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a b s t r a c t

Anisotropy of linear and nonlinear magnetooptical (MO) effects in a regular array of Py antidots is studied
by means of the MO Kerr effect at the fundamental and second harmonic wavelengths. We have de-
monstrated that the value of the MO effect, coercivity, and magnetization distribution depend sub-
stantially on the azimuthal orientation of the antidots array relatively to the external magnetic field.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

During the last few years, there has been much interest in
fabricating artificial materials with modulated magnetic proper-
ties. Patterned magnetic nanostructures are researched and de-
veloped for the fundamental studies and applications in areas such
as nanomagnets, ultra high density storage, spin electronic de-
vices, memory cells (MRAM) and magnetic logic devices [1–3].
Alternatively, antidots structures (reverse of isolated nanos-
tructures) form another class of magnetic nanostructures in which
arrays of holes are formed in a continuous magnetic material. The
antidot lattice (ADL) has also been proposed as a competitor for
high density storage media, with characteristics of high stability,
while avoiding the superparamagnetic limit [4]. The effects of
antidot's shape (square, circular, elliptical), size, interspacing dis-
tance and arrangement (square, honeycomb or rhombic lattices)
on statics (magnetization reversal) and dynamics of magnetization
(spin waves) have been carried out by different techniques [5,6].

Magnetization induced second harmonic generation (SHG)
technique is known as an extremely sensitive probe of magnetic
properties of surfaces, interfaces and nanostructures. It has been
successively applied to the visualization of the exchange coupling
of magnetic layers separated by a nonmagnetic nanolayer, vortex
magnetization of magnetic nanostructures and some other prop-
erties of materials with inhomogeneous magnetization [7–12]. It
was demonstrated for a number of structures that the relative
value of the magnetization-induced contribution to the second-
order response is typically one or two orders of magnitude larger
as compared to the linear optical analogues. Moreover, crystal-
lographic and macroscopic magnetic symmetry of a structure can
be revealed as well by means of the SHG anisotropy studies.

At the same time, there are a very few papers concerning the
anisotropy of the magnetization-induced SHG. The authors of [13]
studied the SHG intensity from Fe/Au(001) superlattices as a function
of the azimuthal angle of the structure and observed the fourfold
magnetization-induced anisotropy of the SHG response, governed by
a quadrupole susceptibility of (001) symmetric heterostructure.
Moreover, a pure magnetization-induced anisotropic SHG was de-
monstrated in [14] for an in-plane isotropic cobalt film. In that case,
the applied magnetic field reduced the symmetry of the structure
down to a mirror one that was proved by SHG anisotropic patterns.
Nevertheless, to the best of our knowledge, there have been no
studies of the SHG anisotropy of arrays of magnetic antidots. In this
paper a complex study of the anisotropy of the linear and nonlinear
magneto-optical properties of a square array of the permalloy anti-

dots’ is performed along with the χ̂ ( )2
symmetry analysis.
2. Samples and experimental setup

Large area ( ×4 4 mm2) Ni80Fe20 (permalloy, Py) antidot na-
nostructures (diameter 405 nm, thickness 30 nm, antidots are ar-
ranged in square lattice with the side 650 nm) was patterned on Si
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Fig. 1. Schematic view of the sample fabrication. (For interpretation of the refer-
ences to color in the text, the reader is referred to the web version of this paper.)
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substrates using deep ultra violet (DUV) lithography at 248 nm
exposure wavelength. To create patterns in the resist, the substrate
was spin coated with a 60 nm thick bottom anti-reflective coating
followed by a 480 nm positive DUV resist. A Nikon lithographic
scanner with KrF excimer laser radiation was used to expose the
resist followed by the development as is shown in Fig. 1(a). Details
of the fabrication process are described in [15]. In order to transfer
the resist pattern into antidots, a 30 nm thick permalloy (Py) was
deposited at room temperature by electron beam evaporation
technique at a rate of 0.2 A/s while the pressure of the chamber
was maintained at × −2 10 6 Torr as shown in Fig. 1(b). Lift-off of
the deposited film was carried out in OK 73 solution. Completion
of the lift-off process was determined by the color contrast of the
patterned Py area as depicted in Fig. 1(c).

Longitudinal magneto-optical Kerr effect (LMOKE) based mi-
croscopy measurements were performed at room temperature by
Fig. 2. MOKE results: (a, b) hysteresis loops of the LMOKE signal for ψ = °0 and °45 , corre
dependence of the coercive field.
EVECO microscope in LMOKE configuration. For the SHG experi-
ments, a linearly polarized output of a Ti:sapphire laser operating
at the wavelength of 800 nm with the pulse duration 80 fs, re-
petition rate 80 MHz and the average power of 120 mW was used.
The pump radiation was focused on the sample at the angle of
incidence of about 40 ° into a spot of approximately 50 μm in
diameter, so the peak intensity was about 0.3 GW/cm2. The SHG
radiation specularly reflected from the sample was selected by a
set of color filters and a monochromator and detected by a pho-
tomultiplier tube operating in the photon counting mode. DC
magnetic field of up to 400 Oe was applied to the sample in the
transversal geometry, as is shown in Fig. 3(a). The magnetization
distribution within the structure was calculated in the programm
“Object Oriented Micromagnetic Framework” [16].
3. Experimental results

3.1. LMOKE

LMOKE hysteresis loops were measured for different azimuthal
positions (the value ψ = 0 corresponds to the position of the
sample, when the magnetic field is applied along the diagonal
lattice) of the structure in the laboratory coordinate frame (Fig. 2
(a,b)). From each LMOKE hysteresis loop, the coercive force and the
angle of polarization rotation in the saturating magnetic field were
determined. The anisotropy of these quantities is shown in Fig. 2(c,
d). It can be seen that the coercive field reaches its minimumwhen
the magnetic field is applied along the side of the antidot square
lattice, which corresponds to the values ψ = °45 , °135 , °225 and
spondingly; (c) the saturation LMOKE azimuthal dependence, and (d) the azimuthal
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°305 . This is consistent with the existence of the hard and easy
magnetization axis in the structure, which are oriented along the
side and the diagonal of the square lattice of antidots, corre-
spondingly, and is confirmed by the micromagnetic simulations
described below. The saturation LMOKE signal is isotropic and
indicates isotropic average magnetization distribution.

3.2. Second harmonic generation studies

SHG azimuthal angular dependencies were studied firstly in
nonmagnetized samples. The intensity of the p-polarized SHG
component turned out to be almost isotropic and by two orders of
magnitude exceeded the intensity of the s-polarized one, the latter
being an isotropic function of the azimuthal angle ψ. In accordance
with the results discussed in Ref. [18,19] this means that the SHG
response is presumably coherent. Taking into account that the
antidots array is 4m symmetric, its nonlinear optical response
should be described by the second-order susceptibility tensor of
the corresponding symmetry. A detailed SHG symmetry analysis,
where we considered both the non-magnetic and magnetization-
induced contributions to the SHG signal, is presented in the
Appendix.

Magnetic hysteresis loops of the SHG intensity were measured
for different azimuthal angles of the antidots’ array and for the p-
or s-linearly polarized fundamental radiation. Figs. 3(b,c) show the
dependencies of the SHG intensity on the applied magnetic field
for ψ = °0 , i.e. as the magnetic field is applied along the diagonal to
Fig. 3. (a) Schematic view of the SHG experiment, transversal magnetic field is shown b
fundamental beam is s-polarized (b) and p-polarized (c, d).
the square lattice of antidots, as is shown schematically in Fig. 3(a).
Fig. 3(d) shows the SHG hysteresis loop obtained for ψ = °40 .

In order to characterize the magnetization-induced changes of
the nonlinear-optical response in the geometry of the transversal
Kerr effect, the SHG magnetic contrast was defined as
ρ = ( ( ) − ( − )) ( ( ) + ( − ))ω ω ω ω ωI M I M I M I M/s s s s2 2 2 2 2 , where ( ± )ωI Ms2

are the SHG intensities measured for the opposite directions of the
saturating magnetic field [17]. First of all it is worth noting that the
value of the SHG magnetic contrast definitely exceeds 10%, which
is larger than the typical linear MOKE values by at least an order of
magnitude and that is typical for nonlinear magneto-optics. Sec-
ond, one can see that the sign of the SHG contrast is opposite for
the p- and s-polarizations of the fundamental beam. Finally, based
on the SHG hysteresis loops, the SHG magnetic contrast was cal-
culated as a function of the azimuthal angle ψ, the corresponding
dependence ρ ψ( )ω2 is shown in Fig. 4(a). One can see that ρ ψ( )ω2
dependence also possesses a clear four-fold symmetry that coin-
cides with the symmetry of the antidots’ lattice.

The azimuthal dependence of the coercive field HC estimated
from the SHG hysteresis loops is shown in Fig. 4(b) for the case
of p-polarized fundamental radiation. One can see a pronounced
four-fold symmetry of Hc, which correlates well with that ob-
tained from the LMOKE measurements (see Fig. 2(c)). This
symmetry is evidently attributed to the anisotropy of the
structure under study.
y black arrow; SHG hysteresis loops measured at ψ = °0 (b,c) and ψ = °40 (d). The



Fig. 4. Anisotropy (a) of the SHG magnetic contrast, measured for the p- and s-polarized fundamental beam (filled and open circles, respectively), and (b) of the SHG
magnetic contrast estimated from the magnetic SHG hysteresis loops obtained for different azimuthal angles of the sample.
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4. Discussion

The observed four-fold azimuthal anisotropy of the linear and
nonlinear magnetooptical effects and of the coercivity attained for
a regular array of the Py antidots reveals the anisotropy of their
magnetic properties, which is attributed to the symmetry of the
Fig. 5. The distribution of magnetization within the structure simulated using the “Obje
1.5 kOe is applied parallel to the side of the square array (a) or along its diagonal (b), indic
of the saturated magnetic field along the same directions indicated by dashed red arrow
(filled circles) and perpendicular ⊥M (open circles) to the external magnetic field. (f) Th
references to color in this figure caption, the reader is referred to the web version of th
array. It stems from both LMOKE and SHG experiments that the
maximal coercivity is achieved for the case when the external
magnetic field is applied along the diagonal to the square lattice of
antidots (the case shown in Fig. 3(a)), i.e for the azimuthal values
ψ ∼ ° ± · °n0 90 , where ∈n Z . These directions within the structure
correspond to the in-plane orientation of the easy magnetic axis.
ct Oriented Micromagnetic Framework” package, as the saturating magnetic field of
ated by solid red arrows; remanent magnetization distribution after the application
s (c, d). (e) The simulated dependencies of the magnetization components along ∥M
e simulated azimuthal dependence of the coercive field. (For interpretation of the
is paper.)
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Specific magnetization distribution at different directions of the
applied magnetic field is presented in Fig. 5(a)–(d). When the
external saturating magnetic field =H 1.5 kOes is applied along the
diagonal of the square lattice, the magnetization of the structure is

directed along
→
H and keeps this direction when the magnetic field

is changed to −
→
H , the corresponding distributions of magnetiza-

tion are shown in Fig. 5(a,b). Fig. 5(c,d) shows the case when the
external magnetic field is applied along the rib of the square lattice
of antidots and which corresponds to the case of ψ = °45

and =H 1.5 kOes
→
H (Fig. 5(c)). However, while the external mag-

netic field decreases, the component of magnetization oriented
parallel to the diagonal of the square lattice appears (Fig. 5(d)).
Thus, when ψ ≠ °0 , the applied magnetic field induces average

magnetization directed not parallel to
→
H . The simulated de-

pendencies of the magnetization components along ∥M (filled

circles) and perpendicular ⊥M (open circles) to
→
H are presented in

Fig. 5(e). In the LMOKE experiment presumably the ∥M contribu-
tion is measured. This magnetization distribution determines the
LMOKE and SHG magnetic hysteresis loops observed in the ex-
periment. From the simulated dependencies ( )∥M H the Hc values
for different ψ were obtained, the resulting azimuthal dependence
is shown in Fig. 5(f).

Contrary to the coercitivity, the nonlinear magneto-optical ef-
fect is maximal for these ψ values. In order to explain this we
considered the anisotropy of the magnetization-induced SHG in a
four-fold symmetric structure, which is valid for the case of the
antidots’ array studied in the experiment. We considered the
symmetry of the second-order susceptibility tensor, divided into
non-magnetic (crystallographic) and magnetization-induced parts.
The corresponding symmetry analysis is described in Section 6. It
shows that the symmetry effects are much more important in
these experiments than the magnetization isotropy in the satu-
rated field.
5. Conclusions

In conclusion, we have presented results from the anisotropy of
Py antidots from linear and nonlinear magnetooptical (MO) effects.
The LMOKE and SHG results show that the coercive force reaches
its minimum when the magnetic field is applied along the side of
the antidot square lattice. These results are consistent with the
existence of the hard and easy magnetization axis in the structure
oriented along the side and the diagonal of the square lattice,
correspondingly. The value of the saturated LMOKE effect is iso-
tropic, while the maximum of the SHG magnetic contrast was
observed along the easy axis, that is due to the symmetry of the
structure.
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Appendix A

It is well known [17] that the following nonvanishing χ̂ cr
tensor

components exist for a 4m symmetric non-magnetized surface:
χ χ χ χ= = =xzx
cr

xxz
cr

yzy
cr

yyz
cr , χ χ=zxx

cr
zyy
cr , χzzzcr, where the superscript cr is

used to denote the crystallographic (that are non-magnetic) sus-
ceptibility components. The amplitude of the corresponding
electric field at the SHG wavelength can be written as

ω χ( ) =E E E2i
cr

ijk
cr

j k, where i j k, , are the Cartesian coordinates in the

laboratory coordinate frame. As the azimuthal angle of the sample
is varied, the second-order susceptibility components in the co-
ordinate frame connected with the sample and denoted by (X’Y’Z’)
can be calculated as follows: χ χ=′ ′ ′ ′ ′ ′T T Ti j k

cr
ii jj zz ijk, where T is the

matrix of rotation. When the fundamental beam is p-polarized, the
components of the incident field E0 are expressed as θ=E E cosx 0 ,

=E 0y , θ=E E sinz 0 , with θ being the angle of incidence. In our
experiments the angle θ = °40 , so we can assume that = ≡E E Ex z 1.
Then the components of the p-polarized SHG field measured in
the experiment are

∑ ∑
ω χ χ χ χ

χ χ

χ ψ χ ψ χ ω

χ χ χ

χ ψ χ ψ χ χ χ

( ) = ( + + + )

=+ + ) = ⁎
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The total p-polarized nonlinear field is

ω ω θ ω θ χ χ χ( ) = ( ) − ( ) = ( − − ) ( )E E E E2 2 cos 2 sin 2 . 2p
cr

x
cr

z
cr

xzx
cr

zxx
cr

zzz
cr

1
2

Analogously for the s-polarized fundamental field
= = =E E E E0,x z y 0 one has:

ω ω ω χ

ω χ

( ) = ( ) = ( ) =

( ) = − ( )

E E E E

E E

2 0; 2 0; 2

2 . 3

x
cr

y
cr

z
cr

zxx
cr

s
cr

zxx
cr

0
2

0
2

subscripts s and p denote the polarization of fundamental
radiation.

Magnetization-induced contribution to the SHG in the trans-
versal geometry can be described by the fourth rank tensor χ̂magn

with the following non-zero components: χ χ= −xxxY
magn

yyyX
magn,

χ χ= −xyyY
magn

yxxX
magn, χ χ= −xzzY

magn
yzzx
magn, χ χ χ χ= = − = −yxyY

magn
yyxY
magn

xxyX
magn

xyxX ,

χ χ χ χ= = − = −zxzY
magn

zzxY
magn

zyzX
magn

zzyX
magn, where the last index corres-

ponds to the applied magnetic field. These components are odd in
magnetization, i.e. χ χ( ) = − ( − )M MijkL

magn
ijkL
magn [17]. The corre-

sponding part of electric field at the SHG wavelength is:
ω χ( ) =E E E M2i

magn
ijkL
magn

j k L. The external magnetic field is applied

along the Y-axis, and the transition to the sample's coordinate
frame is given by χ χ=′ ′ ′ ′ ′ ′ ′ ′T T T Ti j k L

magn
ii jj zz LL ijkL

magn.
Thus the p-polarized magnetization-induced SHG excited by

the p-polarized fundamental radiation is written as:

ω χ χ χ χ

χ χ χ ψ

( ) = ( + + +

+ ( − + ) ) ( )

E

E M

2

1/2 2 sin 2 , 4

p
magn

xxxY
magn

xzzY
magn

zzxY
magn

zxzY
magn

xyyY
magn

xxxY
magn

yxyY
magn 2

1
2

and for the s-polarized fundamental, p-polarized SHG field is de-
scribed by:

ω χ χ χ χ ψ( ) = ( + ( − − ) ) ( )E E M2 1/2 2 sin 2 . 5s
magn

xyyY
magn

xxxY
magn

xyyY
magn

yxyY
magn 2

0
2

Taking into account that ω ω ω( ) = ( ) + ( )E E E2 2 2p s p s
cr

p s
magn

, , , ,

ω ω( ) ∝ ( )I E2 2p s p s, ,
2 and ω ω( )⪢ ( )E E2 2p s

cr
p s
magn

, , , we get the following ex-
pression for the SHG magnetic contrast:
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( )

ρ
χ χ χ χ χ χ ψ

χ χ χ

ρ
χ χ χ χ ψ

χ

∝
( + − + ( − + ) )

− −

∝ −
( + ( − − ) )
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M

M

2
2 1/2 2 sin 2

2
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p
xxxY
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xzzY
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xyyY
magn
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zxx
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zzz
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s
xyyY
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magn
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magn
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magn
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2

2

Thus one can see that the SHG magnetic contrast exhibits the
four-fold symmetry for both p- and s-polarization of the funda-
mental radiation. Depending on the relative values of different
χijkYmagn components, this anisotropic dependence of the SHG
magnetic contrast can demonstrate maxima of both ρ| |p and ρ| |s as
the magnetic field is applied along the rib or the diagonal of the
quadratic lattice; in our experiments the maximal magnetization-
induced SHG field is generated for ψ = °0 .

It is worth noting that four-fold anisotropy observed in the
azimuthal dependencies of the SHG magnetic contrast appears
due to a higher (fourth-) rank of the χ̂magn

tensor as compared to
the non-magnetic, electric dipole tensor χ̂ cr

which is of the third-
rank. Similar anisotropy in the SHG response has been reported in
Ref. [13] for a (001) symmetric ferromagnetic structure.
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