results indicate that there exists a collective freezing
process of the moments of FM clusters, and thus 7 can be
regarded as the freezing temperature for the FM clusters. A
bifurcation between the FC and ZFC curves usually implies
the existence of a cluster glass**?> and is possibly due to the
magnetic frustration induced by the surface-driven spin frus-
tration and disorder in these nanoparticles,?°-2% which is dif-
ferent from the geometrical frustration occurring in systems
with special symmetries and no disorder among the spins.?’
Those phenomena described above exhibit the features of
cluster glass systems. On the other hand, the magnetization
curves M(H) in Fig. 1(b) measured at 5 K in the ZFC pro-
cess for the samples with diameter range from 40 to 100 nm
show no S shape in the virgin branches, which is out of
accord with the behaviors of both canonical SG and reentrant
SG systems.?%2125 Moreover, in our earlier work, the shift of
the peak temperature in ac susceptibility x'(7) with measur-
ing frequency'® implies the existence of a cluster-glass-like
state in those nanoparticles.?%-3%
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FIG. 2. (Color online) (a) ZFC relaxation magnetizations and
(b) the corresponding relaxation rate S(z), for the sample with di-
ameter of 80 nm, measured at 50 K with the waiting time 7,,=0,
1000, and 2000 s before using probing field H=100 Oe. Solid lines
are the fitting results using Eq. (1).

It is worth noting that in the M(H) curve shown in Fig.
1(b) the magnetization value, 0.25u5/Mn site, measured un-
der 50 kOe for the sample with particle size of 40 nm is
much smaller than the 3.25u,/Mn site (provided that all the
Mn ions have FM ordering). Moreover, the magnetization
varies almost linearly with H> 10 kOe and it does not reach
its saturation value even at 50 kOe. All these characteristics
indicate the dominant role of the AFM components. Thus,
the Laj,5Cay7sMnO5; nanoparticle can be supposed to be
composed of an AFM core and FM cluster-glass-like shell.
As the temperature is lowered through T, the finite-range
ferromagnetic ordering is constructed in the shell, and the
FM clusters form and begin to freeze around 7. Though the
Néel temperature (7)) could not be confirmed from the ZFC
M-T curve due to the superposition of the FM and AFM
moments under the applied field of 100 Oe,'” the exchange
coupling between FM and AFM interfaces would be ex-
pected at a low temperature in those particles.

In order to further confirm the magnetic state of the
sample, the magnetization relaxation was performed at a
temperature well below the freezing temperature 7. It can be
clearly seen from Fig. 2(a) that the time-dependent relaxation
M(r) of the ZFC magnetization depends on the waiting time
t, and can be described by the stretched exponential
function,?*2

1-n
M(;):MO-M,exp[-(i> } (1)

where M and M, are related to an intrinsic FM component
and glassy component, respectively, 7, represents a time con-
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FIG. 3. Typical M-H curves of the samples with diameters of
40, 80, 170, and 1000 nm measured at 5 K in the ZFC and FC cases
with H,,=50 kOe.

stant, and n is a parameter. The corresponding relaxation
rate, defined as S(t)=dM/d(In 1), was obtained by taking
the derivative of the polynomial fit of the magnetization data,
which is plotted in Fig. 2(b). A peak appears in the S(¢) curve
and shifts to longer observation time for longer waiting time,
which indicates the age-dependent effect and is often ob-
served in other cluster glass systems.>3!

Figure 3 shows the magnetic hysteresis loops of the
samples with different particle sizes measured at 5 K under
both ZFC and FC modes. One can see that in the FC process
the hysteresis loops shift toward the negative field and the
positive magnetization, while in the ZFC case the loops are
still centered about the origin. As aforementioned that a
physical picture for Laj,5Cag75sMnO5 nanoparticles is dem-
onstrated by a core-shell model, the presence of the micro-
scopic unidirectional exchange anisotropy interaction at the
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FIG. 4. (a) Average particle diameter dependencies of exchange
bias field Hgg measured at 5, 25, and 50 K in FC processes. (b)
Average particle diameter dependencies of the coercivity measured
at 5 K in ZFC and FC processes, and at 25 and 50 K in FC process.
The solid lines are guides for the eyes.

FM/AFM interface is responsible for the exchange bias
phenomena.! As the sample is cooled down through Tg; in the
FC process, the FM cluster spins of the shell align along the
direction of magnetic field H ., and freeze at low tempera-
tures. The interfacial FM clusters on the exterior surface of
the AFM core tend to be coupled with AFM spins at the
interface as the temperature is lowered through Ty,'-3 and
thus the exchange bias appears. Usually, the shift related to
the exchange bias field is defined as Hgg=|H,+H,|/2 and
the coercivity as H.=|H,—H,|/2, where H, and H, denote
the left and right coercivity fields, respectively.!® Figures
4(a) and 4(b) show the diameter (D) dependencies of Hgg
and H, at different temperatures. It can be seen that Hgg and
H. at 5 K increase with decreasing D, reach their maxima
around 80 nm, and then decrease. With increasing tempera-
ture, Hgg decreases and the peak height diminishes gradually
but the peak position changes unconspicuously. However, it
is clear that with increasing temperature the peak position of
H., shifts to larger particle size.

It is believed that the exchange coupling is closely related
to the interfacial uncompensated spins. For Lag »5Cag 7sMnO5
nanoparticles, as the particle size decreases, more and more
surface spins deviate from the AFM arrangement,'?3> which
implies the increasing proportion of the uncompensated spin
shell and the reduction in the AFM core in the nanoparticle.
Meanwhile, the uncompensated surface spins favor the FM
coupling, leading to the increase in FM clusters with reduc-
ing particle size. However, with further decreasing particle
size, the AFM anisotropy energy reduces, and so the FM/
AFM interfacial pinning strength on the FM spins is weak-
ened; meanwhile more disordered surface spins weaken the
FM coupling.!® Thus, Hgp increases first, and reaches its
maximum, then decreases with decreasing particle size.
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FIG. 5. Average particle diameter dependence of Mgg/ M mea-
sured at 5 K in FC process. Inset: Relationship between Hgg and
Mg/ M, at 5 K. The solid line is the linear fit.

As we know, Malozemoff>® proposed a random-field
model to describe AFM layer thickness dependence of Hgg
for FM-AFM films in which Hgg shows a peak at a certain
AFM layer thickness. Thus, the presence of AFM domains
can account for the particle size dependence of Hgg by an
argument analogous to the one for AFM layer thickness de-
pendence of FM-AFM films.>*-3¢ However, the variation
tendency of Hgg with particle size at different temperatures
[shown in Fig. 4(a)] in the La,,5Cay7sMnO5 nanoparticles is
different from the findings in the FM-AFM films, such as the
Co/IrMn system where the peak in Hgp shifts to larger thick-
ness of the AFM layer with increasing temperature.’® The
reasons are probably due to the following two aspects. (1)
For La,5Cag75MnO5 nanoparticles the fraction of FM clus-
ters in the shell is different at different particle size, 9
whereas the FM layer thickness in the FM-AFM films is
fixed.337 (2) Both the FM coupling and the interaction be-
tween FM clusters in the shell and AFM core will be differ-
ent for nanoparticles with different sizes. Thus, in the
Laj,5Cag75MnO5 nanoparticles, both the fraction of FM
components in the shell and the AFM anisotropy in the core
alter with increasing temperature, giving rise to the uncon-
spicuous change in the peak position in Hgg.

From the discussions mentioned above, it is also reason-
able to find a peak for the particle size dependence of H (D)
in the ZFC case [see Fig. 4(b)] because the coercivity is
closely related to the FM ordering.3® In fact, for a sufficiently
small particle size, though the anisotropy of the AFM core
becomes smaller, more disordered uncompensated spins ap-
pear, and thus the FM coupling is weakened,'*3° which will
result in the decrease in H,. and thus a peak occurs in the H,
vs D curve. The enhanced H, observed in the FC process is
usually attributed to the largely enhanced unidirectional an-
isotropy of FM clusters in the FM/AFM interface;>? the FM
spins can drag more interfacial AFM spins, leading to the
increase in H,... The reason why the peak position of H,. of the
system shifts to a larger particle size with increasing tem-
perature is still not very clear and more investigations are
needed in the future.

The particle size dependence of Mgg/M obtained at 5 K
shown in Fig. 5 exhibits a similar trend as that of Hgg. Here,
the remanence asymmetry Mgg corresponding to the vertical
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FIG. 6. (Color online) (a) M-H curves measured at different
temperatures in the FC case. (b) Temperature dependencies of Hgg
and H. in the FC process. The solid lines are the fits using Eq. (2).

magnetization shift is defined as Mgg=|M,+M,|/2, where
M, and M, represent the positive and negative remanent
magnetizations, respectively, and M, is the saturation mag-
netization after the AFM moment is subtracted. One can find
that there is a nearly linear relationship between Hyg and
Mygg/M,, as shown in the inset of Fig. 5. The fitting line
indicates that a linear relationship deduced for polycrystal-
line samples!® is still suitable in the case of
Lag,5Ca; 75sMnO5 nanoparticles. It is reported that the verti-
cal shift Mggp is ascribed to the pinned spins at the
interface,***2 of which the number is a measure of the ver-
tical shift. Therefore, the linear relation described above in-
dicates the dependence of Hgp on the interfacial uncompen-
sated spins in Lag,5Caj,5sMnO5 nanoparticles.

The temperature dependencies of Hgg and H, obtained
from magnetic hysteresis loops (M vs H) in the temperature
range from 5 to 150 K for the sample with diameter of
80 nm were studied in the FC process, as shown in Fig. 6.
One can see from Fig. 6(a) that the hysteresis loop becomes
narrower with increasing temperature. As presented in Fig.
6(b), the temperature dependencies of Hgg and H, can be
fitted using the formula as*

Hgp = Hgg(0)exp(- T/T)),

H.=H0)exp(-T/T,), 2)

where Hgp(0) and H,(0) are the extrapolations of Hgp and
H., to the absolute zero temperature; 7' and T, are constants.
With increasing temperature, the AFM order is diminished
due to the thermal fluctuations, which results in the weaken-
ing interfacial interaction and then reducing the loop shift
along the field direction. When the temperature approaches

224408-4



SIZE-DEPENDENT EXCHANGE BIAS IN La,sCa...

Ty of the Laj,5Cay75MnO3 compound, Hrg vanishes due to
the disappearance of AFM order.

CONCLUSION

In summary, the EB effect is observed in
Lajy,5Cag75MnO5 nanoparticles with different diameters.
Both Hgg and H,. are nonmonotonously dependent on D and
exhibit their maxima around D=80 nm at 7=5 K. The
changes in uncompensated spins and AFM domains for dif-
ferent particle sizes are responsible for the behaviors of Hgg
and H,.. As the temperature increases, the peaks in Hgg(D)

PHYSICAL REVIEW B 78, 224408 (2008)

and H,.(D) exhibit different trends; this needs more investi-
gations to figure out the mechanism. Our results provide a
method to tune Hgp by changing the particle sizes and then
expand the application scope and fundamental understanding
of the EB effect for CMR manganites.
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