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Abstract

It has been apparent for some time that desirable plasmonic properties can be produced by combining

certain component materials into a variety of nanometer-scale structures. A logical next step would be

to develop the ability to actively tune the plasmonic properties of a particular nanostructured material.

Exploration of such active tuning methods is at the forefront of plasmonics research. One such technique

may be to make use of the magnetization within the material, controlled via external �eld, in order to

alter the conditions necessary for plasmon excitation. Presented here are preliminary measurements of

re�ectivity for one such nanostructured material�a Co �lm patterned with a hexagonal lattice of holes.

Such re�ectivity measurements are useful in determining the optimal conditions for plasmon excitation in

a sample, but are often limited to only a few wavelengths of incident light. Use of a white light source and

spectrometer allows for resolution in both incidence angle and incident energy. Di�erent polarizations of

light as well as di�erent incidence directions relative to the hole lattice are considered.

Introduction

The rapidly growing �eld of plasmonics seems to promise technological application in a wide range of �elds
including medical probing and photonic circuitry. Plasmonically active materials o�er new ways to manipu-
late light while also functioning at sub-wavelength size scales. As sample fabrication techniques continue to
improve, new nanometer-scale structures containing an increasingly wide range of component materials can
be explored. By combining di�erent elements into various geometries, plasmonic e�ects may be explored
and ultimately tuned. However, such tuning is inherently passive, and cannot necessarily be changed once
a structure is formed. Being able to actively tune the plasmonic activity of a structure would be highly
desirable in many situations, for example in switching devices inside photonic circuits. Thus, research in the
sub�eld of magnetoplasmonics is growing. Because the magneto-optic properties and plasmonic properties
both depend on the electric permittivity of a material, it seems reasonable to expect that by applying an
external magnetic �eld to a sample, one might observe changes to the plasmonic behavior. Conversely, it
may prove useful to use plasmon excitation as a means to alter the magneto-optic behavior of a material [1].

In the development process of such actively tunable devices, the �rst step is to study both the plasmonic
activity and the magneto-optic response of a sample in tandem. Such studies are necessary in order to
gain insight into how the two properties a�ect one another, and ultimately how one may be used to control
the other. One way to study such properties is to combine re�ectivity measurements with magneto-optic
Kerr (MOKE) measurements. By measuring re�ectivity spectra, one can develop an understanding of the
necessary conditions for exciting localized surface plasmons (LSPs) or surface plasmon polaritons (SPPs),
where the type of surface plasmon produced depends on the nature of the sample. By taking concurrent
MOKE measurements, magneto-optic e�ects can be compared for cases with plasmon excitation versus cases
without.

Presented here are re�ectivity measurements of a Co �lm patterned with a hexagonal array of holes.
Traditionally, angularly-resolved re�ectivity measurements are made using a laser source. However, it will
be shown that it possible to instead use a white light source combined with a spectrometer in order to
produce a re�ectivity map which is resolved in both incidence angle as well as beam energy.
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Figure 1: The sample �lm consists of a 100 nm Co layer sandwiched between a 2 nm Ti seed layer and a 2
nm Au capping layer, all on a Si substrate. This �lm has been perforated with a hexagonal lattice of holes
which penetrate to the substrate.

Experiment

The sample of interest was a 100 nm thick Co �lm, sandwiched between a 2 nm Ti seed layer and a 2 nm
Au layer for protection against oxidation as well as for enhancement of plasmon activity. The entire �lm
was grown on a Si substrate (Fig. 1). The �lm was not continuous, and instead contained a hexagonal
array of holes which penetrated to the substrate (Fig. 2). Hole diameters are approximately 270 nm and
the distance between neighboring hole centers is approximately 470 nm. A more detailed description of the
sample growth method can be found in [2] where a similar Ni antidot sample was studied.

The experimental setup was relatively simple, and only required a few di�erent components. The light
source was a THORLABS OSL1-EC High Intensity Fiber Light source, which used a lamp with 3200K color
temperature. This lamp produced radiation spanning the visible spectrum. The detector used to measure
re�ected spectra was an Avantes Avaspec-2048 spectrometer which utilized a grating designed for di�raction
in the wavelength range of 175-1100 nm and a 2048-pixel CCD detector. Both the lamp and spectrometer
were attached to �ber optic cables (600 µm core diameter) designed for optimal transmission in the 180-1150
nm range. Furthermore, a collimator with 633 nm alignment was attached to the end of each �ber optic
cable. 633 nm alignment was chosen because this wavelength lay closer to the middle of the lamp spectrum
than any of the other available alignments.

The beam path was as follows (Fig. 3): light originating from the lamp travelled through a �ber optic
cable and collimator and was directed through a linear polarizer toward a lens which focused the light into
a small spot on the sample. After re�ection from the sample, the light passed through a second lens which
directed all re�ected light into the second collimator and �ber optic cable, which led to the spectrometer.
A long path length between the �rst collimator and the focusing lens was chosen in order to decrease the
focused beam spot size. This also resulted in a reduction of maximum possible beam intensity, but this was
not an issue because all measurements were made with the lamp power set at the minimum possible value.
A mirror was included in order to increase the path distance from the light source to the �rst lens where
limited table space was available.

The measurements were made keeping as many components stationary as possible. The �rst collimator,
polarizer, mirror, �rst focusing lens, and sample position were kept constant. The refocusing lens and second
collimator where mounted onto a single rail and were thus immobile relative to each other. For each spectrum
measurement the sample was rotated slightly, thereby changing the incident angle of the light beam. The
rail holding the refocusing lens was then moved by hand and realigned with the re�ected beam, and the
new angle estimated using the mounting holes of the optics bench. The uncertainty of the angular position
of the second collimator was approximately ±1.3 degrees. The beam divergence resulting from the use of
a focusing lens was approximately ±2.3 degrees. Combined, the uncertainty for each angle of incidence
was thus roughly ±3.6 degrees. The angle of incidence was changed in increments of around 5 degrees.
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Figure 2: An AFM image of a 5x5 µm2 section of the sample surface. Dark spots represent the holes in the
trilayer �lm. Also de�ned are the ΓK and ΓM directions, i.e. the nearest-neighbor and next-nearest-neighbor
directions, respectively.

Figure 3: The lamp emitted light which was guided through a �ber optic cable and emitted by a collimator.
The beam was shone through a linear polarizer (not shown) then focused onto the sample, and the re�ected
beam was focused into a second collimator and guided to a spectrometer via �ber optic cable.
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However, because everything was moved by hand between measurements, these increments actually varied
from roughly 4 degrees to 7 degrees.

Results and Discussion

Despite the manual nature of the measurement process, the �nal measured re�ectivity maps showed some
clear features. In total, four maps were produced, corresponding to both s- and p-polarized light being
re�ected along both the ΓK and ΓM directions (Fig. 4). Re�ectivity is in arbitrary units, and is normalized
using the re�ectivity spectrum of an Al mirror which was assumed to re�ect uniformly across the entire lamp
spectrum. Incidence angles follow the optical convention, where 0 degrees corresponds to normal incidence.

As can be seen in the maps, there is a wide �trough� in the re�ectivity (dark area) at about 3 eV which
exists for most incidence angles (up to around 70 degrees) and does not seem to depend on light polarization
or the orientation of the plane of incidence relative to the hole lattice. In the case of p-polarized light, there is
also a clear trough around 65-70 degrees for all wavelengths. This is most likely the location of the Brewster
angle for the sample. From the measured data it is di�cult to determine whether the Brewster angle is the
same for incidence in the ΓK vs. the ΓM direction, and thus whether or not there is a structural e�ect. A
subsequent measurement using a laser of speci�c energy coupled with a goniometer (for improved angular
resolution) may be useful for clarifying whether the hole lattice itself a�ects the Brewster angle.

The ubiquitous trough around 3 eV in all four maps may be due to a property of the materials themselves,
rather than of the structure. Inter-band transitions in the Co or Au could be one possible explanation for
this broad dip in re�ectivity. This seems reasonable considering the rise of the imaginary part of the electric
permittivity of Au beginning around 2 eV, as shown in Fig. 1.1 of [3]. It may also be that the upper edge of
this trough (around 3.25 eV) is not actually physical, and instead only appears at the energy where the lamp
intensity drops almost to zero. This would coincide with theoretical re�ectivity maps for identical anti-dot
�lms using Ni instead of Co (Fig. 5)[2].

Perhaps the most interesting feature is the appearance of a narrow trough which branches out into the
energies below the main 3 eV trough for the two p-polarized maps. It can be shown [3] that there can be no
transverse electric SPP modes, and therefore only p-polarized light can potentially excite SPPs. Also, the
corresponding branch of theoretical map of Fig. 5 is a result of SPP excitation. Because this narrow branch
in the re�ectivity maps only appears for p-polarized light and matches the theoretical map very well, it
seems almost certain that this observed drop in re�ectivity corresponds to SPP excitation. Furthermore, the
branches extend in somewhat di�erent paths depending on the orientation of the sample relative to the plane
of incidence. For the ΓK direction, the branch originates at roughly 2.5 eV for normal incidence, and drops
to around 1.8 eV for grazing incidence. For the ΓM direction, the branch originates at roughly the same
point, but drops more steeply, ending at around 1.5 eV for grazing incidence. This di�erence suggests that
the excited SPPs are dependant on the hole array structure, rather than purely on the materials themselves.

It has also been shown [3] that in many cases, SPP excitation is not possible using light incident on
a metal-dielectric interface. This is a result of phase matching issues between the incident light and the
produced SPP. Nevertheless, one way to overcome this e�ect is to pattern the metal surface with a grating
of grooves or holes, as in the case for the current sample of interest. The plasmon wavevector ~kSPP for a
hexagonal array of holes is [2, 3]

~kSPP = ~kx ±m~Gx ± n~Gy∣∣∣~kSPP

∣∣∣ = k0

√
εmεd
εm + εd

where ~kx is the component of the incident wavevector parallel to the surface, ~Gx and ~Gy are the basis vectors
of the reciprocal hexagonal lattice, m and n are integers, and εm and εd are the real parts of the electric
permittivities of the metal and dielectric, respectively.

The role of the Au capping layer must not be forgotten either. Although this layer is much thinner than
the Co layer, it is in fact the Au/air interface which sustains any SPPs which are excited. However, because
the Au layer is so thin, the SPPs produced will still be in�uenced by the underlying Co. This Co layer
will potentially play a larger role in later MOKE and Faraday measurements, where the interplay of sample
magnetization and plasmonic behavior will be studied.
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Figure 4: Four re�ectivity maps were measured. The vertical bars represent individual spectra which were
measured at varying angles of incidence. Dark areas correspond to low re�ectivity and light areas to high
re�ectivity, in arbitrary units.
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Figure 5: A theoretical re�ectivity map for a similar Ni antidot �lm with p-polarized light incident in the
ΓK direction, borrowed from [2]. Besides replacing Co with Ni, all other parameters are the same as for the
experimentally measured sample. As Co and Ni have similar magnetic and optical properties, it is expected
that the two should produce similar re�ectivity maps.

It should also be noted that due to the age of the sample (several years), the originally smooth Au surface
has rearranged to form an irregular pattern of bumps, as can be seen in Fig 2. It may be possible that these
raised domes are able to sustain LSPs. However, these domes appear to vary widely in size and shape,
and would therefore not contribute en masse to a single resonant excitation peak. Furthermore, any LSP
excitations that do occur would likely be weak due to the fact that the domes are only slightly raised. The
equipment used for this experiment would likely not be sensitive enough to resolve such e�ects.

In order to further develop the study of this Co anti-dot sample, several steps may be taken. First
of all, mounting the entire experimental setup onto a goniometer would allow for much �ner control of
incident angle as well as reduce the likelihood of slight changes in system alignment from measurement to
measurement. This is important due to the extreme sensitivity of the measured signal to the alignment
between the receiving collimator and re�ected beam. Furthermore, replacing the �rst focusing lens with a
pair of irises may provide a smaller incident beam with smaller divergence. If this reduces the beam intensity
too much, it may be possible to combine a focusing lens with irises to combat the problem. Another bene�t
of using a more permanent set up is the ability to more accurately measure the incident beam spectrum by
shining the beam directly into the receiving collimator, rather than re�ecting o� of a mirror placed at the
sample holder. This combined with more consistent alignment between measurements will allow for proper
normalization of re�ectivity.

Beyond improving the measurements presented here, use of a more permanent goniometer-based set
up will be useful for collecting other information, speci�cally MOKE and Faraday measurements. These
measurements would be the true next step for this sample. The gold in the sample is good for sustaining
plasmons due to its high conductivity, but adding a ferromagnetic material into the structure allows for the
study of interaction between the plasmonic and magnetic properties. Learning how one a�ects the other in
di�erent geometries and material combinations may eventually lead to future applications where a material's
magnetic properties are controlled via SPP excitation or vice versa.
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