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We demonstrate that uniform, ordered, single-domain magnetic nanoscale dots can be fabricated on
concentrated colloid surfaces. The substrate consists of compact silica nanosphere arrays grown on
a glass wafer. Through the subsequent deposition and oxidation treatment of a Co film,
monodisperse magnetic Co nanoscale dot arrays with controlled magnetic properties and size were
obtained. We suggest that magnetic dots deposited on colloidal surfaces might open a way of
developing artificially nanostructured materials for fundamental studies in nanomagnetism and for
applications such as patterned magnetic recording media. © 2000 American Institute of Physics.
关S0003-6951共00兲00106-6兴

Templated micro- and nanostructured materials often exhibit special physical properties related to their structural
characteristics.1–4 For example, inverse opals, templated
from opal crystals, are of particular interest as photonic
band-gap and electron-transport materials.2,3 Hollow-sphere
structures produced by colloidal templating are envisioned to
have applications in areas ranging from medicine to pharmaceuticals to materials science.4 However, there has been a
lack of attention focused on the surface of concentrated colloids. By considering a nanoscale periodic solid surface, two
promising possibilities arise. First, the periodic surface geometry can be used to fabricate nanostructured materials
with periodicities which range from 10 nm to several m.5–7
Second, the two-dimensional periodic structure can be used
to design materials with properties which depend on the artificial dispersion relation 共Bloch’s theorem兲.8 High-quality
concentrated colloids can, in principle, provide such a periodically ordered surface. Here, we describe the use of concentrated colloid surfaces in order to fabricate magnetic
nanostructure arrays.
The amorphous silica spheres are synthesized through
the hydrolysis of Si alcoxide 关tetraethoxysilane 共TEOS兲兴, and
later polymerization of Si–O chains in ethanol. The net reaction is
nSi共OC2H5兲4⫹2nH2O

The Co film was grown in ultra-high-vacuum conditions (5
⫻10⫺10 mbar) by electron-beam evaporation at normal incidence, as shown in Fig. 2共a兲. The thickness of Co on the
nanosilica spheres should obey t(  )⫽t 0 sin , where t 0 is the
thickness of Co on the top of the sphere and  is the angle
with respect to the plane of the sample 关Fig. 2共b兲兴. To obtain
separated magnetic dots and to reduce their interaction, controlled oxidation was carried out so that the thinner Co film
on the side region of the spheres 关i.e., for small  in Fig.
2共b兲兴 was fully oxidized, thus leaving magnetically isolated
Co magnetic dots on the top regions of the spheres. Magnetic
force microscopy 共MFM兲 was used to determine the distribution of the Co dots and the magnetic-domain configuration. The magnetization behavior was determined using longitudinal
magneto-optical
Kerr-effect
共MOKE兲
magnetometry.
Figure 3共a兲 shows the AFM image of a sample after
growing a 10-nm-thick Co film subsequently oxidized in air
for three weeks 共sample A兲. A uniform, long-range regular
structure in the 共111兲 crystalline plane was found. Figure
3共b兲 shows a MFM image of this sample. It is clear that
separated magnetic dots with the same periodicity as the
close-packed silica spheres were formed. The size of the

C2H5OH
nSiO2⫹4nC2H5OH.
NH3

The composition of the reactive agents we have chosen is 12
ml TEOS, 30 ml double-distilled water, 7.8 ml ammonium
hydroxide 共28%兲, and 150 ml ethanol. Appropriate reaction
conditions allow us to obtain perfect spherical microparticles
with very small dispersion in diameter 共⬍5%兲. After diluting
the solution with absolute ethanol in the ratio 1:50, the solid
structure was formed by natural sedimentation onto a glass
wafer. The growth of the crystalline phase leads to a regular
and smooth concentrated colloidal surface.9–12
Scanning electron microscopy 共SEM兲 and atomic force
microscopy 共AFM兲 were used to assess the surface quality
and sphere size. Figure 1 shows a typical SEM photograph of
close-packed face-centered-cubic 共fcc兲 silica nanospheres.
FIG. 1. Typical SEM micrograph of the surface of concentrated silica nanospheres. The image was taken at 40° with respect to the sample surface.
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FIG. 2. Schematic diagram of the growing magnetic dots on concentrated
silica colloids. 共a兲 Co materials were grown at normal incidence and a subsequent oxidation treatment was carried out after growing. After appropriate
oxidation the thinner Co film on the side region of the spheres was fully
oxidized, thus leaving magnetically isolated Co magnetic dots on the top
regions of the spheres. 共b兲 The thickness dependence of deposited material
on the sphere surface for normal direction growth. The thickness t on the
nanosilica sphere should obey t(  )⫽t 0 sin , where t 0 is the thickness of the
deposited material on the top of the sphere and  is the angle with respect to
the plane of the sample.

magnetic dots is ⬃380 nm with a separation of ⬃100 nm.
X-ray photoemission spectroscopy 共XPS兲 measurements performed on a continuous film confirms that the Co layer oxidized in air was approximately 3 nm in thickness. For comparison, we have grown another sample with a composite
structure of Cu共5 nm兲/Co共20 nm兲/SiO2 spheres 共sample B兲.
In this case, the relatively thicker Co film has caused the
adjacent Co particles to contact each other, as seen in the
MFM image shown in Fig. 3共c兲. The magnetic structure consists of stripe domains oriented preferably along the 具112典
direction of the fcc nanosphere crystal, suggesting that the
local dipole fields or symmetry-breaking structures can induce a macroscopic magnetic anisotropy.
The macroscopically smooth sample surface allows us to
carry out MOKE measurements with high sensitivity. The
most significant features of the hysteresis loops are that
samples A and B have different coercivities H c and saturation magnetic fields H s 关Figs. 4共a兲 and 4共b兲兴. The large value
of H c and H s for sample A is a typical feature of singledomain reversal,13 although reversal by a more complicated
mechanism cannot be excluded.14 The relatively small value
of H c and H s in sample B is likely to be due to domain-wall
nucleation and wall motion, which play important roles in
this case. However, the barrier for domain-wall propagation
along this periodic modulated surface is greater than that for
wall motion in a flat continuous film. In order to further
understand the magnetic behavior of samples A and B,
sample C was prepared for comparison. Sample C was made
by growing a Co film on a flat amorphous SiO2 substrate
with the same Co thickness and oxidation treatment as in
sample A. Figure 4共c兲 presents a typical hysteresis loop measured on sample C. The H s and H c values of samples A and
B are much higher than those of sample C, as expected. For
a single-domain dot, the value of the coercivity can be estimated using H c ⬃2K u /M , where K u ⬃DM 2 /2, D is a dimensional constant which equals the ratio of thickness 共t兲 to the
size 共L兲 of the dots. For sample A, t⬃7 nm, L⬃380 nm,
and M ⬃1.7⫻104 Oe for Co. The estimated value of H c

FIG. 3. AFM and MFM images of the concentrated silica colloidal surface
after growing the Co film. AFM 共a兲 and MFM 共b兲 images of the sample
surface after growing a 10 nm Co film subsequently oxidized in air for three
weeks. The separated magnetic Co dots with a long-range periodic structure
in the 共111兲 crystalline plane are seen. In the inset, a three-dimensional
AFM image is shown. 共c兲 MFM magnetic-domain image for
Cu共5 nm兲/Co共20 nm兲/SiO2 spheres. 共Here, the 5-nm-thick Cu is a capping
layer to prevent oxidation of Co.兲 The magnetic structure consists of stripe
domains due to the relatively thicker Co film and the adjacent Co particles
contacted each other.

⬃310 Oe agrees with the experimental value. We have not
found a magnetic anisotropy from MOKE measurements in
sample B. This is likely to be due to the fact that different
crystallites contribute to the signal.
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FIG. 4. MOKE hysteresis loops measured on three different samples A, B,
and C. 共a兲 Hysteresis loop measured on sample A after growing a 10 nm Co
film subsequently oxidized in air for three weeks. 共b兲 Hysteresis loop for Cu
5 nm/Co 20 nm on a silica colloidal substrate. 共c兲 Hysteresis loop measured
on Co film growing on a flat amorphous SiO2 substrate with the same
growth and oxidation process as sample A. 共d兲 The last-obtained in situ
hysteresis loop in thermally oxidized sample A at a heating time of 24 min,
after which no MOKE signal was detected. The negative slope of this loop
at high field is an experimental artifact.

The large remanence of the hysteresis loop of sample A
is an important factor for stable magnetic recording, for example. For thick uncoupled magnetic dots a significant saturation field is expected.15,16 However, in our sample the Co
dots’ thickness is so small that each dot can be viewed as a
two-dimensional 共2D兲 magnet. In such 2D cobalt dots the
mutual interaction of the dots is negligible, leading to a
nearly square hysteresis loop as observed.17
To give further evidence of the existence of magnetically
isolated dots in sample A, we have carried out MOKE measurements on sample A during a thermal oxidation treatment
in air 共200 °C兲. This oxidation treatment reduces both the
lateral size and the thickness of the cobalt dots. Figure 4共d兲
shows the hysteresis loop measured at a heating time of 24
min after which no MOKE signal was detected 共the sensitivity of MOKE is ⬃0.5 nm for Co兲. It shows that there is no

major difference between the loop squareness in Figs. 4共a兲
and 4共d兲. Hence, we believe that we have obtained uncoupled 2D magnetic dots in sample A.
In summary, we have demonstrated that concentrated
colloid surfaces can be used to fabricate highly uniform, ordered, single-domain magnetic nanoscale dots. The dot size
can be controlled by changing the sphere size of the colloids
and oxidation process after deposition of magnetic material.
Such magnetic arrays allow fundamental studies in nanomagnetism and have potential as structured storage media.
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