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Metamaterials operating at terahertz (THz) region of the electromagnetic spectrum have

remained have remained a promising area of study not only for realizing technologies in a histori-

cally underdeveloped spectral regime, but also as a scienti�c tool for exploring and controlling

fundamental physical phenomena at meV energy scales in a variety of condensed matter sys-

tems. In this thesis, I will present several projects in which metamaterials and more traditional

condensed matter systems are integrated into hybrid metamaterial systems. We leverage these

systems to realize new practical THz devices, as well as to couple to and control quantum

phenomena in condensed matter systems. I will begin with an introduction to the conceptual,
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numerical, and experimental techniques in the THz metamaterial toolbox. The �rst research

endeavor I will discuss is a metamaterial system that incorporates perhaps the simplest material;

air. This metamaterial perfect absorber with a continuously tunable air dielectric layer allows

for comprehensive exploration of metamaterial absorber systems, and demonstrates some unique

phenomena owing to its lossless dielectric layer. Next I will introduce an applications oriented

device; an electrically actuated broadband terahertz switch which transitions from a non-re�ective,

transmissive state to a fully absorptive state. It employs an all dielectric metamaterial layer to

suppress re�ections and trap light, and an electrically actuated phase change material,VO2 to

transition between states. The �nal section of this dissertation will explore strong coupling effects

between a metamaterial and the superconducting c-axis Josephson plasmon in the layered cuprate,

La2� xSrxCuO4. Preliminary measurements are �rst presented then followed by high �eld THz

measurements in which complex nonlinear behavior is observed.
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Chapter 1

Introduction

Condensed matter physics has advanced at a dizzying pace in recent decades, thanks in

large part to parallel progress in computational power, material fabrication crystal growth, and

optical experimental techniques among others. Nowhere is this con�uence of progress more

apparent than in the relatively young �eld of terahertz metamaterials. Advances in computational

power and simulation algorithms have permitted increasingly rapid and accurate modelling and

simulations, allowing scientists and engineers to conceive, design, and optimize a metamaterial

and its response before it ever leaves the drawing board. Progress in nano-scale fabrication

techniques have enabled the high �delity construction of increasingly complex and tiny structures,

while progress in the fabrication of complex solid state systems have allowed designers to integrate

a broad array of complex constituent materials into metamaterial devices. Finally, the development

of new optical techniques have allowed the study of metamaterials in an ever-broadening regimes

of time scales, �uence, and frequency, in particular in the terahertz regime. This dissertation

will discuss several projects in which all of these techniques are applied in order to create novel

metamaterial devices, each of which incorporate more traditional condensed matter systems in

order to realize both scienti�c and practical functionalists.

Metmaterials are arti�cial materials with repetitive structure on a small scale. In an
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ordinary crystal, the different atoms and the geometric lattice they reside in work in concert to

imbue the crystal with its macroscopic properties that are different from that of its elemental

constituents. Likewise, the choices of constituent materials and the shapes in which they are

patterned allow a metamaterial to act as an effectively homogeneous medium. Whereas the former

is constrained by the inconveniences of physical chemistry, the latter is limited only by human

creativity and the development of the previously mentioned �elds. The combination of strong

interaction with electromagnetic �elds and freedom of design has made it possible to create

innumerable custom tailored responses, including some not seen in nature. Some early and well

known examples of this at radio-frequencies include negative index of refraction [2] [3], perfect

lensing [4], and electromagnetic cloaking [5] [6] [7]; phenomena which until recently were

considered to be the realm of science �ction. Since then the �eld has blossomed. Applications of

metamaterials range from basic scienti�c exploration to commercial consumer technology. The

electromagnetic spectral ranges in which they operate span from radio waves to visible light, and

the types of designs and functionalities which have been produced are innumerable.

The metamaterials and techniques presented in this dissertation pertain to the terahertz

(THz) regime of the electromagnetic spectrum. The THz regime lies between microwaves and

infrared radiation on the electromagnetic spectrum, corresponding to a frequencies between

between0:3� 3� 1012 oscillations per second (or equivalently 1mm to 0.1mm in free space

wavelength). This spectral regime is of great interest both from a scienti�c and applications

perspective. In condensed matter systems for instance, 2D electron gas plasmons [8], coherent

phonons [9], spin phenomena, gap phenomena [10], and superconducting energy gaps often lie

within this energy range [11]. Meanwhile, in the broader community, THz technology has shown

promise for imaging [12], communications [13], security applications [14], and chemical and

biological sensing [15] among others. But historically, the THz regime has been one in which

little technology exists; one in which it is dif�cult both to produce and to detect light, giving rise

to the term ”the THz gap”. It has only been in the past few decades that interest in THz science
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and technology swelled, thanks to the development of new THz techniques and parallel advances

in ultrafast laser technology [16]. In particular, THz time domain spectroscopy has allowed for

broadband spectroscopy across the THz band [17] and new laser sources and techniques have

enabled the generation of large amplitude THz pulses to drive nonlinear THz phenomena [18] [19]

[20]. Thus recent and rapid developments of the THz metamaterials on which this dissertation

is focused have only been made possible by the synchronous growth of metamaterials and THz

techniques.

These advances in THz technologies have also also enabled further study of more tradi-

tional condensed matter systems and the phenomena which occur in them at THz energy scale.

Though the bandgap energies of typical semiconductors are often far greater than that of THz light,

the intraband carrier dynamics that govern nonlinear optical effects occur at THz frequencies

and can shed light on the many body physics therein [10]. Similarly, in lower dimensional

systems such as semiconductor nanostructures, quantum dots, and the like, modi�cations of

the bulk electronic bands result in phenomena which occur at THz frequencies [8]. Likewise,

a plethora of interesting physical phenomena occur at THz frequencies in correlated electron

systems, and namely in superconductors [11]. Of particular interest in this dissertation is the

emergence of collective oscillations of tunneling superconducting charge carriers in the family of

layered Cuprates LSCO [21] [22]. The existence of these phenomena at THz frequencies further

present the possibility of interaction and interplay between THz metamaterials and these THz

phenomena.

Though the several research efforts presented in this dissertation are all concerned with

the THz regime, their themes, techniques, and purposes will be broad. Each involves the a

THz metamaterial which integrate both simple constituent materials and complex condensed

matter systems. The types of metamaterials presented will be diverse, as will be the experimental

methods employed to study them. The purposes of the metamaterial devices presented will range

from practical and applications oriented devices, to complex systems designed to explore and
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exploit the interactions between light and complex electronic phases of matter. Each will demon-

strate the vital interplay between the computational simulation, device fabrication, and ultrafast

optical techniques which which are necessary to realize and characterize a THz metamaterial

device. Ultimately I hope that the topics surveyed in this dissertation will provide an idea of the

�exibility of THz metamaterials for scienti�c and device applications as well as offer insights and

outlooks into yet unexplored metamaterial functionalities for ultrafast optical condensed matter

experiments.

1.1 Scope of the Thesis

Due to the disparate concepts, techniques, and purposes of the original research presented

in this dissertation, it will be necessary to introduce a broad suite of concepts, numerical and

experimental techniques, and condensed matter systems.

Our discussion will begin with an introduction to the fundamentals of metamaterials,

followed by an extended look at one of the most canonical types; the split ring resonator (SRR).

Using the SRR as an example, I will discuss the mechanism which imbues metamaterials with

their unique properties, and the various ways in which those properties are understood. Starting

from a microscopic scale, we will see that the SRR can be understood as a tiny RLC circuit, and

how this results in resonant behavior accompanied by strong localization and enhancement of

electromagnetic �elds. Next we will zoom out, and see how these microscopic properties lead to

an effective medium response, whereby tailored optical properties, including some not present

elsewhere in nature, can be realized and characterized via the effective medium theory. Following

that I will brie�y discuss the plethora of other types and classes of of metamaterials and the

contexts in which they can be useful. I will pay particular attention to THz metamaterials and a

class of metamaterial on which much of my work was focused; the metamaterial perfect absorber

(MPA). Finally I will survey approaches to achieving nonlinearity, tuning, and coupling effects in
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metamaterials. .

Following this it is necessary to introduce the metamaterial tool box; the means by which

metamaterials can be designed, fabricated, and measured. It is worth repeating that metamaterials

have developed as a truly interdisciplinary �eld, built upon simultaneous and dramatic advances

in computational power and algorithms, micro-fabrication techniques, and optical experimental

techniques. In this section we will follow the work �ow of a metamaterial project and see

how these techniques and technologies �t together. First I will discuss numerical simulation

techniques, covering the conceptual underpinnings and practical approach towards both time

domain and frequency domain solvers. Next, I will discuss common fabrication techniques

which are employed for THz metamaterials as well as for condensed matter crystals in general.

Finally, I will cover the experimental techniques employed in an ultrafast THz laboratory. First

I will discuss a workhorse system for high sensitivity linear time domain spectroscopy; the

photoconductive terahertz time domain spectrometer, going into depth on one such instrument

which I constructed for the measurement of both complex transmission and re�ection between

200 GHz and 3 THz. Then I will discuss some of the other experimental techniques employed, in

particular the generation of large THz �elds necessary to generate a nonlinear response.

Following this extended introduction I will present the several projects undertaken during

this dissertation, all of which combine metamaterials with more traditional complex condensed

matter systems to realize unique behaviors and functionalities. The �rst of these three integrates

a material which has debatable complexity, but which is certainly not condensed; air. This

metamaterial perfect absorber has a dielectric spacer layer comprised entirely of air, which can be

tuned to an arbtrary thickness for a unique and tunable response. I will begin with a discussion

of the analytical inspiration for this project, the interference theory of metamaterial perfect

absorbers; a powerful but simple analytical tool which can be used to understand the evolution of

the absorption bands of an MPA as a function of the spacer layer thickness. Then the variable air

spacer metamaterial perfect absorber result will be presented, which comprehensively validates
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the interference theory in addition to showing some unique properties not seen in other MPAs.

The next project is one which aims to utilize an extensively studied but still controversial

phase change material,VO2, integrated into metamaterial device to realize an electrically actuated

broadband THz switch. This device combines some of the concepts of metamaterial perfect

absorbers as well as more traditional optical modulator designs. But whereas a typical modulator

integrating phase change materials goes from a partially re�ective, partially transmissive mode

in its insulating state, to a mostly re�ective state in its metallic state, this device utilizes a

metamaterial layer to strongly suppress re�ections in both states. Instead it transitions from a

transmissive state with minimal re�ection, to an almost entirely absorbing state, with almost

no light transmitted nor re�ected. I will �rst introduceVO2, and then explore the performance

of the device and speculate on various ways in which the design can be improved for certain

applications.

The �nal portion of this dissertation addresses strong coupling between a metamaterial

and a resonant superconducting quantum tunneling phenomenon known as the Josephson plasma

resonance. It will �rst be necessary to introduce strong coupling effects in general and in the

context of metamaterial systems. Then the electrodynamics of superconductivity and more

speci�cally on the c-axis of the layered cuprate LSCO will be introduced in some depth. Then

a preliminary experimental effort will be presented, demonstrating evidence of strong coupling

effects between the metamaterial and the LSCO. Finally, the results of a high-�eld THz study

will show still more unique nonlinear interactions between the two subsystems.

The conclusion will summarize results as well as provide some speculation on future

research directions. The appendix will provide detailed application notes related the operation and

construction of a dual mode photoconductive THz time domain spectrometer, and its constituent

equipment.
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Chapter 2

Metamaterial Fundamentals

Metamaterials are arti�cial materials which consist of inhomogeneous (having variations

in material type and geometry) repetitive structures on a small length scale, but act as a ho-

mogeneous medium with properties entirely different from its constituent materials on a large

length scale. An ordinary crystal consists of one or more types of atoms arranged into a simple

geometrical pattern (called a unit cell). This pattern is repeated ad in�nitum in all directions to

form a 3D crystal lattice. On a macroscopic scale (a scale much larger than the unit cell), the

properties of this crystal, be they mechanical, acoustic, or electromagnetic, are determined by the

identity of those atoms and their geometry in this unit cell. Similarly, a metamaterial unit cell

consists of multiple types of materials, structured into some simple geometry, and repeated into a

large lattice. Though those materials themselves are made of many atoms and the length scales are

consequently far larger than an atomic crystal, the concept is the same. Their properties depend

both on the constituent materials and how the constituent materials are arranged. Zooming out to a

much larger length scale, a metamaterial acts as a homogeneous medium, with properties that are

entirely different than that of its constituent materials, controlled instead by the geometry of the

unit cell structure. Whereas the atomic structure of a crystal's unit cell and thus its properties are

constrained by the limits of physical chemistry (i.e. what atoms are available and will go together
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in what structure and under what conditions), this limitation is largely absent for metamaterials.

The geometry of a metamaterial unit cell and constituent materials is limited only by fabrication

technology, giving researchers an almost limitless parameter space in which metamaterials can be

designed, optimized, and controlled in order to realize the desired macroscopic properties. This

imbues metamaterials with an extraordinary �exibility, and the ability to manifest properties not

observed in nature.

It is �rst useful to review the basic electrodynamics of common materials. When an

electric or magnetic �eld is applied to a material, that material will respond by becoming

electrically and magnetically polarized respectively. The constants that determines the degree of

these polarizations are the electric permittivityeand the magnetic permeabilityµ such that:

P = E(er � 1)e0

M = H(µr � 1)µ0

where P is the polarization, E is the electric �eld,er is the relative permittivity, ande0 is the

free space permittivity. Likewise M, H,µr , andµ0 is the magnetization, magnetic �eld, relative

permeability, and free space permeability respectively. For the sake of simplicity, in the remainder

of this dissertation, we will lete0=µ0 = 1 such thatµr = µ ander = e. Depending on the signs

of µ ande, a variety of responses are possible. Figure 2.1 showsµ ande as independent axes.

When both are positive (top right quadrant), we have a common dielectric material in which

electromagnetic waves can propagate. Whenµe< 0 (top left and bottom right quadrants) waves

are evenescant and will quickly dissipate, as with metals, plasmas, etc.. But practically speaking,

most materials are not strongly magnetic, and thus lie alongµ = 1 (red dotted line); a very limited

parameter space. No known natural materials exist in the bottom left quadrant, where bothµ and

eare negative.

The harbinger of the modern metamaterial emerged in 1967 with the speculative work
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Figure 2.1: The plane of relative permittivitye and permeabilityµ. Most materials are only
weakly magnetic and thus lie close toe= 1 (red dotted line). No natural materials are known
which exist in the bottom left quadrant. In this reigon, the index of refraction is negative resulting
in so called ”left-handed” (LH) materials. To match the impedance of free space (Z = 1) the
material must be engineered such thate= µ (blue dotted line).

of Viktor Veselago [2]. He imagined such a material with simultaneously negaiveµ ande and

mathematically explored how it would behave. He found that under these conditions, waves

would propagate as in a normal material, but the wave crests would move in the opposite direction,

i.e. the phase velocity of the light would be opposite to the group velocity. This phenomenon

is known as negative index of refraction, or alternatively left handed media. He went on to

predict a number of other phenomena, including the reversal of snell's law, the reversal of the

doppler effect, perfect lensing, and the reversal of chrenkov radiation among others before �nally

lamenting the absence of any such materials in reality.

It was not until 33 years later that such a material emerged. John Pendry proposed arti�cial

and effectively homogeneous materials made from ordinary dielectric and metallic components

with small scale structure, that when designed correctly would resonate at microwave frequencies

in order to produce strong electric and magnetic responses [4]. Inspired by this work, David
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Smith and colleagues here at UC San Diego proposed and later realized a material based on this

concept which had simletaneously negative permittivity and permeability [3]. These devices were

simple, typically consisting of a combination of metallic rods and ”C” shapes on a dielectric

substrate. The size of these shapes could be several centimeters, as even at that size, the condition

of being subwavelength(� l =10) was easily met. These general design concepts were quickly

applied to verify negative index [23], realize a super-lens [24], and create an electromagnetic

cloak [5], resulting in an explosion of interest in the scienti�c community.

In the past past 20 years, metamaterials have grown from the imaginations of a hand full

of physicists into a �eld which spans a variety of disciplines in physics, chemistry, engineering,

and even made forays into the private sector. We now have electromagnetic metamaterials

operating at frequencies anywhere from visible light to microwaves and across vast swaths of

the electromagnetic spectrum. The same principles have even been applied to create acoustic

and mechanical metamaterials. They have been developed for purposes as diverse as shielding

buildings from the seismic waves of an earthquake [25], steering radiation for communication

[26], and realizing analogues of exotic quantum states [27]. But before discussing the more

complex applications of metamaterials which will be the focus of this dissertation, it is useful

to explore the basic mechanisms that give them their unique characteristics by examining an

example in depth. For this, we will go back to one of the earliest and simplest, but arguably most

powerful and ubiquitous types of metamaterial designs; the split ring resonator.

2.1 The Split Ring Resonator

The split ring resonator (SRR) is without a doubt the oldest and most canonical metamate-

rial and it has been the the basis of many of the metamaterials discussed up to this point. As the

name would imply, the simplest form of a split ring resonator resembles a ring of an electrically

conductive material (often copper or gold) with a small gap in the ring at one point. John Pendry
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�rst proposed the use of what would later be called the SRR in order to achieve a strong magnetic

response [28]. SRRs were later employed in early pioneering work in metamaterials including

the electromagnetic cloak, and are still the basis of much of modern metamaterials research; their

usefulness is seemingly inexhaustible. While it is undoubtedly the richness and complexity of the

physics of the SRR that have contributed to their ubiquity, the basic electrodynamics of the SRR

are surprisingly simple. An in depth exploration of their operating principles will thus serve as an

excellent introduction to concepts that can be applied to virtually any metamaterial.

2.1.1 Simple Models of the SRR

To build an intuitive understanding of the SRR and its resonant properties, I will be-

gin with by invoking two of the most familiar and simple objects in classical mechanics and

electromagnetism respectively: the mass on a spring, and the RLC circuit.

A mass on a spring is one of the �rst examples of harmonic motion that a student

encounters in grade school, and thus in my mind serves as the conceptual underpinning of all

harmonic oscillations. It consists of a mass sitting on a surface, and attached by a spring to a wall

(Figure 2.2a). When displaced from its equilibrium position atx = 0, the mass will experience a

restoring forceF = � kx, and from newtons second law, an acceleration given bya = ẍ = � kx
m .

Adding in a damping force from frictionFf = � µmg�x and writing out the toal equation of motion

we get:

0 = mẍ+ µgm�x+ kx (2.1)

This simple second-order differential equation has the general solution:

x(t) = A1es1t + A2es2t (2.2)
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where by substituting equation 2.2 into equation 2.1, we get the quadratic equationms2 + µgms+

k = 0. The solutions of of the equation are given by:

s1;s2 =
� µgs�

p
(µgs)2 � 4mk
2m

(2.3)

And A1 andA2 are given by initial conditions. First considering a lossless case (µ = 0), and given

an initial position given byx(0) = A, the mass will slide back and fourth about its equilibrium

position in simple harmonic motion with an angular frequencyw0 =
q

k
m given by equation

2.3. In terms of energy, when the mass is at its maximum displacementA, it is momentarily

stationary, and all of the energy of the system is stored in the potential energy of the spring given

by PE = 1
2kx(t)2 = 1

2kA2 (blue line Figure 2.2b). As it swings back, this spring potential energy

is converted into kinetic energy. At the equilibrium position, the spring stores no energy and

the kinetic energy given byKE = 1
2m�x2 is at a maximum (red line). But inertia carries the mass

along past the equilibrium to the negative extrema atx = � A. Thus the energy of the system

oscillates between kinetic and potential energy, at angular frequencyw0 =
q

k
m. If modest losses

are introduced in the form of friction, the resonant frequency will be altered slightly, and the total

mechanical energy (kinetic+potential) will exponentially dissipate (black dotted line).

Figure 2.2: (a) A mass (m) on a spring with spring constant k on a surface with a friction
coef�cient µ and having a displacementx. (b) The total energy of the systemEtot = KE + PE
(black dotted line), the kenetic energy of the massKE = 1

2m�x2, and the spring potential energy
of the systemPE = 1

2kx2 as a function of time
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In many ways, the RLC circuit is identical. As the name would imply, it consists of

a resistor (R) an inductor (L) and a capacitor (C) wired in series in a closed loop (see Figure

2.3a). The capacitor will take the role of storing potential energy previously held by gravity; as

charge accumulates on the plates of the capacitor, energy is stored in the resulting electric �eld

in between. The kinetic energy of the mass is replaced with the energy of the inductor; when

current �ows through though the inductor energy is stored in the resulting magnetic �eld. This

give the current a kind of inertia: when no current �ows through the inductor, it is dif�cult to

get it �owing, but once it is �owing, it is equally dif�cult to get it to stop. The resistor will be

the dissapative element, stealing away total energy from the system, when it is in motion, just as

friction dissipates energy from objects in motion. For the characteristic equation, it is convenient

to invoke Kirchhhoff's law; that the sum of the voltages across the entire loop is zero:

LQ00(t) + RQ0(t) +
1
C

Q(t) = 0 (2.4)

where hereQ is the charge on the capacitor and resultingly,Q0 is the current �owing in the circuit

andQ00is the rate of change of that current. It is easy to see that in the absence of the second

term, this equation is effectively identical to Eq. 2.1. If we assume a harmonic solution of the

form Q = Q0est, plug this into Eq. 2.4 and simplify, we �nd a quadratic equation for the natural

frequency s which we can solve for:

s= � a �
q

a2 � w2
0 = 0 (2.5)

wherea = R=2L is the damping factor which will determine how quickly the oscillating currents

dissipate andw0 =
q

1
LC is the resonant frequency. For obvious reasons it is often also called the

”LC” frequency, and will be referred to as such throughout this dissertation. Just asw0 =
q

k
m

was the natural oscillating frequency of the mass on a spring, so too isw0 =
q

1
LC for the RLC

circuit.
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Figure 2.3: (a) A series RLC circuit. (b) The total electromagnetic energyEtot = EC + EL the
energy stored in the capacitorEC = 1

2CV2, and the energy stored in the inductorEL = 1
2LI2 as a

function of time with some damping. (c) A split ring resonator as an RLC circuit. (d) the driving
amplitude of an RLC circuit as a function of the driving frequencyw.

The phenomenology is the same as well: beginning with some starting charge on the

capacitorQ0 (mass displacementx0), electrical (spring) potential energy is stored. As currents

(the mass) begin to move, the energy accumulates in the magnetic �elds of the inductor (the

kinetic energy of the mass) until no potential energy is left. At this point the current continues

to �ow (mass continues to move) under the in�uence of the magnetic �elds (inertia) and the

capacitor becomes charged (the mass rises) again. Energy is slowly dissipated from the system by

the resistor (friction). When driving this with a harmonic external �eldE0coswt the amplitude of
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the oscillations is given by:

A =
wE0q

(Lw2 � 1
C)2 + R2w2

(2.6)

Thus the amplitude of the driven currents depends on the driving frequency, with the maximum

occurring atw0 (see inset Figure 2.4c).

Though not a perfect analogy, the SRR is for our purposes a very small, very simple RLC

circuit (See Figure 2.3c). An inductor is generally a coil of wire looped many times such that

substantial magnetic �elds are generated through the center. The loop of the SRR is just that,

albeit with only one winding. A capacitor is two metallic plates held close together such that large

electric �elds are con�ned in between when statically charged. The opposite sides of the gap in

the SRR �ll exactly the same role. A resistor dissipates energy from �owing electrons, and though

the conductivity of gold or copper is high, it is not perfect, and thus the entire loop of the SRR

acts as a restive element. Of course in this instance there is no active battery or generator which is

driving the oscillations of current. Instead, the SRR is driven by the electric and magnetic �elds

of light. If the electric �eld goes across the gap for instance, this �eld will drive charges into the

capacitive gap, effectively ”charging” it, and allowing the harmonic process to begin. Likewise, if

an oscillating magnetic �eld threads through the loop of the SRR, Faraday's law demands that a

current will be driven in the loop in order to produce an opposing magnetic �eld.

This equivalence allows for the beginnings of a true quantitative look at how the SRRs

behavior is determined. The general formula for capacitance isC = eA=d. WhereA is the area of

the plates,d is the distance between them, ande is the permittivity of the material in between

them. Examining their analogues in the SRR, we see that:

C =
ewtm

g
(2.7)
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wherew is the width of the metallic loop,tm is the thickness of the SRR metal,e is the permittivity

of the surrounding region, andg is the size of the capacitive gap region. The self inductance is

more complicated to compute rigorously, but for a closed ring, it can be adequately approximated

by

L ' µR2 (2.8)

whereR is the inner radius of the loop andµ is the permeability of the surrounding material.

Together Eq. 2.7 and Eq. 2.8 allow us to approximate the LC frequency of a SRR as:

w0 '
1

Rn

r
g

wtm
(2.9)

wheren =
p

eµ is the index of refraction of the host material. This approximation along with

thel =10 size condition for the MM regime provides a useful analytical approximation for the

dimensions of an SRR for a given desired resonant frequency. Thus when employing a numerical

simulation technique for instance, we can begin with a good expectation of the frequency at which

the resonant behavior will occur, as well as its general dependence on the structural parameters of

the SRR, greatly accelerating the design and optimization process.

Unfortunately this model is just that, an imperfect approximation. It is possible to improve

the predictive power of the RLC model with more careful calculation of the R, L, and C, but

dif�cult to be entirely precise without enlisting the help of a full wave simulation [29]. But

perhaps the most fundamental �aw that this method only predicts one mode. This LC mode

occurs at the lowest frequency and as a result is the most deeply subwavelength where effective

medium approaches are most valid. But SRRs have other normal modes as well.
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2.1.2 Resonant Modes of the SRR

As in many other systems in classical and quantum physics, the SRR can be characterized

with multiple normal modes. The distributions of surface currents, electric, and magnetic �elds

are shown for the �rst three modes of the SRR in Figure 2.4. This can be thought of as a classic

boundary condition problem, with the capacitive gap of the SRR providing the �rst condition; no

current �ows through it.

Figure 2.4: The surface current, electric and magnetic �elds of resonant modes of the SRR.
(a-c) The surface current, electric �eld, and magnetic �eld for the lowest energy (LC) mode.
(d-f) The surface current, electric �eld, and magnetic �eld for the intermediate energy mode.
(h-j) The surface current, electric �eld, and magnetic �eld for the higher energy (dipole) mode.
Note the arrows which indicate the direction of the �elds being shown.

As with other types of systems, the lowest energy mode will have the fewest nodes; in

this case, there are no other nodes in the current distribution around the ring and the parity of the
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