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DISSERTATION ABSTRACT
Brian K. Hake
Doctor of Philosophy
Department of Physics
September 2019

Title: Resonantly Enhanced Sagnac Interferometry Using Surface Plasmon Polaritons

We present a theoretical model and experimental results for a Sagnac ring
interferometer resonantly enhanced via surface plasmon resonance (SPR). One
defining characteristic of a resonance is the m change in phase that occurs across
the resonance. For a narrow resonance, this results in a steep phase profile which
proves advantageous when utilized within a phase-based detection scheme, providing
a resonant enhancement that has the potential to greatly improve the sensitivity
of Sagnac interferometers. Furthermore, surface plasmon resonance serves as the
mechanism underlying surface plasmon sensing, one of the more commonly used
techniques for detection and characterization of a variety of interfacial events. This
method relies on the excitation of surface bound electromagnetic waves, known as
surface plasmon polaritons (SPPs), which propagate along the interface of a metal
and dielectric and exhibit a field profile that decays exponentially into both media.
Excitation of SPPs within an interferometric environment provides an avenue for
investigation into the potential benefits of this resonant enhancement. In addition, it
carries the capacity for insight into applications of SPR sensors using interferometric

techniques, some of which may be inaccessible to intensity based detection schemes.

v



We begin this dissertation by providing necessary background information, such
as the interference equations describing the interferometer outputs and the SPP
dispersion relation. We then detail the features of SPR and explore modifications
to the resonance shape by variation of the system parameters. We fabricate and
characterize thin silver films, suitable for supporting SPPs, to be used in sensing
experiments. We design a theoretical model to compute the response of the resonantly
enhanced interferometer to various perturbations and calculate the corresponding
sensitivities. Finally, we construct a resonantly enhanced interferometer in the
laboratory, analyze the optical data collected from both interferometer output ports,

and comment on the promise of this and similar devices moving forward.
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CHAPTER I

INTRODUCTION

Overview

This dissertation explores the functions and capabilities of a Sagnac ring
interferometer resonantly enhanced via surface plasmon polaritons (SPPs). Both
SPPs and Sagnac interferometers have undergone ample scientific investigation for
their use in sensing applications. Sagnac interferometers are most ubiquitous in
gyroscopes and for measurement of rotation; however, their sensing capabilities
encompass a much broader class of phenomena which break the symmetry between
the interferometer paths. In an effort to improve the detection limits achievable
through these techniques, some within the field have begun to explore the inclusion
of a resonance within the framework of this geometry with the intent to capitalize
on the resonant phase behavior inherent to these systems. The second overarching
topic of importance within this dissertation, surface plasmon sensing, is an established
technique well suited for the investigation of interfacial phenomena across a variety
of areas including biochemistry, biomedical, and environmental science applications.
These sensors rely primarily on intensity-based detection techniques; however, with
aspirations to lower the limit of detection, there has been increased interest within
the field toward the employment of phase-based detection techniques. The efforts
focused both toward resonance inclusion within the Sagnac interferometry community
and concurrently toward phase based detection for surface plasmon sensing share an
area of overlap and suggest that the marriage of Sagnac interferometry with surface

plasmon sensing is an intersection worthy of exploration. Insights gleaned from



research in this domain have the potential to both provide insight to the broader
field of resonantly enhanced Sagnac interferometry and expand upon the capabilities
of traditional surface plasmon sensing techniques.

In this chapter, we provide a cursory overview of both Sagnac interferometry
and surface plasmon sensors. This discussion will include aspects ranging from
early historical details up to, and including, modern applications. In addition, we
introduce the intention of utilizing the two in tandem which serves as the fundamental
architecture employed throughout this dissertation. We begin now with further details

regarding Sagnac interferometry.

Sagnac Interferometry

Interferometers come in a wide variety of shapes and sizes, but all rely on the
singular phenomenon of interference. Two interfering waves are superimposed to
form a resultant wave which can exhibit constructive or destructive interference
depending on the alignment of the waves with respect to one another, referred to
as the relative phase. In optical interferometry, the two are often electromagnetic
waves which originated from the same source, were separated at a beamsplitter, and
made to recombine at some later time. Studying the interference of these waves
and the corresponding response to perturbations enacted upon the system allows us
to glean information about the intensity or relative phase of the waves and often
provides insight regarding the nature of the perturbation itself. The configuration of
interest in this work is the Sagnac interferometer, distinguished by two beams which
share a common path but propagate around that path in opposite directions before

recombining at the same beamsplitter used to separate the paths initially.



The Sagnac interferometer bears the name of French physicist Georges Sagnac,
who in the early 1900s designed experiments using a rotating interferometer, in hopes
to support the existence and study the behavior of a luminiferous ether [1-3]. The
original configuration used by Sagnac, shown in Figure 1, consists of a source lamp
(labeled 0), a beamsplitter (J), four mirrors (M1-M4), and a photographic plate (pp’)
all mounted upon a rotating disc. Modern iterations of this class of interferometer
may utilize a different number of mirrors in a variety of configurations or dispel with
free space optics entirely and be constituted of fiber optics, but all operate under the

same general set of guiding principles [4].

FIGURE 1. The interferometer configuration used by Georges Sagnac.

As depicted in his 1913 paper published in Comptes Rendus [3], this configuration
consists of a source lamp (labeled 0), a beamsplitter (J), four mirrors (M1-M4), and
a photographic plate (pp’) all mounted upon a rotating disc.

In a 1913 paper published by Sagnac(3], he related the angular rotation of the

interferometer, ﬁ, to the fringe phase shift, d¢, by the following equation

op = ——— (1.1)



where A is the area vector of the region enclosed by the interferometer loop, A
is the wavelength of light used, and v is the speed of light [5]. Sagnac was able
to experimentally measure the expected phase shift based on the rotation of his
apparatus, and used this result to argue in favor of an immobile rather than a dragging
aether. Although the argument of an immobile aether eventually proved inaccurate;
the results can instead be explained by the theory of relativity [6]; this relation
between the phase shift and angular rotation has stood the test of time and has been
termed the Sagnac effect. Furthermore, interferometers of this type, with two beams
that traverse a common path in opposite directions, have come to be referred to as
Sagnac interferometers. Other terms such as loop or ring interferometers are also
commonplace.

The foremost advantages of this type of interferometer as compared with others
such as the Mach-Zehnder or Michelson interferometer rely on the commonality
of the paths. The interferometer is naturally aligned at the zero path difference
fringe thereby reducing constraints on the necessary coherence length of the light
source [7]. Furthermore, because both beams traverse the same path, there is an
inherently reduced sensitivity to low frequency phase noise including many thermal
and environmental sources [8, 9]. The elimination of numerous potential noise sources
allows for improved detection of perturbations which break the symmetry of these
paths. A common application of ring interferometers is their use as detectors of
rotation [10-13]. As the interferometer rotates, one path travels with the rotation
while the other propagates against the direction of rotation, breaking the symmetry of
the optical path lengths. Other applications involve the use of this device in the study

of magnetic effects [14, 15], acoustics [16, 17], temperature [18, 19], humidity [20],



biosensing [21], and gravity waves in the case of the proposed Laser Interferometer
Space Antenna (LISA) [22, 23].

Sagnac interferometers which incorporate a resonance, such as that of
electromagnetically induced transparency (EIT), have been posited to improve the
rotational sensitivity of such an instrument by as many as five to eight orders of
magnitude [24]. The types of resonances explored in pursuit of obtaining such a
drastic improvement in sensitivity include atomic resonances [24-26], ring resonators
[27-29], and coupled sequences of micro-resonators [30-33]. The pertinent feature
here is the large differential phase found on resonance. This phase behavior allows
for a detectable interferometric response to a particularly small detuning in some
parameter relevant to the particular resonant system. It is this resonant enhancement

of the sensitivity that we aim to exploit in this dissertation.

Surface Plasmon Resonance Sensors

A sensor is a device in which an output or measurement of the system responds
to stimuli from its surrounding environment in a calculable manner. Surface sensitive
sensing techniques preferentially respond to phenomena which occur in the near
vicinity of an interface between two materials. One such technique utilizes surface
plasmon resonance (SPR). In this technique, SPPs, coupled modes of charge-density
waves and photons, are excited along the interface between a metal and dielectric and
display an electromagnetic field profile which decays exponentially into both media.
These surface waves exhibit subwavelength confinement of light creating increased
field intensity and, thus, particularly high sensitivity to interfacial events. Detailed
review articles regarding the concepts and technologies of SPR sensors have been

authored by Jiff Homola [34, 35].



The use of surface plasmon resonance as an optical biosensor was first realized
in the early 1980s by Claes Nylander and Bo Liedberg [36-38]. They recognized the
concept as conducive to gas detection and performed an experimental investigation
utilizing a gas cavity as part of the Kretschmann configuration [39]. They were
successful in measuring both the shift in resonance angle, Af, and the shift in
reflectivity at a fixed angle of incidence, AR, in response to the introduction of
differing concentrations of gas. Their results are shown in Figure 2. The differing
gas concentrations manifest as a change in refractive index as experienced by the
propagating surface plasmon, modifying the resonance. This general principle persists
as the applications have expanded beyond gas concentration detection to others
including film characterization [40, 41], liquid identification [42, 43|, temperature
sensing [44, 45], and chemical sensors [46, 47]. Additionally, techniques have expanded
to encompass those using photonic crystals [48-50], fiber optics [51-53] and even

interfacing with smart phones [54, 55].
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FIGURE 2. Early surface plasmon sensing data.
Published by Claes Nylander and Bo Liedberg in 1982 [36], this figure shows
measurement of gas concentration as indicated by both a shift in the resonance
angle, A, and a shift in reflectivity, AR, at a fixed angle.
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In the last decade, there has been much discussion regarding the lower detection
limits achievable using SPR sensors, with many of the best devices capable of
detecting a refractive index changes as small as 1077 RIU [56]. It has been argued that
phase sensitive detection techniques have the ability to lower this limit of detection
by an order of magnitude, down to 107® RIU [57-59]. Others have argued against
this, stating that the drawbacks of the lower intensity at the resonance minimum,
where the differential phase is maximized, outweigh the advantages of phase based
detection [60]. One potential method of combating this counterpoint is through the
use of a stacked metal and dielectric layer configuration, which creates a geometric
Fano resonance, and alters the reflectance and phase profiles [61-64]. This allows for
increased intensity in regions with significant phase change, thus minimizing concerns
regarding detection noise. This work utilizes an interferometric surface plasmon
sensing technique, contributing to the knowledge base regarding the capabilities of

phase based probes.

Chapter Outline

This dissertation will explore the integration of surface plasmon sensing
techniques within the construct of a Sagnac interferometer as a means of improved
sensing capabilities and resonant enhancement of the sensitivity.

The second chapter will focus entirely on Sagnac interferometry and delve into
some of the mathematical formalism. The optical components which comprise the
interferometer and the general configuration in which they will be used will be
introduced with particular attention given to the beamsplitter. As a part of this

chapter, we will present the interference equations describing the normalized intensity



at the interferometer outputs. These equations will act as a foundational building
block upon which much of the remaining discussion will be based.

The focus of this dissertation will then shift back to surface plasmon resonance
in the third chapter. This chapter will include a derivation of the surface plasmon
dispersion relation for wave propagation along the interface of two semi-infinite media.
A discussion of the parameters necessary to satisfy this equation will follow, along
with proposed materials that fit these requirements. Next, we will address coupling
schemes for excitation of surface plasmons and introduce the configuration used for
these experiments. Some features of the resulting resonance, and their importance
to sensing techniques, will be highlighted. Finally, the chapter will conclude with
experimental details regarding both the preparation of samples as well as the optical
interrogation techniques utilized to characterize them.

The fourth chapter describes the theoretical model used and the results obtained
by employing it. We begin with some logistical details regarding the model and
methods for calculation of the outputs. We identify and differentiate two distinct
types of perturbations, reciprocal and nonreciprocal, and delve into the response at
both interferometer outputs to reciprocal perturbations, nonreciprocal perturbations,
and the simultaneous existence of both. Included in this chapter is an examination
of the sensitivity at each output and how well the results withstand variation
to parameters of the system. The results of this investigation are summarized;
highlighted by the observation that, unlike a typical Sagnac, the resonantly enhanced
interferometer is in fact sensitive to reciprocal effects. This unlocks the potential for
simultaneous detection of both reciprocal and nonreciprocal perturbations through

use of a single source beam and monitoring of the two output channels.



In the fifth chapter, we will document the construction of the optical system
while describing the components used and the procedures for alignment. We will
then discuss the experimental implementation of both reciprocal and nonreciprocal
effects by introduction of an electrical current to the metal film of the surface plasmon
configuration. This will introduce ohmic heating as the reciprocal perturbation and
plasmon drag as the nonreciprocal perturbation. Data collected from both outputs
of the interferometer will be presented and discussed in attempt to support the
expected outcomes based on the theoretical modeling contained in chapter four. A
few comments on simultaneous detection will conclude this chapter.

The final chapter will highlight the conclusions drawn from this dissertation as

well as present additional avenues for further exploration and closing remarks.



CHAPTER II

SAGNAC INTERFEROMETRY

Overview

In this chapter we take a more detailed and mathematical approach to Sagnac
interferometry. We begin by presenting the generic configuration used in this
dissertation and discussing the components used, with particular attention to the
beamsplitter. We then derive the interference equations that describe the normalized
intensity at the outputs of the interferometer and simplify them with use of the Stokes
relations. Finally, we introduce a beamsplitter imbalance parameter and explore the

effects of an uneven split ratio on the outputs.

Configuration

A Sagnac interferometer is the name given a closed loop interferometer consisting
of two counterpropagating beams which traverse a common path. The commonality
of the paths yields increased stability to laser fluctuations, environmental noise, or
other noise sources which affect both paths equivalently. Consequently, this type
of interferometer has proven useful in detection of non-reciprocal phenomena which
break the inherent symmetry of the two paths. This detection is primarily done via
a single output of the interferometer; however, there exists another interferometer
output directed back along the input beam path. In this work, we explore the
response of both interferometer outputs in search of any additional information
that may be gleaned through observation of both output ports. We begin that

discussion by describing the particular configuration used in this dissertation and

10



working through the mathematical formalism which describes the intensity at the

interferometer outputs.

M M

BS A

y K

B

FIGURE 3. Schematic of a Sagnac interferometer.
This Sagnac configuration consists of a beamsplitter (BS) and three mirrors (M).
The locations marked A and B act as both inputs and outputs of the system.

A schematic of the basic Sagnac interferometer configuration that will be
discussed in this dissertation is portrayed in Figure 3. This type of interferometer
consists of a single beamsplitter and two or more mirrors, three in the case of this
work. For an input laser beam incident at A as marked in the figure, the outputs
exit the interferometer at the locations marked A and B. In a perfectly balanced
interferometer, with equivalent phase accumulation in the two paths, the output that
exits the beamsplitter at the laser input exhibits perfectly constructive interference.
In this same scenario, the complementary interferometer output displays destructive
interference. Furthermore, assuming an ideal 50/50 reflection/transmission split
at the beamsplitter, the signal at the destructive interference output is identically

zero. These two outputs, which exhibit constructive and destructive interference, will

11



henceforth be referred to in this dissertation as the bright and dark interferometer
output ports, respectively. Although the nature of the interference at each output is
subject to change with the introduction of a phase difference to the propagating
beams, the naming convention will continue to refer to that of the balanced

interferometer configuration.

Beamsplitter

The lynchpin of the entire interferometer configuration is the beamsplitter itself.
This component acts both to split the optical source into two beams and to recombine
them, thereby producing the wave interference. As we will soon see in working out
the full interference equations, the beamsplitter will introduce multiple reflection
and transmission coefficients as the beam navigates the interferometer. The Stokes
relations will help to simplify the resulting terms and elucidate the interpretation
of the interferometer output equations. These Stokes relations follow from time
reversal invariance of electromagnetism in non-absorbing partial reflectors, such as

the beamsplitter used in the Sagnac interferometer.

Eq rg,

tE,
FIGURE 4. Schematic diagram of a field incident on an interface.

The incident field is partially reflected and partially transmitted with coefficients of
reflection and transmission labeled r and t, respectively.

12



In the forward time picture, shown in Figure 4, an incident field results in
both a transmitted and reflected field, with coefficients of reflection and transmission
denoted here by r and t, respectively. In the time reversed picture of this scenario, in
which phase conjugation has reversed the direction of propagation, the reflected and
transmitted fields are now incident upon the interface. In order to satisfy time reversal
invariance, the resulting outgoing fields must be both the time reversed counterpart
of the above incident field as well as a null field. This time reversed scenario is

diagrammed in Figure 5.

Eo*

tEy*

FIGURE 5. The reverse time picture of a field incident on an interface.
Here the time reversed counterparts of the reflected and transmitted fields from
above are incident onto the interface. For time reversal invariance to be satisfied, the
resulting field must be the time reversed counterpart of the original incident field.

But for any field impingent upon an interface, we can write the reflected and
transmitted components of that field in terms of the coefficients of reflection and
transmission. This, then, also applies to the time reversed reflected and transmitted
fields: when incident on the surface, each results in their own transmitted and reflected
fields. The time reversed form of the reflected field results in transmitted and reflected
fields as illustrated in the leftmost diagram of Figure 6. Similarly, the time reversed
form of the transmitted field has its own reflected and transmitted fields as shown in

the middle diagram of Figure 6. These field reflection and transmission coefficients,
13



r" and ', are denoted with a prime as they are incident from below and presumably
may differ from r and ¢ associated with incidence from above. When these resulting
fields are added together, as is depicted in Figure 6, they should recover the time

reversed picture of Figure 5.

K / N N %

trEq* PEg* tE,* t'Eq*

FIGURE 6. Ilustration of the Stokes relations using time reversal invariance.
The time reversed counterparts of the original reflected and transmitted fields, each
with their own partial reflections and transmissions. These two diagrams, when
combined, must recover the time reversed incident field and a complementary null
field in order to satisfy the requirement of time reversal invariance. The equations
resulting from the outgoing fields of each diagram uncover the Stokes relations.

With this in mind, we can now write two equations that must hold: the first coming
from the outgoing fields in the upper-left quadrant of each diagram and the second

coming from the outgoing fields in the lower-left.

rr*Ey + t't*Ey = Ej (2.1)

tr* B+ B =0 (2.2)

leading to the familiar Stokes relations

e+t =1 (2.3)

tr*+r't"=0 (2.4)
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With these tools and the overall configuration laid out, we are now equipped to derive
the interference equations which describe the bright and dark outputs of the Sagnac

interferometer.

Interference Equations

The normalized output intensities of the bright and dark ports can be calculated
by keeping track of the electric field as it propagates around the interferometer. To
calculate the output intensities at A and B, first suppose an input field of Eje'®°
impingent upon the beamsplitter. The corresponding transmitted and reflected
fields travel opposite directions around the interferometer. Upon again reaching the
beamsplitter they will have accumulated additional phase ¢, and ¢, respectively and
their amplitude will be modified by the factor +/T; and /T respectively where T}
and T, are the round trip intensity coefficients for the two paths. The transmitted
field is incident again on the same face of the beamsplitter, resulting in the terms
rty/TiEoe’®0+1) and tt\/T; Eye’?t9) . Upon return to the beamsplitter the reflected
field is incident on the opposite face resulting in the terms t'r/T5Eqe’®0*92) and
'/ Ty Ege’®0t92)  where the prime denotes incidence from the opposite face of the

beamsplitter. By superposition, the field at the bright output port is as follows.
E, = Eye' (rt Ty + t’r\/TQei@) (2.5)

Similarly, addition of the fields in the complementary port results in the following

equation for the field at the dark output port of the interferometer.

E_ = Eye' (zft\/Tlei‘z)1 + T/T\/T2€i¢2) (2.6)
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Since intensity is proportional to |E|? the normalized output intensity at the bright

port can be drawn from the electric field equation at that output.
Iy = I|rin/Tier + t'r\/Tye'?2|? (2.7)
where Iy = |Epe’®|?. Or equivalently,
Ly = Io ([rPIPT0 4 1P PTe + VT Tl (#7609 t’*te*“‘ﬁf(f’l))} (2.8)

Making use of the stokes relation, rr* + t't* = 1, the resulting intensity may be

written as
L =Io ||[rPItPTy + [P rPTe 4+ 2/ TiTalr|* (1 — |7?) cos (¢ — qbl)] (2.9)

In the same manner, the intensity at the dark output port may be computed using

the respective field equation.
I = L|tt\/Tie + 'r\/Toe'® ? (2.10)
Which may be equivalently expressed as
I = Iy [Ty + |7 P)r Ty + /T T (t*t*r’rei(¢2_¢l) + r'*r*tte_"(@_qsl))} (2.11)

Then, by applying a second stokes relation, tr*+r't* = 0, the dark port intensity can

be written as

L= Iy ||t + |7 P|r|PTy — 28/ T Tt Pcos (¢a — ¢1) (2.12)
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As a sanity check, we first assume the round trip transmission coefficients and
phase accumulation are equivalent for both directions of travel around the loop,
meaning 77 = T, and ¢; = ¢o. We further assume the beamsplitter maintains an ideal
50/50 split ratio for incidence from both sides, such that [r|* = |r/|? = [¢|> = |¢'|* = 1.
Under this scenario, the bright port intensity reduces to I, = T'I; and the dark port
intensity goes to zero, displaying complete constructive and destructive interference,

respectively.

Split Ratio Imbalance

In practical applications, the transmission coefficient may depend on the
direction the beam travels around the path, and the beamsplitter may not provide an
ideal 50/50 split. A directionally dependent transmission coefficient can be accounted
for by a difference in 77 and T5, which are not required to be equivalent. To describe
how an uneven beamsplitter may modify the output intensities, a split ratio imbalance

parameter, ¢, can be defined such that

Ir> =P == (14¢) (2.13)

N = Do —

[t =t =5(1—¢) (2.14)

Written in terms of this parameter, the normalized intensity outputs at the bright

and dark ports are as follows

[Jr = i[@ (1 — 82) [Tl + T2 + 2\/ TlTQCOS (¢2 - ¢1>:| (215)

I = %10 [(1 — 2T+ (1+ )Ty — 2 (1 — €2) /i Thcos (¢ — ¢1)] (2.16)
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FIGURE 7. Impact of a beamsplitter split ratio imbalance.

Bright and dark port normalized output intensities as a function of ¢ for an
interferometer with 7} = T and ¢; — ¢ = 0; € of 0.1 represents a 55/45 split ratio.

The normalized output intensities as a function of ¢ for an interferometer with
Ty, =T, and ¢; — ¢ = 0 are shown in Figure 7. From this, we can see that for € up
to 0.1, which represents a 55/45 split ratio, the normalized intensities vary by up to
0.01. This is not too significant a concern with respect to the bright port, where this
variation is riding atop a large magnitude signal to begin with. However, in the dark
port this is not the case. Using a laser line, non-polarizing beamsplitter optimized for
632.8 nm we expect to measure a value of € below 0.1; how far below will set a limit

on the lowest intensity theoretically achievable at the dark port of our interferometer.

Summary

This chapter provided further background information regarding Sagnac
interferometry that will be utilized throughout the remainder of this dissertation.
We first presented the basic Sagnac configuration that will be further expanded upon
later on in this dissertation, but that serves as an informative starting point. Next,
we derived the interference equations which characterize the intensity outputs of the

interferometer. These will prove useful in the theoretical modeling contained within
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the following chapters. Lastly, we introduced a split ratio imbalance parameter to
explore the impact of an imbalanced beamsplitter. With an introductory discussion
of Sagnac interferometry complete, we now shift gears and focus our attention on the

concept of surface plasmon resonance.

19



CHAPTER III

SURFACE PLASMON RESONANCE

Overview

This chapter contains theoretical background information and experimental
outcomes regarding the concept of surface plasmon resonance (SPR), as a detailed
understanding of this phenomenon is vital before moving forward to incorporate
it within the Sagnac geometry. We begin with a conceptual description of SPR
and accompanying surface plasmon polaritons (SPPs). We then exploit Maxwell’s
equations of electromagnetism to arrive at the surface plasmon dispersion relation.
Next, we consider the requirements that must be satisfied by the material parameters
involved in this equation and explore some suitable materials for doing so. Armed
with this knowledge, we introduce a configuration of these materials that allows
for coupling to the surface plasmon mode. Furthermore, we explore the features
of the resonance and the tunability of the resonance shape through variation of
material parameters. Lastly, we detail experimental techniques for creation, optical
interrogation, and independent characterization of samples exhibiting these resonance

features.

Surface Plasmon Polariton Dispersion

SPR spectroscopy is a popular surface-sensitive characterization technique which
provides a repeatable and quantifiable optical response to some interfacial event. This
may include the binding of proteins to the surface, a change in temperature of the

one of the constituent materials, or the presence of a biomarker within a biological
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sample, among other stimuli [46]. This technique is facilitated by the existence of
coherent electron oscillations known as surface plasmons. The oscillations may be
localized to a small particle or propagate along an interface. The latter, also known
as SPPs, are coupled modes of charge density waves and photons that propagate
along the boundary between metal and dielectric materials. They are characterized
by an electromagnetic field profile that peaks sharply at the interface and decays
exponentially away from the interface. In order to gain a more mathematical
understanding of the propagation of SPPs it is instructive to uncover the dispersion
relation.

The dispersion relation for SPPs can be found by application of Maxwell’s
equations. To solve, consider an interface between two semi-infinite media and begin
with an electric field of the following form that propagates along the interface, here
designated as the x axis, and decays exponentially into the two media, along the z

direction.

(2E\, + 2E,) efie—kzmit 55

E= (3.1)
(£ By + 2B, ehizthez=iwt o

Where subscripts 1 and 2 refer to the materials above and below the x axis according
to the schematic shown in Figure 8; E, and FE, are the field amplitude coefficients in
the x and z directions; & is the wave vector along the direction of propagation; k; and
ko are the decay coefficients into the two materials, both taken to be positive; and
w is the frequency of the wave. We first impose boundary conditions, namely that
the component of the electric field parallel to the interface, E,, must be continuous
across the surface z = 0. In doing so, we can relate the amplitude coefficients in the
following manner.

Elm - ng (32)
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FIGURE 8. Single interface schematic for calculation of SPP dispersion relation.
Orientation of axes is as shown and €; and €5 represent the permittivities of the
materials used. The curved lines at the interface are meant to evoke the exponential
decay of electric field into the two media.

Secondly, in the absence of surface charge, we apply the boundary condition that

the component of the electric displacement perpendicular to the interface, D, must

also be continuous across the surface z = 0. Doing so gives a similar relation,
€1E1z = EQEQZ (33)

where €; and €5 are the relative permittivities of the material. Then, apply Maxwell’s

equation for the electric displacement, first by taking the divergence as follows

&1 (ik) Bra — ki By ) eie-hizmiot 55 0

V.D= (3.4)

€ (k| By + koBs,) eMimthea—ivt 5 <)
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In the absence of a source term, the divergence of the electric displacement is equal

to zero. By imposing this condition, we arrive at the following two equations.

Zk”Elx - klElz = O (35)

Combining these with Equations 3.2 and 3.3 results in the statement below.
k1€2 + k2€1 =0 (37)

Based on the condition that &y and Ak, are assumed positive, this requires that e
change sign across the interface. As will be discussed in more detail later on, this
can be accomplished if one of the materials is a metal. Here, we will take the first
medium to be a typical dielectric material with ¢; > 0 and the second to be a metal
with negative permittivity, e < 0.

To arrive at the dispersion relation for SPPs, we begin with the wave equation

wE_P R (3.8)

c? Ot?

and apply it to Equation 3.1, which yields the following two equations.

N R %wQ ~0 (3.9)

—ki + k3 + %wQ =0 (3.10)
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These may be combined with Equation 3.7 to obtain the surface plasmon dispersion

relation
w €1€9
ki=-—1/2
11+ €

(3.11)

Although this relation looks linear in w, there is a frequency dependence of €5 which
makes the relationship nonlinear. Additionally, the lossy nature of metals give a
complex permittivity, €5, which will be accounted for here by a complex wave vector,
k. Assuming w and €; real, and using € = €y + ie, where |e;| > €, the real and

imaginary components of the wave vector can be written, to lowest order, as

/
;W €1€9

ky = — ; 3.12
= €1+ € ( )
” w 616/2 5/2 6/2/
k:—( ) e (3.13)
c \€+¢ 2 (62)

Recalling that the second material is chosen to be a metal with e, < 0, here we see
that in order to arrive at a real solution for k|/| we further require that |ey| > €.
The imaginary component of the wave vector, k;llll , describes the absorption of the
propagating wave and determines the SPP propagation length. The field penetration
depths into the respective materials are set by k; and ky which can be solved from

Equations 3.9 and 3.10.

Discussion of Materials

All of the necessary requirements for e, are satisfied by a number of metals such as
silver, gold, and aluminum, leading to their recurring use in plasmonics applications.
Each have a negative permittivity across a wide spread of wavelengths from the

ultraviolet through the infrared as can be seen in Figure 9a, which uses Palik data
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to interpolate the permittivity as a function of wavelength [65]. The magnitude of
the permittivity is large enough to satisfy the requirement that |e,| > ¢, for many
gases and liquids that may be used as the dielectric material €;. In addition, the
imaginary components, also interpolated from Palik data and displayed in Figure 9b,
are small enough to satisfy the condition |e,| > €,. Of the metals pictured, silver is the
least lossy and therefore will provide the narrowest resonance. A narrower resonance
results in a higher sensitivity and it is for this reason that silver is the metallic
material of choice for all experiments discussed throughout this dissertation. However,
this choice of silver is not without drawbacks; the greatest being the propensity for
oxidation when exposed to ambient conditions, thus altering the material properties
and degrading the quality of the resonance [66-68]. This effect can be mitigated, in
part, by either applying a protective coating layer such as gold [69, 70] or oxide layers

[71] atop the silver or by controlling the environment to which the surface of the film

is exposed.
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FIGURE 9. Spectral permittivity of a few noble metals.
Real and imaginary components of the complex relative permittivity as a function
of wavelength for silver (Ag), gold (Au), and aluminum (Al). Curves are
interpolated using optical data from Palik [65].

For the experiments presented in chapter five of this dissertation, the dielectric

used adjacent to the silver will be room temperature air. To prevent oxidation, the
25



samples will be stored under nitrogen until ready for use. Using the configuration of
Figure 8 with air and silver, the field distribution of the SPP is shown in Figure 10a.
Here the magnetic field is plotted as it is transverse to the direction of propagation and
creates a more helpful visualization. This figure also illustrates the SPP wavelength
which is very near, but slightly less than, the free space wavelength of 632.8 nm, as
expected [72]. The approximate penetration depth of the field into the two media
is observed more clearly by plotting the field amplitude, as is shown in Figure 10b.
For this particular configuration, the 1/e optical penetration depths are found to be
400nm and 24 nm, respectively. It is this region, where the field is strongest, that

will be probed be the surface plasmon sensing techniques.
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FIGURE 10. Electromagnetic field of SPPs.

(a) SPP magnetic field for the configuration shown in Figure 8 with air and silver as
the two materials and for wavelength of 632.8 nm. Magnetic, rather than electric
field is shown because it is transverse to the propagation. (b) Normalized
electromagnetic field amplitude as a function of the distance for the same
configuration. This illustrates the exponential decay of the field away from the
surface; 1/e optical penetration depths into the dielectric and metal are found to be
400nm and 24 nm, respectively.
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Coupling to Surface Plasmon Polaritons

In order to utilize propagating surface plasmons for sensing applications, the
issue of exciting SPPs must first be resolved. The difficultly lies in the fact that
the SPP mode is inaccessible by light incident from the dielectric itself. For a given
frequency, the wave vector of the light in the dielectric medium must be increased by
some amount, Ak in order to match that of the SPP. This can be seen in Figure 11
which plots the SPP dispersion relation for a silver/vacuum interface along with the
light line in vacuum; notice that the SPP mode lies entirely to the right of the light

line, and thus cannot be coupled to directly from vacuum.

0.4
0.3
Q.
3 HeNe
§0.2
- Air Light Line
0.1 — Ag/Air SPP
— Glass Light Line
00 01 02 03 04 05 06

Kir/Kp

FIGURE 11. Mode dispersion of SPPs.

Dispersion relation of SPPs at an Ag/vacuum interface and light lines in both
vacuum and glass to show that use of a glass prism enables coupling to SPPs.
Frequencies are normalized to the plasma frequency, w,, and the real part of & is
plotted after normalization to k, = w,/c. The HeNe frequency, the frequency used

in the calculation of the SPP dispersion, is indicated in the figure as a reference.

To excite SPPs, the momentum mismatch must be overcome through some
coupling scheme. This can be accomplished via grating coupling, in which the
higher order diffracting beams compensate the additional momentum, or attenuated

total reflection, also termed prism coupling [73]. In this dissertation we focus on

27



the coupling scheme of attenuated total reflection, which involves use of a prism of
higher index material than the SPP dielectric in order to shift the light line to higher
wave vector — further to the right as seen in Figure 11. From the prism, the SPP is
accessible by incident light frequencies below the intersection of the mode dispersion
with the light line in the prism. At a particular frequency, the momentum of the
incident light parallel to the interface is matched to that of the SPP by variation of
the incident angle of the light within the prism. This coupling scheme is referred to
as attenuated total reflection, because the angle which accomplishes this is beyond
the angle of total internal reflection. The prism can be implemented on either side
of the interface, replacing either of the two semi-infinite media with a finite thickness
film. The more common configuration, and the one that will be employed in this
dissertation, is the Kretschmann configuration [39], in which a finite thickness metal

film is sandwiched by prism and dielectric material as shown in Figure 12.

Prism
Metal |
> Dielectric 'i
1

FIGURE 12. Kretschmann configuration for coupling to SPPs.
Light incident on the silver from the glass at an angle 0 excites SPPs on the
opposite surface of the silver, along the interface with the adjacent dielectric as
indicated with the cartoon of the field amplitude profile.

Surface Plasmon Resonance Features

Using the Kretschmann configuration described above, it is possible to excite

surface plasmons on the metal/dielectric interface. The incident light must be
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FIGURE 13. SPR angular reflectance and phase.

Calculated for a glass prism, silver, and air in the Kretschmann configuration using
Palik data for the silver permittivity[65]. The thickness of the silver film is
optimized to give zero reflectance at the resonance minimum and exhibits a 7 jump

in phase at the angle of minimum reflectance.
polarized with p, or transverse magnetic, polarization so that the electric field
oscillates within the plane of incidence and penetrates the metal film. Variation of the
angle of incidence affects the projection of the momentum along the surface according
to kj = “y/esin(f). By varying the incident angle of the beam upon the surface and
measuring the output at the specular beam, we can map out the angular reflectance
spectrum. Above the angle for total internal reflection, there will be a dip in the
reflectance, shown in Figure 13 along with the accompanying phase profile, which
corresponds to the excitation of SPPs. This profile is referred to as the resonance
lineshape. It can be observed not only in the angular domain, but also with variation
in wavelength of the incident light or permittivity of the dielectric adjoining the metal
film. The resonance is slightly asymmetric, with the larger magnitude slope occurring
on the side of the resonance nearer the angle of total internal reflection. The width

and depth of this resonance depend on the parameters involved; they can be tuned,

for example, through variation of the thickness of the metal film.
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For a particular wavelength of incident light and set of prism, metal, and
dielectric materials, there is a critical thickness of the metal film for which the
reflectance drops to zero at the minimum of the resonance. This occurs when the
intrinsic damping is equal to the radiative damping [74]. As the thickness of the
metal film is detuned from this critical value in either direction, the resonance becomes
shallower. For thicknesses below this critical thickness, the shallower resonance is also
broadened and shifted to higher angle, whereas for thicknesses above this critical value
the resonance narrows and the resonance minimum trends toward a lesser angle. This

behavior is portrayed in Figure 14 for film thicknesses ranging from 25 nm to 75 nm.
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FIGURE 14. SPR angular reflectance for varied silver film thicknesses.
Computed for a glass prism, silver, and air in the Kretschmann configuration with
silver film thickness varied as indicated. Changes in thickness of the film alters both
the location of the minimum and the depth of the resonance curve.

In addition to the zero in reflectance, the critical thickness metal film is also
marked by a singularity in the differential phase and a 7 phase jump on resonance
[57]. The magnitude of the phase slope on resonance decreases as the film thickness
departs from this critical value. In addition, the sign of the slope flips across this

critical thickness; it is negative for thinner films and positive on resonance for thicker
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films. This behavior is shown in Figure 15, which displays the phase profiles for silver

film thicknesses ranging from 25 nm to 75 nm.
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FIGURE 15. Angular dependence of SPR phase with varied film thickness.
Computed for a glass prism, silver, and air in the Kretschmann configuration with
silver film thickness varied as indicated. Steeper phase profiles are accomplished by

tuning the thickness nearer the critical value. The slope of the phase on resonance is
negative for thicknesses below this critical value and positive for thicknesses above.

These features of a narrow intensity resonance and large differential phase are
advantageous when employed in sensing applications. For intensity based sensors,
which rely on measurement of the reflectance, it is the slope of the reflectance which
is crucial. For this reason it is advantageous to maximize the slope, which occurs
at a position slightly detuned from the minimum of the resonance. When operated
in this way, a small change in the material parameter to be detected will induce the
largest possible change in intensity. By the same argument, intensity based detection
schemes tend to operate near the angle which minimizes the intensity, which exhibits

the maximum slope in phase.
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Sample Preparation and Characterization

The type of samples desired are smooth silver films with uniform thickness of
approximately 50 nm. We choose to deposit the silver onto plain Corning soda-
lime glass microscope slides which can then be easily adhered to, and subsequently
removed from, the hypotenuse of a right angle prism using index matching liquids.
The glass slides are cut to match the height of the prism using a score and snap
technique, followed by a smoothing of the cut edges with lapping film. Smaller glass
substrates, less than 1 c¢cm on a side, were also cut and deposited on, to be used
later for characterization by atomic force microscopy (AFM). The slides are cleaned
before deposition with a drop and drag technique using acetone and ethanol. Plasma
cleaning and piranha cleaning methods were also tested for comparison but made no
noticeable difference in the quality of the deposited films.

Once the substrates have been prepared, sample fabrication is performed in the
Center for Advanced Materials Characterization in Oregon (CAMCOR) facility at the
University of Oregon. The film is thermally evaporated using the Amod deposition
system from Angstrom Engineering with the substrates mounted on a rotating plate
within the chamber to facilitate uniform deposition. We use a source material of
99.99% pure silver pellets from Kurt J. Lesker company resting in a molybdenum
boat. The silver is deposited under vacuum conditions of approximately 107% torr
with deposition rates ranging from 0.1-15 A/ s onto glass substrates trimmed to the
desired size and cleaned as described above. Deposition rates are primarily chosen
from the higher end of this range in order to deposit higher quality films [75]. The
thickness of the Ag films is controlled both by deposition rate and by variation of the
deposition time and is monitored by a quartz crystal microbalance (QCM) mounted
in the deposition chamber. Because of their differing locations, a tooling factor is
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calculated to related the QCM thickness to the thickness of the film deposited on the
substrate. Upon completion of the fabrication procedure, samples are stored under

nitrogen to preserve their integrity until ready for use.

FIGURE 16. Schematic for angle conversion.
Displays the geometry needed to relate the incidence angle within the prism, 6, to
the angle of the motorized rotation stage, 6,,, required to achieve this incidence.

To optically interrogate a sample, it is removed from the dry box and promptly
mounted, with the silver film facing outward, onto the hypotenuse of a Thorlabs 25
mm right angle BK7 glass prism using Cargille refractive index liquid. The index
matching liquid is applied so as to eliminate any air gaps between the prism and glass
slide and to provide a constant refractive index environment to remove any disruption
of the incoming beam. The prism, with the silver film now attached, is mounted onto
a motorized rotation stage, enabling variation of the angle of incidence of the source
beam onto the sample. The motor angle is set to zero for 45 degree incidence on
the back of the prism. The angle of the motorized stage can then be related to the
angle of incidence within the prism through the use of basic geometry and Snell’s law

yielding
0,, = arcsin <Z—: sin (9 - %)) (3.14)

where n, and n, and the refractive indices of the air and prism respectively, and

Om and 0 are the angles of the motorized stage and incidence within the prism as
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indicated in Figure 16. The beam spot on the back of the sample is aligned as closely
as possible over the center of rotation of the motorized stage so that the same region
of the sample is interrogated as the prism is rotated and the specularly reflected beam
emanates from the same location over a range of angles. Two inch diameter optics
are used to collimate the output and focus it onto the detector allowing an angular
scan over nearly ten degrees to be completed without repositioning of the detector.
Detection is performed with a silicon photodiode through a lock-in amplifier designed
to pick out the optical signal modulated by an optical chopper wheel at 911 Hz.
The motorized rotation and signal collection is controlled via GPIB interface with a

computer running LabVIEW software.
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FIGURE 17. Angular reflectance experimental data with best fit functions.
Silver films of different thickness were deposited by variation of deposition time and
characterized optically. The dots are the experimental optical data points and the
solid lines are a least squares fit to that optical data. The thickness values indicated
in the legend are those output by the fitting procedure.

The optical data collected is then analyzed in Mathematica. Reflectance from

the SPR configuration is computed by R = |r|? with reflectivity, r, of a single thin
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film system given by [76]

—2i0
p— 12120 (3.15)

1+ rigroge290

where 7;; is the p wave reflectivity at the interface between two materials, 7 and j,

with relative permittivities ¢; and €; and angles of incidence ¢; and 6; according to

_ Vaeos(ty) — & eos(d)
V€ cos(0;) + /€ cos(0;)

(3.16)

Tij

and where the parameter § is proportional to the film thickness, d, and is given by

0= 2%1\/6_2005(92) (3.17)

Thickness characterization of the samples is performed via a three parameter fit to
the reflectance data with the three parameters being the real and imaginary parts of
the permittivity and the thickness of the silver film. The optical data, along with
the best fit curves, are shown in Figure 17 for a set of four samples fabricated with
different deposition times. The determined film thicknesses are displayed in the plot

legend and the permittivity values for silver are consistent with the literature [65, 77].

TABLE 1. Best fit parameter values from optical film characterization.

P . Fit to Independent g
roperty Optical Data | Verification ouree
.1 -15.9 4+ 1.071 Palik [65]
¢ 17340961 -18.3 + 0.48 i | Johnson & Christy [77]
d 51.6 nm 50.5 nm AFM

Using these thicknesses as calibration, the deposition time can be optimized to
produce silver films with a resonance minimum even closer to zero than any of the

initial samples. Figure 18 shows optical data in which the normalized reflectance dips
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just below 0.05 at its minimum. Performing the fitting procedure as outlined above
yields a film thickness of 51.6 nm and relative permittivity of —17.3 + 0.97:. Table
1 shows that this value falls between the values for the silver permittivity at this

wavelength from Palik and Johnson and Christy.

Reflectance
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FIGURE 18. Angular reflectance data with fit for a near-critical thickness film.

A near-critical thickness film was achieved based on the calibration from Figure 17
and then characterized optically. The dots represent the measured reflectance values
and the solid line a fit to the optical data. The fitting procedure yields a relative
permittivity of e = —17.3 4+ 0.97: and thickness of 51.6 nm for the silver film.

For independent verification of film thickness we turn to AFM. Using CAMCOR
facilities, thickness measurements for a sampling of deposited films were obtained by
scraping the silver films deposited on the smaller glass substrates and scanning across
the step left in its wake. This data obtained from this scan may then be analyzed to
measure the film thickness. A visualization of the silver film and substrate of one of
these samples, created using the NanoScope Analysis software package, is presented
in Figure 19. An alternate presentation of this data is the plot of Figure 20. Here
we plot the percentage of pixels at each height against the height as measured above

the lowest pixel height. When viewed in this way, the data exhibits two clear peaks,
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the lower one representing the substrate surface and the higher one representing the
silver surface. The shoulder on the high end of the silver height distribution is a result
of pileup along the edge caused by the scraping procedure. By fitting each of these
peaks with a Gaussian distribution, we identify the film thickness as the difference
between the centers of these distributions and obtain a measure of the roughness of
the film via the full width at half maximum (FWHM). The resulting thickness, 50.5
nm, matches well with that from the optical data, as shown in Table 1. The roughness
of the silver film is estimated at 2.8 nm. This analysis acts as independent verification
of the film thickness value obtained via SPR and instills confidence in the thickness

measurements obtained by the fitting procedures to the optical data.

65.0 nm

30.0 nm

2.0 pm

2.5um

FIGURE 19. Visualization of silver film topography created from AFM data.
Atomic force microscopy was used to independently verify the thickness of the silver
film. The elevated surface on the left hand side of the figure is the top of the silver

film and the lower surface on the right is the exposed glass substrate where the
silver has been scraped off for a step height measurement. The image was generated
using the NanoScope Analysis software package.

Summary

The intent of this chapter was to highlight the physics behind propagating surface

plasmons and the accompanying resonance, as well as provide details regarding the
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FIGURE 20. AFM step height analysis.

Pixel height data for the silver film was recorded via AFM. The peaks at the film
and substrate surfaces are fit with Gaussian distributions to determine the film
thickness as well as obtain a measure of the surface roughness. The shoulder on the

high side of the rightmost peak is due to pileup of silver caused by scraping.
experimental preparation and characterization of samples to be used in the surface
plasmon sensing experiments contained in the following chapters. We derived the
dispersion relation for SPPs and discussed the physical significance of the material
parameters which factor in to this equation. We discussed experimental configuration
and procedures necessary to excite SPPs and observe the corresponding resonance.
Finally, we demonstrated the ability to fabricate and characterize high quality silver
films for use in the SPR sensing experiments. Armed with both the mathematical
tools necessary to describe the system as well as the experimental techniques required
to produce high quality samples, we proceed to construct a theoretical model which

incorporates these features of the resonance within the architecture of the Sagnac

interferometer.

38



CHAPTER IV

RESONANTLY ENHANCED SAGNAC INTERFEROMETRY

Overview

A resonantly enhanced Sagnac interferometer is simply one that incorporates
a resonant system within the construct of the interferometer itself. Resonance is a
ubiquitous phenomenon encountered in a wide variety of systems, so a discussion of
resonantly enhanced Sagnac interferometers is broadly applicable. A few examples
of resonances that are already being pursued within this geometry include atomic
resonances [24-26], ring resonators [27-29], and coupled sequences of micro-resonators
[30-33].  While the particular resonance used within the system will heavily
influence the potential applications of said experiment, the mathematical formalism
remains quite general. This is because of the near-universal resonance features: an
approximately Lorentzian intensity profile accompanied by a steep change in phase
on resonance. Introducing these features within the structure of the interference
equations arrived upon in the second chapter produces interesting results and
motivates further research in resonantly enhanced Sagnac interferometry. In this
chapter we will describe the creation of a theoretical model to describe the system. We
begin by describing the system to be modeled and detail the methods for introducing
perturbations to the system. Then we display and analyze results for the normalized
intensity at the dark port and compute the accompanying sensitivity. Next, we
perform the same intensity and sensitivity analysis for the bright port. After that,
we touch on the impacts of an angular detuning from the resonance minimum before

finally summarizing the results obtained from this theoretical model.
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Inclusion of a Resonance

In this work the interferometer is resonantly enhanced via surface plasmon
resonance (SPR). The results are more broadly applicable; however, a particular
resonance is chosen here to model a system that can be implemented and tested
experimentally. A schematic diagram of the interferometer configuration under
consideration is presented in Figure 21. Here the source beam is incident from the
left and splits evenly at a 50/50 beamsplitter. The two resulting beams traverse
the same overall path around the interferometer but in opposite directions. At the
prism-coupled SPR element both beams undergo the resonant interaction, and upon
returning to the beamsplitter the two beams interfere resulting in two interferometer
output signals.

The resonant interaction specific to this system involves the coupling of light
to SPPs. Upon reaching the SPR element, the counter-propagating beams excite
counter-propagating SPPs at the metal dielectric interface. For this to occur, the
conditions must be such that the momentum component of the incident light along
the interface is matched to that of the SPP mode for beams incident from both sides of
the prism. The metal film thickness used is tuned to match the intrinsic and radiative
damping and will be referred to as the critical film thickness for SPR. As the thickness
is detuned from this critical value, the magnitude of the differential phase decreases
as shown in Figure 22. A large slope in the phase is crucial to provide the desired
resonant enhancement effects. For this reason, we focus on metal film thicknesses at
or near the critical thickness for the duration of this work.

After the beams have undergone the resonant interaction and propagated
around the entirety of the interferometer loop, they recombine at the beamsplitter.

The normalized intensities at the two output ports of the resonantly enhanced
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FIGURE 21. Resonantly enhanced Sagnac interferometer using SPPs.
In this schematic diagram, the Kretschmann prism configuration replaces one of the
mirrors and the counterpropagating beams excite counterpropagating SPPs at the
interface of the metal and dielectric.

interferometer are given by modifying the interference equations derived earlier to

include the resonant terms.

1

i 1

[Rl + R2 +2 RlRQCOS (gbg - ¢1)] (41)

Here R and ¢ represent the intensity and phase, respectively, due to reflection from
the SPR element. Subscripts 1 and 2 distinguish the two counterpropagating paths
around the interferometer while the plus and minus signs differentiate the two output
ports. Aside from the resonant interaction, the phase accumulation in the remainder
of the loop is assumed to be equal between the paths and the mirrors are assumed to

be perfectly reflecting. This interference equation is generalizable beyond just SPR,
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FIGURE 22. Differential phase magnitude with variation in metal film thickness.
The magnitude of the differential phase is calculated on resonance. There is a
singularity at the critical film thickness and the magnitude falls off sharply on either
side.

and will serve as the basis of our investigation on the sensing capabilities of resonantly

enhanced Sagnac interferometers.

Perturbation Detection

To explore these sensing capabilities, we investigate the response of the system
to external perturbations. In this work, we choose to model perturbations as a
refractive index detuning applied to the lower-index dielectric opposite the prism
in the SPR configuration. This dielectric is chosen to exhibit perturbations as a
matter of practicality, since a common application of SPR is to detect ultrasmall
shifts in refractive index of this dielectric[46]. This refractive index value is one of
the parameters that goes into the calculation of the R and ¢ terms in Equation 4.1,
computed using the Fresnel equations. The reflectance and phase dependence on
the refractive index of this outer dielectric, for a fixed angle of incidence, reproduce
the expected general resonance features as shown in Figure 23. The reproduction of
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a nearly-Lorentzian dip in the reflectance accompanied by a steep change in phase
on resonance justifies the choice to introduce perturbations to the refractive index
of the lower-index dielectric. However, the results are general to a detuning in any

parameter of a resonant system that similarly influences a resonance.
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FIGURE 23. SPR reflectance and phase in the refractive index domain.
Computed for a configuration consisting of a glass prism, silver, and dielectric of
refractive index n. The film thickness and incidence angle are optimized for
maximum coupling to SPPs at the refractive index of water. The resonance features
in this domain are qualitatively similar to those in the angular domain.

Perturbations to the system fall into one of two classifications: reciprocal or
nonreciprocal. For reciprocal phenomena, the perturbation affects both the clockwise
and counter-clockwise paths of the Sagnac interferometer equivalently. In the
terms of Equation 4.1, this means that for purely reciprocal effects, Ry = R, and
¢1 = ¢9. Reciprocal perturbations are implemented in this work by adding An to
the refractive index as seen by both the clockwise and counter-clockwise propagating
paths. Although no phase difference is introduced by a reciprocal effect, a change
in reflectance caused by the detuning has the potential to alter the interferometer
output according to Equation 4.1. One example of a reciprocal perturbation to the

lower-index dielectric in the Kretschmann configuration is a temperature drift. A
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temperature drift shifts the refractive index according to the thermo-optic coefficient
of the material, but the shift is independent of the direction of beam propagation
around the loop [44].

On the other hand, a perturbation is nonreciprocal if it depends on the
direction of propagation. These phenomena break the symmetry between the counter-
propagating paths of a balanced interferometer such that ¢; # ¢,. As seen from
Equation 4.1 this phase difference alters the nature of the interference, moving from
constructive toward destructive or vice versa. This, in combination with any intensity
changes introduced by the detuning, fully describes the change in signal measured at
the bright and dark ports. We choose to implement a nonreciprocal detuning by
adding An to the refractive index of the lower-index dielectric as experienced by
one path and subtracting An from the refractive index of the same dielectric as
seen by the counter-propagating path. For reference, the phase difference produced
by a nonreciprocal detuning of |An| = 1077 is plotted in Figure 24 for metal film
thicknesses near the critical thickness. The phase difference peaks sharply at the
resonant angle, prompting operation of the sensor at this fixed angle of incidence. The
magnitude of the peak grows as the film thickness approaches the phase singularity
on resonance as seen in Figure 22, reflecting the benefit of a large differential
phase associated with the near-critical thickness films. An example nonreciprocal
perturbation of refractive index is uniform translational motion of the lower-index
dielectric adjacent to the metal film in the SPR configuration[78, 79]. For a moving
dielectric, there is a relativistic drag effect known as Fresnel-Fizeau drag [80, 81]
which imparts a phase shift dependent on the scalar product of the velocity vector of
the dielectric and the SPP propagation direction. This directional dependent phase

difference amounts to a nonreciprocal detuning in the refractive index of the dielectric.
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FIGURE 24. Phase difference produced by a nonreciprocal perturbation.

The perturbation is introduced as a shift in the refractive index with a magnitude of
|An| = 1077, The phase difference peaks sharply at the resonant angle and the
magnitude is greater for film thicknesses near the critical value.

In many cases, both reciprocal and nonreciprocal phenomena will be present
simultaneously. This is often unwanted as it can contribute additional noise to the
system, but may be unavoidable under certain circumstances. For example, while
studying a nonreciprocal flow there will be a limit on how precisely the temperature
may be controlled. In these instances, one might wish to measure both nonreciprocal
and reciprocal effects simultaneously: such as the velocity of a moving dielectric and
any temperature change associated with it. In order to do so accurately, we should
utilize a device in which the response of the system to one type of perturbation is able
to be dependably distinguished from the response of the other. In this chapter we
will show that the resonantly enhanced Sagnac interferometer is capable of achieving

this level of discrimination. The dark port displays a high sensitivity to nonreciprocal

fluctuations and is robust against reciprocal phenomena. Meanwhile, the bright port
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is highly sensitive to reciprocal drifts while maintaining a relative insensitivity to

nonreciprocal effects.

Dark Port Intensity

We begin by exploring the response of the dark port to both nonreciprocal and
reciprocal perturbations. For the nonreciprocal response, we plot I_ from Equation
4.1 as a function of the nonreciprocal detuning. This nonreciprocal detuning alters the
refractive index of the dielectric by the same magnitude, but in opposite directions for
the two paths. It is performed for near-critical thickness metal films while maintaining
a fixed incidence angle in the prism, the resonant angle for the SPR system. Under
these initial conditions, the field reflectance from the SPR element is at its minimum.
As we detune from this resonant minimum, the reflectance values of the two counter-
propagating signals do increase but remain nearly equivalent, with differences owing
to a slight asymmetry in the resonance lineshape. Along with intensity changes, the
nonreciprocal detuning introduces a phase difference between the two paths. As this
phase difference accumulates it causes a switching from destructive to constructive
and then back to destructive interference at the dark port output. This results in the
nonmonotonic behavior of the normalized intensity output seen in Figure 25. This
general lineshape persists for film thickness on either side of the critical value. The
first shift from destructive to constructive interference happens rather abruptly due to
the 7 phase change on resonance. This resonant phase behavior provides a significant
phase difference with the introduction of only a slight detuning to the perturbed
parameter in the system, in this case the refractive index of the dielectric. The result

is a strong enhancement in the output intensity at the dark port. This resonantly
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enhanced signal provides a sensitivity to nonreciprocal phenomena in the dark port

greater than that achievable in a nonresonant Sagnac interferometer.
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FIGURE 25. Dark port response to nonreciprocal perturbations.
Normalized intensity output at the dark port, /_, exhibits nonmonotonic behavior
with the introduction of nonreciprocal phenomena. The film thickness is varied as

denoted in the legend.

In addition to the strong nonreciprocal response, a relative insensitivity of the
signal to reciprocal phenomena is needed to fully realize the potential of the dark port
as a sensor of nonreciprocal phenomena. We model reciprocal sensing in the dark port
by computing I_ as a function of the reciprocal detuning. The reciprocal detuning
is implemented as described earlier, with An equivalent for both interferometer
paths. Again, the incidence angle in the prism remains fixed at the resonant angle
of SPR, where the reflectance is at its minimum. As we detune the system, the
intensity upon reflection from the SPR element increases; identically in both paths
for reciprocal detuning. Unlike the nonreciprocal case, the phase remains equivalent
in both paths. Because of this, the output retains its destructive interference and

the intensity remains zero, despite the intensity increase in the counter-propagating
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paths. The result is a signal completely insensitive to the introduction of purely

reciprocal phenomena.
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FIGURE 26. Dark port perturbation response.
Normalized output intensity, indicated by the color bar, as a function of both
reciprocal and nonreciprocal detunings.

But what happens when reciprocal and nonreciprocal phenomena are present
simultaneously? To determine the robustness of the system, we consider the system
response in the presence of both types of phenomena. This response is plotted in
Figure 26. Here we see that the system maintains its nonmonotonic behavior as
a function of nonreciprocal detuning even in the presence of reciprocal phenomena.
However, unlike before, we observe that the reciprocal detuning can influence the
intensity output when occurring in conjunction with nonreciprocal effects. The
nonreciprocal effect introduces a phase difference at the output so there is no longer
complete destructive interference. Because of this, intensity variations of the counter-
propagating paths owing to reciprocal perturbations can begin to affect the output

signal. This result is unique to the resonantly enhanced interferometer and can
48



reintroduce noise that the nonresonant Sagnac interferometer is constructed to be
immune to. While this may be a subtle effect, it is important to consider when

utilizing a resonantly enhanced system.
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FIGURE 27. Dark port response to small perturbations.
A zoomed-in view of Figure 26. The near-vertical contours suggest a strong response
to nonreciprocal perturbations and relative insensitivity to reciprocal phenomena.

Dark Port Sensitivity

Under certain circumstances, the sensitivity to reciprocal effects in the dark port
will be small enough that it may be safely neglected and the dark port signal used for
detection of nonreciprocal phenomena. As evident by Figure 27, a zoomed-in version
of Figure 26, in the region of small detunings the dark port remains largely insensitive
to the reciprocal perturbations. For larger detunings, the effect is large enough to
influence the behavior of the output intensity. In practice, this sets a limit on the

sensing capabilities of the dark port. Reciprocal detunings must be kept small enough
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so as to be insignificant compared to nonreciprocal detunings in order to definitively
attribute the response of the dark port to a nonreciprocal perturbation.

To further quantify the performance of the resonantly enhanced Sagnac
interferometer we analyze its sensitivity. We define the sensitivity in the dark port
as S_ = aai_;w where An is the magnitude of either the reciprocal or nonreciprocal
detuning. The sensitivity is plotted against An to illustrate how the sensitivity varies
with the strength of the perturbation. While one of the detunings is varied, the other
is held fixed at a constant detuning of |An| = 1077 to exemplify the system behavior
in the presence of other perturbations. Figure 28 shows both the nonreciprocal and
reciprocal sensitivities in the dark output port as a function of the magnitude of the
respective detuning. The incidence angle in the prism and thickness of the metal film
are held fixed at the resonant angle and the critical SPR thickness, respectively. As
seen in the figure, the sensitivity to nonreciprocal effects is orders of magnitude larger
than the sensitivity to reciprocal effects in the dark port. This significant difference in
sensitivity persists over a wide range of detunings making the dark port an effective
detector of nonreciprocal phenomena.

As compared with other surface plasmon sensors, this eases detection of
nonreciprocal effects. While these effects are capable of detection in an intensity-
based, or even a Mach-Zehnder configuration phase-based scheme, these techniques
are more easily contaminated by reciprocal noise. For example, in detection of a
dielectric flow, the drag effect would induce a shift in the intensity and phase upon
reflection. However, so would a temperature drift, necessitating precise temperature
control in these experiments. In the resonantly enhanced Sagnac interferometer not
only is the sensitivity to nonreciprocal perturbation enhanced, but small reciprocal

perturbations are also, to a large extent, filtered out. This allows for a relaxation of
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FIGURE 28. Nonreciprocal and reciprocal sensitivity in the dark port.

The reciprocal sensitivity is plotted for reciprocal An varied and a constant
nonreciprocal detuning of [An| = 10~". For the nonreciprocal sensitivity curve, An
is the magnitude of the nonreciprocal detuning and the reciprocal detuning is held

fixed at 1077,

constraints such as precise temperature control typically required in such experiments.
These same principles can be applied to any nonreciprocal perturbation that may also

be accompanied by reciprocal phenomena.

Persistence of Results

In experiments designed to detect both types of perturbations simultaneously,
the strength of both types of perturbations may exceed the |An| = 1077 value that
was used to hold one type of perturbation constant in the previous calculation of
the sensitivity. The question then becomes, how much could these constraints be
relaxed while maintaining a large gap between the sensitivity to nonreciprocal and
reciprocal phenomena. To explore the extent of the nonreciprocal dominated regime,
we modify the calculation described above by increasing the magnitude of the An
held constant. For example, Figure 29a displays reciprocal sensitivity with |An|

nonreciprocal held fixed at 107% and nonreciprocal sensitivity with An reciprocal also
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held fixed at 1076, This is repeated in Figure 29b but with the parameter adjusted
down to 107°. Comparison of these plots with that of Figure 28 shows that the trace of
the nonreciprocal sensitivity exhibits little change. However, the reciprocal sensitivity
grows as the magnitude of an also present nonreciprocal perturbation increases. This
significantly lessens the gap between the two on the left side of the plot, but the
discrepancy persists for higher detunings. As it turns out, the leftmost side of the
plot contains a bit of an incongruity; the red trace shows the reciprocal sensitivity
when a nonreciprocal perturbation of magnitude |An| = 107° is present. In the
presence of a nonreciprocal perturbation of this magnitude, it is no so instructive to
focus on the nonreciprocal sensitivity to a perturbation of magnitude |An| = 107°.
Instead, it is more illuminating to look further along the x-axis at An = 10~° where
we see a discrepancy between the sensitivities of three orders of magnitude. This
illustrates the effectiveness of this device as a simultaneous detector when both effects
are present with larger strength in addition to the previously discussed potential of
enhanced nonreciprocal phenomena in the regime closer to pushing the lower limits

of perturbation detection.
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FIGURE 29. Dark port sensitivity for simultaneous detection.
(a) Same as Figure 28 except that the |An| not varied is held fixed at 107°. (b)
Same again, but now with the |An| not varied is held fixed at 107°.
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We also consider the impact on sensitivity of variation in the silver film thickness.
Figure 30 shows the sensitivity to reciprocal and nonreciprocal phenomena for two
supercritical thicknesses. These films are 3 nm and 6 nm thicker than the critical
thickness film which reaches zero at the minimum of the resonance. As with Figure
28, the type of perturbation held fixed is done so at a constant detuning of |An| =
1077. We observe very minimal deviation from the sensitivity at critical thickness
suggesting that the dark port sensitivity is quite forgiving with respect to deposited

film thickness.
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FIGURE 30. Dark port sensitivity for supercritical thickness.

(a) The reciprocal and nonreciprocal sensitivity are plotted for a silver film
thickness 3 nm greater than the critical thickness. (b) The reciprocal and
nonreciprocal sensitivity are plotted for a silver film thickness 6 nm greater than the
critical thickness. In both cases, very little deviation from the sensitivity at critical
thickness is observed.

Bright Port Intensity

In a balanced interferometer, the bright port exhibits perfectly constructive
interference. This remains the case for the resonantly enhanced system. Even still, the
bright port exhibits low signal intensity when the system is aligned at the resonant
angle of SPR. This is due to the reflectance from the SPR element being at its

minimum, specifically zero in the case of the critical thickness film. This serves as
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our starting point in the bright port; we proceed to introduce perturbations to the
adjacent dielectric and investigate the system response.

We investigate the reciprocal sensitivity in the bright port by plotting I, from
Equation 4.1 as a function of the reciprocal detuning. Because no phase difference is
introduced between the two counter-propagating paths in a reciprocal detuning, the
bright output port retains its constructive interference. However, the introduction of
a detuning causes a shift away from the reflectance minimum, increasing the intensity
in the counter-propagating paths and thus the intensity at the bright output port.
The intensity at the output as a function of the reciprocal detuning is shown in
Figure 31. Here we see that the introduction of a reciprocal perturbation results in
an interferometer output that is modulated by the resonance lineshape. Again, this
result is unique to the resonantly enhanced system. In the absence of the intensity
modulation provided by the resonance, for example at an off-resonant angle with flat

reflectivity response, the intensity at the bright port would be unaffected.
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FIGURE 31. Bright port response to reciprocal perturbations.
Normalized intensity output at the bright port, /., increases as perturbations shift
the system away from the resonance minimum. The film thickness is varied as
denoted in the legend.
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Having looked at the bright port response to reciprocal detunings, we move
on to investigate the response to nonreciprocal detunings. We model nonreciprocal
sensing in the bright port by computing I, as a function of nonreciprocal detuning.
Similarly to the dark port, nonreciprocal detuning increases the reflectance from the
SPR element as we detune from the minimum of the resonance. In addition, the
phase difference introduced by the nonreciprocal perturbation leads to a change in the
nature of the interference at the output. In the bright port, the interference switches
from constructive to destructive and then back to constructive. Because of this,
the bright port also exhibits nonmonotonic behavior as a function of nonreciprocal
detuning. Unlike the response of dark port, we do not see a resonant enhancement
of the interferometer output in the bright port. This is due to the fact that the w
change in phase across resonance shifts the output from constructive interference to
nearly complete destructive interference. The result is a near-perfect cancellation of
terms in the bright port, thus minimizing the effect of the intensity increase away
from resonance.

For a fuller picture, it is instructive to consider the output response in the
presence of both type of effects. Figure 32 shows the normalized intensity at the bright
port as a function of reciprocal and nonreciprocal detunings. The metal film thickness
and incident angle are held fixed at the critical and resonant values, respectively. The
overall trend of this density plot looks similar to that of the dark port but with a
valley running diagonally across the plot rather than a ridge. The key difference

comes when we focus in on smaller detuning and begin to analyze the sensitivity.
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FIGURE 32. Bright port perturbation response.
Normalized output intensity, indicated by the color bar, as a function of both
reciprocal and nonreciprocal detunings.

Bright Port Sensitivity

For small nonreciprocal detunings the bright port signal is dominated by the
reciprocal response. Figure 33 displays the response for small detunings where the
reciprocal response dominates, as opposed to much of Fig 32 where the effects are
comparable in magnitude. This sets a constraint on the sensing capabilities of the
bright port. As long as the nonreciprocal signal is sufficiently small, as is often the
case particularly when pushing the lower limits of detection, the bright port can be
used as a monitor of the reciprocal drift. To illustrate this we perform a more rigorous
analysis of the sensitivity.

Using S, = ngtl as our definition for sensitivity in the bright port, we perform

similar calculations as was done for the dark port. Figure 34 shows the sensitivity to

reciprocal and nonreciprocal effects in the bright port. While one detuning is varied,
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FIGURE 33. Bright port response to small perturbations.

A zoomed-in view of Figure 32. The near-horizontal contours suggest a strong
response to reciprocal perturbations and, by comparison, a weak response to
nonreciprocal phenomena.
the detuning of the alternate effect is held fixed at a constant detuning of |An| =
1077, In this port we observe a reciprocal sensitivity orders of magnitude larger
than the nonreciprocal sensitivity. At a nonreciprocal detuning near 10~ there is a
transition in the bright port nonreciprocal sensitivity from one slope to another and
the sensitivities begin to converge. This magnitude detuning is approximately where
the nonreciprocal detuning increases the phase difference at the interferometer output
sufficiently, such that the bright port moves from destructive back to constructive
interference. However, the phenomena that is of interest for sensing applications
will occur in the region of small An where the sensitivity difference is roughly five

orders of magnitude. This enables clear detection of reciprocal effects using the bright

port. In combination with the results for the dark port, this opens new avenues of
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simultaneous detection utilizing SPR. While current detection schemes are capable of
detection of one or the other type of perturbation, a resonantly enhanced Sagnac is
capable of concurrent monitoring of both. For example, one could monitor both the
concentration and magneto-optic properties of a magnetic fluid in the vicinity of the

metal film.
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FIGURE 34. Reciprocal and nonreciprocal sensitivity in the bright port.

The reciprocal sensitivity is plotted for reciprocal An varied and a constant
nonreciprocal detuning of [An| = 10~". For the nonreciprocal sensitivity curve, An
is the magnitude of the nonreciprocal detuning and the reciprocal detuning is held

fixed at 1077,

Persistence of Results

In simultaneous detection experiments, the strength of both types of
perturbations may exceed the |An| = 1077 value that was used to hold one type
of perturbation constant in the previous calculation of the sensitivity. To explore the
persistence of this large gap in sensitivity, we repeat the calculation described above,
but while increasing the magnitude of the An held constant. Figure 35a shows the
bright port sensitivity with this parameter set to 107% and Figure 35b shows the bright

port sensitivity with this parameter set to 107°. By comparison of these plots with
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Figure 34, we observe the same qualitative features but note that the gap between
the reciprocal and nonreciprocal sensitivity does decrease slightly. For reciprocal
sensitivity with |An| nonreciprocal held fixed at 107° and nonreciprocal sensitivity
with An reciprocal also held fixed at 107°, the sensitivity difference has shrunk to
approximately four orders of magnitude. However, the fact that a sizable gap persists
between the two suggests that, for simultaneous detection, even while the strength
of a nonreciprocal perturbation increases, the reciprocal sensitivity dominates the

response of the bright port.
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FIGURE 35. Bright port sensitivity for simultaneous detection.
(a) Same as Figure 34 except that the |An| not varied is held fixed at 1076. (b)
Same again, but now with the |An| not varied is held fixed at 1075.

A second modification considered is that of the thickness of the silver film.
In the prior calculations the film thickness is assumed to be the critical thickness
which achieves identically zero reflectance at the resonance minimum. In practice,
experimental limitations will preclude the realization of a film at exactly this
thickness. To account for this, we explore the sensitivity of the bright port for
films other than the critical thickness. Figure 36 shows both the reciprocal and
nonreciprocal sensitivity for film thicknesses 3 nm greater than critical in panel (a)

and 6 nm greater in panel (b). As in the case of the critical film thickness, the

29



discrepancy starts out larger for smaller detunings and decreases as the strength of
the perturbation increases. For these supercritical thicknesses, the gap closes sooner,
starting at five orders of magnitude initially and dropping to one order of magnitude
difference at around An = 107°. There still exists a region over a range of parameter
values in which the response to reciprocal phenomena is multiple orders of magnitude
greater. However, if greater precision of film thickness is necessary in order to achieve
sufficient sensitivity contrast, other deposition techniques such as epitaxial growth of

single crystalline films may be considered [82, 83].
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FIGURE 36. Bright port sensitivity for supercritical thickness.

(a) The reciprocal and nonreciprocal sensitivity are plotted for a silver film
thickness 3 nm greater than the critical thickness. (b) The reciprocal and
nonreciprocal sensitivity are plotted for a silver film thickness 6 nm greater than the
critical thickness. In both cases, a similar disparity exists initially, but lessens more
quickly for larger perturbations.

Angular Detuning

In the previous interferometer output results, the angle of incidence onto the
silver film from within the prism is taken to be precisely at the reflectance minimum of
SPR. However, in some instances a choice could be made to detune this angle slightly
above or below the resonance angle. Although the slope in the phase profile decreases

as we shift away from the resonance minimum, the slope of the reflected intensity
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increases up until reaching the inflection point. Furthermore, the reflected intensity
itself will increase with this angular detuning leading to a larger normalized intensity
in the bright port. A particular angle of interest may be that which maximizes the
slope of the intensity. After computing this angle, we may use it in a similar fashion
as above to construct density plots which display the bright and dark port response
to both reciprocal and nonreciprocal perturbations. This computation confirms a
nonzero bright port signal even in the balanced interferometer configuration, as can
be seen by inspection of the scale bar in Figure 37. Beyond this distinction, the
qualitative behavior of this figure remains much the same as that of the system
without angular detuning. The nearly horizontal contours suggest a strong response
to the introduction of reciprocal perturbations, and by comparison very little response

to the presence of nonreciprocal perturbations continuing out to An of nearly 1073.
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FIGURE 37. Angle detuned bright port intensity.
Normalized output intensity is plotted as a function of both reciprocal and
nonreciprocal perturbations. The incidence angle is fixed at the angle which
maximizes the slope in the surface plasmon reflectance.

The dark port, on the other hand, maintains perfectly destructive interference

under ideal conditions such that the intensity at this output remains zero for the
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balanced interferometer, even with the angular detuning. Figure 38 displays the
normalized intensity as a function of both reciprocal and nonreciprocal perturbations.
The intensity contours in this plot are nearly vertical, representative of a response
dominated largely by the introduction of nonreciprocal perturbations. This holds for
reciprocal perturbations in An on the order of roughly 107%. As a point of reference,
this corresponds to a temperature change of approximately 1 °C' in liquids pervasive

in scientific research such as water and ethanol.
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FIGURE 38. Angle detuned dark port intensity.
Normalized output intensity is plotted as a function of both reciprocal and
nonreciprocal perturbations. The incidence angle is fixed at the angle which
maximizes the slope in the surface plasmon reflectance.

The foremost conclusion to be drawn from this discussion is that the results
obtained above are not exclusive to the resonance angle itself. The propensity toward
detection of reciprocal effects in the bright port and nonreciprocal perturbations in
the dark port holds true for additional angles of incidence away from the resonance
minimum. The nonzero bright port signal in the balanced interferometer represents
a departure from the earlier conclusions, nonetheless the residuum of the behavior

remains qualitatively the same.
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Summary

The overall response of both the dark and bright ports of the interferometer
is succinctly summarized, with the response attributed to either intensity or phase
perturbations, in Table 2. The outputs displayed here were generated from the
interference equations, irrespective of the surface plasmon or any other particular
resonance. The equations were modified by introducing a small change, §, directly to
each of the parameters that represent a round trip intensity transmission coefficient
or total accumulated phase for both the clockwise and counter-clockwise paths,
rather than indirectly through a refractive index shift, An, as before. A reciprocal
intensity change, AI, was introduced by adding nonzero § of the same sign and
magnitude to the round trip intensity transmission coefficient of the two paths; a
nonreciprocal intensity change by changing the sign of § for one of the paths. Similarly,
a reciprocal phase change, A¢, was introduced by adding nonzero § of the same sign
and magnitude to the total accumulated phase in both paths; a nonreciprocal phase
change by adding ¢ of the same magnitude but opposite sign. In reality, a perturbation
is likely to affect both the intensity and the phase of the system; however, here the

two were considered independently.

TABLE 2. Interferometer response to reciprocal and nonreciprocal effects.

Reciprocal Nonreciprocal
I_: constant I_: increase
AT I, : increase I, : decrease
I_+1I,: increase | I_ + I, : constant
I_: constant I_: increase
Ao I,: constant I, : decrease
I_+1.: constant | I_ 4 I, : constant
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In this scenario, the dark port signal remains constant in the presence of any
reciprocal perturbation and responds solely to nonreciprocal phenomena. Though
the dark port displays no reciprocal response, the bright port enables monitoring
of reciprocal intensity perturbations. And while it also responds to nonreciprocal
perturbations, the reciprocal response in the bright port overpowers the influence of

nonreciprocal phenomena.

For most any perturbation, Table 2 shows that the sum of the two interferometer
intensities, I_ + I, remains constant. The exception is a reciprocal intensity change,
where movement along the resonance has altered the overall circulating intensity
within the interferometer. Whether this leads to an increase or decrease in the bright
port signal, and hence the sum, depends on the type of resonance and how it is
employed. For example, when using SPR aligned at the reflectance minimum, a
reciprocal Al will couple less strongly to the surface mode and lead to an increase
in signal, as is displayed in the table. On the other hand, if the system maximizes
transmission through a medium exhibiting electromagnetically induced transparency
(EIT), small perturbations could instead cause a decrease of signal.

In this chapter, we have developed a theoretical model which facilitates modeling
the introduction of perturbations, both reciprocal and nonreciprocal, to a resonantly
enhanced ring interferometer and computing the output response. The results of
this model point toward a dark port signal which is highly sensitive to nonreciprocal
phenomena and comparatively insensitive to reciprocal perturbations. Conversely,
the bright port signal is found to be dominated by sensitivity to reciprocal effects.
These results are robust to variation in the film thickness or resonance angle and to
the presence of competing effects. The end result is a device which appears well-suited

for the simultaneous detection of both nonreciprocal and reciprocal phenomena.

64



CHAPTER V

EXPERIMENTAL IMPLEMENTATION AND RESULTS

Overview

This chapter describes the construction of an experimental apparatus and
experimental results obtained from that device in an effort to support the results of
the theoretical modeling described in the prior chapter. We begin with a discussion
of the optical configuration, noting the components used and relaying the methods
for alignment of the interferometer. We then describe the experimental means by
which we introduce the perturbations to the system and the components needed
to carry out this procedure. We next present experimental results for detection of
reciprocal ohmic heating in the bright port. The data qualitatively matches the model
of the previous chapter but falls short quantitatively due to some logistical constraints.
After that, we present experimental results toward detection of nonreciprocal plasmon
drag in the dark port. A signal is observed with some characteristics matching
those our model but other features which appear in conflict with our expectation;
a full understanding of these observations is left unresolved. Finally, we discuss the

prospects of simultaneous detection and summarize the results of this chapter.

Configuration and Alignment

Incorporating the surface plasmon resonance system into the Sagnac
interferometer introduces a few additional experimental considerations to take
into account when building the resonantly enhanced interferometer. One such

consideration pertains to the angle of incidence of the light beam upon the prism. In a
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typical Sagnac, the angles the beam makes with the reflecting elements are not crucial;
the important alignment issue is simply that the paths of the counterpropagating
beams overlap. However, due to the narrow angular width of the resonance and
the desire to probe a particular location along that resonance, the incident angle of
the laser beam upon the prism must be set precisely in this configuration. In the
initial alignment of the system, two mirrors and a right angle prism are configured
according to the schematic shown in Figure 39. The initial alignment is relatively
straightforward to implement and is aided by use of the rectangular grid of the optical
table and the back reflections from the lateral faces of the prism for alignment. The
motorized rotation stage holding the prism is zeroed while the back reflection from
the lateral face is aligned to pass back through the iris from which it came. The
second mirror is then positioned to close the loop, with final adjustments made by
projecting the dark port output onto a blank sheet. A micrometer dial is used to
precisely control the tilt of the mirror until maximum cancellation of the signal in
achieved in the dark port. This will be limited by the imbalance of the beamsplitter
split ratio, as discussed previously. The end result of this initial alignment procedure
is 45 degree incidence on the back of the prism from both directions; the configuration
must then be modified to achieve the desired angle dictated by the location of the
surface plasmon resonance.

In the first iteration of the experimental setup constructed in the lab, the general
configuration chosen was a symmetric one, as shown in the schematic of Figure
40, with the two mirrors mounted on rotation stages and the prism configuration
affixed to a translation stage oriented diagonally with respect to the grid of the optics
table. It is symmetric in the sense that the incidence angle upon both mirrors is

identical and the counter propagating beams travel the same distance before exciting
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FIGURE 39. Initial alignment of the interferometer
The initial angles are set by zeroing the rotation stage below the prism while the
back reflection from the lateral face of the prism travels directly back along its
incident path. The second mirror is positioned to close the loop with a micrometer
used for fine tuning to achieve the lowest possible signal in the dark port.
propagating plasmons along the metal and dielectric interface. The alignment of this
configuration was executed first by rotating the two side mirrors to the same desired
angle followed by a translation of the prism configuration such that the hypotenuse
is aligned with the point where the two beams intersect. The intensity of the beams
at their intersection is large enough that the beam spots are visually discernable on
the back of the prism, facilitating the alignment procedure by allowing for initial
alignment by eye and fine tuning of the alignment by inspection of the interferometer
outputs. In practice, this procedure proved to be tedious in that it often required an
iterative process to achieve alignment at the desired angle and also did not allow for

easy characterization of samples to determine the thickness and dielectric properties

of the silver films as deposited.
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FIGURE 40. A symmetric configuration for alignment at the desired angle.
This configuration is aligned first by equal rotation of the two mirrors followed by
translation of the SPR prism mount to close the beam paths. While it maintains an
inherent symmetry of the system, it does not facilitate seamless optical
characterization of silver films.

Instead, the optical configuration was modified to achieve the form illustrated in
Figure 41. In this conformation, one of the mirrors remains fixed, both in location
and orientation, with the beam reflected from this mirror directed toward the prism
configuration. The prism is mounted on a motorized rotation stage which can be
adjusted to achieve the desired angle of incidence within the prism without disturbing
the position of this first mirror. The motor angle is set to provide the desired incident
angle using the relation between the two described in an earlier chapter. Once
positioned appropriately, the beam reflected from the SPR configuration will cross
paths with the portion of the input beam which is initially transmitted through the
beamsplitter. The second mirror is then translated such that the plane of the surface
of the mirror contains this intersection point of the beams, and the mirror is rotated

such that the counterpropagating paths of the interferometer overlap entirely. This
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gives rise to a certain asymmetry between the paths, as one beam travels a shorter
path to reach the interferometer; however, this difference in length is compensated on
the return trip to the beamsplitter, thus, maintaining equivalent phase accumulation
in the paths and not disrupting the symmetry of the interferometer as a whole.
Additionally, the difference in travel time from the beamsplitter to the prism for one
path compared to the other is less than one nanosecond, a timescale much smaller

than that of any of the perturbations to be studied in this dissertation.
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FIGURE 41. An asymmetric configuration for alignment at the desired angle.
This configuration fixes entirely the position of one of the mirrors and includes a
rotation stage for the prism to achieve the desired angle of incidence. The second
mirror is then positioned to close the interferometer loop. While not symmetric in

the same manner as the prior system, it does maintain equivalent optical path

lengths while also facilitating seamless optical characterization of silver films.

One potential drawback to the alignment of this configuration is that the beam
reflected from the prism, if aligned to the minimum of the resonance, can be difficult to
observe visually due to the largely diminished intensity. This can affect the alignment
of the second mirror, though the problem can be mitigated through exploration
of other avenues, such as the interference pattern at the output, to perform the

fine tuning of the alignment. On the other hand, an overwhelming success of this
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configuration is the simplicity of achieving the desired angle with one simple rotation
of the prism and, subsequently, the ease with which it allows for characterization of
samples.

When characterizing a sample, the beam transmitted by the 50/50 beamsplitter
is blocked so that only a single beam is incident upon the prism configuration.
The motorized rotation stage on which it is mounted can be programmed through
LabVIEW to methodically vary the incidence angle through a specified range. The
reflected beam is diverted toward a silicon photodetector by placing an additional
mirror within the interferometer beam path. The diverted beam is further redirected
by a combination of two lenses positioned precisely to enable an angular scan without
need for repositioning the detector. The first of two lenses is placed a cumulative
distance of a focal length away from the spot on the back of the prism from which
the reflected beam originates. This positioning generates a beam normal to the plane
of the lens upon exit from the lens. A second lens is then positioned parallel to the
first and a focal length away from the detector so that the beam incident on this lens
is refracted toward the detector. The distance between the lenses is inconsequential
because the beam traverses this segment normal to the plane of both lenses. This
setup enables an angular scan over a range of nearly ten degrees, limited primarily
by the size of the optical elements used.

This interferometer configuration is the pivotal part of a larger optical setup
shown schematically in Figure 42, and as configured on the optical table in Figure 43.
The optical source used is a 5 mW HeNe laser (JDS Uniphase model 1125/P). The
output beam from this source first passes through an optical isolator (OFR 10-3D-
633-VLP), which eliminates optical feedback and maintains the stability of the source.

After redirection of the beam with 1”7 mirrors, a spatial filter (Newport Model 900)
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is used to eliminate high k spatial frequency components. The Airy pattern output
produced by the pinhole of the spatial filter is filtered by an iris with aperture set at
approximately 1 c¢m, large enough to select the central bright spot. This cleaned-up
beam is then telescoped down to roughly 2 mm beam diameter using a configuration
of Newport AR.14 anti-reflection coated lenses. Just prior to the interferometer is a
linear polarizer (Newport 10GT04AR.14) to reinforce the p-polarization of the beam
and a beamsplitter with roughly 15:85 (R:T) split ratio for HeNe wavelength (Newport
10RQO0UB.2). This beamsplitter is used both as a reference to monitor the input
beam for intensity fluctuations and to divert the bright port signal for detection upon
its exit from the interferometer. After this beamsplitter is a second, non-polarizing,
laser line, 50/50 beamsplitter (Newport 10B20NP.25) used to split the beam into
two components which then begin their trips around the interferometer. These two
beams reflect off silvered 2”7 mirrors and cross at the hypotenuse of a BK7 right
angle prism (Thorlabs PS911), incident at an angle beyond the critical angle for total
internal reflection of a glass and air interface. The prism is mounted on a motorized
rotation stage (Newport URS75CC) driven by motor controller (Newport ESP300).
The beam is modulated at 911 Hz by optical chopper (Thorlabs MC1000). The output
and reference signals are collected with a silicon photodiode (Thorlabs DET36A) or
photomultiplier tube (Hamamatsu R955), depending on the level of intensity, each of
which is connected to a Lock-In Amplifier (SR810) with a 50 € terminating resistor
for impedance matching. All motor control and data collection are integrated with
the LabVIEW software so the experiments may be run easily through the laboratory

computer.
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With the optical configuration assembled, the next step toward experimentally
investigating the findings of the previous chapter is to choose a method through
which the reciprocal and nonreciprocal perturbations may be enacted upon the
physical system. For this work, a choice was made to implement these perturbations
by application of an electrical current across the silver film which supports the
propagation of SPPs. This decision was made due to the ability of the current to

simultaneously produce both types of perturbations, and also because of the minimal

FIGURE 42. Schematic of full experimental configuration.

Perturbation Implementation

72



FIGURE 43. Experimental configuration as constructed in the laboratory.

extra equipment and cost associated with pursuit of this route. The presence of
a current through the silver film leads to ohmic heating, which will then drive a
temperature change in the layered film system. This, in turn, will generate an optical
response at the interferometer output owing to the thermo-optic coefficient of the
relevant material, which describes the refractive index response of the material to
a change in temperature. As this will impart equivalent phase accumulation on
the interferometer paths, independent of the direction of propagation, this thermal
induced heating will manifest as a reciprocal perturbation within the system.

In addition to generating heat, the electric current in the film is also expected
to give rise to a nonreciprocal dragging effect. The presence of the current breaks a

symmetry of the system and sets up a preferred direction of electron motion within
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the silver film. The SPP propagation direction will then be parallel to the direction
of the electric current for one path around the interferometer and antiparallel for the
counterpropagating path. This is expected to produce a relativistic dragging effect
referred to as plasmon drag, which acts somewhat analogous to that of the Fresnel-
Fizeau drag effect experienced by a beam of light traveling through a moving dielectric
[84]. This perturbation is presumed to manifest as a difference in phase accumulation
of the two beams around the path and, therefore, result in an interferometer response
as predicted in the previous chapter for a nonreciprocal perturbation.

In practice, this electrical current is implemented by affixing short wire segments
to both ends of a deposited metal film with a two-part, high conductivity, silver
epoxy. The newly attached leads add only a small bit of additional resistance; the
film with leads is measured to have resistance on the order of 10 ohms, with some
variability owing to slight differences in the actual dimensions of the deposited silver
film. The electric current is supplied to the film by connecting the leads to either a
power supply or a function generator, with the latter capable of supplying a variety
of pulse shapes. If desired, a current limiting resistor can also be added to the system
to allow for further control of the current. The magnitude of the current passing
through the system can be measured by insertion of an ammeter into the electronic
circuit.

After a two hour cure time for the silver epoxy, the sample may be put to use
within the optical system. The glass substrate, with vapor deposited silver film and
cold soldered wire leads, is affixed to the back of a prism with the metal film facing
outward, away from the prism. A refractive index matching liquid is used to eliminate
any refractive air gaps between the prism and glass slide. This prism, now with metal

film attached is placed within a prism mount fabricated by a prior graduate student,
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Lawrence Davis, schematically shown in Figure 44 [44]. The micro-volume enclosed
dielectric cavity and close proximity of the thermometer to the dielectric are the
desired features motivating the use of this apparatus; however, a few modifications
are made for this experiment. In order to prevent electrical contact between the
silver film and brass mass, a layer of plastic cling wrap is situated so as to provide
physical separation between the two. Also, rather than filling the cavity with a liquid,
it is comprised of ambient, room temperature air. The enclosed system provides a
stable environment for the air and limits the formation of an oxide layer on the silver
film. In addition, the heater resistor is unused as the heat for this experiment will be

generated by a current in the silver film itself.
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FIGURE 44. Diagram of the SPR prism mount used by L. J. Davis.
This image was taken from reference [44]. The setup was modified for this

experiment by filling the reservoir with air rather than liquid, removal of the heater
resistor, and use of plastic cling wrap in place of metal foil.

The prism, now in the prism holder, can then be mounted on the rotation stage
and aligned within the optical system as described above. Using the configuration for
sample characterization, an angular reflectance measurement is performed to observe
the surface plasmon resonance and a least squares fit to the optical data is executed
to obtain the sample specific material parameters. From there, the motor angle can

be set to probe the desired location along the resonance, whether that be at the
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resonance minimum or some other off-resonant angle. The mirror redirecting the
beam for characterization is then removed and the remaining interferometer mirror
positioned to align the interferometer, first but translating it so that the counter
propagating beams meet at the mirror surface and then by adjusting the angle so
that the paths fully overlap. At this point the system is set up and ready to perform

experiments.

Reciprocal Ohmic Heating in the Bright Port

We begin our discussion of experimental results obtained from the resonantly
enhanced interferometer with optical data collected from the bright port. While
applying a current in the silver film, the temperature of the film and its surroundings
increases in response to ohmic heating. Then, according to the thermo-optic
coefficient which describes the material, the refractive index shifts as a result of the
increased temperature. As discussed in the previous chapter, this will manifest most
strongly as a response in the bright port signal. In order to verify that a response
in the output signal can be traced to temperature increase of ohmic heating, an
independent measure of temperature is collected by placing a thermometer in the
location as shown in Figure 44, 250 pum from the back of the air-filled cavity. In order
to more strongly observe the response of the interferometer to temperature change,
the angle of incidence within the prism is set to the angle of maximum slope on either
side of the resonance. For the particular sample under investigation those angles are
found to be 42.92° and 43.12°. The locations of these angles with respect to the
resonance are indicated in Figure 45. In order to heat the sample quickly and reduce
time of the experiment, a potential difference of five volts is applied across the metal

film resulting in a direct current of approximately 175 mA. In future applications of
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this device, temperature fluctuations may be a side effect of some other phenomena
under investigation and vary more slowly than the time scales resulting from this
particular procedure. However, here we aim for a proof of principle result to show
that the bright port responds to change in temperature and, thus, may be used
to monitor temperature change, or other effects similar in nature, while performing

interferometric measurements.
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FIGURE 45. Angles of incidence used in bright port data collection.

The black trace represents the normalized angular reflectance data collected from
the sample. The blue dot indicates 42.92° while the green dot corresponds to 43.12°.
These correspond to approximately the angle of maximum slope on either side of
the resonance curve.

The data collection for this experiment is automated and run by LabVIEW
software. When the potential difference is applied across the silver film, the time,
temperature, laser reference signal, and bright port signal are recorded on the
computer at regular time intervals as the system heats up. The recorded time is,
for the most part, inconsequential for this experiment as we are primarily concerned
with the temperature at that particular moment and not how long it took to reach
that temperature. The recorded time stamps will serve a greater purpose in the

experiments to come, particularly when probing the nonreciprocal perturbations.

The laser reference signal is collected to be used in the normalization of the bright
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port signal, accounting for any fluctuations in the intensity of the input beam. The
normalized bright port data is sorted by temperature with bin sizes of 0.1°C, the
nominal resolution of the thermometer used. Data are then averaged to find the
mean bright port signal at a given temperature and the standard error is computed
for that set of data points. This data is plotted for the incidence angle of 42.92° in
Figure 46a. A linear fit to this data is performed with the resulting equation displayed
in the plot legend. This data can then be compared with the theoretical model using

the results from the previous chapter.
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FIGURE 46. Bright port response to reciprocal ohmic heating for 6 =42.92°.

(a) Normalized experimental optical data with error bars to indicate the standard
error. The dotted line represents a linear fit to the data with the equation shown in
the legend. (b) Theoretical model of the same scenario using a temperature
dependent refractive index of air.

This experimental process is modeled theoretically using the normalized output
intensity equations presented earlier. The surface plasmon reflectance term is
computed using the sample-specific material parameters for that particular silver
film obtained from a least squares fit to the angular reflectance data of Figure 45. In
this model, we consider only the thermo-optic behavior of the dielectric, air in this

case. The temperature dependent refractive index of the air is calculated based on an
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updated Edlén equation from Birch and Downs[85]. The result of this model, plotted
across the range of temperatures observed experimentally, is displayed in Figure 46b.

By comparison of experiment with the theory, we first observe that the
normalized values of the theoretical model differ from the experimental data by
approximately 10%. To account for this discrepancy, we consider a few potential
contributing factors. First, while our best efforts were made toward alignment of the
beams it is feasible that there exists some residual misalignment. This would result in
less than perfectly constructive interference, even beyond the limit set by beamsplitter
imbalance, and lower the values of the experimental data, as is observed. Secondly,
this discrepancy may also be in part due to the methods used for normalization
of the data. The signal was normalized to the bright port measurement with the
interferometer aligned to an angle just beyond the angle of total internal reflection.
This accounts for losses in the system but assumes they are constant with angle;
angular dependencies of loss mechanisms such as reflections from optical components
will introduce a small error to the normalized bright port signal when aligned at
other angles. In addition, the refractive index values used for the dielectric material
may not accurately describe the air used in this experiment owing to reasons such
as differences in composition, for one. Despite the discrepancy in the value of the
normalized output, it is instructive to compare the slopes, as this gives an indication
of the output response to temperature change.

Visually, we observe that the sign of the computed slope matches that of the
experimental data. In comparing the magnitudes of the slopes we find that the
theoretical slopes is smaller than the experimental by just more than a factor of ten:
0.00018 for the theoretical and 0.0026 for the experimental. Another way of stating

this is that, based on these values for 42.92° incidence, a change in the normalized
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reflectance of 0.001 corresponds to an independently measured temperature change
of about 0.4°C. Conversely, the theoretical model predicts that, for the material
parameters used, the same change in reflectance requires a temperature change of
5.5°C.

This same discrepancy exists in when the interferometer is aligned on the higher
angle side of the resonance, at an angle of 43.12°. The data collected for this angle
is shown in Figure 47a along with a linear fit to the data. The sign of the slope in
the temperature data is opposite that of the previous data set due to the change in
sign of the slope across the resonance itself. The theoretically modeled values for this
angle are shown in Figure 47b. Again we observe that normalized intensity values are
greater in the theoretical depiction. Comparing the slopes, we again observe an order
of magnitude difference, 0.00014 for the theoretical and 0.0021 for the experimental,
predicting a larger temperature change than is experimentally measured.
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FIGURE 47. Bright port response to reciprocal ohmic heating for 6 =43.12°.

(a) Normalized experimental optical data with error bars to indicate the standard
error. The dotted line represents a linear fit to the data with the equation shown in
the legend. (b) Theoretical model of the same scenario using a temperature
dependent refractive index of air.
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However, recall that the SPR sensing techniques probe the immediate vicinity
of the interface, with SPP field penetration depths on the order of hundreds of
80



nanometers. It is possible that the actual temperature change experienced by
the few hundred nanometers of material in the immediate vicinity of the interface
is closer to the higher, theoretically predicted temperature than the lower value
measured experimentally. In any case, we expect the measured temperature to be an
underestimate of the actual temperature change experienced at the interface due to
the difference in location of the temperature measurement as performed by the optical
technique and independently by the thermometer. The thermometer is positioned
.25 mm from the base of a 0.4 mm dielectric reservoir as indicated in Fig. 44. This
amounts to a 0.65 mm total displacement from the source of the heat, the silver film.
At a minimum, we can use this measured change in temperature to set a lower bound.
Toward further resolving this discrepancy, one avenue of investigation would be to
perform a transient heat transfer analysis and solve the temperature distribution in
the system providing a relation in temperature between the two locations of relevance.
A second consideration is that the model accounts only for a change in the refractive
index of the dielectric. A thermo-optic analysis of the remaining constituents, such
as the silver film, could be added to the model. That being said, this result does act
in support of the general conclusion that the bright port of the resonantly enhanced
Sagnac exhibits sensitivity to reciprocal perturbations. It is feasible that this output
could be calibrated and optimized for use as a monitor of reciprocal phenomena,
which could be done in conjunction with detection at the dark port, the next area of

discussion.

Nonreciprocal Plasmon Drag in the Dark Port

We proceed to discuss our experimental probing of the dark port in search of

response to nonreciprocal phenomena. In this experiment, the perturbation of interest
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is introduced to the system in the same manner as that of the reciprocal ohmic heating,
by applying a voltage across the silver film of the SPR configuration. This establishes
an electric field within the silver giving rise to a preferred direction of motion for
the electrons in the silver film. The beams of the interferometer then will excite
SPPs, one of which has a propagation direction matching the direction of current
flow in the silver and the other of which is counter to this flow. We expect to observe
an electron-plasmon interaction similar to that of the plasmon drag effect in which
there is a momentum transfer between the SPP mode and the electrons. Much of
the previous work on this interaction pertains to the characterization of the electrical
current induced by the optical interaction [84, 86-88]. The magnitude of the resulting
current peaks sharply on resonance, where there is maximal coupling to SPPs, and
the direction matches that of the propagating plasmons.

On the other hand, there is some precedent, but much less understanding, in
the literature for observation of coupling in the opposite direction; where an applied
electrical signal modifies an optical signal through interaction of the electrons with
SPPs. In this intensity based measurement, application of a square wave pulse
resulted in a SPR reflectance shift with timing to match that of the pulse [89].
After modeling the expected reflectance profile due to variation in the film thickness
and permittivity, the authors concluded that, “the explanation of the observed
phenomenon is beyond simple current-induced changes of the basic film parameters”
[89]. Use of an interferometric scheme, by employing the SPR configuration within a
Sagnac, for further exploration of this phenomenon has the potential to provide new
details, including phase information, in order to better understand and describe this

interaction between SPPs and electrons. Further insight into this interaction may
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have broader impacts as well, as plasmonics are viewed as a potential intermediary
between photonics and electronics in the area of information processing [90, 91].

To probe for nonreciprocal response in the bright port we utilize a function
generator to drive an electrical current in the silver film while collecting the intensity
output at the dark port with a photomultiplier tube and through use of a lock-in
amplifier. Neutral density filters are used in front of the detector as necessary to avoid
saturation. We choose to apply a square wave voltage and look for a modulation in
the output at the same frequency. It is important that the square wave be vertically
offset so that it is not centered around zero because alternation between positive and
negative values of the same magnitude is not expected to elicit a response. This will
flip the direction of the current, but in both cases SPPs will be propagating both
with and against the current, producing the same phase difference in both scenarios.
Here we use a square wave with a 5 volt peak-to-peak amplitude and 2.5 volt offset,
as this +5 volts is the largest voltage capable of being produced by the function
generator used. We expect the strength of the interaction to scale positively with
the current in the film, in which case increasing the voltage will produce a larger
response. A range of frequencies was examined, spanning from tens of kHz down to
roughly tenths of mHz. The higher frequencies were analyzed via digital oscilloscope
because the timing of the LabVIEW program subroutine, as written, was too slow
to process this data in real time. Much of this search came up empty; a null result
was observed in which the dark port signal did not vary on the timescale to match
the input frequency, exhibiting only noise fluctuations. However, in some instances,
a modulation of the dark port signal was observed. A more or less representative

sampling of this data will be discussed and analyzed below.
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Angle Greater Than Resonance Minimum

The results of one such data run are shown in Figure 48. For this data set, the
incidence angle within the prism was fixed at an angle greater than the resonance
angle, specifically 43.25°. An input voltage with frequency of 5 mHz was used as is
shown in Figure 48a. We concurrently collect temperature data with the expectation
that, as before, the current induced heat will raise the temperature of the system over

the course of the experiment. This is indeed the case as is seen in Figure 48b.
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FIGURE 48. Dark port response to nonreciprocal plasmon drag.

(a) Square wave voltage applied by the generator as a function of time. (b)
Temperature recorded by the thermometer used for independent measure of
temperature. A steady temperature increase is observed. (¢) The dark port signal
shows a modulated response with a frequency matching that of the applied voltage
on top of a slight overall trend upward with time. Color is consistent throughout
and used purely as a visual aid to distinguish low and high voltage regions.
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In the dark port signal we observe a modulated response with a frequency
matching that of the input square wave. The plot in Figure 48c is color coded to
clearly demarcate the time intervals in which a voltage is applied across the silver
film from those in which no voltage is applied. The signal in regions with no current
is distinctly higher than it is in regions with voltage applied. In addition to this
modulation, there is an overall upward trend in the data. This is attributed to
the temperature change, which also increases steadily over the course of the data
collection. While the dark port is generally impervious to the effects of temperature
change, the presence of a nonreciprocal perturbation to break the symmetry of the
paths does introduce a small sensitivity to reciprocal effects.

Qualitatively similar behavior can be reproduced using the theoretical model
developed in the previous chapter. To account for the fact that the dark port intensity
does not reach identically zero in experiment, we first introduce a disruption to the
system which raises the baseline of the dark port signal to some nonzero value.
Then, on top of that signal, we introduce two perturbations: one to model the
reciprocal ohmic heating and a second to model the nonreciprocal plasmon drag.
We observed in Figure 48b that the temperature of the system increased more or
less linearly with time. For this reason, we introduce the reciprocal perturbation into
the model simply as a linear increase in the refractive index of the dielectric. For the
nonreciprocal perturbation, we assume, as a first pass, a current induced change to the
real component of the relative permittivity of silver. We enter this into the model with
a frequency matching that of the applied voltage in the experiment. When no voltage
is applied across the film, no adjustments are made to the permittivity of silver. But
when a voltage is applied, we model this as a nonreciprocal change in the permittivity:

the permittivity increases as seen by one path and decreases as experienced by the
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counterpropagating path. With some adjustment to the magnitude of the two effects
entered into the model, we obtain the plot shown in Figure 49, which exhibits behavior

qualitatively similar to the data of Figure 48c.
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FIGURE 49. Dark port model of plasmon drag.

We use the theoretical model to introduce a nonreciprocal perturbation to the real
component of the silver permittivity at a frequency of 5 mHz and a reciprocal
perturbation to the dielectric that grows linearly with time. This produces

qualitatively the same behavior as observed in the experimental data.

For just one trace, there are likely multiple sets of fit parameters which could
used to match the data fairly well with experimental observation. However, if we are
able to build up a repository of data collections, spanning the parameter space of
incidence angle and magnitude of the applied voltage, we may be better able to pin
down a set of fit parameters which describe the experimental data. This will likely
involve moving beyond our assumption of nonreciprocal perturbation manifest only in
the real component of the silver permittivity, and expanding it to also involve other
parameters such as the imaginary component or the thickness. While this output

appears suggestive of a nonreciprocal dragging effect, and the theoretical model can
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be employed to reproduce similar qualitative behavior, further measurements are

necessary to fully characterize the interaction.

Angle at Resonance Minimum

We next move to a data set collected with the angle aligned at the resonance
minimum. A square wave signal output from the function generator is again used to
apply and remove a 5 volt potential difference across the silver film with a frequency
of bmHz. The dark port data associated with this measurement, shown in Figure 50,
again displays a modulated response with frequency matching that of the input signal.
However, a striking difference is observed between this signal and the previous one.
In this data we observe a curvature in the response indicative of a nonzero optical
response time to the changes in the electrical current. This noticeable response time
is unexpected for the plasmon drag effect; previous results in the literature exhibit a
lack of noticeable response time, even with pulse durations as short as a millisecond
[89]. This response time is characterized by a time constant that may be found by

fitting the data with equations of the form

Ae—et=t) 4 B (5.1)

A(l—e Py 4+ B (5.2)

where A and B are constants representing the amplitude and the vertical shift of the
data, and ty represents the time at which the voltage changes. The results of fitting
this equation to the data are shown as the solid lines in Figure 50. The parameters «
and [ are the inverse of the time constant for the fall and rise of the dark port signal,

respectively. The best fit parameters to the data using these equations are displayed
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FIGURE 50. Dark port nonreciprocal response at the resonance minimum.

(a) Square wave voltage applied by the generator as a function of time. (b) Dark
port signal as a function of time. The experimental data points show a modulated
response with a frequency matching that of the applied voltage, but with an
extended response time. The solid curves represent the exponential fit functions
which characterize the response time.
in the Table 3. From this, we observe that the rise in signal happens on a time scale
approximately 3—4 times faster than the drop; roughly 22 seconds for the former and
6 seconds for the latter. In revisiting the data of Figure 48c, it appears as though
there could be a similar effect present in that data, albeit on a much shorter time
scale. In any case, the effect is not nearly as pronounced as seen here with the angle

of incidence aligned to the minimum of the resonance. To test whether this behavior

is unique to this angle, we move to a second off-resonant angle.
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TABLE 3. Decay constants of the dark port signal at the resonance minimum.

Based on the data shown in Figure 50b, a and g display the parameters resulting
from a fit to the data of the form of Equations 5.1 and 5.2.

Time Frame Q B
0-199 s 0.1847 | 0.0423
200-399 s | 0.1606 | 0.0433
400-599 s | 0.1438 | 0.0479
600-799 s | 0.1871 | 0.0492
800-999 s | 0.1657 | 0.0488

Angle Less Than Resonance Minimum

Figure 51 displays the dark port signal with the interferometer aligned for an
incidence on the lower angle side of the resonance, at 43.02°. The voltage signal
applied across the silver film remains the same. Here we again see a modulation
of the signal at the expected frequency; furthermore, we observe that the extended
response time of the signal is persistent, even away from resonance.

Equations 5.1 and 5.2 are applied as a fit to this data, resulting in the parameters
shown in Table 4. The magnitude of the values obtained are consistent with those
shown above; however, in this scenario the time constant is longer for the drop in the
signal, approximately 17 seconds, and shorter when the signal rises again, roughly 7
seconds. What does remain consistent from the previous angle is that the shorter time
constant is associated with the disappearance of a current from the silver film while
the longer time constant is associated with the appearance of a current. We explored
the possibility of this effect arising from an electronics issue, such as an impedance
mismatch somewhere in the system, but efforts to track down a potential source
were ultimately unsuccessful. The magnitude of the time constant could provide a
clue about the source, for example if it were related to an RC time constant located

within the system; though here the resistances of interest are of the order of tens of

89



Voltage (V)

0 200 400 600 800 1000
Time (s)

(a)

200 — T |.

Dark Port Signal {arb units)

100

0 200 400 600 800 1000
Time (s)

(b)

FIGURE 51. Dark port nonreciprocal response at an angle less than resonance.
(a) Square wave voltage applied by the function generator as a function of time. (b)
Dark port signal as a function of time. The experimental data points show a
modulated response with a frequency matching that of the applied voltage, but with
an extended response time. The solid curves represent the exponential fit functions
which characterize the response time.

ohms corresponding to a capacitance on the order of a farad, which seems largely
implausible.

TABLE 4. Decay constants for an angle less than the resonance minimum.

Based on the data shown in Figure 50b, a and § display the parameters resulting
from a fit to the data of the form of Equations 5.1 and 5.2.

Time Frame Q B
0-199 s 0.0475 | 0.1698
200-399 s | 0.0545 | 0.1557
400-599 s | 0.0591 | 0.1255
600-799 s | 0.0792 | 0.1012
800-999 s | 0.0796 | 0.0856
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Rotation of Film Orientation

In an attempt to determine whether the modulation of the output seen occurs as
a result of the plasmon drag effect, we devised an experiment involving a rotation of
the silver film orientation. If we posit that the magnitude of the effect is proportional
to the scalar product of the drift velocity of the electrons with the momentum vector
of the SPPs, then rotating the film such that the direction of current flow in the
film is perpendicular to the propagation of SPPs should result in a disappearance
of the modulation in the signal. The construction of the brass mass from the prism
mount shown in Figure 44 is not compatible with the epoxied leads for this alternate
orientation of the sample. Instead, we remove the prism from the mount and position
the film as shown in Figure 52. This configuration should give rise to an electron drift
velocity with a near vertical orientation while the SPP propagation remains primarily

within the horizontal beam plane.

FIGURE 52. Photo of apparatus with film oriented vertically.
In order to generate an electrical current perpendicular to the direction of plasmon
propagation, the glass substrate onto which the silver was deposited was rotated on
the back of the prism by an angle of 90 degrees.

In this experiment, the interferometer is aligned at the same angle of incidence
on the lower angle side of the resonance as before, that being 43.02°. A 10 mHz

square wave with 5 volt peak-to-peak amplitude was applied across the silver film by
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a function generator. The interferometer output was collected at the dark port and
the results are shown in Figure 53a. Despite the orientation of the film such that
the electron drift velocity is perpendicular to the momentum vector of the SPPs, the
output signal is modulated at the frequency of the voltage input. The amplitude of
this modulation is on the same order as similar experiments performed with silver
film in the original orientation. This goes against our intuition and calls into question
whether or not the observed effects are as a result of plasmon drag. In addition, we
continue to observe an exponential growth and decay in the signal response with a

timescale on the order of seconds.
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FIGURE 53. Dark port response for varied current with vertically oriented film.
(a) Dark port response for a 5 volt peak-to-peak applied voltage. The solid lines
represent the voltage applied while the dots display the bright port signal. (b) Dark
port intensity and applied voltage for a 4 volt peak-to-peak signal. (c¢) Dark port
intensity and applied voltage for a 3 volt peak-to-peak signal. (d) Dark port
intensity and applied voltage for a 2 volt peak-to-peak signal.
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The continued observance of a modulated signal matching the frequency of the
applied voltage suggests, if not plasmon drag, some other link between the two. To
further investigate this link, we vary the amplitude of the square wave potential
applied across the silver film at a fixed frequency. Figure 53 shows the results of
stepping down the voltage from 5 volts, to 4 volts, then 3 volts, and finally 2 volts.
The signal in the regions with no current present in the film remains fairly consistent
across all the plots shown. However, by looking at the regions of the plot where the
current is present we observe a dark port signal that increases with the voltage applied
across the film. An amplitude of this modulation is estimated by averaging the data
values in the presence of a voltage and in the absence of a voltage and computing the
difference; standard error is propagated through this calculation. These amplitudes
are plotted with respect to the amplitude of the applied voltage in Figure 54. The
data appears to exhibit an exponential scaling of modulation amplitude with respect
to the peak-to-peak voltage supplied by the function generator.
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FIGURE 54. Scaling of modulation amplitude.

Calculated from the data displayed in Figure 53, the amplitude of modulation in the
dark port signal appears to scale exponentially with the amplitude of the applied
voltage. Errors bars represent the standard error, propagated through the
calculation of the modulation amplitude.
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Analysis

Unfortunately, a modulated response of the dark port output was not measured
with sufficient repeatability and predictably to fully characterize the SPP interaction
with electrons by use of our model and in terms of a current induced shift in the
material parameters of the silver film. We anticipate the amplitude of this modulation
to vary with position along the resonance based on the change in the amount of
energy that is coupled into the SPP mode for each angle. With measured amplitudes
of modulation across a range of angles along the resonance, we could search for some
singular combination of parameters, involving the relative permittivity and thickness
of the silver film, capable of reproducing this behavior when applied in our model.
For any particular angle, we would also expect the amplitude of the modulation to
vary with the amplitude of the applied voltage. Collection of a similar set of data for
a different applied voltage could provide insight into how any current induced changes
to material properties of the film scale with the strength of the current. Initial findings
suggest an exponential dependence of the intensity modulation on the amplitude of

the applied voltage.

Simultaneous Detection

While the data presented here was collected for only one interferometer output
at a time, there were no hindrances encountered in performing these experiments
that would preclude the simultaneous detection of both ports. The aim of this work
was to provide proof of principle that the bright port could be used for detection
of reciprocal perturbations in a resonantly enhanced interferometer and that the

dark port response is dominated by sensitivity to nonreciprocal phenomena. Future
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experiments could utilize both, in tandem, to further characterize the response of the

resonantly enhanced system or in applications as a device for simultaneous detection.

Summary

In this chapter we have presented the assembly, alignment procedures, and
experimental results of a resonantly enhanced Sagnac interferometer using surface
plasmon polaritons. We first discussed the choice of configuration and the components
used in building a balanced interferometer. We then presented the methods used
to introduce both reciprocal and nonreciprocal perturbations to the system in the
form of ohmic heating and plasmon drag. The first set of experimental results
presented pertain to the detection of reciprocal ohmic heating in the bright port
supplied via an electrical current in the silver film. A response in the interferometer
output was observed which qualitatively matches our model. We examined various
sources of quantitative disagreement and suggested paths for improvement. The
following section displayed and analyzed data collected from the dark port of the
interferometer. A modulation of the dark port signal was observed exhibiting some
behavior consistent with plasmon drag and was qualitatively reproducible by use of
the theoretical model. An unexpected response time of the signal appear in some of
the data and was characterized via exponential fitting procedures, but the ultimate
source of this behavior remains unknown. In addition, a dependencies on the direction
and magnitude of the electrical current were explored by rotating the orientation of
the silver film and varying the voltage applied across it. We observed a modulation
of similar amplitude with the rotated orientation and an exponential scaling with
voltage. Finally, we reviewed the prospects of the device for future simultaneous

detection experiments.
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CHAPTER VI

CONCLUSION

This dissertation has sought to convey our exploration into the field of resonantly
enhanced Sagnac interferometry using surface plasmon polaritons. We began with a
brief overview of both Sagnac interferometry and surface plasmon resonance sensors,
covering topics ranging from historical development to modern applications. We
calculated the interference equations which give rise to the normalized intensity at the
two interferometer outputs. We dealt with the physics of SPPs, from the dispersion
relation to coupling schemes for excitation, as well as the resulting surface plasmon
resonance. We learned how to engineer the resonance, adjusting the appropriate
material parameters to give rise to the desired lineshape. We fabricated samples which
displayed this resonance. We then theoretically modeled the outputs and sensitivity
of a resonantly enhanced Sagnac interferometer and finally assembled an experimental
apparatus and performed initial experiments described by this model.

Through our investigation we found that the inclusion of a resonance within a
Sagnac interferometer gives rise to some intriguing results. The dark port behaves
mostly as expected for a Sagnac interferometer: rejecting low frequency reciprocal
noise and exhibiting sensitivity to nonreciprocal, symmetry breaking perturbations
to the system. However, the rapidly changing phase on resonance acts to enhance
this signal, improving nonreciprocal sensitivity as compared to the system without
resonance. The bright port was also found to respond to these nonreciprocal
perturbations; however, the more predominant response is to perturbations that
are reciprocal in nature. The intensity modulation imparted on the system by the

resonance gives this interferometer, unlike a nonresonant Sagnac, the capacity to
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monitor reciprocal drifts within the system. The preferential response to a particular
type of perturbation in each of the interferometer outputs gives this device the ability
to distinguish between reciprocal and nonreciprocal phenomena in cases where both
perturbations may be present, and enables the possibility of simultaneous detection
all contained in one device with a single optical source.

This scheme was realized experimentally by applying an electrical current to the
silver film supporting SPPs. Optical data collected from either side of the resonance
exhibited a response consistent with the reciprocal effect of ohmic heating. The
magnitude of the effect suggests a larger temperature change than that which was
measured; however, this is not surprising given that the independent measurement
of temperature was spatially separated from the optically interrogated region, in a
location further away from the source of heat generation. The optical data collected
from the dark port exhibited a periodic response with a frequency matching that of
the applied electrical signal. However, the nature of the response was not entirely
consistent with that expected for the nonreciprocal plasmon drag, and therefore we
concede that the origin of the signal may be due, at least in part, to other sources. In
addition, the strength of the applied voltage was varied and the modulation amplitude

appeared to scale exponentially with this voltage.

Future Directions

There are a number of areas that exist for continued study on this topic. As far as
the experimental detection of reciprocal effects in the bright port, the largest obstacle
in this work was the physical displacement between the location of the independent
measure of temperature and the region probed optically giving rise to a temperature

discrepancy. One way to address this could be through a transient heat transfer
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analysis to compute a temperature distribution relating the temperature in these two
locations. Another possibility could be to prolong the temperature measurements
allowing for greater equilibration in hopes to minimize the temperature gradient. A
further possibility would be to devise a new configuration or alternate method for
independent measure of temperature that is capable of providing a more accurate
temperature measurement.

As for the nonreciprocal perturbation detection in the dark port, the results
of this dissertation contained some features suggestive of the plasmon drag effect,
but other features were not consistent with being produced by this effect. If the
interferometer response could be reliably linked to the plasmon drag effect there are
some additional experiments to be performed that could further the understanding
of the electron-SPP interaction. Two important parameters to vary in these
experiments, which were explored in some detail in this work, would be the voltage
applied across the silver film and the incidence angle within the prism. The voltage
acts as a knob for the current flow, and hence the electron drift velocity, in the metal
while the incidence angle controls the amount of energy transferred into the surface
mode through the degree of coupling to SPPs. A more complete data set within
this parameter space, in combination with the theoretical model to explore these
dependencies, could relate the change in optical signal resulting from these affects to
modifications in the parameter values that go into the calculations.

Other avenues exist for exploration of the Sagnac interferometer resonantly
enhanced by SPR that do not involve introduction of an electrical current within
the silver film. For instance, the perturbations could instead be introduced by use of
a microfluidic flow channel as the outer dielectric of the SPR configuration. In this

scheme, Fresnel-Fizeau drag associated with the moving dielectric would provide the
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nonreciprocal perturbation, while the reciprocal phenomena could again be manifest
as a temperature or instead, for example, by concentration changes in the fluid.

In addition to the many experimental avenues, another future direction involves
modifications to the theoretical model. One specific path of interest would be
the inclusion of a metal/insulator stack within the SPR configuration for greater
tunability of the resonance lineshape. The use of a Fano resonance to further engineer
the lineshape could be optimized for greater sensitivity or improvement of signal to
noise. The implementation of perturbations could also be adjusted to include more
than just a change in refractive index of the outer dielectric. While this general
behavior is able to qualitatively portray much of the system behavior, quantitative
description of specific phenomena may involve manipulation of multiple parameters

in the system.

Closing Remarks

Throughout my work toward this dissertation, and more broadly during my
time at the University of Oregon, I have experienced significant growth in both the
academic and personal aspects of my life. Through graduate level coursework, I
have accumulated a wealth of knowledge describing the mechanisms through which
our physical world operates while simultaneously exploring and expanding the limits
of my resolve and understanding. In my experiences teaching and interacting with
students, I have cultivated a quiet confidence in clear and effective communication of
concepts and affirmed the deeply rooted joy found in positively impacting others
toward growth and success. By conducting advanced scientific research, I have
exercised and augmented my problem solving capabilities and accessed a formerly

untapped level of persistence to move forward, even in the face of adversity. 1 have
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delighted in the thrill of discovery and taken pride in that which I have accomplished. I
have also been humbled, time and time again, and faced with the stark realization that
I am wholly incapable of fully actualizing the totality of my own lofty expectations.
Through it all, I have become a more amicable colleague, a more compassionate
friend, a more curious student, a more forgiving husband, a more diligent teacher, a
more patient father, a more purposeful scientist, and a more genuine individual. For

this I am especially grateful.
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