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Co/Pt perpendicular antidot arrays with engineered feature size and magnetic properties

fabricated on anodic aluminum oxide templates
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Antidot arrays with perpendicular anisotropy have been fabricated by depositing Co/Pt multilayers on the
anodic aluminum oxide (AAO) templates prepared on Si wafers. The antidot arrays cover an area of about
10 cm?. The antidot size (D) and edge-to-edge (w) separation between two adjacent antidots are varied over a
wide range from 7 to 46 nm and 14 to 53 nm, respectively. The magnetic properties and magnetization process
exhibit strong dependence on the antidot size and separation. The perpendicular coercivity (H,) increases from
140 Oe (continuous film) with the increase in D and shows a peak at about 1350 Oe for the D of around 30 nm.
The H, starts to decrease for the further increase in D due to the deteriorated perpendicular anisotropy. The
magnetization reversal of the antidot arrays with D of 30 nm or less is governed by the strong domain-wall
pinning and the switching field shows less sensitivity to the angular variation from the easy axis. The magnetic
domain size decreases with increase in D. The evolutions of magnetic properties are ascribed to the pinning
effects imposed by the AAO pores. The influence of antidot size on the pinning of domain wall, H,. and

magnetization switching characteristics are also investigated by the micromagnetic modeling.
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I. INTRODUCTION

Magnetic antidot arrays have been studied extensively for
the last decade due to its potential applications for magnetic
data storage'~” as well as their importance for the under-
standing of fundamental magnetism in confined geometries,
for example, magnetization reversal,®® spin transport,' and
exchange bias.!""!3 To date, most of the works have been
concentrated on the magnetic antidot arrays with in-plane
anisotropy. However, the shifting of the magnetic data stor-
age industry from the longitudinal to the perpendicular re-
cording mode indicates that the antidot arrays can be consid-
ered as the potential magnetic recording media only when its
anisotropy is perpendicularly oriented. Recent theoretical'*!>
and experimental”'® demonstrations of a new class of per-
pendicular magnetic recording media consisting of
exchange-coupled grains with nonmagnetic pinning sites,
termed as the percolated perpendicular media, have pro-
pelled the interest again in the magnetic antidot arrays with
perpendicular anisotropy where the pores can serve as the
pining sites.®”!® The perpendicular antidot arrays are also
interesting from the application point of view in supercon-
ductor as flux pining centers.”!8 As the evolution of mag-
netic properties in antidot arrays is strictly related to the an-
tidot size and separation, a systematic study with the feature
size comparable to the domain-wall (DW) width is a must to
gain the full advantages for applications and to understand
the underlying mechanism in details. However, such works
are significantly lacking due to the challenges of fabrication
and characterization of nanostructures in such a small scale.
Among the many efforts to fabricate antidot arrays, a simple
way is to deposit materials on prepatterned substrates that
have been prepared by electron-beam lithography,' extreme
ultraviolet lithography,'® or diblock copolymer templates.'”
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In  particular, anodic  aluminum oxide (AAO)
templates>*%!213 have been proposed for large-area fabrica-
tion with potential to achieve sub-10 nm feature size.* In
contrast to the conventional lithographic top-down methods,
the AAO approach offers many advantages, such as high
throughput, large-area fabrication at low cost, and small fea-
ture size, even smaller than 10 nm.*?° In this work, we dem-
onstrate the fabrication of Co/Pt perpendicular antidot arrays
covering an area exceeding 10 cm? by using AAO/Si tem-
plates (AAO prepared on a Si wafer). Unlike the other
works>!? on the fabrication of antidots by using AAO mem-
branes, the AAO/Si templates offer direct integration of the
antidots with the commercially available substrates. We in-
vestigate the influence of the antidot size and separation on
the magnetic properties and magnetization reversal in details
by varying the antidot size from 7 to 46 nm and separation
from 14 to 53 nm. Moreover, the underlying mechanisms of
the evolution of magnetic properties and magnetic switching
characteristics are also investigated by using micromagnetic
modeling.

The paper is organized as follows. In Sec. II, we describe
the fabrication method of perpendicular magnetic antidot ar-
rays. In Sec. III, the experimental results are interpreted. A
comparison between experimental results and simulations is
also given. A summary is given in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The fabrication procedure is schematically shown in Figs.
1(a)-1(d). The procedure consists of two main processes: (A)
fabrication of AAO/Si templates with different pore diameter
(D) and interpore edge-to-edge distance (w) and (B) subse-
quent deposition of magnetic layer on AAO/Si templates as
described below.
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FIG. 1. (Color online) Schematic representation of the fabrica-
tion procedure of (Co/Pt) perpendicular antidot arrays.

A. Fabrication of AAO with different pore sizes

At first, a 500 nm Al film with a thin Ti underlayer is
deposited by sputtering on a 4 inch Si wafer [Fig. 1(a)]. The
sample is then cut into 10 cm? pieces. This Al film is anod-
ized at 25 V in 0.3 M H,S0O,. A two-step anodization process
is used to fabricate the ordered alumina nanotemplates on
silicon substrates. Typically, the first anodization process is
conducted to anodize about 300 nm of the aluminum from
the top [Fig. 1(b)]. The first anodized alumina layer is then
selectively removed by immersing in 20:80 solution of
2 wt % CrO;+6 wt % H;PO, for 10 min at 65 °C. The
concave texture of the Al surface, formed by the selective
removal of the film after the first anodizing step, is used to
induce the ordered formation of pores even at the initial
stage of anodization in the second step [Fig. 1(c)]. The sec-
ond anodization step is carried out exactly same as the first
anodization step and lasted until the aluminum film is com-
pletely converted to alumina [Fig. 1(d)]. The density of the
pores is about 4% 10'° cm™ and the center-to-center dis-
tance between two adjacent pores (d) is about 60 nm. The
pore widening treatment by chemical wet etching (5 wt %
phosphoric acid) is subsequently carried out at 30 °C to con-
trol the pore diameter of the AAO [Fig. 1(e)]. The pore di-
ameter is tuned by varying the etching time from 3 to 20
min. The pore diameter is varied from 9 to 48 nm and the
edge-to-edge distance between the pores is varied from 51 to
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FIG. 2. (Color online) Variations in pore diameter and interpore
edge-to-edge distance as a function of etching time.

12 nm while the distance between the centers of the neigh-
boring pores is kept constant of about 60 nm [Fig. 1(c)]. The
aspect ratio (pore height/diameter) is kept almost the same at
about 3 to prevent the deposition of magnetic materials in-
side the pores at the bottom.’

B. Fabrication and characterization of Co/Pt antidot arrays

[Co(0.5)/Pt(2) nm]s multilayers (MLs) with 7 nm Pt and
3 nm Ta underlayers are then deposited onto the surface of
the AAO/Si templates by sputtering at room temperature
[Fig. 1(f)]. The base pressure of the sputtering system is
below 2 X 1077 Torr and the working pressure is maintained
at 3 mTorr during the deposition. The deposition parameters
of the multilayers are chosen to form (111) textured films
with a clear layer structure without formation of Co-Pt al-
loys, revealed from transmission electron microscope (TEM)
images.”! The same magnetic structure is deposited on bare
Si wafers for comparison. The surface morphology of the
antidot arrays is observed with a field-emission scanning
electron microscope (SEM) and TEM. Magnetic properties
are measured using a vibrating sample magnetometer. Mag-
netic domain imaging is performed by a magnetic force mi-
croscope (MFM).

III. RESULTS AND DISCUSSION

Figure 2 shows the variations in pore diameter and inter-
pore edge-to-edge separation as a function of the pore wid-
ening time. The pore diameter, D increases almost linearly
with increasing etching time. As the center-to-center distance
between two adjacent pores (d) remains the same at about 60
nm, the edge-to-edge distance (w=d— D) decreases automati-
cally with increase in D. Figure 3 shows plane-view SEM
image and cross-sectional TEM image of Co/Pt antidot ar-
rays with D and w of 25 and 35 nm, respectively. To check
the uniformity of pores over large area, the samples from
different parts of the mother sample (~10 cm?) used for
anodization are observed by SEM. Almost identical features
are found all over the mother sample. The dark areas in SEM
image correspond to the pores and the bright areas corre-
spond to the magnetic layers supported by the pore walls,
that is, AlO, covered by Co/Pt MLs. The presence of pores is
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FIG. 3. Plane-view SEM image and TEM cross-sectional image
(inset) of Co/Pt antidot array with D and w of 25 and 35 nm,
respectively.

clearly visible in all samples. The arrangement of the pores is
quite regular and close to being arranged on a hexagonal
lattice. TEM cross-sectional imaging is performed to under-
stand the complete topology of the [(Co/Pt)MLs}/AAO/Si
structure and is shown in the inset of Fig. 3. The image
reveals that the magnetic materials are deposited mainly on
the top of the walls and perimeter of the pores, and negli-
gible amounts are at the bottom of the pores. Usually, almost
all of the materials remain on top of the walls when the
sputtering is performed on such porous substrates with the
aspect ratio of the holes larger than 2 (Ref. 9). It is reason-
able to assume that most of the materials remain on top of
the pore walls in the present work as the aspect ratio is main-
tained at about 3. As a result, the Co/Pt MLs are percolated
by nanopore arrays of AAO. The surface morphology for all
samples is nearly the same due to the same aspect ratio of
pores. The pore diameter is slightly reduced (or the edge-to-
edge distance is increased) after depositing the magnetic film
on the AAO template by 2 nm.

The out-of-plane, in-plane, and initial M-H loops for the
Co/Pt antidot arrays with different D and w and the reference
continuous film deposited under the identical conditions are
shown in Figs. 4(b)-4(e) and Fig. 4(a), respectively. The
corresponding plane-view SEM images are also shown in
Fig. 4. Figure 4(f) shows the schematic representation of the
antidot diameter, D, edge-to-edge separation, w, and center-
to-center distance d. The SEM images confirm the presence
of nanopore arrays in all samples. The w is reduced with
increase in D continuously shown in Figs. 4(g)-4(j). As for
the magnetic properties, the continuous film exhibits a square
M-H loop with very small out-of-plane H, of only about 140
Oe and negligible H,. in the in-plane direction. As shown in
Fig. 4(b), the out-of-plane coercivity, H, of (Co/Pt) MLs dra-
matically increases when MLs are deposited on AAO/Si tem-
plates and exhibits the maximum value for D at around 30
nm and w of around at 30 nm [Fig. 4(c)]. For the antidot
arrays with D of more than 30 nm and w of less than 30 nm,
the M-H loops starts to lose the squareness ratio S (the ratio
of the remanent magnetization to the saturation magnetiza-
tion) and perpendicular anisotropy as evidenced by the pres-
ence of in-plane M-H loop shown in Figs. 4(d) and 4(e).

To understand the mechanism of coercivity enhancement
and magnetization process, we measured the initial magneti-
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FIG. 4. (Color online) The out-of-plane, in-plane, and initial
M-H loops of (a) (Co/Pt) continuous film, [(b)—(e)] (Co/Pt) antidot
array, and [(g)—(j)] the corresponding SEM images. (f) Schematic
representation of antidot diameter, D, edge-to-edge separation, w,
and center-to-center separation, d.

zation curves of all samples as shown in Figs. 4(a)-4(e). The
initial magnetization curves are measured after ac demagne-
tization with a maximum field of 15 kOe. The curves are
convex downward with low initial susceptibility, suggesting
that the magnetization reversal is mainly controlled by the
domain-wall pinning.'%??> The rise in the initial magnetiza-
tion curve of (Co/Pt) MLs deposited on the bare Si wafers at
a low field indicates easy domain-wall propagation while the
magnetization of the (Co/Pt) MLs deposited on AAO/Si tem-
plates begins to increase only when the applied field reaches
a critical field for the domain walls to become unpinned.
This critical field is defined as the pinning field H,. The
variations in H, and H), as a function of D and w are plotted
in Fig. 5. It is found that H,, and coercive field, H.. are closely
related to each other. Both the H, and H, of Co/Pt MLs
increase sharply for the increase in D from 7 to 30 nm and
then start to decrease for further increase in D or decrease in
w. The variations in H, and H, with pore diameter suggest
that the increase in H, is attributed to the domain-wall
pinning'®?3 and the effective pinning becomes stronger with
the increase in pore diameter. In order to understand the un-
derlying pinning mechanism, micromagnetic simulations are
performed.

The influence of pore diameter and interpore edge-to-edge
distance on the H, and H,, is simulated for the actual geom-
etry. We used the finite-element micromagnetic code FEMME
(Ref. 24) to construct an antidot array with the lateral dimen-
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FIG. 5. (Color online) Variations in out-of-plane and in-plane H,

and pinning field, H, of Co/Pt antidot array as a function of antidot
diameter, D and edge-to-edge separation, w.

sions of 500 nm X 500 nm. A finite-element mesh size of 5
nm is used. The diameter of the pores is varied from 14 to 34
nm. The following material parameters are assumed: ex-
change constant A=1X10""" J/m, a perpendicular aniso-
tropy K;=1X10° J/m?, and the magnetic polarization J,
=uoM,=0.44 T, where u, is the permeability of free space
and M is the saturation magnetization. In order to be able to
calculate the pinning field, we plotted the initial magnetiza-
tion curve of the constructed antidot geometry for simula-
tion, which consists of two domains as shown in Fig. 6(b)—
state A.

Figure 6(a) shows the initial curve of an antidot array with
the diameter of D=14 and 34 nm, respectively. The external
field is applied perpendicular to the film plane. The magnetic
states along the initial curves for D=14 nm at different mag-
netic fields show that the domain wall is pinned by the non-
magnetic pores as shown in Fig. 6(b). The pinning field in-
creases with increasing pore diameter as shown in Fig. 6(c).
The increase in pinning field with increasing defect diameter
D can be attributed to the change in the domain-wall energy
(pinning energy), which is saved due to the defects. As dis-
cussed in detail in Ref. 25 the pinning energy of a domain
wall with a defect in its center can be calculated as
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FIG. 6. (Color online). (a) Simulated initial curve of Co/Pt an-
tidot arrays with a diameter of D=14 and 34 nm. (b) The z compo-
nent of the magnetic states along the initial curve for the sample
with D=14 nm is color coded. Blue and red colors represent mag-
netization direction pointing down and up, respectively. (c) Varia-
tion in the pinning field of antidot arrays with different pore diam-
eters. The pinning fields are extracted from the initial curves when
M, /M=0.2.
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r \’yr2 _ y2
E,, = 4N\”AK1tf tanh N dy. (1)
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The variables are as follows: film thickness ¢, the ex-
change constant A, the perpendicular anisotropy constant K,
the radius of the defect r=D/2, and the Bloch wall parameter
o, which is connected with the domain-wall width according
to &,,=mmVA/K;. The domain-wall energy is saved by the
defect due to the fact that in the defect there is no magnetic
material. Hence in this region the domain-wall energy is
ZEero.

In the limit of & <D we can approximate Eq. (1) by

|
E,i, = 4NVAK 1D, (2)

which shows the linear increase in pinning energy with the
defect diameter D.

The experimentally observed dependence of H, on the
pore diameter, shown in Fig. 5, is good in agreement with the
simulation [Fig. 6(c)] for D equal to or less than 30 nm.
However, there exists a discrepancy of the experimental de-
pendence of H,, and the simulations for D larger than 30 nm.
The decrease in the pinning field in experimental results for
pore diameter larger than 30 nm is explained as follows. As
shown in Fig. 4, the saturation fields of the hard-axis loops
decrease with increasing pore diameter. The hard-axis hys-
teresis loop of the continuous film is almost perfectly closed
and shows the largest saturation field. This indicates a well
textured film with high anisotropy. The opening of the hard-
axis loop for D~46 nm indicates a deteriorated perpendicu-
lar anisotropy of the film. We assume that the anisotropy near
the rim of the pores, instead of being perpendicular, inclines
toward the surface.?® Albrecht et al.?’ also observed a varia-
tion in anisotropy direction by depositing Co/Pd MLs on
spherical nanospheres. This may be a reasonable assumption
since the direction of the film deposition on average is per-
pendicular to the land regions but has a certain angle relative
to the pore walls.?® In our previous study of the effects of
pore density on the magnetic properties of the Co/Pt MLs
fabricated on AAO/Si templates, we also observed the mag-
netization tilting around the perimeter of the pores’-!¢ but the
tilting is more severe in the samples with large diameters in
this study due to the large perimeter area.

Hence, we attribute the reduction in H, and H, for D of
more than 30 nm and w of less than 30 nm to the deteriorated
perpendicular anisotropy; in particular, in the region close to
the pores. The decrease in perpendicular anisotropy with in-
creasing D can also be realized by comparing the squareness
ratio S defined as the ratio of the remanent magnetization to
the saturation magnetization. S remains almost unchanged at
about 1 up to D equal to 30 nm and starts to decrease for the
increase in D, as shown in Figs. 4 and 7. The decreased S
was also observed when Co/Pd MLs were deposited on
spherical nanospheres.?’ In our simulations, a perfect perpen-
dicular anisotropy with an identical value is assumed for
samples with different D without considering the significant
variations in the anisotropy axis around the pores, which
explains the difference between our simulation and experi-
mental findings for the antidot arrays with D of larger than
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FIG. 7. (Color online) Variations in out-of-plane and in-plane
squareness ratio of Co/Pt antidot array as a function of antidot di-
ameter, D and edge-to-edge separation, w.

30 nm. The maximum or a peak in H, and H,. are observed
due to the decrease in H, caused by the deteriorated perpen-
dicular anisotropy for the D of more than 35 nm.

The magnetization switching characteristics of the con-
tinuous film and antidot arrays are investigated experi-
mentally and micromagnetically in more detail by measuring
the angular dependence of the switching field, H,. H, is
defined as the reverse field needed to reduce the remanent
magnetization to zero. H, provides a method to determine
magnetization-reversal mechanisms through comparisons
with well-known Kondorski?® and Stoner-Wohlfarth (S-W)
models.’* The Kondorski model® describes the magnetiza-
tion reversal process by the domain-wall motion and the S-W
model*® demonstrates the magnetization reversal process by
the rotation mode. Figure 8 is a plot of angular dependence
of H; of Co/Pt MLs deposited on Si and AAO/Si templates
with different pore diameters. We first note that the continu-
ous film shows a dramatic increase in H; as the angle of the
applied field is increased away from the easy direction. This
is a clear sign that the reversal is dominated by domain-wall
motion with negligible pinning. We observe two different
kinds of angular dependence of switching fields for the anti-
dot arrays with diameter of 30 nm or less and with diameters
more than 30 nm, respectively. The angular dependence of
H, of (Co/Pt) antidot arrays with diameter of 30 nm or less
follows neither a pure domain-wall-motion model®? nor a
pure rotation model.>* Unlike both idealized models, the H,
of antidot arrays with D smaller or equal to 30 nm is quite
insensitive to the angle of the applied field when it is smaller
than 40°. The angular dependence of the switching field is
also confirmed by using the micromagnetic simulations. The
simulated angular dependence of antidot arrays with pore
diameter of 14 and 34 nm is shown in Fig. 8. The material
parameters used in the modeling are kept the same as those
used to model the dependence of H), on antidot diameter as
described previously. The micromagnetic modeling confirms
that the pores with diameter smaller than 30 nm lead to al-
most unchanged switching fields for the angles 6 between 0°
and about 40°. A similar angular dependence was obtained in
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FIG. 8. (Color online) (a) Switching field H; of (Co/Pt)/Si (con-
tinuous) film and Co/Pt antidot array with different D as a function
of angle 6 between the applied field and the easy axis. The solid
lines represent theoretical curves for DW motion and S-W rotation,

respectively. The inset is the enlarged figure to clearly show the
angular dependence from 0° to 60°.

Co/Pd MLs deposited on nanospheres reported by Albrecht
et al.”’ In the work of Ref. 27, this kind of switching behav-
ior was ascribed to the variations in anisotropy direction and
different film thickness on nanospheres. This explanation can
also be valid in our case because the anisotropy direction of
Co/Pt MLs around the pore and on the wall may vary.

The slow increase in H, with the angle and deviation from
the DW motion behavior also indicate the increase in the
pinning effect®!%3! that becomes more profound when the
pore diameter is increased up to 30 nm. According to the
S-W model as shown in Fig. 8, the H; drops significantly
even for a small-angle variation in the applied field from the
easy axis in conventional perpendicular media. This effect
contributes to the decrease in signal-to-noise ratio and cre-
ates a problem of adjacent track erasure. On the contrary, the
unique switching behavior in the fabricated Co/Pt antidot
array with D of 30 nm or less provides large tolerance of
switching-field distribution, that is, the H, is less sensitive to
the angle of the applied field; therefore, high signal to noise
can be expected.’>3? Furthermore, the constant H, over large
angular deviation may be beneficial for addressing the prob-
lem of adjacent track erasure.’

For the samples with D of 36 and 46 nm, we observe a
qualitatively different behavior in H, angular dependence be-
cause there is now a minimum near 40° as shown clearly in
the inset of Fig. 8. For reference, the S-W behavior is shown
as a solid line in Fig. 8. Although the angular dependence
looks like S-W behavior, we clarifies that the changing an-
gular dependences for different pore diameters is a pure ef-
fect of the pinning of domain walls at cylindrical defects, as
it can be reproduced well by micromagnetic simulations. The
micromagnetic simulation of angular H, with pore diameter
of 34 nm also exhibits a minimum near 30°—-40° as shown
in Fig. 8.

We also investigate the effect of variations in antidot di-
ameter and edge-to-edge separation on the magnetic do-
mains. Figure 9 shows the MFM images of Co/Pt continuous
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FIG. 9. (Color online) MFM images of (a) (Co/Pt) continuous
film and (Co/Pt) antidot array with (b) D~7 nm and (c) 30 nm.

film and antidot arrays with different D and w in the ac
demagnetized state. The average domain size decreases with
increase in D or decrease in w. The average domain size for
the continuous film, antidot arrays with D of 7 and 30 nm are
1000, 300, and 100 nm, respectively. It indicates that the
decrease in domain size is due to the pinning effect imposed
by the pores*!° that is good in agreement with the increase in
H_. with increasing the pore diameter. This result also sug-
gests that it is possible to tune the domain size by controlling
the D and w.

In our earlier study'® we achieved a 12 times enhance-
ment of perpendicular H, for the Co/Pt MLs on AAO by
optimizing the pore density in antidot arrays with pore diam-
eter of about 12 nm. The squareness ratio was maintained at
unity even for the highest density of pores. Comparing to the
current results, we suggest that the H,. can be further en-
hanced with the squareness ratio of unity by optimizing both
the density and the size of the pores in magnetic antidots.
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IV. CONCLUSION

We introduce a simple and versatile method to control the
antidot size, D and separation, w of Co/Pt perpendicular an-
tidot arrays over a wide range from 7 to 46 nm and 14 to 53
nm, respectively. Moreover, we demonstrate that the mag-
netic properties, magnetization switching mechanism and
magnetic domain size can be tuned by engineering the D and
w. We achieved one order enhancement of the perpendicular
H,. compared to the continuous film that is attributed to the
pinning effects of the pores. Furthermore, the experimental
results on the dependence of H), and the angular dependence
of H, are interpreted by micromagnetic simulations. The mi-
cromagnetic simulation suggests that the pinning field in-
creases with increasing pore diameter. We attribute the ex-
perimentally obtained decrease in the pinning field for pore
diameters larger than 30 nm to the lowered perpendicular
anisotropy. In particular, it is assumed that the effective an-
isotropy is decreased near the rim of the pores.

Although the magnetic properties are shown for Co/Pt
MLs, the approach is versatile to any magnetic material to
engineer the optimum pinning effect in pinning-type mag-
nets, which may be applied for future high-density recording
media.
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