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Abstract: We employ an extended finite-element model as a design tool capable of incorporating
the interaction between plasmonic antennas and magneto-optical effects, specifically the magneto-
optical Kerr effect (MOKE). We first test our model in the absence of an antenna and show that
for a semi-infinite thin-film, good agreement is obtained between our finite-element model and
analytical calculations. The addition of a plasmonic antenna is shown to yield a wavelength
dependent enhancement of the MOKE. The antenna geometry and its separation from the
magnetic material are found to impact the strength of the observed MOKE signal, as well as
the antenna’s resonance wavelength. Through optimization of these parameters we achieved a
MOKE enhancement of more than 100 when compared to a magnetic film alone. These initial
results show that our modeling methodology offers a tool to guide the future fabrication of hybrid
plasmonic magneto-optical devices and plasmonic antennas for magneto-optical sensing.
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1. Introduction

The magneto-optical Kerr effect (MOKE), discovered by John Kerr in 1877 [1,2], describes
the change in polarisation state of light when reflected from a magnetic material. When s or
p polarised light is incident upon a magnetic material a rotation and change in ellipticity may
be induced upon the reflected beam. In general the effect can be thought of as the combination
of contributions from three separate geometries, known as the “polar”, “longitudinal” and
“transverse” MOKE [3]. The geometries are defined by the direction of the magnetization within

the material relative to the plane of incidence of the light wave as shown in Fig. 1.

Ep ¢

Polar Longitudinal Transverse

Qb Rotation Magnetization
f Ellipticity Ep Electric field (p-pol)

Fig. 1. Schematic of the various MOKE geometries. The single ended arrow indicates the
direction of the magnetization in each case. The incident optical beam is assumed to be
p-polarized. The transverse MOKE configuration produces no change in polarization state,
but instead modifies the amplitude of the reflected electric field.

Polar MOKE has been used in magneto-optical recording [4], although this technology has now
been largely superseded. The polar, longitudinal and transverse MOKE effects have been exploited
in magnetometry and imaging measurements performed upon magnetic thin films [3,5,6]. MOKE
is particularly favoured for the non-invasive evaluation of samples and devices that are spatially
inhomogeneous, and for in-situ measurements within growth chambers [7,8]. The MOKE can be
used to directly image the surface magnetisation of a magnetic thin film, with all components
of the vector magnetisation being resolved through the use of a suitable detector [9]. The
additional use of an ultrafast laser source allows high frequency magnetisation dynamics to
be probed and imaged [10-16]. The principal limitation of the magneto-optical probe is the
finite spatial resolution associated with the optical diffraction limit. However, plasmonics may
hold the key to bypassing this restriction. Plasmonics is a broad field concerned with the
interaction of electromagnetic radiation with mainly metallic structures [17]. Of particular
interest here is the near field region of a plasmonic structure, which can support a localised
plasmon mode. Indeed it is well known that plasmonic excitations have the ability to concentrate
electromagnetic fields within a strongly sub-wavelength region [17-21]. This field confinement
and enhancement has been used to enhance local interactions, for example in surface enhanced
Raman spectroscopy (SERS) [22-26], whilst a variety of combinations of plasmonic near field
effects and imaging protocols have also been explored. [27,28]. The combination of plasmonic
enhancement with magneto-optical effects has recently come into focus, largely driven by the
need for non-invasive optical imaging of magnetic structures with sub-diffraction-limited spatial
resolution [29]. However most recent work has concentrated on the excitation of plasmonic
modes within magnetic materials [30-33]. Ferromagnetic metals are generally poor media for the
excitation of plasmonic modes, while most low-loss plasmonic materials do not exhibit magnetic
properties other than diamagnetism. However it has been shown that magneto-optical effects
can be enhanced by coating magnetic nano-particles with gold [34], or by creating multi-layer
Au/Co/Au nano-particles [35] or gold nano-particles held above a Au/Co/Au film by means of a
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dielectric spacer [36]. In the present work, our aim is to use finite element modeling to explore the
effect of placing a plasmonic device close to, but physically separate from, a magnetic material.
This geometry is particularly desirable since it may facilitate the probing of planar magnetic
structures of arbitrary geometry and magnetization state through modification of the tips used
in a recently developed magneto optical near field imaging tool [29]. It provides opportunities
to maximize plasmonic enhancement without directly affecting the magnetic properties of the
system under investigation. In the following sections a finite element model is described that
can be used to resolve magneto-optical effects in both simple and complex magnetic structures.
Details of this flexible model are presented, and illustrated by application to a simple gold
nano-disc antenna. The rotation and ellipticity arising from both the polar and longitudinal
MOKE are calculated for a continuous film and shown to be consistent with analytical theory.
When a plasmonic gold nano-disc structure is placed close to the film, the MOKE response is
found to be enhanced by up to two orders of magnitude. Finally the nature of this enhancement is
discussed along with its potential application as a resonant plasmonic probe.

2. Modelling the MOKE

The practical realisation of a plasmonic antenna for near field magneto-optical measurements
requires the plasmonic element to be separate from the magnetic material. The complexity of a
plasmonic antenna interacting with a magnetic material is such that traditional mathematical
approaches are not viable, especially for antenna structures of non trivial geometry. However
the use of a suitable finite element modelling program allows arbitrarily complex structures
to be modelled. Here finite element modelling was performed using the commercial software
package “COMSOL Multiphysics” (from hereon referred to as “COMSOL”). This software was
chosen so as to allow user definition of the permittivity as a complex non-Hermitian tensor,
which is necessary for the description of magneto-optical effects. We define the total permittivity
of the magnetic layer €)7o as a complex tensor as in [5] Hubert and Schéfer and presented
elsewhere [6,37],

1 iB.0 -iB,Q
emo = €& | —iB:Q 1 iBxQ |, ey
iB,O —iB:Q 1

where ¢ is the permittivity of free space. Here ¢, is the relative permittivity of the material
in the absence of magnetization, and is generally complex and frequency dependent for any
metallic magnetic material. B; is the direction cosine of the magnetization along the ith axis,
and Q is the complex Voigt constant (a property of the specific magnetic material). Since the
primary focus of the present study was the wavelength dependent magneto-optical response
associated with the geometry of a plasmonic element, €70 was treated as being independent of
frequency/wavelength. For the models presented here, we assume values typical of permalloy
when illuminated by light of 800nm incident wavelength, obtained from reference [38], giving an
index of n = 2.25 + i3.7 and Voigt constant of Q = 0.006 —i0.011. In [39] Wu et al, the first
order reflection coefficients for the interface between a non magnetic medium with refractive
index np and a magnetic medium of refractive index n; are given as

ng cos g — ny cos 01
Vss = (2)

ng cos 6o + ny cos 6

nycosfy —ngcos@, 2iQnyngcosbysiné) By, 3)
Tpp = +
pp

nycos @y +nygcosbi  (n cos by + ng cos 01 )°

iQnon; cos Oy (sin @By — cos 01 B;)
cos 01 (ng cos By + ny cos B1) (ng cos Oy + ng cos H)

“

Tps =
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iQnon; cos 6y (sin 8 By + cos 81 B;)
cos 01 (ng cos By + ny cos 01) (n cos By + ng cos H)

®

Fsp =

This analytical calculation assumes that field quantities vary in space and time as exp(i(k - r —
wt)), where k is the wave vector, r is the position vector, w is the angular frequency, and 7 is
the time. This form requires the imaginary part of the refractive index of the permalloy to have
positive sign. With the p-polarized rotation ¢, and ellipticity &, given as,

o =—Re{f—"} (©)
2%
,
=1 ﬂ} 7
g m{rpp

For the above values, these analytical expressions for a semi-infinite slab of material predict
values of Kerr rotation and ellipticity of 74.7 mDeg and —24.7 mDeg respectively, for normal
incidence when the magnetization lies in the polar configuration as shown in Fig. 2. Plasmonic
effects were later introduced by defining a frequency (wavelength) dependent complex permittivity
for an adjacent gold nanostructure. This was accomplished by interpolating the gold permittivity
data found in [40] Johnson et al, using the inbuilt linear interpolation algorithms found within
COMSOL. The permittivity of the magnetic material was deliberately assumed to be independent
of wavelength so as to allow the influence of the antenna upon the spectral response to be observed
more clearly.

Magnetic layer

(a)

A 0.41
0.4

-0.4
v-0.41

A 351
3

0 x10%

-3
v 3.60

Fig. 2. Schematic of the periodic model geometry for calculation of the polar MOKE. (a)
General schematic showing the magnetic region, air region, and slices through the model used
in the recovery of the MOKE signal. (b) Model with the incident electric field polarization
parallel to the % direction. (c) The ¥ component of the electric field, which is the result of
the magneto-optical rotation induced by the MOKE.

Since there are two self-consistent definitions of the complex permittivity arising from the
choice of sign convention used in the description of wave propagation, this in turn leads to four
possible sign conventions when describing the magneto optical permittivity (for greater insight
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into the sign conventions used in describing magneto-optical permittivity, see reference [41]).
In this work we chose signs of permittivity and Voigt constant such that we achieve agreement
between finite element modeling and analytical calculation. This requires the permittivity
and Voigt constant of the magnetic layer to be set equal to €,4, = —8.628 — i16.50 and
0 = —0.006 —i0.011 respectively within COMSOL. Note that COMSOL assumes that field
quantities vary as exp(i(wt — Kk - r)), leading to the stated signs of the components of the
permittivity.

The geometry for the simplest COMSOL model used is shown in Fig. 2. Here an incident
plane wave lies normal to the surface of a planar magnetic layer (described by periodic boundary
conditions in £ and §). Periodic boundary conditions minimized the physical geometry of the
model, without compromising its accuracy. Therefore, the model represents an infinite array with
the schematics showing just a single unit cell. The model shown has a unit cell, and hence period,
of 200 nm in the £ and § directions. In the present study the principal interest is the localized
plasmonic mode associated with a nano-particle, that might be exploited within an antenna for
near-field magneto-optical imaging, rather than resonances arising from a periodic structure.
Therefore the period of the model was chosen to be smaller than the free space wavelength of
any of the incident wavelengths used, in order to eliminate such artifacts and avoid diffracted
modes. The incident electromagnetic wave was defined as a plane wave propagating towards the
magnetic layer (in the +Z direction in Fig. 2(b)), and linearly polarized along the X axis. The
magnetization direction was defined to be out of plane, along the long (—Z2) axis of the model, this
corresponds to the polar MOKE geometry, shown in Fig. 1. While the choice of permalloy material
properties with an out of plane magnetization may seem at odds with the in plane anisotropy
typical of permalloy, it is not uncommon to measure the polar component of magnetization in
measurements of precessional dynamics in permalloy structures [12,42].The resulting reflected
wave contains an additional electric field component in the y direction, shown in Fig. 2(c), due
to the MOKE induced rotation and/or ellipticity. The complex field components were extracted
through integration across one of the “detector” planes. From these field components, the MOKE
rotation, ¢ and ellipticity, £ were found using the formulae

_ (ReE,) (ReEy) + (ImE,) (ImE,)
- (ReEy)* + (ImEy)2

®)

_ (ReEy) (ImEy) — (ImEx) (ReEy)
B (ReEy)? + (ImEy)>

that are valid for the small ¢ and & values commonly generated by the MOKE, and which
assume the magnetic medium to be opaque and semi-infinite. Note that care must be taken with
the meshing of the model to avoid inconsistencies between Kerr rotation values calculated at
different detector planes. A mesh size of less than 40nm in the air region, with further refinement
at the air/magnetic material interface, was found to produce minimal spatial variation of the
observed Kerr signal. Initial polar MOKE modeling produced a Kerr rotation of 75 mDeg and
ellipticity of —25 mDeg, with a variation between different models of ~ 1 mDeg. These values are
consistent with the values of 74.7 mDeg, and —24.7 mDeg calculated from analytical formulae.
The longitudinal Kerr effect is expected to vanish at normal incidence, therefore modeling the
effect requires the introduction of oblique incidence. This is non-trivial to introduce to periodic
models, and therefore a different modeling geometry was required to model the longitudinal Kerr
effect. This new geometry is shown in Fig. 3. This model also delivered reasonable agreement
with analytical expressions for both polar and longitudinal MOKE over a large range of incidence
angles, as shown in Fig. 4.

©))
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Magnetic Layer

Fig. 3. Schematic of the non-periodic cylindrical model used for calculation of the MOKE
signal for an arbitrary angle of incidence. The incident beam (not shown) propagates in
the Z direction, which is fixed. The detector plane and magnetic material rotate relative
to the incident beam so as to maintain a standard 6 26 geometry. As such the angle of
incidence changes, while the geometry of the incident beam remains unaltered in COMSOL’s

coordinate system.

Comparison of modelled and analytical MOKE
angular dependence

100 0 20 40 60 80
3;‘ Polar
T 801 X LA rotation
B Pola
= ] olar
5 0 B llipticity
~- 8040 N
g a o Longitudinal
= 2 204 rotation
£ g
S . .
b5 04 Longitudinal
& ] ellipticity
o) 204
o)
=40 . . .
0 40 60 80

20
Angle of incidence (Deg)

Fig. 4. Comparison of Kerr rotation/ellipticity values obtained from finite element modelling
(data points) and analytical formulae (curves) for different angles of incidence. The finite
element calculations were performed with the cylindrical model shown in Fig. 3. No data
are shown for angles greater than 60° because at this point the detector plane enters the
magnetic layer.

3. Modelling in the presence of a plasmonic antenna

The introduction of a gold nano-disc of 50 nm thickness into the normal incidence model, as
shown in Fig. 5, yielded a wavelength-dependent enhancement of the MOKE. The dependence
of the Kerr response upon wavelength is shown in Fig. 6. A fixed value of the magneto-optical
constant corresponding to 800 nm wavelength was used for all calculations so that the wavelength-
dependent response is due to the gold antenna rather than the magnetic film. Varying the diameter
of the gold disc was found to shift the resonant wavelength of the system, as might be expected
from previous work in which resonant wavelength of a plasmonic structure is found to vary with
the size of the structure in question [36, 43]. However, the regime modeled here lies outside
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the region of validity of reduced Mie scattering theory (due to particle shape), and the dipolar

approximation due to particle size. Consequently, derivation of a fully analytical solution lies
beyond the scope of the present paper.

Magnetic material
(Permalloy)

Magnetic material
(Permalloy)

Fig. 5. Schematic of the periodic, model with addition of a gold nano-disc. A series of disc
diameters were used, from 80 nm to 160 nm with the 100 nm diameter disc shown. The gold
disc is separated from the magnetic material by a variable air gap (10 nm in this figure). The
disc diameter was fixed at 50 nm for all modeling presented in this manuscript.
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Fig. 6. Wavelength-dependent MOKE response for gold discs of different diameter (diameters
are indicated in the legend). The discs were located 20 nm from the magnetic layer, and
centered within the unit cell of the periodic model. (a) Kerr rotation, and (b) ellipticity. (c)
The absolute Kerr signal (the sum of the rotation and ellipticity in quadrature) serves as a
useful figure of merit, since the interplay between rotation and ellipticity is complicated.
(d) Shows the reflected y component of the electric field normalized to the incident field
amplitude (linearly polarized along the x axis with an amplitude of 1 V' /m). This serves as a
figure of merit when considering the practical implications of measuring the MOKE signal,
and is comparable to the figure of merit derived in [4]. The dashed line in (d) shows the
response of the model in the absence of a gold disc. The magnetic material modeled is the
same as in the planar models without gold discs, and as such even the smallest resonance
shown represents an enhancement of the MOKE signal on resonance.

The magnetic layer was defined as in previous models, and in the absence of an antenna
gave polar Kerr rotation and ellipticity of ~ 75 mDeg, and ~ —25 mDeg respectively. Here it
is useful to introduce an “absolute” Kerr signal, which is the rotation and ellipticity summed
in quadrature. All discs show an enhancement of the absolute Kerr signal at resonance, from a
modest increase for a diameter of 80 nm, up to an eight fold increase for the 160 nm diameter
gold disc see Fig. 6. This increased Kerr response is likely due to the localized electric field
enhancement near the gold disc at resonance, and hence increased electric field interaction with
the magneto-optically active material below. The general trend of increasing resonant Kerr signal
with increasing disc size is likely due to the increased area of interaction between this enhanced
near field and the magnetic layer.The form of the resonance curve follows a similar pattern for all
modeled antennas (including others not presented here) in that one component of the Kerr signal
(rotation or ellipticity) exhibits a bi-polar variation, while the other exhibits a uni-polar behavior.
A transition between two regimes was seen to occur at a diameter close to 100 nm, and so
additional calculations were performed with diameters close to this value in order to gain further
insight, these have been included in Fig. 6 as the 90 nm and 110 nm diameter curves. As can be
seen in Fig. 6(b) the sign of the ellipticity signal changes for a disk diameter between 90 nm and
100 nm, while the rotation signal (Fig. 6(a)) exhibits a sharpened bi-polar form in this region.
The resonances in both the rotation and ellipticity signals are observed to become broader as
the diameter is detuned from the value at which the transition occurs. For disc diameters greater
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than 110 nm, both rotation and ellipticity exhibit a uni-polar peak that increases in height with
increasing disc diameter. Again this trend might be attributed to the increased area of interaction
between the larger discs and the magnetic layer. However, closer study of the field distribution
around the discs suggests that the electric field surrounding the larger discs in fact penetrates
further into the magnetic layer. This latter effect does not fully explain the transition observed for
disc diameters close to 100 nm. In order to explore the relationship between penetration depth
and enhancement of the MOKE, a series of models were run, with a fixed disc diameter and
varying distance between the gold disc and the magnetic layer. The results are summarized in
Fig. 7 and reveal a correlation between distance and the size of the absolute Kerr signal, with
the absolute Kerr signal decreasing as the disc is moved away from the magnetic layer. This
lends further support to the hypothesis that the Kerr signal is enhanced due to an increase in the
electric field within the magnetic layer. In addition to the trend in the absolute signal, we see
a narrowing of the resonances as the distance is reduced. A dramatic change occurs when the
separation reaches 10 nm. Here the Kerr rotation is greatly increased, with a peak absolute Kerr
enhancement of ~ 27X, while the resonance also narrows.
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Fig. 7. Wavelength dependence of magneto-optical response for a gold disc of 120 nm
diameter diameter placed at different distances from the magnetic layer (the separation
between the gold disc and magnetic layer is indicated in the legend). (a) Shows the absolute
Kerr rotation, and (b) shows the absolute y component of the normalized electric field. For
clarity, data for the small smallest wavelengths has been omitted, since these showed behavior
most likely associated with the periodicity of the model rather than the particle/under-layer
separation.

A finer exploration of the parameter space around the separation yielding the largest Kerr
signal was performed, Fig. 8. Here we observe a maximal Kerr response for the system with a 9
nm separation, and a rapid fall off in signal either side of this separation. We also see lengthening
of the resonant wavelength with decreasing distance. This did not appear to occur for models
with larger separations, which showed little change in the resonant wavelength as a function
of changing separation. It should be noted that separations of < 10 nm may be realised for an
antenna defined on the tip of an atomic force microscope probe [29].
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Fig. 8. Wavelength dependence of magneto optical response for a gold disc of 120 nm
diameter diameter placed at different distances from the magnetic layer (again separation
between the gold disc and magnetic layer is indicated in the legend). The spacing has been
changed in finer steps around the value that showed the largest MOKE response in Fig. 7. As
in the previous figure, (a) shows the absolute Kerr signal and (b) the normalized amplitude
of the back reflected y component of the electric field. Here we see the maximum Kerr
signal for a 9 nm gap, with a fall off in signal for gaps larger or smaller than this value. In
addition, around 9 nm separation the resonant wavelength depends upon spacing, which was
not observed for models with separations larger than 15 nm.

In order to provide insight into the spectra produced by different separations, Fig. 9 shows a
comparison of the electric field distribution around the antenna, for a 40 nm separation, and the
9 nm separation that yields the largest Kerr signal. Note the field around the antenna appears
to induce a higher field in the magnetic layer for the 9 nm separation. In addition the 40 nm
separation shows a relatively symmetric field around the antenna, whereas for the 9 nm separation
the field is concentrated on the side of the disc which faces the magnetic material. At the optimal
separation a Kerr signal of over 8000 mDeg is observed, this represents a more then 100 fold
increase of the ~ 75 mDeg response of the magnetic film alone. To the best knowledge of
the authors, this enhancement represents the largest increase in MOKE signal predicted for a
system in which the magnetic material has not been altered. However due to the comparatively
small values of the back reflected x and y components of the electric field, this mode would
not necessarily provide large signal amplitude in practical experiments. It should also be noted
that the magnitude of the observed MOKE signal is the quantity most sensitive to the detailed
implementation of the model. Models with identical geometry but coarser mesh produce larger
MOKE responses, while retaining the resonant wavelengths, than models with finer meshes.
These models may therefore be better suited to predicting the conditions for resonance, rather
than the size of the MOKE response.
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Fig. 9. Electric field distribution of a 120 nm diameter gold disc placed at distances of 40
nm, 30 nm, 20 nm, and 9 nm from the magnetic material. The cross-sections show the x
component of local field, normalized by the incident field amplitude, plotted at one instance
in phase. a) The field distribution for a cross section through the center of the Z, £ plane. For
clarity the color scale is limited to a maximum of 10 in the positive direction, the peak values
are 16.0 for the 40 nm separation, and 29.3 for the 9 nm separation. b) The field distribution
for a cross section through the center of the Z,  plane. The field appears to penetrate further
into the magnetic layer for the case of 9 nm separation, which can be most clearly seen in the
comparison of the Z, § plane field distribution.

Clearly the observed behavior is very sensitive to both the geometry of the disc, and it’s
separation from the sample. From the exploration of the parameter space reported here, two
important relationships have been determined that might guide magneto-optical plasmonic
antenna design. Firstly, the disc size has a strong influence upon the resonant wavelength,
and some influence on the size of the enhancement at resonance, with larger discs producing
(generally) larger magneto-optical response. Secondly, the separation between the antenna and
the magnetic layer has a significant influence upon the size of the absolute Kerr response, and
shape of the rotation and ellipticity spectra. By manipulating these two basic parameters it should
be possible to tune an antenna to a desired wavelength, and then maximize the observed Kerr
signal by positioning it sufficiently close to the magnetic material.

4. Conclusion

It has been demonstrated that the MOKE signal from a magnetic film may be calculated using
commercially available finite element modelling software. The calculations have been shown
to be robust, and, through appropriate choice of geometry and boundary conditions, both the
polar and longitudinal MOKE response of a planar system can be determined. The rotation
and ellipticity values calculated by the finite element method agree with analytical results for a
semi-infinite medium to within 1 mDeg, or 2% the total for the material parameters used here. In
addition the introduction of a gold nano-disc leads to a wavelength dependent resonance in the
calculated MOKE signal. The signal at resonance is enhanced by a factor that depends upon the
diameter of the disc and its separation from the magnetic material, and in some cases can reach a
factor of over 100 times the magneto-optical response of the planar film in the absence of the
disc. This platform allows one to model plasmonic resonators of more complicated geometry
and composition, and their interaction with magneto-optically active materials. This work will
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influence future probe design, and may lead to a probe capable of more sensitive or higher
resolution magneto-optical imaging through combination with the platform developed in [29]
Keatley et al. Such probes will be of increasing importance as magnetic and spintronic devices
exploit magnetization dynamics that occur on length scales less than 100 nm and on time-scales
within the pico-second regime.
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