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Abstract

We have investigated the magnetic properties of periodic arrays of circular antidots fabricated from epitaxial Fe/

GaAs(0 0 1) thin films using magnetic force microscopy, micromagnetic simulations, and AGFM and SQUID

magnetometry. A linear dependence between the coercivity of the film and geometrical array parameters has been found

suggesting a way to engineer the coercive field in ferromagnetic thin films. r 2002 Published by Elsevier Science B.V.
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During the last few years there has been much interest

in artificially engineering, the magnetic properties of thin

films using novel micron and sub-micron lithographic

techniques. Previous theoretical and experimental stu-

dies [1–4] suggest that the magnetic properties of

magnetic films can be controlled by artificially produced

arrays of holes (antidots). In this work, we discuss the

magnetic properties of epitaxial Fe/GaAs(0 0 1) films

structured into periodic 2-D circular antidot arrays of

varying size and separations.

A 30 nm epitaxial Fe(0 0 1) film was grown on

GaAs(0 0 1) using molecular beam epitaxy (MBE)

techniques [5]. Four antidot arrays (diameter D ¼ 1

and 2 mm, and periodicity l ¼ 1:1D and 2D) were then

patterned into this film using X-ray lithography

techniques [6]. The array axes were oriented at 451 with

respect to the crystallographic easy axes, i.e. the

crystallographic [1 0 0] of the Fe corresponds to the

[0 1 1] direction of the array.

The magnetic moment of the sample parallel to the

applied magnetic field was measured with an alternating

gradient field magnetometer (AGFM) [8] and a com-

mercial SQUID MPMS5 QUANTUM DESING. The

Fe antidot structures were observed in the remanent

state by magnetic force microscopy (MFM) together

with atomic force microscopy (AFM) with resoltion of

100 and 10 nm, respectively [7]. Micromagnetic simula-

tions were carried out in order to investigate the

magnetisation configurations induced by the antidots.

The computational region, of dimensions l� l� t;
corresponds to one period (l) and thickness (t) of the

array and periodic boundary conditions were imposed.

This computational region was discretised in a two-

dimensional square mesh and the equilibrium equation

was solved numerically in order to find the equilibrium

configuration for a given applied field. A conjugate

gradient solver was used. Typical parameters of bulk Fe

at room temperature have been used.

Fig. 1 shows MFM images of the remanent states

after saturation along the easy (a) and hard (c)

magnetocrystalline axes, respectively. These images are

compared with the remanent states computed by

micromagnetic simulations after saturation along the
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easy (b) and hard (d) axes as well. An excellent

agreement between both images can be seen. Similar

domain configurations to the one in Fig. 1(a) have been

found for antidot systems in permalloy films [3] in which

no relevant magnetic anisotropies were present. The

ones shown in this work show a more clear domain

configuration because the magnetic anisotropies sharpen

the domain walls.

Fig. 2 shows AGFM hysteresis loops of all arrays. A

double switch reversal mechanism is seen in all cases. In

the easy axis measurements, a first jump occurs at

approximately the coercive field of the un-patterned Fe

film. The samples remain at approximately the same

magnetisation value when the field is increased until a

second jump occurs and the sample is saturated.

Equivalent features are seen in the hard axis but with

an additional rotation at high fields. The magnetic field

of the first jump is approximately the same in all

samples, whereas the field at which the second jump is

launched depends on the sample. The magnetisation

value of the intermediate stable state in the samples with

l ¼ D is approximately the same (0:72Ms), and the same

happens for samples with l ¼ 0:1D but with a different

value (0:86Ms). SQUID measurements also performed

show the same results.

The samples consisted of a 2� 2 mm2 Fe film, in

which an area of 0:8� 0:8 mm2 was patterned with

antidots. This means that 16% of the area of the sample

was a patterned region, and 84% un-patterned. In the

patterned region, 19.6% of the Fe was removed for

samples with l ¼ 2D; and that number was 64.9% for

samples with l ¼ 1:1D: Thus, for samples with l ¼ 2D;
13% of the magnetic moment comes from the patterned

region, whereas this number is 6.3% for samples with

l ¼ 1:1D: Using samples with l ¼ 2D as an example, if

only the un-patterned region had reversed, the measured

magnetisation would be ð1� 2� 0:13ÞMs ¼ 0:74Ms:
For samples with l ¼ 1:1D this number is 0:87Ms: Both
numbers reasonably agree with measurements. These

values correspond with the magnetisation that would be

measured if only the un-patterned film that surrounds

the antidots had reversed. Therefore, we can conclude

that the first jump in the hysteresis loop is due to the

reversal of the un-patterned film that surrounds the area

with the antidots, and the second one is due to the

central area of the samples, highly influenced by the

antidot array.

The contribution of the patterned area to the

hysteresis loops was studied by subtracting from easy

axis AGFM hysteresis loops a loop obtained from an

un-patterned sample. After these subtractions it was

seen that the coercive field (Hn
c ) of the patterned area

increases as the antidot size and the periodicity of the

array decrease. We have investigated phenomenological

laws that describe the geometry of the array by one

single parameter. We have found that the coercive field

is approximately linearly dependent on 1=ðl� DÞ: This
result is shown in Fig. 3. A fundamental explanation for

this phenomenological law is beyond the scope of this

work. Nevertheless, l� D is the separation between

closest antidots. Both the dipolar field and the pinning

effects of the antidots are expected to be stronger the

closer the antidots are. Therefore, the higher 1=ðl� DÞ
is, the higher the external field necessary to overcome the

dipolar fields and the domain wall pinning effects along

the antidot sample. Equivalent phenomenological laws,

in which coercivity is proportional to t=x; where t

represents the thickness of the film and x a length

parameter of the magnetic nanostructure, have been

found for both dots [9] and wires [10].

In conclusion, we have studied the magnetic

properties of antidot arrays patterned on epitaxial

Fe/GaAs(0 0 1) thin films. The presence of the

antidots leads to the formation of well-defined

domain configurations that would determine the mag-

netisation reversal of the system. A phenomenological

linear relationship between the coercive field of the

antidots and the geometrical array parameters

(1=ðl� DÞ) has been found. This opens the possibility

of creating ferromagnetic films with a desired coercive

field; i.e. engineering the coercive field of a ferromag-

netic film.
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Fig. 1. MFM (a,c) and micromagnetic simulations (b,d) images

of the remanent state after saturation along magneto-crystal-

lographic easy (a,b) and hard (c,d) axes.
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Fig. 2. AGFM measurements of all the samples, both along easy (a,c,e,g) and hard (b,d,f,h) axes.
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Fig. 3. Dependence of coercive field of antidots on 1=ðl� DÞ:
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