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Svensk Sammanfattning
Föreställ dig att ett barn kastar en sten i en sjö. Vågorna rör sig bort ifrån platsen där stenen landade,
men vattnet flyttar sig ingenstans. Varje vattenmolekyl rör sig enbart upp och ned. Föreställ dig nu
en bit metall. Vi vet att den kan leda elektricitet, och det är möjligt på grund av att det finns många
elektroner i materialet som kan flytta runt hur som helst— så länge de stannar i metallen. De är fångade
i materialet, precis som vattenmolekylerna är fångade i sjön. Och precis som med vattnet är det möjligt
att producera vågor som rör sig genom ”havet” av elektroner längs med metallens yta. Sådana vågor
heter plasmoner, och dessa plasmoner har väckt stort intresse inom materialfysikvärlden.

Plasmoner består av två delar. Första delen är elektronisk och består av elektroner i metallen som
rör sig fram och tillbaka. Andra delen är en elektromagnetisk våg— ljus— som finns precis ovanför
metallens yta och oscillerar med samma frekvens som elektronerna. Ljuset kan inte komma in i metallen
och elektronerna kan inte lämna den, och därför är plasmonen fångad på ytan. Eftersom plasmonerna
existerar som en kombination av dessa två komponenter, elektroner och ljus, har de många av elektroner-
nas och ljusets egenskaper. Men plasmoner har också nya unika egenskaper som de två komponenterna
inte har var för sig. En gemensam egenskap för alla tre (plasmoner, elektroner och ljus) är exempelvis
möjligheten att skicka signaler. Med ljus använder man fiberoptikkablar för att skicka signaler, medan
man med elektroner och plasmoner använder vanliga ledningar. Med elektroner kan man skicka signaler
med ganska låg frekvens genom små ledningar, enbart 15 nanometer breda. Det är därför det är bra att
använda elektricitet i små och komplicerade kretsar som kan hittas i t.ex. moderna datorprocessorer. Å
andra sidan kan ljus användas för att skicka signaler med mycket högre frekvens, men då måste kablarna
vara mycket större än de för elektriciteten— ungefär 1000 nanometer.

Med plasmoner är det möjligt att kombinera de bästa egenskaperna hos både elektricitet och ljus. En
plasmon upprätthåller den höga frekvensen från sin ljusdel, men den kan existera på ett mycket mindre
utrymme än det ensamma ljuset. Det är därför forskare hoppas att en dag kunna bygga "plasmoniska"
processorer som använder plasmoner istället för elektricitet och i och med detta fungerar mycket snabbare.
För att detta ska vara möjligt räcker det dock inte att bara producera plasmoner, vi måste också kunna
kontrollera dem och i dagens läge finns mycket forskning som fokuserar på just detta. Det finns många
idéer om hur detta kan eller ska göras. En idé är att använda yttre magnetfält för att magnetisera
materialet där plasmonerna finns.

I detta projekt har målet varit att utöka vår kunskap om hur plasmonrelaterade egenskaper förändras
när man introducerar ett yttre magnetfält i ett specifikt material. Det studerade materialet består av
små skivformade öar som ligger i rader på en kiseldioxidyta. Varje ö innehåller 20% järn och 80%
palladium. Vi mätte reflektiviteten och transmissionen för alla synliga våglängder av ljus från en mängd
olika infallsvinklar. I dessa mätningar förväntade vi oss att se stora förändringar inom reflektivitet och
transmission när plasmoner produceras.

Vi har också studerat en effekt som kallas för transversell magnetooptisk Kerr-effekt (TMOKE). I
TMOKE mäter man först reflektiviteten när materialet är magnetiserat i en viss riktning, och sedan
en gång till med materialet magnetiserat i motsatt riktning. Skillnaden mellan dessa två reflektiviteter
ger information om de magnetiska egenskaperna hos materialet. Målet med detta projekt var att mäta
TMOKE och se om det hände något oväntat med materialet då det var i det speciella tillstånd som krävs
för att plasmoner ska kunna produceras.
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Abstract
At the interface between a metal and dielectric, it is possible for an electromagnetic wave to

couple with the conduction electrons of the metal to create a coupled oscillation known as a surface
plasmon. These surface plasmons can exhibit properties which are not shared with their purely
electronic or electromagnetic components. Such unique properties include the ability to transmit
plasmonic waves through sub-wavelength spaces, opening up the possibility of combining the high
data density seen in photonics-based information technologies with the nanometer-scale electronic
components of modern integrated circuitry. Other plasmon properties such as the highly resonant
nature of plasmon excitation may potentially lend themselves to novel cancer treatments and medical
probing techniques. In order to develop such technologies, a deeper understanding of surface plas-
mons and their relationship with a material’s properties and structure is necessary. In the present
work, angle- and energy-resolved optical measurements for a square lattice of circular Fe20Pd80 is-
lands are presented in the form of reflectivity and transmission maps, along with higher resolution
reflectivity, transmission, and TMOKE measurements for a few specific wavelengths. A theoretical
model describing the connection between plasmonic and magneto-optical behavior is described and
compared with the experimental data, showing a very high correlation.
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1 Introduction
The field of plasmonics, concerned mainly with localized and propagating surface plasmons, began to form
over a century ago. Indeed, the earliest descriptions of radio-frequency surface plasmons were available at
the start of the 20th century[1]. However, experimental exploration of visible-frequency surface plasmons
has only begun its rapid acceleration in the past few decades, and has led to important discoveries such
as the observation of unexpectedly high transmission of visible light through arrays of sub-wavelength
holes [2]. Such discoveries have been made in large part due to improvements in fabrication techniques
for a growing variety of nanostructured materials. The ability to control the structure and composition
of materials at the nanoscopic scale provides experimentalists with a sandbox within which to continue
exploring surface plasmon properties. Furthermore, continuous development of fabrication methods is
necessary for moving down the path towards both passive and active plasmonics applications. In passive
applications, the plasmonic properties of a material are obtained during fabrication and remain static
thereafter. Important examples of future passive plasmonics technologies include new cancer treatment
techniques[3] as well as high-efficiency thin film solar cells[4]. Active plasmonics, on the other hand,
involves manipulating the properties of materials post-fabrication. This may mean altering plasmonic
resonances by means of external fields, changing chemical environments, etc., or it may mean exciting
surface plasmons in order to influence other properties of a material. Such active plasmonics may one
day be found in the components of plasmonic circuitry (in the form of switches, bits, etc.) [5], as well as
in chemical and medical probing methods [6].

There are many proposed methods for actively controlling a material’s plasmonic properties via some
sort of external stimulus, as well as for exciting plasmons in order to elicit a change in another property
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of the material. One sub-field involving such concepts is known as magnetoplasmonics, where external
magnetic fields or material magnetization are used to modulate plasmonic resonances, or conversely,
where plasmon resonances may be used to alter the magneto-optical properties. Current magnetoplas-
monics research mainly focuses on studying the interplay between plasmonic properties and magnetic
properties.

In an effort to add to the current understanding of this interplay, the current work contains optical
and magneto-optical measurements which have been made on a two-dimensional (2D) lattice of Fe20Pd80
disk-shaped islands grown on a SiO2 substrate. The purely optical measurements have been made with
the purpose of identifying surface plasmon resonances, manifested as sudden changes in reflectivity for
specific combinations of incident angle and energy. Theoretical predictions of the conditions (in terms
of incident angle and energy) are also presented and compared with experiment. Finally, the magneto-
optical measurements can then be compared with the purely optical spectra, particularly in locations
where the conditions for plasmon excitation are met. With both theoretical and experimental motivation,
it will be argued that there is a strong connection between the magneto-optical and plasmonic properties
of this structure.

2 Theoretical Background
In order to study the interplay between plasmonic and magneto-optical phenomena within a material,
one can only get so far with experimental data alone. An understanding of the theoretical models
which describe such phenomena is necessary for interpreting the measurements. In the present case, it is
important to understand two main topics. The first involves the relevant necessary conditions for exciting
surface plasmons in a material. The second topic covers the magneto-optical effects which govern how
light interacts with magnetized media.

2.1 Plasmons (LSPs and SPPs)
Intense experimental research into surface plasmons began only in the past few decades, but this is not
to say that the theory describing plasmons is particularly complicated. Plasmon behavior is qualitatively
fairly simple and easy to understand. One can imagine throwing a stone into a pond. Waves propagate
outward from where the stone hits the water, but the water molecules themselves do not travel anywhere.
Instead, they simply oscillate up and down. A plasmon is a similar sort of wave, except that instead of
propagating through water, it propagates through a “cloud” of charged particles, such as the conduction
electrons inside of a piece of metal.

Although two general types of plasmons exist– bulk plasmons and surface plasmons– only the latter
sort have gained much interest in condensed matter physics. Simply put, a surface plasmon is a quasi-
particle which represents the coupling between electromagnetic radiation and the conduction electrons
of a metal, localized at the interface between that metal and a dielectric. These surface plasmons can
be further divided into two groups: localized surface plasmons (LSPs) and surface plasmon polaritons
(SPPs). LSPs exist on a closed surface, such as the outer surface of a metal particle embedded in a
dielectric. As such, LSPs are an example of a standing wave. SPPs, on the other hand, carry with them
a momentum in some direction along an extended interface such as the surface of a metallic film.

In order to define surface plasmon behavior, one need only consider Maxwell’s equations for electro-
magnetic radiation impinging on a metal/dielectric interface. The wavevector β of an SPP propagating
along an infinite continuous metal/dielectric interface can be described in terms of the wavevector k0 of
the incident electromagnetic wave and the (complex) permittivities of the metal and dielectric, ε1 and
ε2 respectively[7, 8]:

β = k0

√
ε1ε2

ε1 + ε2
(1)

The key detail to note is the fact that the SPP properties depend explicitly on the permittivities of
the materials present at the interface where plasmon propagation takes place. Although the definition of
this wavevector changes for other geometries than an infinite planar interface, the fact that β depends on
material permittivities does not change. As we shall see in the next section, introducing a magnetization
in a material causes changes to the components of the material’s permittivity tensor. It thus seems
logical that the plasmonic properties of a given material should be influenced by the introduction of
external magnetic fields.
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However, there is a further restriction which must be taken into account, this time on the conditions
for exciting a surface plasmon. If one considers light incident on a metal surface, the component of
the light’s momentum that is parallel to the surface will always be less than that of an SPP of the
same frequency. Therefore, it is impossible to excite surface plasmons on a continuous film by only
shining light onto the surface. However, there are a number of tricks which can be employed in order to
counteract this momentum mismatch. One method involves the use of prisms in either the Kretschmann
[9] or Otto [10] configurations in order to increase the momentum of the wave which reaches the interface
without changing the frequency. Another technique which is relevant in the current case is to employ
a grating or array of islands, holes, or other scattering objects. Doing so allows for diffraction of the
incident beam, giving rise to the possibility of diffraction peaks being directed parallel to the interface.
Under such conditions, plasmon excitation is possible, and because it is only the diffraction itself which
is necessary, the scattering objects themselves need not be composed of any particular material as long
as the surrounding interface is between a metal and a dielectric [7].

In the current case, the sample of interest is a surface covered with a square lattice of islands. The
surface has been illuminated in two different geometries, with the plane of incidence parallel to either
the [10] (nearest neighbor) or the [11] (next-nearest neighbor) direction (Fig. 4b). We would like to
determine the conditions in terms of incident wavelength and incident angle for which diffraction parallel
to the sample surface will occur. These conditions should be the same as those necessary for plasmon
excitation. To begin, we define a convenient coordinate system by choosing the x axis to be parallel to
the [10] direction, the y axis parallel to the [01] direction, and the z axis normal to the sample surface
(Fig. 1).

Figure 1: We define our coordinates such that the sample surface is parallel to the xy plane. In the
figure, the incident wavevector k is parallel to the xz plane and the scattered wavevector k′ points in an
arbitrary direction. The angle of incidence θ and scattering angle θ2 are measured between the z axis
and k or k′, respectively. The angle φ is measured between the xy component of k′ and the x axis.

We also define an angle θ as the incident angle, i.e., the angle between the z axis and the incident
wavevector. The angle θ2 is the scattering angle, i.e., the angle between the z axis and the scattered
wavevector. Finally, φ is the angle between the in-plane component of the scattered wavevector and
the x axis. In the case of illumination in the [10] direction, we can write our incident and scattered
wavevectors k and k′ respectively:

k = 2π
λ

(sin θx̂− cos θẑ)

k′ = 2π
λ

(sin θ2 cosφx̂ + sin θ2 sinφŷ + cos θ2ẑ)

where λ is the wavelength of the incident light. We then consider the diffraction condition (presented
in, e.g., [11]) that the scattering vector 4k (Fig. 1) must be equal to a reciprocal lattice vector:

4k = k′ − k = G (2)

This statement tells us that during diffraction, the lattice contributes some momentum to the scattered
beam, and it is this fact which allows for the scattered beam to gain the momentum necessary to match
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up with the momentum of a plasmon with the same frequency. For a 2D square lattice with nearest
neighbor spacing a, the reciprocal lattice is a square lattice of rods which extend to infinity in the ±z
directions (Fig. 2a). A reciprocal lattice vector G is any vector which connects any point on one of these
rods with any other point on any rod (Fig. 2b). This implies that the z components of the reciprocal
lattice vectors can take any value. The distance between nearest neighbor rods is 2π

a , meaning that the
x and y components of G must be of the form k 2π

a and l 2π
a , respectively, where k and l are integers.

Figure 2: (a) For a 2D square lattice in 3D real space, the corresponding reciprocal lattice is a square
lattice of infinitely long rods. (b) If the spacing between nearest neighbors in the real lattice is a, then
the nearest neighbor distance in the reciprocal lattice is 2π

a . All reciprocal lattice vectors G must start
and end on reciprocal lattice rods.

Thus we can expand equation 2 into two useful equations:

2π
λ

(sin θ2 cosφ− sin θ) = k
2π
a

(3)

2π
λ

sin θ2 sinφ = l
2π
a

(4)

As we are not interested at this time in the direction of plasmon propagation, we can eliminate φ in the
above equations by solving for sinφ and cosφ respectively, squaring the two resulting equations, and
adding them together. One thus obtains a quadratic equation which can easily be solved for λ. Replacing
λ with 2π

E and solving for E yields the relationship

E = hc

a

(k2 + l2)
−k sin θ +

√
k2 + l2 cos2 θ
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There is one more detail which must be considered, and that is the fact that the substrate of the sample
is transparent and has a polished backside. This means that it is possible for light to be transmitted
through the islands into the substrate, be reflected off the backside, and then become diffracted. In this
case, both the incident angle and energy have changed compared to those of the original light. In order
to incorporate this, sin θ and E must be replaced by sin θ

n and nE, respectively, in the derivation above,
where n is the index of refraction of the medium from which the electromagnetic wave impinges upon
the island lattice. Making this adjustment gives the more generalized relationship

E10 = hc

a

(k2 + l2)
−k sin θ +

√
n2(k2 + l2)− l2 sin2 θ

(5)

Finding a similar relationship for illumination in the [11] direction only requires changing the incident
wavevector to

k = 2π
λ

( sin θ√
2

x̂ + sin θ√
2

ŷ− cos θẑ)

and then following the same steps to solve for E. The result is

E11 = hc

a

√
2(k2 + l2)

−(k + l) sin θ +
√

2n2(k2 + l2)− (k − l)2 sin2 θ
(6)

2.2 Magnetism and Magneto-optical Effects
Ordinarily when light interacts with matter, the electric field component of the radiation causes charges
in the material to oscillate. This motion in the presence of the magnetic field component of the radiation
results in a net momentum transfer in the direction of the incident light wavevector. However, in the
presence of an added magnetic field (either an externally applied field or a magnetization of the material
itself), there will be an added force acting on the moving charges within the material. As a relevant
example we consider the case of light reflecting from a magnetized sample, known as the magneto-optical
Kerr effect (MOKE). If we consider only the case of p-polarized incident light (i.e., a TM wave that is
linearly polarized parallel to the plane of incidence), there are three qualitatively different scenarios (Fig.
3).

In the first, known as longitudinal MOKE (LMOKE), the magnetization is parallel to both the plane
of incidence and the sample surface. As the light reaches the sample, the electric field causes electric
charges in the material to move back and forth parallel to the plane of incidence. In the presence of
the magnetic field, the motion of these charges causes an added oscillating force perpendicular to the
plane of incidence. The result is that the re-radiated electromagnetic field (in the form of the specularly
reflected beam) gains a small electric field component which is perpendicular to the plane of incidence.
Depending on the phase of this new component, the reflected light polarization may have rotated,
gained an ellipticity, or both. In the second case, called polar MOKE (PMOKE), the magnetization is
perpendicular to the sample surface. Once again, the oscillating particles in the material experience a
transverse force which introduces a combination of polarization rotation and ellipticity to the reflected
radiation.

The third case is transversal MOKE (TMOKE), which occurs when the sample magnetization is
perpendicular to the plane of incidence. In this case the added force acting upon the oscillating charges
is parallel to the wavevector of the incident light, and therefore parallel to the plane of incidence. This
means that the reflected beam does not gain any transverse electric field component. Instead, depending
on the phase of this added contribution, the result may either be an increase or a decrease in the
magnitude of the electric field component of the reflected radiation. It is not too difficult to reason that
for all three cases, if the magnetization is flipped to point in the opposite direction, the effect on reflected
light will also be reversed. A clockwise rotation of polarization will become a counterclockwise rotation,
left-handed elliptical polarization will become right-handed, and an increase in intensity will become a
decrease.
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Figure 3: If we define our reflection geometry such that the sample surface is parallel to the xy plane
and the plane of incidence is parallel to the xz plane, then magnetization parallel to the x axis, z axis,
or y axis correspond to the geometries needed to measure LMOKE, PMOKE, or TMOKE, respectively.

Of course, all of these effects can be quantized very accurately by applying relevant boundary con-
ditions to Maxwell’s equations, and such derivations can be found, e.g., in Višňovský [12], and will not
be shown in depth here. However, one detail involved in such a treatment that is important to note
in the present case is the fact that introducing a magnetization to a material is represented by adding
an off-diagonal component to the material’s permittivity tensor. As an example, if a magnetic field is
applied in the y direction to an isotropic material, its permittivity tensor will take the form

ε =

 ε0 0 −iε1
0 ε0 0
iε1 0 ε0


where ε0 is the material’s permittivity in the absence of the magnetic field and ε1 is dependent on the
magnitude and direction of the applied field. The fact that the introduction of an external magnetic
field (or sample magnetization) directly changes the permittivity along with equation 1 makes it quite
clear that sample magnetization will have an effect on the plasmonic properties of a material. More
thorough theoretical descriptions of magneto-optical effects in plasmonic materials can be found, e.g., in
[13, 14, 15].

3 Sample Details
The sample of interest is a 2D square array of circular islands on a SiO2 substrate. Each island is 450
nm in diameter, with a 513 nm spacing between nearest neighbor island centers (i.e., 63 nm between
the edges of neighboring islands). Each island was composed of a 10 nm thick disk of Fe20Pd80 alloy
grown on top of a 0.2 nm Fe seed layer (Fig. 4). This combination of structure and composition was
observed to exhibit a vortical magnetic structure within each island at room temperature shortly after
sample fabrication [16]. However, recently measured (several years after fabrication) hysteresis loops
suggest that the magnetic structure is now that of a typical ferromagnet, presumably with each island
comprising a single domain. This may be a result of surface oxidation or reconstruction within the
islands, resulting in Fe cluster formation. This remains to be determined.

There is also one reference sample which has been measured for comparison: a continuous film on an
MgO substrate. This film has identical composition to that of the islands in the main sample. Because
the backside of the MgO substrate was not polished, transmission-based measurements for this reference
were not possible.

The reasons for studying this sample in the context of magnetoplasmonics are relatively simple. The
high concentration of a noble metal, in this case Pd, potentially reduces plasmon attenuation due to its
high electrical conductivity, thereby enhancing plasmon activity. The presence of Fe, on the other hand,
introduces a magnetic structure to the sample at room temperature. By combining both properties into
a single material, the influence of magnetism on surface plasmons as well as that of plasmons on magnetic
order can both be explored. The island lattice structure itself allows for surface plasmons to potentially
be excited by incident radiation via diffraction, as described in section 2.1.
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Figure 4: (a) Side view of an individual island (not to scale) as well as (b) a scale top-down view of the
island lattice.

4 Experimental Details
The experimental setup used for all optical and magneto-optical measurements was relatively simple (Fig.
5). Two different light sources were used along with two different detectors. The first is a THORLABS
OSL1-EC High Intensity Fiber Light Source, essentially a filament lamp designed to produce a spectrum
similar to that of a 3200 K blackbody. It was possible to obtain reasonable intensity in the 390-1000 nm
wavelength range (1.2-3.2 eV), and this was dubbed the "white light" source. The second light source
consisted of three interchangeable Coherent Inc. CUBE lasers tuned for 403, 660, and 787 nm emission
(3.08, 1.88, and 1.58 eV respectively).

The first detector which was used in combination with the white light is an Avantes Avaspec-2048
spectrometer calibrated to measure wavelengths in the 175-1100 nm range. The lamp and spectrometer
were both attached to fiber optic cables (600 μm core diameter). A collimator (aligned for 633 nm) was
attached to the end of each cable with the goal of collimating the white light beam and maximizing the
intensity of the beam incident on the samples as well as efficiently redirecting the transmitted/reflected
beams into the fiber at the receiving end. 633 nm alignment of the collimators was chosen because this
wavelength lay nearest to the middle of the white light emission spectrum out of the available alignment
options. Due to the core diameter of the fiber optic cables and the internal geometry of the spectrometer,
measurements using this source/detector pair have approximately 12 nm wavelength resolution. This
comes from the fact that although the distance between neighboring pixels on the detector corresponds
to a step of roughly 0.45 nm (175-1100 nm spread over 2048 pixels), the width of the beam entering the
spectrometer warrants the averaging of each pixel’s value with that of the 13 pixels above and below (i.e.,
± 5.9 nm). One downside of this system is that the white light beam intensity is somewhat unstable,
requiring the averaging of many spectra for each measurement. Due to the age of the spectrometer, this
averaging takes a significant amount of time, so the random noise was not able to be suppressed to the
point where magneto-optical measurements were possible (where a typical measured effect can be on the
order of 0.1% of the total intensity). Nevertheless, it was still possible to make useful reflectivity and
transmission measurements for the various samples.

The second detector, paired with the laser sources, is a Thorlabs DET100 Si detector connected
to a lock-in amplifier and signal modulator. The high stability of the lasers coupled with the signal
modulation allow for a very high signal/noise ratio, sufficient for measuring even very weak magneto-
optical effects. The trade-off is, of course, that measurements are limited to only three different incident
wavelengths.
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Figure 5: The measurement setup is relatively simple, and consists of two stationary light sources, two
detectors, and a sample mounted at the center of a quadrupole magnet. The sample is held at the center
of rotation of a goniometer, and can be rotated separately from the detectors.

The sample itself is held at the center of a quadrupole magnet capable of producing magnetic fields
of up to 40 mT in any direction parallel to the sample surface. The entire combined sample holder and
quadrupole magnet are mounted at the center of a goniometer, allowing for very fine sample rotations
to be made (steps as small as 0.001 degrees). Both detectors are mounted on an arm attached to the
same goniometer and can rotate separately from the sample. This allows for measurements to be made
for almost all angles of incidence. Finally, because many magneto-optical as well as plasmonic effects
depend on the polarization of the incident radiation, a linear polarizer is placed in front of each light
source. Also, in the case that longitudinal MOKE is being measured, it is possible to attach an analyzer
(i.e. a second polarizer aligned nearly perpendicular to the first polarizer) to the detector arm in front
of the detector.

5 Measurements
There were several different types of measurement made during the course of the project, all of which were
optical in nature. The white light and spectrometer were used to produce reflectivity and transmission
maps, resolved in both angle of incidence and in incident energy. Due to the instability of the white
light intensity, 100 spectra were averaged together for each angle of incidence in order to reduce the
effects of random noise. It was decided that angular steps of one degree provided sufficient resolution for
revealing features of interest. The lasers were used for measuring transversal MOKE. Reflectivity and
transmission were simultaneously measured during these scans. These precise measurements provided
references which could be compared with the corresponding cross sections of the maps measured with the
white light source in order to ensure agreement between the two. This also made it possible to connect
particular features in the TMOKE measurements at specific energies with broader optical features which
spanned wide ranges of energy in the maps. As was described in section 2.2, for the case of TMOKE, a
magnetic field is applied perpendicularly to the plane of incidence, resulting in a change in the intensity
of the reflected beam which is equal and opposite for opposite orientations of the field. As such, all
TMOKE measurements involved measuring reflectivity for the sample in the presence of a transverse
magnetic field, then reversing the field direction and remeasuring the reflectivity. The difference in these
reflected intensities divided by their sum thus yields a “TMOKE asymmetry,” expressed as a percentage
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of the total intensity:

TMOKE asymmetry(θ, λ) = R(M)−R(−M)
R(M) +R(−M) · 100%

where R(M) is the reflectivity of the sample for a magnetization M, and θ and λ are the incident angle
and wavelength, respectively. In principle, LMOKE or PMOKE could have been measured instead,
but TMOKE was chosen because it is easier to implement and interpret. While LMOKE and PMOKE
measurements depend strongly on the analyzing polarizer orientation, TMOKE requires no analyzer at
all, as the effect is a result of changes to the total reflectivity, independent of polarization. Furthermore,
because plasmon excitation is expected to cause sharp changes in reflectivity, it seemed reasonable to
measure a MOKE effect which also only involves changes in reflectivity.

Because of the geometry of the island lattice, there are two distinct illumination orientations to
consider. The plane of incidence can be parallel to nearest neighbor rows (the [10] direction), or it
can be rotated 45 degrees so that it is parallel to the next-nearest neighbor rows (the [11] direction).
Therefore, reflectivity and transmission maps as well as TMOKE asymmetry were all measured for both
the [10] and the [11] directions. Furthermore, because the island lattice caused diffraction over a wide
range of incidence angles for the 403 nm laser, the intensity and TMOKE asymmetry of the -1 order
diffraction peak were measured as well. This was not originally planned, but was included because
making such measurements required no modification of the equipment and it was hoped that unique
useful information would be obtained. All angles of incidence follow the optical convention, i.e., angles
are measured from the sample normal.

5.1 Reflectivity and Transmission
First we have the reflectivity and transmission maps for both the [10] and [11] directions as well as for
the continuous film (Figs. 6, 7 and 8). All measurements are made using p-polarized incident radiation,
i.e., the incoming light is linearly polarized parallel to the plane of incidence. Unfortunately, due to its
nearly opaque MgO substrate, transmission measurements for the continuous film were not possible. For
the [10] direction, a clear branch can be seen in both reflection and transmission originating from around
2.4 eV at normal incidence (0 degrees). Upon closer inspection, several more branches can be seen. One
branch can be seen in the reflectivity map originating from the same point and sloping up towards 3.2
eV at around 15 degrees. The third branch which also seems to originate at around 2.4 eV can be seen
in the transmission map, though it is only visible from around 2.7 eV at 30 degrees up to 3.2 eV at 40
degrees. The fact that these three branches seem to originate at 2.4 eV is interesting, given that the
corresponding wavelength is 513 nm, the same as the island lattice pitch size. The transmission map also
reveals two more branches originating from about 1.6 eV for normal incidence, one sloping upward and
one sloping downward. These various branches are qualitatively typical for surface plasmon dispersion
relations.
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Figure 6: Maps of (a) reflectivity (b) and transmission for the [10] direction for a wide range of incident
energies and angles reveal a number of branches originating from around 1.6 eV and 2.4 eV (513 nm).
The upward-sloping branches correspond to forward-propagating plasmonic modes and the downward-
sloping branches to backward-propagating modes. These dispersions map out the conditions under which
various diffraction peaks become parallel to the sample surface.

For the [11] direction we see some fairly large changes. The deep, narrow trough in the reflectivity
map has broadened and slopes less steeply. It may be that this broader trough is actually an overlap
of multiple resonances. There also still seem to be several visible branches originating at 2.4 eV again
as well as one branch which can barely be seen sloping up from 1.6 eV in the transmission map. It
should also be noted that within the main trough in reflectivity there is a large region (dark blue) where
reflectivity is as low as 0.2%. This region extends very close to a point at around 78 degrees and 1.6
eV where reflectivity is nearly 30%. It is interesting to see points which differ in reflectivity by over two
orders of magnitude appearing so close together on the map.
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Figure 7: The (a) reflectivity and (b) transmission for the [11] direction once again show several branches
extending in various directions; however the main trough in the reflectivity has broadened significantly
compared with that for the [10] direction.

In the case of the continuous film, there do not seem to be any unusual features, and changes
in reflectivity occur gradually over a large range of incidence angles and/or energies. This is not so
surprising because SPP excitation is not possible for light incident on a continuous metal/dielectric
interface.
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Figure 8: The reflectivity map for the continuous film does not seem to exhibit any unexpected features.

5.2 Magneto-optical Measurements
Along with the purely optical measurements made using the white light and spectrometer, a large amount
of optical and magneto-optical measurements were made using 403 nm, 660 nm, and 787 nm lasers (3.08,
1.88, and 1.58 eV respectively). Reflectivity and transmission measurements were made in order to
provide a reference comparison to the corresponding cross sections of the maps presented in the last
section, as well as to reveal features too subtle to be visible in those maps. Angle-resolved reflectivity
and transmission for these wavelengths clearly show a number of “spikes” and “kinks” at various incidence
angles (Figs. 9 and 10). Intensity measurements of the -1 order reflected diffraction peak for 403 nm light
were also made. This plot has similar spikes which line up perfectly with those of the specular reflectivity
and transmission. The gap from 20-26 degrees corresponds to the region surrounding the point where
the diffraction beam was directed straight back at the light source and could therefore not be measured.
Looking back at the reflectivity and transmission maps, it is clear that the most prominent of these kinks
were already expected as they correspond to crossings of the most defined branches. However, there are
many smaller aberrations which were not apparent in the maps. It should be noted that although some
of the scans appear to have a high amount of noise, this is in fact not the case. Higher resolution scans
(not shown) show that oscillations in reflected and transmitted intensity are present due to interference
between beams reflected from the sample surface and from the backside of the substrate. Because the
angular steps in the measurements of Figs. 9 and 10 are much larger than the period of these interference
oscillations, the resulting illusion is that of random noise. Transmission measurements for 787 nm have
not yet been made.
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Figure 9: Measurements of (a) reflectivity, transmission, and -1 order diffraction intensity for 403 nm
light, (b) reflectivity and transmission for 660 nm light, and (c) reflectivity for 787 nm light in the [10]
direction reveal a number of interesting features, particularly the presence of very sharp “spikes” in the
reflectivity preceded or followed by deep troughs. A number of similar weaker features can also be seen.
The -1 order diffraction peak intensity for 403 nm light exhibits very similar features to the specular
reflectivity as well.
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Figure 10: Reflectivity and transmission for (a) 403 nm light and (b) 660 nm light as well as (c) reflectivity
for 787 nm light in the [11] direction are quite different than for the [10] direction, though similar kinks
and spikes do still appear.

TMOKE asymmetries were also measured for the various directions and wavelengths (Figs. 11 and
12). They were also measured for the -1 order diffraction peak and for the reference film at 403 nm, and
are presented alongside the ordinary TMOKE measurements for the [10] direction at 403 nm. Looking
first at the continuous film TMOKE measurement at 403 nm, the behavior is typical for a ferromagnetic
film, with a maximum asymmetry at higher angles (i.e., grazing incidence), and almost no measurable
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asymmetry below about 40 degrees. The introduction of the island lattice structure dramatically changes
the TMOKE spectrum. Most notable is the appearance of a second peak with a steep leading edge at
the exact same angle where a spike in the reflectivity is observed. Smaller deviations from the continuous
film spectrum also appear in the 25-45 degrees range, and the largest peak has broadened significantly.
Interestingly, the asymmetry measured for the diffraction peak shares identical features with that of the
specular reflection, though the relative magnitudes and signs of various features are different. Specifically,
the diffraction TMOKE asymmetry crosses zero at roughly 23 degrees, where the incident beam and
diffracted beam are parallel. On either side of this angle there are two peaks of equal magnitude but
opposite sign. These same two peaks appear for the specular beam as well, except that in this case the
sign is the same and the magnitudes are quite different.

Looking at the TMOKE measurements for the other two wavelengths in the [10] direction, as well as
for the 403 nm laser in the [11] direction, we once again see sharp features which line up exactly with
kinks in the reflectivity. The 787 nm illumination in the [11] direction seems to show no such features in
either the TMOKE or reflectivity measurements. Finally, the 660 nm illumination in the [11] direction
reveals a very large, sharp peak which does not appear to correspond to any noticeable features in the
reflectivity.
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Figure 11: (a) TMOKE asymmetries are compared for a 403 nm laser illuminating the continuous film
(black), the specularly reflected beam for the island sample (blue) and the -1 order diffracted beam from
the island sample (green), both in the [10] direction. Striking differences can be seen when switching
from the continuous film to the island array. (b) and (c) present the TMOKE asymmetries measured in
the [10] direction for the 660 nm and 787 nm lasers, respectively.
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Figure 12: TMOKE asymmetries for the [11] direction are shown for (a) 403, (b) 660, and (c) 787 nm
lasers.

6 Analysis
As we have seen, there are a number of interesting features that can be observed in the reflectivity
and transmission maps as well as in the TMOKE asymmetries at particular wavelengths. We begin by
considering the reflectivity and transmission maps presented in section 5.1. There are several distinct
branches which can be seen in both reflection and transmission for both the [10] and [11] directions. As
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described in section 2.1, we suppose that in order to excite surface plasmons, there must be a diffraction
beam directed parallel to the sample surface. The necessary conditions for this to occur were derived
and presented in equations 5 and 6. Figs. 13 and 14 plot these calculated dispersions for a number of
k and l values. These dispersions are also plotted in different styles to designate whether the incident
radiation is immediately diffracted when reaching the sample surface, or is reflected off the back surface
of the substrate before being diffracted. Solid curves correspond to the former case and starred curves
to the latter. For the starred curves, n = 1.46 has been used to describe the fused silica substrate. This
is reasonable, given that the true refractive index only varies from around 1.45 to 1.47 over the 390-1000
nm wavelength range [17].
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Figure 13: Experimentally measured (a) reflectivity and (b) transmission maps for the [10] direction
overlaid with the calculated dispersions (Equations 5 and 6) for different values of k, l, and n. Curves
are labeled with their corresponding (k, l) values. Solid curves correspond to light which is diffracted
immediately upon reaching the sample surface (n = 1). Starred curves correspond to light which is
transmitted through the sample, reflected off the backside of the substrate, and then diffracted upon
returning to the island lattice (n = 1.46).

As can be seen, the clearest measured branches line up extremely well with the solid dispersions for
low values of k and l for both the [10] and [11] directions. Furthermore, the lowest order starred curves
line up perfectly with the branches originating from around 1.6 eV in the [10] transmission map. It is
reasonable that the effects should be clearest for the lowest values of k and l, as higher values correspond
to larger changes in the momentum of the light being scattered. Mathematically this idea is contained
in the structure factor for the island lattice [11]. Nevertheless, there do appear to be some hints of the
higher-order dispersions visible in the measured maps.
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Figure 14: Same as for Fig. 13, with (a) reflectivity and (b) transmission for the [11] direction.

To further analyze the purely optical effects at play here, we can consider the 403 nm laser-measured
reflectivity for the [10] direction. Fig. 15a shows the reflectivity, transmission, and -1 order diffraction
intensity overlaid with vertical lines representing the angles at which the various calculated dispersions
cross 403 nm (3.08 eV). As can be seen, kinks appear precisely at these crossings, most noticeably in
the reflectivity and diffraction intensity. Using the highly stable laser allows for the detection of higher
order effects that were not apparent in the maps measured with the white light. It is even possible to
see a slight bend in the diffraction intensity at the crossing with the black (-2,0) curve, which should
in principle be a very weak effect. For the moment it is not entirely understood why some kinks point
upward while others point downward. The fact that they all seem to point upward for the diffracted
intensity but not for the specular reflectivity may be a clue toward answering that question.

Fig. 15b shows the same vertical lines along with the TMOKE asymmetries measured with the 403
nm laser in the [10] direction, for the reference film, the specularly reflected beam, as well as the -1 order
diffracted beam. Here it becomes abundantly clear that there is a connection between the sharp features
in the reflectivity and those of the TMOKE, and that connection is surface plasmons. It appears that the
TMOKE signal is more sensitive to surface plasmon excitation than reflectivity, given that the TMOKE
signals seem to bend at the crossings with all of the plasmon modes except the (−1,±1) and (−2,±1)
starred dispersions. One interesting detail to note is that the angles corresponding to plasmon excitation
do not necessarily line up with the largest TMOKE asymmetries. Indeed, the (1, 0) solid dispersion
immediately precedes the second largest peak in the specular TMOKE. The explanation for this is not
yet understood, but may possibly be understood with a proper application of Maxwell’s equations. A
final detail to notice in Fig. 15b is the fact that the two peaks in the TMOKE asymmetry at 16 and 31
degrees are identical in their topology for the specular and diffracted beams, but the relative magnitudes
and signs differ. Although the detailed explanation for this is not yet complete, the answer to why this
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is almost certainly lies in the different outgoing paths of the two beams as they leave the material. A
deeper exploration will help to illuminate the details of the magnetism-plasmon interaction.
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Figure 15: In (a), the specular reflectivity (blue), transmission (green), and -1 order diffraction intensity
(black) for 403 nm in the [10] direction are plotted. In (b), TMOKE asymmetries are plotted with the
403 nm laser in the [10] direction for both the specularly reflected (blue) and the -1 order diffracted
beams (green). TMOKE for the reference film is in black. Vertical lines correspond to the angles where
the various calculated dispersions cross 403 nm, and are labeled with their corresponding (k, l) values.
The plotting style is the same as for Figs. 13 and 14.

It should be noted that similar plots to those of Fig. 15 can be made for the other wavelengths and
illumination directions, with similar high agreement between theory and experiment. However, there is
one exception, which is the large peak in the TMOKE asymmetry for 660 nm light in the [11] direction
(Fig. 12b). This peak does not lie close to a crossing with any of the plasmon dispersions, and also lacks
the sharp leading or trailing edge which can be seen in the other measurements. It appears that this
peak is not plasmon-related and may be tied to some other geometrical or material effect.

At this point it is important to address the fact that we have mainly been considering the possibilities
of SPPs being excited and propagating along the surface of the sample. However, the attentive reader
may wonder how this can be possible when the only metal in the sample is isolated in islands which are
not connected to one another. Indeed, these islands seem more like candidates for hosting LSP modes.
Nevertheless, the theoretical dispersions agree exceedingly well with experiment. What seems like a
likely explanation for this is the fact that the theoretically derived dispersions only map the conditions
for which diffraction along the sample surface is possible. Because the islands are disc shaped (and not
isotropic), it does not seem unreasonable that LSP excitation on the top (and possibly bottom) surfaces
of the islands should depend on both the incident wavelength as well as the incident angle. Thus, the
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condition for diffraction parallel to the sample surface may be equally valid in this case for LSP excitation.

7 Conclusions and Outlook
When theoretical predications and experimental observations are taken into account, it seems clear
that plasmon excitation does indeed take place under specific conditions, and that a modulation of
the TMOKE signal can be observed when those conditions are met. From a theoretical perspective,
both magneto-optical effects and plasmonic behavior depend on a material’s permittivity, and therefore
both should be influenced by changes to that tensor by means of a changing sample magnetization.
Furthermore, it has been shown that theoretical dispersions representing diffraction of light parallel to the
sample surface align extremely well with unusual sharp features in measured reflectivity, transmission,
and TMOKE asymmetry for a square lattice of circular Fe20Pd80 islands on a fused silica substrate.
Although all of the nuances of these various features are not fully understood at this point, it nevertheless
seems undeniable that there is indeed a connection between plasmon excitation and modulation of
TMOKE.

Future research will focus on further unraveling the details of this connection. The use of a super-
continuum laser would allow for high stability optical measurements to be made for a wide range of
wavelengths, rather than the three presented here. This would also open up the possibility of measur-
ing TMOKE maps to compliment the reflectivity and transmission maps above. However, even in the
absence of such a piece of equipment, there is still a substantial amount of analysis to be done on the
data which has already been collected. A thorough theoretical treatment involving plasmon behavior in
the presence of a magnetic field will help in understanding the more subtle details in the measurements
which have been presented here. Once a deeper understanding has been reached, it may be possible to
predict other effects, or to optimize samples in the future to exhibit particular desired properties.
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