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Magnetic information in the light diffracted by a negative dot array of Fe
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We have investigated the magnetic properties of an array of holes in an Fe film using the magneto-optic Kerr
effect. We develop the theory of diffraction from an array to include magneto-optic effects. The theory allows
us to interpret the differences in the magnetic loops observed on the reflected beam and those observed on
diffracted spots. The latter contain more detailed information on the magnetic structure in the vicinity of the
holes and allow us to infer differences in the switching mechanism for fields applied along the easy and hard
axes.@S0163-1829~99!01509-X#
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INTRODUCTION

During the last few years it has become possible to p
duce periodic arrays of submicron structures in metallic a
superconducting films thanks to the precise control of mic
structure offered by modern photolithography.1–6 Tailoring
with great precision size, period, and symmetry of the mic
structures enables the fabrication of systems of poten
technological interest.

Much of the interest arises from the possibility of fab
cating nanoscale periodic structures of hybrid magnetic
superconducting materials7 for optical and magnetic storag
applications. For these applications the aim is to create p
odic arrays of defects~such as submicron-sized holes! that
act as pinning sites which enable control of the critical c
rent of superconductors.8 Although the investigation of the
properties of arrays of magnetic dots has received so
attention,9–11 there have been very few studies on the reve
geometry, i.e., an array of nonmagnetic regions defi
within a magnetic thin film,12,13 these systems have becom
known as ‘‘negative dots’’ or ‘‘antidots.’’

In this paper we report on the magnetic properties o
400 Å thick polycrystalline Fe film with a square arra
~'2 mm32 mm lattice constant! of submicron circular holes
~radius of'0.2 mm! defined on the film by interferometri
photolithography. By means of the transverse magneto-o
Kerr effect we studied the switching process of the mag
tization in the film in the regions with and without holes. Th
results indicate that, for the array spacing investigated,
coercive field and anisotropy of the film are only slight
influenced by the holes. We show, however, how it is p
sible to obtain information on the switching mechanism
the magnetization in a more restricted area around the
exploiting the information contained in the diffracted beam
A different switching mechanism when the field is appli
along the hard and easy axes is traced to the peculiar do
structure around the holes.
PRB 590163-1829/99/59~9!/6337~7!/$15.00
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EXPERIMENTAL SETUP

The sample was prepared on a Si~100! substrate using
interferometric lithography and dc magnetron sputtering.
complete description of the sample preparation will be p
lished elsewhere.14 Briefly, the desired pattern was define
on a photoresist layer by the interference pattern created
two coherent, equal-intensity plane waves derived from
single laser source~l5364 nm from a TEM00 Ar-ion laser!.
After the development process an array of photoresist pill
suitable for the subsequent liftoff step, remains on the
surface. Using dc magnetron sputtering a 400-Å-thick po
crystalline Fe film is deposited onto the array of photores
pillars. These are then dissolved, and the film containin
square array of holes is obtained. Our sample is a 400
thick polycrystalline Fe film in which ad'2mm32mm
square array of circular holes, with an average radiusa
'2000 Å, has been defined. An atomic-force microsco
~AFM! image, recorded on the patterned half of the film,
shown in Fig. 1. The image clearly shows the square 232
micron hole array and the circular holes. It also shows t
each hole is surrounded by an unwanted ridge; the origin
this ridge could, in principle, be either remnant photoresis
Fe which was deposited on the pillar walls. Based on
results of repetitive etching of other nanostructures we
lieve that the ridges are still due to remnant photoresist. T
conclusion is indirectly corroborated by our magnetic for
microscopy~MFM! images, which show very little evidenc
of the hole pattern. Since MFM is sensitive mainly to t
perpendicular field, this is not too surprising since the m
netization lies in the plane of the sample. However if t
holes did have Fe ridges we would expect these ridge
produce an enhanced perpendicular field; their absence
indication that, even if present, the ridges have little effect
the magnetization direction. The patterned area covers on
half of the film surface; this allows a straightforward com
parison between the magnetic behavior of the Fe film w
and without the pattern.

We have investigated the array and the nonpatterned a
6337 ©1999 The American Physical Society
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6338 PRB 59P. VAVASSORIet al.
of the film using the magneto-optic Kerr effect~MOKE!.
Superconducting quantum interference device~SQUID!
magnetometry and Brillouin scattering were also used b
since they essentially confirmed the conclusions reac
from the MOKE results, they will be discussed only briefl

The MOKE experiments allowed us to measure the co
ponents of the magnetizationM in the film plane parallel and
perpendicular to the applied fieldH. The external field was
either in the plane of incidence or perpendicular to it and w
always in the plane of the sample. The measurements
cussed here were made in the transverse Kerr ef
configuration15 with p-polarized incident light~E in the plane
of incidence! and applying the external fieldH normal to or
in the plane of incidence to obtain the components ofM
parallel and perpendicular toH, respectively. The angle o
incidenceu of the light was set tou'45° with respect to the
normal of the sample surface. In this article we refer to
components ofM parallel and perpendicular toH as longi-
tudinal (Ml) and transverse (Mt), respectively; this should
not be confused with the often-used nomenclature of lon
tudinal and transverse Kerr effect.15

When the light was incident on the array of holes, t
lateral periodicity of the array produced a two-dimensio
diffraction pattern. We have performed MOKE measu
ments also on the diffracted light spots. Similar experime
have been reported for an array of square patches.16

THEORY

The conventional MOKE~Ref. 17! theory, since it implic-
itly contains the conditions appropriate for reflection geo
etry, is difficult to generalize to the case of diffracted ligh
We have found that it is convenient to visualize the patter
film as the superposition of two virtual samples, see Fig
one continuous with a electric susceptibilityx ~with x that of
Fe!, and another composed of dots with reversed magne
tion and susceptibility2x. In an electric field~E! such a
combination clearly behaves like the original film with a

FIG. 1. AFM image of our patterned Fe film. The units of th
height scale shown in the inset are nm.
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induced dipole momentxE everywhere except in the hole
where it is zero. The advantage of the above descriptio
that for diffracted spots only contributions from the ‘‘dot
sample need be considered. One immediate result is tha
intensity of the diffracted spots is determined by the fo
factor ~f ! of a flat disk, viz.

f 5E
S
e2 i r•Dkds5E

S
re2 irG cosadr da. ~1!

Here S is the negative dot surface,r is the position vector
inside the hole,Dk5G is the exchanged momentum, equ
to a vector in the reciprocal hole lattice space, anda is the
angle betweenr andDk. The integral is proportional to the
(1/G)* J1(aG) whereJ1 is the Bessel function,a is the hole
radius and the resulting intensity is then predicted to be p
portional to@(1/G)* J1(aG)#2.

To derive the magnetic contribution from each dot w
simply write x i j 5xoi j1Ki jkMk , whereMk is thek compo-
nent of the magnetization~second-order terms inMkM j are
negligible! andKi jk is the magneto-optic tensor. We choo
the coordinate system with thez axis along the surface nor
mal, and they axis perpendicular to the scattering plane.

Calling u the angle that the incident laser beam mak
with thez axis, the two principal polarizations of the incide
laser beam~inside the film! are given bye15(010) ande2

5(1,0,sinu/A«), where « is the dielectric constant of Fe
The dipole moment induced in the Fe film is then given
ei•x. The diffracted intensity, analyzed in polarizationek , is

I a uei•x ik•eku2, i and k51,2. ~2!

From Eq.~2! we can easily obtain the expected MOK
signals originating from the variations inx caused by
changes in the magnetization. These can be written as

Dx5KF 0
Mz

M y

Mz

0
2Mx

2M y

Mx

0
G . ~3!

Because of the complications in the polarization of t
scattered beam when dealing with diffracted spots away fr
the scattering plane18 we report here only Kerr loops ob
tained on diffracted spots lying in the plane. Indicating t
polarizations ass5(0,1,0) ~perpendicular to the scatterin
plane! or p5(2cosf,0,sinf) ~in the scattering plane, wher
f is the angle between the diffracted beam and thez axis!,
and using subscripts and superscripts to indicate incident
scattered light; it turns out that the only polarization com
nation giving a signal proportional to the magnetization
thep polarization for both the incident and scattered light.
that case, keeping only linear terms inMi , we have

FIG. 2. Model of our patterned sample as two virtual films, o
continuous, the other consisting of dots with reversed magnetiza
and negative susceptibility.
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I p
p5U2x0KM yFsinf cosf

1
sinu

A«
~cos2 f2sin2 f!2

sin2 u

«
sinf cosfGU2

.

~4!

The terms in Eq.~4! that contain« are small and produce
only a small variation ofI p

p for the values off corresponding
to different diffraction spots. In all the other polarizatio
combinations, namelyI p

s , I s
p , andI s

s , the intensity is propor-
tional to terms second-order inMi .

The magnetization loops, to be described in the next s
tion, have been analyzed using Eq.~4!. By applying the field
along y ~perpendicular to the plane of incidence! we have
My5Ml, while whenH is alongx ~in plane! My of Eq. ~4!
corresponds toMt.

We point out that the above analysis does not predic
change in the shape of the Kerr loop when changing
order of the diffraction spot. Since this is in apparent cont
diction with the results presented in Ref. 16 on magne
dots, we note that in that case the changes with diffrac
order were ascribed to domain structure within each dot
our analysis we would have to include magnetic struct
within each dot in order to induce structure into the fo
factor. Since our experimental results show no obvious
pendence on diffraction order, we do not include such effe
in our analysis.

RESULTS AND DISCUSSION

Diffracted spot intensities

In Fig. 3 we plot the measured intensities~triangles! of
the successive diffracted spots for the sample at an angv
50° about the sample normal, withv defined in
Fig. 4. These have been fitted to@(1/n)* J1(naG)#2

5@(1/n)* J1(2pna/d)#2 where n is the order of the dif-
fracted spot anda/d, which is the fitting parameter, is th
ratio between the radius of the holes and the interhole
tance~a andd, respectively!. The line shown in Fig. 3 cor-
responds toa/d51/9 which is consistent with the interhol

FIG. 3. Intensity of diffracted spots normalized to the intens
of the first-order spot for the sample at an anglev50° about the
sample normal, withv defined in Fig. 4. The triangles are expe
mental data, the full line is a fit as described in the text.
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distance that can be estimated from the AFM image of Fig
~d is in the range 1.8–2.0mm anda'0.2mm!.

The good agreement between the measurements an
theory provides some justification for the approach of tre
ing the sample as two virtual films as shown in Fig. 2. T
rigorous mathematical justification for this approach is d
cussed in more detail in Ref. 19.

Nonpatterned Fe film

For different angles of rotationv about the sample nor
mal, withv defined in Fig. 4, theM l andM t loops measured
for the nonpatterned film are shown in Fig. 5. It is evide
from the different shape of the loops that the continuous fi
exhibits an in-plane anisotropy. TheMt vs H loops indicate
that M reverses mainly by coherent rotation and not by d
main formation. A comparison of the loops also shows

FIG. 4. Schematic view of our sample rotation showing t
orientation of the hard and easy axes.

FIG. 5. MOKE loops of longitudinal (Ml) and transverse (Mt)
components of the magnetization on the nonpatterned film a
function of sample rotation.
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6340 PRB 59P. VAVASSORIet al.
presence of a uniaxial easy axis at an anglev between 135°
and 180° as indicated schematically in Fig. 4. The existe
of hard and easy axes can be seen from the fact thatMt vs H
loops show thatM undergoes a change in the sense of ro
tion, from clockwise to counterclockwise as sketched in F
5, whenv goes from 0°~equal to 180°! to 135°, respectively.
Consistently both theMl andMt vs H loops at 0° and 135°
show an abrupt ‘‘jump’’ ofM whenH exceeds a threshol
value. The more rounded shape of the other loops~45° and
90°! shows thatMl rotates smoothly whenH is swept along
these directions. The above behavior is also reflected in
shape of the 45 and 90°Mt vs H loops which display a
continuous rotation ofM and a change in the sense of rot
tion indicating that there is hard axis between 45° and 9
this is also sketched in Fig. 4. Because theMt vs H loop at
90° shows a smoother rotation ofM , we conclude that the
hard axis is closer to 90° than to 45°. We attribute the
isotropy in the nonpatterned Fe polycrystalline film to
strain anisotropy induced during deposition. In fact, in t
geometry adopted for the film deposition, the sputter
source is at an angle of about 20° degrees with respect to
substrate normal. To conclude we note that the loops sho
larger coercive field for the easy-axis loops as compared w
the hard axis as expected for a rotational model with unia
anisotropy.

Patterned Fe film: reflected spot

As discussed in the Theory section we expect the mag
toptic signal in this beam to be the superposition of the c
tribution from a uniform film plus that from the dots wit
reversed magnetization. Since, based on a total area a
ment, the former is expected to be larger we expect the si
to be the same as that from the nonpatterned area.

The loops measured in this case are shown in Fig. 6.
small differences observed when comparing these loops
those for the continuous film, indicates that the presenc
the holes modify only slightly the sample’s anisotropy a
coercivity. This result is in agreement with that reported
Ref. 12 for a similar hole array density in Permalloy, ev
though in that case the diameter of the holes was of ab
100 mm. Only small differences are observable in the co
civity and in the shape of some loops. The former show
small increase of its value with respect to the nonpatter
film for the ‘‘hard-axis’’ loops ~from 45 to about 52 G!.
Small differences in shape are also observable for the ‘‘ha
axis’’ loop at 90°; it shows a sharper transition~higher slope
of M for H around the coercive field! while the rotation ofM
approaching the saturation is more gradual. Slight sh
changes are also observable in theMt vs H loops that show
a sharper peak followed by slower decrease with respec
the film. These changes could be due to a small modifica
of the anisotropy induced by the square hole lattice or to
contribution from the negative dots to be discussed bel
Further investigations on samples with more closely pac
holes are needed to resolve these subtle changes.

SQUID and Brillouin measurements

We have also carried out room-temperature SQUID m
surements on the patterned region, measuring bothM l and
M t as function of the external field.~These experiments
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which required breaking the sample, were performed afte
MOKE experiments were completed!. The results confirm
the existence of easy and hard axes and the switching me
nism. We also performed Brillouin light-scattering expe
ments for different rotation angles of the sample, and fr
both the nonpatterned and patterned regions. The mag
frequency shifts vs external field show the same behavio
the two regions, indicating that neither the anisotropy nor
magnetization is appreciably modified by the array of hol

Patterned Fe film: diffraction spots

Based on the theory described in the previous section,
treating the holes as dots with reversed magnetization,
MOKE signal on a diffracted spot should be identical to th
in the reflected spot.

The loops measured analyzing the light coming from
diffraction spot of ordern51 lying in the plane of incidence
are shown in Fig. 7. The general behavior of the loops is
same as that reported above: the anisotropy is unchan
with respect to the continuous and patterned film and
coercivity is almost the same as that observed on the
terned area. The only new features are the presence
wiggle in theMl vs H hard-axis loops and a double step
the correspondingMt vs H loops. These features are pe
fectly reproducible and are observed in the vicinity of t
switching of the magnetization direction.

A priori the most likely explanation for the additiona
features would seem to be higher-order contributions to
magneto-optic signal. A strong argument against this exp
nation is that, if it were correct, there is no obvious reas
why it should not contribute to the signal from the nonp

FIG. 6. Angle dependence of MOKE loops of longitudinal (Ml)
and transverse (Mt) components of the magnetization measured
the reflected spot from the patterned portion of the film.
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PRB 59 6341MAGNETIC INFORMATION IN THE LIGHT . . .
terned film. This explanation can, however, also be d
counted by more direct arguments. Following the treatm
of the distortions in the magneto-optic loops due to seco
order terms as given in Ref. 20, the quadratic terms can
ruled out for the following reasons:

~i! The decreasing side of the wiggles in theM l loops is
inconsistent with anM l

2 contribution since the latter shoul
not decrease.

~ii ! TheMlMt contributions to the loops should have m
ror symmetry with respect to theM andH axes and create a
asymmetry in the magneto-optical hysteresis loop~Ref. 20
and references quoted therein!. On the contrary, our loops
possess inversion symmetry about the origin.

~iii ! The intensity of the wiggles do not vary by changin
the angle of incidence~between 45° and 15°!, while the con-
tributions of second-order effects are expected to be large
small angles of incidence.

~iv! Estimates of the intensity of the quadratic terms in
cate that they should be considerably smaller than that of
linear terms.

Having ruled out quadratic contributions we have co
cluded that the distortions are related to the behavior ofM in
the vicinity of the holes. The appearance of domains can g
rise to interference effects that distort the diffraction loops16

These distortions, as previously mentioned, are related to
n/d Fourier component of the spatial distribution ofM . In
general, differently shaped diffraction loops could be e
pected by changingn. However, experimentally we foun
that the shape of the diffraction loops do not change@apart
from the overall intensity as predicted by Eq.~4!# when
changing the ordern of the diffracted spot analyzed. Th
stability in the shape of the loops implies that the spa

FIG. 7. As in Fig. 6 but with the MOKE loops measured on
diffracted spot from the patterned portion of the film.
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distribution of the magnetization around the holes has
same lateral periodicity of the array.

When a hole is present in a ferromagnetic material
surface energy contributions are large. It is known21 that in
such situations domains, withM at 90° with respect to the
rest of the sample can be induced so as to reduce the m
netostatic energy. Due to the energy minimization, these
mains are expected to have a blade shape, as shown in F
and this indeed is the shape of the domains observed aro
voids and inclusions in ferromagnetic films reported
literature.21 Although, the detailed shape of these domains
not essential in our discussion. For ease of presentation
assume that if domains form around the holes they will
blade shaped. Since domain formation competes with
anisotropy of the film, their formation may be inhibite
~favored! when their magnetization is oriented along the ha
~easy! axis.

The existence of such domains should have two effect
should change the coercivity and the shape of the loops
pointed out above. Furthermore, since the domains will fo
more easily when the film is magnetized along the hard a
we may expect the hard-axis loops to show larger effe
this is indeed consistent with our observations.

The most straightforward indication that domains a
present is in theMt loops in Fig. 7. Here the double step
consistent with the formation of domains; the slow rise inMt
corresponds to the gradual rotation of the magnetization
the film, then, when the magnetization approaches its swi
ing point, the domains are formed and they lead to the e
signal that gradually reduces as the field increases. Base
energy considerations it can be seen that the magnetiza
of the domains must point in the opposite direction w
respect to theMt component caused by the rotation of th
magnetization of the film, so that the domain signal subtra
from the rotationalMt leading to the double step shape in t
diffraction loop. This is shown in Fig. 9~a! for the hard-axis
transverse loops at 90°, where we used the loop measure
the reflected spot to represent theMt due to the rotation of
film magnetization@line ~a! in Fig. 9#. The difference signal
between line~a! and theMt loop from the diffraction spot
@line ~b!#, is a peak with a sharp rise during the switching
the magnetization and a gradual decrease as the field
creases further. This is consistent with the rapid formation

FIG. 8. Schematic diagram of blade domains relative to a hol
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the domains just before and during the switching and
gradual reduction at larger fields. The preferred orientat
of the magnetization of the domains comes from the in
play between the directions of the easy axis and the exte
field, as shown in Fig. 9~b!.

The wiggles in theM l loops, however, have a slightl
different explanation. The sample with domains can
viewed as the superposition of three virtual films as shown
Fig. 10: viz., the continuous film with its magnetization pa
allel to H, the holes and domain portions with the magne
zation antiparallel toH, and the domain portions with th
magnetization perpendicular toH. The continuous film~vir-
tual film 1! has no contribution to the diffracted spots, a
the domain regions~virtual film 3! contribute no signal to the
longitudinal loop. TheM l loop therefore comes only from
virtual film 2; because the active area of this film is larg
when domains are present, theM l signal is larger during the
existence of domains.~In physical terms one must view thi
increase in signal as a loss of destructive interference in

FIG. 9. ~a! MOKE loops of transverse component of the ma
netization from the 90° rotated sample from reflected~curve a! and
diffracted spots~curve b!. The upper curve is their difference an
represents the contribution from the domains.~b! Diagram of
sample showing why the blade domain contribution toMt is oppo-
site to that of the rotation.
tt.
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diffracted beam!. We stress that the spatial distribution of th
magnetization associated with the above described dom
has the same lateral periodicity of the holes array~see Fig.
10! and, therefore, the shape of the loops are not expecte
change withn. This is consistent with our observations an
gives further evidence of the formation of domains arou
the holes. It is interesting to note that the intensity of t
wiggles in Fig. 7 are'50% that of the 90° loop itself; this
allows us to estimate the sampled area around the holes
comparable to the holes themselves. In the case of
sample rotated by 45° the intensity of both the wiggles in
M l loop and the step in theM t loop are smaller than at 90°
This can be understood since, at this angle, the orientatio
the easy axis is less favorable for formation of domains.

CONCLUSIONS

In this paper we report a magneto-optic study of the m
netic properties of a Fe film with a square array of submic
circular holes. The measurements carried out with the s
dard Kerr effect configuration indicate that the presence
the holes does not appreciably modify the sample’s ani
ropy or coercivity. We showed, however, how it is possib
to obtain more detailed information on the magnetic str
ture in the vicinity of the holes from the diffracted light. T
this purpose we developed a model to interpret the magn
loops observed on diffracted spots. The model allowed u
infer differences in the switching mechanism for fields a
plied along the easy and hard axes.
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