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a b s t r a c t

We demonstrated the fabrication of the isolated magnetic Co/CoO nanocap array by oxidating the single
Co layer which was deposited onto the two dimensional polystyrene sphere array. Compared to the
continuous film and thicker nanocap structure, HE and HC of the 15 nm Co/CoO isolated cap array were
enhanced significantly and were about 4 times as those of the corresponding continuous film, which
was ascribed to the formation of the isolated magnetic single domain state due to the magnetic limit
around the cap brim after the oxidation treatment. When the beads of the different sizes were used as
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the substrate, HE increased when the bead size decreased, which was ascribed to the increase of the
localized uncompensated CoO spins.

© 2011 Elsevier B.V. All rights reserved.
urved substrate

. Introduction

The exchange bias phenomenon of the bilayer composed of
erromagnetic (F) and antiferromagnetic (AF) materials was exten-
ively reported in many Refs. [1–3]. Its main characteristic was the
hift of hysteresis loop along the field axis after the field cooling
rom above the blocking temperature TB of the system. The phys-
cal origin of the exchange bias was generally accepted to be the
xchange coupling between F and AF components at the interface.
he coupled bilayers had the important applications in the hard
rive and the magnetic random access memory (MRAM) [4,5]. In
ecent years, the exchange bias effects for the different nanostruc-
ure arrays, such as nanodot, nanoring, and nanowire, were studied
idely in theory and experiment due to the increasing demand for

he high density data storage [6–9]. For the nanostructure arrays,
he size and shape became the very important factors to decide
he magnetic properties, which were believed to originate from
he structural modifications of the interfaces. Although there were

any reports on the exchange bias of the nanostructures, most

ere based on the flat substrate and a small number of studies
ere on the curved substrate. To understand the exchange bias phe-
omenon of the curvature morphology, some reports studied the
roperties of the nanocap based on the spherical substrate [10–14].
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The results showed that the curvatured morphology played an
important action in the modification of the magnetic properties,
but the magnetic interaction is inevitable between the neigh-
bor spheres. However, for the patterned nanostructure array, the
magnetic interactions between the units were a disadvantaged fac-
tor for the high density magnetic recording. Therefore, it is very
important to fabricate the undamaged and isolated unite by the
simple process. In this work we fabricated Co/CoO bilayer on the
curved surfaces by oxidating the single layer Co. The exchange-
isolated bilayer magnetic cap was formed by this method, and the
direct magnetic contact between the neighbor magnetic units was
reduced greatly. The magnetic properties of the isolated Co/CoO
caps were investigated and the influence of the colloidal size on
the exchange bias was analyzed.

2. Experimental

The densely packed two-dimensional arrays of monodisperse polystyrene col-
loid sphere (PS) with different sizes were prepared by the self-assembly technique
on the Si wafer (Fig. 1). The ordered spherical surfaces were used as the curved
substrate for the film deposition. The detailed fabrication method was given in our
previous work [15]. The colloidal polystyrene solution (10 wt.% in water) was pur-
chased from the Duke scientific corporation. The monolayer Co with the different
thickness was deposited onto the PS arrays in magnetron sputtering system by dc

sputtering the Co materials. The base pressure was 2 × 10−6 Pa and the argon pres-
sure was 0.4 Pa during film deposition. For comparison, the single Co film was grown
directly on the Si wafer with the same experimental setting. All the samples were
oxidized at 373 K for 5 h under oxygen atmosphere. The elements of the film were
characterized by PHI 550 multifunctional X-ray photoelectron spectroscopy (XPS).
The scanning electron microscopy (SEM) images were recorded on a JEOL 6500F, a
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the nanodot. The magnetic observations showed HE of the nanodots
was around zero. However, HRTEM result showed the surfaces of
the dots were oxidized due to the heating treatment in oxygen. For
200 nm colloid template, the lateral size of a dot is about 46 nm
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ig. 1. SEM images for the monodisperse polystyrene colloid sphere arrays of the
ifferent diameter (a) 100 nm, (b) 200 nm and (c) 460 nm.

igh resolution (1.5 nm) thermal field emission electron microscope, operating at

.0 KV. Transmission electron microscopy (TEM) was performed on JEM-2100HR,
perating at 200 keV. MFM was performed on a nanoscope III of Digital Instrument,
nd the lifted distance was 100 nm for the second scan. The samples were cooled in
magnetic field of 8 kOe from room temperature down to 90 K, and the magnetic
ysteresis loops of the films were measured with a vibrating sample magnetometer
mpounds 509 (2011) 6626–6630 6627

(VSM) and a superconducting quantum interference devices magnetometer (SQUID,
Quantum Design, MPMSXL-5).

3. Results and discussions

The surfaces of Co layer for all samples were oxidized when
treated under oxygen atmosphere. Fig. 2 gave the XPS spectra of
the oxidized 30 nm-Co on the PS. The peaks of Co 2p3/2 at 780.4 eV
and Co 2p1/2 at 795.4 eV indicated the Co2+ existence at the sur-
face of Co layer, which confirmed the formation of CoO on the
sample surface. There were not signals from Co3+ ions detected
by XPS. Even if there were a trace of Co3+ ions in the samples,
they did not show the exchange bias effect when the measure
temperature is 90 K, because the Néel temperature of AF material
Co3O4 is only 40 K [16]. Fig. 3 showed the hysteresis loops of the
Co/CoO bilayer with the different thickness on the 200 nm PS sphere
array. The exchange bias field (HE) of the film on the curved sub-
strate was larger than that of the corresponding continuous film.
And HE increased when Co thickness decreased for both nanos-
tructure and continuous bilayer due to the interface effect [17]. In
addition, the differences between the nanostructures and contin-
uous film became more and more prominent when Co thickness
decreased. A step was observed in the hysteresis loop for Co 15 nm
and Co 25 nm samples on the curved substrate respectively, and the
hysteresis loop for Co 30 nm sample did not show the step. When
Co 30 nm was measured at 30 K by SQUIT, the sample did not show
the step except for the increases of HC and HE. We believed that
this phenomenon was related to the substrate topographic feature.
When the Co film was deposited on the PS array, the caps array on
the sphere surface and the dots array between the spheres formed
simultaneously [10]. The combination of the signals from the caps
and the dots resulted in the step for the Co 15 nm and Co 25 nm film.
For the Co 30 nm sample, the difference between two magnetic sig-
nals may be so small that the step was not obvious, and the similar
result was also reported in the previous researches [18].

For the Co 15 nm bilayer, HE and HC of the caps structure were
almost as 4 times large as those of the corresponding continuous
film. To decide origin of the large bias effect, from the magnetic cap
on PS colloids or from the nanodots between the neighbor beads,
we removed the magnetic caps by etching the colloids and the mag-
netic dots were left on the Si substrate. The hysteresis loop of the
dots array was shown in Fig. 4, and the inset was the SEM image of
770780790800810820

Binding energy (eV)

Fig. 2. X-ray photoelectron spectroscopy for Co films after oxidation.
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ig. 3. Hysteresis loops for the Co/CoO bilayer with the different Co thickness on
orresponding Si substrate. The hysteresis loop of the set was measured by SQUIT a

nd the separation was 115 nm between the neighbor nanodots
19]. And the height decreased about 30% compared to the nominal
hickness due to the shadowing effect induced by the colloid sphere
20]. We believed that the AF CoO layer showed the reduced pinning
ffect at 90 K due to the lower thermal stability for the very small
attern system, and HE is near zero [21]. These results indicated the

arge bias field and the coercivity were from the cap structure. TEM
mage showed the thickness of the magnetic cap decreased along

he sphere surface (Fig. 5a). The HRTEM image showed the forma-
ion of the oxidized sublayer and the thickness of oxidized sublayer
as about 2 nm (Fig. 5b). The bilayer structure was transformed

nto the single CoO layer around the cap brim, separating the mag-
etic caps from the neighbor ones. So the magnetic interactions
H(Oe)

colloidal beads (a and b) Co 15 nm; (c and d) Co 25 nm; (e and f) Co 30 nm and
and the substrate signal was deducted.

between the neighbor caps were reduced greatly, which meant the
isolated magnetic caps formed on every PS bead. The size of isolated
Co/CoO bilayer was about 160 nm on every sphere from the TEM
image, as shown by the line in Fig. 5c. The MFM image showed
that the beads had the magnetic properties partially and were
separated magnetically from the neighbor units, confirming the
analysis above (Fig. 5d). A single-domain state formed in the 15 nm
Co/CoO isolated magnetic cap. For a single-domain nanostructure,

the value of the coercivity was estimated using HC ∼ 2 Ku/M, where
Ku ∼ DM2/2, and D was a dimensional constant which equaled the
ratio of thickness (t) to the size (L) of the nanostructure [22]. The
coercivity and the size satisfied HC ∼ tM/L. For our experiments, the
parameters were as t ∼ 15 nm, L ∼ 160 nm, and M ∼ 1.7 × 104 Oe for
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Fig. 4. Hysterisis loop of the dot left on Si substrate when the cap was removed
for the Co 15 nm sample. The inset was the corresponding SEM image of the dot
on the substrate and the scale bar was 300 nm. HRTEM showed the dot surface was
oxidized and the d value was around 0.248 nm confirming the existence of CoO after
the oxygen treatment.

4002000

500

1000

PS size(nm)

H
(O

e)

 continuous film

 HE
 HC

Fig. 5. TEM and HRTEM images showed the formation of the Co/CoO bilayer cap by the ox
cap showed the exchange coupling effect (c and d).
Fig. 6. Dependences of the coercivity and the bias field on the bead sizes for the
oxidized Co 30 nm sample.

Co film. We calculated that the value of HC was about 1600 Oe, in
agreement with our experimental results. When the film thickness
increased to 25 nm and 30 nm, the connection between the neigh-
bor magnetic caps happened, which changed the isolated state and
made HE and HC decrease.

In order to further understand the magnetic behavior of the
curved interface, the PS particles with the different sizes were used
for the Co film deposition with the same thickness. Fig. 6 showed
the changes of HC and HE of the oxidized samples deposited on the
flat and curved substrates. HE and HC for the latter were larger than
the former and they increased when the bead size decreased. For

the curved bilayer with the same thickness, the change of HE was
mainly from the variation of colloid sphere sizes. It was known that
the exchange bias was related to the density of the uncompensated
AF material interfacial spin, especially for CoO material with the
high magnetocrystalline anisotropy [23]. The smaller beads meant

idation treatment on 200 nm colloid sphere (a and b). And only part of the magnetic
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ig. 7. Sketch map of the localized uncompensated interfacial spins for the curved
lm.

he larger curvature and the larger interfacial roughness. To relieve
he stress the crystalline orientation of CoO became more com-
licated and the grain boundaries increased correspondingly [24].
hese structural defects created more localized uncompensated
nterfacial spins around the cap brim as shown in the sketch map of
pin structure (Fig. 7). The uncompensated spins exerted a strong
orque on these Co spins by coupling to them, which enhanced
he exchange bias field. The surface anisotropy and defects in the
urved interfaces created the large localized field and enhanced
he static magnetic interaction, which led to the increase of the
oercivity [25].

. Conclusions

In conclusion, the Co/CoO curved bilayers were fabricated by
xidating the single layer Co deposited on the colloidal sphere
rray. When Co thickness decreased, HE increased and the dif-
erence of HE became more prominent between curved film and
orresponding flat film. The enhancements of HE and HC for Co
5 nm cap array were ascribed to the formation of the isolated mag-
etic single domain state due to the magnetic limit around the cap

rim after the oxidation treatment. HE increased with the decrease
f the colloid sphere sizes. And HE and HC of the curved film were
arger than those of the continuous films, which were ascribed to
he increase of the localized uncompensated CoO spins induced by
he curved surface.
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