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ABSTRACT
Large surface plasmon polariton assisted enhancement of the magneto-optical activity has been observed in the past, through spectral mea-
surements of the polar Kerr rotation in Co hexagonal antidot arrays. Here, we report a strong thickness dependence, which is unexpected
given that the Kerr effect is considered a surface sensitive phenomena. The maximum Kerr rotation was found to be -0.66 degrees for a
100 nm thick sample. This thickness is far above the typical optical penetration depth of a continuous Co film, demonstrating that in the
presence of plasmons the critical lengthscales are dramatically altered, and in this case extended. We therefore establish that the plasmon
enhanced Kerr effect does not only depend on the in-plane structuring of the sample, but also on the out-of-plane geometrical parameters,
which is an important consideration in magnetoplasmonic device design.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5079713

I. INTRODUCTION

Plasmonics allow for the confinement of light on length-scales
smaller than the incident wavelength, leading to dramatic enhance-
ments of the electric field within the confining material. Magne-
toplasmonics marries ferromagnetism with plasmonics and aims
to exploit this field-enhancement in order to produce active opti-
cal devices which are tunable, by an external magnetic field.1–5

The Kerr effect is a well studied example by which magnetism can
be used to alter the polarization state of light. However, in pure
ferromagnetic thin films the magnitude of the effect is compara-
tively small. Nevertheless, it has been shown that it can be dra-
matically enhanced when magnetic materials are combined with
plasmonic materials. This enhancement of the magneto-optical (M-
O) effects, especially that of the polar and transversal Kerr effects,
has been reported for both types of plasmonic excitations: localized
surface plasmons (LSPs)6–12- and for propagating surface plasmon

polaritons (SPPs).13–19 Examples include hybrid nanostructures of
noble metal/ferromagnetic structures such as Co/Au,20 YIG/Au,19

and Au/Co/Au trilayers,16,21–23 as well as in patterned pure mag-
netic films.24–32

In all cases, the mechanism for the increased M-O response can
be attributed to the enhanced and localized electric field provided
by the plasmon excitation, as very recently shown by correlating
the near-and far-field optical and magneto-optical responses.15 In
this study we investigate the contribution of finite size effects from
varying the thickness of the ferromagnetic layer, which, despite the
numerous studies on materials combinations and pattern geometry,
has received little attention. Previously, González-Díaz et al.22 used
the Kretschmann configuration with Au/Co/Au trilayers to investi-
gate the enhancement of the transverse magneto-optical Kerr effect
signal, for different Co thicknesses, as a result of propagating SPP
modes at the Au/air interface. They found an optimum Co thickness
of 6 nm, where the redistribution of the electromagnetic field in the
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magnetic layer due to the SPP excitation at the Au/air interface is
the strongest. However, since they were investigating a hybrid struc-
ture, whereby the SPP was excited at the Au interface, their study
was limited to a maximum Co thickness of just 9 nm. This is due
to the relatively short decay length of the evanescent wave from the
SPP into the metal along the interface normal direction. Typically,
the penetration depth (δ) defines the thickness range over which the
enhancement can occur, which for Co is ≈ 13 nm17 within the visible
range of wavelengths. However, in patterned hole array structures
(or so-called antidot structures) where SPPs can be excited at nor-
mal incidence, δ can be dramatically enhanced, yielding an effective
δ which can extend above 100 nm.33 The presence of holes in an
otherwise continuous film allows for SPPs to couple to both sides of
the film, resulting in “extraordinary optical transmission.”34 Wood’s
anomalies also exist as a result of SPPs, whereby one of the diffracted
orders is transmitted tangentially to the array and along the film
surface.35

Recently Luong et al.36 completed a detailed study investigat-
ing the thickness dependence of the Faraday effect in Co antidot
arrays on glass substrates. They found a maximum Faraday rota-
tion for antidot arrays with a thickness of 30 - 50 nm. This was due
to resonant excitation of SPPs and/or field-enhancement at Wood’s
anomalies. In a similar work, Caballero et al.37 showed that this
thickness range can be increased by incorporating thin gold layers.
However, even then, when working in the transmission configura-
tion, limitations are applied to the available useful thickness range
due to increased absorption in the film.37 It is therefore interesting
to consider the thickness dependence when working in reflection,
which would not be subject to the same thickness limitations, as it is
inherently a surface sensitive probe.

In this communication, we investigate the thickness depen-
dence of the polar Kerr effect in reflection, for a series of Co antidot
films with thicknesses in the range 20 - 100 nm. We combine mea-
surements of the spectral optical reflectivity and spectral polar Kerr
rotation, together with theoretical simulations in order to under-
stand the thickness dependence of the SPP enhanced M-O activity.
The polar Kerr effect is inherently a surface sensitive phenomena
and would generally be considered insensitive to thicknesses above
the penetration depth for continuous films. However, we reveal a
strong dependence of the polar Kerr rotation on the magnetic layer
thickness when the effect is coupled to resonant plasmonic excita-
tions. The study is focused on Co films, with film thicknesses (t)
smaller than the wavelength of the incident light (λ), but larger than
the penetration depth (δ) of the bulk Co metal.

II. EXPERIMENTAL
A. Sample fabrication

Three Co films were patterned by the use of self-organization
of colloidal polystyrene beads on Si substrates as shadow masks, see
Ref. 25 for further details. The final layout of the samples is pre-
sented in Fig. 1a). The hexagonal hole structure has a periodicity of
a0 = 470 ± 15 nm and hole diameters of d = 260 ± 10 nm. A 2 nm
buffer layer of Ti was initially deposited for better adhesion of the Co
onto the Si, and Co layers with different thickness were grown onto
this seed layer. To prevent oxidation of the Co surface, a capping
layer of 2 nm Au was deposited. All layers were grown with electron

FIG. 1. a) SEM image of a typical sample. The real-space unit vectors are defined
on the hexagonal hole arrangement by the vectors a⃗1 and a⃗2. The principal direc-
tions for nearest-neighbour and next nearest-neighbour are therefore [10] and [11]
respectively. b) The corresponding reciprocal lattice with reciprocal-space unit vec-
tors b⃗1 and b⃗2. The first Brillouin zone is shown in red. All measurements were
made along the ΓM direction, which corresponds to the [11] direction in real-space.

beam evaporation. The final structure of the samples is: Si(111)/Ti
(2 nm)/Co (X nm)/Au (2 nm), with X being 20, 60, or 100 nm. A con-
tinuous thin film with X = 20 nm was also prepared at the same time,
to be used as a reference sample. The hexagonal hole arrangement
is described by the real-space unit vectors a⃗1 and a⃗2, as shown in
Fig. 1a). From this basis, the nearest-neighbour and the next nearest-
neighbour directions are defined as [10] and [11] respectively. These
directions are of particular importance for the activation of SPPs.27

The corresponding reciprocal lattice vectors, b⃗1 and b⃗2, are shown in
Fig. 1b). The first Brillouin zone is shown in red. All measurements
were performed with the light polarization along the ΓM direction,
which corresponds to the [11] direction in real-space.

B. Experimental methods
The Kerr rotation is measured in the polar configuration as a

function of the incident light wavelength. A mercury lamp source
is used to obtain a broadband white light spectrum, which is
then monochromatized using a grating monochromator. After the
monochromator, the light is sent first through a high-pass filter, to
remove any higher harmonics. Following this, it passes through a set
of beam-shaping and focusing lenses to maximize the light inten-
sity reaching the sample and through the bore in the electromagnet
pole piece. Prior to the sample, the light passes through a fixed initial
polarizer, which is used to define the polarization state with respect
to the principle axes of the hexagonal antidot array. Inside the elec-
tromagnet the light is incident on the sample at an angle of 4 degrees.
The maximum magnetic field strength is 1.6 T.

To minimize the noise, the light is modulated with either a
chopper (for λ < 400 nm) or a Faraday cell (for λ > 400 nm). Light
which is specularly reflected from the sample passes out through a
second bore in the pole piece, and then through a second polarizer
before being focused onto the detector. The modulated signal is mea-
sured using either a Si-photodiode detector or a photo-multiplier
tube connected to a lock-in amplifier. The second polarizer is
automated, such that it rotates until the minimum detector signal
is obtained, corresponding to the crossed-polarized configuration.
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This experiment configuration reflects a simplified scenario of the
generalized magneto-optical ellipsometry method.38 The polar Kerr
rotation is measured in absolute values (degrees) by measuring the
difference between the extinction angles of the second polarizer
θext, as measured after magnetically saturating the sample in the
two polar directions. The absolute Kerr rotation is calculated from
θKerr = 1

2(θext(+H)−θext(−H)). The same setup is used for the spec-
tral reflectivity measurements, but, for this scenario, the specularly
reflected light is guided directly onto the detector and the second
polarizer is removed. Reflectivity is measured relative to the inten-
sity of the direct beam. For this work, spectral reflectivity and Kerr
rotation were measured for an energy range from 1.5 eV up to 4 eV
(λ = 310 - 820 nm). The polar Kerr rotation spectra was measured
with the sample in a saturated magnetic state (applied magnetic field
µ0H = 1.1 T).

III. RESULTS
A. Optical reflectivity

The measured specular reflectivity of the antidot samples is
shown in Fig. 2a), with the polarization aligned along the next
nearest-neighbour [11] direction and is p-polarized with respect to
the scattering plane defined by the 4 degree angle incident beam and
the normal to the sample surface. The measured data has been nor-
malized to the 1.5 eV value. Both the 20 nm continuous film and
the 20 nm antidot samples show similar behaviour, with a decrease
in the specular reflectivity as the energy increases. For the 60 nm
antidot sample, a minimum in reflectivity occurs at ≈ 2.81 eV. This
feature becomes more pronounced for the 100 nm sample and is
redshifted to ≈ 2.69 eV. At higher energy, a broad but intense mini-
mum occurs around 3.75 eV and 4.0 eV for the 100 nm and 60 nm
samples respectively. However, since the Si substrate becomes highly
absorbing for energies above 3.2 eV, these features are treated with a
degree of caution. Furthermore, a similar feature is observed in the
20 nm continuous film, thereby suggesting it has no correspondence
to the antidot array or any plasmonic origin. We consider that the
features at 2.81 eV and 2.69 eV for the 60 nm and 100 nm samples
respectively are the result of resonant coupling of the light to the

2D lattice, via SPPs excited at the Co/air interface. Due to the high
refractive index of Si, the primary SPP excitations at a Si/Co interface
would occur at much lower energies and can not explain the features
at 2.81 eV and 2.69 eV. Furthermore, absorption within the Co film
severely limits any contribution from the buried Si/Co interface.

The reflectivity spectrum calculated using the scattering matrix
approach39 is shown in Fig. 2b). A reduction in reflectivity is
observed when SPPs are excited, and the simulation shows good
agreement with the experiment as indicated by the vertical arrows
depicting the calculated energies of the SPPs associated with the
Co/air interface. In particular, the calculated reflectivity spectra
reproduces the redshift with increasing thickness, by which the pri-
mary Co/air SPP resonance shifts from 2.76 eV to 2.68 eV when
increasing the Co thickness from 60 to 100 nm.

To be consistent with the experiment, the theoretical curves
were calculated for a 4 degree incidence angle, and consequently an
additional feature appears in the calculated reflectivity at ≈ 3.1 eV.
This originates from the lifting of the degeneracy between the plas-
monic modes when not operating at normal incidence. In the exper-
iment we do not see these dips in the measured specular reflectivity
curves. It is considered this is due to their lower relative intensity in
combination with sample geometrical imperfections and the smaller
resolving power of our reflectivity measurement. The effect of this is
to smear out any plasmonic features as compared to the theoretical
curves which assume perfect lattice periodicity and perfectly smooth
interfaces.

When discussing the thickness dependence, we consider that
with reducing Co thickness the electronic properties may begin to
differ from that of the bulk material. It could be expected that by
reducing the thickness, the electrical conductivity would decrease,
causing the real and imaginary parts of the refractive index to vary
from that of bulk. This has been observed for un-patterned Ni and Al
films, for which the refractive index exhibits a thickness dependence
even above the film percolation thickness, which can be attributed to
grain-boundary scattering.40,41

In order to try to accommodate for these finite size effects, the
optical constants for Co used in the calculation were obtained from
experimental measurements of 20 nm Co thin films.42 However,
this may still be insufficient to account for increased roughness or

FIG. 2. a) Measured specular reflectivity for 100 nm, 60 nm,
20 nm antidot films as well as the 20 nm reference film as
function of incidence light energy. b) Calculated reflectivity
using the scattering matrix approach for the 20 nm, 60 nm
and 100 nm antidot films. In both figures, the data has been
normalized to the 1.5 eV value of each dataset to aid the
clarity of comparison. The angle of incidence is 4 degrees
for both the simulation and experiment. The arrows indi-
cate the predicted energies at which SPPs would be excited
at the Co/air interface based on the calculated reflectivity.
Reflectivity minima are observed at the predicted energies
where SPPs would be excited.
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FIG. 3. a) Measured spectral polar Kerr rotation for the
100 nm, 60 nm, 20 nm antidot films as well as the 20 nm ref-
erence film. The patterned samples show clear changes in
the Kerr spectra at different thicknesses. Strong enhance-
ment of the Kerr rotation is obtained from the 60 nm and
100 nm samples. The inset shows a magnified comparison
of the 20 nm patterned and reference films in the optical
region where the Si becomes highly absorbing. b) Calcu-
lated polar Kerr rotation spectra for 20 nm, 60 nm and
100 nm antidot films. The inset shows a comparison with
the measured (data points) and calculated (solid lines) data
for the 60 nm and 100 nm antidot samples, which shows
good agreement between the shape and position of the M-O
enhancement.

reduced grain size, which can result as a consequence of the litho-
graphic processing. A reduced conductivity would result in poorer
screening of the electric field around the antidot, resulting in a larger
effective hole diameter. This in turn would result in broader, lossy
and less intense resonances, as is observed in Fig. 2a).

B. Plasmon enhanced polar Kerr rotation
After discussing the pure plasmonic contribution, we now

move to discuss the resulting M-O enhancement. Spectral mea-
surements of the Kerr rotation (θKerr) are shown in Fig. 3a). There
is a considerable enhancement in the θKerr when the thickness is
increased. This enhancement is over a range of 100 nm, substan-
tially thicker than the penetration depth in Co which is ≈ 13 nm17

over the measured energy range. The thinnest sample of 20 nm
presents a very small signature of SPPs in its reflectivity curve and
does not exhibit a significant difference in the Kerr spectrum with
respect to its continuous counterpart. For the 60 nm and 100 nm
samples we observe maximal θKerr for a photon energy of approx-
imately 2.81 eV and 2.69 eV respectively. These energies correlate
well with the observed minima in reflectivity which we established
as originating from the excitation of SPPs. The θKerr enhancement at
2.69 eV for the 60 nm sample is weaker and appears broader than
the counterpart feature at 2.81 eV for the 100 nm sample.

A surprising characteristic of the Kerr rotation spectra, shown
in Fig. 3a), is the behaviour above 3.5 eV. For the 60 nm sample,
θKerr continues to increase in magnitude and around 4 eV is three
times higher than the continuous film. Likewise for the 100 nm sam-
ple there is a dramatic enhancement of θKerr, peaking at ≈ 3.75 eV.
However, we consider that these features do not constitute a real
θKerr enhancement and are likely associated with the dramatically
reduced reflectivity of the samples in this energy region, as indicated
in Fig. 2a). Furthermore, as shown in the inset of Fig. 3a), both the
20 nm antidot and the reference films show a dip in the same region.
We expect that this perceived dramatic enhancement for the 60 nm
and 100 nm samples is more likely associated with this weak non-
plasmonic enhancement of θKerr (which is visible even in the 20 nm
reference film) and is then exacerbated by the near-zero reflectively
of the 60 nm and 100 nm antidot samples in this energy region.

As with the optical reflectivity, the Kerr rotation shows little
difference between the continuous 20 nm Co film and the patterned
Co film. The same arguments based on the reduction of film con-
ductivity with reducing thickness, along with the fact that at 20 nm
the thickness begins to approach δ, can be used to explain the lack of
plasmonic activity in the M-O spectra for the 20 nm antidot sample.

Calculations of the polar Kerr rotation are shown in Fig. 3b),
capturing well the size and the shape of M-O enhancement. There
is excellent agreement between the predicted energies for the SPP
enhancement of the polar Kerr rotation signal for the 60 nm and
100 nm samples. This is more clearly demonstrated in the inset of
Fig. 3b), where it is visible that even the magnitude of the enhance-
ment is in near agreement for the 100 nm sample. Similar to the
calculated reflectivity, the calculated Kerr rotation also shows addi-
tional features which arise due to the splitting of the plasmonic
excitation in different directions as we move away from the nor-
mal incidence. These occur at 3.0 eV and 3.1 eV for the 100 nm
and 60 nm films respectively. Interestingly, in the measured Kerr
rotation for the 100 nm sample, there is an indication of a shoul-
der feature in the spectra at approximately 3.0 eV, which could be
related to this effect.

The very large enhancement at ≈ 3.75eV seen in the experiment
for the 100 nm antidot sample is not reproduced in the calculations,
which further compounds evidence that this is an artifact associated
with the near zero reflectivity of the sample in this region.

IV. CONCLUSIONS
In conclusion we have shown a new way to manipulate the M-

O response of magnetoplasmonic structures, taking advantage of the
thickness of the magnetic layer. We have used patterned Co hexag-
onal antidot lattices, with different thicknesses, to generate a large
enhancement of the polar Kerr rotation as a result of SPP excitation.
We reveal that it is not only the in-plane structure which defines
the excitation conditions for SPPs, but also that the out-of-plane
structure of the magnetic layer plays a crucial role, which can be
easily modified by changing the thickness. This is true even for thick-
nesses well above the penetration depth of the continuous Co film,
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demonstrating the importance of the enhanced penetration depth
accompanied by SPP excitation in antidot structures. The thickness
dependence is further confirmed in the related M-O enhancement.
We have shown that the thickness dramatically modifies the Kerr
rotation enhancement by SPP excitation and consequently provides
new routes for tailoring the functionality of patterned structures,
where the influence of the thickness on the M-O activity should be
taken into account.
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