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We developed a method to fabricate ordered Co/Pt multilayer nanodot arrays using the barrier
layer of anodic alumina templates as two-dimensional curved substrates. Large area patterning of
self-assembled alumina nanobumps are formed with hexagonally close-packed order. The
subsequent deposition of Co/Pt multilayers on this bumpy surface leads to an ordered array of
single-domain nanocaps magnetized perpendicularly to the sample surface. Measurement of
reversal field as a function of field angle and images of demagnetized state, composed with
monobump-wide stripe domains, confirm the weakness of exchange coupling between bits. © 2072
American Institute of Physics. [http://dx.doi.org/10.1063/1.4731640]

Ordered arrays of isolated magnetic nanostructures are
of considerable interest to increase the storage density of
hard disks beyond the current perpendicular media. In such
bit patterned media, each artificially fabricated magnetic
nanostructure is capable of storing an individual bit." Fabri-
cation schemes involve either lithographic patterning®® or
combination of e-beam lithography methods with other tech-
niques such as electrodeposition* and self-assembling block
copolymers.” However, lithographic techniques are expen-
sive and time-consuming. Therefore, it is of interest to
develop a non-lithographic patterning method based on self-
assembly as an alternative route in order to develop a fast
and cheap process capable of producing dense arrays of
nanostructures over millimeter wide areas with precise long-
range order.

Recently, a simple and inexpensive method of fabricat-
ing nanoscale magnetic patterns was developed by using
self-assembly of colloidal nanospheres.® Self-assembled
close-packed layer of polystyrene nanospheres of diameter
in the range of 50-300 nm were used as curved substrate to
deposit Co/Pt and Co/Pd multilayers and to create ordered
arrays of single domain and magnetic exchange decoupled
nanostructures.®’ However, several problems associated
with the nanospheres approach were pointed out due to the
presence of dislocations and domains, and also the cleanness
and hydrophilic properties of the substrate surface are critical
in making well-ordered colloidal crystal films.® In addition,
attractive forces between the spheres prevent the formation
of a layer of spheres with good order when considering
diameters below 50 nm so that only short-range order can be
obtained, or their position need to be templated using lithog-
raphy to impose long-range order.’

In this letter we present another route to fabricate at low
cost a densely packed magnetic particle assembly on two-
dimensional (2D) curved substrates. The method involves
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the growth of magnetic nanocaps on the back of nanoporous
anodic alumina templates (AAQO), which is a typical self-
ordered nanopore-array material formed by the electrochem-
ical oxidation of Al in acidic solutions.'®'" In recent years,
there have been a considerable number of studies regarding
the use of AAO templates for the fabrication of nanostruc-
tured arrays with perpendicular anisotropy by depositing Co/
Pt multilayers and CoPt binary alloys. Previous works have
reported on the formation of CoPt nanowires embedded in
nanoporous AAO templates by electrodeposition. The L1,
CoPt ordered phase was obtained by electrodeposition of ei-
ther CoPt alloy with near-equiatomic composition'*'* or Co/
Pt multilayered nanowires'* followed by the appropriate
annealing process. On the other hand, Co/Pt perpendicular
antidot arrays were obtained by depositing on porous AAO
templates.'> This leads to a percolated perpendicular media
where the holes provide a pinning effect. However, until
now there has been no report of the use of the bumpy surface
formed by the barrier layer of the AAO template to make
such ordered perpendicular nanostructured media. In this
work, we studied a hexagonally close-packed array of [Co/
Pt]4 nanocaps deposited on bumps having about 100 nm lat-
eral modulation period and 50 nm height variation. We show
that [Co/Pt], magnetic multilayers form an array of magnetic
single-domain bits with magnetization pointing perpendicu-
lar to the substrate surface. Demagnetized states confirm the
weakness of the exchange coupling between bits and allow
correlating structural and magnetic disorders.

The voids of the nanoscale-channeled structure of AAO
nanotemplates have been widely used in the past to form
nanowires and multilayers in filling the pores by electro-
chemical deposition methods.'®™'® Electrodeposition is usu-
ally performed after the removal of the oxide barrier layer
that closes the bottom ends of the pores. Therefore this bar-
rier layer is typically considered undesirable. However,
herein we emphasize that the surface of this layer possesses
an ordered array of bumps that can also be used as a pre-
patterned substrate to modulate the thickness of thin Co/Pt

© 2012 American Institute of Physics
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FIG. 1. (a) Schematic representation of the formation of 2D-ordered bumps
array from the barrier-layer surface of the AAO template after a two-step
anodization process, followed by sputtering deposition. On the right, SEM
images of the tilted cross section of the AAO template (b) and its curved sur-
face (c).

multilayers deposited on it, as sketched in Fig. 1(a). The
AAO templates were fabricated by a two-step anodization
process in order to obtain highly ordered structures.'®!" The
templates with 105 nm average pore spacing consist of long
channels (~50 um) closed at the bottom end by a round-
shaped Al,Oj3 barrier layer [Fig. 1(b)]. The barrier-layer sur-
face is composed of a hexagonal close-packed lattice of
nanobumps that possess the same spacing as the porous layer
[Fig. 1(c)]. We used the method described in Ref. 19 to ana-
lyze the SEM images and characterize the degree of ordering
in the barrier-layer surface. According to this triangulation
method, the coordinates of the centers of the repetitive
bumps are first obtained, serving for the ordering analysis.
Then, the triangles defined by coordinates of the centers are
identified by Delaunay tessellation.”® To recognize the most
ordered regions, we used a criterion of discrimination among
all triangles based on 15% maximum deviation of side
lengths relative difference [Fig. 2(a)]. The histogram in Fig.
2(b) represents the triangle side length distribution and can
be fitted by a Gaussian distribution. From this result, we cal-
culated a mean inter-bump distance of 105nm and a full
width at half maximum (FWHM) of 15.5 nm.

Co/Pt multilayer film was coated onto the bumpy sub-
strate by magnetron-sputtering deposition. The multilayer con-
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FIG. 2. (a) SEM image of the barrier-layer surface of the AAO template
and results of ordering analysis showing ordered regions (in yellow) of equi-
lateral triangles between centers of the bumps (within 15% deviation of side
length). (b) Histogram representation of the inter-dot distances.
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sisted in a Ta(5 nm)/Pt(5 nm)/[Co(0.36 nm)/Pt(0.73 nm)], and
was covered by an additional 3.5 nm thick Pt layer to prevent
oxidation. The total thickness of the magnetic stack (~10nm)
was voluntarily kept lower than the bump height (~50nm)
and period (~100nm). Indeed in that case, the magnetic coat-
ing is expected to form an ordered array of magnetic caps with
low exchange coupling, with magnetization pointing perpen-
dicular to the substrate surface.®” The same multilayer was de-
posited on a flat Si/SiO, substrate (the so-called reference
sample) for comparison. The samples were magnetically char-
acterized using a commercial Vibrating Sample Magnetometer
(VSM) and a Magnetic Force Microscope (MFM).

Figure 3(a) compares the room temperature magnetiza-
tion hysteresis curves of the Co/Pt multilayers grown on the
bumpy substrate with that of the reference sample. The
external magnetic field was applied perpendicular to the sub-
strate, i.e., along the anisotropy axis. The magnetization
curve for the Co/Pt multilayer grown on the bumpy sample
gets tilted and has larger coercive field as compared with the
reference one. These differences in the hysteresis curve mark
the exchange decoupling between neighboring Co/Pt nano-
caps and the increased influence of the dipolar interactions.
The increase of coercivity is explained by the change of
magnetization reversal mechanism. In the case of the refer-
ence sample, nucleation occurs in a region with lower-than-
averaged anisotropy and the full reversal is achieved by
domain wall propagation. In the bumpy sample, each nano-
cap magnetization reverses by a more uniform and more in-
dependent process. This change in reversal process reflects
in the reversal branch shearing. The reversal field distribu-
tion mostly originates from dipolar interaction between caps
that tends to maintain anti-parallel neighboring caps,”""** as
well as the intrinsic cap-to-cap anisotropy distribution. Note
that, at the coercive point, when half the dots have switched,
in average, each dot has as many up as down magnetized
neighbors, and the dipolar interactions are negligible. Figure
3(b) shows that the relative reversal field in the reference
sample follows the variation calculated for the Kondorsky-
like behavior (i.e., domain wall propagation driven rever-
sal).”? On the contrary, the relative coercivity ratio for the
bumpy samples has a minimum when the field is applied at a
45° angle similar to Stoner—Wohlfarth type reversal.>* The
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FIG. 3. (a) Hysteresis loops at 300K, for Co/Pt multilayers with the field
applied perpendicular to the bumpy (open squares) and flat (solid circles)
substrates; (b) relative coercivity as a function of the angle of the field with
respect to the anisotropy axis for the bumpy (open squares) and full film
(solid circles) samples. HcO corresponds to the coercive field measured with
field parallel to the easy axis. The dashed and solid lines in (b) correspond to
Kondorsky and Stoner—Wohlfarth models, respectively.
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fact that Hc/HcO is larger than 0.5 at 45° can be explained by
the dispersion of anisotropy axis over the nanocap® and by a
partially incoherent reversal since the studied nanocaps have
diameters of 100 nm.

Besides, the reversal branch tilting in the bumpy sample
comes from switching field distribution which originates
from the dipolar field interactions between nanocaps and
from nanocap intrinsic magnetic properties distribution.' In
order to estimate the relative influence of both, we performed
an AC demagnetization process in a perpendicular field and
then imaged the magnetic configuration of the nanocaps
using MFM. Note that the AC demagnetization process leads
to no stable domain in the film deposited on smooth Si/SiOy
substrate (not shown here). Indeed due to the low number of
Co/Pt repeats and the strong lateral magnetic coupling in the
full film, the exchange interactions dominate the dipolar
ones.” This indicates a very low defect density in the refer-
ence sample.

Figures 4(a) and 4(b) shows a typical AFM and MFM
image of the out-of-plane AC demagnetized bumpy sample.
In Fig. 4(b) a bicolor pattern corresponding to magnetic
domains having opposite magnetization directions is
observed in the MFM image. The bright and dark domains
correspond to a magnetization pointing towards the negative
and positive field directions, respectively. Contrary to well-
known isotropic labyrinth patterns observed for out-of-plane
AC demagnetized Co/Pt film,* the MFM image in Fig. 4(b)
is very asymmetric. The contour plot corresponding to the
topology extracted from Fig. 4(a) has been superimposed to
the MFM image. The width of the observed magnetic stripes
corresponds to the diameter of a bump. To further character-
ize the demagnetized state we calculated the 2D Fourier
transform associated to the magnetic structure on large scale

5.1 pm (1/pm)
—

FIG. 4. (a) and (b) correspond to 2 x 2 um> AFM and MFM images respec-
tively, obtained after AC demagnetizing the bumpy sample. The contour
plot corresponding to the topology in (a) has been superimposed to the
MFM image; (c), (d) 10 x 10 um> MEM image of the bumpy sample and the
associated 2D Fourier transform, respectively.

Appl. Phys. Lett. 101, 013110 (2012)

as shown in Fig. 4(c). The peaks positions confirm that do-
main width is about 100nm, i.e., the diameter of a bump.
Besides, the spatial extension of theses peaks suggest a dis-
persion of about 30° of the magnetic stripes direction.

Let us discuss the origin of the monodots-wide lines AC
demagnetized state. The AFM image shows the hexagonal
array of dots with randomly spread lattice defects [Fig. 4(c)].
If the exchange-coupling between dots is null, domain pat-
tern is formed to minimize the interdot dipolar field energy,
i.e., to maintain neighboring bits with anti-parallel magnet-
ization.?® In a square lattice, the domain state of minimum
energy is a checkboard phase. In a hexagonal array, triangu-
lar frustration occurs and lines of aligned magnetization min-
imize the energy. Finally, the finite length of the magnetic
stripes seems to be correlated to the large scale arrangement
of the bumps into grains separated by grain boundaries and
the dispersion in the magnetic stripes direction to the dot-to-
dot arrangement inside the grains.

As a conclusion, we have reported a method to fabricate
ordered magnetic nanobumps arrays using the barrier layer
of AAO templates. Our self-assembly method has a number
of advantages over the lithographic based methods, including
low-cost and extremely simple processing. The AAO nano-
templates display unique features, such as easily tunable geo-
metrical parameters, mild preparation conditions, robustness,
and resistance to high temperatures. In addition, the
extremely small attainable inter-bump period constitutes
substantial advantages. Indeed regular nanopore arrays in
AAO with ultra small pore diameter (even less than 10 nm)
and pore interdistance as small as 15nm have already been
demonstrated.””*® We have tested the feasibility of bit pat-
tern media on the nanobumps with regular Co/Pt multilayer.
We have shown that the magnetic cap nanostructures are
exchange decoupled and therefore can be addressed
separately.
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