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Periodic square arrays of antidots in 10 nm-thick cobalt films have been investigated with antidot

periods, p , ranging from 2 mm down to 200 nm and various ratios of antidot size to antidot

separation, w/d . For p52 mm, the extent of modification of the thin film magnetic domain structure

increases with increasing w/d , forming domains pinned diagonally between antidots for w/d

>0.2 and resulting in a two-dimensional periodic checked domain contrast commensurate with the

antidot lattice for w/d>0.9. As p is decreased while maintaining d'w , we observe a dramatic

change in the magnetic domain configuration at p5400 nm resulting in chains of magnetic domains

running parallel to the intrinsic hard axis and with lengths corresponding to a multiple of the antidot

period. © 2003 American Institute of Physics. @DOI: 10.1063/1.1605804#

Magnetic thin films with periodic arrays of nonmagnetic

inclusions referred to as antidots have been suggested as a

possible candidate for ultrahigh density storage.1 Around the

antidots, a stable domain configuration is formed which is a

result of the interplay of the intrinsic uniaxial anisotropy of

the magnetic thin film and the demagnetizing fields associ-

ated with the antidots which tend to align the magnetization

parallel to the edge of the antidot. The resulting domain con-

figuration contains regions with remanent magnetization par-

allel to the intrinsic hard axis of the magnetic thin film ~the

white regions in Fig. 1!, which can be used to store bits of

information1,2 and it has been predicted that in such systems

areal densities of 750 Gbits/in2 can be achieved.3 Antidot

arrays are also of interest because they significantly modify

the switching characteristics in magnetic thin films and it is

possible to tailor both the switching fields and magnetoresis-

tance behavior by changing the size, separation, and the lat-

tice symmetry and orientation of the antidots.4–7

In the present study, we have investigated the as-grown

magnetic domain configurations in square lattice antidot sys-

tems for a wide range of periods, p5d1w , from 2 mm

down to 200 nm and various w/d with p52 mm ~see Fig. 1

for antidot geometry!. These periods and antidot sizes go far

below previously reported magnetic domain observations in

antidot arrays, where the lowest dimensions were p'1 mm

and d'500 nm. For magnetic domain observations, we used

x-ray photoemission electron microscopy ~PEEM!. This ob-

servation technique has a significant advantage over mag-

netic force microscopy studies8,9 being nonintrusive and pro-

viding direct imaging of the magnetization orientations. In

contrast to Lorentz microscopy,10 no special preparation of

the sample substrate is required.

We employed electron beam lithography to fabricate the

antidot arrays using a lift-off process to transfer the antidot

pattern written in a polymethylmethacrylate resist on a Si

~001! substrate into 10 nm-thick polycrystalline cobalt films.

The films have a 1 nm-thick aluminum capping layer to pre-

vent oxidation of the magnetic film and are deposited by

dc-magnetron sputtering. We produced various antidot sepa-

rations with values ranging from just below p down to

120 nm, so providing a series of w/d . A scanning electron

microscopy ~SEM! image of the smallest period antidot ar-

ray, p5200 nm, is shown in the inset of Fig. 3~b!. Due to the

limited resolution of fabrication process, the antidots change

in geometry from square to round holes when w<150 nm.

Hysteresis loop measurements were carried out on a separate

reference sample with a continuous cobalt film of thickness

10 nm, grown using the same deposition system. The con-

tinuous film displayed a uniaxial anisotropy, with an anisot-

ropy field value of about 50 Oe and an easy axis coercivity

of about 25 Oe. The uniaxial anisotropy is likely to be due to

a small field ~20–30 Oe! present during sputter deposition.
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FIG. 1. Schematic diagram of antidot array with ideal remanent state for

storage; the nonmagnetic regions are hatched, w is the antidot size, d is the

antidot separation, and p5d1w is the antidot period. In the gray/white

regions, the magnetization ~black arrows! is parallel to the intrinsic

easy/hard axis. Detailed micromagnetic calculations predict a 45° rotation of

the magnetization as indicated by the white arrows.
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The imaging was carried out at the SIM beamline11 at

the Swiss Light Source, Paul Scherrer Institut, with an Elm-

itec PEEM. Employing x-ray magnetic circular dichroism

~XMCD!, the magnetic domains are imaged by tuning the

x-ray energy to the Co L edge. Dividing two images taken

with left and right circular polarized light leads to an XMCD

image where the intensity is a measure of the angle between

the circular x-ray polarization vector, labeled as magnetiza-

tion sensitivity direction in the figures, and the magnetization

in the domains.12 Ferromagnetic domains with magnetization

parallel or antiparallel to the polarization vector appear black

or white in the XMCD image and oppositely magnetized

domains with magnetization perpendicular to the polariza-

tion vector will both have the same gray contrast.

The domain structures for p52 mm and w/d ranging

from 0.08 to 3.65 are shown in Fig. 2. For very small antidot

sizes, i.e., w/d<0.21, we observe a slight modification to the

magnetization orientation which is predominantly parallel to

the easy axis. Low contrast ‘‘whiskers’’ form at the edges of

the antidots to reduce the demagnetization energy associated

with the dots and are comparable to the spike domains cal-

culated from micromagnetic theory.13,14 The modification of

the magnetization by the antidots increases as the antidot size

increases. For w/d50.38 and 0.63, while some whisker do-

mains are still present, for example within the circle at A in

Fig. 2~c!, the demagnetizing field associated with the anti-

dots is large enough to induce the formation of domains

which run diagonally between antidots. The diagonal do-

mains are either black or white as both ‘‘up’’ and ‘‘down’’

orientations of the magnetization are equally favorable in the

as-grown magnetic state, and they resemble the diagonal do-

mains calculated by Refs. 14 and 15. It is also interesting to

note that in a given column between antidots, the magneti-

zation in the adjacent diagonal domains tends to be parallel,

i.e., all black or all white. However, there are disruptions to

this order and of particular interest in Fig. 2~d! are the re-

gions where two diagonal domains cross each other, for ex-

ample the two crossing points indicated by B, and also where

two diagonal half-domains of opposite contrast meet, for ex-

ample in the column between antidots indicated by C. These

diagonal half-domains are similar to the whisker domains in

Fig. 2~c! but have a stronger, more defined contrast.

When d approaches w @Figs. 2~e! and 2~f!#, we observe

a change in the magnetic domain configuration to a checked

domain pattern with three domain contrasts, which is peri-

odic in two dimensions and commensurate with the antidot

array. This is the domain configuration shown in Fig. 1.

From the simple schematic of the domain magnetizations in

Fig. 1 ~black arrows!, we would expect to see only two do-

main contrasts. However, detailed micromagnetic theory

does indeed predict three domain contrasts where the mag-

netization in the regions not directly adjacent to the antidots

is rotated by 45° ~indicated by the white arrows in Fig.

1!.14,15 Careful evaluation of the magnetic contrast indicates

that there are slight deviations of the magnetization from the

intrinsic easy and hard axes as given by the white arrows in

Figs. 2~e! and 2~f!. Such deviations can be a result of a slight

misalignment of the local easy axis with the antidot array.10

When w/d is slightly less than 1 @Fig. 2~e!#, some of the

easy axis domains are joined by narrow diagonal domains.

The number of such ‘‘defect’’ domains decreases as w/d in-

creases and are not seen for w/d53.65 @Fig. 2~h!#. This im-

provement is likely to be due to the fact that the exchange

and demagnetizing energies do not favor such changes in the

magnetization orientation when the lateral dimensions of the

magnetic material between the antidots is decreased, in this

case to 430 nm. Note also the interesting but reproducible

360° wall-type irregularities marked by D in Fig. 2~g! and

shown enlarged in the inset.

We now concentrate on the antidot arrays with d'w and

FIG. 2. Magnetic domain configurations associated with antidot arrays with

period, p5d1w52 mm. The antidot size w and ratio w/d , where d is the

antidot separation, are given in the box for each image.
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observe what happens in the as-grown magnetic state as the

period decreases. Checked domains with two-dimensional

periodicity are also seen for a period of 1 mm. However, at a

period of 400 nm @Fig. 3~a!#, we observe a completely dif-

ferent magnetic configuration: chains of domains running

parallel to the intrinsic hard axis, which have different

lengths corresponding to multiples of the antidot period. Sur-

prisingly, here the magnetization in the dark and light regions

is approximately parallel to the intrinsic hard axis and such

magnetic domain chains are observed down to an antidot

period of 200 nm @Fig. 3~b!#, which is at the current resolu-

tion limit of 150 nm of the PEEM microscope. On closer

inspection, see inset in Fig. 3~a!, the dark contrast appears to

be a result of chains of domains which diagonally join anti-

dots. This is reminiscent of the diagonal domains in Figs.

2~c! and 2~d!, and we believe that similar magnetic energy

principles govern their formation. In addition, this change in

domain configuration may be related to the sudden drop in

the signal-to-noise ratio curve calculated in Ref. 14. If the

final length of the chains is not defined by the presence of

defects, it may be possible to switch individual adjacent re-

gions to change the chain length at will, so providing a

method of information storage with the recording track par-

allel to the chain.

In conclusion, we have investigated the modification of

the as-grown magnetization distribution in thin magnetic

films containing antidot arrays with a wide range of p and

d/w using x-ray PEEM. The observed magnetic domain con-

figurations for p>1 mm substantiate the micromagnetic cal-

culations of Refs. 13–15. A dramatic change in the magnetic

domain configuration at p5400 nm occurred resulting in

chains of coupled magnetic domains running parallel to the

intrinsic hard axis. The appearance of this domain configu-

ration has important implications for tailoring of magnetic

thin film properties and storage of magnetic information.
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FIG. 3. Magnetic domain configurations associated with antidot arrays with

d'w . The period, p , and antidot size, w , are given in the box for each

image. The inset in ~a! is a close up of one of the magnetic domain chains

and the inset in ~b! is an SEM image of the 200 nm period antidot array.
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