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Domain formation in arrays of square holes in an Fe film
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Domain formation during magnetization reversal in arrays of square holes in Fe films is investigated using
the diffracted magneto-optic kerr effect~DMOKE!. The shape of the domains can, in some cases, be extracted
from hysteresis loops measured at various diffraction orders. We find that the shape of the domains depends
strongly on: the direction of the applied field relative to the holes, the size of the square holes, and also the
small intrinsic anisotropy of the unpatterned film. DMOKE results are compared with those obtained with
magnetic force microscopy. In the saturated state Brillouin spectroscopy shows that square holes induce a
fourfold anisotropy in the film.
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Relatively little is known about the behavior of magne
nanoarrays of holes. Most investigations to date have re
on micromagnetic calculations and magnetic force micr
copy ~MFM!.1–6 In two recent investigations,7,8 we have
shown that diffracted magneto-optic kerr effect~DMOKE! is
also a very powerful tool to study domain formation duri
the magnetization reversal. In Ref. 7, we discussed qua
tively how the DMOKE loops were consistent with blad
domains forming around circular holes in the film. In Ref.
we presented a mathematical formalism that allowed a m
quantitative analysis of the DMOKE loops. This formalism
applied to an array of elliptical holes8 with applied fields
perpendicular to the long axis of the ellipses, showed t
90° domains, that bridge next-nearest neighboring holes,
formed during the switching process.

Here we apply the formalism developed in Ref. 8 to
vestigate the domains in arrays of square holes. We find
the nature of the domains depend on: the direction of
applied field relative to the squares, the size of the squ
holes, and on the intrinsic anisotropy of the unpatterned fi

We have also used Brillouin scattering to characterize
magnetic properties of arrays. The frequencies of the m
netic excitations studied with this technique are determi
by the magnetization, the anisotropies, and the applied fi
Magnon frequencies measured as a function of in-pl
propagation direction in the saturated state~viz., constant
field and magnetization! provide a direct probe of the aniso
ropy. Here we show that an array of square holes induc
fourfold anisotropy in the film. Since similar experiments
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circular7 and elliptical8 hole arrays showed no anisotropy an
a twofold anisotropy, respectively, we conclude that the o
gin of the anisotropy is the shape of the holes and not
symmetry of the lattice.

Micromagnetic calculations and MFM studies have a
been carried out on our arrays of holes. The difficulties
countered with these techniques will be briefly discussed
a few relevant results are presented.

I. EXPERIMENTAL DETAILS

The fabrication techniques and DMOKE system used
the experiments are identical to those described in Ref
and 8. In the present case, 60-nm-thick Fe films with
2.5-nm Cr overlayer~to prevent oxidation! were patterned
with square holes on a 131 mm lattice. Scanning electron
microscopy~SEM! images of the two samples investigate
are shown in Fig. 1.

MOKE loops were recorded in what is known as t
‘‘transverse MOKE’’ configuration; the applied field is pe
pendicular to the plane that contains both the direction
incident light and the surface normal. Only the intensity
the reflected light is monitored~i.e., no analyzer is used in
the reflected beam!. This configuration is sensitive only to
the component of magnetizationM perpendicular to the
plane of incidence. The DMOKE loops presented here w
all obtained on diffracted beams in the plane of inciden
The interpretation of loops obtained on out-of-plane d
fracted beams is complicated due to polarization mixing a
sensitivity to other components ofM.
©2002 The American Physical Society34-1
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Our Brillouin spectra were obtained on a 514 pass tan-
dem Fabry Perot interferometer.9 The Brillouin technique
measures excitations that are very closely related to
modes detected in ferromagnetic resonance experime
Since the frequency of these modes depends on the ma
tization and anisotropies, they are used to probe the co
butions to the magnetic energy.

MFM investigations were performed on a digital nan
scope III instrument with an applied external field genera
by a pair of Helmholtz coils.

Micromagnetic calculations were performed using t
web version of the NIST code.10

II. RESULTS: MOKE AND BRILLOUIN

Figures 2~a!–2~d! show the hysteresis loops obtained
the unpatterned portion of the sample with small squ
holes@Fig. 1~b!#. ~The angles in the figure indicate the fie
direction relative to one axis of the array.! These loops
clearly show that the as-deposited film has a uniaxial ani
ropy with a hard axis along the 90° direction. This anisotro
is not uncommon in thin films and most likely develops du

FIG. 1. SEM images of the two arrays of square holes in an
film investigated here.
01443
e
ts.
ne-
ri-

d

e

t-
y
-

ing the film deposition process either due to the influence
the substrate or due to off-normal deposition.

Figures 2~e!–2~f! show hysteresis loops recorded from t
patterned area using the reflected~i.e., zeroth-order dif-
fracted! beam. As discussed in Ref. 8 the zeroth-order loo
yield the average magnetization as expected for conventi
MOKE measurements. Although the 0° and 90° directio
should be equivalent with respect to the array symmetry,
0° and 90° loops are quite different. However, as for t
unpatterned area, the loops show that 90° is still a hard a

The anisotropy of the sample in Fig. 1~b! was also inves-
tigated using Brillouin scattering. The Brillouin spectra e
hibit two magnons peaks similar to those discussed in Re
In the unpatterned area these peaks correspond to surfac
standing spin-wave excitations. In the patterned area
Brillouin spectra are very similar, indicating that the excit
tions are not very different from those in the unpattern
area. In Fig. 3, we plot the frequencies of the two modes
a function of the angle between the applied field and one

e FIG. 2. Angle dependence of Moke hysteresis loops on the
patterned area~a!–~d! of the array of small squares. Foru50, the
magnetic field is applied along the diagonal of the square ho
Moke hysteresis loops measured on the reflected spot from the
terned area~e!–~h! of the film.
4-2
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the array axes for a field of 0.5 kOe: in Fig. 3~a! for the
unpatterned area and in Fig. 3~b! for the patterned area. Th
dip observed in the lower mode in Fig. 3~a! is consistent with
a hard axis along the 90° direction. The full and dashed li
are fits tov5v01Dv1 sin2(u); whereDv1 is proportional
to the anisotropy. The data in Fig. 3~b! clearly show evidence
of a fourfold anisotropy induced by the hole array. The d
have been fitted withv5v01Dv1 sin2(u)1Dv2 sin2(2u),
where Dv1 and Dv2 reflect the uniaxial and fourfold
anisotropies. A quantitative estimate of the anisotropies
quires a theory of magnon modes in hole arrays; suc
theory has not yet been developed. It is interesting to n
that although the fourfold anisotropy is clearly evident in t
Brillouin data, it is not clearly apparent in the magnetizati
data in Fig. 2.

We were unable to obtain Brillouin data on the sam
with large holes@Fig. 1~a!#. Presumably this is due to th
decrease in the amount of magnetic material, which redu
the signal and leads to very low quality spectra.

The existence of a fourfold anisotropy induced by t
square holes, with the easy axes along the diagonals
somewhat unexpected because, in a fully saturated sta
magnetic square is expected to be isotropic. However, i
ropy in the saturated state results from the dipolar ene
contributions from the edges being the same for any dir
tion of magnetization. Below saturation small, inhomog

FIG. 3. Magnon frequencies in the~a! unpatterned and~b! pat-
terned areas versus in-plane angle. In these measuremenH
50.5 kOe. Squares and circles indicate the surface and stan
wave modes, respectively.
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neous reorientations of the magnetization by an anglef in
the vicinity of the hole produce an increase in exchange
ergy proportional tof2. However, the reduction in dipola
energy is proportional tof2 whenM is perpendicular to the
edge but linear inf when M is at 45° to the edge. Thes
small deviations from the saturated state, lead to a lower t
energy when the field is along the diagonal. The above
cussion is easily verified with micromagnetic calculations

III. RESULTS: DMOKE

Figure 4 shows DMOKE loops measured on various d
fraction orders on the sample with small squares and
in-plane angles 0°, 45°, and 90°, respectively. The 135° lo
are very similar to those at 45° and are not shown. As d
cussed in Ref. 8, the differences between the loops meas
on different diffraction orders reflect the effect of doma
formation. In Ref. 8, it was shown that these changes can
viewed as originating from the changes in the magnetic fo
factor defined by

f p5E
s
my exp~ in Gr !dS, ~1!

whereG52p/a, a is the lattice constant of the array,n is the
diffraction order, and the integral is carried out over a u
cell of the array. Because of the limited number of diffracti
orders that can be accessed, it is not possible to use
methods typically used in x-ray or neutron diffraction to e
tract the spatial dependence ofmy within the unit cell. It is
possible, however, to use Eq.~1! to determine if anad hoc
domain configuration is consistent with the measu
DMOKE loops. For most of the structures and field dire
tions investigated here, we were able to find domain confi
rations that are, simultaneously, energetically reasonable
consistent with the magnetization loops.

The treatment given in Ref. 8 of how the DMOKE loop
are related to the magnetic form factor, does not includ
discussion of complex form factors. However, since the
mains reported in Ref. 8 preserved the inversion symme
of the unit cell, the imaginary part of the form factors a
zero and hence played no role. In the present investiga
some of the domain structures that are invoked to explain
experimental results do break the inversion symmetry
hence lead to complex form factors. For the results to
presented here, the effects of complex form factors are sm
and consequently cannot be reliably discussed. A full disc
sion of this topic will be presented elsewhere but we ant
pate here that the DMOKE signal~I! takes on the form

I } K8 Re@ f p#6K9 Im@ f p#, ~2!

where K8 and K9 are functions of the complex magneto
optic coupling constant, complex dielectric constant, a
angle of incidence. Theoretical estimates for Fe indicate
K8/K9;10. For the structures to be discussed here, the
glect of the imaginary part appears to be justified.

In principle, the field-dependent form factors can be e
tracted from micromagnetic simulations and, via Eq.~2!, the
corresponding DMOKE loops are evaluated. However,

g-
4-3
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FIG. 4. DMOKE hysteresis
loops of various orders from the
patterned area of the array o
small squares.~a!–~c!:H parallel
to hole diagonal (u50°), ~d!–
~f!:H parallel to edge (u545°),
and ~g!–~i!:H parallel to other di-
agonal (u590°).
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will be described in the following section, edge effects ma
this approach nontrivial to implement.

In lieu of the above more rigorous description it is po
sible to obtain some insight into the domain formation
constructing plausible domains and checking to see if t
produce qualitative agreement with the measured loo
There are two energy-related constraints that we have use
construct possible domain structures. Both are based on
polar magnetostatic energy contributions. To minimize dip
lar energy there is a driving force to align the magnetizat
parallel to any free surface, viz., the edges of holes. Also
eliminate dipolar fields at domain boundaries, domain wa
tend to be perpendicular to the bisector of the two adjac
magnetization directions thereby eliminating charges on
domain wall. For a square hole magnetized parallel to
edge these considerations lead to the domain pattern sh
in Fig. 5~a! ~or its symmetry-equivalent configuration!. For a
single hole this pattern requires infinite domain-wall ene
so that the system relaxes by a trade-off between wall
dipolar energies leading to domains schematically show
Fig. 5~b!. These type of domains are well known11–13and are
conventionally called blade domains. Their observation in
array of circular holes was reported in Ref. 7. In the pres
context the length of the blades is the only parameter that
be adjusted to produce agreement with experimental dat

When the same hole is magnetized along a diagonal
two domain structures shown in Figs. 5~c! and 5~e! satisfy
the energy conditions described above. The configuratio
Fig. 5~c! can reduce its domain-wall energy by developi
blade domains like those in Fig. 5~d!. The configuration in
Fig. 5~e!, on the other hand, does not have that flexibility a
hence is energetically forbidden for a single hole. As we w
show, however, in an array of holes, it remains an energ
cally viable domain structure.

Figure 6 contains schematics of possible domains in
array of small square holes for two field directions. Althou
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these figures are obvious generalizations of the dom
shown in Fig. 5, it is also clear that the generalizations
not unique. For example, the ‘‘blades’’ in Fig. 5~b! could be
chosen to be shorter and not overlap as in Fig. 6~a!. The
domains in Fig. 6 were chosen, as outlined below, to yi
qualitative agreement with the experimental data in Fig.
The form factors for the saturated and the ‘‘domain’’ sta
shown in Fig. 6 are given in Table I. As discussed in Ref
the ratio of the hysteresis signal at full domain formation

FIG. 5. Schematic diagrams of domains around square hole
two field directions. These domains eliminate all ‘‘magne
charges’’ at the hole edges. a, c, and e also have no net charg
the domain walls. b and d represent a trade-off of wall and dipo
energies of the structures in a and c, respectively.
4-4
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DOMAIN FORMATION IN ARRAYS OF SQUARE . . . PHYSICAL REVIEW B 66, 014434 ~2002!
that at saturation is given byf (domain)/f ~saturation!. Thus,
the form factors in rows 1 and 2 of Table I predict sign
drops of 18% and 15% in the zeroth- and first-order loo
and a 14% increase in the second-order loops. For the ze
and second-order loops this is consistent with the experim
tal results in Figs. 4~d! and 4~f!. Agreement for the first-orde
loop @Fig. 4~e!# is less satisfactory, but we were unable
find any variation of the domain structure~viz., length of
blade domains! that would improve the agreement.

Since the micromagnetic and MFM results, to be sho
later, provide support for the domain structure in Fig. 6~a!,

FIG. 6. Energetically viable domain structures near remane
for two directions of the applied field for the sample with sm
holes.
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the discrepancy between the calculated and the meas
first-order form factors must therefore be attributed to
simplicity of the model. Recall that the model assumes t
the same domain pattern exists in every cell and does
allow for gradual bending of the magnetization~i.e., domain
walls are assumed to be infinitely narrow and only two
three possible alignment directions are allowed!.

When the field is applied along a diagonal of the squ
holes the most surprising experimental result is that the lo
in Figs. 4~a!–4~c! and 4~g!–4~i!, that should be equivalen
by symmetry, are very different. The origin for the differen
may lie in the two possible energetically reasonable dom
structures shown in Figs. 6~b! and 6~c!. The relevant form
factors are given in rows 3–5 of Table I. By making th
blade domains in Fig. 6~b! small, we qualitatively reproduce
the loops in Figs. 4~a!–4~c!: i.e., small differences in the
form factors of rows 3 and 4 correspond to only weak fe
tures in all the loops. No generalization of ‘‘bladelike’’ do
mains produced form factors that would even remotely
plain the loops in Figs. 4~g!–4~i!. However, the domain
structure in Fig. 6~c! does produce good agreement. In th

e

FIG. 7. DMOKE hysteresis loops of various orders from t
patterned area of the array of large squares.~a!–~c!, for a field along
the hole diagonal (u50°). ~d!–~f!, for a field parallel to an edge
(u545°).

TABLE I. Form factors for the diagrams shown in Fig. 6.

f 0 f 1 f 2

Fig. 6~a! at saturation 0.91 20.067 20.014
Fig. 6~a! 0.75 20.057 20.016

Figs. 6~b! and 6~c! ~saturation! 0.91 0.080 20.049
Fig. 6~b! 0.88 0.095 20.043
Fig. 6~c! 0.40 0.2210.15i 20.05020.17i
4-5
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I. GUEDESet al. PHYSICAL REVIEW B 66, 014434 ~2002!
case the form factorsf 1 and f 2 , given in row 5 of Table I,
are complex due to the loss of inversion symmetry of
domain structure. Since, based on the arguments g
above, the imaginary parts of the form factors contribut
factor of '10 times less than the real part, they can be
glected in the first approximation. The form factors in row
of Table I predict a 55% decrease in the zeroth-order loo
130% increase in the first-order loop, and a 16% increas
the second-order loop. These values are in good qualita
agreement with the corresponding260%,180%, and110%
changes obtained from the loops in Figs. 4~g!–4~i!. The rea-
son for the different behavior displayed in Fig. 4 for the tw
equivalent directions ofH can be traced to the anisotropy
the unpatterned film. This anisotropy favors domain form
tion @Fig. 6~c!# when the field is applied along the hard ax
@Figs. 4~g!–4~i!# and hinders their formation when applie
along the easy axis@Figs. 4~a!–4~c! and 6~b!#.

It has been suggested that the above, very qualitative,
proach could be improved and made more quantitative
fitting the measured intensity changes to the form fact
obtained as a function of domain shape or size. Howeve
view of the simple nature of the model and the fact that i
likely that reliable form factors will soon be available fro
micromagnetic simulations, we have not attempted to imp
ment such a scheme.

Figure 7 shows the experimental hysteresis loops obta
on the sample with large square holes@Fig. 1~a!# for two
directions of the applied field. In this case we show only t
field directions, since there are only slight differences

FIG. 8. Schematic diagram of domains in the array of la
square holes that are consistent with the loops in Fig. 7.

TABLE II. Form factors for the domain structure in Fig. 8.

f 0 f 1 f 2

Fig. 8 @ saturation 0.81 20.092 0.035
Fig. 8 0.64 20.050 0.044
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tween symmetry-equivalent directions of the array~i.e., the
intrinsic anisotropy of the unpatterned film plays a less s
nificant role!. When the field is applied along the edge of
hole @Figs. 7~d!–7~f!# it is somewhat surprising that the do
mains in Fig. 6~a!, that describe the results for the sma

e

FIG. 9. Magnetization profiles obtained from micromagne
calculations. a and c were calculated for small squares and
consistent with the domains proposed in Figs. 6~a! and 6~b!. b and
d were obtained on runs for large squares; the one in b is consi
with the domains proposed in Fig. 8, the schematic in d is remi
cent of the pattern proposed for the small squares in Fig. 6~c!. The
shaded areas were included as guides to the eye of the regions
rotated magnetizations.
4-6
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DOMAIN FORMATION IN ARRAYS OF SQUARE . . . PHYSICAL REVIEW B 66, 014434 ~2002!
square holes, do not produce an acceptable description o
results for large holes. In hindsight this can be understood
the basis that such ‘‘band’’ domains would have dom
walls at large angles to the magnetization bisector and he
would introduce large dipolar energies. An alternative d
main structure for this direction of the applied field, co
structed so as to satisfy the energy constraints descr
above, is shown in Fig. 8. The corresponding form fact
are given in Table II. They predict220%,245%, and126%

FIG. 10. Hysteresis loops for large square holes calculated u
micromagnetic simulations and Eqs.~1! and ~2!. ~a!–~c! are for a
field along the diagonal.~d!–~f! are for a field parallel to an edge
01443
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changes in the zeroth-, first-, and second-order loops, pro
ing a reasonable qualitative description of the loops in Fi
7~d!–7~f!.

We have been unable to find a simple domain struct
~i.e., one based on the domains in Fig. 5! that can account for
the loops in Figs. 7~a!–7~e!. This may simply be an indica
tion that suitable domain structures have been missed in
analysis, that the simplifications involved in such an a
proach are not valid for this configuration or that the dom
structure is indeed more complex than those based on sim
arguments.

IV. MICROMAGNETIC SIMULATIONS

Micromagnetic simulations yield the equilibrium sp
configuration of an object subjected to an external fie
From the spin configuration it is easy to calculate the fo
factors of any order@Eq. ~1!# and then, via Eq.~2!, calculate
the corresponding hysteresis loops. While attempting to
the NIST code10 to investigate the magnetization profiles
our hole arrays, we have encountered a number of diffic
ties. The most serious is that the code, in its present fo
does not allow the introduction of suitable boundary con
tions necessary to deal with an extended~infinite! structure.
In the absence of the correct boundary conditions the ed
of a structure introduce many serious artifacts into the ca
lation: edges enhance magnetization rotation whenM is per-
pendicular to them and hinders its rotation whenM is paral-
lel to an edge. The resulting spin structures that app
during reversal are consequently not determined by the h
but by the edges themselves.

The edge problem can be reduced somewhat by perfo
ing calculations on a structure consisting of many unit ce
If enough cells are included one may expect the central c
to respond in a manner equivalent to an infinite sample. T

ng
s-

FIG. 11. Hysteresis loops for

small square holes calculated u
ing micromagnetic simulations
and Eqs.~1! and ~2!. ~a!–~c! are
for a field along a diagonal~easy
axis!. ~d!–~f! are for a field paral-
lel to an edge.~g!–~i! are for a
field along a diagonal~hard axis!.
4-7
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I. GUEDESet al. PHYSICAL REVIEW B 66, 014434 ~2002!
competing requirements of reasonable simulation times,
yet small enough computational elements to reproduce
hole array within a unit cell, severely restrict the number
unit cells that can be simulated. In our case only syste
smaller than 535 unit cells could be undertaken. Even wi
such sizes it is evident that the edges still strongly influe
the behavior of the central cell. The additional complicatio
are that domain formation can depend strongly on the e
direction of the applied field and also on the magnitude a
direction of anisotropy in the film. The convergence criteri
used in the simulation can also dramatically affect the res
ing configurations especially in the vicinity of the revers
On the other hand, stringent conversion parameters inv
ably lead to unrealistic simulation times.

We succeeded in further reducing the effect of the ed
by ‘‘roughening’’ them. This was accomplished by removin
half the computational cubes from around the edges of
535 structure. With this ploy the domain structure in ea
of the central nine cells is usually quite similar indicatin
that the central cell is indeed well ‘‘isolated’’ from the edge
In these cases we found that the domain patterns propos
Figs. 6 and 8 do indeed appear during reversal. In Fig. 9,
show some configurations that appeared during simulat
at fields close to the switching field. Figures 9~a! and 9~b!
show ‘‘band’’ domains similar to those we propose in Fig
6~a! and 8, respectively. The structures shown in Figs. 9~c!
and 9~d! are consistent with the domains proposed in Fi
6~b! and 6~c!, respectively.

At any given field the form factors can be extracted fro
the micromagnetic simulations. For the sample with la
holes these field-dependent form factors, for two differ
field directions, produce the hysteresis loops shown in F
10. These loops exhibit features very closely resembling
loops in Fig. 7. Note, however, that even though the ba
loop shapes are reproduced, the calculated coercivity is
most twice the experimental value. It is clear that furth
work is required to understand the details and limitations
the simulations. It may of course be due to the fact that
real samples contain imperfections not included in the sim
lations.

Similar micromagnetic simulations for the small holes,
which we included anisotropy, are shown in Fig. 11. Aga
the basic shapes of the loops are in good agreement
those in Fig. 4. However, the simulations that lead to loop
Figs. 11~g!–11~i! did not yield the same domain structure
all the central cells. In particular, the loops presented in F
11~g!–11~i! do not correspond to the central cell but to
adjoining cell that exhibited the structure proposed in F
6~c!. The form factors from other cells did not produc
agreement with the loops in Fig. 4. In this sense the mic
magnetic results have been biased in favor of the sim
picture presented in the preceding section, again indica
that further work is necessary to achieve full confidence
the simulations.

V. RESULTS: MFM

In the course of this investigation we also investigated
samples with MFM. Although instrumental resolution w
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not optimum, the instrument allowed measurements to
performed with externally applied fields. As expected,
fields close to saturation all hole array samples show
bright and dark regions at the hole edges. On reducing
applied fields contrast became weaker and, at remane
most samples produced MFM images with no clearly defin
structures.

One particularly interesting case was the sample with
liptical holes investigated in Ref. 8. In that sample we kno
that domains are present at remanence since it was show
both DMOKE and Lorentz microscopy, that the domai
form bands similar to those in Fig. 6~a!. The preceding ob-
servation can be understood by recalling that the force
tected by MFM is due to the ‘‘magnetic charges’’ that appe
when the divergence of the magnetization is nonzero.
saturation, bright and dark regions are expected at the
edges as observed experimentally. When domains form
necessary to consider the ‘‘charge’’ at each domain wall.
mentioned earlier, however, one of the driving forces dur
domain formation is the reduction of dipolar energy achiev
by placing the normal of a domain wall along the bisector

FIG. 12. 535 mm2 MFM images of the remnant state of th
sample with small square holes~upper! and large square hole
~lower!.
4-8
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the magnetization directions. In this approximation the
main patterns shown in Figs. 5~a!, 5~c!, and 5~e! would show
no contrast in MFM images. Because the domains wall
the sample with elliptical holes,8 and the domains in Fig
6~c!, which explain the DMOKE loops in Figs. 4~g!–4~i!,
are, by symmetry, exactly along the bisector of adjac
magnetization directions, no contrast is expected in the
responding MFM images.

It is only when a domain wall is no longer along th
magnetization bisector that contrast is expected in MFM
ages. In this context, the domains in Figs. 5~b! and 5~d!
would produce a contrast proportional to their deviation fr
the domains in Figs. 5~a! and 5~c!. Also, the domains in Fig
6~b! will produce only a weakening and some smearing co
pared to the image at saturation.

The only MFM image that showed a clear structure w
obtained for the small holes and is shown in Fig. 12~a!; it is
compatible with the domains in shown Fig. 6~a!. The white
squares in the image have been transferred from the at
force microscopy image and added for clarity to show
position of the holes. The reason for the contrast is that
domain walls in Fig. 6~a! are not along the bisector of th
magnetizations and hence should contain ‘‘magn
charges.’’ Why the slight zigzagging is not observed may
due to the resolution of the MFM image itself.

Figure 12~b! shows the MFM image of the array of larg
square holes recorded at remanence. Extracting dom
structure from this image is clearly unreliable, again emp
sizing the caveats associated with interpreting MFM imag

VI. CONCLUSIONS

Magnetic anisotropy and domain formation in arrays
square holes in an Fe film have been investigated u
MOKE, Brillouin scattering, DMOKE, micromagnetic simu
lations, and MFM. The uniaxial anisotropy of the unp
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terned film is found to persist in the patterned regions but
additional fourfold anisotropy, induced by the square hol
is also observed. Since no array-induced anisotropy was
ported for an array of round holes on a square lattice,7 and a
uniaxial anisotropy was observed in an array of elliptic
holes on a square lattice,8 we conclude that it is the shape o
the holes and not the symmetry of the lattice that determi
the anisotropy.

Domain formation is monitored using DMOKE. Hyste
esis loops measured on various diffraction orders are in
preted in terms of the ‘‘form-factor’’ model presented in Re
8. Although it is not possible to invert the DMOKE informa
tion to extract the domain structure, it is possible to constr
energy-constrained domain patterns and to test their viab
against the DMOKE loops. For the two samples investiga
here, square holes of two different sizes on a square lat
we find domain structures that qualitatively reproduce
shapes of the DMOKE loops. Minor discrepancies are attr
uted to the finite wall thickness and to inhomogeneous
main formation across the array.

Micromagnetic simulations are found to suffer from larg
‘‘edge effects.’’ However, the simulation of large areas wi
roughened edges greatly reduces the deleterious effec
the edges and lead to results in good agreement with
experiment. MFM techniques are found to provide little i
sight into the reversal mechanism in hole arrays.
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