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Magnetization of negative magnetic arrays: Elliptical holes on a square lattice
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The magnetic properties of an array of elliptical holes in an Fe film have been investigated using the
diffracted magneto-optical Kerr effect~D-MOKE!, Lorentz scanning transmission electron microscopy
~LSTEM!, and Brillouin scattering. In the absence of a comprehensive theory for magnetization or magnons in
these materials, we find that our results can be fit by a semiquantitative analysis treating the system as uniform,
anisotropic film. D-MOKE clearly shows that magnetization reversal occurs with extensive domain formation
when the field is applied along the short axis of the elliptical holes, and almost no domain formation when it
is along the long axis, while LSTEM demonstrates that the domain location is controlled by the elliptical holes.
A theory of D-MOKE, which enables a quantitative analysis of loops, is also presented.
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INTRODUCTION

The recent advances in lithographical techniques, wh
allow materials to be patterned at the nanometer length sc
have led to the fabrication of a number of novel systems. T
magnetic properties of arrays of nanoparticles are receiv
considerable attention due to their potential for practical
plications. Arrays of holes have also been investigated bu
a lesser extent.1–7 From a fundamental standpoint the switc
ing mechanisms during magnetization reversal is an imp
tant issue which is not yet well understood in these syste
It is now known that in dot arrays the shape of the individu
elements plays a dominant role in the switching mechani
equivalently it means that the shape anisotropy is an imp
tant contribution to the magnetic energy of the system. H
we investigate how the ‘‘shape anisotropy’’ affects the ma
netic properties of an array of holes.

In Refs. 1–4 and 6,7 the domain structure that devel
during switching in antidot arrays was investigated us
magnetic force microscopy~MFM! and micromagnetic cal
culations. The magneto-optic Kerr effect~MOKE!, or to be
more precise D-MOKE~i.e., magneto-optic Kerr loops re
corded on beams diffracted by the array!, was used in Ref. 5
to investigate the magnetic properties of an array with cir
lar holes. There it was found that the D-MOKE data pr
vided information on the domains that form during switc
ing: in that case, blade domains. In Ref. 5 a basic formalism
for interpreting D-MOKE from positive dots was given; e
perimentally however, they found that the approach nee
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to be modified when dealing with a hole array. In that artic
the necessary changes were introduced in a qualitative m
ner.

Here we develop a firmer mathematical footing for rel
ing D-MOKE loops with domain formation in a hole array
We also present a study of the magnetic properties of an
film in which elliptical holes,'200 nm wide by'800 nm
long, have been fabricated on an almost square 131 mm
lattice. Using MOKE and Brillouin scattering we have foun
that the patterned film develops an effective anisotropy
'200 G. The shape of the loops observed with D-MOK
provides a clear indication of domain formation, and the e
tension to the D-MOKE theory presented in Ref. 5 allows
to analyze the data in a semiquantitave manner and the
infer the likely domain structure that develops during switc
ing.

EXPERIMENTAL DETAILS

The fabrication techniques and D-MOKE system used
the experiments are identical to those described in Ref. 5
this case the patterned Fe film was'60 nm thick with a 2.5
nm Cr overlayer having elliptical holes on a 131 mm lattice;
the holes were'200 nm wide by'800 nm long. An SEM
image of the sample is shown in Fig. 1.

Our Brillouin spectra were obtained on a 514 pass tan-
dem Fabry Perot interferometer~Ref. 8!. The Brillouin tech-
nique measures excitations that are very closely related to
modes detected in ferromagnetic resonance~FMR! experi-
11 719 ©2000 The American Physical Society
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11 720 PRB 62I. GUEDESet al.
ments. Since the frequency of these modes depends on
magnetization and anisotropies, they can be used to p
the contributions to the magnetic energy. The theoret
consideration dealing with this issue will be presented
gether with the experimental results.

Specimens for Lorentz scanning transmission electron
croscopy~LSTEM! were made by floating films off of the
deposition substrate onto 3 mm diameter folding grids. T
specimens were then studied in a field emission gun, VG
603 Z analytical electron microscope operating at 300
operating under UHV~;10–11 Torr! conditions. Magnetic
domain images where obtained operating the microscope
specialized zero field mode, which permits individual d
mains to be imaged in STEM using the Lorentz effect.9

RESULTS

Magnetization

In Figs. 2 and 3 we show the D-MOKE loops acquir
with the applied field~H! along and perpendicular to the lon
axis of the ellipses, respectively. In each figure we show
loop obtained on the~a! unpatterned area of the sample,~b!
the reflected beam from the patterned area~i.e., zeroth dif-
fraction order!, and~c! and~d! the first and second diffracte
orders. In this section we will discuss only portions~a! and
~b! of these figures. The higher order D-MOKE loops will b
discussed later.

First we note that the unpatterned part of the film@loops
2~a! and 3~a!# has a small in-plane anisotropy with the ha
axis along the direction parallel to the long axes of the
lipses. This small anisotropy is not uncommon in deposi
thin films and is most likely produced by anisotropic stra
or some degree of preferential orientation. We assume
the energy~E! of the film can be written

E52M•H1K cos2~u!, ~1!

whereM is the~uniform! magnetization of the film,H is the
applied field,u is the in-plane angle that the magnetizati
subtends with the direction of the long axis of the ellips

FIG. 1. SEM image of our array of elliptical holes in a 60 n
thick Fe film.
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and K is the anisotropy constant. Equation~1! predicts that
saturation occurs atH52K/M when the field is applied
along the hard axis. The magnitude ofK/M , although it
cannot be reliably extracted from Fig. 2~a!, is positive but
less than150 G.

As will be shown below, the zeroth order D-MOKE loop
@Figs. 2~b! and 3~b!# measure, as does conventional MOK
the average magnetization. The two loops in Figs. 2~b! and
3~b! therefore show that the anisotropy in the patterned a
is considerably larger and opposite in sign; i.e., the hard a
is now perpendicular to the long ellipse axis. Since satura
is reached at about 500 G in Fig. 3~b!, we extractK/M
52250 G.

This hole-induced anisotropy can be understood as or
nating from the magnetostatic energy, associated with
surface ‘‘magnetic charges’’ that appear at the interface
tween a magnetized medium and vacuum~in the present case
the hole edges!. For our negative ellipse array there is co
siderably more ‘‘magnetic surface charges’’ when the syst
is magnetized perpendicular to the ellipses than when i

FIG. 2. MOKE loop on the unpatterned and D-MOKE loops
various orders from the patterned areas of the film. The applied fi
is along the long axis of the ellipses.
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PRB 62 11 721MAGNETIZATION OF NEGATIVE MAGNETIC ARRAYS: . . .
magnetized along the ellipse axis, so that the energy is lo
for this latter case. The question that remains to be answ
is if Eq. ~1!, which treats both the magnetization and t
anisotropy as uniform throughout the film, is a suitable a
proximation to describe our, clearly nonuniform, hole arra

Magnetic excitations

In Fig. 4 we show two Brillouin spectra from the unpa
terned~a! and patterned~b! areas with a fieldH51.5 kOe
applied along the direction of the short ellipse axis. The si
larity of the two spectra is an indication that the magne
excitations arenot fundamentally different in the two area
The field dependence of the frequency of the two clea
observed modes is plotted, for the two orthogonal field
rections, in Figs. 5~a! and 5~b! for the unpatterned and pa
terned areas, respectively. Consistent with the magnetiza
results, the frequencies in the unpatterned area are ma
ally higher when the field is along the easy axis~short ellipse
axis! and noticeably higher in the patterned region when

FIG. 3. MOKE loop on the unpatterned and D-MOKE loops
various orders from the patterned areas of the film. The applied
is along the short axis of the ellipses.
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field is along the long ellipse axis. A quantitative analysis
the results shown in Figs. 5 requires a number of approxim
tions. Exact numerical solutions, which include both anis
ropy and finite wave vector contributions, can be obtain
for the excitations of a thin magnetic plate. However, sin
we do not have a complete knowledge of the anisotropy,
approach is not particularly illuminating. The origin of th
uncertainty lies in the out-of-plane dependence of the ani
ropy in Eq.~1!. We definef as the angle subtended by th
magnetization and the surface normal in the plane perp
dicular to the long axis of the ellipses. If the second term
Eq. ~1! is multiplied by cos2(f), andK,0, the equation de-
scribes the energy of an easy plane magnet with the hard
along the~in-plane! short ellipse axis. If it is not multiplied
by cos2(f) andK,0, Eq.~1! describes an easy axis magn
along the~in-plane! long axis of the ellipses. Which form is
suitable to our film is not known. On the upside it turns o
that, becauseK!4pM , the frequencies obtained with th
two forms do not differ greatly. For simplicity we shall us
Eq. ~1!.

The two intense modes in spectrum Fig. 4~a! are the
Damon-Eshbach10 ~surfacelike! magnon and the lowest orde
standing spin wave. Both modes are related to the FMR re
nance frequency of an infinite plate. The FMR frequen
resulting from Eq.~1! ~and shape anisotropy! is

v5@~H14pM !~H62K !#1/2, ~2!

where the6 corresponds to the field applied along the ea
and hard axes, respectively. In the absence of anisotropy
first order spin wave frequency is obtained by replacingH by
H1D(p/L)2, whereD is the spin wave stiffness consta
andL is the film thickness.11 Provided that both the anisot

ld

FIG. 4. Brillouin spectra from the~a! unpatterned and~b! pat-
terned areas of the sample. The applied field is 1.5 kG along
short axis of the ellipses.
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11 722 PRB 62I. GUEDESet al.
ropy and the finite wave vector contributions are smal
appears reasonable to approximate the frequency by

v5@„H1D~p/L !214pM …„H1D~p/L !262K…#1/2.
~3!

The surface magnon frequency, again whenK is zero, is
given by

v25@~H14pM !H#1~2pM !2@12exp~22qL!#, ~4!

whereq is the wave vector component parallel to the fi
surface. We again generalize Eq.~4! to include anisotropy by
writing

v25@~H14pM !~H62K !#1~2pM !2@12exp~22qL!#.

~5!

The data in Fig. 5~a!, when fitted to Eqs.~3! and ~5!,
yieldsL564 nm, 4pM516.8 kG, andK/M540 G. The full
lines in the figure correspond to the fit. The value ofL is
consistent with our deposition conditions, 4pM andK are in
the range typically obtained for sputtered Fe films, andK
also agrees with the magnetization results in Fig. 2~a!. Ap-
plying the same fitting procedure to the results from the p
terned area, produce a lower quality fit as seen in Fig. 5~b!.
In this fit we have keptL fixed at 64 nm and obtain 4pM

FIG. 5. Magnon frequencies in the~a! patterned and~b! unpat-
terned areas vs applied field. The triangles and dots indicate su
and bulk magnons, respectively. Open and full symbols corresp
to the field along the long and short ellipse axes.
t

t-

515.3 kG andK/M5260 G. The value of 4pM is reason-
able, and we do observe the reversal in the sign ofK, how-
ever, its value is only in marginal agreement with the2250
G obtained from the magnetization.

We conclude from the above results that the approxim
tion, to treat the hole array as an anisotropic homogene
film, is reasonably successful but cannot be expected to
duce an accurate quantitative description. Clearly a full tre
ment of the problem is required to produce quantitat
agreement between theory and experiment.

Diffracted MOKE

We return now to the diffracted MOKE loops shown
Figs. 2 and 3. In Ref. 5 relatively subtle differences betwe
the zeroth and first order diffracted loops were interpreted
due to the formation of domains. In the present case,
different-order hard axis loops~Fig. 3!, show very pro-
nounced differences. Equation~4! in Ref. 5 ~note that the
squaring of the whole expression as given there is incorr!
shows that the Kerr intensity is proportional tomy , i.e., the
component of magnetization perpendicular to the plane
incidence. The assumption in the derivation was thatM,
across each unit cell of the array, is uniform. For conve
tional MOKE ~i.e., for the reflected beam! the expression
remains valid simply by replacingM by the average value o
my . For diffracted MOKE it can be shown thatM must be
replaced by a magnetic form factor given by

f 5E
S
my exp@ iqr #dS, ~6!

whereq is the wave vector transfer appropriate for each d
fraction spot,r is the position within the cell, and the inte
gration is carried out over a unit cell of the array. Note th
for q50 ~i.e., the reflected spot! Eq. ~6! is just the integral of
my).

In Fig. 6~a! we show a schematic of the unit cell of ou
array. An expedient way in which to calculate the integral
Eq. ~6! is to replace the unit cell by a matrix of ones an
zeros as shown in Fig. 6~b! and to perform the simple sum
mation corresponding to Eq.~6!. This leads tof 050.83, f 1
50.06, andf 250.031; where the subindex denotes the d
fraction order, and the values off have been normalized to
the form factor of a unit cell with no hole.

In order to calculate the form factor for the case wh
domains are present it is necessary to know the dom
structure. Since the domain structure is not known, it is n
essary to choose a domain structure and, a posteriori, see
consistent with the experimental results. The structure
have chosen is based on the following two observatio
Blade domains are known to form around voids in bu
materials.12 ~These domains are roughly triangular, ha
walls at;45° to the field, and magnetization perpendicu
to the field!. The D-MOKE results on a circular antidot arra
~Ref. 5! were found to be qualitatively consistent with th
formation of such domains. In the present sample one m
guess that the triangular domains between ellipses alon
diagonal might coalesce to form a diagonal band. This c
jecture is supported by LSTEM images that demonstrate
formation of diagonal magnetic domains in these sample
illustrated in Fig. 7.
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PRB 62 11 723MAGNETIZATION OF NEGATIVE MAGNETIC ARRAYS: . . .
A schematic of a unit cell with such a domain is shown
Fig. 6~c!. Note that these domains almost eliminate t
‘‘magnetic surface charges’’ on the elliptical holes so th
their formation is simply a result of the relative contributio
of domain wall energy and surface induced magnetost
fields. The relevant form factors, obtained by replacing
area of the domain with zeros in Fig. 6~b!, leads to f 08
50.34, f 1850.14, andf 2850.027.

The meaning of the above form factors is as follows:
ratio of f 18/ f 1 represents the ratio of Kerr intensities wh
domains are fully formed, to that at saturation. The zer
order loop is therefore predicted to decrease to 40% o
saturation value at around zero applied field; experiment
it is slightly less than this. The first order loop is predicted
increaseto more than twice its saturation value in excelle
agreement with experiment. The second order loop is
expected to change much between saturation and zero
again in very good agreement with the experimental resu

In order to use the form factor approach to describe
full loop it would be necessary to know the field dependen
of domain formation. Since this is again not known, only
qualitative description can be provided. In Fig. 8 two hyp
thetical hysteresis loops are shown by dotted lines. T
were chosen to be similar in shape to that in Fig. 3~d! ~where
form factor effects are small! and their amplitudes are in th
ratio 1:2 roughly the ratio of the form factors with and wit

FIG. 6. Diagram of the~a! unit cell of the array,~b! matrix
approximation used for calculating the form factor, and~c! inferred
domain structure during switching.
e
t

ic
e

e

h
ts
ly

t
ot
ld,
s.
e
e

-
y

out domains for the zeroth~0.34:0.83! and first ~0.06:0.14!
order diffraction loops given above. These dotted loops
the loops that would be obtained if the form factor we
independent of field. The large dots on the figure repres
the locations at which the domain structure, and hence
form factors, are known. In Fig. 8~a! we mimic the zeroth
order loop: at high fields, where there are no domains,
real loop must coincide with the outermost loop, i.e., lar
form factor. At small fields, when domains are present
must lie on the smaller loop~small form factor!. For the first
order loop, mimicked in Fig. 8~b!, the ‘‘high field’’ dots are
on the inner loop~small form factor!. The dots at small
fields, on the outer loops, assume that the domains are
formed. How the system evolves from one loop to the ot
will depend on how the domains nucleate and vanish, but
evolution must remain between the two limiting~dotted!

FIG. 7. ~a! Conventional STEM image of the hole array.~b!
Lorentz STEM image of the Fe hole array showing the existenc
magnetic domains pinned by the holes in the film.

FIG. 8. D-MOKE loops corresponding to Figs. 3~b! and 3~c!,
calculated as described in the text.
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11 724 PRB 62I. GUEDESet al.
loops. The full lines are guides to the eye as to how dom
nucleation might evolve. The resulting loops bear a stro
resemblance to those shown in Figs. 3~b! and 3~c! and thus
provide confirmation that the inferred domain structure is
reasonable first approximation to describing the reversal
this negative array.

CONCLUSIONS

The magnetic properties, magnetization and magnetic
citations, of a hole array of ellipses were investigated usi
MOKE, LSTEM and Brillouin scattering. Both these prope
ties are reasonably well explained by treating the system
an anisotropic uniform film. However, small deviations be
tween experiment and the simple model indicate that a f
theoretical treatment is required.
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The magnetization reversal process, investigated
LSTEM and diffracted-MOKE, allows the domain structu
during switching to be studied. An extension of the theo
for D-MOKE, which describes the Kerr intensities in term
of a magnetic form factor, explains the overall shape of
D-MOKE loops and even allows a semiquantitative estim
of the size of the domains that exist during reversal.
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