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Abstract

Persistent conflicts over the momentum of light in media has led researchers to apply
an alternate approach to predicting the electromagnetic force on material. Direct ap-
plication of the Lorentz force to media allows for the computation of electromagnetic
forces while avoiding a priori assumptions for the form of optical momentum. In this
view, the forces exist everywhere in matter once the field is present. Because of this,
the approach can be computationally daunting, particularly when multiple particles
are surrounded by a medium with a dielectric or magnetic response to the fields. The
theory presented in this thesis represents a self-consistent formulation for efficiently
modeling optical momentum transfer to macroscopic media.

The Maxwell stress tensor and the distributed Lorentz force are first applied to
calculate forces on lossless media and are shown to be in excellent agreement. It is
shown that a normally incident plane wave pushes a slab in the wave propagation
direction, while it pulls a half-space toward the incoming wave. The Lorentz force
density is applied to the slab in a direct way, while the half-space is dealt with by
introducing a finite amount of loss. The losses have to be properly accounted for, oth-
erwise differing results are obtained. The momentum transfer to lossy dielectric and
magnetic media is derived from the Lorentz force density without prior assumption
of the momentum of light in media. A view of momentum conservation is devel-
oped which is rooted in the stress tensor formalism and is based on the separation
of momentum contributions to bound and free currents and charges consistent with
the Lorentz force density. The formulation is shown to be in agreement with known
observations of momentum transfer to media.

The electromagnetic wave momentum is derived for a Lorentz medium and ap-
plied to study the momentum transfer to stationary, isotropic left-handed material.
The model includes material dispersion and losses, which are necessary for a causal
medium with negative index of refraction. The results provide a rigorous proof for
the force on free currents in a lossy medium . The resulting electromagnetic wave mo-
mentum conservation theorem proves that the momentum flux of a monochromatic



wave in an isotropic left-handed material is opposite to the power flow direction.
However, the momentum density in a lossy medium with negative index of refraction
may be parallel or antiparallel to the power flow. The results are applied to predict
the reversal of radiation pressure on free currents in a material with negative index
of refraction. Furthermore, conservation of momentum at a material boundary states
that the tangential component of the wave momentum is conserved.

The theory is applied to predict new experiments such a decrease in optical mo-
mentum transfer to Mie particles due to absorption, which contrasts the common
intuition based on the scattering and absorption by Rayleigh particles. Lossless di-
electric particles incident by multiple plane waves and a Gaussian beam are also
studied using Mie theory to model existing experiments of optical manipulation us-
ing lasers. The modeling of single particles is achieved by applying analytical field
calculations to infinite cylinders used to represent particles in two dimensions and to
spheres used to more closely model three dimensional experiments. The application of
electromagnetic wave momentum conservation via the stress tensor formalism allows
us to compute the experimentally observed dynamics of particles in solution while
reducing the computation by one dimension. For example, the force on a dielectric
sphere can be computed by either applying a volume integration of the Lorentz force
or by computing the surface integration of the Maxwell stress tensor.

The Mie theory and the FoldyLax multiple-scattering equations are applied to
compute the scattered field of an arbitrary number of infinite dielectric cylinders
of arbitrary size, subject to in-plane incidences. Binding forces are studied as a
function of particle size and separation. The formulation is applied to a system of
20 particles, and extends the capabilities of modeling particle interaction and optical
matter beyond the simple cases of the Rayleigh regime and two-particle systems.
Based on this approach, a new trapping regime is proposed, which is based on the
equilibrium between a scattering force and optical binding forces only. The trap is
realized from the interaction between a single plane wave and a series of fixed small
particles, and is efficient at trapping multiple free particles. The possibility of serially
guiding and sorting nanometer-sized particles without the use of any external control
is also demonstrated. The working principle is based on an equilibrium between
scattering and binding forces, the latter depending on the properties of the particles.
A configuration is proposed that utilizes this property and is shown to efficiently
sort small particles as function of their size. In order to understand the complex
interactions between dielectric particles, a simplified geometry consisting of identical
slabs subjected to normally incident plane waves is also studied.
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Chapter 1

Introduction

In 2005, I began a study of optical momentum transfer to macroscopic media in
order to model the manipulation on colloidal particles with lasers. In March of that
year, my research supervisor, Dr. Tomasz M. Grzegorczyk, was personal witness to
the optical binding experiments of Professor Jean-Marc Fournier at the Swiss Fed-
eral Institute of Technology. Upon his return, Dr. Grzegorczyk described to me the
fascinating experiments that turned a collection of colloidal particles into an array
of optical matter in the presence of a laser field. It was around this time that Dr.
Grzegorczyk began developing an analytic multi-body scattering code that would
eventually be used to model the optical forces within a collection of particles. One of
the original goals of this modeling effort was to aid in the design of a laser trapped
mirror (LTM) that would use optical matter as a imaging reflector in space. I be-
gan my own investigation of this subject on my own accord in May 2005. It soon
evolved from mere curiosity to become my primary research focus while at MIT. By
September 2005, we officially began working on the NASA Institute for Advanced
Concepts (NIAC) Phase II LTM study along with Professor Fournier, principal in-
vestigator Professor Elizabeth McCormack of Bryn Mawr College, and former NASA

headquarters member, Dr. Robert Stachnik. It was an immediate goal to under-
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stand the complex nature of optical forces on colloidal particles and to theoretically
recreate the optical binding experiments. This dissertation reports the results of this

theoretical investigation and modeling effort.

1.1 Background

Electromagnetic wave theory was first applied by J. C. Maxwell to predict and calcu-
late radiation pressure of light [8]. This prediction was soon verified by the observation
of light pressure on reflectors in vacuum [9, 10]. In 1905, Poynting quantitatively val-
idated the theory with detailed measurements of radiation pressure [11]. Until the
invention of the laser, such experiments were relegated to scientific validation of the

electromagnetic wave theory.

1.1.1 Optical manipulation of colloidal particles

In 1970, the manipulation of small dielectric particles by laser light was first demon-
strated by Arthur Ashkin at Bell Labs when particles suspended in water were drawn
into the axis of a laser beam and accelerated in the direction of propagation [12]. The
original experiments were designed by applying a rough calculation for the radiation
pressure of a 1W laser focused upon spheres ranging from approximately 1Ag to 5Ag
in diameter, where g is the laser wavelength. In addition to radiation pressure, the
particles experienced a trapping force that pulled the particles into the laser beam.
The trapping force was reversed when the relative index of refraction was inverted.
That is, an air bubble with dielectric permittivity less than that of the surrounding
water was always seen to be pushed out of the beam, while the radiation pressure
remained in the beam propagation direction. The trapping force was explained using
ray optics, a technique that is generally reserved to describe scattering from bodies
much larger than the wavelength of light. This separation bascd on radiation pressure

and trapping force would continue for the next 30 years.
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Many experimental demonstrations followed, including optical levitation [13, 14]
and radiation pressure on a liquid surface [15]. The use of lasers was also pro-
posed as an atom trap [16,17], and cventually realized to trap and cool atoms by
Steven Chu of Bell Labs [18-20], who became one of at least two Nobel Laureates
owing some acknowledgement to the use of optical trapping. The trapping force
and radiation pressure became to be known as the gradient force and the scattering
force, respectively, due to the separation based on the Rayleigh approximation for
a point scatterer [21]. The former force reduces to the gradient of incident field in-
tensity, and the latter is described simply by the scattering of incident momentum.
Mesoscopic dielectric particles were also trapped using a single highly focused laser
beam [22]. Such traps, termed optical tweezers, result when a the gradient force is
larger than the scattering force as predicted by application of the Rayleigh approxi-
mation [23,24]. Optical manipulation has since found application in physics, biology,
chemistry, and medicine [25-27]. In fact, optical tweezers have become a necessary
tool for many researchers in microbiology. Besides manipulating living organisms
with lasers directly [28], researchers are also applying particles as handles to charac-
terize the mechanics of living cells. In this regard, there is a need to consider metal
particles [29, 30] and novel materials that may provide higher trapping efficiencies for

optical handles [31].

The description of optical manipulation was further expanded in 1989 when op-
tical binding was first observed [32]. Optical binding refers to the interaction forces
between multiple particles and can be used to create a lattice of dielectric particles
termed optical matter [33]. Optical binding was originally described by the interaction
of dipoles induced by an electromagnetic field incident on polarizable particles [34].
The binding force, scattering force, and gradient force then became the standard de-
scription for the optical manipulation of colloidal particles. Thus, while significant
experimental advances have been made in optical manipulation, modeling has, until

recently, remained in its infancy.
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There are two primary issues responsible for this lack of theoretical development.
First, a fully developed model requires the solution of Maxwell’s equations in the
near field region of many particles, which generally requires significant computing
resources. Second, once the electromagnetic fields are known, the force must be
calculated by either applying the Lorentz force directly or by computing the scattered
electromagnetic momentum. The first issue is treated in this thesis by applying
analytical field solutions to electromagnetic waves scattered by canonical particles
(e.g. cylinders and spheres). However, the primary focus of this work is in regard to
the second issue, which has historically been a controversial subject. It is necessary
to address the issue of electromagnetic momentum in matter since the particles are

typically immersed in a dielectric medium (water in most of the experiments).

1.1.2 Momentum controversy

The electromagnetic momentum in media has been debated throughout the previous
century with two leading candidates; D x B due to Minkowski [35] and eopoE x H
due to Abraham [36,37]. Although the so-called Abraham-Minkowski controversy
originated out of relativistic formulations, the primary issue of the radiation pressure
excrted on the interface of a dielectric boundary can be studied independently of
material motion [38]. The momentum density vector derived from the macroscopic
clectromagnetic wave theory [39] for a nonmagnetic medium is G = D X B = eppuoE X
H + P x poH, where the wave momentum density is expressed as the sum of the
electromagnetic momentum density eqpof x H and a momentum density resulting
from the dielectric polarization P = D — ¢oF in the presence of a field [21]. The
debate of the radiation pressure of normally incident light from free space onto a
dielectric can be demonstrated by momentum conservation at the interface. The
difference in the radiation pressure resulting from either the Minkowski momentum
D x B or the Abraham momentum eopoE x H transmitted into the dielectric is

significant; an outward force results from the former, while an inward force results
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from the latter [40].

In contrast to momentum conservation, the force on matter due to an electromag-
netic fleld can be computed directly via the Lorentz force. The Lorentz force has been
applied to bound and free currents to compute the radiation pressure on dielectric
media due to normal incidence at a planar boundary [41,42], and the force on bound
charges has been included to model forces resulting from oblique incidence [43, 44].
While some researchers have recently applied the force calculations to derive a new
form of electromagnetic momentum in matter [43, 45, 46], others warn against the use

of momentum conservation theorems all together [41].

1.1.3 Summary of the most relevant experiments related to

momentum controversy

Several of experiments have been carried out over the last century in an attempt
to measure the momentum of light. In this section, a few of these experiments are
described. The experiments listed are limited to those optical or near infrared mea-
surements that are discussed within the body of this thesis. The descriptions present
what was measured and why the measurements are significant. For a detailed pre-
sentation of how a particular experiment was performed, the reader is referred to
the cited references. Reviews of many of these experiments can be found in the

literature [40,47].

Tangential pressure of light In 1905, J. H. Poynting measured the tangential
force due to light obliquely incident on absorbing and reflecting surfaces [11]. The
tangential stress was carefully measured and reconciled with the electromagnetic wave
theory of Maxwell. This experiment demonstrated that the force tangential to the
surface of an absorbing material is proportional to the incident intensity and has
a maximum at an incident angle of 45°. Zero tangential force was also measured

for obliquely incident light upon a good reflector. This experiment represents the



34 CHAPTER 1. INTRODUCTION

first quantitative comparison of carefully measured radiation pressure effects with

the electromagnetic wave theory.

Recoil of light against a source Using an analogy with the recoil of a gun, J.
H. Poynting and G. Barlow performed an experiment in 1910 designed to measure
the recoil force exerted by light against the source from which it originates [48]. The
premise of the experiment was to study the equilibrium forces exerted upon various
disks subject to steady illumination. The disks consisted of various permutations
of absorbing and reflecting surfaces on their two sides. One particularly interesting
result comes from the transient period of initial illumination upon the absorbing side
of a disk with a reflecting silver film deposited on the unilluminated side. As the
researchers remarked, “a strong suction always set in, and this suction, after reaching
a maximum, rapidly subsided, giving place finally to a pressure increasing to the
limiting value corresponding to the steady state.” The effect was explained by the
expulsion of occluded gasses from the silver films. Since in this geometry the silver
film was on the unilluminated side of the disk, a back pressure was exerted upon the

disk as the gas was expelled from the disk into the surrounding vacuum.

Pressure on submerged mirrors In 1954, Jones and Richards measured the
deflection of reflectors as a function of refractive index of the submerging fluids [49].
The pressure exerted upon a submerged mirror in the Jones-Richards experiment was
determined to be directly proportional to the index of reflection n of the surrounding
medium. However, the experiment was unable to determine whether the observed
proportionality n was the conventional phase velocity refractive index or the group
velocity refractive index, due respectively to the ratio of phase velocity or group
velocity to the speed of light in vacuum. The invention of the laser allowed Jones and
Leslie in 1978 to improve upon the precision of the original experiment [50] and to
determine unambiguously the dependence of the pressure upon a mirror submerged

in a dielectric liquid on the phase velocity index of refraction (i.e. the measured
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pressure was proportional to n = ¢/v, where v, is the velocity of phase propagation

in the surrounding dielectric).

Scattering and gradient force on dielectric particles In 1970, Arthur Ashkin
at Bell Labs demonstrated that dielectric particles suspended in water could be drawn
into the axis of a laser beam and accelerated in the direction of propagation [12]. In
addition to radiation pressure, such particles experience a force transverse to the
propagation direction, the direction of which depends upon the dielectric contrast
between the particle and the surrounding liquid; dielectric particles that are optically
dense compared to the background medium are pulled into the high intensity axis of

the beam while less optically dense air bubbles were pushed out of the beam axis.

Photon drag The photon drag effect measured by Gibson et. al. is one of the most
direct observations of optical momentum in dielectric media [51]. The measured cur-
rent in a weakly absorbing semiconductor such as Germanium or Silicon is produced
by the absorption of an electromagnetic wave in the near infrared. The experiment
reveals the Minkowski momentum transferred to free carriers due to absorption of
electromagnetic energy. Since the absorbed photon momentum is greater than the
incident momentum by a factor of the refractive index n, it is deduced by momentum
conservation that an additional force on the bulk material must be directed toward

the incident wave.

Recoil momentum in a gas of atoms In 2005, the recoil momentum of single
atoms struck by light in an absorptive medium has been made by Gretchen Campbell,
Dave Pritchard, Wolfgang Ketterle and colleagues [52]. This experiment serves as the
most direct measurement of optical momentum in matter to date. The experiment
was performed by observing the change in momentum of single atoms in the lowest
momentum state due to the absorption of photons. It was determined that the recoil

of the momentum imparted to the atoms was directly proportional to the macroscopic
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refractive index of the gas. The experiment demonstrates that a single photon entering

a dilute gas is affected by the presence of all surrounding atoms.

Optical trap stiffness In 2005, A. Rohrbach provided the first quantitative agree-
ment between measured and calculated trap stiffness of optically trapped particles.
The trap stiffness represents a measurement of the linear restoring force in a par-
ticular direction. That is, if we model an optical trap as a potential well, the trap
stiffness is simply the proportionality constant relating the force to the displacement
distance due to small perturbation from the equilibrium position. The experiment
was performed using dielectric particles suspended in water. The theoretical calcu-
lations were based on an effective force with respect to the surrounding liquid. In
other words, the force was calculated as if the particle were in free space with the
free space index of refraction n = 1 replaced simply by the index of refraction of
water n — 1.33. This calculated force on the particle is equivalent to calculating the

difference in incident and scattered Minkowski momentum.

1.2 Thesis work

The purpose of this thesis is to provide a theoretical framework for the modeling of
experiments. While some contributions have been made toward the understanding of
wave electrodynamics, the emphasis has been placed on deriving a theoretical frame-
work which may be applicd to develop applications. Fundamentally, one could apply
the complete description of electrodynamics provided by Penfield and Haus [53]. How-
ever, such a description would greatly hinder efforts to model many particle systems
since the dynamics of both the particles and the background fluid must be taken into
account within the framework of moving media. The results presented here greatly
reduce the complexity and computation required to formulate the electrodynamics of
multiple particles by deriving and applying the concept of an effective electromagnetic

wave momentum.
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1.2.1 Scope and assumptions

The basis for the theory and calculations presented herein is the macroscopic electro-

magnetic wave theory [39]. The Maxwell-Minkowski equations

_ 9D _

-~ 0B
V-B =0 (1.1c)
V-D = p (1.1d)

make no distinction between field and matter contributions to the electromagnetic
wave theory since the electric field £, magnetic field H, electric flux D, and magnetic
flux B contain the response of matter via the constitutive relations. Throughout this
thesis, the materials considered are assumed to be isotropic, linear, and stationary.
The limitation to stationary media is not a severe restriction since the primary issue
of the radiation pressure on a material surface can be studied independently of mo-
tion [38]. The constitutive relations in the most general form for the purposes of this

thesis are

D = / dre(t — 7)€ /dTE E(t—1) (1.2a)
B = /_oodT/L(t—T /d'ru H(t ~ 7). (1.2b)

Furthermore, it is assumed that the media are homogeneous except for discrete spa-
tial discontinuities in the permittivity and permeability used to represent material

boundaries.

The Lorentz force density p€ + J x B is assumed in Chapter 2 to represent the
force on electric charge p and electric current .7 and applied to model the momentum

transfer to lossless and lossy media. It should be noted that the form J x B is con-
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sistent with the most common form of the force on free currents found in many texts,
for example [39,54,55], and results from historical measurements of the deflection
of moving charged particles in a magnetic medium due to an applied magnetic field
(see [56] and references herein). However, various scholars have proposed that the
force on electric currents may be written instead as J X puoH. In Chapter 3, a deriva-
tion of the wave momentum in a dispersive Lorentz medium is given and applied to
predict the reversal of wave momentum in left handed materials. It is shown that
both J x B and the force J x uo’)-_( have interpretations of momentum transfer to
macroscopic media. That is, the form J x uoH represents part of the force density
exerted upon a material by the electromagnetic fields, while J x B gives the force on
free electric currents inside a material.

Throughout this thesis, complex notation is used to represent monochromatic
waves. The time domain fields, written in script font, are related to the complex
fields, written in straight font, by the relation £ = R{Ee~*'}, where w is the angular
frequency of the incident laser field and R denotes the real part. Because of (1.2),

the constitutive relations for the complex fields are

D = ¢E (1.3a)

B = uH. (1.3b)

Time-average quantities are denoted by brackets such as < S >= {R{E x H*} and
* represents the complex conjugate operator. Vectors are given one bar E, tensors

have two bars f, and scalars like p are written without bars.

1.2.2 Theoretical framework

In order to precisely model experimental observations, it is necessary to outline a
theoretical framework for the application of energy and momentum conservation the-

orems. To accomplish this, the subsystem concept is introduced in a manor that is
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similar to the analysis of Penfield and Haus [53]. In general, we may write the energy

and momentum equations for a subsystem as

.
B = ~V-§— =W, (1.42)
_ - 9.
i = -V-T,- =G, (1.4b)

where the subscripts denote the j* subsystem. In (1.4), ¢; gives the energy trans-
ferred to and from other subsystems, 5’]- is the energy flux, Wj is the energy density,
fj is a force density representing the momentum transfer to or from other subsystems,
7:} is the momentum flux, and G; is the momentum density. In order for momentum
and energy to be conserved, the overall system must be expanded such that the inter-
action terms are zero. That is, the energy and momentum of the system is conserved

if we include enough subsystems such that

Z¢j =0 (1.5a)
ij =0. (1.5b)

The meaning of (1.5) is that there is no energy or momentum leaving the expanded
system. The definition of a particular subsystem depends upon the equations ap-
plied to modecl the physics. It is certainly possible to combine subsystems into larger
subsystems or to rearrange terms from one subsystem to another. Because of this,
there are different subsystems which can be defined which include the electromag-
netic fields. Depending upon the formulation applied, different expressions for the
quantities in (1.4) will be obtained to represent the electromagnetic subsystem. The
difference between the energy and momentum equations for these subsystems funda-
mentally rests in how we separate the primary field from the response field of the
matter. In this regard, we may view an electromagnetic force density as being re-

lated to particular momentum flux and momentum density. In what follows, the



40 CHAPTER 1. INTRODUCTION

Maxwell-Minkowski subsystem is studied within a stationary, unbounded medium.

The standard form of the Lorentz force density p€ + J x B gives the force on free
charge density p and free current density J due to the presence of electromagnetic
fields. According to the Maxwell-Minkowski equations given in (1.1) the dissipated

energy and Lorentz force are given by

£.7 = —& %?—ﬂ.%—er(Vxﬂ)-é—(ng)H (1.62)
pE+JT xB = %—?XB+%§XD+(VXR>XB+(VX£)X@(16b)
+ (V-BYH+ (V- D)E. (1.6¢)

These equations can be written in the form of (1.4) by applying the appropriate
vector calculus identities. The resulting Minkowski energy and momentum equations

for a linear, isotropic, and non-dispersive medium are

£ -

&
I

)
b ]

_v.[

_v_[

where [ is the identity dyad. Note that the limitation to non-dispersive media is

A5 5

(D-£+

-£‘+B-ﬂ)} (172)

=
I
3

o€+ T x -H)f—@E—BH]—%[ﬁxé],(ljb)

N | =

lifted in Chapter 3. In a lossless and source free region of an unbounded medium the
energy and momentum equations in (1.7) represent a closed system since J-£E=0
and p€ + J x B = 0. However, if p # 0 and/or J # 0, the subsystem given
by (1.7) does not represent a closed system. Therefore, at least one other subsystem
must be added to close the system. The resulting force acts upon the charge carriers
inside the medium. It is useful to consider the experimentally observed force density

p(€ + 7 x €) on a collection of charged particles with charge density p, mass density
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m, and velocity field ¥. Consider the dynamics of all charge carriers

S - of1r
-£-J = ~5 [imv . UJ (1.8a)
- o
—-pE—-J xB = ~ 5 [mo], (1.8b)

which closes the system when added to (1.7). In this closed system, the kinetic
energy of the particles %mz‘; -0 and momentum of the particles mo are altered by
the presence of the electromagnetic fields. Therefore, the dynamics of the system of
charged particles can be deduced either by evaluating the force density p€ + J x B

or by applying the Minkowski momentum flux and momentum density in (1.7).

The preceding analysis raises a very important question regarding the remainder
of this thesis. It is assumed up front that the materials considered here are stationary.
However, imparting momentum to a material body implies that the momentum of
the material will change with time according to d(mw)/0t. For example, consider
the classic case of a monochromatic plane wave incident normally upon a perfect
electrical conductor (PEC) mirror from free space. The solution of this problem
assuming a stationary mirror shows that the energy of the wave is conserved, and
the momentum imparted to the mirror is twice the incident wave momentum [39).
To reconcile the fact that the momentum change will accelerate the mirror, thus
increasing it’s kinetic energy, we must consider the moving boundary. In fact, the
reflection of incident electromagnetic momentum will cause the mirror to move away
from the incident wave such that the reflected wave is shifted in frequency. The
Doppler effect is responsible for the red shift in the reflected wave frequency and the

transfer of electromagnetic energy to the mirror [61].

To treat stationary media, the velocity of the material is not simply set to zero.
To account for the fact that the solutions seemingly violate conservation of energy,
a limiting process is applied. In the limit ¥ — 0, the kinetic energy density %m@ T

approaches zero faster than does the momentum density mw#. Therefore, the limi-
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tation to stationary medium is actually the limit of very small velocity such that
smaller material velocity yields a better approximation. Thus, a finite momentum is

transferred to the material while the kinetic energy of the material is zero.

1.2.3 Toward reconciliation

In this thesis, I take the position that regardless of which calculation approach is
applied, all results must conform to the same predictions of experimentally observ-
able phenomena. In Chapter 2, which begins on page 45, the Lorentz force density
and momentum conservation equation are applied to equivalently predict the optical
forces on media. While the Lorentz force provides a means to calculate the force
density everywhere inside a material once the fields are present, the momentum con-
servation equation reduces the computation by describing the momentum transfer to
lossless media to a surface effect. Also, each method can equivalently distinguish the
momentum transfer to free currents due to the attenuation of the wave in a lossy
medium. In Chapter 3, which starts on page 79, the momentum of an electromag-
netic wave is derived for a lossy, dispersive Lorentz medium. The theory is applied to
calculate the reversal of wave momentum in an isotropic medium with negative index
of refraction. The optical manipulation of colloidal particles is treated in Chapter 4
starting on page 101. The concept of electromagnetic wave momentum developed in
the preceding chapters is applied to predict the behavior of particles suspended in a
background medium and subjected to various incident optical fields. Optical binding
is studied in Chapter 5 beginning on page 125. The equilibrium positions of multiple
cylindrical particles in an optical interference pattern are predicted by applying the
multi-scattering code implemented by Dr. Grzegorczyk to calculate the total fields
necessary for application of the Maxwell stress tensor. This approach is validated by
using a commercial field solver and integrating the Lorentz force over the surface of
the cylinders. A more basic description of optical binding is also provided by con-

sidering the interaction of multiple slabs incident by a plane electromagnetic wave.
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Finally, the conclusions are discussed in Chapter 6 starting on page 149.
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Chapter 2

Electromagnetic Theory of Optical

Forces

Recently, the radiation pressure exerted by an electromagnetic wave impinging
upon a dieclectric body was derived by the direct application of the Lorentz law [43].
This method applies the Lorentz force to bound currents distributed throughout the
medium and bound charges at the surface of the medium. The approach allows for
the computation of force at any point inside a dielectric [43,45,46] and has been
shown applicable to numerical methods, such as the finite-difference-time-domain
(FDTD) [44,57]. A similar approach was taken to study the radiation pressure on
a dielectric surface [41] and a semiconductor exhibiting the photon drag effect [42].
Direct comparison with the stress tensor divergence has not been done previously
in the regime of optical momentum transfer. Two important generalizations of the
method proposed in [43] are introduced that allow for the calculation of forces on lin-
ear, isotropic media. First, the force on bound and free magnetic currents and bound
magnetic charges are introduced to the distributed Lorentz force to model magnetic
materials. Including magnetization in the model is important because materials have

recently been developed with magnetic response into the Terahertz [58] and opti-

45
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cal [59] frequencies which offer hope for future experiments of optical momentum
transfer in magnetic media. The second generalization allows for the discrimination
of the force on free carriers so that experimental observation of momentum transfer
to lossy media can be modeled. This is an important contribution since all media is
inherently lossy. An equivalent view of momentum transfer is developed and formal-
ized via the Maxwell stress tensor. The viewpoints and physical predictions of the

two approaches are compared and contrasted.

2.1 Lorentz force and momentum conservation

The Maxwell-Chu equations for a time-harmonic field in a source free region

V x H+4iweeE = —iwP (2.1a)
V x E—iwpH = iwpeM (2.1b)
VplH = —V-uM (2.1c)
V-gE = -V.-P (2.1d)

are deduced from the Maxwell-Minkowski equations by defining a polarization P =
D—¢oE and magnetization uoM = B—poM to model stationary media. A momentum
conservation equation is obtained by adding (2.1a) cross multiplied by poH*, (2.1b)
cross multiplied by € E*, (2.1¢) multiplied by H*, and (2.1d) multiplied E*. After
taking one-half of the real part, the equation reduces to [53]

< f>= —%?R{V-T}. (2.2)

In (2.2), < f > is the average Lorentz force on bound and free currents and charges

to be discussed shortly and

= 1 - _ = _ _ _
T == §(€0|E‘2 + MOIH]Q)I - EoEE* —_ [L()HH* (23)
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takes the form of the free-space Maxwell stress tensor [55], where EE is a dyadic
product and [ is the identity dyad. To calculate the total force < F' > on a medium,
the force density < f > is integrated over the entire volume V occupied by the mate-
rial. Applying the divergence theorem allows the total force on a material medium to
be written as a surface integral of the free-space Maxwell stress tensor over an area

A enclosing the material body

< F o= —%m{f(m o 7] } (2.4)
A

where 7 is the outward pointing unit vector on A. The momentum transfer to a
material body surrounded by free space can be determined unambiguously since there

is no debate regarding the free space electromagnetic momentum.

Application of the Maxwell stress tensor provides the viewpoint that electromag-
netic waves posses momentum that may be transferred to material objects via scat-
tering. An alternate viewpoint states that the force exists everywhere in a medium

once the fields are present. The force density

1 _ _ _ _ _ _
< f>= §§R{(—V "P)E" + (=V - poM)H* — iwP x poH* +iwpoM x eoF*} (2.5)

may be integrated over the entire region occupied by the material. It is interesting to
note that (2.5) gives the force on the equivalent electric current density .J, = —iw P
as J. x poH*, not J, x B*. However, (2.5) may be written, with the replacements

¢oFf = D — P and poH = B — poM, as

_ 1 [ _ = — _ _ _
<f> = §§R{(—V -PYE* + (=V - uoM)H* —iwP x B* +iwpgM x D*
+ iwP X pgM* —iwpeM x P*}. (2.6)

It is obvious that the last two terms cancel due to the R operator. Thus, using (2.1c)
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and (2.1d), the force density is expressed as

_ 1 _ - - _ _ _ _
<f> = E%{eo(v cEYE* + po(V - HYH* —iwP x B* +dwpyM x D*}.(2.7)

The Lorentz force can be applied directly to bound and free currents and charges,
which are used to model lossy media with complex permittivity € = ep + ie; and
permeability 1 = pgr+ips in a free space background (g, 1o). The force on free electric
currents is separated based on the imaginary part of the dielectric constant [42]. Thus,
the electric current density —iwP = —iw(e — €y)E is separated into a bound electric
current density —iw(eg — eO)E’ and a free electric current density we;E. A similar
separation is made for p so that the time-average Lorentz force density on bound

currents and charges is

<f> - ;&e{eo(v B)E* + (V- B

_— iu)(ER — EO)E x B* + ’ZUJ(MR — ﬂo)g X D*} (28)

The leading two terms in (2.8) contribute via a surface force density on bound electric
and magnetic charges, while the final two terms represent the volume force density
on bound electric and magnetic currents. The reason for this is that both V - E and
V - H are zero everywhere except at the boundaries where the spatial derivatives
are undefined and need to be supplemented with boundary conditions. The force on
bound currents and charges is calculated by the integral of < Fowr > over the volume

of the medium plus the integral of < four # > over the surface of the medium, where

_ 1 _ — _ _
< fbulk > = "2'%{ — iW(ER - Go)E x B* + Zu](,LLR - /,Lo)H X D*} (29&)

3 1 vk 7%
< fsurf > = 5%{peEavg +thavg}‘ (29b)

The bound electric surface charge density is p. = 7+ (Eout — Fin )€o [43], and, similarly,
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the bound magnetic surface charge density is pp, = A+ (Hou — Hin)pto. The fields
(Bin, Hin) and (E,us, Hyy) are the total fields just inside the particle and outside the
particle, respectively, and the fields in (2.9b) are given by E,.y = (E,u + FEin)/2 and
Hgg = (How + Hin)/2. In addition to (2.8), the force density on free currents

_ 1 _ _ _ _
< fc >= 5%{&}61E X B* — wprH x D*}, (210)

extends the recent analysis of the photon drag cffect [42] to include magnetization,
oblique incidence, and arbitrary polarization. Note that < f. > does not have a
surface force contribution since the trivial case of a perfect electrical conductor (PEC)
is not considered. The total time-average force on the material < F >=< F. >
+ < F, > results from integration of the time-average force densities over the entire

medium.

The connection of (2.8) and (2.10) to momentum conservation can be shown by
considering a normally incident electromagnetic wave with complex wavenumber k, =
kip + ik, transmitted into a medium occupying the half-space z > 0. Substitution

of the transmitted field F = gEye *1*¢**:7* into (2.8) and (2.10) yields

kar [(er — )| E* + (ur — po) [ H|?] (2.11a)

k[ B+ prlH . (2.11Db)

The negative sign leading the left-hand side of (2.11a) indicates that the force on
the bound currents is opposite to the incident wave propagation direction when the

medium is optically densc. The force density on free currents can be written as
5 Lnw 5 =9 A [no -
< fo>= b ler| B>+ pr|H)?) = —z§§R —V- 5o, (2.12)

where n = ck.p/w is the index of refraction, ¢ is the speed of light in vacuum,

and S = E x H* is the complex Poynting vector resulting from the application of
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Poynting’s theorem to the second equality. The result of (2.12) is interpreted for two
means of momentum transfer. First, the transfer of momentum at the boundary is due
entirely to Fj since electromagnetic power is conserved in the reflection/transmission
(i.e. R{V -S} = 0). Second, the transfer of momentum to free currents due to the
attenuation of the wave in the medium is given by the divergence of the momentum
7 = nS/c in (2.12). Recent experiments confirm this result by showing that the
observed transfer of momentum to an atom in a dilute gas is directly proportional to
the macroscopic refractive index [52]. This dependence on n has also been observed
in the photon drag measurements [60] and was recently analyzed in [42,46]. It is
concluded that the direct dependence of absorbed momentum on the refractive index

n holds for both dielectric and magnetic media.

The connection of momentum transfer to bound and free currents is formalized
by applying the momentum conservation theorem via the Maxwell stress tensor. The
previous derivation for the momentum conservation equation in (2.4) may be repeated

using the Maxwell-Minkowski equations

VxH+iwD = J (2.13a)
VxE—iwB = 0 (2.13b)
V-B =0 (2.13c)
V-D = p. (2.13d)

The resulting force density gives the force on free currents J and free charges p in

terms of the Maxwell stress tensor in matter [39]
- %([) B+ B0 -DE* - B'H. (2.14)

Also, the introduction of free magnetic charges and currents into (2.13¢) and (2.13b),

respectively, does not change the form of (2.14). The tensor (2.14) can be applied to
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distinguish between < Fj > and < F, > by noting the relationship in (2.12).

(b)

Figure 2-1: Integration path for (2.4) applied to a lossy particle with radius a and
(€, u) in a background of (€, f). (a) An integration path that completely encloses
the particle gives the total Lorentz force F. (b) The integration path just inside the

boundary gives the force on the free carriers F..

As an example, we consider the force calculation on a particle of radius a. The
total Lorentz force < F' > on bound and free currents is found by integrating a surface
in (2.4) that just encloses the entire particle so that T is evaluated at r = a* as shown
in Fig.2-1(a), and the tensor in (2.14) reduces to the free-space Maxwell stress tensor
in (2.3). In fact, it is only necessary that the integration path completely encloses
the particle, which is satisfied if r > a. The force on free currents < F, > is found
by integrating the stress tensor (2.14) along the interior of the particle boundary at
r = a~ as shown in Fig.2-1(b) such that all free currents are enclosed. The force on
bound currents and charges is < F, >=< F > — < F, >. The choice of integration
paths for < F >, < F, >, and < F, >, allow for the description of electromagnetic
forces in media consistent with the direct application of the Lorentz force in (2.8)

and (2.10).

2.2 Radiation pressure on dielectric and magnetic
media

In this section, the momentum transfer due to 1-D material inclusions is calculated by

integrating the Lorentz force density over the material and also by applying momen-
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tum conservation via the Maxwell stress tensor. The radiation pressure on a lossless
slab is calculated first as a simple application of the equations developed in the pre-
vious section. Then, the momentum transfer to an absorbing dielectric is found, and
the result is applied to reconcile conflicting reports of the radiation pressure on a
lossless dielectric half-space by taking the limiting case of zero absorption. The cal-
culations are shown to be in complete accord with relevant measurements, including

the deflection of mirrors immersed in a dielectric liquid.

2.2.1 Radiation pressure on a slab

The radiation pressure on a slab due to an incident TE plane wave E; = §E;et*o:7¢t=?

is calculated using the Lorentz force density and momentum conservation. The slab
shown in Fig. 2-2 is characterized by real permeability x4 and permittivity e and is sur-
round by free space. The field solution is well known and is given in Appendix A. The

problem of a TM polarized wave can be solved by applying the duality principle [39].

Figure 2-2: TE plane wave incident upon a slab (e, 1) surrounded by free space
(€0, t10). The angle of incidence is #; and the slab thickness is d.

First, the Lorentz force density on bound currents is applied to calculate the
radiation pressure on a dielectric slab due to a plane wave at normal incidence (i.e.
0; = 0). The force density < f >= 1R{—iwP x B*} results in only a z component
< f, >= 3 < f > and is plotted in Fig. 2-3 as a function of position inside the slab
for three cases. The force patterns are determined by the standing waves inside the

slab. Regions of high force density can be identified in the plots. Furthermore, it
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can be seen that parts of the slabs may be either in compression or in tension. For
example, Fig. 2-3 (b) shows that the two halves of a half wavelength slab are pulled
away from each other by equal amounts so that the total force on the slab is zero.
This observation is explored further in Chapter 5 as a explanation of the optical
binding. The radiation pressure on each slab is determined by integration over z.
Although the integration can be carried out analytically for this simple geometry,
it is implemented here numerically as is necessary with more complicated 2-D and
3-D scattering problems. The integration is given by simple discretization in the z

coordinate

d L
1 _ 1 _
< FE, >= /dziafe{ —iwP x B*} ~ § AziéR{—z'w,uo(e —eo) By x Hf}, (2.15)
=1

0

where 2z, = 0, z; = d, and the fields E; and H; are evaluated at 2.

Momentum conservation can also be used to calculate the radiation pressure on a
slab due to oblique incidence. The Maxwell stress tensor is applied at the boundaries
of the slab. It is expected that the total radiation pressure results from the incident
and scattered (reflected and transmitted) momenta. Since there are no free currents,
the total force results completely from the force on bound currents. The force per

unit area on the slab of thickness d is, therefore, given by
R{2-T(z=0")—2-T(z=0")+2-T(z=d ") —2-T(z = d")}, (2.16)

where T(z = 2y) is the Maxwell stress tensor given by (2.14) evaluated at the point
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Figure 2-3: Force density inside a dielectric slab due to an in impinging electromag-
netic wave of unit amplitude. The electromagnetic wave is incident at #; = 0 onto
a slab with permittivity e = 4¢;. The thickness of the slab is normalized to the
wavelength inside the material for (a) d = A/4, (b) d = A\/2, and d = 3)\/4.
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z = zg. The contributions from the fields inside the slab are restricted to the terms

£ T(z=0%) = 2 | L[By(z = 07)2+ E(IHalz = 09 = |Ho(z = 0%) )]
& [—pH,(z = 0Y)Hi(z = 01)] (2.17a)

+

¢ T(=d7) =2 |5|B(z = ) + £ (1Ha(s = d)P = |Ha( = 7))
+ & [-pH(z =d )H}(z=d")]. (2.17b)

By substitution of the fields in the slab, it can be easily shown that
2 T(z=0"=2-T(z=d"), (2.18)

which is expected since the force on free currents is zero. The radiation pressure on

the slab reduces to
R{z- T(z=0")—2-T(z=d")}. (2.19)

Therefore, the force on a lossless slab can be computed solely from the knowledge of
the fields outside the slab. This is to be expected and can be generalized to media
of arbitrary geometry since the divergence of the stress tensor applied to continuous,
lossless media is zero. Simplification of (2.19) with knowledge of the reflected and

transmitted fields gives the closed form expression for force per unit area on the slab
_ €
< F>= 2-29134%082 0; [ + | Ratan|® — [Taw]?] , (2.20)

where 6; is the incident angle and Ry, and Ty, are the slab reflection and trans-
mission coefficients, respectively [39]. This analytic expression shows that the #-
component of the radiation pressure on a lossless slab is zero (F, = 0), regardless

of incident angle [55]. At normal incidence, the radiation pressure given by (2.20)
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can be written simply as the summation of force components 2L E?, 22 E?|Rgql?,
and —Q%EﬂTSlabP due to the incident, reflected, and transmitted wave momenta,

respectively.

Numerical integration of the Lorentz force in (2.15) is applied to calculate the
Lorentz force on the slab, and the results are compared with the analytical expression
of (2.20). Figure 2-4 shows excellent agreement between the two methods applied to
compute the force on a lossless dielectric slab (u = o, € = 4€p). The maxima and
minima in the force are due to the periodic dependence of the reflection coefficient
R and the transmission coefficient Ty, on the slab thickness. Minimum force is
observed for slab thicknesses equal to multiples of half wavelength m% and maximum
force is observed for slab thicknesses equal to odd multiples of quarter wavelength
(2m+1)3, where X is the wavelength of the electromagnetic wave inside the slab and
m € [0,1,2,...]. For comparison, note that for d = A\/4, < F, >= 3.182 [pN/m?] is
calculated using (2.15) and < F, >= 3.184 [pN/m?] is calculated by the application
of (2.20), which is in agreement with < F, >= 3.188 [pN/m?] previously calculated
using FDTD and the Lorentz force density [44].

Figure 2-5 shows the radiation pressure on a permeable slab (@ = 4pug, e =€) as a
function of incident angle, measured from the surface normal. This example requires
the calculation of both magnetic currents from (2.9a) and magnetic surface charge
from (2.9b), which are used to compute the Lorentz force. As seen in Fig. 2-5, there is
excellent agreement between the two force calculation methods at all incident angles.
It is well know that a TM wave incident upon a dielectric surface at the Brewster
angle gives zero reflection. By duality, the Brewster angle for total transmission of a

TE incident wave is given by [39)

05 = tan™! i (2.21)

and is calculated for this example to be 0 = 63.4°. This is evident in Fig. 2-5 by the
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Figure 2-4: Radiation pressure on a dielectric slab as a function of slab thickness. The
unit amplitude electromagnetic wave is incident onto a slab with permittivity € = 4e,
and thickness d = A/4 at 6; = 0. The pressure is calculated from the divergence of
the Maxwell stress tensor (line) or numerical integration of the Lorentz force density
(markers). (© 2005 Optical Society of America, Inc. [1].

zero force at this particular angle.

The radiation pressure is shown as a function of dielectric constant €/e; for a
lossless dielectric slab in Fig. 2-6. Again, there is excellent agreement between the
two force calculation methods. It is seen that the force goes to zero as expected when
the slab is impedance matched to free space € = ¢3. For all positive permittivities,
including the region 0 < €/ey < 1, the force is in the positive 2-direction, indicating

that the force is pushing the slab.

2.2.2 Momentum transfer to absorbing dielectrics

The two methods are applied to model known experiments by considering the general
solution of a TE electromagnetic wave obliquely incident on the surface of an infinite
nonmagnetic medium (pu = o) occupying the region z > 0. The radiation pressure

on bound currents is found by integrating the Maxwell stress tensor in (2.14) along a
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Figure 2-5: Radiation pressure on a dielectric slab as a function of incident angle.
The TE polarized, unit amplitude electromagnetic wave is incident onto a slab with
permittivity € = €y and permeability u = 4po. The thickness of the slab is d = A4
The pressure is calculated from the divergence of the Maxwell stress tensor (line) or
numerical integration of the Lorentz force density (markers). (©) 2005 Optical Society
of America, Inc. [1].
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Figure 2-6: Radiation pressure on a dielectric slab as a function of dielectric constant.
The unit amplitude electromagnetic wave is incident at §; = 0 onto the dielectric slab
of thickness d = A\/4. The pressure is calculated from the divergence of the Maxwell
stress tensor (line) or numerical integration of the Lorentz force density (markers).
© 2005 Optical Society of America, Inc. [1].
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path that just encloses the boundary and, for a weakly absorbing dielectric, is
0 52 | €0 2 2 R 2 2
< Ky >=zZE; [5 (14 |Rao|?) cos® 0; — ?lThsl cos Qt} , (2.22)

where R}, is the reflection coefficient, T}, is the transmission coefficient, and 6; and 6,
are the incident and transmitted angles, respectively. Thus, the total force on bound
currents is normal to the surface and directed toward the incoming wave for eg > ¢,
while the tangential component of wave momentum is conserved across the boundary
due to phase matching. To formally prove this assertion, it is necessary to consider

the tangential component of the Lorentz force density

1
i< fp>= 5%{ —i(eg — eo)k;]EiIZITPe%”z}, (2.23)

which is due to the transmitted field E = §E;Te *:17¢i=r?¢tkz=  The tangential force
density on bound currents in (2.23) is zero when &, is real, yielding a normal pressure
on a half-space void of free currents. The total radiation pressure on an absorbing

half-space is found from (2.4) with the tensor integration extended to z — oo

o< F>= %OEZ? (1+|R|?) cos® 6; (2.24a)
&< F>= %Ef (1 — |R|?) cos; sinb;, (2.24Db)

which is in agreement with the Lorentz force density integrated over the region z €
[0,00) as in [41,43]. The result (2.24b) was originally demonstrated by Poynting
in 1905 [11], who observed a tangential force given by —;QEZQ sin #; cos §; for a nearly
perfect absorbing medium (R =~ 0 and ¢; # 0) and zero tangential force for the
reflection from a mirror |R| = 1. Thus, the radiation pressure is normal to the
surface of a perfect reflector and is given by the force on free currents at the surface
< F >=< F, >= 2¢|F;|*cos? ; = 2% < S; > cos?0;, where < S; >= %%{E,Hz} is

the average incident Poynting power.
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2.2.3 Radiation pressure on a lossless half-space

Calculation of the Lorentz force on a half-space is more involved than what might be
expected. For a lossless half-space, the fields propagate inside the medium without
attenuation. This poses a problem in finding the radiation pressure by integrating over
the Lorentz force from z = 0 to 2 — oo. Previously, this issue has been sidestepped by
introducing a small amount of loss in the medium, applying the distributed Lorentz
force, and allowing the losses to approach zero after integration [41,43]. The problem
with this approach is that the momentum transfer to free charges does not approach
zero in the lossless limit because of the assumption that the fields approach zero at
z — 00. Some of the wave energy may be lost, such as ohmic losses in a conducting
medium, which must be considered when calculating the total force on a material

body. This problem will be addressed subsequently.

First, the Maxwell stress tensor is applied to derive the radiation pressure on a
dielectric and magnetic medium occupying the region z > 0 due to a TE polarized
plane wave incident from free space. The wave propagates in the free-space region
(po, €0) with wave vector ky = @k, + Zko, and in the material with wave vector
k = &k, + 2k,. Because there are no losses anywhere, the Maxwell stress tensor can
be applied via (2.4) along any surface that includes a unit area of the boundary. Also,
since the problem is invariant in x and y, the radiation pressure can be calculated by
evaluating the stress tensor at discrete points as was done for the slab. The force per

unit area on the half space medium is given by

R{z T(z=0")—

[ 3
~Ju
o~
™02
I
o
+
p—
—

< F>= (2.25)

DO | =
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The contributions on the two sides of the interface are

2. T(z=0") =2 [%OIEy(z =07)P + % (|Ho(z = 07)|* = [H(2 = 0‘)|2)]

& [—poH. (2 =07)H} (2 =07)], (2.26a)

+

5. T(z=0") =2 [%IEy(z =0M)2 4+ g (IHo(z = 0")P = |H.(2 = 0*)12)]

+ & [-pH,(z = 0")H}(2 = 01)], (2.26b)
and the force tangential to the boundary is seen to be
1
< F,>= §§R{ —poH (2 =0")H (2 =0")+ uH.(z = 0")H} (> = 0+)}. (2.27)

Upon substitution of the fields on both sides of the boundary, the tangential force

simplifies to

< F, >= %E%%{ (';io) (14 Rus) (1 — Rie)™ — | Ths|?] } (2.28)

where the parameter pg, is given by [39]

Lo kz
Mka

Dot = (2.29)

The simplification to (2.28) is a direct result of phase matching, which requires k,
to be continuous across the boundary. Applying the formulas Ty, = 1+ Ry, and

potThs = 1 — Rps obtained from the boundary conditions, it immediately follows that
pgt'ThSIQ = (1 + Rhs)(l - Rhs)* (230)

so that the tangential force is zero (F, = 0). This result is a direct consequence

of the boundary conditions and phase matching at a single interface, and it can be
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generalized to multiple interfaces, including the lossless slab discussed previously, the
details of which are omitted for brevity. This differs from previous reports of derived
nonzero tangential force at a planar boundary [43,44]. The radiation pressure on a

lossless half-space medium is found from (2.25) and simplifies to
F =3B {6—20 cos? 0; (1 + | Rys|?) = -;-cos2 etT,fs} , (2.31)

where 6, is the transmitted angle found from Snell’s law. Note that this equation
also accounts for u # g, the contribution of which appears in the reflection and
transmission coeflicients. Again we can see the contribution from the incident, re-
flected, and transmitted wave momenta to the force on the medium. In this regard,
the transmitted momentum is different from the free space momentum due to the

response of the material. This is discussed extensively in the next chapter.

Equation (2.31) is applied to evaluate the radiation pressure on the half-space
medium due to a normal incident plane wave. By taking the limit ¢ — oo, it is simple
to show that the radiation pressure approaches

lim < F >= —2¢yE?. (2.32)

E—020

This limit is seen in Fig. 2-7 where E; = 1V/m such that < F, >— —¢(1V/m) =
—8.85 [pN/m?] for very large e. Thus, the force of a normally incident plane wave on
a lossless dielectric half-space is pulling toward the incoming wave, while in the slab
case the plane wave pushes the medium in the wave propagating direction. Likewise,
the analytical limit of € — 0 gives

lim F' = +26 7

[

(2.33)

which is also seen in Fig. 2-7.

The analytical expression (2.31) differs from (2.24a) and (2.24b), which retain
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Figure 2-7: Pressure due to an electromagnetic wave incident at §; = 0 upon a lossless
half-space medium as calculated from the Maxwell stress tensor. The 2-directed force
is shown as a function of the relative permittivity €/ey. The free space wavelength is
Ao = 640nm and p = py, E; = 1 V/m. The incident media (region 0) is free space.
The dotted lines denote ¢y E? = £8.85 pN/m?2. (© 2005 Optical Society of America,
Inc. [1].

their form in the limiting case of a lossless medium [41,43]. In particular, (2.24a)
and (2.24b) produce different values from (2.31) for three cases involving a lossless
half-space. First, for an impedance matched interface such as a fictive interface
between two free space media, Ry, = 0, which would yield a nonzero value of < F, >=
2%‘1Ei2. Since such a fictive boundary could be placed anywhere, it would indicate
that forces in free space are present everywhere. Second, a nonzero tangential force
< F, ># 0 at oblique incidence [43] disagrees with the zero sheering force predicted
by (2.31) and Stratton [55]. Third, the predicted normal force < F, > is always
positive for a lossless dielectric, which contradicts the known theory that the force of
a normally incident plane wave on a lossless half-space is pulling toward the incident
wave [39, 61].

The differing results obtained from the distribution of Lorentz force and the
Maxwell stress tensor do not imply that either result is incorrect. Instead, we in-
terpret the force on a semi-infinite half-space obtained from the method of [43] to be

the total Lorentz force on all bound and free charges and currents with the assump-
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tion that the fields attenuate to zero as z — oc due to some finite loss. This holds
once the force density is integrated, even if the losses approach zero. To illustrate
this point, the force on a lossless half-space due to a normally incident wave can be
computed from the distributed Lorentz force by considering the ohmic loss due to the
conductivity ¢ = wey in a slightly lossy medium. Some of the energy transferred from
the wave to the conduction current J, is dissipated as ohmic loss. The time average

power dissipated is [39]

<P >= %%{ /V 4V (7 - E‘*(f}}, (2.34)

which must be accounted for in computing the momentum transfer. The correspond-
ing momentum transfer to the free-currents due to the attenuation of the wave is
given by (2.12). Integrating over the entire medium and allowing the conductivity to

approach zero yields
7 o1 * N € o2
<Eo>=lm-R | d 22 (LB ¢ = ~ BT, (2.35)
g —! 0

This nonzero contribution to the conduction currents is precisely the difference be-
tween (2.31) and the result reported by [43] for the normal incidence case. This
momentum contribution to the free currents leads to the conclusion that (2.31) is the
radiation pressure on a lossless half-space, while (2.24) is interpreted as the total radi-
ation pressure on a half-space with the assumption that the fields attenuate to zero as
z — 00. To further enforce this point, it is emphasized that the Maxwell stress tensor
was applied to derive (2.24). It was only necessary to assume that the fields attenuate
to zero at infinity, then the total force given by < £ >= %ER{Y:’(Z = 07)} is equivalent
to (2.24) and includes nonzero contribution from < F, >= %%{f(z = 07)}. In fact,

the tangential force (2.24b) is due entirely to < F, > as expected.
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2.2.4 Mirrors submerged in dielectrics

A significant amount of attention has been given to the form of the electromagnetic
wave momentum in media. Equation (2.12) proves that the momentum transfer to free
carriers due to the absorption of electromagnetic energy is proportional to the index
of refraction n. This result is confirmed by experimental evidence; the photon drag
effect [51, 60] and the photon recoil in a dilute gas of atoms [52] have been interpreted
in favor of the Minkowski momentum flux p,;, = %S’ as opposed to the Abraham
momentum flux py = éS’ . An alternate mode of experimental research deals with
the reflection of electromagnetic waves from mirrors submerged in dielectrics. In 1954,
Jones and Richards measured the deflection of reflectors as a function of refractive
index of the submerging fluids [49]. The invention of the laser allowed Jones and Leslie
in 1978 to improve upon the precision of the original experiment [50]. The observed
forces upon the mirrors in the Jones-Richards-Leslie (JRL) experiments were directly
proportional to the index of reflection n, thus supporting the Minkowski momentum
for the electromagnetic wave.

Recently, this conclusion has been reconsidered by Mansuripur, who shows that
the transfer of momentum to the mirror may be the Minkowski value, the Abraham
value, or any value between depending upon the phasc of the mirror reflection co-
efficient [62]. Thus, it is argued that the momentum of a photon inside a dielectric
host has the arithmetic mean value of the Abraham and Minkowski momenta. This
argument is based on the direct application of the Lorentz force to a reflector which
is incident by an electromagnetic wave from a dielectric background. The results
demonstrate that, for a perfect electrical conductor (PEC) mirror, the electromag-
netic pressure on the mirror is equal to the Minkowski momentum flux, while the
pressure on a perfect magnetic conductor (PMC) mirror is equal to the Abraham
momentum flux. The mirrors used in the JRL experiments are well modeled as PEC,
thus the derived results agree with the experiment. However, if the mirrors were

PMC, Mansuripur claims that the Abraham momentum would be measured. Here,
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the theoretical calculations of [62] are reproduced via the Maxwell stress tensor for-
malism. Then the results are interpreted to predict that the observed pressure in
most experiments will be the Minkowski form, regardless of the phase of the mirror

reflection coefficient.

€0, to

Rs = e"‘b

0

Figure 2-8: TEM plane wave incident upon a reflector. The reflector is defined
by R = € and is separated from the incident dielectric with index of refraction

n = \/€/€y by an air gap of thickness 4.

The problem under consideration is shown in Fig. 2-8. An electromagnetic wave
E = #E;et** is incident from a dielectric medium with index of refraction n = \/€/e
onto a mirror with reflection coefficient Rs = €. Since |R;| = 1, the properties of the
mirror are contained completely within the phase parameter ¢. It is assumed that an
air gap of thickness § may exist between the dielectric and the mirror, which allows
us to completely separate the electromagnetic force on the mirror and the force on
the dielectric. However, the problem of a mirror submerged in a dielectric liquid may
be treated by simply letting é = 0.

The electromagnetic force on the mirror is given by the change in electromagnetic

momentum at z =9

&= %%{2~f(z _ )= %m{z« Pz = 0%)}
—“159 —oh) 24 Ho —_oh 2| = 5% 2 2
= 25 [D1Bu(z = 0" + L2, (2 = 01)] = 23 (147 +|BP) , (236)

where the coefficients A and B give the amplitudes of the forward and backward

propagating waves in the air gap and are given in terms of the reflection coefficient
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R in Appendix A. The force on the mirror surface at z = 9§ reduces after some

manipulation to
_ 1
< Fy>= o [(14+n%) +R{R}1-n")] < S >, (2.37)

where < S; >= %%{EiHi*} is the average Poynting power of the incident wave, and

the real component of the reflection coefficient R is

1 —n?tan?(kod + ¢/2)

R{R} = 1+ n?tan®(kod + ¢/2)°

(2.38)

Equations (2.37) and (2.38) show the direct dependence of the radiation pressure
on the mirror upon the phase term kod + ¢/2 and are applied to study the momentum
transfer to the mirror. In the case of a submerged PEC, ¢ = 7 and § = 0 gives
R{R} = —1. Thus, the radiation pressure < Fj >= 2% < S; > on the mirror is given
by twice the Minkowski momentum flux (the factor of two indicates that the incident
momentum is completely reflected). However, the electromagnetic pressure < F5 >=
% < 5; > on a PMC submerged in a dielectric is twice the Abraham momentum
flux since ¢ = 0 and § = 0 yields R{R} = 1. Thus Mansuripur’s results [62] have

been reproduced via the stress tensor formalism and, in the discussion that follows,

an interpretation of these results is given that is different from [62].

Mansuripur argues that the momentum of light inside a dielectric host is has
the arithmetic mean of the Abraham and Minkowski momentum since all values
within this range are equally likely to be observed in experiments. However, while
the dependence upon the phase term kod + ¢/2 is oscillatory, the average value does
not take the arithmetic mean of the Abraham and Minkowski momenta in gencral.
This is shown in Fig. 2-9 for a mirror submerged in dielectric (6 = 0). The pressure
on the mirror takes on values between the Minkowski momentum and the Abraham
momentum depending upon ¢. As the index of refraction of the mirror is increased

from n = 2 in Fig. 2-9 (a) to n = 16 in Fig. 2-9 (b), the momentum transfer to the
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Figure 2-9: Radiation pressure on a mirror submerged in a dielectric (§ = 0) as a
function of the phase ¢ € {0,27} of the reflection coefficient R = €*. The incident
medium is (a) n = 2 and (b) n = 16. The incident power is unit amplitude at
normal incidence < S; >= 2. The radiation pressure oscillates between the upper
limit 2ppr = 2% < S; > and the lower limit 2p, = % < S; > represented by the
dashed lines.

mirror follows more closely the Minkowski value for a larger range of ¢. However, the
pressure on a PMC retains the association with the Abraham momentum even for

large index of refraction.

The pressure of the electromagnetic fields upon the mirror is directly related to
the standing wave pattern in the region in front of the mirror. In addition to changing
the phase of the reflected wave at the mirror, the standing wave may also be altered
by adding an air gap between the dielectric and the mirror. This relationship is

given explicitly by the phase term kod + ¢/2 in (2.38) and is illustrated in Fig. 2-
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x 107

Figure 2-10: Radiation pressure on a mirror submerged (6 = 0) in a dielectric with
index of refraction n = 2. The incident power is unit amplitude at normal incidence
< S; >= 2. The mirror is (a) PEC (¢ = 7) and (b) PMC (¢ = 0). The radiation
pressure oscillates between the upper limit 2py = 22 < S; > and the lower limit
2pa = % < 5; > represented by the dashed lines.

10. It is seen that the pressure on the mirror oscillates between the Minkowski and
Abraham momentum with a period of Ag/2. Indeed, an electromagnetic wave imparts
the Minkowski momentum upon a PEC mirror for § = mA\y/2 (m = 0,1,2,...).
However, the pressure on the PEC mirror is given by the Abraham momentum for
d = (2m+1)\o/4. This is shown in Fig. 2-10 (a), while the PMC case is simply phase
shifted as shown in Fig. 2-10 (b).

The analysis presented here confirms the recent results of Mansuripur [62]. How-

ever, while the pressure exerted upon the mirror by the electromagnetic field is un-
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questionable, we may still ponder which momentum transfer, Minkowski or Abraham,
will be observed in experiment. To answer this question, we must compute the pres-
sure on the dielectric surface at z = 0. This force is derived in previous sections and

for this particular geometry is given by the momentum balance
< Fy>= 2 | LB+ |RP) — S(AF + |BP) (2.39)

where the second term is simply the negative of the force on the mirror. Since |R|* = 1,

the pressure on the dielectric reduces to

< Fy>= 2{2% - % [(1+7n%)+ (1 -n")R{R}] } <S> (2.40)

The result of (2.40) implies that there is an additional pressure on the host dielectric
which accompanies the pressure on the mirror. If the surface of the dielectric and
the mirror are mechanically linked, such as a submerged mirror in a liquid dielectric
(i.e. 6 = 0), the total force on the interface is < F >=< F; > 4+ < Fy >= 22 <
S; >. Thus, it is predicted that in most experiments the Minkowski momentum will
be observed regardless of the mirror reflection coefficient phase ¢. In the previous
examples, < Fy >= 0 for a submerged PEC (8§ = 0, ¢ = 7), while < Fy >= :22%;1 <
S; > restores the total force on a submerged PMC (6§ = 0, ¢ = 0) to twice the

Minkowski momentum.

This result can be obtained simply by applying the concept of electromagnetic
wave momentum introduced by Gordon [21]. In this regard, we may apply the
Maxwell-Minkowski stress tensor rf(f) in (2.14) directly to predict many experimental
observations, and, in the process, reduce greatly the complexity in analysis. Thus, we
may model the momentum transfer to objects submerged in dielectrics by applying

an effective wave momentum while treating the background medium as a reference.
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For example, the effective pressure on the submerged mirror with 6 = 0 is

<F>= %é)%{éf(z:O‘)—é-T(ZHoo)}. (2.41)

We may assume that the fields are zero as z — oo due to the mirror, but in reality,
we only need to suppose that the ficlds are sufficiently small on the unilluminated

side of the mirror. Thus, the pressure is simply

i Anf€mpe M 2
=z-R{ 5 —|H,
<F> 228%{2|Ex| +2| yl}

= Z E(l +e?)(14+e7) + %5(1 —e?)(1—e %)

=20 <8 >, (2.42)
C

which is twice the Minkowski momentum and is independent of ¢. Thus, we may
apply the conservation of electromagnetic wave momentum to calculate the effective
momentum transfer to the mirror, which may include force contributions to the sur-
rounding medium. This concept of wave momentum will be discussed thoroughly in
Chapter 3 and applied in Chapter 4 and Chapter 5 to model the optical manipulation

of particles in a dielectric medium.

2.3 An alternate formulation

Although the Abraham-Minkowski controversy has been debated for the better part
of a century, researchers have gradually become less concerned with the identification
of a single form for the momentum density. Instead, focus has shifted to the separa-
tion of electromagnetic field and material subsystems in the framework of momentum
conservation [21,38,53,63-67]. In this regard, it is accepted that the Minkowski
momentum, which has been directly observed in experiments [49-52,60], includes

contributions from both the electromagnetic fields and the response of the medium.
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While the electromagnetic contribution to the momentum density was originally as-
sumed to be the Abraham form [21, 63, 64], some reports [38, 65-67] assign ¢ £ x B as
the component of the momentum density residing in the fields; the difference between

these two forms originates from the choice of formulation for the Maxwell equations.

Alternatively, the previous sections have demonstrated that the Lorentz force can
be applied directly to media via bound and free currents and charges, thus avoid-
ing a priori assumptions of momentum [41-43]. However, various formulations of the
electromagnetic theory have been applied to derive different expressions for the force
densities, and each may be associated with a particular momentum stress tensor and
momentum density vector. The Amperian, Chu, and Minkowski formulations are the
most widely used and differ in how matter is modeled in the Maxwell equations [39].
The Amperian formulation, which is also called the EB representation, models mat-
ter as electric currents and charges and has been proposed as a suitable basis for the
force on matter [67,68]. In contrast, the Chu formulation, which is also referred to
EH representation, treats matter as a combination of electric and magnetic charges
and currents. The Maxwell-Chu theory has also been applied to predict the force
on matter [69]. The Minkowski formulation, on the other hand, makes no claims
to the separation of fields and matter. In fact, the source terms in the Minkwoski
formulation represent the free charges and currents. In this section, the Amperian
formulation is applied to develop an alternate form of the Lorentz force. A simple

argument is given to prove the equivalence of this form of the average force on matter.

The contribution of matter in the Amperian formulation is expressed in terms of

the electric current density J, = 0P/0t + V x M and the electric charge density
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Table 2.1: Summary of momentum stress tensors and momentum densities.

Momentum Stress Tensor | Momentum Density

Minkowski (5 1B -H)I-Di BH DxB
Chu | £(eo€ &+ pH H) I — €€ — poHH cofto€ X H
Amperian % (605 E+B. B/,ug) I — €€ — BB/ g €€ x B

pev = V - P in a region free of sources. The Maxwell-Amperian equations are [39)]

1 9 -
V x ﬁgl’)’ ~ €0, = Teb (2.43a)
_ OB
— = 2.4
VxE&+ 5 =0 (2.43b)
V-B=0 (2.43c)
0V - &€ = pes. (2.43d)

In the Amperian formulation £ and B are regarded as the fundamental fields and the

Lorentz force density

feo = per€ + Top x B (2.44)

may be interpreted as relating the mechanical action of the electromagnetic fields on
media [68]. The conservation equation derived by substituting the sources on the

right-hand side of (2.43) into (2.44) is

3 aC_;eb

eb — — - .Izj87 *
Jeb 5 Ve (2.45)

where the momentum density vector G, = €& x B and the stress tensor ib =
(o€ - E+B-B/uo) [—eE—BB /o have been proposed to represent the electro-
magnetic subsystem [38, 65-67]. Such an interpretation implies the isolation of mate-
rial contributions on the right-hand side of the Maxwell-Amperian equations (2.43).
Likewise, the Chu and Minkowski formulations are associated with momentum density

vectors and momentum stress tensors. The associations are summarized in Table 2.1.
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The time-average force density resulting from the Amperian formulation is
7 1 F\ Bk s 5 Moo= 1 3 P
< foo >= 59? €0V - E)E* +iw |6FE — Iu—eE—i— —(Vu) x H| x B*}. (2.46)
0 Ho
The total time-average Amperian force density < F.; > is given by

— 1 _ _ _ _
< Fyp>= /dV§§R{in % B* —iwtcE x B*}
Ho

1 _ _ _
+ f dAig%{peE;% 7, x B*}, (2.47)
A

where the bound surface charge density p, was previously defined and the bound

surface current density is

J, = (ﬁ - 1) i x . (2.48)
Ho

Thus, the Amperian formulation provides a description of optical forces on matter in
terms of surface charge, surface current, volume charge, and volume current. It should
be obvious that this formulation provides identical predictions for the time-average
force on a material body since it can be equivalently cast in terms of the free space
Maxwell stress tensor. That is, all of the stress tensors in Table 2.1 reduce to the same
expression when applied to the free space region external to a material body. This
has been confirmed via numerical application of (2.47) to various examples. One such
example of the radiation pressure on an absorbing slab at oblique incidence is shown in
Fig. 2-11. While this formulation provides yet another viewpoint for the force density
(e.g. the inclusion of bound surface current instead of bound magnetic charges),
the prediction of experimental observations is equivalent to the Chu formulation.
However, the Chu model is simpler to study and apply due to the duality of the
electric and magnetic field models [53]. It will therefore be employed in the following
chapter to model the more complicated problem of electromagnetic momentum in

dispersive and lossy media.
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Figure 2-11: Radiation pressure on an absorbing slab as a function of thickness d.
The unit amplitude wave is incident at 6; = w/6. The slab is characterized by
p = (2 +10.02)up and € = (1 + ¢0.01)ep, and the thickness is normalized to the
wavelength inside the material. The line is computed via the Maxwell stress tensor
and the circles represent the force given in (2.47).

2.4 Discussion

The distributed Lorentz force method of [43] was generalized to include contribution
from magnetic material. This method was shown to provide results equivalent to
those obtained from the application of the Maxwell stress tensor, which was used to
derive simple closed form expressions for the force on a lossless slab in equation (2.20)
and the force on a lossless half-space in equation (2.31). It was shown that in both
cases, the force tangential to the interface is zero. A normally incident plane wave
pushes a dielectric slab in the wave propagation direction and pulls a lossless dielectric
half-space toward the incident wave [39, 61].

It was shown that the previous application of the distributed Lorentz force to the
half-space problem lacks to account for the residual absorption [43]. This is because
the fields are assumed to approach zero at infinity, an assumption that holds for a
conducting medium in the limit as ¢ — 0. As an example, (2.31) was derived for
the normal incidence case from the Lorentz force with consideration given to ohmic

energy loss in the conduction current.
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A very important contribution contained herein is the separation of force on bound
currents and charges and the force on free currents. This separation formalizes a view
of momentum transfer in lossy media based on an adiabatic transfer of momentum
due to reflection and refraction of the wave and momentum transfer due to absorp-
tion inside the medium. This view was applied to explain relevant experiments in
terms of an effective electromagnetic wave momentum. The wave momentum includes
contributions from both the field and matter as a coupled system, which explains
experimental observations of adiabatic momentum transfer to objects immersed in
dielectric and magnetic fluids. This concept is extended to dispersive materials and

applied to calculate the forces on colloidal particles in the following chapters.

Although the two force calculation methods can be applied to calculate the total
force on media, there are inherent advantages and disadvantages for each method.
Through numerous examples, [44] demonstrated that the distributed Lorentz method
is easily applied to finite-difference time domain (FDTD) computational and can
be used to find the forces distributed throughout a host medium. In particular,
the tension and compression forces due to a light beam inside a dielectric medium
were calculated. In contrast, the advantage of the Maxwell stress tensor is that it
reduces a volume integral in three dimensions to a surface integral, thus reducing the

computation required to calculate the total force on a material object.

As a concluding note to this chapter, it may not be assumed that the time-
domain Chu and Amperian formulations for the force on matter will have the same
interpretations for all time. This is discussed in detail by Penfield and Haus in
their research monograph, which applies the principle of virtual power to close the
overall system [53]. For a broad range of problems, their work ensures that an overall
system can be found which conserves energy and momentum. However, the additional
subsystems required to form a closed system differ based on which formulation of the
Maxwell equations is applied. Thus, the Chu and Amperian subsystems for the

electromagnetic waves do not have the same interpretation. A simple illustration of
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this point follows.
The Lorentz force I is often expressed in terms of the momentum density vector

G and the Maxwell stress tensor T as [70]

F= —/dv{%c‘:} —~ jédA{ﬁ : f}, (2.49)

where the volume V' is enclosed by the surface A with outward pointing unit nor-
mal vector 7. The issue of “how much electromagnetic momentum is transferred to
macroscopic bodies” was recently addressed by considering a spatially finite pulse
interacting with a slab [68]. The authors compared different forms of the momentum
density vector with the Lorentz force applied directly to media. The isolation of the
momentum density vector from the stress tensor is possible since the volume V can
be made arbitrarily large so that the fields tend to zero on A [71]. In this case, the
force exerted on the media is interpreted according to the choice of G, which results
directly from the formulation of the Maxwell equations applied to separate field and
material contributions. The recent theoretical study of the momentum of light pulses
in matter favors eguoF x H as the momentum of the electromagnetic fields [68]. Tt is
agreed, however, that experimental verification is needed and that such verification
could be difficult because of the coupling of momentum between fields and matter [72].
The numerical results of that study show that the predicted pressure on a slab evolves
in time differently depending upon which value for the momentum density vector is
applied. In all cases however, the total momentum transferred to the slab as t — oo
approaches the same value as expected [72]. In contrast, the time-average force due
to time-harmonic fields results entirely from the stress tensor contribution. Thus, the
radiation pressure on a material body in free space can be determined unambiguously
by considering the divergence of the free space Maxwell stress tensor. It is, of course,

the latter situation that is treated in this thesis.
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Chapter 3

Reversal of Wave Momentum in

Isotropic LHM

3.1 Negative Index Materials

Left-handed materials (LHM) have received much attention since their realization in
2001 [73] due to interesting physics such as negative refraction [74-76], reversal of
the Cerenkov effect [77-80], and the potential to create a perfect lens [81]. However,
the reversal of radiation pressure in LHM first predicted in 1968 by Veselago [82]
has received much less attention. Veselago’s results show that the momentum of an

electromagnetic wave

_ 1 _ k [ O, - o, =
<G >=-ReuE x H*+ — | —|E]? + —=|H? 3.1
o= gfen v (sl + ) | (31)
is antiparallel to the average Poynting power in materials with simultaneously neg-

ative permeability p and permittivity e, giving rise to light attraction instead of

light pressure [82]. Researchers still have not observed experimentally the predicted

79
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reversal of electromagnetic wave momentum. Experiments have revealed optical mo-
mentum transfer to dielectric media in direct proportion to the macroscopic index
of refraction [50-52, 60|, but observations have not revealed dependence on the slope
of the dielectric function as in (3.1). Furthermore, identification of electromagnetic
momentum in media continues to be a controversial subject; various definitions and

interpretations have been proposed [21, 38, 40, 43, 65—68].

Recent application of electromagnetic momentum conservation at the interface
scparating free-space and an isotropic LHM led to the conclusion that the change
in momentum of the electromagnetic wave due to refraction must produce a force
with a nonzero component directed parallel to the boundary [83]. This sheering force
is claimed to be unique to LHM, thus supporting the notion that the tangential
component of the momentum is conserved at the boundary separating two right-
handed materials (RHM). However, the aforementioned sheering force is predicted
to be nonzero because the momentum flux in LHM was assumed to be in the same
direction as the power flow, which is in contrast to Veselago’s prediction for the mo-
mentum density [82]. Thus, electromagnetic wave momentum and radiation pressure

in LHM remains topical.

In this chapter, the momentum transfer to isotropic LHM is rigourously treated
by applying the classical electromagnetic wave theory. It is argued that previous
attempts to describe the momentum of the electromagnetic wave in LHM fail to in-
clude material losses and/or dispersion, which cannot be ignored in a causal system
with negative index of refraction. We apply the concept of wave momentum, which
includes contributions from the material response as proposed by the seminal work of
Gordon [21]. The derived expressions define the wave momentum density and wave
momentum flux similar to previous derivations for dispersive dielectrics [65,66]. The
results presented here are analogous to the wave energy density and wave energy flux
previously derived using the standard Lorentz model for the polarization and magne-

tization [84]. The Lorentz force is also applied directly to derive the wave momentum
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flux density in an LHM half-space resulting from oblique incidence of a monochro-
matic wave. It is shown that the force tangential to the interface results solely from
the momentum transfer as the wave attenuates in the medium. Thus, the tangential
component of wave momentum is conserved due to reflection and refraction at the
interface of any isotropic medium, and the tangential force on a hypothetical loss-
less medium is zero regardless of the direction of phase propagation. In the process,
we provide a rigorous derivation for the cycle-averaged force on free-currents, which,
along with the force on bound currents and charges, gives the total force and de-
scribes the details of momentum transfer in lossy media. Furthermore, the force on
free currents due to the attenuation of the electromagnetic wave in a material with

negative index of refraction is opposite to the direction of power flow.

3.2 Energy and Momentum in Unbounded Media

In order to accurately describe wave propagation in an LHM, it is necessary to include
material dispersion and losses. That is, the coupled electromagnetic field and material
response must be considered together in determining the form of the energy and
momentum of the electromagnetic wave. The equations governing the energy and

momentum of an arbitrary subsystem generally take the form [53]

L oW

V-5+ Y (3.2a)
=  O0G _

V-T+—r =] (3.2b)

where the energy flow S, energy density W, momentum flow 7:”, and momentum den-
sity G interact with other subsystems via ¢ and f. In this section, the equations that
govern the energy and momentum of the wave are derived from the classical electro-
magnetic theory and the equations governing the dielectric and magnetic response of

a Lorentz medium.
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3.2.1 Energy and momentum of the electromagnetic fields

We begin with the Maxwell-Minkowski fields (7, t), H(r,t), D(7,t), and B(7,t) in
a source free region [39]. The electromagnetic fields and the material response fields
are separated by defining the polarization P = D — ¢,€ and magnetization pugM =
B — poH for a stationary medium, where the dependence upon space and time is now

implied in the notation. The resulting Maxwell-Chu equations [39, 53]

9 aP
VXH—_EOE—C‘)—E:% (33&)
. oA oM
V x&+ /.Lo—at— = —/,L()—aT =—-Th (33b)
,UQV . 7'_{ =-V. ,U/()M = Pn (330)
oV -E=-V-P=p, (3.3d)

give the electromagnetic fields £ and H in the presence of the material represented
by the source terms 7., Jh, pe, and p,. The energy and momentum quantities for the
electromagnetic subsystem can be derived without specifying models for P and M.
The energy equation is derived in the usual way by subtracting (3.3a) dot mul-
tiplied by &€ from (3.3b) dot multiplied by H and applying the vector identity [39)
H-(VxE) —E-(VxH) =V-(£xH). The quantities corresponding to the

electromagnetic subsystem in (3.2a) are identified as [53]

Seh = g X 'H (3.4&)
W, = 5295 £t ‘—‘2972 “H (3.4b)
Yer = Jo- €+ TnH, (3.4c)

where the subscript eh denotes quantities relating to the electromagnetic subsystem.
Likewise, the equation describing the transfer of momentum to and from the
electromagnetic subsystem is derived by adding the cross product of the vector equa-

tion (3.3a) and uoH, the cross product of the vector equation (3.3b) and €€, the
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product of the scaler equation (3.3c) and H, and the product of the scaler equa-
tion (3.3d) and £. After some manipulation of the resulting vector equation, the
momentum conservation equation for the electromagnetic subsystem can be written

in the form of (3.2b) with the quantities given by [53]

= 1 . _ = _ o

Teh = 5(698 -& + ,LLQH : H)I — 6055 - M()HH (35&)
éeh = (:‘oluog X 7'_[ (35b)
Jer = pe€ + ppnH + Te X poH — T % €€, (3.5¢)

where I is the 3 x 3 identity dyad and £ represents a dyadic product. The quantities
in (3.4) and (3.5) represent the electromagnetic subsystem and may be regarded as the
electromagnetic contributions to energy and momentum [53]. The quantities W, and
S.p, are identified as the energy density of the electromagnetic fields and the Poynting
power, respectively. The momentum density Gy, is often referred to as the Abraham
momentum [36], and the momentum flux 7, takes the form of the free-space Maxwell
stress tensor [54, 55]. Tt is well know that a material contribution to the energy density
accompanies the propagation of electromagnetic energy in dielectrics [85-87]. In the

section that follows, we derive the corresponding material contribution to the wave

momentum.

3.2.2 Energy and momentum contribution from dispersive

media

To model many experimental observations, it is necessary to include the dispersive
characteristics of the material in describing the observed behavior of the electro-
magnetic wave. The inclusion of losses requires that a specific model for P and M

be applied. The material response to the electromagnetic fields is described by the
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differential equations for a Lorentz medium

o2 o - _
(ﬁ + ’}’ma + W?ng) M= Fw,zan, (3.6b)

where the parameters of the equations have their usual meanings [84]. To derive the
energy of the electromagnetic wave, the material equations (3.6a) and (3.6b) are dot

multiplied by 7, and J,, respectively. The resulting equations

Y OP OP

- 1 9 (oP 0P _

B = — 2D, i .
Je Dequ?, at{ ot ot Tl P} Tt ot at (8.72)
R L oM M 9 Ympto OM  OM

n = opa at{ g o TemM Mt R T T BT

are then added to the energy conservation equation of the electromagnetic subsystem
given by (3.2a) with the quantities defined by (3.4). The resulting energy conservation
equation for the electromagnetic wave is in the form of (3.2a) with the energy flow

S, energy density W, and energy dissipation ¢ given by [84]

S=S8hn=ExH (3.8a)
_ Cgs s Om™ A 1 875 875 2 4
W=E-E4+ N +2eow§p{8t o T wioP P]
,U’O 6]\_4 6/\;1 2 - -
YaRaE o o MM (3.8b)
oo e 0P 0P o OM M (3:50)

€w?, 0t Ot  Fw?, Ot Ot

A few remarks are in order regarding the quantities in (3.8), which are written without
subscript to indicate values corresponding to the electromagnetic wave. First, the
energy flow S is generally regarded as the Poynting power and retains its free-space
form even in the presence of a lossy, dispersive material. Second, the energy density W

contains contributions from the potential energy and kinetic energy of the electric and
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magnetic dipoles. Furthermore, the form of (3.8b) has been regarded as significant
since the energy density remains positive in left-handed media [84]. Third, the energy
dissipation term ¢ depends upon the damping factors 7, and +,, in (3.6). Thus, o =0
in the limiting case of a lossless material (i.e. the energy of the electromagnetic wave

is conserved).

A similar mathematical derivation exists for the wave momentum. To determine
the contribution of the material response fields to the wave momentum, the mate-
rial dispersion equations (3.6) are dot multiplied by the dyads —VP and —u,VM,
respectively. The resulting vector equations are then added to the electromagnetic

conservation equation given by (3.2b) and (3.5) to yield

. 8Gy - o
VT + =2+ fon+ & VP + poH - M

ot
_vp. 53—7;1 ~vm. 24 Tnko, (3.9)
Application of identities from vector calculus allows us to write
o (G +47) g = [ (5 47 7))
_ % {ﬁ (vp . %13)] (3.10a)
_ % {F/j;p (v,\;( . %—4” (3.10D)

fon+ E-VP+mH-M=V- [(75-£+u0/\?t-7%)f—755—uoj\?tﬂ]

+ 2 [Dx B x T (3.100)

By combining (3.9) and (3.10), the momentum conservation equation for the elec-
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tromagnetic wave can be written in the form of (3.2b) with the momentum flow,

momentum density, and force density

f-_—%@.méﬂ)f_@g_z;m%[ ! (d—P~a—P—w§O75-75>

owZ, \ 9t Ot
+ Ffj; (85? : 85\3 w2 oM ) +(P-E+ poM - H)}Iz (3.11a)
G=DxB- Eoiepvﬁ ‘27; F“OQ VM- at (3.11b)
f= —onjgp '83_7; ;Z’g;v/\?t 85\: (3.11c)

The expressions in (3.11) define the quantities for the wave momentum conservation
equation analogous to the wave energy quantities given by (3.8). The momentum
density G contains the Minkowski [35] momentum D x B plus matcrial dispersion
terms. Likewise, the momentum flow T is the Maxwell stress tensor %(2_7 £+ B
H)I — DE — BH in non-dispersive media [39,54] plus dispersive terms. We note
that the momentum dissipation term f depends upon the damping factors v, and ¥,
n (3.6). Thus, f = 0 in the limiting case of a lossless, unbounded material (i.e. the

momentum of the electromagnetic wave is conserved).

3.2.3 Energy and momentum of a monochromatic wave

For the remainder of this chapter, we consider the propagation of time-harmonic
electromagnetic waves and employ complex notation such that the complex field £
is related to the time-domain field by & = R{Ee~®!}. To arrive at various quantities
of interest, the substitutions 8/8t — —iw and V — ik are made, which are valid for

plane wave solutions to the wave equation [39]. The constitutive parameters,

e(w) = € <1~ (’;"Qp ‘ ) (3.12a)

2
W — Wep + W Ye

) = (1= ), (3.125)

2
— Who T WYm
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are functions of the frequency w and consist of real and imaginary parts denoted by
€ = eg+ier and pu = pg+iy;. Likewise, the time-average of the squared polarization

and magnetization are

i} €2l _

PP = ———F——|E’ (3.13a)
(w _weo) +’Yew

_ F2u? _

|M|? = mp |H|?. (3.13D)

(2 = wh)” + 72w?

Similarly, |0P/0t]?> = w?|P|? and |0M/0t]? = w?M|?>. These quantities can now
be applied to determine the time-average values relating to energy and momentum

conservation given in the previous section.

The time average energy density found from (3.8b) is

w? (w? + w? _
<W>:6—0[1 ‘f”(” 0 ]|E]2
2 (W? = wgp)” + 72w
Fu?  (w? 4+ w? _
4 Ho [1+ ) '””(2 5 ";O)QJ 7| (3.14)
2 (W? = wio)” + 75w

We note that in the lossless case, 7. = 0 and ~,, = 0 implies that both ¢; = 0 and
per = 0, and the energy density satisfies the well-known relation [39, 54, 85, 86]

W s L) g LO) g

4 Ow 4 Ow (3.15)

The extension of (3.15) to lossy materials has been criticized due to the possibility
of negative values for LHM [84]. In contrast, the average energy density in (3.14)
remains positive for all w. However, it is the rate of change in energy that appears in
the conservation equation (3.2a), which tends to zero upon cycle averaging. That is,

< W/t >= 0, and the resulting conservation equation

_ 1 _ _
~<V-§>=g [wer|E* + wpy| H|?] (3.16)
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is generally regarded as the complex Poynting’s theorem, where < S >= %?R{E x H*}

is the time average Poynting power [39].

A similar analysis is applied to the wave momentum conservation equation. The

average momentum density,

oWy,
(W7 =B + 22
- quFw,%w o
Tk e s 1HI" ¢,
(w me) +’7mw

|EJ*

(@) = %%{D < B +F

(3.17)

is obtained from (3.11b). It is simple to show using (3.12) that the average momentum
given in (3.17) satisfies (3.1) when the medium is lossless. Thus, the expression for
the momentum given by Vesselago is valid only when absorption of electromagnetic

energy can be ignored. The momentum flow reduces to
7 1 1 Tk [T\ T M Lo D T
<T>=—§R{—(D-E +B-H"I - DE —BH} (3.18)

since the dispersive terms in (3.11a) tend to zero upon cycle averaging. The momen-
tum flow in (3.18) is also referred to as the Maxwell stress tensor in matter [39, 54].
Since the average rate of change in momentum density is zero (i.e. < 8G/0t >=0),

the momentum conservation theorem for a monochromatic wave reduces to
T 1 n % 7 %
— <V T>= §§R CUE[EXB ——(.U/LIHXD . (319)

The right-hand side of (3.19) is recognized as the force density on free currents.

It is now possible to study the propagation of electromagnetic energy and mo-
mentum in a dispersive LHM. Consider an electromagnetic wave E = 2E, = e
propagating in an unbounded medium with complex index of refraction n + ik =
kc/w = c\/€fi, where ¢ is the speed of light in vacuum. The magnetic field satis-
fies the relation \/uH, = /eE,. The analysis is simplified by taking the ratio of

the energy flow and energy density. This ratio < S, > / < W >= v, is generally
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referred to as the energy velocity of the wave [85,87]. The 2-directed time-average
Poynting power is simply < S, >= %%{ExH;} Similarly, a momentum velocity

<T,, >/ <G, >= v, may also be defined [65]. The average momentum flux is
1
< T >= JR{EL + ulH, P} = % <S>, (3.20)

It is obvious from (3.20) that the momentum flow is antiparallel to the energy flow
when the index of refraction is negative. Furthermore, it has been previously argued
that the momentum density < G, > is also antiparallel to < S, > when both n < 0
and when absorption is negligible [82]. As an illustration, the energy velocity and
momentum velocity have been plotted along with the index of refraction for a lossless
medium in Fig. 3-1. Since there is no loss, ve and v, are both equivalent to the group
velocity [39]. In the negative index region, both < W > and < S, > are positive
while < G, > and < T}, > are negative. This latter point is evident by the fact that
Un, > 0, which implies that < G, > and < 7T,, > have the same sign for all w. A lossy
medium is considered for a second illustration as shown in Fig. 3-2. In this example,
the energy velocity and momentum velocity are quite different in the region where
n < 0. The energy velocity remains positive since both < W > and < S, > are
positive. However, the momentum velocity becomes negative for part of this region.
While the sign of < T}, > follows exactly the sign of n via (3.20), the momentum
density < G, > may be positive or negative in a frequency band with negative index

of refraction.

The results of this section prove that the momentum density < G > may be par-
allel or antiparallel to the power flow < S > in a lossy LHM. This is in contrast to
the results for a lossless LHM, where the momentum density is always antiparallel
to the energy flow [82]. However, the momentum transfer from a monochromatic
wave is independent of the momentum density. Instead, the momentum conservation

equation reduces to (3.19). Thus, it is expected that observed forces due a continuous
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Figure 3-1: (a) Normalized energy velocity and momentum velocity for an electro-
magnetic wave in a lossless medium. (b) The complex index of refraction is given by
n + ik = cy/u€, where u and € are given in (3.12). The triangles clearly show that n
and G, have the same signs over the entire frequency range. The parameters of the
material are wep = Wmo = wo, Wi, = Fw?, = 1.5w?2, and v, = ¥ = 0. © 2007 The
American Physical Society [2].
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Figure 3-2: (a) Normalized energy velocity and momentum velocity for an electro-
magnetic wave in a lossy medium. (b) The complex index of refraction is given
by n + ik = c\/u€, where ;i and € are given in (3.12). The triangles clearly show
the frequency range where n and G, have different signs (i.e. sgn(nG.) = —1).
The parameters of the material are weg = wWme = wo, wsp = F wfnp = 1.5wg, and
Ye = Ym = 0.5wp. (© 2007 The American Physical Society [2].
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wave depend upon the average momentum flow, which, due to the direct dependence
upon n shown in (3.20), is opposite to the flow of energy in an LHM. In the follow-
ing section, this conservation equation for a monochromatic wave will be applied to

predict the reversal of radiation pressure in LHM.

3.3 Electromagnetic Force

The average force exerted by a monochromatic wave upon matter is given by the

Lorentz force density applied directly to matter
_ 1 _ _ _ _ _ _
< f >= 5%{Eo(v . E)E* + /.L()(V . H)H* —wP x /,LOH* + iquM X GOE*}<321)

is the time average of (3.5¢). Furthermore, the Lorentz force density can be decom-
posed into the force on free currents and the force on bound currents and charges.
The total force density < f >=< f, > + < f. > is separated based on the real and
imaginary contributions to the complex permittivity € = €g + i€y and pu = pugr + ;.

According to (3.19), the force density
_ 1 L o
< fo>= iﬁ{qu X B* —wurH x D*}, (3.22)

relates the force density on free currents to the momentum transfer as the wave

attenuates in the medium, and the force density on bound charges and currents

_ 1 _ _
< fo>= ém{eo(v -EYE + po(V - H)H”
—iw(er — €0)E x B* +iw(pg — po)H x D*} (3.23)
gives the remaining momentum transfer to the host material. Therefore, the theory

presented in the previous chapter may be applied to a dispersive medium, and the

total forces < F' >, < F. >, and < F} > resulting from the total volume integration
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of the corresponding force densities can be found cquivalently, after application of
the divergence theorem, by appropriate integration of the Maxwell stress tensor. In
what follows, we apply the force on free currents and the force on bound currents and

charges to determine the electromagnetic momentum transfer to LHM.

3.3.1 Radiation pressure on an LHM interface

The radiation pressure on an LHM interface was previously calculated by applying
momentum conservation at the boundary separating free space and the material [83].
However, the momentum transmitted into the LHM was assumed to be parallel to
the Poynting power. In contrast, we derive the radiation pressure on the interface
by applying the Lorentz force directly. That is, the force density (3.22) is applied to
derive the electromagnetic wave momentum transmitted into a medium occupying the
region z > 0. The TE and TM polarized waves are treated identically by considering
the fields £ = éEye*™ and H = hHye*™ transmitted into the medium, where Ej
and Hy are the magnitudes of the electric field and magnetic field at z = 0%, k = k3
is the complex wave vector, and § = é X h. The fields satisfy the relations wuH =
k x E and weE = —k x H, and the ficld solutions are omitted since the details
of the reflection/transmission (R/T) of an electromagnetic wave incident onto an
LHM interface have been extensively treated by analytical methods [75,88-90]. Since
e = |e| exp(i¢.) and p = |p| exp(i¢,) are complex, the phase propagation direction is
determined by the sign of kg, which is defined by k = kg +ik; = w/|e||u| expli(o +
$,)/2]. Inserting the fields into (3.22) and using the relationship § = k/k = (k/k)*
yields

< foom %?E{k (1| EP + il A7) } (3.24)

By applying Poynting’s theorem (3.16), the force density on free currents (3.24) is

written as

£ — _1]}_R5 . g = _A}. )
< fe>= QUJR{V S}_ 32§R{V p}, (3.25)
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where S = E x H* is the complex Poynting power and p = nS/c is the momentum
flux density of the wave. Thus, the direction of the force on free currents depends

upon the sign of the index of refraction n = ckg/w.

Transmission of the momentum flux density p ensures that the tangential force
due to R/T at the boundary is zero. To demonstrate this fact, we treat a TE polarized
wave £ = gjEge *1%¢#:r%eiks transmitted into the material and integrate the force
density on free currents over the region z € [0,00). The analysis is simplified by
applying the divergence theorem to (3.25). Thus the total pressure on free currents is
p evaluated at z = 01, where it is assumed that the fields attenuate to zero as z — oo

due to losses. The tangential component of the resulting force is
~ = €0 2 2 .
< Fo>= §|E,| (1 — |Rps|®) cos b, sin 8;, (3.26)

where | E;|? is the intensity of the incident wave and 6; is the incident angle. In deriv-
ing (3.26), we have applied Eq = E;T}, and the fundamental relationship between the
half-space reflection coefficient Ry and transmission coefficient Ty, resulting from the
boundary conditions [39]. The fact that (3.26) gives the total tangential momentum
transfer to the half-space leads to the conclusion that the tangential component of
< F, > is identically zero. In fact, it is straightforward to verify that this is true
by integrating (3.23) over z € [0,00) . Thus, the force on a half space void of free
currents is normal to the surface. Just as < F, > gives the momentum transfer to free
carriers inside the medium, < F, > can be interpreted as the momentum transfer due
to R/T at the boundary since it can be computed by the application of the Maxwell
stress tensor along a surface that just encloses the boundary. This view of momentum
conservation is shown in Fig. 3-3 for the case of € = —¢y and p = —py previously
considered [83]. The momentum flux is seen to be in the opposite direction of the
Poynting power and the tangential projection of the wave momentum is conserved at

the interface with an LHM resulting in zero tangential force.
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Figure 3-3: Average power and momentum flux of a monochromatic wave refracted at
the boundary of free space (g, €9) and a matched LHM (u = —pg, € = —€p) occupying
the region z > 0. The incident power < S; > and incident momentum flux < p; > are
parallel, while the transmitted power < S > and transmitted momentum flux < p >
are antiparallel. (©) 2007 The American Physical Society [2].

3.3.2 Radiation pressure on an LHM slab

A more physically realistic situation of an electromagnetic wave incident from free
space onto an absorbing slab is now considered. The expression for the radiation

pressure
< F>= %OIEAQ [1+ | Retas|® = |Tetanl?] » (3.27)

due to a plane wave of intensity |E;|? incident normal to the surface of a slab occu-
pying the region 0 < z < d satisfies the conservation of free space electromagnetic
momentum. The reflection coefficient Ry, and transmission coefficient Ty, have
well-known closed form solutions [39]. Also, the total force can be decomposed into

the force on bound currents and the force on free currents.

Figure 3-4 (a) gives an example of momentum transfer to an absorbing dielectric.
In most situations, the observed force is expected to be the total force < F' >, which
is always positive. However, several experiments have been devised to confirm the
dependence of < F,. > upon n. Indeed, the photon drag effect [51,60], photon recoil
in a dilute gas of atoms [52], and the deflection of mirrors immersed in dielectric

fluids [49,50] provide experimental evidence that the wave momentum is directly
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proportional to the index of refraction in dielectrics. This direct dependence upon n
explains the force on free currents in Fig. 3-4 (a), which is greater than the total force
on the slab when the slab thickness is comparable to or greater than the penetration
depth of the wave. By virtue of linear momentum conservation, a negative force on
bound currents is required as shown in Fig. 3-4 (a). This recoil force is unobserved
in most experiments. However, we believe that one of the earliest observations of
this force was made by J.H. Poynting and G. Barlow. In an experiment to measure
the recoil of light against its source, Poynting and Barlow measured the deflection of
disks under steady illumination [48]. One of these experiments involving light incident
upon the absorbing side of a disk produced an initial suction. It was explained that
the effect was due to heating of occluded gas from the silver film on the unilluminated
side of the disk causing a back pressure on the film. From the theory presented here,
the heated gas obtained a momentum greater than the incident radiation pressure
due to the absorption of electromagnetic energy in the disk. However, Poynting and
Barlow observed the recoil force directly, which we explain as the force on bound

currents < Fp >.

A similar situation may be envisioned for an LHM slab as shown in Fig. 3-4 (b).
As with the dielectric slab in Fig. 3-4 (a), the total pressure is always positive. How-
ever, the momentum transfer to free currents in LHM is negative since < f, > is
proportional to n. Therefore, as the wave attenuates in an LHM, the free currents
are pulled toward the incident wave, thus proving that radiation pressure in LHM
is negative. As required by momentum conservation, the force on bound currents
is positive. Thus, while the total force remains positive, the force on free currents
is negative, and the force on bound currents is positive for an absorbing LHM slab,

which is in contrast to the situation for an RHM slab.
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3.4 Discussion

The momentum transfer to isotropic LHM has been rigourously treated by applying
the classical electromagnetic wave theory. Contrary to previous attempts to describe
the momentum of the electromagnetic wave in LHM, material dispersion and losses
have been included, which are necessary for a causal medium with negative index
of refraction. In this regard, the standard Lorentz model was employed for the po-
larization and magnetization, which is consistent with a previous derivation of the
electromagnetic wave energy [84]. Thus, the derived expressions for the momentum
given by (3.11) is analogous to the energy of the wave in (3.8). It is recognize that
the results in (3.8) and (3.11) are open to some interpretation. It is known that while
the mathematical validity of Poynting’s theorem is unquestionable, its interpretation
is subject to some criticism [55]. For example, it is certainly possible in many cases to
algebraically rearrange terms in (3.8) so that the energy flow and energy density take
different forms, while the prediction of measurable quantities such as time-average
Poynting power and energy dissipation remain unaltered. Likewise, one may assume
that the momentum conservation theorem given by (3.11) may also be subject to
similar manipulations. However, the measurable results predicted by the application
of the cycle-average theorems (3.16) and (3.19) are unambiguous. Also, the results
presented here depend upon the model used for the material response in the presence
of the electromagnetic fields. For example, the two time derivative Lorentz material
model
2 2

(%2— + vm% + wfn()) M= (wfnpxgz + wmpxg‘% + x?%) H (3.28)
was previously employed to describe the magnetic response of an LHM [69]. This
model reduces to the standard Lorentz model for 7' = £7' = 0. Another variation in
which £ = £ = 0 was recently applied to derive an alternate form of the electro-

magnetic energy density in LHM, and it was acknowledged that this alternate form
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maps very closely to the result derived from the standard Lorentz media model [91].
In this regard, the various models produce equations for the electromagnetic wave
energy that differ in form, but give similar quantitative results in the negative index
frequency ranges where the models have overlapping validity. Thus, it is expected
that the results for momentum, like the energy, should remain both qualitatively and
quantitatively similar in frequency bands where multiple models are valid. Further-
more, it is noted that the results derived here for momentum and energy reduce to

the known expressions for a single resonance Lorentz dielectric [65, 87].

The average momentum density vector of a monochromatic wave may be either
parallel or antiparallel to the average Poynting vector in a material with negative
index of refraction. However, the momentum conservation equation given by (3.19)
depends only upon the average momentum flow in (3.18). Thus, it is expected that
any observation of momentum transfer in RHM or LHM due to a monochromatic
wave is independent of the details of dispersion. Furthermore, these results provide a
rigorous derivation of the force on free currents and further validation of the theoret-
ical separation of force based on the rcal and imaginary parts of the permittivity and
permeability. The theory was applied to calculate the radiation pressure on an infi-
nite half-space and a lossy slab. For the hypothetical problem of a lossless half-space
(i.e. ur = ¢/ = 0), the material is pulled toward the incident wave when n > 1 [61]
and pushed when n < 1, which includes the negative index regime. Also, a slab in
vacuumn is pushed by a monochromatic wave regardless of the values for ;4 and €. This
differs from the results previously reported for a finite pulse, where it was concluded
that the pulse attracts a slab when 0 < p, e < 1. It is possible, however, to consider
a slab embedded in a left-handed vacuum [92], where the replacements g — —po
and ey — —e¢g are made for the free space background. In this case, the slab is pulled
toward the incident wave consistent with the prediction of radiation attraction by

Veselago [82].

Finally, we may conclude that the theory presented here attaches fundamental
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physical meaning to Snell’s law; the reflected and transmitted wave vectors ensure
conservation of the momentum component which is parallel to the boundary. Like-
wise, the magnitudes of the reflected and transmitted waves ensure conservation of
wave energy at the interface. This assertion holds for LHM and ensures that no

sheering force exists due to R/T at the interface.



Chapter 4

Optical Manipulation of

Mesoscopic Particles

In this chapter, the previously derived theory is applied to model the forces exerted
on particles by an optical field. The modeling process requires two steps, which may
be carried out independently. First, the total fields must be found, which can be done
by numerical or analytical techniques. The particles considered here are canonical
geometries so that an analytical solution for the total field is known. Second, the
force on the particle is calculated by either applying the Lorentz force directly to the
material or by invoking the momentum conservation theorem derived in the previous
chapters. It is shown that analytical solution for the fields and the Maxwell stress
tensor divergence provide a numerically efficient solution. Both two-dimensional (2-D)
particles and three-dimensional (3-D) particles arec modeled using the Mie theory for a
cylinder and sphere, respectively. The cylindrical particle is used as a computationally
efficient way to understand phenomena and will be used in the following chapter to
model the optical binding phenomenon, while the sphere more closely resembles 3-D

particles used in many experiments.

101
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4.1 Two-dimensional dielectric and magnetic par-

ticles

The total fields due to the scattering of an in-plane electromagnetic wave by an infinite
cylinder is calculated from the Mie solution given in Appendix B. The incident field
is s-polarized (i.e. the electric field is parallel to the cylinder axis). In this section,
three configurations of incident waves are considered. First, the scattering force due
to a single plane wave incidence is described in terms of momentum scattering and,
equivalently, in terms of a gradient force. Second, multiple plane wave interference
patterns are considered. The three and four plane wave incidences are such that the
net incident momentum is zero so that the force on particles in the Rayleigh regime are
described simply in terms of the gradient of the incident intensity pattern. However,
it is shown that this simple description is not valid for larger particles. Third, an
incident laser is modeled as a spectral Gaussian beam. This configuration is applied

in a 2-D study of optical trapping.

4.1.1 Scattering force on a dielectric cylinder

In this section, an infinite cylinder in 2 is incident by a s-polarized (TM) wave as

shown in Fig. 4-1. That is, an electromagnetic wave E;,. = 2¢*? is incident upon
an infinite cylinder of radius a and characterized by (pp, €p) set in a background of
(s, €). The incident wave vector is in the plane so that k; = k;(2 cos ¢; + 9 sin &),
where k; = wmemp(i(arg pp +arge,)/2) and ¢; is the incident angle in the zy
plane. Various field distributions, such as a Gaussian beam, can be described by a
sum of plane-waves.

The so-called scattering force results from the transfer of linear momentum from
an incident wave to a dielectric particle. Alternatively, the force can be computed

by applying the Lorentz force directly. Since the incident electric field is polarized

parallel to the cylinder axis, the bound electric charges at the surface are zero, and the
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Figure 4-1: An infinite cylinder is used to represent optical manipulation of mesoscopic
particles in 2-D. The cylinder of radius a is composed of isotropic material (y,,€,) in
a background of (us, €). Various incident fields are given by a sum of plane waves
each with a different wave vector k;. The total fields inside and outside the cylinder
are computed using the formulation of Appendix B.

total force < F' > per unit length (N/m) is obtained by integrating the bulk Lorentz
force density < fouw >= SR{—iwP x B*} over the cross section of the cylinder.
The numerical integration is performed by summing the contribution from discrete
area elements. The area elements AA = AzAy are taken to be identical so that the

numerical integration is
L
_ 1. - if o .
ol e dA=R{ four} = AA E —R{—twP, x poH/}, (4.1)
g 2 o 2

where the dielectric polarization P, and magnetic field H; are evaluated at each point

indexed by [ in the cross section of the cylinder.

In contrast, the stress tensor divergence reduces to a line integral for the 2-D
problem. The line integral is evaluated by simple numerical integration, although
Grzegorczyk recently derived an analytical expression for the force on a dielectric
cylinder by integrating the line integral analytically [93]. However, this analytic ex-

pression for the force is valid only for a single nonmagnetic cylinder and was published
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after the work contained in this chapter was completed. The integration path cho-
sen is a circle of radius R > a concentric with the particle and the integration steps

(RA¢) are constant. The numerical integration is computed by

< F>= —5}%{ /%ﬁ-T(R, ¢>)Rd¢} —RAqbZ §R{n T(R,¢m)},  (42)

2
where the values of ¢,, result from the discretization of ¢ € [0, 2x].

As an example, Fig. 4-2 shows the total field intensity resulting from an electro-
magnetic plane wave incident at ¢; = m/4, which demonstrates that the Mie solution
presented in Appendix B is easily rotated to model an arbitrary incident angle. Typ-
ically, the radiation pressure on a particle is described in terms of the scattering of
incident electromagnetic momentum. Of course this viewpoint is formalized by cal-
culating the divergence of the Maxwell stress tensor. However, a more fundamental
viewpoint is obtained by considering the Lorentz force applied directly to the particle.
In this regard, it may be argued that the optical forces exist everywhere inside the
particle once the incident field is present. This force distribution is represented in
Fig. 4-2 by the arrows, which are seen to point toward regions of high electric field
intensity. Thus, regions of compression and tension may be identified inside the par-
ticle. Such distributions of high force densities may be detrimental to certain types
of particles such as living cells. Furthermore, the scattering force on a particle may

be equivalently described by a pulling toward the high intensity focus.

4.1.2 Multiple plane wave interference pattern

Optical manipulation of colloidal particles is typically achieved by creation of an
incident optical intensity gradient. Omne such configuration consists of three lasers
with 27/3 incident angle separation [94]. Such a configuration results in a zero net
incident momentum since Z? k; = 0, which allows us to isolate the so-called gradient

force. Furthermore, we may also consider any number of symmetric incidences. For
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Figure 4-2: Lorentz force density on bound currents (arrows) overlayed on the electric
field intensity |E.|?* [(V/m)?]. The force on the dielectric cylinder results from a 2
polarized plane wave of unit amplitude incident from free-space (e, = €o, 1y = fi0)
with wavelength Ao = 1064 nm. The constitutive parameters for the lossless cylinder
are €, = 2¢o and p, = p19. The angle of incidence is ¢; = 7/4.
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example, a pair of counter propagating waves produce an optical potential landscape
in one dimension. Here the analysis is focused on interference fringes created by three

and four symmetric incidences.

The interference of three plane waves having wave vectors with incident angles
separated by 27 /3 in the zy plane creates a hexagonal intensity pattern. This inter-
ference is represented by the background of Fig. 4-3 where white denotes regions of
high intensity. The effective force on a polystyrene particle (e, = 2.56¢p, f1, = po) in
water (e, = 1.69¢, tp, = o) is calculated from the incident and scattered electromag-
netic wave momenta via the divergence of the Maxwell-Minkowski stress tensor. The
overlayed arrows represent the relative force pattern on a dielectric cylinder, which
spans the plane. That is, each arrow represents the direction and relative magnitude
of force on a dielectric cylinder placed at the tail of the arrow. The force on the small
particle with radius a = 0.15)¢ is seen to closely follow the high intensity gradient
of the incident field with stable optical traps occurring in the high intensity regions.
However, larger particles with radius a = 0.30)\g are repelled from the high intensity
regions and find stable trapping positions in the dark regions of the incident optical
interference pattern. This is in contrast to the gradient force obtained in the Rayleigh
approximation and demonstrates that such an approximation yields results which are
both quantitatively and qualitatively incorrect for particles that are on the order of
a wavelength. The reason, of course, is that the larger particles cause greater distur-
bance of the incident field pattern and interact with the neighboring high intensity
traps. Thus, a larger particle my find an equilibrium such that it’s center is in a
dark region while the particle is held in place by the interaction with multiple bright

regions.

Next, the interference of four plane waves having wave vectors with incident angles
scparated by 7/2 is considered. The intensity pattern in this case forms a square
pattern as shown by the background of Fig. 4-4. Again, the effective momentum

transfer to a polystyrene cylinder in water is calculated and represented by the arrows
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Figure 4-3: Force per unit length (represented by the arrows) on a single infinite
cylinder due to the interference of three plane waves (represented by the background
pattern) of equal amplitude E; = 1 [V//m] and wavelength Ag = 532 nm. The incident
angles of the plane waves are {m/2,7m/6,117/6}. The background medium is water
e» = 1.69¢p, and the cylinder is polystyrene €, = 2.56¢y with radius (a) a = 0.15A¢
and (b) a = 0.30.
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for a small particle a = 0.15)¢ in Fig. 4-4 (a) and a larger particle a = 0.30)¢ in Fig. 4-
4 (b). As before, the small particle is attracted to the high intensity regions while

the large particle is repelled from the regions of incident high intensity.

One obvious question regarding the analysis of multiple plane wave interference
patterns pertains to the transition from small to large particles. That is, we may
ponder what happens to the distribution of arrows in the previous two figures when a
particle is between a = 0.15)g and a = 0.30\g. Although we have not completed the
analysis of this regime, we may consider an example case of a single intermediate value
of radius. For example, the force on a particle with radius a = 0.225 is plotted over
the background of the incident three plane wave interference pattern in Fig. 4-5. An
interesting feature of this plot is that the force field appears to be non-conservative.
That is a particle moving from one side of a vortex in a dark region to the other
requires a different amount of work depending upon the path taken. Therefore, it
may not be possible to describe such an interference pattern as an optical potential
landscape. A prediction of stable optical trapping in these vortices has been reported
by Grzegorezyk [95]. In contrast, no such vortices are seen for the four plane wave
interference pattern of Fig. 4-5 (b). However, further investigation into the nature of
the forces in such incident interference patterns is still underway using the analytical

expressions for the force [93].

The analysis of multiple plane wave interference patterns is concluded with a
study of the numerical efficiency of the force calculation methods. Figure 4-6 shows
the force versus the number of integration points for application of (4.2) using an
integration radius of R = 1.0la. The results show that the integration converges
rapidly. Because the force is calculated by a divergence integral, the result does not
depend on the value of R > a, provided enough integration points are chosen and the
background medium is lossless. To confirm this, the force was calculated for various
choices of integration radius yielding zero for all R < a and F = §2.1190- 107*¥[N/m)

for all R > a. Likewise, the g-directed force is plotted in Fig. (4-7) versus the number
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Figure 4-4: Force per unit length (represented by the arrows) on a single infinite
cylinder due to the interference of four plane waves (represented by the background
pattern) of equal amplitude E; = 1 [V//m| and wavelength A\ = 532 nm. The incident
angles of the plane waves are {r/4,3n/4,5n/4,7n/4}. The background medium is
water ¢, = 1.69¢p, and the cylinder is polystyrene €, = 2.56¢; with radius (a) a =
0.15X¢ and (b) a = 0.30)g
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Figure 4-5: Force per unit length (represented by the arrows) on a single infinite cylin-
der due to the interference of plane waves (represented by the background pattern)
of equal amplitude E; = 1 [V/m] and wavelength \g = 532 nm. The background
medium is water e, = 1.69¢y, and the cylinder is polystyrene €, = 2.56¢,. (a) The
3 plane waves are incident at ¢; = {n/2,7n/6,117/6} onto a cylinder of radius
a = 0.225)o. (b) The 4 plane waves are incident at ¢; = {m/4, 3w /4,57 /4, Tr/4} onto
a cylinder of radius a = 0.25\.
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Figure 4-6: Number of integration points used for convergence of the line integral
of the Maxwell stress tensor. The integration path, shown by the inset diagram,
is a circle of radius of R = 1.0la concentric with the cylinder of radius a = 0.3\
at center coordinates (z.,4.) = (0,100) [nm]. The three identical plane waves are
incident upon a polystyrene cylinder (e, = 2.56¢) in water (¢, = 1.69¢). (© 2006
Koninklijke Brill NV [3]

of integration points used to numerically integrate the Lorentz force in (4.1). Since
the background is water (e, = 1.69¢;), the effective transfer of electromagnetic wave
momentum is calculated via the Lorentz force by making the replacement ¢y — ¢
such that the effective polarization is P = (e, — €,)E. The integral converges much
slower than the line integral applied to the stress tensor, however the resulting force

is F' = §2.1191-107'¥[N/m)], thus matching the result from the Maxwell stress tensor.

4.1.3 Dielectric particle in a Gaussian beam

A more commonly used optical intensity gradient is a highly focused laser beam, which
is modeled by the spectral Gaussian beam. Focused lasers have been used to trap,

levitate, and accelerate particles since the pioneering work of Ashkin [12-14, 7-14].
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Figure 4-7: Convergence of Lorentz force surface integration for calculation of force
on a dielectric cylinder (e, = 2.56¢) in water (¢, = 1.69¢p). The configuration is the
three plane wave interference pattern and particle with radius a = 0.3)\g placed at
center coordinates (z.,y.) = (0,100) [nm]. The dashed line is the force computed

using the stress tensor with 100 numerical integration points on a concentric circle of
radius R = 1.0la. (© 2006 Koninklijke Brill NV [3]



4.1. TWO-DIMENSIONAL DIELECTRIC AND MAGNETIC PARTICLES 113

In two dimensions, the incident field of a Gaussian beam polarized in g is [96]

oo
" wzké ik ik
dkye” "5 hertike (4.3)

o0

— w

Einc= y Fo——=
Y 02ﬁ

where k2 = kf — k2, k = w6, and w is the beam waist. The electric field in (4.3)
satisfies the Helmholtz wave equation [39] and is implemented as a discrete sum of
plane waves. In reality, the spectrum is limited by the optics of the system, and the
sum is implemented here within the domain |k,| < NA%, where N A is the numerical
aperture of the objective lens [97]. The field in (4.3) is implemented numerically as a

discrete sum, with 40 plane waves typically used for the analysis in this thesis.

Figure 4-8 shows the force on a particle in water due to a Gaussian beam with
incident intensity represented by the background shading. The force on the particle
is calculated at each point by first finding the total field (incident and scattered)
and applying the Maxwell-Minkowski stress tensor. In Fig. 4-8 (a), the dielectric
particle is optically dense compared to the background medium. It is pulled into
the axis of the beam and pushed by radiation pressure. In contrast, Fig. 4-8 (b)
shows that an air bubble, which is optically less dense than the water, is pushed out
of the beam axis and pushed in the propagation direction. This result qualitatively
models the original accelerating and trapping experiments of Ashkin [12]. This is an
important result because the effective force on each particle has been calculated from
the scattered electromagnetic wave momentum. In reality, the force on the air bubble
is zero since the permittivity is closely matched to frce space and the polarization is
negligible (i.e. P~ 0). The bubble is actually pushed out of the center of the beam
due to the forces on the liquid surrounding the bubble. Here, the analysis is simplified
by applying the results of the previous chapters to model the observed behavior of
the bubble in a laser beam. This approach to calculation has recently been applied to
spherical particles to achieve quantitative agreement with experimental measurements

of trap stiffness [97-99].
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Figure 4-8: Force per unit length (represented by the arrows) on a single infinite
cylinder due to an incident Gaussian beam with NA = 1, Ey = 1, w = 0.5)¢, and
wavelength Ao = 1064 nm. The background medium is water €, = 1.69¢, and the
radius of the particle is @ = 0.5)¢. The particle is (a) polystyrene (e, = 2.56¢y) and
(b) air bubble (¢, = €).
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Figure 4-9: Classical optical tweezers modeled by a 2-D dielectric particle in water.
The arrows represent the force on a silica particle with index of refraction n, = 1.46
and radius @ = 50 nm in water (n, = 1.33). The incident laser is modeled as a

Gaussian beam with waist w = 0.2)\g, Ag = 514.5 nm, and spectrum defined by
NA =1.25.

The classical optical tweezers first realized in 1986 by Ashkin and colleagues [22]
can also be reproduced with 2-D particles. Figure 4-9 shows the reversal of radiation
pressure on a silica cylinder due to a single tightly focused beam. The parameters
match closely the experimental conditions used in the original experiments to trap
silica beads. Thus, the infinite cylinder can be trapped in the plane by a single focused

Gaussian beam.

4.1.4 Scattering force on a magnetic cylinder

Magnetic particles have not been trapped in the laboratory since naturally occurring
materials do not exhibit significant magnetic response at optical wavelengths. How-

ever, there are materials that exhibit magnetic response up to microwave frequencies,
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and researchers have recently trapped large particles (diameters up to 600 um) by
focusing microwaves with a flat photonic crystal lens [100]. Also, metamaterials (see
for example [101, 102] and references herein) have recently been developed with mag-
netic response into the Terahertz [58] and optical [59] frequencies and offer hope for

future experiments of optical momentum transfer in magnetic media.

The Lorentz force was applied in Chapter 2 to bound magnetic charges and cur-
rents to calculate the radiation pressure on a magnetic slab. However, the method
has not been used to determine the force on magnetic particles. In this section, we
calculate the radiation pressure on a 2-D magnetic particle represented by an infinite
cylinder incident by a single plane wave. The incident plane wave E; = 2E;et*o®
propagates in free space (€, to) with a wavelength Ao = 27/ko = 640 [nm]. The
2-D magnetic particles (e, 3uo) are infinite in the Z-direction. The Maxwell stress
tensor and the distributed Lorentz force methods are applied to calculate the total
force on the particles. The direct application of the Lorentz force requires the model
of bound magnetic currents iwupM in (2.9a) and bound magnetic surface charges py,
in (2.9b). Agreement between the two methods is shown in Fig. 4-10 as a function of
particle radius. The oscillations in force are a result of internal resonances, which is

also evident for the case of dielectric and magnetic slabs incident by plane waves.

There are noticeable differences between the results of the two methods for larger
values of a as shown in Fig. 4-10. This is due to increased spatial variations in force
distribution for particles on the order of a wavelength or larger. The slow convergence
of the total Lorentz force has been observed for small dielectric particles as shown in
Fig. 4-7 and becomes a major obstacle for obtaining many digits of accuracy from
the Lorentz force for large particles. To illustrate this point, we compare the force
calculated for the magnetic particle with radius a = 1000 nm with various number of
integration points N in Table 4.1. For each calculation, 200 points are used for the
calculation of force on bound surface charges, which was determined to be enough

for the number of significant digits reported. The force obtained from the stress
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Figure 4-10: Radiation pressure on a magnetic cylinder (u, = 3uo, ¢, = €g) versus
the radius a. The 2-polarized plane wave propagates in the Z-direction in free space
(y = po, s = €o), and the wavelength is 640 [nm]. The force is calculated by the
divergence of the stress tensor (line) and the Lorentz force on bound currents and
charges (markers). (© 2006 Koninklijke Brill NV [3]
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Table 4.1: Radiation Pressure on a Magnetic Particle (a = 1000 [nm])

Number of Integration Points | Total Lorentz Force < F, >
25,952 4.8177- 10718 [N/m]

103, 336 4.9175- 10718 [N/m]

282, 868 4.9498 - 10718 [N/m]

tensor approach is 5.3524 - 10718 [N/m], which converges within 100 points. It is clear
that for this particular case, the total Lorentz force converges so slowly that it could
hinder studies involving multiple particles or variations in multiple parameters. For
many applications, however, the Lorentz force is useful for getting a picture of force
distribution inside the particle, while the divergence of the stress tensor is much more

efficient for obtaining the total force on the particle.

4.2 Absorbing Mie particles

The Lorentz force density and momentum conservation are equivalently applied to
explain relevant experimental observations and to calculate the radiation pressure on
absorbing Mie particles. In contrast to the scattering plus absorption forces derived
for small particles, we predict that absorption can reduce the total optical momentum
transfer to certain particles due to the balance between the force on free currents
and the force on bound currents and charges. Thus, the theory of optical momentum
transfer to absorbing macroscopic media is applied to predict and explain new physics

in this study.

4.2.1 Lossy dielectric cylinder

The total fields due to plane-wave incidence on a 2-D particle are found from Mie
theory applied to an absorbing infinite cylinder. We consider two separate problems of

E;,. = 2¢%07 incident from free space onto a lossless cylinder and onto a lossy cylinder,

each of diameter 0.5 um. The choice of an infinite dielectric cylinder incident by a
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TE wave allows for a complete description of the Lorentz force by the distribution
inside the particle since the force on bound charges at the boundary is zero. The
total electric field intensity is shown in Fig. 4-11(a) for the lossless dielectric particle.
The total force is the force on bound currents < F >= F, = $4.02 - 107'* N/m,
which is computed by integrating the force density (2.8) over the area of the particle
or, equivalently, by integrating the stress tensor of (2.14) along the circular path
shown in Fig. 2-1(a). The integration is performed by simple numerical integration.
Although equivalent in results, the former approach provides the viewpoint that the
particle is pulled toward the resulting high intensity focus, while the latter gives the
usual intuition of a particle being pushed by the transfer of wave momentum. The
total electric field intensity and force density on bound currents for a lossy particle
is shown in Fig. 4-11(b). The resulting force density < F, >= —£2.05- 107'% N/m
indicates that the bound currents are pulled toward the incident wave, which is offset
by a positive momentum transfer to free currents represented by < F, >= £5.80 -
1078 N/m, found equivalently by applying an integration path to the stress tensor
shown in Fig.2-1(b). The total pressure on the particle is < F' >= £#3.75.107® N/m,

which is less than the total force on the transparent particle.

4.2.2 Lossy dielectric sphere

A physically realistic situation of an electromagnetic wave impinging on a spherical
particle is studied using Mie theory. For eg/ep = 2, Fig. 4-12 (a) shows that a maxi-
mum optical momentum transfer occurs for a value of ¢; near maximum absorption
(i.e. the penetration depth is on the order of the particle diameter). In contrast, a
particle with large value for e can exhibit reduced momentum transfer due to signif-
icant wave attenuation in the sphere as shown in Fig. 4-12 (b). A further decrease in
< F' > for the high contrast sphere is observed as ¢; approaches the limit of a perfect
reflector. The later point is made by comparing the adiabatic momentum transfers

to the transparent dielectric sphere and to the reflecting sphere of equal size. How-
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Figure 4-11: Lorentz force density on bound currents (arrows) overlayed on electric
field intensity |E,|? [(V/m)?] resulting from a 2 polarized plane wave of unit amplitude
incident from free-space with wavelength Ay = 1064 nm onto a dielectric cylinder. (a)
The lossless cylinder is defined by € = 16¢p. (maz(| < f, > |) = 1.25- 1076 [N/m?])
(b) The lossy cylinder, described by € = (16 + i - 10)¢o, contains an additional force
density on free currents. (maz(| < f, > |) = 3.00-107° N/m?) ©2006 The American
Physical Society [4].
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Figure 4-12: Forces on a 2 yum diameter sphere due to a plane wave of unit amplitude.
The wave is incident from free space with wavelength Aq = 1064 nm onto a nonmag-
netic sphere with (a) € = 2¢q + ey and (b) € = 16¢y + i¢;. (©2006 The American
Physical Society [4].

ever, the combined effect of < F, > and < F_ > is required to explain the radiation
pressure increase of Fig. 4-12 (a) or decrcase of Fig. 4-12 (b) due to absorption. This
separation of < F' > into < F, > and < F_ > is further investigated by plotting
the force versus sphere diameter for constant material parameters in Fig 4-13. For
small spheres, the power absorption is small since the diameter is much less than the
penetration depth. When the diameter is of the order of the penetration depth, the
force on free currents becomes significant due to the direct dependence upon n given

by (2.12).

A perspective of momentum transfer in lossy media has been applied to study
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Figure 4-13: Force versus diameter for a dielectric sphere (¢/¢p = 16 + 4) incident
by a unit amplitude plane wave. The free space wavelength of the incident wave is
Ao = 1064 nm. (©2006 The American Physical Society [4].

momentum transfer to particles. In the case of an absorbing Mie particle, the contri-
butions from Fj and F, sum to give the total force on the particle. The particles we
consider consist of ep = 16¢g, a value typical for semiconductors, and eg = 2, which is
representative of many insulators. A novelty of our results is the reduction of optical
momentum transfer to particles due to absorption, which requires high dielectric con-
trast with the background medium and an attenuation length on the order of particle
diameter. These results differ from the expected result of scattering plus absorption
forces resulting from Rayleigh particles [29]. Because a detailed understanding of
both Fj, and F, are required to describe the physics involved, the theory presented
here is fundamental to the understanding of optical momentum transfer to absorbing

particles.

4.3 Discussion

The optical forces exerted upon 2-D particles have been calculated from both the
divergence of the Maxwell stress tensor and the direct application of the Lorentz

force to bound currents and charges. The Lorentz force is applied directly to bound
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currents and charges used to model dielectric and magnetic materials. The advantage
of the stress tensor approach for force calculation on 2-D particles is that it reduces
a combination of surface integral over the bulk force density < fiux > and a line
integral over the surface force density < fsurf > to a single line integral over the
Maxwell stress tensor. This reduction in computation has been demonstrated by
example. The Lorentz force, however, can give the force distribution throughout
the particle. Such distributions can be important when optical forces are applied
to sensitive objects such as in biological applications. For large particles, the total
force may be difficult to obtain accurately from the Lorentz force density, which is
illustrated by calculating the radiation pressure on a magnetic particle. It was shown
that in some cases the radiation pressure on a cylinder may be described in terms
of the gradient of the total field. Likewise, the force on a particle in an optical
interference pattern may not always be directed toward the high intensity regions.
Thus, there is certainly a need for description of optical manipulation beyond gradient
and scattering forces. Furthermore, there may be evidence that particles in an optical
interference pattern may be subject to non-conservative forces. That is, in some cases,
the work done on a particle moving from one point to another will depend upon path.
This line of research is still underway using the analytical expressions developed by

Grzegorezyk [93].

Dielectric cylinders in a Gaussian beam were used to model the early trapping
experiments by Ashkin [12,22]. The results presented here are important for two
reasons. First, the qualitative agreement with experimental observations of trapped
particles submerged in a dielectric liquid is a direct consequence of the scattering
of electromagnetic wave momentum derived in the previous chapters. In particular,
direct application of the Lorentz force yields a zero force density cverywhere inside
an air bubble in water. However, calculating the scattered wave momentum, or
equivalently calculating the Lorentz force based on the polarization with respect to

the background P = (¢, — €,) E/, shows that the air bubble is actually pushed out of
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the high intensity beam axis as observed in experiment. Second, the validation of
a 2-D model with trapping experiments allows us to model binding more efficiently
with infinite cylinders subject to an in-plane incidence. Optical binding in 2-D will
be discussed in Chapter 5.

In the case of an absorbing particle, the contributions from < F, > and < Fj >,
which is shown have and equivalent representation in momentum conservation, sum
to give the total force on the particle. The fact that the total radiation pressure on an
absorbing particle may be less than that of a similar lossless particle, differs from the
conventional wisdom that absorption forces added to scattering forces must increase
the overall radiation pressure on a particle; an assumption taken from experiments and
theory involving lossy particles in the Rayleigh regime [29]. This result was confirmed
for the physically realistic geometry of an absorbing Mie sphere. The theory presented
here is thus fundamental to the understanding of optical momentum transfer in lossy
media and necessary for modeling in applications of trapping, binding, and guiding

of Mie particles.



Chapter 5

Optical Binding

Optical manipulation of dielectric particles has been accomplished using focused
laser beams since the pioneering work by Ashkin [12]. The effects of levitation
and trapping have been described by the scattering force and the gradient force,
respectively. Optical binding was reported as a third optical force [32] and has been
used to create arrays of particles termed optical matter [33]. The formation of two-
dimensional optical arrays [94,7,7] and one-dimensional optical arrays [103,7?,7,?]
has been verified by various groups. The description of optical manipulation based on
scattering, gradient, and binding forces is an over simplification in many cases, but it
is useful for developing some intuition. Rigorous modeling of optical array formation
requires the computation of the total electric and magnetic fields within the parti-
cles or within the near field of the particles. The exact solution of electromagnetic
scattering from an aggregate of spheres is known [104] and was recently applied to
study photonic clusters formed by dielectric spheres [105]. However, the complexity
of computing the exact field solution of a collection of Mie spheres hinders the ability
to develop a fundamental understanding of the underlying optical binding forces and
limits the number of particles that can be studied in dynamic systems. Typically,

a system of particles is studied by applying an approximate solution, such as the
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Rayleigh approximation [34,7?]. In this chapter, an alternate approach to modeling
applications of optical binding is taken; exact field solutions are applied to simplified
geometric representations of particles. That is, multiple slabs and cylinders are used
to study optical binding in one dimension and two dimensions, respectively. Since all
fields are time-harmonic in the analysis of optical binding, complex fields are used
and all forces are cycle-averaged with the brackets < - > dropped to simplify the

notation in this chapter.

5.1 Optical binding in one dimension

The optical binding force is due to interference of multiple waves, which result because
of the boundary conditions imposed upon the electromagnetic fields. The optical
binding between two slabs was already mentioned in Chapter 2. The Lorentz force
density in a half-wave slab shown in Fig. 2-3 (b) can be thought of the binding
interaction between two quarter-wave slabs. In this viewpoint, the quarter-wave slab
on the left-hand side and the quarter-wave slab on the right-hand side are being pulled
apart by equal but opposite forces. It is within this context that the optical binding
of equivalent dielectric slabs is studied here.

The geometry of the problem to be studied is shown in Fig. 5-1. The two dielectric
slabs of permittivity ¢ and thickness d are separated by a distance §. A plane wave
of unit amplitude is incident from free space in the Z direction. The field solution
is known for an arbitrary number of isotropic, homogeneous layers, each of arbitrary
thickness and constitutive parameters [39]. The fields in each region can be thought of
as an infinite number of waves being multiply scattered from the boundaries. However,
the solution can be written simply as a superposition of a forward +2 propagating
wave and backward —2 propagating wave within each region. The amplitudes of these
waves are determined by writing the boundary conditions as a vector equation and

inverting the matrix to determine the unknown coeflicients. Therefore, the unique
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Figure 5-1: The fields resulting from two identical slabs in free space under normal
incidence are found by matching the boundary conditions with counter propagating
plane wave solutions in each region. The unit amplitude incident electric field pro-
duces a reflected wave Re~%0% a transmitted wave T'e**°* and counter propagating
waves Ase*0? and Bse 0% between the slabs. The complex coefficients R, T, As,
and B; are determined from the boundary conditions. The incident electric field is

E = zet*? where ky = w\/lig€o-

solution for the electric and magnetic fields in each region is known. The waves
considered here are limited to normal incidence, so the forces exerted upon the slabs

are in the +2 directions.

It is interesting to study the distribution of force density in the two slabs as the
separation ¢ is varied. Here, we return to the previous case of two dielectric slabs
with d = A\/4 and € = 4ey, so that A\g = 2\. When ¢ = 0, the force density is given in
Fig. 2-3 (b). For other values of separation, the force density is plotted in Fig. 5-2.
The radiation pressure on each slab is the integration of the Lorentz force density.

For example, the pressure on the left-hand slab is

By = %%{ fd 2 [~ieole — )T X oY) } (5.1)
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The binding force is defined here by the Z directed force Fy;q = Fr — F7, which is
simply the force exerted upon the slab on the right minus the force exerted upon the
slab on the left. In Fig 5-2 (a), the total force on the two slabs are equal in magnitude
and direction, thus the binding force is zero. However, the force distributions in each
slab, which results due to a separation of 0.096Aq, are quite different as evident in
the figure. In this case, the two slabs will be pushed in the +Z direction by the same
amount. It will be shown later that this situation corresponds to a stable equilibrium
in the binding force. When the two slabs are separated by A\g/4, the binding force
is negative as determined from Fig. 5-2 (b), which indicates that the slab on the
left-hand side will be pushed toward the slab on the right-hand side while both are
subject to a net +2 directed force. The force distributions shown in Fig. 5-2 (c)
and Fig. 5-2 (d) are equivalent to the force distributions in Fig. 2-3 (b) and Fig 5-
2 (a), respectively, except for the added separation of A\g/2 in each case. From this
analysis, we would expect that the binding between two slabs is a periodic function

with respect to separation distance with a period of \g/2.

Next, the binding force is studied to demonstrate phenomena such as optical
trapping based on binding forces. Using the more efficient momentum conservation
approach, the cycle-average forces exerted upon the left slab and upon the right slab

are

F = S(L+|RP = |4s]* - |Bs]") (5.2a)
Fp = S + B = |TP). (5.2b)

As before, the finding force
‘ €
Fyina = €0(|4s]* + | Bs|*) — 50(1 +|R[P+|T1%) (5.3)

is the difference between the two forces such that a positive binding force indicates

that the two slabs are being pushed apart. Energy conservation dictates that |R|? +
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Figure 5-2: Force density distribution within two identical dielectric slabs (e = 4eg)
of thickness d = A/4, where A is the wavelength inside the slabs. The gap between
the slabs is (a) 6 = 0.096Xo, (b) & = Ao/4, (¢) § = A\o/2, and (d) § = 0.596)\. The
surrounding medium is free space, which corresponds to regions where both the curve
and the slope of the curve are zero. The incident wave is E; = fe?#02,
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IT|?> = 1, and the binding force reduces to

Foina = 60(IA5|2 + |B5|2 — 1) (54)

Because the coefficients As and Bj are periodic with respect to the separation distance
§, the binding force given by (5.4) must also be periodic. This periodicity is seen
to be Ao/2 for all three cases in Fig. 5-3, which is in agreement with the previous
conclusion drawn from Fig. 5-2. From Fig. 5-3 we can see a couple of trends with
respect to the parameters. First, the binding force exerted upon quarter wave slabs
at 6 = mm/2 (m =0,1,...) becomes very large as the permittivity increases. Thus,
two quarter wave slabs brought in contact will be pushed apart, and slabs with
larger permittivity will experience a larger separation force. However, the thin slabs
(d = 0.01)\g) experience a negative binding force for 6 = mar/2. This means that two
thin slabs are pulled together when touching. Second, the force on the right-hand slab
approaches a constant and the force on the left-hand slab appears to be harmonic as
the slab thickness approaches zero. This limiting case is analogous to the Rayleigh

regime for spherical particles.

We first predicted optical trapping based on optical binding forces in two dimen-
sions by analyzing a system of cylinders [6]. The analysis of cylinders is treated in
the following section. Here, it is argued that a much simpler manifestation of this
phenomenon occurs in one dimension. If we take the right-hand slab to be fixed and
allow the left slab-hand to span z, we can see for all three cases in Fig. 5-3 that
stable optical trapping occurs for the left-hand slab at values of § were F, = 0 and
OF};, /06 < 0. Specifically, the thin slab (d = 0.01X) shown in Fig. 5-3 (c) is trapped at
5 = 0.154 +mAo/2, where again m = 0,1,2,.... Thus, it is possible to trap a slab in
1-D using only binding forces. However, trapping in multiple dimensions requires the

binding force from multiple fixed particles as will be shown in the following section.

Finally, we note that two identical small slabs brought in contact are pushed



5.1. OPTICAL BINDING IN ONE DIMENSION 131

0 02 04 06 08 1
5/

Figure 5-3: Binding force versus separation distance due to two identical dielectric
slabs incident by a plane wave. The slabs are (a) quarter wave slabs d = \/4 with
e = 4eg, (b) quarter wave slabs d = \/4 with ¢ = 16¢, and (c) very thin slabs
d = 0.01\ with € = 4¢y, where X is the wavelength inside the slabs. The separation
distance ¢ is normalized by the free space wavelength \g = 2\. Fyng = Fr — F}
is the binding force exerted upon the slabs, where Fr and Fp are the forces on the
individual slabs on the right-hand side and left-hand side, respectively. The incident

wave is B; = zetkoz,



132 CHAPTER 5. OPTICAL BINDING

together, while larger slabs such as for d = \/4 are pulled apart when touching. This
observation is evident from Fig. 5-3 when 0 = 0. Here, this issue is studied in more
detail. A straightforward analysis of the force density f, inside a slab reveals that
two slabs, each of thickness \/8 will experience zero binding force when § = 0. This
is evident in Fig. 5-4 which shows the binding force versus slab thickness for two
slabs which are touching. Not only is it confirmed that slabs smaller than /8 will be
bound to each other when brought together, but it is seen that there is a periodicity
in this plot as well. Two identical slabs of thickness d = A\/2 experience zero binding
force. Furthermore, slabs with thickness d = A/2 & A/8 will experience a negative (or
zero) binding force when brought together. That is, we could expect two identical
slabs in this size range can bind together with zero spacing. However, slabs in the
range d = A\/4 + \/8 will separate based on the positive sign of the binding force.
This result may have implications in forming optical matter when it is desired to have
little or no space between adjacent particles. However, a detailed study of multiple

2-D and 3-D particles have not been completed at this time.

5.2 Optical binding in two dimensions

The formation of two dimensional optical arrays of three dimensional particles has
been realized in experiments where the motion is typically constrained in one di-
mension [94]. In this section, the optical binding in two dimensions is modeled by
a collection of infinite cylinders. An exact theoretical model based on Mie theory
is applied to compute the total fields due to an arbitrary number of 2-D dielectric
cylinders subject to in plane incidence. The interactions between the particles are
computed using the Foldy-Lax multiple scattering equations [106,7]. The force on
each particle is then computed by numerically integrating the line integral of the

Maxwell stress tensor.
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Figure 5-4: Binding force versus individual slab thickness d for two touching (6 = 0)
identical dielectric slabs (¢ = 4¢g) incident by a plane wave. Fyng = Fgp — Fp is
the binding force exerted upon the slabs, where Fg and Fj, are the forces on the
individual slabs on the right-hand side and left-hand side, respectively. The incident
wave is F; = getkoz,
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5.2.1 Binding of 2-D particles in an in-plane field

The problem considered here consists of L infinitely long cylinders aligned parallel to
the ? axis incident by one or multiple 2 polarized plane waves. The field solution is
given by the cylindrical wave expansions in Appendix B and the multiple scattering
equations in Appendix E. First, we consider the two cylinders shown in Fig. 5-5. The
two cylinders are separated by a distance z measured center-to-center and incident
by a single plane wave propagating in the ¢ direction. The & directed force exerted on
the right-hand particle is shown in Fig. 5-6. Note that the & directed force on the left-
hand particle is equal in magnitude and opposite in sign due to the symmetry of the
problem. There is also a force in the +§ direction on both particles (not shown, but
to be discussed later). It can be seen from Fig. 5-6 that the binding force between the
two particles is oscillatory. This force also decreases in magnitude with separation
distance as expected. Thus, as with the slab, the array of two cylinders exhibits
multi-stability in the equilibrium separation distance. These distances correspond to
points in Fig. 5-6 with zero force and negative slope. Fig. 5-7 shows a similar plot
for a small particle (@ = 0.015)). The interesting feature of this plot is that the
particles experience a negative binding force when the two particles are close to each

other, which contrasts the results for the larger particles in Fig. 5-6.

Figure 5-5: Two infinite cylinders of radius a are subject to an electromagnetic wave
propagating in the ¢ direction. The electric field is polarized parallel to the cylinder

axis.

We are now in a position to simulate a system of multiple particles. Here, we

reproduce part of the experimental conclusions of Ref. [94] within the limitation
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Figure 5-6: Force in the & direction as a function of the center-to-center distance
between two particles. The plane wave E = 2¢* is incident from water ¢, = 1.69¢g
with free space wavelength A\q = 546 mm. The radii of the polystyrene cylinders
€p = 2.56¢( are indicated by the label. The computation was performed with N = 10
in the summation of cylindrical modes. (©) 2006 Optical Society of America, Inc. [5]
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Figure 5-7: Force in the 2 direction as a function of the center-to-center distance
between two particles. The plane wave £ = 2¢**¥ is incident from water ¢, = 1.69¢g
with free space wavelength A\g = 546 nm. The radius of the polystyrene cylinder
ep = 2.56€p is @ = 0.015)A¢. The computation was performed with N = 10 in the
summation of cylindrical modes.
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of in-plane incident plane waves. Twenty polystyrene particles (¢, = 2.56¢,) are
placed randomly in water € = 1.69¢, and subject to three plane waves of wavelength
Ao = 546 nm incident at angles [7/2, 77 /6, 117 /6]. The particles of radius a = 0.15),
are placed in the positions given in Table 5.1 and shown in Fig. 5-8 along with the
incident electric field interference pattern. The final positions given in Table 5.1
are deduced by an iterative process. At each iteration, the force on the particle is
computed from the total fields and the particle is moved just a fraction of a particle
radius. This process is repeated until the position of all the particles approaches a
constant value. It should be emphasized that the motion of the particles resulting
from this iterative process is not derived from the equations of motion. Instead,
this iterative process is merely a tool to estimate the final trapping positions for the
particles in a liquid such as water, where strong damping is present. It has since
been confirmed that the final positions are the same when the equations of motions
are implemented to model the dynamics. While the particles tend to trap near the
high intensity regions as with a single particle, it is evident that the binding forces
resulting from all interactions effects the final trapping positions. Note that the
total fields resulting from the final field locations are also shown in Fig. 5-8 (lower
left). From this plot, it can be seen that indeed the particles align with the high
intensity regions of the total fields resulting from all interactions. Also shown in are
the final position for another set of random initial positions). These positions being
different from the final positions given in the previous example demonstrates that the
final positions depend upon both the incident waves and the initial positions of the

particles.

5.2.2 Optical trapping based on optical binding forces

Previously, it was shown that a slab can be trapped by using the binding force result-
ing from a second stationary slab. In this section, we show that the binding force can

be used to create a stable trap in two dimensions. The configuration of the problem
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Table 5.1: Initial positions (z;, y;) and final positions (zy, ys) of 20 particles in a three
plane wave interference pattern

2, (nm) [ ys (um) | @7 (nm) | g7 (nm)
-148.91 -59.30 | -200.08 | -120.94
-377.76 | -388.95 | -410.69 | -533.34
296.79 | -380.12 179.12 | -356.27
30.78 | -355.74 -7.45 | -486.75
-106.53 | 396.91 18.50 454.02
286.33 -85.47 398.75 16.19
278.84 | 301.18 219.68 374.49
-272.76 179.49 | -427.16 245.14
-276.50 | 362.89 | -219.12 346.56
279.25 91.55 204.00 111.49
-287.76 | -231.91 | -388.75 | -230.97
42.83 17.06 -5.79 -2.15
70.09 | 231.64 -7.01 235.09
-310.92 3.13 { -409.60 19.53
-151.11 | -349.56 | -198.72 | -402.18
10.59 | -162.72 2.95 | -247.57
-101.12 118.56 | -206.37 118.08
388.51 | -224.98 416.51 | -199.41
168.19 | -235.86 193.02 | -125.97
141.00 | 397.59 249.79 633.45
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Figure 5-8: Positions of 20 dielectric cylinders overlayed on the absolute value of
the (0 to 3 V/m). Initial random initial position in a three plane wave interference
pattern (top left). Organized final positions due to the incident interference pattern
shown in the background (top right). The positions are the same but with the total
field shown (bottom left). Organized final positions corresponding to another set of
initial positions different from the previous case (bottom right). The parameters are
Ao = 546 nm, €, = 2.56¢, € = 1.69¢, and a = 0.15X¢. (© 2006 Optical Society of
America, Inc. [5]
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is similar to the one studied previously, where it was shown in Fig. 5-6 that the z
directed binding force (denoted F,) can take on both negative and positive values. A
similar geometry is considered in Fig. 5-9 (a). In this configuration the force on the
right-hand particle also has a positive § directed force (denoted Fy). In order to have
stable two dimensional trapping of the particle on the right hand side, it is necessary
to reverse the direction of F,. In this regard, we consider one or multiple polystyrene
particles of radius 10 nm which may be fixed in position along the y axis as shown
in Fig. 5-9 (b). It is evident that with as few as three fixed particles, a negative F}
is achieved for the identical particle which spans the x axis. For proof of concept, we
choose nine particles aligned along the y axis as shown in Fig. 5-9 (¢). Note that we
can also achieve £, < 0 for nine particles aligned along the negative x axis as shown
in Fig. 5-9 (d), although we will from now on consider only the vertically aligned

cylinders of Fig. 5-9 (c).

The forces in Fig. 5-9 (¢) are symmetric in z and that the first minimum has a
magnitude comparable to the first maximum (F, ~ —1.1-107%* N/m at z =~ 155nm
and F, ~ +1.5-107* N/m at © ~ 430nm). In order to achieve the two dimensional
trap, we consider the symmetric set of fixed particles shown in Fig. 5-10. The second
set of nine vertically aligned particles are placed at = 595 nm. The location of the
second set of nine vertical particles was optimized such that the independent forces
tend to cancel each other by superposing their respective minima and maxima. To
optimize the location of the particles, an inverse problem was defined based on the
multi-scattering equations presented in Appendix E. As a starting point, the F}, and
F, resulting independently from two sets of vertically aligned particles was used to
determine the approximate location of a stable trap in both z and y. Although the
reasoning based on the independent forces from the two vertical sets is not exact, it
gives a good guess (= 585 nm) of the initial positions to be used in the optimization.
The optimization was run with 19 identical particles (18 are fixed and 1 spans the

plane). The force field on the particle allowed to span the plane is plotted using the
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Figure 5-9: Binding force in the g-direction on a particle to the right as a function
of its position along the #-axis due to a single plane wave E = 2e'*¥ with free space
wavelength A\g = 632.8 nm. The four subplots correspond to different arrangements
of the fixed particles to the left.: (a) single particle, (b) three particles aligned in
7, (c) nine particles aligned in ¢, (d) and nine particles aligned in Z. All particles
have a permittivity €, = 2.25¢p, and have a radius of 10 nm. The particles to the
left are separated edge-to-edge by 1 nm. The dashed curve indicates the force on a
single particle (F, =~ 4.36-107% N/m). The triangles represent calculations based on
the Lorentz force density integrated over the fields inside the particle obtained from
the commercial package CST Microwave Studio ®). (©) 2006 The American Physical

Society.
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optimized structure in Fig. 5-10. In each plot, each arrow represents the direction
and the relative magnitude of the force on the free particle located at the base of the
arrow. Thus, a stable trap is seen to exist at (x,y) = (297.5nm, 0.4nm). Furthermore,
this trap remains when multiple particles (up to four shown) occupy the trap already.
In fact, our analysis of the potential energy reveals that the addition of up to four
particles in the trap strengthens the potential well created by the optical binding
forces. Thus, we have demonstrated the concept that optical binding forces can

indeed create a stable optical trap.

5.2.3 Sorting of particles using optical binding forces

The ability to sort mesoscopic dielectric particles is of interest to scientist who wish
to separate solutions of mono-dispersed particles from poly-dispersed ones. In this
regard, sorting based on a combination of a fluid drag and optical forces has been
demonstrated as a viable technique for discriminating dielectric particles based on size
and index of refraction [107, 108]. Here, we demonstrate proof of concept for particle
sorting based solely on the optical binding forces between the free particles and a
diffractive structure. Thus, the sorting mechanism presented here is fundamentally
different in that it does not rely upon fluid drag.

The configuration of the system is similar to the one studied in the previous
section and is shown in Fig. 5-11. An clectromagnetic wave of unit amplitude and
wavelength 632.8 nm propagating in the ¢ direction is incident upon ten fixed particles
aligned along the y axis and one free particle is free to move in the zy plane. The
configuration can be viewed as a diffractive structure that produces the field gradient
shown in the background. In this regard, one may argue that propagation channels
exists along the regions of high intensity due simply to the gradient force and the
scattering force. However, we model the diffractive structure as a series of particles
so that all interactions can be taken into account analytically. This is necessary since

the field gradient shown is altered by the presence of the free particle. Thus, optical
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Figure 5-10: Force on a free particle in the presence of two vertical walls of particles
separated by 595 nm and (a) no trapped particle, (b) a single trapped particle, (c) four

trapped particles, all clustered around the trapping position (z,y)

(297.5,0.4) nm.

The other parameters are identical to those of Fig. 5-9. (¢) 2006 The American

Physical Society [6].
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Figure 5-11: Configuration proposed for guiding and sorting consisting of an incident
plane wave propagating along 4. A series of ten fixed cylinders is used to guide and
sort one particle which is free to move in the z — y plane. The force results from the
interaction between the free particle and the fixed particles responsible for the field
intensity shown in the background. (©) 2006 Optical Society of America, Inc. [7]

binding forces contribute to guiding and sorting properties of the structure.

The operation of the structure can be viewed as a “black box” and is demonstrated
by the trajectories in Fig. 5-12. Free particles are allowed to enter the region of space
at any z position along the line defined by y ~ —100 nm. We then are interested in
the exit positions along the line y & 300. To deduce the exit positions, we follow the
iterative procedure previously applied: the particle is moved a small amount based
on the direction and the magnitude of the cycle averaged force, and this process is
repeated until an exit position is reached. The paths are shown by the lines with
starting positions every 20 nm along z. In the simulation shown, 10 nm particles
propagate along channels and exit the guiding structure at A or B, denoted by the

index [ = 1 or [ = 2, respectively.

The sorting ability is studied by defining the relative displacement :cf.?l(a) ==
xg)(a) - :cg) (a = Bnm) where :t:g) (a) is the size-dependent exit position and a:g) fii=
5nm) is the nominal exit position for a particle of radius a = 5nm. Three data
sets are presented in Fig. 5-13 corresponding to the nominal (reference) exit posi-

tions :c((,l)(a = bnm) = 534nm and :c((f)(a = bnm) = 1032nm for a water background



5.3. DISCUSSION 145

300 '

200 @
E. 100 §rrrnmnsnnnres i .- -------
= ‘ o

0 R o R
100l 277 ) ‘
0 200 400 600 800 1000
x [nm]

Figure 5-12: Propagation channels of a free cylindrical particle due to the interaction
with the guiding and sorting configuration of Fig. 5-11. The starting points for the
particle with €, = 2.56¢; and radius a = 10 nm are located at various x positions
(shown at 20 nm intervals) for y = —100 nm. The trajectory of the free particle
is traced by computing the force and displacing the particle accordingly. (© 2006
Optical Society of America, Inc. [7]

(ep = 1.69¢g) and :Eg)(a = 5nm) = 659nm for free space background (e, = €). It can
be seen that the larger particles have a larger displacement away from the reference
position (negative displacement indicates shifting to the left). The unique correspon-
dence between position and size for a given configuration is the key feature by which
passive sorting is possible. This uniqueness in the exit position is a direct result of the
binding force since the propagation channel differs from the field gradient of Fig. 5-11

by virtue of binding forces between the fixed particles and the free particle.

5.3 Discussion

In this chapter, the forces on a collection of 1-D particles (slabs) and 2-D particles
(cylinders) have been calculated without the usual approximations on particle size,
permittivity, or separation. Because of this, the optical forces based on scattering,
trapping, and binding have not been calculated as separate quantities, rather the
electrodynamics of the system have been deduced from application of the Lorentz

force density directly or by conservation of momentum via the Maxwell stress tensor.
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Figure 5-13: Relative exit position of the particle for various sizes and permittivity.
The absolute reference posmons are a:f, )(a = bnm) = 534nm and :c(() (@ = bnm) =
1032nm for €, = 1.69¢; and xo (a = 5nm) = 659nm for €, = ;. The error bars (not
shown for the case of €, = ¢ for clarity) illustrate the drift in positions of a minority
of particles whose starting positions are toward the right edge of the right- and left-
pointing arrows in Fig. 5-13 (close to 460 nm for [ = 1 and close to 990 nm for [ = 2.
© 2006 Optical Society of America, Inc. [7]
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However, we have shown that the terms “trapping force” and “binding force” are

useful in a qualitative description of the optical manipulation of dielectric particles.

The results contained herein represent the first analysis of optical binding of slabs.
Two identical lossless dielectric slabs were studied to reduce the optical binding prob-
lem to a simple one dimensional study of interference patterns. In this regard, the
Lorentz force density, which exists everywhere inside the material once the fields are
present, is distributed within the slabs according to the interference pattern of counter
propagating waves. Thus, the details of the direction of binding force and the location
of stable equilibria depend upon the standing waves both inside the slabs and outside
the slabs. Therefore, it should not be surprising that the binding force between two
slabs in free space is periodic with separation distance § with a period which depends
upon the free space wavelength \g (or the wavelength of the background medium).
The period of the function Fyinq(6) is A\g/2 because the “round trip” distance between
two slabs separated by mAg/2 is mMAg, which provides a phase of 2kod = 2mm since

k‘o = 2?1'//\0.

An exact method to compute the optical forces within a system of multiple Mie
particles has also been presented. For the sake of simplicity, the particles are taken
to be lossless dielectric cylinders, which is not a sever limitation since apart from
the depolarization effects, most of the phenomena observed in two-dimensions can
be generalized to three-dimensions. This model represents a step forward in the
understanding of optical binding and the formation of optical matter, particularly
where large particles are manipulated. Using this method, three systems have been
studied in two dimensions; a collection of free dielectric particles, a new trapping
regime based on optical binding forces, and passive guiding and sorting of dielectric
particles with optical binding forces. These three studies demonstrate applications of
optical binding via two dimensional simulations. Each system provides evidence of the
effect of binding forces, which were calculated here from the general theory of optical

momentum transfer, not from separate approximations for scattering, trapping, and
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binding forces.

It should be noted that each of these systems required the computation of fields in
a region of many particles surrounded by dielectric medium. Furthermore, the concept
of electromagnetic wave momentum presented in previous chapters was employed to
deduce the effective momentum transferred to each particle. Without this approach,
the simulation would require the computation of force everywhere inside the particle
and the background medium as well as the characterization of mechanical interaction
between the background medium and the particles. Such a computationally expensive
procedure would severely limit the ability to simulate optical binding experiments

involving multiple particles suspended in a background medium such as water.



Chapter 6

Conclusions

This thesis presents a self-consistent formulation for efficiently modeling optical
momentum transfer to macroscopic media. The formulation is based on the clas-
sical electromagnetic wave theory applied to monochromatic waves propagating in
linear, isotropic, and stationary media. The results contained herein reconcile two
methods for calculating the cycle-average force; the direct application of the Lorentz
force density to media, which has been in vogue with researchers over the past few
years, and application of momentum conservation theorems via the Maxwell stress
tensor formalism, a topic which has been debated for most of the past century. The
formulation is shown to be valid for a wide range of dielectric and magnetic media
exhibiting temporal dispersion and loss. This theory is shown to be consistent with
relevant experimental observations of momentum transfer to media and is applied to

model optical manipulation of one or multiple particles in a laser field.

6.1 Conceptual conclusions of theoretical work

A number of conceptual conclusions can be deduced from the theoretical work pre-

sented in this thesis. Thus, a better fundamental understanding of electrodynamics
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accompanies the ability to model optical trapping and binding experiments.

Two approaches were equivalently applied to various problems. The divergence
of the Maxwell stress tensor relies on the conservation of momentum to deduce the
forces on a material. On the other hand, the Lorentz force density states that the
forces exist everywhere inside the matter once the fields are present. For example,
the pressure on a lossless slab can be viewed as resulting from momentum changes at
the two boundaries, or the pressure can be viewed as originating from the standing
wave patterns inside the slab. In all cases studied herein, however, the prediction of
experimental observable quantities are identical. Furthermore, the conceptual prob-
lem of the radiation attraction of a lossless dielectric interface has been reconciled in
favor of the results derived by Daly and Gruenberg [61]. Reconciliation has also been
shown for multiple examples of particles subject to multiple electromagnetic waves.
These results have been published in Optics Ezpress [1] and the Journal of Electro-
magnetic Waves and Applications [3], and they were presented at the 2006 Progress
in Electromagnetics Research Symposium session “Recent advances in optical trap-
ping and binding” organized by Professor Jean-Marc Fournier and Dr. Tomasz M.

Grzegorezyk [109].

The momentum transfer to media has been separated into an adiabatic process and
a non-adiabatic process. These processes are derived from the Lorentz force density
exerted upon bound currents and charges and upon free currents, respectively. This
separation was shown to be very useful in modeling various experimental observations
of electromagnetic momentum transfer due to absorption in polarizable media. It is
concluded that the direct dependence of absorbed momentum on the refractive index
holds for both dielectric and magnetic media. These conclusions remain valid for
temporally dispersive media. Thus, in the case where the index of refraction is nega-
tive, free currents are pulled toward the incident wave as the wave attenuates inside
the material. This result is in agreement the reversal of radiation pressure predicted

by Veselago [82]. This viewpoint of electromagnetic wave momentum is generalized
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to model electromagnetic momentum transfer in lossless systems such as reflections
from submerged mirrors and optical manipulation of mesoscopic particles in a back-
ground medium. In this regard, the electromagnetic wave momentum, which contains
contributions from the electromagnetic fields and the response of the material, can be
applied to predict observations in a wide variety of problems. We may conclude that
the theory presented here attaches fundamental physical meaning to Snell’s law; the
reflected and transmitted wave vectors ensure conservation of the momentum com-
ponent which is parallel to the boundary. Likewise, the magnitudes of the reflected
and transmitted waves ensure conservation of wave energy at the interface. This as-
sertion ensures that no sheering force exists due to the reflection and transmission of
an electromagnetic wave at an interface. The theory is applied to predict a decrease
in optical momentum transfer to Mie particles due to absorption, which contrasts
the common intuition based on the scattering and absorption by Rayleigh particles.
These results have been published in the Physical Review Letters [4] and the Physical
Review A [2].

Evidence of optical trapping and binding forces have been predicted in one dimen-
sion and two dimensions without approximation. Optical trapping of single particles
subject to multiple waves and Gaussian beams can be modeled using Mie theory and
the scattering of electromagnetic wave momentum computed from the divergence of
the Maxwell stress tensor. Thus the formulation is not only exact, but computation-
ally efficient both in computing the fields and deducing the forces. Optical binding
was demonstrated in one dimension by studying the interaction of multiple plane
waves incident by an electromagnetic waves. Modeling of multiple particles in an
in-plane electromagnetic wave is based on an extension of Mie theory to cylindrical
particles combined with the Foldy-Lax multiple scattering equations. Modeling the
electrodynamics of a system of particles represents an advancement in the under-
standing of optical trapping and binding. Using this formulation, a new trapping

regime based on optical binding forces has been demonstrated analytically. The pos-
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sibility of serially guiding and sorting nanometer sized particles using optical binding
forces is also demonstrated. These applications are derived without approximation or
explicit separation of scattering, trapping, and binding forces. However, they do serve
to demonstrate the effects of multiple particle interactions. These results have been
published in the Journal of the Optical Society of America A [5], the Physical Review
Letters [6], and Optics Letters [7], and they were presented at the 2006 Progress in

Electromagnetics Research Symposium [110].

6.2 Future work

As with any thesis, the results presented here are incomplete. The theoretical mod-
eling of optical manipulation and electromagnetic momentum could be carried out
indefinitely. Through the course of this investigation, I have come across a number of
interesting problems. However, one cannot hope to solve the entire universe within
one Ph.D. program. In this section, I outline some avenues of future research that
have come to my attention over the past couple of years. In addition, I give some
thoughts on how such problems could be approached. However, I have also learned
that my original intuition and approach are often times misleading at best, or simply
wrong at worst. Thus, the research projects and proposed solution approaches listed

here are merely suggestions based on untested ideas.

6.2.1 Optical trapping and binding of LHM particles

I have conducted an initial study of optical manipulation to lossless (noncausal) neg-
ative index particles, which is not included in this thesis. As expected, the radiation
pressure on such particles, either modeled as infinite cylinders or spheres, depends
only upon the refractive index of the background medium; a particle is pushed by
the incident wave if the background index of refraction is positive and is pulled by

the incident wave if the background is negative, regardless of the sign of the particle
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refractive index. There is some question as to the direction of the gradient force, for
example in a Gaussian beam or a three plane wave interference pattern. Initial inves-
tigation suggests that there may be polarization effects that would greatly influence
the direction of the trapping force on negative index cylinders. Initial binding studies
of negative index particles have not been carried out to my knowledge. All of the the-
ory to conduct this academic investigation are contained within this thesis. However,

it has not been completed at the time of this writing due to time constraints.

6.2.2 Development of an optical manipulation simulator

This thesis demonstrates how to efficiently model slabs, cylinders, and spheres subject
to various optical incidences. As the field of optical manipulation matures, applica-
tions are being found in physics, biology, chemistry, and medicine [25-27]. So far,
experiments and applications have been designed relying mostly on approximate for-
mulas. The theory presented herein could be used to develop an efficient simulator
for optical trapping and binding studies. The field solutions would fall into two
categories: analytical solutions for canonical geometries and numerical solutions for
arbitrary geometries. A user friendly interface could eventually lead to a commercially

viable engineering design tool.

6.2.3 Optical momentum transfer to bianisotropic media

All of the results presented here assume isotropic media. Many materials in na-
ture exhibit anisotropy, while a new class of metamaterials can be classified as bian-
isotropic [111]. To study electromagnetic momentum transfer to such metamaterials,
it is necessary to have a model of bianisotropy in the force calculations. In this case,
D= E+&-Hand B=ji-H+ (- E. For simplicity, one could study arbitrary
incidence upon a bianisotropic slab. Fortunately, the field solution already exists [89)].
Also, the total pressure on the slab can be computed via they divergence of the free

space Maxwell stress tensor once the fields are known. Then, to model the details of
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momentum transfer, we would need to determine the contributions to f. and f,. One
possibility is using the lossless conditions [39], € = &, i = i, and € = (1, to factor out
the bound currents from the free currents in Maxwell’s equations. Then, one could
show that an equivalent separation can be made using a stress tensor formalism as

was done in this thesis for isotropic material.

6.2.4 Electromagnetic wave momentum in moving media

In Chapter 3, the electromagnetic wave momentum was derived for a dispersive di-
electric and magnetic material. However, the assumption of stationary material was
placed on the derivation for simplicity. One could, however, apply the concept of
virtual power to derive the form of the momentum flux density T and the momentum
density vector G from the accepted forms of the energy flux and energy density in
the rest frame of the material. The prescription for the application of virtual power
is given by Penfield and Haus [53]. We should expect that the derived quantities T
and G in the laboratory frame reduce to the quantities derived in Chapter 3 in the
limit of material velocity approaches zero. This derivation is expected to involve a
lot of tedious math, and the results, while providing a more complete solution, may

not add to the understanding of optical manipulation.

6.2.5 Light pulses and the Abraham-Minkowski controversy

The momentum of electromagnetic waves has been debated by physicists by nearly
a century. The issue of momentum flux due to an electromagnetic waves is now well
understood. The electromagnetic wave momentum, which reduces to the Minkowski
momentum in non-dispersive materials, consists of a contribution from the electro-
magnetic fields (Abraham momentum) and the response of the medium. Thus, the
Abraham-Minkowski controversy for time-harmonic fields has been reduced to inter-
preting the contributions of field and matter [2,21,38,65]. For a finite wave packet

(electromagnetic pulse) the isolation of the momentum density vector from the stress
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tensor is possible as discussed in Chapter 2. In this case, the force exerted on the
media is interpreted according to the choice of momentum density vector G, which
results directly from the formulation of the Maxwell equations applied to separate
field and material contributions. Scalora et. al. revisited this issue in 2006 by com-
paring the momentum transfer to a thick slab (i.e. thick compared to the incident
light pulse) based on the assumption of Abraham or Minkowski forms of the momen-
tum density vector [68]. The numerical results of that study show that the predicted
pressure on a slab evolves differently in time depending upon which value for the
momentum density vector is applied. The momentum transfer in this case occurs in
one dimension with the incident pulse having a positive momentum. Application of
the Minkowski (Abraham) momentum predicts that the slab will acquire a negative
(positive) momentum while the wave packet is inside the slab. In all cases however,
the total momentum transferred to the slab as ¢ — oo approaches the same value as
expected. While the principal author and I agree that an experiment would provide
a fundamental test of electromagnetic theory [72], I argue that resolution to the issue
may not be out of reach for the theorist. The key issue is the direction of momentum
acquired by the slab due to the interaction of the wave packet with the medium. One
could apply an analysis similar to that of Daly and Gruenberg [61]. That is, solve
the problem within the framework of moving media. Then, use energy relations to
deduce the direction of the slab velocity. To my knowledge, this approach has not
been applied to the problem of a slab incident by a finite pulse. A theoretical and/or
experimental resolution to this problem would be a significant contribution to physics
considering the long and controversial history of this topic. However, one should bear

in mind that such a claim would also come under significant scrutiny.
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Appendix A

Reflection and Transmission by a

Slab

Region 0 Region 2
€0, Ho €2, U2
ki
E, (
H; x
I—» z
z d

Figure A-1: TE plane wave incident upon an isotropic slab of thickness d.

The fields inside and outside an isotropic slab occupying the region 0 < z < d due

to TE incidence are give below.
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Region 0 (2 < 0)
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The unknown coefficients are found in the usual manor by applying the boundary

conditions for tangential £ and H at the two boundaries.
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Figure A-2: TM plane wave incident upon an isotropic slab of thickness d.

The fields inside and outside an isotropic slab due to TM incidence are found by

duality.

E—H, H— -E, € UL (A.13)
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Slab Region (0 < z < d)
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The coefficients are also dual of the TE case.
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Appendix B

Scattering by an Infinite Cylinder

Figure B-1: Scattering from an infinite cylinder. The geometry for the problem is an
infinitely long cylinder in the 2-direction. The cylinder of radius a, which can be used
to represent a circular particle in two dimensions, is composed of isotropic material
(Kp, €p) In a background of (us, €).

The geometry of the problem is shown in Fig. B-1. It consists of an electromagnetic
wave incident upon an infinite cylinder of radius a. The cylinder is characterized
by (ip,€,) and the background by (i, €). The incident wave is assumed to be a
plane wave with e ™! dependence. Note that many other field distributions, such

as a Gaussian beam, can be described by a sum of plane-waves. Therefore, the
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total solution for such incident fields can be described as a superposition of solutions
resulting from a plane-wave. The incident, scattered, and internal fields are expanded
in cylindrical waves given by N,, M,, RgN,, and RgM,. The solution is given
by [112].

The incident electric field is polarized in the Z-direction and propagates in the

plane (k, = 0). The magnetic fields are obtained from Faraday’s law

wpH(p) =V x E(p) (B.1)

using the identities
V x M, = kN, (B.2a)
V X N, = kM, (B.2b)

The incident fields are regular at the origin and are given by

N
Binelp) = 2Eoc™? = Y a,RgN, (s, p) (B.3a)
n=—N
k‘ N
Hi(p) = —2 anRg M, (ky, p), B.3b
() W"bn;N g M., (ky, p) (B.3b)

where the wavenumber in the background medium is given by the dispersion relation

ki = w?uyey. The scattered fields are

N

Escat(m = Z aan(kbap) (B~4a)
n=—N

_ by o i}

Hoalp) = 7= 3 @k, p) (B.4b)
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The internal fields are also regular at the origin and can be computed from

N
Eint(ﬁ) = Z CnRgNn(k%[)) (B.5a)
n=—N
~ X _
Hmt(ﬁ) = iw; Z CnRgA/[n(kpvﬁ)v (B5b)
P pn=—N

where the wavenumber in the cylinder (p < a) is given by k2 = w?upe,. The un-
known coefficients (a3, c¢,) are determined by matching the boundary conditions and
the coefficients (a,) are known from the incident plane wave expansion {112]. The
expressions for incident, scattered, and internal fields become exact for N — oco. The

vector cylindrical wave functions for this particular incidence are given by [55]

N,(k,p) = 3kH\D(kp)e™® (B.6a)
Wl ) = {2 H )| % 46 |1 k)~ ZH )| 7 (B.60)
RaNo(k, p) = 2kJu(kp)e™ (B.6¢)
RyM,(k,p) = p ~z'—;ftfn<kp>} ¢+ ¢ [Mwl(kp) - %Jn(km} . (B.6d)

Here, H,(,l)(-) is the Hankel function of the first kind and J,(-) is the bessel function.
The coordinates (p, 8, ¢) represent the point for field evaluation (i.e. the observer
position). The angle ¢; is used to represent the incident direction of the illuminating

wave.

The simplest case is a perfect electrical conductor (PEC). For the PEC, the inter-
nal fields are assumed to be zero so that ¢, = 0 for all n. Note that the discontinuity
in the magnetic field at the surface gives rise to a surface current J,. However, since

the incident wave is TE, it is expected that no resonant effects result from Ji.
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The coeflicients for the incident and reflected wave are

ing;
= " By (B.7a)
kp
(K
al = ~an——J(—1()—Ci. (B.7b)
Hy'/(ka)

The fields were compared favorably with results obtained using the commercial soft-
ware package CST Microwave Studio ®). Only a few field plots are presented here for
future reference. Note that while several minutes are required for numerical programs
to calculate the fields suitable for radiation pressure studies, the analytic approach
detailed in these notes require only a couple of seconds since the field evaluation at
one point in space requires far less than a second using a MATLAB script based on

the equations contained herein.

For a general dielectric and magnetic medium, the boundary conditions give a

2 x 2 system of equations that must be solved for the unknown coefficients,

eindi

a, =" Fy (B.8a)
ky

& = bimag — bymaa (B.8b)

Mi11Moe — M1 M2
bimay — bamyy

™TMy2MMg; — MipaTy)

The matrix elements and RHS for the linear system are

myy = —ky HV (kya) (B.9a)
Mg = kan(k:pa) (ng)
n
may = —kyHLY, (kya) + EH}}’(kba) (B.9c)
. Mbkp . E
= [kanH(kpa) aJn(kpa)] (B.9d)
bl = ankan(kbCL) (BQe)

by = ay [kanH(kba) - an(kba)] . (B.9f)
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Figure B-2: A 1 GHz electromagnetic plane wave scattered from an infinite PEC
cylinder. The wave is incident from free space (e, = €g, p» = o) in the & direction.
The radius of the cylinder is a = 2)\¢ =~ 0.6 m and the calculation was performed
with N = 40. The left column is magnitude of the real part of the complex field, and
the right column is absolute value of the field. The fields are, from top to bottom,
E., H,, H,. The order of magnitude is 1073 for the magnetic field.
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The resulting fields compare favorably with results obtained using the commercial

software package CST Microwave Studio ®).
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Figure B-3: A 1 GHz electromagnetic plane wave scattered from an infinite LHM
cylinder (e, = —e€o, ptp = —po). The wave is incident from free space (e, = eo,
Uy = po) at an angle ¢; = w/4. The radius of the cylinder is a = 2\g =~ 0.6 m and
the calculation was performed with N = 40. The left column is magnitude of the real
part of the complex field, and the right column is absolute value of the field. The
fields are, from top to bottom, E,, Hy,, H,. The order of magnitude is 1073 for the
magnetic field.
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Figure B-4: Electromagnetic fields resulting from a plane wave scattered from an
infinite air cylinder (e, = €y, ptp = po). The wave is incident from water (e, = 1.69¢,
iy = o) at an angle ¢; = /4. The radius of the cylinder is a = 2)\g, where
Mo = 1064 nm is the wavelength of the incident wave. The calculation was performed
with N = 40. The left column is magnitude of the real part of the complex field, and
the right column is absolute value of the field. The fields are, from top to bottom,
E., H,, H,. The order of magnitude is 1073 for the magnetic field.



Appendix C

Scattering by a Sphere

The incident electric field is polarized in the Z-direction and propagates in the
Z-direction. The background is characterized by (e, up) with a wavenumber k. The
particle is composed of (e,, pp) wWith wavenumber k,. The geometry of the problem is

shown in Fig. C-1. The incident fields are

Einc — :%Eoeikbz — :E,Eoeikb?‘cosﬁ (Cl&)
. B o .
e = g_oezkbz — ,g_aezk;,rcosf?. (Clb)
Tl b

The solution is found by expanding the incident, scattered, and internal fields as
a sum of spherical waves. The unknown coefficients for the scattered and internal
fields are found from the boundary conditions. The problem and solution are given
in [39].

The incident wave is expanded in spherical modes using the identity
N
gHEroel o Z(—z’)_”(Zn + 1)jn(kr) P, (cos ), (C.2)
n=0

where j,(kr) is a spherical Bessel function and P,(cos#) is the Legendre function.
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Figure C-1: Scattering from an isotropic sphere. The sphere of radius a, which can
be used to represent a circular particle in three dimensions, is composed of isotropic
material (u,, €,) in a background of (u,€). The incident wave is linearly polarized
in the # direction and propagates in the 2z direction.

The approximation is exact as N — oo.

The incident, scattered, and internal waves are decomposed into TM to 7 and

TE to 7 waves by using scalar potentials m, and 7, respectively. The potentials are

defined by
A =r7m, (C.3a)
H=VxA= éigé% q@ai (C.3b)
for TM waves and
7 = ., (C.4a)
E=VxZ= ésm aa%”m q“sg (C.4b)

for TE waves. The potentials satisfy the Helmholtz equation in spherical coordinates

(V2+ k)7 =0. (C.5)
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The scaler potentials are

N
= ZAnzn(kr)Pé(cosﬁ) cos ¢ (C.6a)
n=1
N
Tm = Y Buzn(kr) Py (cos) sin ¢, (C.6b)
n=1

where z,(kr) represents solutions to the Bessel equation. The solutions differ in the

three regions by the following.

e Incident (m,, )

2n(k’r) = ]n(kbr)
ke (=i)"(2n+1)

A, = F, .
Ow,ub n(n + 1)
Wy
B,=-A,—
ky

e Scattered (7, 75))

e’ 'm

Zn(kr) = hy(ker)
k
An = EO—b *ln
W
B, = —Ep- b,

b (kpr) = h,(ll)(lcbr) is the spherical Hankel function of the first kind.

e internal (7%, 7 )
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The unknown coefficients a,, b, ca, d, are found using the boundary conditions
for the tangential electric field and tangential magnetic field.

The total fields are:

N
By = z-f; Z ApPY(cos8) [krz,(kr) + 22, (kr) + krz,(kr)]cos¢ ~ (C.10a)
n=1

N
Ey = X; {z’A k ;ZP;(COSB) [,:T alkr) +z,'1(kr)]

Pl(cos8)
Bn—s—iFZn(k'f')} COS¢ (C].Ob)
Y (. k Plcost
Ey=-Y {zAnwE%—) [Ezn(kr) +2 (kr)]
n=1
+ B %Pn(cosé?)zn(kr)} sin ¢ (C.10c)

H, = viwi Z B, P}(cos8) [krzn(kr) + 22, (kr) + krz, (kr)]sing (C.10d)

Hp = Z{zB ?"5_9 P1(cosb) [;T o (kr) + 2, (k’r)}

Pl(cost
- An%lzn(k—r)} sin ¢ (C.10e)
k Pl(cosf) [ 1
Hy = —Z {Z " 31210; : [kr Znlhr) 42 (kr)]
+ A, ;GPI(COS B)Zn(kr)} cos ¢ (C.10f)

The spherical Bessel and Hankel functions z,(£) are given in terms of the Bessel and
Hankel functions Z,(§) by

() = |55 Znr1 ) (C1)

To evaluate the derivatives, it is helpful to define l=n+2, m=n+1,p=n-1,

and ¢ = n — 2 and use the relation [55]

- 2n+1zp
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The second derivative with respect to the argument £ is

n
C (2n+1)(2p+1)
. m
(2n+1)(2m +1)

[p2(§) — n2n(§)]

[mzn(§) + L2(8)] - (C.13)

The derivative of the Legendre function with respect to the argument is, in general,

known. Therefore, a useful relation is

P (cos#). (C.14)

d a
_Pm e i
(cosf) = Smeacosﬂ e

a0 "

The coeflicients as determined from the boundary conditions are [113]

an w gn 3 kbep‘fﬂ(kpa) An( ) k EbJ ( ) An( ) (0153)
kpeoHn (Koa) J;, (kpa) — kbﬁp n(kpa) Hy, (Kya)
bn = gp - kb”ﬁ{n(kpa) An(k ) Pjub‘] ( ) n( ) (C].5b)
kptsn Hy (ko) J1, (k@) — ko (Kpa) H, (Koa)
Cn = Gn- Hncalty . (C.15¢)
kbep,ubJ (kpa) ! (kva) — kpepptp Hy (kpa) J!, (kpa)
dp = gn+ — ikt (C.15d)
kypip Jn(kpa) H, (Kya) — kplin (kya) J, (kpa)
where
(—i)™(2n+1)
= L 1
In n(n+1) (C.16)

The Ricatti-Bessel functions J,(€) and H,(§) = I:L,(Ln(é) are

Zin(8) = &za(€) (C.17a)
Z3(€) = z(&) + £4,(8). (C.17b)
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Figure C-2: Absolute values of the electromagnetic fields resulting from a plane wave
scattered from a dielectric sphere (e, = 2.56€g, p1p = o). The wave is incident from
water (e = 1.69¢o, ity = o) in the 2 direction. The radius of the sphere is 0.5 um, and
Mo = 1064 nm is the wavelength of the incident wave. The calculation was performed
with NV = 100. The fields are, from top to bottom, (left column) |E,|, |E.|, and |H,|
in the y = 0 plane and (right column) |E,|, |H,|, and |H,| in the z = 0 plane. The
order of magnitude of the magnetic field is 1073.
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Figure C-3: Absolute values of the electromagnetic fields resulting from a plane wave
scattered from a lossy sphere (e, = (16+1)eq, p, = p19). The wave is incident from free
space (€, = €y, iy = plo) in the 2 direction. The radius of the sphere is 0.5 pm, and
Ao = 1064 nm is the wavelength of the incident wave. The calculation was performed
with N = 100. The fields are, from top to bottom, (left column) |E,|, |E;|, and |H,
in the y = 0 plane and (right column) |E.|, |Hy|, and |H.| in the z = 0 plane. The
order of magnitude of the magnetic field is 1073,
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Appendix D

Field Solution for Multiple Slabs

€1, €2, H2 €3, 143 €4, Ha €5, e

&=
I

=
tZ—»

zZ=2 Z =2y zZ =23 Z =24
Figure D-1: The fields resulting from five layered media (4 boundaries) are found by
matching the boundary conditions with counter propagating plane wave solutions in
each region. The unit amplitude incident electric field is polarized in 4.

The fields in the five regions shown in Fig. D-1 are assumed to be plane wave

solutions.
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Region 1 (A, =1, B, = R)

E, = §(e*1= 4+ Re th1=7)gths® (D.1a)
ki, ; ; _k . w )
Hl — F 1 ( ik1z Re—zklzz)ezerc +2430_(61k1zz 1+ Re akw_zz)ezk;:c (le)
Wity W
Region 2
Ey = §j(Age’*> 4 Bye ~thaaz) pikas (D.2a)
_ —k , . k. A ; ;
H, = {:1: 22 (Agei*es — ByemHhe?) 4 5T (Agetet 4 Bge—*‘“m)} e*=* (D.2b)
Wit2 W2
Region 3
E3 = §j(Aset*s= + Bgethsz)eth=® (D.3a)
— ks, . ; ) .
H3 = |:.th 3 (Asezkg,z _ Bge_mszz) x (Agezkgzz £ B3€ﬁ1k3zz):| tkzx (D 3b)
W3 Wits
Region 4
Ey = §(Ase™= + B e~z gikax (D.4a)
H4 [ 4z (A4ezk4z _ B46;1k4zz) + Z~_(A4ezk4zz =2 348—1k422):| ikzx (D 4b)
Wity Wity

Region 5 (4;=1T, B;=0)

E5 = {Te*szeiha® (D.5a)

_ = k, .

Hs = [ i g B Tezk5zz:| gike? (D.5b)
Wits Wits

The coefficients are determined by matching the boundary conditions at z;, za,
23, and z;. These eight equations (two for each boundary) can be written as a matrix
equation in terms of the column vector of unknown coefficients. The solution is found

by inverting the matrix.
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The solution is simplified when we apply the equations to two identical dielectric
slabs as in Chapter 5. Here, we let €, = €3 = €5 = €, €2 = €4 = n’¢p and py =
o = i3 = jig = p5, Where n is the index of refraction of the two slabs. Furthermore,
the two slabs are of equal thickness os that we let 2 = 0, 20 = d, 23 = d + 4, and
24 = 2d + 8. Refer to Fig. 5-1. To evaluate the force in this case, we can apply the
formula given in (5.4), which gives the force in terms of the coefficients A5 = Az and

Bs = Bs. These coefficients are calculated in this simplified case using the closed-form

expressions
-cos(k‘d) —1 (%) Sin(kd)] ¢~ tko(d+4)
As = —= (D.6a)
Q
—1 (1‘%;—1) sin (kd)etko(d+?)
By = - 5 (D.6b)
where

2 2 9
2= [COS2(kd) - (n 2+ 1) sin?(kd) — i2 (n 2;: 1) cos(kd) sin(kd)] g

n?—1\? .
+( 5 ) sin(kd)e™*°. (D.7)
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Appendix E

Scattering by Multiple Cylinders

The scattering from multiple cylinders is solved analytically by applying the for-
mulation proposed by Foldy [106] and Lax [114]. The formulation presented here is
reproduced from [115]. The total excitation field of particle ¢ is the incident field plus
the scattered field from all other particles except itself, and is written mathematically

as

Eég)( Eine( Z Eslc)at (E.1)
l#q
The incident field field is given in terms of the Bessel functions in Appendix B, and,

as a generalization of those results, the scattered field of particle ¢ is

+N
ED(p) =Y afON,(ks, 5 — py)- (E.2)

n=-—N

The cylindrical wave functions N,, were given in Appendix B and must be evaluated
at translated origins for each particle g located at p;. The scattering coeflicients are

given by a2? = T,w'?, where T, is the known coefficient for a cylinder. For the given
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s-polarized (TM) wave,

ky Ju(kpa) T (kya)

Tn 5 Bn - E.?)a,
ko HY (kya) HY (kya) (E.32)
22 , -1

B, = iy [k,,H,gl) (ksa) T, (kpa) — ka;L(kpa)Hﬂ (E.3b)
mak,

and the w'? are solved from

N

w® = ehvpag, +Z ST HY (ki — pgl)e” T 0, (E.4)

n'=—N l£q

where ¢, is the angel between & and the vector joining the centers of particles ()
and (¢). The solution is exact as N — oo. In reality, the summation over n is
truncated. Thus, the solution of (E.4) requires the inversion of a square matrix of
dimension L x (2N + 1), where L is the nuraber of particles. This formulation was
implemented in FORTRAN by Dr. Grzegorczyk and validated via numerous examples
using the commercial field solver CST Microwave Studio ®). An example is plotted
in Fig. E-1. In the example, the 1 GHz electromagnetic wave is incident from free
space in the & direction upon two identical dielectric cylinders (e, = 2¢p, a = XAy/2)
cylinders separated by 3Ag. Although not shown, the electric and magnetic fields of
this example and several others involving multiple cylinders compare favorably with

the fields generated using CST Microwave Studio ®.
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y [m}

08 06 04 02 0 02 04 06 08
x[m]

Figure E-1: Electric field magnitude |E,| scattered from 2 dielectric cylinders. The
incident electric field is unit amplitude at 1 GH z propagating in the & direction. The
two identical cylinders of permittivity €, = 25 and radius a = \g/2 are separated by
a center-to-center distance of 3a. The background is free space €, = ¢
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