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Magnetic structure and diffracted magneto-optics of patterned amorphous multilayers
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We present magneto-optical Kerr effect measurements of patterned arrays of CoggFe,4Zrg/ Al,O5 amorphous
multilayers. The multilayers were patterned in two dimensions into two different arrangements of circular and
ellipsoidal islands. Magnetization loops were recorded in a longitudinal geometry using both the specularly
reflected beam as well as diffracted beams scattered off the patterned films. The magnetization of the patterned
structures is significantly different from the magnetization of a continuous multilayer owing to the lateral
confinement of the pattern and the introduction of additional dipolar coupling between the layers at the edges
of the islands. By investigating the magnetic response at the different diffraction orders from the two different
configurations of islands we are able to observe the magnetization at different length scales and determine the
magnetic response of the circular and ellipsoidal islands individually.
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I. INTRODUCTION

Magnetism in artificially created microsized and nano-
sized structures has been a growing field of research in recent
years due mostly to the introduction and development of
lithographic patterning techniques.'? Studies of patterned
magnetic structures revolve around investigating the effect of
the shape and size of the patterns as well as the influence of
the layer thickness on the magnetic behavior.>* A large num-
ber of different configurations have been investigated such as
stripes,® dots, and rings of different sizes.®’ So far most of
the studies on patterned magnetic structures have been fo-
cused on single magnetic layers of isotropic materials, such
as permalloy.®? Recently, however, there has been a growing
interest in moving away from the single-layer paradigm and
investigating patterned magnetic structures with more layers
of different material combinations. In the case of multilayers,
patterning introduces an additional interaction between the
layers through the dipolar stray field along the edges of the
patterned structures. This has, for example, been realized in
spin chainlike structures'® and in circular multilayers with an
odd number of dipole-coupled magnetic layers!! and been
observed to suppress vortex formation and make single-
domain states more favorable.!? In these cases, the interac-
tion through the stray field modifies the magnetic alignment
in each layer of the patterned multilayer when compared to
the continuous sheet material. Material parameters such as
magnetic anisotropy and exchange coupling furthermore
play an important role in the magnetic behavior of the pat-
terned multilayered structures.'>!4

In this paper, we investigate the magnetic properties of
patterned multilayers of ferromagnetic and nonmagnetic lay-
ers in a combined structure of circular and ellipsoidal islands
with the magneto-optical Kerr effect (MOKE); by Kerr mi-
croscopy and specular and diffracted MOKE measurements.
For this study we choose amorphous CoggFe,,Zrg for the
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ferromagnetic layer spaced with amorphous Al,O;, thick
enough to remove any direct coupling between the magnetic
layers. Amorphous materials are extremely interesting since
they can be considered to be isotropic and exhibit good layer
perfection.!> In our case the layers were grown under the
influence of a magnetic field, which for CoggFe,,Zrg gives
rise to an imprinted uniaxial anisotropy due to small devia-
tions from uniformity in the magnetization inherent in the
material.'® The influence of shape and multilayer effects,
growth-induced anisotropies, element arrangement, and di-
rection of the applied field on the observed magnetization, in
conjunction with micromagnetic simulations, are studied.
The magnetization loops were recorded separately on the
specularly reflected and diffracted beams in a longitudinal
MOKE geometry. Measurements of the Kerr rotation, 6, of
the specularly reflected beam in this geometry reveal the
magnetization vector, M,, parallel to both the sample plane
and the applied field direction, averaged over the area illu-
minated by the laser spot. Diffracted MOKE magnetization
loops, on the other hand, are proportional to the magnetic
form factor f) observed at the nth diffraction order of the
scattered beam and can therefore yield information about the
internal magnetization distribution of patterned elements in
periodic arrays.!”?* Furthermore, they can also be used to
investigate and compare patterns from different arrange-
ments of the same elements as is demonstrated in this study.

II. EXPERIMENT

The multilayers were grown at room temperature on Si
substrates, prepatterned by electron-beam lithography at the
Micro and Nanotechnology Centre, STFC, using a double-
layered polymethyl methacrylate electron-sensitive resist. By
using a lower layer which is more sensitive to the electron
exposure an overhang edge profile is created in the patterned
resist, which reduces crowning, resulting in better layering of
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FIG. 1. (Color online) Atomic force microscopy images show-
ing the patterns used in this investigation. The circular islands have
a diameter of 1.5 wm and the ellipsoidal islands a 1.5 um minor
axis and a 4.5 um major axis. The shortest distance between the
edges of the islands is 1.5 wum resulting in a periodicity of 6 wm
for both patterns along both the [01] and [10] lattice directions,
defined in the inset.

the multilayer islands at their edges. With this procedure the
multilayers were patterned into two different arrangements
of 1.5-um-diameter circular islands and 1.5 X 4.5 um? ellip-
soidal islands (see Fig. 1). In pattern « the circular islands
are arranged to be in line with the minor axis of the ellipses
whereas in pattern S they are shifted to be in the center of the
ellipsoidal island sublattice.

The multilayers consisted of ten repetitions of 3-nm-thick
CoggFey Zrg, grown using dc magnetron sputtering and
3-nm-thick Al,O3, grown using rf magnetron sputtering.'>2
To protect the magnetic layers from oxidation the sample
stack started and ended with 3-nm-thick Al,O5 layers result-
ing in a total multilayer thickness of 63 nm. An Ar sputtering
gas of purity 99.9999% and pressure 3.0 mTorr was used
during deposition. The Ar gas was transferred through a
chemical getter before entering the sputtering chamber. Be-
fore growth the base pressure of the growth chamber was
below 2% 1077 Pa.

During growth an external magnetic field, Hyoum, Was
applied parallel to the substrate using two flat permanent
magnets mounted on a custom built sample holder described
in detail elsewhere.!” Due to size constraints of the sample
holder a position-dependent divergence in the growth field
occurs over the 2 X2 cm? substrate area, although it is rea-
sonably parallel over the central region. When grown under a
magnetic field a uniaxial anisotropy, K,, is imprinted into
CoggFe,4Zrg defining an easy axis in the material along the
growth field direction and a hard axis perpendicular to it.'?

The prepatterned substrates were arranged so that the ma-
jor axis of the ellipsoidal islands was parallel to the growth
field. The use of elliptically shaped patterns introduces an
easy magnetic axis along the major axis due to shape aniso-
tropy. By this alignment the imprinted anisotropy, K,, and
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Sample holder

FIG. 2. (Color online) Schematic drawing showing the longitu-
dinal MOKE setup for recording magnetization loops at specularly
reflected and diffracted beams. The applied magnetic field was
aligned to the x axis and the sample plane and the plane of inci-
dence parallel to the xy and xz planes, respectively.

the shape anisotropy, K, of the ellipsoidal structures are par-
allel. In the case of the circular islands no shape anisotropy is
expected so the easy axis is only defined by K. It should be
noted that since the shape anisotropy due to the thickness of
the films is much larger than the imprinted uniaxial aniso-
tropy, the magnetization is forced to be in the sample plane.
This holds even after patterning since the lateral dimensions
of the islands are much larger than the thickness of the indi-
vidual magnetic layers, as well as the thickness of the entire
multilayer.

The layer thickness and interface roughness from the
samples were determined using grazing incidence x-ray scat-
tering. Specular reflectivity was recorded from the patterned
samples on station X22C at the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory using a
beam with an energy of 8.8 keV. The instrument resolution
was defined by a set of incident slits with dimensions
150 um X 1 mm and the scattered signal recorded in a slit-
collimated scintillator detector with matched resolution. An
automatic calibrated attenuator system was used to keep the
count rate at the detector within its linear-response range,
thereby avoiding saturation effects.

Magnetization loops were recorded using a longitudinal
MOKE setup,26 modified for diffracted MOKE measure-
ments and depicted in Fig. 2. The longitudinal Kerr magne-
tometer, based on the use of a photoelastic modulator (PEM)
operating at 50 kHz, allowed the measurement of the change
in the polarization state of the reflected light. Through the
measurement of the Kerr angle 6 and ellipticity 7 of the
reflected light the in-plane component of the magnetization
M, parallel to the applied field could be determined. The
polarization state of the incident light, set by the first polar-
izer, corresponded to s-polarized light. The reflected beam
passed through the PEM and a polarization analyzer before
being measured by a photodetector. The retardation axis of
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FIG. 3. (Color online) Specular x-ray reflectivity and simulation
for pattern « recorded at an energy of 8.8 keV. Layer thicknesses
are found to be in excellent agreement with the nominal growth
parameters.

the PEM was aligned to be parallel to the plane of incidence.
The analyzer was oriented at 45° with respect to the PEM
retardation axis and the first polarizer to obtain a linear de-
pendence between 6 and the magnetization.?” The measure-
ments were performed with a 51 mW laser at a wavelength
of A=408 nm and an incidence angle of ¢;=24° with re-
spect to the sample surface normal. The high-intensity laser
and the high modulation frequency of the PEM, combined
with phase-sensitive amplification, allowed an accurate and
sensitive registration of magnetization loops, even for low-
intensity-diffracted beams.

Realspace imaging of the in-plane magnetization of the
patterns was performed using Kerr microscopy.?® Oblique
white light was used with the incidence of the light and the
polarizers configured so that the magnetic contrast was sen-
sitive to magnetization components along the lateral direc-
tion in the images. An averaged background image was re-
corded in an alternating magnetic field, and this background
was then subtracted from subsequently recorded images.
This results in a purely magnetic black and white contrast.
The images were recorded in zero applied field, after letting
the amplitude of an alternating magnetic field decline over a
time of 20 s.

III. RESULTS
A. Structural characterization

The specular x-ray reflectivity from sample « is shown in
Fig. 3. The specular scattering from these patterned multilay-
ers is the incoherent sum of two terms; first that arising from
the patterned multilayered islands and second that associated
with the surrounding bare substrate. Fortunately, the latter
has a faster intensity fall-off with scattering angle and only
acts as a background signal in the data. The analysis of the
data is complicated further by the presence of both the zero-
order scattering from the patterned multilayer and the scat-
tering arising from the average surface. For this particular
sample these two effects combine to make alignment of the
sample difficult for low-scattering angles and consequently
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the data presented in Fig. 3 has only been fitted above Q,
=0.7 nm~'. Normally the forward diffuse scattering (which
also occurs at the specular condition) can be removed by
subtracting an off-set O, longitudinal diffuse scan, but in this
case the presence of the lateral pattern introduces additional
sharp peaks as a function of O, which are close to the specu-
lar condition making this unfeasible. However, the diffuse
scattering was observed to be low and is incorporated into
our model as a small constant background. The reflectivity
was fitted to a simple model, and we have concentrated on
elucidating the multilayer parameters as these are much less
prone to the systematic errors eluded to previously. The best-
fit simulations derived using a differential evolution algo-
rithm and a figure of merit parameter based on a x°
minimization” is shown as the solid line in Fig. 3 and
matches the data well. The fitted layer thicknesses are in
good agreement with the nominal growth parameters with
dp1,0,=3.12(4) nm and dcq e,z =2-91(4) nm. The low
level of diffuse scattering suggests smooth interfaces with a
low topological roughness amplitude which is in agreement
with the total interface widths deduced from the specular fit.
Within the multilayer, growth of Al,O3 onto CoggFe,,Zrg re-
sults in a smoother interface, with a roughness of OALO,
=0.44(2) nm, than when CoggFe,4Zrg is deposited onto
Al,O3, having a roughness of 0C068F624Zr8=0.68(2) nm.

B. Magnetic characterization

The magnetization component, M,, was recorded with
MOKE measurements at the specularly reflected beam for
both patterns. Furthermore, magnetization loops were re-
corded for a continuous multilayer, of the same multilayer
structure, along the easy and hard axes defined by the im-
printed anisotropy. Figures 4(a) and 4(b) show MOKE mag-
netization loops recorded for the continuous multilayer. The
easy-axis magnetization loop is square with 100% rema-
nence and a coercivity of uyH.=1.4 mT, while the hard axis
exhibits a linear magnetization curve with small coercivity,
almost zero remanence and saturation at uoH=*8 mT.
These results compare closely to magnetization loops re-
corded for single layers of CoggFe,,Zrg, indicating a negli-
gible coupling between the magnetic layers.

After patterning a completely different magnetization be-
havior emerges (when compared with the continuous
multilayer). Figures 4(c) and 4(d) show specularly reflected
MOKE magnetization loops recorded for pattern a. For the
[01] direction a sharp transition at low field and a smooth
transition extending up to saturation at uoH= *30 mT are
invoked. For the [10] direction both the imprinted uniaxial
anisotropy and the structural anisotropy of the ellipsoidal
islands are expected to have a hard axis, resulting in a higher
saturation field, observed to be uyH =~ *45 mT. Differences
between the magnetization loops recorded for the two differ-
ent patterns should indicate if magnetostatic coupling be-
tween the islands is affecting their magnetization reversal.
Only minor differences were observed for the magnetization
loops recorded for patterns @ and 8. No interaction between
the islands can be inferred since misalignment of the growth
field can also be responsible for any of the observed differ-
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FIG. 4. (Color online) MOKE magnetization loops of a continu-
ous multilayer film for the (a) easy and (b) hard directions of the
imprinted anisotropy and for pattern « along the (c) [01] and (d)
[10] lattice directions (similar results were obtained for pattern S3).
An inverted hysteresis, shown in the inset in graph (c), is observed
at low fields and attributed to the demagnetizing field between lay-
ers. Blue and red lines (dark gray and light gray) represent the
magnetization under increasing or decreasing applied magnetic
field, respectively. The Kerr rotations for all the measured curves
are normalized to their respective maximum values. The dashed

lines in (c) and (d) show results of micromagnetic calculations.

ences. These results do not remove the possibility of cou-
pling between the islands but indicate that it does not affect
strongly the overall magnetization behavior of the islands.
The magnetic behavior of the circular and ellipsoidal
multilayer islands as a function of magnetic field was simu-
lated using the object oriented micromagnetic framework
(00MMF).3? The calculations were carried out for individual
circular and ellipsoidal multilayer islands thereby excluding
any magnetostatic interactions between adjacent islands.
Each island consisted of ten repetitions of 3-nm-thick mag-
netic layers spaced with 3-nm-thick nonmagnetic layers. The
values for the saturation magnetization, M, and uniaxial an-
isotropy, K,, used for the calculations were determined ex-
perimentally for CoggFe,4Zrg continuous multilayers. From
superconducting quantum interference device measurements
the saturation magnetization was determined to be M,
=900 kA/m. Magnetization loops recorded for continuous
multilayers, shown in Figs. 4(a) and 4(b), were used to de-
termine the imprinted uniaxial anisotropy to be K,
=3.5 kJ/m3.3! The exchange constant was not observed to
have a strong effect on the results of the simulations so a
value of A=30X 107!2 J/m, corresponding to the exchange
constant of Co, was used. In the simulations the circular and
ellipsoidal islands were discretized into cells with dimen-
sions of 20X 20X 3 nm?®. The calculations were performed
for each field value in steps of 0.2 mT until the stopping
criteria of |dm/dt|<0.17°/ns for all spins in the simulated
structure was reached. Due to the large size and multilayer
nature of the islands the number of individual cells was lim-
ited by computational time. Such a large cell size, compared
to the exchange length of /,,=5.4 nm for the experimental
parameters used, results in an underestimation of the ex-
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change interaction. Furthermore, short-length scale phenom-
ena, such as vortex formation, cannot be accounted for using
such a large cell size. From the simulations it was, however,
determined that the cell size was small enough to obtain a
reasonably realistic result with the maximum observed angle
between the magnetization orientation of neighboring spins
always lying below 22°. They can therefore be considered to
yield insight into the magnetic structure of the islands. The
calculated curves, shown with dashed lines in Figs. 4(c) and
4(d), represent a summation of the magnetization along the x
axis, M, for all the layers in the structures with the results
from the circular and ellipsoidal structures added together.
Given the limitations of the simulations the results are in
good agreement with the measurements. The calculated mag-
netization loops show similar saturation field values and gen-
eral reversal behavior as the specular MOKE measurements.
Along the easy axis, steps in the magnetization loops were
observed in the calculations for both the circular and ellip-
soidal islands due to the switching of individual layers within
the multilayers at different field values. Such a pronounced
steplike behavior is not observed in the measured loops. This
discrepancy is attributed to the measured loops being a sta-
tistical average of the magnetic state in a large number of
individual magnetic islands at a finite temperature. Neither of
these effects are taken into account in the calculations. The
large cell size used may also introduce an amplification of
their effects in the magnetization reversal. For the hard axis a
smooth magnetization rotation is observed indicating a
smooth variation in the magnetization of individual layers.
For both in-plane array directions, an antiferromagnetic ar-
rangement between adjacent layers in the multilayer stack is
formed as the external field is reduced to 0 mT due to the
demagnetizing effect of the dipole interaction between the
layers. Figure 5 shows the magnetization vectors for indi-
vidual layers of the circular islands, obtained from the mi-
cromagnetic calculations, for selected values of the applied
field. The magnetization vectors are shown for both the easy
and hard axes directions. For the easy axis the reduction in
the net magnetic moment, as the applied field tends to zero,
is a consequence of the individual layers switching through
spin-flop transitions at different field values whereas for the
hard axis the reduction is a manifestation of the individual
layers rotating out of the applied field direction toward the
easy axis defined by the imprinted uniaxial anisotropy, K.
Micromagnetic simulations for the ellipsoidal islands exhib-
ited similar magnetic behavior.

Figure 6 shows a Kerr microscope image of the remanent
magnetization for pattern « along the [01] direction. From
the image a distinct single-domain remanent signal is ob-
served for the magnetization of the ellipsoidal islands. No
preferred orientation of the magnetization in the ellipsoidal
islands is seen indicating that dipole coupling between indi-
vidual ellipsoidal islands does not have an observable effect.
Furthermore, differences can be seen in the grayscale values
of the circular islands indicating that they too have a rema-
nent magnetization, but the signal strength is too weak for a
quantitative analysis.

The sharp transition, seen in Fig. 4(c), for the [01] direc-
tion exhibits an inverted hysteresis. This inverted hysteresis
was observed for both patterns as well as measurements per-

144434-4



MAGNETIC STRUCTURE AND DIFFRACTED MAGNETO-...

-30 mT -15mT omT

S
S
—_ - ==
S G SR
S A
—_— =
- = ==
S
— =
S A

. Circular island
Easy axis [01] (a)

-30 mT -15mT omT

. Circular island
Hard axis [10] (b)

FIG. 5. (Color online) Results of micromagnetic calculations for
individual circular islands for (a) the easy-axis direction and (b) the
hard-axis direction. The arrows show the net magnetization vector
for individual layers. The circles surrounding the magnetization
vectors correspond to the maximum magnetization possible for each
layer. In both cases an antiferromagnetic arrangement occurs be-
tween the layers. At remanence the magnetization vectors align to
the easy axis. This is illustrated in (b) where an arrangement per-
pendicular to the applied field direction occurs.

formed at different incidence angles within the angular range
of the MOKE setup, ¢;=10° to ¢;=45°. Inverted hysteresis
loops have been previously observed in numerous cases, for
example, multilayer structures with out-of-plane magnetiza-
tion and antiferromagnetic coupling as well as molecular
magnets.3>3* The dipole coupling at the edges of the struc-
tures investigated here gives rise to demagnetizing fields be-
tween the layers, resulting in an antiferromagnetic arrange-
ment of the magnetization of the layers at low-field values.
The layers at the extremity of the multilayer stack lack
neighbors and therefore experience a weaker dipole
coupling.!” They thereby align more easily to the applied
field. The antiferromagnetic arrangement between adjacent
layers in the multilayer therefore starts to form from the cen-
ter of the stack, as the field is decreased toward zero (see Fig.
5). For optical wavelengths the intensity of the light in the
sample decays exponentially with depth resulting in a limited
penetration depth of the MOKE technique.'>> This affects
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FIG. 6. Kerr microscopy image showing the remanent magneti-
zation of pattern « after the field was applied along the [01]
direction.
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FIG. 7. (Color online) A picture showing the distribution of
diffraction spots for pattern « with the [01] direction parallel to the
plane of incidence. Magnetization loops were recorded at the specu-
larly reflected beam and at positive diffraction orders on the [01]
and [10] principal axes.

the observed magnetization since layers closer to the surface
of the multilayer will contribute more to the measured signal
than lower lying layers and therefore a magnetization that
does not correspond to the average magnetization is ob-
served. Assuming optical constants for Co (Ref. 36) the pen-
etration depth of the light used in this MOKE setup can be
estimated to be approximately four magnetic layers. If the
magnetization of the layers is not aligned ferromagnetically
the penetration depth of the light influences the recorded
magnetization signal resulting in the possibility of observing
an inverted hysteresis due to the demagnetizing field of the
lower lying layers.

C. Diffracted MOKE characterization

To examine the internal magnetization distribution of
these patterns we utilize magnetization loops recorded at dif-
fraction peaks along the principal axes (see Fig. 7). Magne-
tization loops recorded using beams diffracted from pat-
terned surfaces are proportional to the magnetic form factor
fir.1837 The magneto-optical signal as a function of diffrac-
tion order, n, in a longitudinal geometry is given by!82%-37

f;”:J m(x)exp(inG - r)dS, (1)
s

where, in our case, the integration is carried out over the
two-dimensional unit cell of the periodic array, G is the re-
ciprocal lattice vector, and m(x) is the magnetization compo-
nent parallel to the external field. Given that the patterns
used in this study are individual sublattices of circular and
ellipsoidal islands a simple analysis can be performed by
considering each structure to have independent magnetic
form factors. If £} . and f,', are the magnetic form factors for
the circular and elhpsmdal islands, respectively, the total
magnetic form factor is then

Ta=Fnet foe )

where in each case the integration in Eq. (1) is carried out
over unit cells of the circular and ellipsoidal island sublat-
tices. Since both patterns a and S have the same periodicity,
and assuming that the interdot coupling is weak, such that
individual islands have the same magnetization distribution
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FIG. 8. (Color online) [(a) and (b)] The first-order magnetization
loops for patterns a and B along the [01] direction. (c) The magne-
tization of the circular islands obtained from the difference between
the magnetization of patterns a and 8. (d) The magnetization of the
ellipsoidal islands obtained from the average of the first-order mag-
netizations. The Kerr rotation for all the measured curves is normal-
ized to their respective saturation value except for the curve in (b)
which is scaled according to results of numerical Fourier transform
calculations. The dashed lines in (¢) and (d) show results of micro-
magnetic calculations for the magnetization of individual structures.
The insets in (a) and (b) show a standing-wave model illustrating
the inversion of the circular island form factor between the two
patterns.

irrespective of the pattern, we can state that the ellipsoidal
islands can be considered to have the same magnetic form
factors for each pattern. For the circular islands along the
[10] direction a shift of the phase factor for the circular is-
land form factor f'. by ¢™™ is expected due to the lateral
shift of the circular island sublattice by half the periodicity
between the two patterns, e and (. Therefore an inverted
form factor should be observed for odd-number diffraction
orders between the two different patterns along this direc-
tion. The individual magnetizations, M [q;] and M[o;j, of the
sublattice unit cells, for the circular and ellipsoidal islands,
respectively, can therefore be obtained by comparing the two
magnetization loops after scaling their intensity to the form
factor of each pattern, obtained by numerical Fourier trans-
form calculations. Magnetization loops recorded at the first
positive diffraction order (see Fig. 2) for patterns « and B
along the [01] direction are shown in Figs. 8(a) and 8(b).
Since the observed magnetization is proportional to the mag-
netic form factor the difference between the two scaled
curves yields the magnetization of the circular islands,
M 13- [shown in Fig. 8(c)] as the magnetization of the el-
lipsoidal islands, M[¢;, is canceled by this operation. When
the two curves in Figs. 8(a) and 8(b) are averaged the mag-
netization of the circular islands, M 017, is canceled reveal-
ing the magnetization of the ellipsoidal islands, Mo}
shown in Fig. 8(d). The magnetization of the individual is-
lands obtained with this method correspond closely to the
micromagnetic simulations for individual circular and ellip-
soidal islands shown with dashed lines in Figs. 8(c) and 8(d).

Magnetization loops for the [10] direction, recorded at the
first and second diffraction orders, are shown in Figs. 9(a)
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FIG. 9. (Color online) [(a) and (b)] The first- and second-order
magnetization loops for pattern « along the [10] direction. (c) The
magnetization of the circular islands obtained from the difference
between the first- and second-order magnetization. (d) The magne-
tization of the ellipsoidal islands obtained from the average of the
first- and second-order magnetization. The dashed lines in (c) and
(d) show results of micromagnetic calculations for the magnetiza-
tion of individual structures. Similar results were obtained for pat-
tern B.

and 9(b). To obtain the magnetization of the individual is-
lands for this direction, a similar method can be applied ob-
serving the inversion of the form factor of the circular islands
between the first and second diffraction orders. Such a
method has been previously reported for patterned single-
layered Fe films.?® For this method, however, the form fac-
tors and length scales for the two diffraction orders are dif-
ferent so a less exact result is obtained. As before, the curves
are scaled according to results of numerical Fourier trans-
form calculations. The difference between the magnetization
loops recorded at the first and second diffraction orders re-
veals the magnetization of the circular islands, shown in Fig.
9(c), while the average of the two curves can be used to
obtain the magnetization of the ellipsoidal islands, shown in
Fig. 9(d). The magnetization of the ellipsoidal islands ob-
tained with this method correspond closely to the micromag-
netic calculations. However, in the case of the magnetization
of the circular islands a higher saturation value is observed in
the simulations. Furthermore, the magnetization loops for
both the circular and ellipsoidal islands exhibit a hysteresis
which is not accounted for in the simulations.
Magnetization loops were recorded at higher order dif-
fraction peaks for both patterns showing strong variations
between the different diffraction orders (see Fig. 10). For
both the [01] and [10] directions similar magnetization loops
are observed for the different diffraction orders for both pat-
terns. For the [01] direction the phase shift of the circular
islands between the patterns appears to not affect the re-
corded signal at these diffraction orders. At the second-order
diffraction an inversion of the signal from the ellipsoidal
islands is observed due to a reduced, negative form factor for
the ellipses compared to the first order. At the third diffrac-
tion order for the [01] direction the recorded loops reveal the
magnetization of the ellipses to be severely reduced due to a
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FIG. 10. (Color online) Magnetization loops recorded at the
second, third, and fourth diffraction order for both patterns « and 8
measured with field and magnetization along both the [01] and [10]
directions.

negligible form factor, f3',. The magnetization recorded at
the third diffraction order, therefore corresponds closely to
the magnetization of the circular islands, shown in Fig. 8(c).
At the fourth diffraction order the corresponding length scale
is the same as the diameter of the circular islands resulting in
reduced form factors for both structures. At this diffraction
order divergences of the magnetization at the edges of the
islands are therefore enhanced. A similar hump is observed
for both patterns indicating that a nonlinear variation is con-
tributing to the signal and enhanced at this diffraction order.
Dipole coupling between layers of the islands induces a di-
vergence of the dipole field of each layer causing the mag-
netization of the layers to deviate. These effects were ob-
served in the micromagnetic simulations to be predominantly
at the edges of the elements and therefore they should be
more pronounced at higher order diffraction, as can be seen
in the magnetization loops for the third- and fourth-order
diffraction peaks. In order to fully describe these deviations
using diffracted MOKE measurements the magnetic behavior
would need to be determined at still higher diffraction orders
in order to access shorter length scales. Unfortunately, these
higher orders are not easily accessible using visible light.
For the [10] direction strong variations are also observed
in the magnetization loops recorded at each of the higher
diffraction orders. Similar loops are obtained for the two
different arrangements at the second and fourth diffraction
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order while the third diffraction order shows slightly differ-
ent loops with an enhanced opening for pattern B. For this
direction the micromagnetic calculations revealed a strong
divergence as the magnetizations of the individual layers ro-
tated toward an antiferromagnetic alignment which is
strongly enhanced at the fourth diffraction order.

IV. SUMMARY AND CONCLUSIONS

In this work we have applied magneto-optical measure-
ments to obtain information about the magnetization of two-
dimensionally patterned multilayers. For the samples inves-
tigated in this study several factors contribute to the observed
magnetization behavior such as the imprinted anisotropy,
shape anisotropy, and the dipole coupling between layers.
From specular MOKE measurements we are able to obtain
information on the average magnetization in these samples.
However, through such measurements the magnetic structure
of the whole multilayer stack cannot be determined, since the
magnetization of individual layers is averaged out owing to
the wavelength of the optical light being orders of magnitude
longer than the periodicity of the multilayers. The limited
penetration depth of MOKE measurements therefore plays a
strong role, enhancing the contribution of magnetic layers
closer to the surface of the multilayer, giving rise to an ob-
served inverted hysteresis. Using diffracted MOKE measure-
ments we have determined the lateral magnetic structure and
the magnetization of individual islands within the patterns.
These results therefore show that magnetic information car-
ried with beams, specularly reflected and diffracted, from
patterned magnetic multilayers can be used to determine the
magnetic  structure of complicated three-dimensional
structures.
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