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ABSTRACT

OPTOMECHANICS OF CAVITY DRIVEN NANOPARTICLES
By

Joel T. Rubin

Adviser: Professor Lev Deych

The subject of this thesis is the optomechanical interaction of a spherical high-(Q microres-
onator and a subwavelength particle, which, at optical wavelengths, corresponds to a size
on the order of nanometers. After a review of the basic theory of spherical resonators and
multi-sphere scattering, the full self-consistent electromagnetic field of the coupled resonator-
particle system is derived. The particle-induced frequency shift and broadening is calculated
by examining the poles of the scattering coefficients of the resonator. The force exerted on
the particle by the field is determined via the Maxwell stress tensor, and is found to be in
general non-conservative. From the force, the trajectories of the particle positioned outside
the resonator are investigated. The relationship between frequency shift and the conserva-
tive and non-conservative components of the force is found to differ from the well-known
formulas for the “gradient” and “scattering” force, which are commonly derived by neglect-
ing the modification of the resonator field by the particle. The key aspects of this difference
are investigated by re-deriving the results of the exact field calculations from a modified
gradient /scattering framework, which explicitly takes into account the modification of the

resonator field due to the particle.

il



ACKNOWLEDGMENTS

I am grateful to many people who have contributed directly and indirectly to his thesis.
First and foremost is my doctoral advisor, Lev Deych. It is directly because of his emphasis
on both mathematical rigor and intuitive understanding that this work has come to fruition.
Much of the progress towards this thesis occurred at moments when, after my taking days or
weeks to carefully derive and check mathematical results, Dr. Deych would pose a conceptual
argument that called into question their validity. At the same time, he impressed upon me
the importance of staying informed on current research and of properly articulating the
substance and significance of one’s own research. In the course of graduate school I felt a
little bit of that excitement of discovering something new, and I am truly fortunate to have
had a mentor who nurtured and encouraged that.

I am indebted to many of the professors and students in Physics department at Queens
College, who were always willing to take valuable time assisting me when I needed help on a
computation or finding an article. Professors Stephen Arnold of NYU-Polytech and Timothy
Boyer of City College were also great sources of inspiration to this work and my love of science

in general.

v



CONTENTS

ABSTRACT . . . .
ACKNOWLEDGMENTS . . . . . .
LIST OF FIGURES . . . . . . .
1. INTRODUCTION . . . . . e
2. Background . . . ...
2.1 Vector Spherical Harmonics . . . . . . . . .. .. ... .. ... .. .. ...
2.1.1 Rotational and Translational Properties . . . . . .. . ... ... ..

2.1.2  Electromagnetic Quantities . . . . . . . ... ...

2.1.3 Resonances . . . . . . . ..

2.1.4 Multi-Sphere Mie Theory . . . . . . . .. ... ... .. ... ...

2.1.5 Hamiltonian for the Electromagnetic Field . . . . . .. .. ... ...

2.1.6 Review of Hamilton-Jacobi Theory . . . . ... ... ... ... ...

2.1.6.1 Special Cases . . . . . . .. ...

2.1.6.2 Scattering Orbit . . . . . . . ... ... L.

2.1.6.3 Non-Hamiltonian Forces . . . . . . .. . ... ... ... ..

2.1.7 Optical Forces . . . . . . . . . .

2.1.8 Conservation of Energy . . . . . . .. . ...

3. Electromagnetic Scattering . . . . . . . ... ..
3.1 Internal Particle . . . . . . . . . . . ...
3.2 Resonances . . . . . . ...
3.3 Field of the Two sphere system . . . . . .. .. ... ... ... .......
3.4 Optical Forces . . . . . . . . .
3.5 Optomechanical Trajectories . . . . . . . . .. ... ... .. ... ... ...
3.5.1 Scattering . . . . . . ..

4. Semi-heuristic derivation of optomechanical interaction . . . . . .. ... .. ...
4.1 Forceon a Dipole . . . . . . . . ..
4.1.1 Hamiltonian Formalism for Frequency Shifts . . . . ... .. ... ..

4.1.2 Particle outside Resonator . . . . . .. ... ... 0oL



4.1.3 Particle Modifying Cavity Field . . . . . .. .. ... ... ... ...
4.1.4 Point-Dipole WGM Interaction . . . . . . . . ... ... ... ....

4.2 Summary and Outlook . . . . . . . . .. ..o

LITERATURE CITED

vi



3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

LIST OF FIGURES

Frequency shift (left panel) and broadening (right panel) of the |m| = 1 reso-
nance for an external defect with L=39 for both TM and TE polarization.

Radiated energy of the microsphere-defect system with varying distance 6 = d/R
for the internal (left panel) and external (right panel) defect cases. . . . . ..

Field intensity in the radial direction of the unperturbed m = 0 (left panel) and
|m| =1 (right panel) modes. . . . . . . . ... ...

Directional plot of the radiated energy in the far-field for internal and external
defect cases. . . . . . . L

Scattered field of two m = £1 modes excited in a single ideal sphere. . . . . .

Variation of the surface field intensity with azimuthal coordinate in the primed
system (¢') at the frequency of ideal Mie resonance (left panel) and the defect
induced resonance (right panel). . . . . . ... ...

Vector components of the optical force in units of eo| Eo|*/k*: F,. (a), Fy (b), Fp
(¢), for L = 39, E type mode, R,/R = 0.01, n = 1.59, F(LO)/&U =100. ... ..

Time-dependence of particle’s coordinates. The rapidly oscillating curve rep-
resents the radial coordinate, the monotones line in the main figure shows the
azimuthal coordinate, and the insert shows the polar coordinate . . . . . . ..

Color map of the field intensity of the resonator at § = 7/2 and 0 < ¢, < 27 as
a function of time. Brighter tone correspond to larger intensity of the field.

Fractional change in angular momentum as a function of impact parameter for
co-propagating m = L mode at three energies. Parameters used are b = 0.0018,
Yo=10,p=0.37. . . . .

(a) Minimum distances for co- and counter-propagating optical modes. The
dotted line in the middle is yfgzn neglecting inelasticity. (b) Fractional change
in angular momentum for the trajectories in (a). Parameters used are € = 10,
b=856-10"4yy =10, p=0.16. . . . . . . . . . ...

vii



1. INTRODUCTION

This work began as a first-principles investigation of the electromagnetic interaction of a
high-Q optical spherical microcavity a small dielectric scatterer. This is a topic for which
there is already a great deal of theoretical and experimental literature on work on. Early
research on spherical microcavities established the phenomenon of resonant splitting of the
modes, which was attributed to particle-induced coupling of degenerate counter-propagating
modes [1, 2, 3, 4, 5, 6]. This led to the suggestion of using this phenomenon as a method
of detecting small particles via their characteristic frequency shift. Proof of principle was
demonstrated, and more precise studies were carried out showing the effect of the particle
on the width and spatial distribution of the mode. The theoretical framework of counter-
propagating mode coupling appeared sufficient to explain all of these results, albeit with
some modifications put in by hand to match experimental data [7]. At the same time, studies
of coupled microcavities were being carried out based on the theory of multiple scattering
by spheres [8, 9, 10, 11]. This is a computationally intensive field owing to the difficulty
in calculating the addition coefficients that connect spherical optical modes scattered by
arbitrarily placed cavities. There is a simple connection between small-particle scattering
and coupling by multiple cavities: a subwavelength particle is essentially just a small sphere.
This point of view allowed for a rigorous theory of particle-cavity coupling that was also
analytically tractable since the scatterer can only support the lowest order modes [12, 13].
However, immediately the situation became more interesting, as our analytical equations
revealed important qualitative differences to the backscattering theory. First there was the
fact that the resonant “splitting” was in fact the creation of a new resonance, shifted from
the original, with the original one left unmodified. Second, there was a distinction between
the modification of modes with different polarizations: TE modes with one shifted peak,

TM with two. Finally, the spatial distribution of the field differed from the circumferentially



uniform mode of the ideal resonator, and the standing wave modes of the modal coupling
theory. This showed that our simple theory was important for more than rigor, as it led to
conceptual differences in the understanding of the interaction.

In addition to providing rigorous mathematical and conceptual foundation for un-
derstanding interaction between WGM modes of spherical resonators and static particles,
the developed theory turned out to be indispensable in describing optical forces exerted by
WGMs on subwavelength particles. Optical forcing of small particles, usually associated with
optical tweezer applications [14, 15], is of interest due to the possibility of optical cooling of
macroscopic objects bound by optical traps [16, 17, 18, 7, 19, 20]. Additionally, interest in
the long range motion of optically forced but unbound particles was ignited by a discovery
from Steve Arnold and his co-workers of a WGM “carousel effect” [21]. It was demonstrated
in their paper that a WGM was able to draw a particle suspended in liquid towards the
resonator and set it into orbital motion. The circulatory motion was attributed to the cir-
cumferential force of the circulating angular momentum of the mode. However, rigorous
evaluation of the optical force based on the developed theory of the resonator-particle inter-
action, revealed that the situation is more complicated than has been previously thought [22].
Instead of the expected exponential decay of the force in the evanescent region, we found
a sharply peaked Lorenztian that was maximal a distance from the cavity walls. Moreover,
the derived equations showed that the circumferential force has, in addition to a purely scat-
tering component, proportional to the square of particle’s polarizability, has an additional,
linear in polarizability, contribution. The non-scattering part of the force was also non-
conservative, counter to expectations. Using the heuristically defined 'photon number’ to
write the polarization energy in standard quantum form, we found that the force was gener-
ated by differentiating this energy but holding photon number constant. This was intriguing
result, but one that I was still uncomfortable with. I had all the exact equations written

on paper, I saw how to re-write them in a conceptually meaningful way, but I could not see



the connection between them. Furthermore, the point was trivial once it was understood,
and was not of much use since one had to determine the self consistent field distribution
in the first place. The first paper we published on this was again filled with cumbersome
formulas which could not replace the appeal of existing heuristics. All the while, we had been
pouring over classic textbooks to be sure of every step in the standard formulas for optical
forces. Soon I realized that the constant photon number concept was in fact the distinction
between the gradient over the extent of the particle, and the difference due an actual dis-
placement of the particle and the re-adjustment of the field in the steady state. We termed
this the “psuedo-gradient” [23]. We turned toward developing a theory to verify our optical
forces, while I focused on elucidating the precise connection between the exact theory and
the heuristics so that it could be presented and understood in a simple and more intuitive
which wold also allow for expansion of our results to analytically intractable geometries such
as toroidal WGM. While carousel effect has motivated the original work, it is not an easy
experiment to use for verification of our findings. Therefore, we also considered the process
of scattering of small particles by the field of spherical resonator, proposing that observation
of this phenomenon can lead to a direct experimental verification of the proposed theory.
This led to an analysis of scattering of particles off the resonator, with a focus on
inelastic effects. This provided a means to test the developed theory. Eventually, we realized
how to derive these results in a more general matter that we believe should hold for other

ring resonators.



2. Background

2.1 Vector Spherical Harmonics

Maxwell’s equations in a linear medium are:

V-D=yp vxH-7+2 (2.1)

ot
B
V-B=0 VXE—}-%—t:O (2.2)

where D = €E, B = yH, and € and p are the permittivity and permeability. In free space,
€ = €9, . = po and egug = 1/c* where ¢ = 2.9979 x 10%m/s is the speed of light. We will
assume that the medium is non-magnetic, u = pg, loss free, isotropic and homogenous, €
real scalar, and source-free, p, J = 0. We will also work in frequency domain where a vector
C can be represented via Fourier transforms by the relation C = [ dw C e~ ™! Given these
constraints, and using the same symbol for time and frequency domain quantities, Maxwell’s

equation’s become:

V-D=0 V x H+iwD =0 (2.3)

V-B=0 VxE—iwB=0 (2.4)

These equations can be de-coupled, and any of the four quantities obey the Helmholtz
equation:

VZC + K*C =0 (2.5)

where k? = ppew?. The Helmholtz operator is scalar, and thus acts on each vector component

separately. Therefore, each Cartesian component of C is a solution to the scalar wave



equation:

V3 + kP =0 (2.6)

The solutions to Eq. 2.6 are ¢, = gi(kr)Y,.(0, ¢), where Y, ,,,(6, ¢) is the spherical harmonic
of order I,m and the radial function g;(kr) can be the spherical Bessel function j;(kr) or
the spherical Nuemann function n;(kr). Usually, solutions inside of some bounded region
employ spherical Bessel functions, while solutions in radiating regions employ the spherical
Hankel functions h; = j; + iny.

Taken on it’s own, Eq. 2.5 has three independent solutions [24]. However, solutions to
Maxwell equations must have the additional property of zero divergence and must be related
to each other as V x C; = —ikCsy, V x Cy = ikC;. Following Jackson’s derivation [25], note
the vector identity:

Vir-A)=r-(V?A)+2V- A (2.7)

which shows that divergence free fields have a radial component which is a solution to Eq. 2.6,
r- C; = . In terms of the other solution, this can be written: kr- C; =i 'r- (V x Cy) =

i~!(r x V) - Cy. The whole term to the left of C, is an operator L:

L= l_r x V (2.8)
i

which can be recognized as the quantum mechanical angular momentum operator, up to a
factor of h. In this context it cannot be interpreted as an ”angular momentum” operator,
but it is the generator of infinitesimal rotations. We see that, since kr - C; = L - C,, that

L - C; is also a solution to Eq. 2.6. The properties of L are well known. The eigenfunctions

of L - L = L? are the spherical harmonics Y},,(6, ¢):

LY (0, ¢) = 11+ 1)1 (60, ¢) (2.9)



It’s Cartesian components L; = ; - L, where Z;, 1 = 1,2, 3 are the Cartesian unit vectors,
can be written in terms of the "raising” and ”lowering” operators L, = (Ly + L_)/2,

L, = (Ly— L_)/2i, where:

L Yim=+V0—m)(I+m+1)Ymn

(2.10)
L.Yim=+1+m)(l—m+1)Y,n
while the L, component has the eigenvalue equation:
LY,y =mY) (2.11)

Since L - Cy is a solution to Eq. 2.6, L - Cy o< ;,,. This is satisfied for Cy oc L)y, =
gi(kr)LY,,,, since then L - Cy o< g;(kr)L- LY}, = g(kr)L*Y},, o< ¥y.,. This also implies that
the non-radial components of the curl of C, satisty Eq. 2.5. Writing V x C; o« V x Lty and
expanding the double curl V x (V xa) =V(V-a) — V?agivesr Xx Vx Cy = —r x V(1 +
rd/dr)y o (14 rd/dr)gLY,,. Putting all this together, the conventional way to write these

solutions is to first define:

X6, 6) = ﬁm,m(e, 0) (2.12)

The “M polarized” solutions are then: Z;,, py = z(kr)X; (6, @), where z; can denote either

the spherical Bessel or spherical Hankel function. The solution C, becomes

Jimn = J1(kr) Xy (0, ¢) (2.13)

Hl,m,M = hl(kr)XZ,m(ea ¢) (214)



The “E polarized” solutions, Z;,, g, are generated by applying the curl operator:

Jimss = 2V % [i(5) X (6, 6) (215)

HWE:%VXMMﬂ&m&@] (2.16)

Their explicit forms are:

2] mY}mA anmA
Z; — —f — . 2.17
bam, M l([+1)< sin 6 ! 00 ¢) ( )
zi(kr R
Limp = l;r >\/l(l + 1)Yy, 7
]- YimA -8}/2mA
kr)kr] 0 : 2.1
bl s (o iZm) (218)

and are known as Vector Spherical Harmonics (VSH). Note that the tangential component
of Zym g obeys Zimp — Zimm - 7= —ilz(kr)kr]/(kr)f x X, ,. Thus Z g Ly = 0.
The orthogonality properties of the Z;,,,, 0 = E, M are determined by the orthogonality

properties of Y} ,,, and X;,,, which obey:

/dQ Yﬁ,m’<07 ¢)Y27m(07 ¢) = 5l,l’5m,m’
/dQ X?’,m’ ’ Xl,m - 5l,l’6m,m’ (219)

/dgxnwmrxxmg:o

This leads to:
/dl’ ds2 $2Z7’,m’,a/ : Zl’m’g = 51,1/5m7m/5070/Ng (220)



where:

N, = /d:v 2*[i()]? ifo=M .
2+ ([zgi(2)])? ifo=FE

The o = F case can be integrated by parts to give:
Ng = Ny + zji(x) (Gi(x) + z5,(z)") (2.22)

2.1.1 Rotational and Translational Properties

The Z; ,, » are eigenmodes of generator of rotations, so they span a representation of the
group of 3D rotations just like the scalar spherical harmonics Y} ,,. Consider two coordinate
systems related by rotation about Euler angles «, 3,7+, so that their position vectors r,r’

transform as r’ = Ar, where:

coS (v cos 3 cos ¥ — sin asin vy sinacos fcosy + cosasiny  —sin 3 cosy
A =] —cosacosfsiny —sinacosy —sinacosfBsiny+ cosacosy sin/Asiny
cos asin 8 sin arsin 3 cos 8
(2.23)

The irreducible representation of rotation in the [, m basis is the Wigner D-matrix, D( )

emm'ag®) (8)e™ where:

)

dgfb)n = V(s+m)l(s—m)!(s+n)(s—n)
§)2372k+m7n (SiIl

Z (COS §)2k—m+n
X
k's—i—m E)(s—n—Fk)!(n—m+k)!

(2.24)

The Z; ,, » fields can be represented in the primed system in terms of modes of the unprimed

system:

Zlmo 9, Z D B Fy)zlm 0(9 ¢) (225)



The infinitesimal form of the D functions can be expressed in terms of a rotation vector

€ = ¢n, where ¢ < 1 is the rotation angle and n the unit vector along the rotation axis [26]:

DY) () = (1 —ime.)dmm (2.26)
zex —i— Lz + €&y \/ )G +m 1)5m',m+1
_Ze 2 Ey \/(J + m)(] —m+ 1)6m’,m+1

where ¢, , €,, and €, are the projections onto respective Cartesian axes.

Now consider two coordinate systems related by translation, r' = r +d where d = (d, 04, ¢;).

The transformation of the fields is given by the addition theorem [27]:

ZlmM Z Z [A Z k d)Zl/ ’M( )

V=1 m/=—1'

+B™, (i k, d)(iZl,m/E(r))] (2.27)

iZip(r) =Y Z AL (i, @) (i Zi (1))

V=1 m/=—V

+B™, (i k, d)Zl/m/M(r)] (2.28)

where the tilde denotes H,,,, for |r| > |d| or Jy,,, for |r| < |d]. Af}Tn,(i, k,d) and Bf,’?n, (1,k,d)
are so called translation coefficients. The 7 index denotes the type of function dependance
on the translation distance, d: ¢ = 0 corresponds to j; dependance while ¢ = 4 denotes
h§1’2) = ji £ n; function dependance. For |r| > |d|, i = — and for |r| < |d|, ¢ = +. The

1 = — dependance is used in some of the symmetry relations of the coefficients. When the
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translation vector undergoes inversion d — —d, the translation coefficients obey [28]:
AL ik, —d) = (—=1)FEAL™ (i, k. d) (2.29)

By, (i, k, —d) = (=1)"EB™, (4, k, d) (2.30)

Interchange of modal indices I’, m’ — [, m for real k leads to, for : = 0:

A (0,5, d) = (=) 5[5 0, k:,d)r (2.31)
BY™ (0, k, d) = (—1)"+1+E [B’ (0 k d)] (2.32)
while for ¢ = £+
A (b, d) = (=) (AT (5, 8, d)]* (2.33)
By (£, k,d) = (— 1)+ LA (:F,k,d)]* (2.34)

2.1.2 Electromagnetic Quantities

A general monochromatic field can be expressed as a linear combination of VSH:

00 l
E=FEee ™ > Y Y (CmeHimo(r) + Plmedimo(r)) (2.35)

I=1 m=—lo=M,E

while the magnetic field takes the form:

€ —zw
0 t (Cl,m,EHl7m7M(r) + Ol,m,MHl,m,E(r)
,uo l 1 m_—l

+B,m,EJl,m,M(r) + B,m,MJl,m,E(r)) (236)

That is, the magnetic field has the same expansion as the electric field but with polarization

coefficients switched.
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The type of radial function of the fields is determined by the boundary conditions at the
origin and the radiation zone kr — oco. The spherical Bessel function j;(kr) is regular at
the origin and can be used to describe the internal field, while the spherical Hankel func-
tion hy(kr) diverges and can only be used in the exterior region. In the radiation zone,

hy(kr) — (—i)"*1e?*" /kr. In this region, the time dependant fields, e=*“'J,,,, and e=“'Hy,,,,

have respective phases e~ ! and e~ “*"=“!) times a constant factor. Thus Hj,,, fields describe

traveling waves while the J;,,,, fields describe standing waves.

The energy density of the field is €|E|?> + uo|/H|?. It’s integral over the volume element
gy y

r? dr d gives the total energy. For a single mode with indices [, m, o, this is:

E= /7"2 dQ €|E|? + uo[H|? = %Il
where:
I, =Ng+ Ny (2.37)
The second term can be simplified using Eq. 2.22
I = 2/da: 2 z(x)* + zz(n) (z2(2) + 22)(2))] (2.38)

where prime denotes differentiation with respect to argument.

The power per unit area passing through the spherical surface at r is S-7, where S = E x H.
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The total power is thus:

P:/erQS-f

A oo ale) d

e , %[le(x)] (2.39)

The momentum density of the field is given by S/c?, and the angular momentum density as

r X S/c?. The 2 component of angular momentum per unit length is:

2

M, = /7’2 dQz- (rx8/c?) = x—km|zl(x)|2 (2.40)
c

The three quantities in Eq. 2.37 - Eq. 2.40 are generalized for a linear combination of modes,
as in Eq. 2.35, by making the replacement 2; — cjnoly + Pimeji and summing over all modes.
All components are independent of the polarization, which results because the electric and

magnetic fields are always described by VSH wave functions with different polarizations.

In the far field region, the power becomes:

o cdBP ) 0 ifa=j

2
2k 12 if Z] = hl

(2.41)

where use has been made of the fact that for z; = hy, the Zm hjd/dz[zh;] term in Eq. 2.39

reduces to the Wronskian W (j;(z), ny(x)) = 1/22%.

2.1.3 Resonances

An ideal lossless, homogenous, and isotropic spherical dielectric resonator can be mod-
eled as a region of refractive index n. up to radius R, surrounded by a medium of refractive
index ng. To find resonances, one expands the internal and scattered field of the sphere in

terms of VSH, and the standard electrodynamic boundary conditions are imposed at r = R.
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The internal and scattered fields are:

Eint - EO Z plmUJlmU (242)
l,m,o

Escat = EO Z ClmaHlma (243)
l,m,o

with respective magnetic fields H;,,; and Hyop. Setting vt xE;,; —E;,; = 0 and r xH;,,,—H;,,; =
0 at the boundary, integrating over the solid angle and using the orthogonality properties,
Eq. 2.19, leads to the following equation:

ji(nkR) — h(kR)
ji(nkR) — h(kR)

Ng (2.44)

for every [, m, o, where n, = n/ng for 0 = M and n, = ng/n for 0 = E, k = now/c, and
n = n./ng is the relative refractive index of the cavity. This is a transcendental equation in
x to be solved for each [ and polarization. In general it will restrict the allowed values of
k. For a given [, o, there may be multiple k& values which satisfy this equation, which are

enumerated with the index s.

An incident field can be added, taking the form:

Einc = EO Z 77[7’n<J'Jlrrm' (245>

lm,o

This incident field is added to the scattered field of the resonator. Application of the bound-

ary conditions leads to the following expression for the scattered field coefficients:

Cime = Ao MNimo (246)



where o, is the Mie scattering coefficient:

g = — Ju(@)@igi(z)] — () [z (x)) _ Ng,
’ hy () [igi(z)] — n2g(z;) [xhy(z)] Gg.

J@) i) = gz lza(@)] _ Nag

N T @) ()l — @) Eh@)] T G

where z; = nkR and x = ngkR. The internal field is given by:

in 1
PO-.T NO-J me

dlma =

where P = n and Py, = 1. These scattering coefficients can be re-written as:

1

Mo = 77 +iGy1 /Ny

where:

Gpi = mi@)[zigi(e)] — n?jiwi)[an (@)

Guy = m(@)xgi(z)] — gilas) [wn(z))]

14

(2.47)

(2.48)

(2.49)

(2.50)

It can be seen from Eq. 2.49 that for real x, the greatest magnitude of oy, is unity, which

occurs when the imaginary part vanishes and the real part is —1. This means that the

scattered field coefficients, Eq. 2.46, are perfectly out of phase with the incident field. The

total field in the external region for a single mode source when «;, = —1 is given by E.,; =

Einc +Escat == nlmO'Jlma +ClmaHlma = nlma(']lma - Hlma) = inlmaNlma; where Nlma is defined

analogously to J and H but with spherical Nuemann function (spherical Bessel of the second

kind) dependance. As shown above, such a field corresponds to a standing wave, and by

Eq. 2.39 there will be no net energy-momentum flux in the radial direction. Thus, in general,

there is a real frequency for which the power flowing into the resonator from a given mode
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equals the power flowing out. The more sharply peaked «y, is about it’s maximum, the
better the time-dependant field approximates a frequency eigenmode. The poles of oy, can

be found by allowing the frequency to take on a complex value, z = = 4 iy. The poles

z = xl(o) + Z.%(O) are simple [29] and the scattering coefficients can be expanded in a Laurent

series about zy. For very high Q modes, %(0) < a:l(o), and the Laurent series is valid on the

real axis. Thus, as a function of real frequency, we have:

N0 7O
N (Z)% © (i))l © (2.51)

Since the resonances have small but non-zero width, they are termed “quasi-modes”. This
term can be justified by examining the field of the microsphere in the time domain. Consider
a mode with internal field E(r,w) = puneJdime, where pi,, = ai,. In the time domain, this be-
comes E(r, 1) = [ dwe ' B(r,w) & Jime (1, 0 [ dwe “tay, = —iv/ 20TV E(r, w'®) exp(—iw " t—

r%%).

Explicit formulae for resonance positions and widths can be found from asymptotic ex-
pansions for the Bessel and Hankel functions [30]. The leading terms of the resonant fre-
quency are 2" = v+ 2.338(v/2)Y/3 — P,/\/n2 — 1 + O(v~Y/3). Choosing for the incident
field Nime = 01,L0m.1.05,5, cOrresponds to excitation of a fundamental WGM of order L with
polarization oy.

A useful approximation for large [ modes is to neglect quantities of order 1/I. To order
113 we can also use the eikonal kR = x = O(I). In this case the recursion relations for the

spherical Bessel functions reduce to:

21+ Daty(z) = z-1(2) + z241(x) = 22(2) = 21-1(2) + 2141 ()

214 D)z)(x) =lz_1(x) — (I + Dzpa () = 22(x) = zi-1(2) — 21401 (x) (2.52)
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The ratio |z(z)'/z(x)] = [(1 — f)/(1 + f)| where f = z1(x)/2-1(x), cannot ex-
ceed unity for f > 0. Since the order =23 correction to the resonant frequency is pos-
itive, x lies below the first zeros of 2,1,z and 2, and consequently f > 0. Just out-
side the resonator, the argument of the radial function x; is reduced due to the smaller
refractive index, and is also below it’s first zero. Therefore, the radial functions can be
considered constant within a frequency range z + Az if Ar < 1. On the other hand
o, can only be considered constant over the range Ax < . This introduces two sep-
arate frequency scales for the VSH functions and the scattering coefficients, and justi-
fies pulling the VSH mode out of the Fourier transform. Applying the order of mag-
nitude approximations 1/l < 1, z/l ~ 1, |z(x) /z(x)| =~ 1 to the VSH gives rise to
simplified forms Zj,r — 20(2) X (0, 0), Zime — z(x) (FY,™(0,0) + 7 X Xin(0,0)). A
mode in the general expansion over m,o for a given [ > 1 becomes in the time domain
Eimn(r,t) = ([ dwe ™ ppp(w)z(wnr/e))Xym (60, ¢) with the analogous expression for E
modes. Here, frequency dispersion only couples time to the radial coordinate, leaving the
angular part of the field identical to it’s Fourier transform. If the separation of frequency

scales is invoked, this becomes By (r,t) = Drmas (t)zi(xr ) R)Xim (0, ¢).

We will only employ the 1/l — 0 approximation, labeling [/x = v ~ n. We will also

use the ratio (dny(x)/dx)/n(z) = Vv? —1 [30].
The internal energy of the sphere is calculated by evaluating Eq. 2.37 between » = 0 and
r=R:

€| Ep|?
4k3

E= /7’2 dQ €|E|* + po|H|* = (N + Nu)

The normalization integrals, N, are related by Eq. 2.21. If j;(kr) were to vanish at r = R,

then Nz = Nj;. Instead, the field at » = R obeys the relation Eq. 2.44. Using the



approximation Y, /Y, ~ —y/u? — 1, where p = I/kR and v = [ 4+ 1/2, N is:

(no)? v

Ny = Ji(no)* (n;Q(;f -+l —2)

2 (nxo)?

While the difference Ny, — N is:

Ny —Ng = (ﬂ;:())jl(”%)2 (—2n;2 V2 —1+ L)

nro
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(2.53)

(2.54)

For zy > 1, the normalization factors are almost equal. A given mode excited by an ideal

monochromatic source of frequency w’ has internal field in the frequency domain given by:

E = o ,0(w — w')Jpme. If the resonant amplitude Eq. 2.51 is substituted for oy, and

and the Fourier transform is taken, the field is:

_Z'FI(O)Jlmae—iw't

1 (0)
(w—w') 41l

B() = [ doBw) e~

(2.55)

Multiplying by the denominator of oy, and recognizing that dE/dt = —i [ dw w E yields a

differential equation for E(t):

dE(t "
_di ) _ (—z'wl(o) - r}“)) E+ 03,0 "

The solution to Eq. 2.56 is:

(0)
E(t) _ Ce—iwl(o)t—l“go)t + _Fl

where c is a constant determined by initial conditions.

(2.56)

(2.57)
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2.1.4 Multi-Sphere Mie Theory

A system of multiple spheres adds a new layer of complexity to the scattering problem
since there is no longer a global spherical symmetry. Boundary conditions can be written
for each sphere separately, but each sphere re-scatters the field of the other, and the two are
expressed in different coordinate systems. The problem is solvable by use of the VSH addition
theorem, Eq. 2.27, which allows a given mode, referenced to one coordinate system, to be
expressed as a linear combination of modes referenced to a translated coordinate system.
Take, for example, the case of two spheres which are centered at a coordinate systems that
have position vectors r;, ¢ = 1,2 and related by translation r; = r; +d; ;. Incident, internal,
and scattered fields of each sphere are expressed as a general VSH expansion Eq. 2.35. Now,
the field scattered by one sphere adds to the total incident field of the other. Applying the

index ¢ to denote a given sphere, we have:

E) = FEo Y pioTimo(r) (2.58)
lom,o
B, = Eo Y el Hino(r;) (2.59)
lm,o
EL = Eo Y niooJime(r:) + ELL,(r;) (2.60)
l,m,o

where in the last equation j denotes the other sphere. The term Egﬁw(rz) represents the
field scattered by sphere j expressed in the coordinate system centered at sphere i. It can
be written by applying the addition theorem to the scattered field of each sphere Eq. 2.59:

j 1 j o0’
BLu) =5 D g A 0k dig) Zur (1) (2:61)

! / !
LU mm’ o0
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where Al(?fl)m, = ADLM) .Al ™ and Az Vot = ALE) Bl ™ Applying the bound-

LI, mm’' LI, mm’

ary conditions, we end up with the generalization of Eq. 2.46:

' m’ o’

Cl(nia = Qo {nlma + Z Cl/ ,m/ U’Al((lr’amm (07 k7 dlj)} (262)

Evaluation of the translation coefficients are computationally intensive. Eq. 2.62 represents
an infinite set of coupled linear equations. One simplification is to make use of the axial
symmetry present in any two-sphere system. Since the orthogonality of m modes relies only
on integration over the ¢ coordinate, the translation coefficients become diagonal in m when
the spheres are situated along a common polar axis. Making use of symmetry relations
Eq. 2.31 - Eq. 2.34, both the forward and reverse translation coefficients can be expressed

as functions of the scalar translation distance d:

Cl(’fr)w = Qo {nlmo + Z Cl(’],)m el Al((;’in m(O k :l:d)} (263>

! !
o

2.1.5 Hamiltonian for the Electromagnetic Field
As is well known from quantum optics, the Hamiltonian of a time harmonic electro-
magnetic mode of a closed cavity can be put in harmonic oscillator form. The Lagrangian

density for the electromagnetic field is:

¢ = %0 [(%—‘?)2 — 2 (V x A)] (2.64)

where A is the vector potential in the Coulomb Gauge, V- A = 0. Here the vector potential
A plays the role of a generalized coordinate, while it’s time and spatial derivatives are
generalized velocities. In terms of electric and magnetic fields, Eq. 2.64 reads £ = ¢/2(E? —
?B?). The generalized momentum, IT corresponding to A is the partial derivative of the

Lagrangian density with respect to A = A /dt, II = —eyE. The Hamiltonian density is



20

obtained by the Legendre transform § = IT- A — €. In terms of the fields:

9= %OEQ + %HQ (2.65)

If the field can be expanded in terms of frequency eigenmodes A = > A;, where A; =
a;e"'f;(r), then time derivatives can be taken explicitly. Assuming also that [ |[f(r)|?d®r = 1,

and f f; - £7 = 0, The Hamiltonian becomes:

H = /55 d*r =) H (2.66)

where
H; = 260w ai]? (2.67)
is the Hamiltonian for mode ¢. This permits definition of canonical variables p; = —w;€92 Re [aie*iwit]’
¢ = 2 Im [a;e”™"], so that:
2 2
p; €oW; o
H=) ~—+—7-¢q 2.68
— 2¢p + 2 4 ( )

7

The Hamiltonian has the form of independent oscillators.

Since the high-(Q modes of a microsphere act as quasi-eigenmodes which undergo damped
harmonic motion, this procedure can be used. The f; fields are simply the Z;,,, functions
with appropriate normalization over the interior of the resonator. For a spherical cavity
there will be degenerate modes corresponding to modes with the same [, 0 but different m
values. Owing to the rotation properties of the VSH, one m mode becomes a linear combi-
nation of others upon coordinate rotation. The coefficients in the rotated system (the ng,

functions) do not depend on [ or o, so the normalization of mode functions is unchanged.



21

The Hamiltonian Eq. 2.67 becomes:
H = 2eqw? Z |Gt |? (2.69)
m,l

2.1.6 Review of Hamilton-Jacobi Theory

The Hamiltonian formulation of classical mechanics, in particular the Hamilton-Jacobi
method, will be used widely in this paper. It is a framework which puts particle and electro-
magnetic field dynamics on an equal footing, serves as the natural platform for introducing
non-conserving perturbations, provides a connection to geometric optics and will shed light

on quantum-classical analogies.

Given n generalized coordinates ¢;, i = 1—n, momenta p;, and Hamiltonian H(q;...gn, p1...Pn),
a transformation to new variables Q; = Q;(q1...Gn, P1---Pn> 1), P; = Pi(q1..-Gn, P1...Pn,t) and
”Hamiltonian” K(Q;...Qn, P;...P,,t) = H + dF/dt, where F is the generating function, is

said to be canonical if it preserves the structure of the dynamical equations [31]:

— . = 2.70

That is, if the dynamics are described by Eq. 2.70 with ¢; — Q;,p; — P;,H — K. The point
of the Hamilton-Jacobi method is to solve the dynamics of a Hamiltonian system by finding
a canonical transformation to coordinates and momenta that are all constants of motion.
Obviously this condition is satisfied for K = H + dF/dt = 0. This can be achieved by a
type-2 transformation, with generating function F, depending on ’old’ coordinates ¢; and
‘new’ momenta P;, related via the equations p; = 0F»/dq; and Q; = 0S/0P;. This generating
function, up to a constant, is equal to the indefinite action integral S = [ dtL + constant,

where L is the Lagrangian. The condition for the vanishing of K is known as the Hamilton-
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Jacobi equation:
0s 08 as

—_— — = 2.71

H(qu, --n,

If the Hamiltonian is independent of time, H = E =constant, Eq. 2.71 is separable with
solution S = W(qg;, P;) — Et. The function W satisfies the equation H(g;, 0W/0q;) = E. By

writing W =S+ Et = [ L+ H dt and using H = >, pi¢; — L leads to:

W = /Zpidf_h’ (2.72)

This integral, written in terms of the old canonical variables, is just a formal expression since
the dynamics of the canonical variables has not been determined yet. It’s usefulness comes
when it can be explicitly expressed in terms of the old coordinates and new, constant mo-
menta. If the Hamilton-Jacobi equation is separable, so that the old momenta p; = 95/0dq;
can be expressed in terms of ¢; and the separation constants, Eq. 2.72 can be integrated

directly.

The integration is along the actual path of ¢;, and W may be a multi-valued function of
the ¢; if the motion of the system is bounded. The whole path can be separated into smaller
paths along which the integrand is single valued. Of particular interest are periodic systems,
where the contributions along individual paths are equal. In this case, the indefinite inte-
gral for a one-dimensional system is a whole number times the integral over a single period,

W = nl, where:
1

" or

I p d, (2.73)

Now consider a one dimensional periodic system of period T with a conserved Hamiltonian
H = F which depends on some constant parameter A. If A\ begins to change with time, the
system in general ceases to be conservative and periodic. However, if the change of A is slow

on the time scale of the unmodified system, that is if T'd\/dt < A, lowest order corrections
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to the motion can be calculated by averaging the variation of A over the trajectory of the

conserved system. The average energy will be:

dE d\OH
= _ 27 2.74
dt dt O\ (2:74)
where the time average means:
-1
= = dt 2.
f=1 /1 (2.75)

and all quantities under the integral evaluated for constant A. Using the fact that T =

fOT dt = § dq/(DH/p), one derives that:

dE _ dX § (Op/dN) dg

At~ dt §(dp/IE) dg (2.76)

Rearranging this equation gives d]7dt = 0, where [ is the action Eq. 2.73. Due to the
vanishing of it’s average time derivative for small changes in A, the action is known as an

adiabatic invariant [32].

The period of the system is related to the partial derivative of I with respect to energy.

This can be seen from:
ol dp J dq

2r— =

oE — [ or "~ J aHjop

(2.77)

To consider formally the evolution of the system with a time dependant parameter A, one
defines so-called canonical or action-angle variables by using the action W as a the generating
function and I (for a constant \) as the new momentum. The equations of transformation
are p = OW(q,I;\)/0q and w = 0W(q, I;\)/01 where w is the new coordinate or angle
variable. The action W is now time dependant due to A, so the Hamiltonian in action-angle

coordinates becomes:
ow

K = E(I; —_—

(2.78)
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E(I;)) is the energy of a constant A orbit and is assumed to depend only on I. Since all
time dependance is contained in A, the time derivative is written: OW/dt = (OW/ON), 1.

The canonical equations becomes:

dl 0K oA .
= e (a—w> A (2.79)

where A = (OW/0OM), ;. From inverting Eq. 2.77, the frequency w is the derivative of the

Hamiltonian with respect to I at constant A. Now we have:

dw 0K oA .

2.1.6.1 Special Cases

Consider a harmonic oscillator with Hamiltonian given by

p2 mw2q2

H=— 2.81
2m * 2 ( )
After substituting S = W — E't, the Hamilton-Jacobi equation is written:
1 oW\ 1
E=—(— —mw?q” 2.82
2m<3q>+2qu (2.82)
which gives:
| 2F
W = mw / > —q* dq
mw
2F E
= %q 2 q* + " arcsin ¢/ mw?/2E (2.83)
and:
2F
= sin w (2.84)

mw?



=V2Emcosw

Substituting these back into Eq. 2.83:

W = /p dg === [ cos®>wdw
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(2.85)

(2.86)

The adiabatic invariant is just the integral Eq. 2.86 evaluated over a full period, [ = F/w.

This quantity, up to proportionality, is the average number of quanta of the harmonic os-

cillator. We demand that [ remain constant when £ — F + 0F, w — Jdw, as long as these

variations fit the criteria of slowness under which Eq. 2.76 was derived. Thus, 61 = 0 gives:

2.1.6.2 Scattering Orbit

The Hamiltonian for a particle in a central force potential is:

2 2
P M
H==—" U
2m + 2mr? +U(r)

(2.87)

(2.88)

Where p, is the conjugate momentum to the radial coordinate and M = mr2¢p the angular

momentum. The Hamilton-Jacobi equation reads:

1 /oW\? M2
E:—( ) + + U(r)
2m

or 2mr?

The equation is separable with solution W = W,.(r) + Wy(¢), where

W, z/\/2m(E— U(r)) — M?/r2 dr

and:

Wy = Mo

(2.89)

(2.90)

(2.91)
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For a full orbit, ¢ changes by 27 and thus the adiabatic invariant for the ¢ variable is simply

M. It’s variation gives:
Y0, oM
— = —— 2.92
= (292
Thus, if to the central force there is added a non-conservative ¢ component which changes
M, the scattering angle will change proportionately. This expression is useful for evaluation

of effects on scattering of a small non-central force, which would result in slow change of the

angular momentum.

2.1.6.3 Non-Hamiltonian Forces

The theory of adiabatic invariants is only useful if the variation of the parameter \ is
known explicitly, such as when it is a known function of time. For resistive functions and
some non-central forces, it will be a function of the coordinates or momenta themselves,
d\/dt = f(p,q). The adiabatic invariant will still be conserved, but the condition 6/ = 0,
which was used above to determine the change in other quantities dependant on A, is no
longer useful since since dA depends on the trajectory of the system which it modifies. The
first correction to A can be obtained by integrating it’s time derivative over a constant A

trajectory:

1 1
A0 = ﬂ{f(p, q) dt = T%@ dg (2.93)

In general further iterations will be necessary. There is one case however, where this first
correction provides a definite result: when f(p,q)/¢ is proportional to p. Then dA® o I,

and further iterations are unnecessary since the adiabatic invariant remains conserved.

Consider for example, homogenous decay such as that found in a harmonic oscillator with

damping force ¢:
dE
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Using 0F /01 = w, this equation can be rearranged and integrated to give:
I(t) = Ipexp {—2T't} (2.95)

where Iy = F/w is the adiabatic invariant evaluated over a period where A is constant.

2.1.7 Optical Forces

The conservation of momentum for a system of fields and particles is given by [25, 33]:

dp 10
=V T- 5 ExH (2.96)

where p is the momentum density and

1
T = &EE + uoHH — T5 (e0E? + poH?) (2.97)

T is the Maxwell stress tensor, expressed in dyadic notation in Eq. 2.97. I is the unit dyadic
I =22+ 9y + 22 with 2,9, 2 the Cartesian unit vectors. This equation can be integrated
over a volume V to render the force on material particles inside. For any spherical surface,
the integration can be performed explicitly in terms of VSH functions. For a field given by

Eq. 2.35, the Cartesian components of the force are [34]:

, 2meo| E, V(I +m 4 1)])/2
Fi—F+iF, — 2 0';2{ .
=1 m=-I

[z(z +2)(+m+ 1)1 +m+ 2)} 12
((+1)2(20+1)(20 +3)

{z(z +2)(I—m)(l —m+ 1)}1/2]0
(I+1)2(20+1)(20 +3) ’

/2

(2.98)
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B=F = 47T6°|E° ZZ{ Y

I(l+2)(1—m~+1) (1 +m+1) 1/2f (2.09)
(I+1)2(20 +1)(20 + 3) ° '
where:
fl = &l,mb?,m-i-l + bl’m&im"rl - ﬁl,mg;jm-}-l - ql,mﬁ?,m+l
f2 = dl,m&;{+17m+1 + bl,mb?-i—l,m—l—l - ﬁl,mﬁ?—l—l,m—l—l - lequl:-l,m-‘rl
f3 = (Nll+17mdim+1 + bl—i—l,mbzm—f—l - ﬁl—l—LmﬁZm—l—l - Ql+1,mq~l*+1,m+1
f4 = al,mgzm - ﬁl,m(jl*,m
f5 = al,md?Jrl,m + bl,mb7+1,m - pl,mﬁ7+1,m - Cb,mq;#»l,m (210())
Here Gy = iCimp — 15PimE, Dim = Cimar — 5Pty Pm = 13PimE, Qim = 3Pim -
2.1.8 Conservation of Energy
The conservation of energy for charge and current densities p and J is:
ou
E%—V S=-J-E (2.101)

where u is the energy density Eq. 2.65 and S = E x H is the Poynting vector. For complex
fields with harmonic time dependance, the real parts must be taken before calculating any
quantity that involves a product of fields. For two quantities A = (a+ib)e™!, B = (c+id)e™"
ReA - ReB = accoswt? + bdsinwt? — (ad + be) coswtsinwt. If this is now averaged over
a period, we have < ReA - ReB >= (ad + bc)/2 = Re[A - B*]/2. The term proportional
o (ad 4+ bc) = ImA - B* has zero average. Therefore the real and imaginary parts of
the product A - B* represent, respectively, the components of ReA - ReB with non-zero

and zero average. The zero average component can be written —(ad 4 bc) cos wt sinwt =
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(4w)~(ad+be)d cos 2wt /dt. In Eq. 2.101, the source term J-E is equal to the total work done
per unit volume, so (1/2)ReJ - E* represents the average power loss, while (4w)™'ZmJ-E* is
the modulus of a quantity of energy that oscillates with time and does not lead to net power
loss. Therefore, if Eq. 2.101 is treated as complex equation, the real and imaginary parts
represent lost and stored energy. Defining complex Poynting vector S = E x H* /2, average
electric and magnetic energy densities w, = €|E|?/4, w,, = puo|H|?/4, the integral version of

Eq. 2.101 becomes:

/J*~EdV—|—2iw/(we—wm)dV+j§S-da:O (2.102)
v v s

N | —



3. Electromagnetic Scattering

We now consider the electromagnetic interaction of the spherical resonator with a small
dipole scatterer. A small particle can be modeled as a sphere since it’s shape should not be
important in the dipole approximation. In this way, the dipole scattering problem becomes
an application of the multi-sphere Mie theory framework. The radius and refractive index
of the particle are denoted R, and n,, while those of the resonator are R and n.

As described in Sec. 2.1.4, the total electromagnetic field is expanded in terms of
incident, scattered and internal fields of each sphere, defined in respective coordinate systems
r; i = 1,2. Defining three regions of space, (I) the exterior region of both spheres, (II) inside

the resonator and (III) inside the particle, the field is:

Ein. +EN, +EZ . 1 >Rr >R,
E = EY r < R (3.1)
Ez(i)t ry < I

Application of the boundary conditions leads to the system of equations Eq. 2.62. The
resonator has an incident field that would, in the absence of the particle, have excited a
single fundamental WGM of either TM or TE polarization with a given angular number
[ = L, dimensionless vacuum frequency xg)) and width 720) found from a complex pole of the
Mie coefficients. To mimic the experimental situation of excitation by a tapered fiber, we
also assume that this incident field impinges only on the main sphere, so that EE?L)C =0. In

the coordinate system with the polar axis perpendicular to the plane of the mode this field

distribution is described by a single VSH with |m| = L:

Einc = ZL,L,U() (32)

30
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As discussed in Sec. 2.1.4, the axial symmetry of the system allows Eq. 2.62 to be diagonalized
in m, m’. This requires the coordinate systems of the two spheres to be oriented such that a
common polar axis passes through both spheres. The field distribution of the fundamental
WGM Eq. 3.2 in this coordinate system cannot be described as a single VSH, but requires
a linear combination of VSHs with all —L < m < L, as in Eq. 2.25. In the primed system,
the location of the center of the particle is denoted r, = (d,0,, ¢,). The transformation to
the unprimed system can be obtained by rotating X'Y’Z’ by Euler angles a = ¢,, = 0,
v = 0. A mode of the XY Z system is expressed in the X'Y'Z" using Eq. 2.25, while the

incident field Eq. 3.2 is expressed in the XY Z system by using the reverse rotation:
L
Einc = Z Dr[r/%L(Ov _epa _(bp)ZL,m,o'o (33)
m=—L

The dipole approximation for the particle means that n,kR, < 1. The asymptotic form of

the scattering amplitude a;,(p) in the limit p — 0 is:

(204 D120 — 1)1 (zng +14 1)} -
ao(p) = —0pp |1+ 3.4
Lo (P) E (I + 1)p2+1 n2—1 (3.4)

This decays fast with increasing [, and vanishes for M polarization. If only the [ = 1 mode

is retained the scattering coefficients become:

—i&g

g (p) = 00,0117 ~ —iap(l + o) (3.5)
where
2 (ny—1
== kR )3 .6
w0=3 (%) 0m) (3.6)

This quantity is related to the polarizability of a small particle [35]:

Qip = 671'60% (14 iap) (3.7)
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The dipole field is E polarized but interacts with modes of the resonator with either polar-
ization. This arises because the addition theorem couples VSH fields with different polariza-
tions.

After applying the dipole approximation, Eq. 3.5, to the system, the system of equa-

tions Eq. 2.62 can be decoupled. The coefficients are:

(2)
G = Vg D (al L0000 + O Aﬁfzmwmlmm(m)—m) (3.8)
al )
where

@:i DA (k)AL (—kd) (3.9)

I,m,1,m
=1 o=E,M

Using the symmetry relations of the translation coefficients, Eq. 2.31 - Eq. 2.34, this becomes:

6=3" 3 ol

=1 o=E,M

AE) (k:d)‘ (3.10)

lom,1,m

The A (kd) coefficients are denoted A (kd) ULm,o:

l,m,1,m

Almlm(kd) = Upmr(kd) 3.11)
3 [ U+ |m]) it 1i—ym)
= 5 [\/(2[ + 1)(|m‘ + 1) l_ (]fd> ( ) \/(2l T 1)(1 T | |) l+1(kd)

EM) (kd) = Up pps (kd) = —i\/?gm 20 + 127 (kd) (3.12)

Al

7m71’m

The expansion coefficient for the small sphere is:

(L) @
o = Dmilil (3.13)
e 1 oPe '

1

If the | = L resonance is well separated from other resonances so that in its vicinity no WGMs

with [ # L have their own resonances, we can assume that the largest contribution to ©
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(1)

comes from the term which contains the resonant scattering amplitude o7 . Separating
these terms out we define the reduced sum, ©’ as:
1
6" = {6 — ay}, [Urmal’} (3.14)

Using these definitions, the expansion coefficients for the resonator are:

( (2)@/ 3\
Lol (%1)_ o”er) — af? [ULmoo]2
Ao = Dhis Aoy’ ULmooUlmo (3.15)

L Llml <1 ()
[aL,oo] (1 _O‘l @/)_O‘l [UL,m,ao]2
(1)

l,o

L 51,[/(50—’000[ |m| > 1 (C)

7

3.1 Internal Particle

For a particle situated inside of the resonator, the field distribution is modified so that
the internal region of the resonator, region (II), includes the field scattered by the particle,

while the exterior region, (I), contains only the scattered field of the resonator.

E,.+EY >R

scat
E={ EY4+E?, 1 <R (3.16)

scat

E(z) o < Rp

Since the internal region of the resonator contains propagating fields, the boundary conditions
Eq. 2.46 do not apply. Rather, a different system of equations connects the scattered and

internal field coefficients of each sphere:
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where we introduce standard (o) and modified (&;,) Mie parameters:

with numerators defined as:

Npg = h()[zib(x)] — nhy(z)[zh(z))

Ny = @) [wihi(z:)] — ho(a) [zh(z)]

and denominators the same as Eq. 2.50. Additional quantities \,; in Eq. 3.19 are:

Apg = g@)|wihu(x)] — nhy(e)ag(a;))

Mg = i) [wih(:)]” — hy(@) [2agi(e:)]
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(3.19)
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(3.25)

The expansion coefficients can be presented by defining sums © and ©’ analogous to the

external case:
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Whereby, the expansion coefficients for the main sphere become:
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(3.28)

3.2 Resonances

Resonances are found by examining the behavior of the expansion coefficients in a
frequency range close to the ideal Mie resonance with [ = L. In the vicinity of a single
sphere resonance Mie coefficients o, ;0 can be presented in the form of a complex Lorentzian,

Eq. 2.51:
(1) —iy)
gy, (2) & (3.29)

z — xg)) + ifyj(;o)

The modified Mie parameters &, can be presented in a similar form differing only by

an overall factor. Since ’y(LO) is very small for WGMs, the Mie parameters are the fastest

changing quantities in Eq. 3.15 and Eq. 3.28. Therefore, using Eq. 3.29, and calculating all

(0) (1)

other quantities at x = x}’, we can present the coefficients q,, . in the Lorentzian form

with new poles 2z, = T m — 1YLm. For externally positioned defects the poles are
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whereas for internal defects one has:
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Separation of the real and imaginary parts of the last terms in Eq. 3.30 and Eq. 3.31 gives
the frequency shifts and broadenings induced by interaction with the defect.

There are different resonances 2y, ,,, for the different values of m. The number of these
resonances is determined by the m dependence of U, ,,. Both functions vanish for |m| > 1,
giving the standard Mie resonance. U, ,, g can take m = 0 or |m| = 1, while U ;,, »s vanishes
for m = 0 and it’s square is identical for m = 4+1. Thus for oy = E modes there are two
additional defect induced resonances, while for 0y = M modes there is one. Combining
this with the response at the single sphere frequency for |m| > 1 we see that instead of a
simple doublet our theory predicts either two or three peaks based on the polarization of the
incident mode.

Another qualitative feature of the resonance conditions Eq. 3.30 and Eq. 3.31 is that
they do not contain the D,Lm (=7, =0, —«a), and are therefore independent of the the angular
position of the defect. Thus a change in the angular position of a defect does not change
the position or width of the resonance. However, the appearance of Dﬁ% (=, —fF,—a) in
the numerator of Eq. 3.15 results in a dependance of the amplitude of the resonance on the
angular coordinates of the defect, which is due to the longitudinal and latitudinal phase
oscillations of the excited mode. On the other hand, a change in the defect’s radial distance
from the resonator always leads to a change in the resonant frequency. The assumption
that intensity oscillations correspond to resonant frequency shifts was taken in Ref. [36] as
confirmation of the backscattering paradigm. In fact, it is seen here that the amplitude and
frequency of a resonance can be altered independently.

The validity of the solutions presented relies on the convergence of the infinite sums
appearing in the definition of © and ©, which is not trivial since spherical Hankel functions
entering these sums increase with increasing polar number [. Considering the asymptotic

forms of the spherical Hankel functions of the first kind hl(l) (p) in the limit [ — oo, p
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fixed [37], we can show that the terms in these sums behave in the limit of large [ as:

. al(/}C)T[UV m,a]Q 3 . m2 1 - n% V2 (Rl/d)2u+1
hm - 52 o 7 1 2 kd 3 (332)
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Eq. 3.32 proves the required convergence, given that d is always less than R; for internal

defects, and always greater than R for external defects.

3.3 Field of the Two sphere system

To verify the new resonance positions, we look at the power radiated by the whole
system. The total field at a position outside the spheres, expressed in the XY Z system is

sca

.+ Egmt with the resonator expansion coefficients given by Eq. 3.15. The particle

coefficients are given by Eq. 3.13, and are expressed in XY Z via the addition theorem,

Eq. 2.59. The total field becomes:

B= Y (el + AT () Zw o () (3.33)

/ / /
LU mm’ 0,0

Each [, m, o mode radiates power given by Eq. 2.39, and the total radiated power is:

U m,m/’

C€0|E0 0,0
P==0 N e e AT (dg) P (3.34)
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In order to illustrate the general results obtained and discuss their experimental implications
we calculated various physical quantities for the particular case of the TM mode L = 39 with
n = 1.59, which corresponds to experimental situation considered in Ref. [38]. We choose the
external defect to have the same refractive index n, = 1.59 and radius R,/ R = 0.008, while
the internal defect is modeled as a vacuum cavity with n, = 1 and the same radius. Both are
positioned in the plane of the fundamental mode, where the interaction strength is strongest.

These calculations require truncation of two types of infinite sums: first, the © or ©, and
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second, the overall summation of VSHs over mode number [, required for the evaluation
of the field itself. By checking convergency of the sums we determined that a reasonable
accuracy for all calculated quantities is obtained when both sums are truncated at l,,,,, = 60.
We begin by presenting dependence of frequency shifts and broadening of the defect-induced
resonances versus defect position. For external defects functions appearing in Eq. 3.30 -
3.31, are monotonically decreasing with d, resulting in smaller shifts and broadening at
larger distances. This reflects the weakening of the interaction as the external defect is
removed from the evanescent field concentrated at the surface of the sphere. This behavior
is demonstrated in Fig. 3.1, where we have plotted relative frequency shift and broadening
vs. defect distance for the |m| = 1 induced resonance for both the TM and TE polarized
modes. It is interesting to note that the scattering is stronger for TE polarized modes as
evidenced by the frequency shift and broadening.

For internal defects, the internal field of the resonator is strongly non-monotonous
with a sharp peak slightly away from the surface. This field also behaves differently for
m = 0 and m = +£1 azimuthal components. As a result the distance dependence of the
spectral characteristics of the internal defect system is more complex, as it can be different
for different resonances and is also non-monotonic. These properties can also be illustrated
by the radiative power spectrum of the sphere-defect system. The results of these calculations
for TM excitation are shown in Fig. 3.2 for different defect distances d. One can see that for
both defect configurations the m = 0 resonance is shifted further from xg)) and is weaker than
the m = +£1 resonance, signifying a much stronger interaction between the defect and the
sphere for the mode with m = 0 then for modes with |m| = 1. The m = 0 mode corresponds
to the orientation of the dipole moment of the defect along the Z-axes of the coordinate
system, while for m = 41 modes this dipole moment lies in the XY plane. Therefore, the
difference between these two cases reflects the dependence of the interaction strength between

the electric field and the dipole upon the orientation of the latter. This is one of the main
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Figure 3.1: Frequency shift (left panel) and broadening (right panel) of the |m| =
1 resonance for an external defect with L=39 for both TM and TE polarization.
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Figure 3.2: Radiated energy of the microsphere-defect system with varying
distance § = d/R for the internal (left panel) and external (right panel) defect
cases.

factors overlooked by the traditional backscattering approach. This also explains why a TE
polarized WGM, which has no radially outward component, gives rise to only the |m| = 1
resonance. The m = 0 peak is only found in TM polarized WGMs, and it’s weakness makes it
more difficult for experimental identification. We suggest, therefore, that the experimentally
observed spectral doublets correspond to the original single-sphere resonance and the m = £1
resonance introduced by the defect. The presence of the third peak can still be confirmed

in an experiment with the controlled scattering of the type carried out in Ref. [36], but
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Figure 3.3: Field intensity in the radial direction of the unperturbed m = 0 (left
panel) and |m| =1 (right panel) modes.

covering a broader spectral range. This search might be complicated by the fact that the
real microresonators are not ideal spheres so that their spectra contain many more spectral
lines due to lifting of the degeneracy of the WGMs. In order to identify the additional defect
related spectral feature in this situation one would have to purposefully study modifications
of the spectrum caused by changing the position of the scatterer. The presented plots also
demonstrate a significant difference between the internal and external defects. The most
obvious of them is the difference in the sign of the frequency shift (red-shift for external defect
and blue-shift for the external defect) caused by the difference in the relative refractive index
of the defect for these two configurations. More fundamental is the difference in dependence
of the magnitudes of the shifts upon the defect distance d. The monotonous decrease in
the shift and broadening for both resonances of the external defect reflects the evanescent
nature of the field outside of the resonator. In the case of the internal defect the m = 0
and |m| = 1 resonances demonstrate opposite behavior: as the defect is moved inward, away
from the surface, the |m| = 1 peak moves closer to the single sphere resonance, while the
m = 0 peak is pushed farther away. Since the magnitude of the shift is a measure of the
strength of interaction, this behavior can be explained by examining the intensity of the

field that interacts with the defect. Fig. 3.3 plots field intensity of the m = 0 mode and
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Figure 3.4: Directional plot of the radiated energy in the far-field for internal
and external defect cases.

the sum of intensities of modes with m = 41 as functions of the radial coordinate at the
angular position of the defect’s center. This figure shows that farther away from the surface
the |m| = 1 field decreases and m = 0 field becomes stronger in agreement with behavior
of the resonance frequency shifts. One can predict that moving the defect even further
toward the sphere’s center will result in non-monotonic behavior of the m = 0 peak, which
will begin moving backward toward the unperturbed single-sphere resonance.  Another
important characteristic of the scattered field is the directional dependence of its intensity.

It is more convenient to describe this dependence using the X'Y’Z’ coordinate system, whose
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Figure 3.5: Scattered field of two m = £1 modes excited in a single ideal sphere.

equatorial plane coincides with the plane of the initially excited FM. The dependence of the
intensity upon azimuthal angle ¢’ of this coordinate system in its equatorial plane calculated
for the |m| = 1 defect-induced resonance is shown in Fig. 3.4. In these simulations the
defect was placed directly at the surface of the larger sphere for both internal and external
configurations, and the intensity was calculated in the far field region. One can see that there
is a drastic increase in the field intensity along the line that bisects the plane of the larger
sphere and intersects the defect resulting in strong directionality of the scattering. A similar
effect of defect-induced directionality of scattering in two-dimensional microdisk resonators
was discussed recently in Ref. [39]. The narrowing of the emission cone occurs for both types
of defects, but there are certain differences in the emission pattern for internal and external
defects. The fundamental cause of this effect is similar for both configurations: the shift of
the resonance frequency of |m| = 1 azimuthal components results in selective excitation of
these particular modes at the respective frequencies. However, in the case of the external
defect the structure of the scattering amplitudes for m = +1 azimuthal components is similar
to that of a single sphere. As a result, the scattered field pattern is also very close to that

of an ideal sphere with two m = 41 modes excited simultaneously. This assertion can be
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Figure 3.6: Variation of the surface field intensity with azimuthal coordinate in
the primed system (¢') at the frequency of ideal Mie resonance (left panel) and
the defect induced resonance (right panel).

verified by comparing Fig. 3.4 with Fig. 3.5, where the scattering intensity calculated for the
latter situation is presented. In the case of the internal defect, in addition to the shift of the
resonance frequencies, the defect changes the structure of the scattering amplitude (Eq. 3.28),
which can be interpreted as a renormalization of the incident field expansion coefficients. As
a consequence, the angular dependence of the scattered field in this case deviates stronger
from the pattern associated with m = +1 modes of the single sphere. The directional
dependence of the intensity of the scattered field can be related to the spatial distribution
of the internal field of the microsphere. To find this distribution one can use coefficients of
the scattered field in combination with original coupled equations to calculate the expansion
coefficients of the internal field. Fig. 3.6 plots the surface field intensity in the plane of
the WGM for the external defect (the internal defect yields a very similar plot). At the
frequency of the |m| = 1 defect-induced peak, the field profile demonstrates 2L oscillations
and a drastic increase in intensity in the vicinity of the defect, which also manifests itself in
the far field. At the frequency of the single-sphere resonance the situation is reversed: there
are 2L oscillations which are phase shifted compared to the defect-induced resonance and
are accompanied by a significant decrease in the field’s intensity in the defect’s proximity.

Fig. 3.6 is again explained by the fact that the field at the defect-induced resonance is mainly
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comprised of the m-components with |m| = 1. The field of these WGMs is characterized
by L — |m|+ 1 = L oscillations for 6 changing between 0, 7 giving their total number equal
to 2L. These modes are also characterized by the enhancement of the field in the vicinity
of 8 = 0, which explains a drastic rise in the intensity around the location of the defect.
The field distribution at the single sphere resonance can be understood by noting that this
field is comprised of modes with |m| > 1, which when added to the remaining |m| < 1
components, would have produced a flat distribution of the intensity. Therefore, removal of
these components obviously results in the decrease of the field around the defect and phase

shifted oscillations elsewhere.

3.4 Optical Forces

With the full field of the resonator-particle system expressed in VSH, the force on
the particle is obtained by using the Maxwell stress tensor. However, so far we have been
expressing the field in a coordinate system centered at the resonator. To employ the Maxwell
stress tensor, we must integrate over a surface enclosing the particle, so that the expansion
coefficients in Eq. 3.15 are expressed in the system centered on the particle. Expression of
the field in the system centered at the resonator requires only the translation coefficients
where one index [ = 1. In translating to the system centered at the particle, the expansion
coefficients will be a sum over all coefficients with one [ = L. There is no general expression
for these coefficients, even if L > 1, so the field is much easier expressed in the resonator
system. However, if both sphere and resonator are enclosed by the surface, the translation
coefficients Uj,,, have bessel function dependance, and are negligible compared to radial
functions with Hankel function dependance. Therefore, the total force on the system is

approximately zero and Newton’s third law holds. Thus, we can calculate the force on the
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particle from the negative of the force on the resonator.

F=—fA {T + ygi - ([(yo —y) + (L + yyo)] & + 0 [(1 + yyo) + p(yo — )] é)} (3.35)

where
IEo? (To\" kUL
fo= 127|r : (F_) — (Ur-1,1,00 = Ur+1,1,00) (3.36)
o LO?
- 3.37
A Y241 (3.37)

7, 6 and ngS are the spherical coordinate unit vectors referred to the unprimed system, r, is

the translation distance, and y = (w — wy)/I'y, where w, and I', are the particle induced

(0)) /F(O). Expression for

resonances corresponding to m = 1. 0 = 0 — /2, yo = (w —
parameter g depends on the polarization of the initial WGM of the resonator. If this mode

is of magnetic type, we have

Iy U—aiam +Upyia,m
= g2 Lol = 3.38
I F(LO) U—1iim —Uptiam (3:38)

while for the electric modes, the contribution of the additional resonance with m = 0 modifies

this expression to

r, (Up—12.6 +Urt11.6)(1 + X ) + AAE gﬁ (1) 2 (Up=108 +ULt10.8)

FS.?) UL—1,1,E - UL+1,1,E

(3.39)

where A =w — w(LO) and

Re a|U 2
Ap—w— 1O RelUirsl?
67eq
Fig. 3.7 present the color plot of the forces for an initial WGM of electric type. One

can see that all forces have Lorentzian form with a maximum at y = 0. The radial force is

purely attractive, while the azimuthal force tends to push the particle in the —i—(zg direction.
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Figure 3.7: Vector components of the optical force in units of ¢|Ep|?/k*: F, (a),

F, (b), Fy (c), for L = 39, E type mode, R,/R = 0.01, n =159, T'\” /w = 100.
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Using the approximations described above for the limit 1/ — 0, we have

2L

PW osuk((L)z) — 1)2 = — 2L 5,
dry PTp
and the forces can be written:
dé
F,=-NAZ™ (3.40)
dr,
r-rl "’ (1+ yyo + p(yo — v)) (3.41)
0= rfyg“‘l YYo = P\Yo — Y .
p
F,=F.= — 1 3.42
o Py§+1<y0 y+p(1+yy)) (3.42)

where N = ¢o|Eo[2/2v/7LTY k3 and T = Ty/T,. The detuning y can be expanded about
zero, y = (r, — 19)y’, where ry is the position where dw = w — wéo), and y' = dy/dr, =
—(1+yp)dw'/T,. The factor (y*+ 1)~ becomes a Lorentzian in r, — ro with effective width

1/y.

3.5 Optomechanical Trajectories

It is convenient to analyze particle dynamics by introducing dimensionless time 7 = ¢/T
and angular momentum ( = Mprl%gz'ﬁ cosf/A, where T = \/m and A = \/ngo-
The de-tuning y, linearized about zero, can be used as a dimensionless radial coordinate of
the particle, with the spatial width of the force characterized by dimensionless parameter

b= (y'(ro)ro)~t. The equations of motion in dimensionless form are:

2 o\ 2 2
Ty _1tgp(dby-, ¢ B (3.43)
dr? b dr b(1+yb)3  bfy
¢ o _ F,
— = — 1 — 44
- C(dT)tanﬁ—i—( +yb)fO (3.44)

20 -2 [d df 2tan@ 1 F
_ dy (d0 _ Ctan6 o (3.45)
dr?  1+yb \dr /) \dr (1+yb)*  (1+0) fo
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where the terms proportional to ¢? are of usual kinematic origin, and ¢ = (1+yb) 'd¢,/dr ~
d¢,/dr is simply the angular velocity of the particle. To the first order in 0 and it’s time

derivatives the equations of motion for the particle take the form of

dy ¢ 1 (3.46)
dr? b(1+yb)3  b(y?+1) '
g K9e
- = =0 3.47
dr y2+1 ( )
d0 9 Kgoy \ =
-7 4
dr? (C +y2+1)6 (3.48)

where kK = Fg))/ dw. Time and orbital momentum scales 7" and A correspond to the period
and angular momentum for the circular orbit of radius ry in the # = 0 plane in the absence of
the azimuthal component of the optical force. The change in ¢ over this time scale (A7 = 1)
is d(/dr =~ kgs < 1, which shows that the increase of angular momentum is slow over
the orbital time scale. In this case the radial motion, described by Eq. 3.46, occurs in an
effective slowly changing potential characterized by a stable equilibrium gy, = —\/ﬁ,
which exists for ( < 1. However, if the angular velocity is too small the particle crashes on
the surface of the resonator. Taking these two limitations into account one obtains that the
radial motion of the particle can be trapped by the resonator if (,.;, < ¢ < 1, where (i, =
[((ro — R)/(bro))? +1]7%/2. In this case the radial motion can be approximately described as
harmonic oscillations with adiabatically time-dependent frequency Q, = ¢2(—2yo/b)/? > 1.

When the particle deviates from the § = 0 plane, second order terms in the # coordinate

y

(neglected in Eq. 3.46-Eq. 3.48) arising from the factor e~ % in the force in Eq. 3.37 can

play a role since L > 1. For constant y, Eq. 3.48 describes harmonic oscillations about
6 = 0 with frequency Qp ~ || < Q.. Therefore, the effect of the polar dynamics on
the radial coordinate can be described by replacing the expression for the equilibrium with

Yo — —/yo? — LO2/¢2. This point oscillates with @ over the time scale 7y = 27/ while

increasing overall due to the increase in {. This qualitative analysis is confirmed by a direct
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Figure 3.8: Time-dependence of particle’s coordinates. The rapidly oscillating
curve represents the radial coordinate, the monotones line in the main figure
shows the azimuthal coordinate, and the insert shows the polar coordinate

numerical integration of Eq. 3.46 - Eq. 3.48 The analysis provided above is possible because
of clear separation of time scales between orbital, polar and radial degrees of freedom with
the latter being the fastest. Therefore, radial frequency €2, sets up limits of applicability
of the unresolved side band approximation, which can now be formulated as Q, < Twy/Q.
In terms of external parameters this inequality can be rewritten in the form of the lower
limit on the mass of the particle: Mp > (PQ)/(rjb*w?). For instance, if R, = 100 nm,
R =50 pm, P = 50uW, w = 3 x 10" H z, which are typical values for experiments of this
kind [21, 40] we obtain that quasi-static approximation for the field is valid for particles with
Mp > 107%g. Minimum value of the orbital momentum allowing for the particle to orbit
the resonator in this case is Gnin ~ 0.12. A particle with Mp = 107! g, similar to those
used in Ref. [21], will be trapped by the radial quasi-potential if its linear velocity v is in
the range 10 cm/s < v < 100 em/s. Numerical simulations of the particle’s trajectories
show that if the initial velocity of the particle is close enough to its minimum value, the
particle will undergo at least one complete revolution before its tangential velocity reaches
the upper critical value. To estimate feasibility of experimental observation of the orbital

motion of particles in vacuum, one has to consider effects due to residual low-density gaseous
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Figure 3.9: Color map of the field intensity of the resonator at § = 7/2 and

0 < ¢s < 27 as a function of time. Brighter tone correspond to larger intensity of
the field.

environment, which will induce thermal fluctuations of the particle and also exert a viscous
force Fy, = —Mpfdrp/dt. The latter limits angular momentum of the particle to its terminal
value Cierm < k/(BT), which is reached in time Tyerm o< (BT) 7L If Ciepm > 1, which also
implies 7y, > 1, the effect of the drag force can be neglected. However, even if (,,;, <
Cterm < 1 ensuring existence of the radial potential well, the drag force can actually play a
positive role stabilizing particle’s motion against ran-away growth of the orbital momentum.
In air at normal pressure 57T =~ 1 so that the stable orbital motion of the particles is possible
in moderately rarefied atmosphere with densities just two orders of magnitude less than the
ambient value. The initial and/or terminal values of ¢ must also be small enough to ensure
sufficient depth of the radial potential, U,,; compared to the thermal energy. The former
can be estimated as Upaq = (Ao/T)tan" (y/1 — ¢2/¢). For the same parameter as before
Uraq ~ 10717J which by several orders of magnitude exceeds the thermal energy at room
temperature. One also needs to be aware about the attractive Van-der-Waals force, which

can play a role for particles orbiting too close to the resonator surface. The energy associated
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with this force can be estimated as 107!%.J, so it might have to be taken into account when
designing the experiment, but should not preclude the orbital effect from being observed.
Actual observation of these effects is facilitated by the fact that the dynamics of the
particle is directly reflected in the properties of the electromagnetic field and can be observed
optically. Fig. 3.9 illustrates this point showing time evolution of the surface field distribution
of the resonator in it’s equatorial plane (as defined in XY Z system). As the particle moves, it
drags the field along reflecting, therefore, particle’s orbital motion and its angular frequency
¢/T. The flushes of intensity of the field along these trajectories reflect radial oscillations of
the particle, while the decreasing intervals between consecutive maxima provides information
about angular acceleration of the particle. Polar oscillations result in additional fluctuations
of intensities at a different from radial oscillations time scale and, can, therefore, also be

inferred from observation of the field.

3.5.1 Scattering

One interesting feature of the azimuthal force is that it’s direction can be reversed by
choosing a WGM with m = — L. Therefore, if particles are scattered off the resonator, they
can suffer either an increase of decrease of angular momentum. Some general observations
can be made. For co-propagating (m = L) particles, there will be an increase in ¢ and
thus an increase in the centrifugal repulsion. The particle will be pulled outward (toward
greater y) as compared to the elastic case. Counter-propagating particles (m = —L) have
the opposite behavior. Now, for r > ry, the azimuthal force is monotonic decreasing, so an
increasing (decreasing) ¢ will pull the particle outward (inward), weakening (strengthening)
the force. Therefore co-propagating particles will experience a larger change in ¢ than
counter-propagating particles. In the limit where the change in angular momentum becomes
so small that the radial motion is unaffected, this change will be identical for both prorogation
directions.

Even if A( is large enough to feedback and modify radial motion, a first order cor-
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Figure 3.10: Fractional change in angular momentum as a function of impact
parameter for co-propagating m = L mode at three energies. Parameters used
are b = 0.0018, yo = 10, p = 0.37.
rection, AC®, is calculated by integrating the equations of motion over a trajectory with
constant (. Based on the preceding discussion, the true change in angular momentum will
exceed the first order correction for m = —L and will be less than it for m = L. A¢®
is therefore a well-defined asymptote to the actual A{. As inelasticity increases, counter-
propagating particles will diverge from this asymptote and eventually merge as the maximum
is approached.

Numerical integration of the exact equations of motion is shown in Fig. 3.10, where the
fractional change in angular momentum |A(/¢| for m = L modes as a function of impact
parameter for several energies is plotted. The divergence of trajectories with opposite signs

of torque is demonstrated in Fig. 3.11.
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Figure 3.11: (a) Minimum distances for co- and counter-propagating optical

modes. The dotted line in the middle is yf,?zn neglecting inelasticity. (b) Fractional
change in angular momentum for the trajectories in (a). Parameters used are
e =10, b=8.56-10"%,y0 = 10, p = 0.16.



4. Semi-heuristic derivation of optomechanical interaction

4.1 Force on a Dipole

A static polarizable particle has internal energy given by v = % JE-D dV, where
D = ¢E + P and the integral runs over the volume of the particle. E here refers to
the total field, and is comprised of the field of the particle itself in addition to the initial
field which polarizes the particle. This latter contribution is labeled . This is the field
which exists in the absence of the particle, and is assumed to be produced by some external
charge distribution that remains unchanged upon introduction of the particle. The quantity
U — % J €|€|? dV represents the additional energy required to polarize the particle. From
this expression is derived the change in internal energy due to a small variation of &: du =
[ P-6€ dV. The force is determined by considering du due to an infinitesimal translation of
the particle, dr,, . In such a case §€ = (dr, - V)€, and du = —ér, - [(P - V)€ dV. The total
force on the particle is then F = [(P - V)& dV. If € is approximately constant over the
dimensions of the particle (the definition of a static induced dipole), it can be taken out of
the integral, giving F = (p - V)&, where the dipole moment p = [P dV. Since the particle

was assumed to be linear, p = a€. By means of vector identities the force can be written:
1 2
F = cavie| (4.1)

This permits the polarization energy to be interpreted as a potential energy of the particle,

giving rise to a conservative force:

1
E, = §a|€|2 (4.2)

An alternative derivation which is commonly encountered is based on a model of an electric

dipole as a system of equal and opposite charges +¢, separated by some small, ultimately

o4
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infinitesimal distance d. Textbooks usually employ this model to determine the force on
a permanent dipole. Instantaneously, an induced dipole of the type discussed here can
certainly be modeled as a system of equal and opposite charges. The dipole is assumed to
be placed in some external field E, so that p = aE. We make no demands on E other
than that p be defined self consistently with it. In particular, E may be dependent on the
dipole itself. For example, if the external field E is due to charges on a conductor, the
presence of the dipole will alter the charge distribution and thus E. We make this explicit
by writing E = E(r, r,), where r and r, are respectively a field point and the position vector
of the particle. The total force is derived by considering the Coulombic force at each end:
F =q|E(r, +d/2,r,) — E(r, — d/2,rp)] By taking the limit |d| — 0, keeping |p| = ¢|d|
constant, the force derived in this case is:

F=[(p V)E] (4.3)

r=rp

Where V, refers to a gradient with respect to field coordinates r. This is just like the force
found from the first derivation, except we are being very careful to take the gradient with
respect to a field point, r, and then evaluate this field gradient at the position of the particle,
r = r,. One can similarly transform this expression to: F = %aVr|E(r,rp)|2 r=r,. The
crucial difference is that this is no longer a total derivative of some function of r,, and there
is no associated conserved energy.

The physical significance of this pseudo-gradient is that, while an actual displacement
of the particle alters the field distribution, the force it experienced depends only on the
instantaneous field. Both approaches give the same result if E is independent of the particle.
We use the notation V to denote the pseudo-gradient operation.

Now consider a dipole in a time harmonic field. The oscillating dipole moment creates a
current density dp/dt, giving rise to a magnetic force. The total Lorentz force on the particle

for unmodified incident fields &, B = —i/wV X € can be written F = (p-V)&+dp/dt xB. By
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means of vector identities and Maxwell’s equation’s, the time average force for complex fields
can be expressed by [41]: (F) = 1Re[a|V|€]? + 3Im[a] (wRe[€* x B| 4+ Im[(E* - V)E]).
With the understanding of how to properly deal with gradients, the time averaged force for
the general case E = E(r,r,) is obtained by substituting €¢,8,V with E, B, \Y, respectively.
For a standard dipole particle with radius R,, refractive index n,, and polarizability o =
Ameg(ag + Zik?|agl?), where ag = R3(n2 — 1)/(n2 + 2), the force can be re-written (F) =
V (u) + oc(g) + ocIm[(E* - V)E], where (u) is the average polarization energy of the
dipole (u) = $Re[sp - E], o is the scattering cross section of a dipole o = Zm[a]k/eo, (g) is

the average momentum density in the wave (g) = 3Re[eoE x B] and c is the speed of light.

4.1.1 Hamiltonian Formalism for Frequency Shifts

The Hamiltonian structure of electromagnetic modes provides a connection between
frequency shifts and associated forces. If a particle is introduced into the field adiabatically,
it’s energy will shift by 0E = E,, with E, given by Eq. 4.2. By Eq. 2.87, the frequency
will also shift with the adiabatic invariant I = E/w remaining constant. This has the

interpretation that average photon number is conserved. The frequency shift will be:

wiE E,

The force on the particle has already been shown to be equal to the variation of energy per

variation of the particle coordinate. Thus, writing 0 E = F'or, the force is:
F=—=Nh—" (4.5)

This force is identified with the gradient force derived above, and is seen simply be the

derivative of mode energy with respect to particle coordinate.
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4.1.2 Particle outside Resonator

These simple results are used extensively in the literature on optomechanics. Strictly
speaking they are only valid for a particle within a lossless resonator. However, the case
of a particle outside a resonator is qualitatively different. In this case, the field outside the
resonator vanishes in the I' — 0 limit, and there will be no coupling. One way to deal with
this is to extend the mode region outside of the cavity. The external fields will differ from
internal by a factor I', to which 0E = E, will be proportional. However, we would like to
understand the behavior of the frequency shift in a more general way that encapsulates the
effect of modal decay. Since the Hamiltonian of the mode includes only the energy within
the sphere, we cannot assume that the variation of energy induced by the particle is equal
to it’s polarization energy. We do know however, that the particle is radiating and therefore
the field does work on it equal to the rate of energy loss by particle radiation, W = j-E. By
the reciprocity theorem, j; - Ey = jo - E; [42], the field scattered by the particle does an equal
amount of work on the surface currents circulating in the walls of the resonator. The real
and imaginary parts of j - E can be interpreted as in Sec. 2.1.8. Thus, the particle induces
a variation in the power radiated by the resonator 6P = (1/2)Re j-E* = (1/2)wIm a|E|?
leading to a change in width:

or _op

=75 (4.6)

If the field of the particle does work on the surface currents in the walls of the resonator
equal to —wZma|E|?/2, then there is a corresponding stored energy Rea|E[?/4. Therefore

dw/ol' = Rela]/Im]a]. This gives dw as:
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4.1.3 Particle Modifying Cavity Field

Concerning the gradient force, the Hamiltonian approach assumes that FE is small,
while the electromagnetic approach assumes that a perturbing particle does not alter the
field distribution of the cavity mode. What about if this condition is not satisfied? This can
occur when there are multiple modes in the cavity with different phases, so that even if the
coupling to one is small, the resultant field distribution is altered. Additionally, for a driven
cavity with resonant amplitude Eq. 2.57, the steady state amplitude or photon number will
shift with the frequency, so the action is not necessarily invariant. However if wqy changes
slowly over the scale of both wy and I'y the field can be assumed to always be in the steady

state with energy:

1
FE = E 4.8
Y1 (4.8)
where:
W — Wo
= 4.9
y T (4.9)

and Fj is the energy when w = wl(o). Eq. 4.8 can be regarded as an effective Hamiltonian

which reproduces the correct oscillator equations when time derivatives of the amplitude are
neglected. When calculating the generalized force on the particle from this Hamiltonian, the
amplitude factor is treated as a function of time, not as an explicit function of wy. The reason
for this is the causality requirement that the the amplitude should not change until after the
frequency shift. In other words, since the field evolves with the particle, there is a difference
between a physical and virtual displacement of the particle. The force is determined by
the virtual displacement, while the change in amplitude does not occur until the particle

physically starts to move. The force is thus:

dp, 1 d
— = —F 4.1
dt y?+1dr, 0 (4.10)
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Now consider that the cavity consists of several almost degenerate modes, so that the Hamil-

tonian is of the form:
J J

Assume that the the amplitudes of these modes are related by some group transformation,

such as a rotation:

ai = Tij(€)a; (4.12)

where T is some transformation. Suppose also that T" depends on some coordinate & of the

particle, which is coupled via interaction Hamiltonian:

0H =Y 0H; =Y ¢;H, (4.13)
J J
We look for the adiabatic evolution among the steady states. If the coupling constants c;
of the interaction Hamiltonian do not depend on the coordinates of this transformation, the
frequency shifts dw;/w; = 0H;/H; are independent of this coordinate. Motion of the particle
along this coordinate simply changes the relative strengths of each mode, but do not change
their frequencies. A force can still be exerted on the particle due to modal coupling however,
which leads to movement of the ¢ coordinate and thus a change of the transformation 7'. To
follow the path of the particle we determine this force at each position and continuously re-
diagonalize the Hamiltonian. Once again, the different steady state amplitudes Eq. 4.12 are
causally disconnected, since the particle must first break the steady state corresponding to
&(t), allowing the system to respond and relax into the new steady state at {(t+dt) = £+ d€.
Due to the group transformation property Eq. 4.12, the amplitude of one mode will appear
as a source in the time evolution equation for another mode. The forcing appears when the
steady state Hamiltonian of the system for a given £ is expressed in coordinates corresponding
to & + d¢ where it may in general be non-diagonal. If ¢;; is the infinitesimal generator of

T, the mode coefficients become coupled as a; = a; + d€ > ;lija;, representing a passive
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transformation. The steady state is achieved by re-defining the a; so as to cancel out the
first transformation and assume steady state form. The latter step corresponds to physical
motion of the particle. Thus, we determine the force on the particle from the change of 6 H

upon rotation, which is of course just the generalized force.

dpxi o _a_H
dt O

(4.14)

This force will also be non-conservative since it continually re-adjusts itself with the motion
of the particle. We have seen that the force is non-conservative in the sense that it is not
derivable from a total derivative of a function, which stems from the fact that the driving
source renormalizes the amplitude I. Since the field distribution is not static, but depends on
the perturbing particle, this force can obviously not be identified with the “gradient force”,
which assumes this. Thus, the operation is achieved by taking the spatial gradient of the
field at a specific instant of time. As long as the field is expanded in quasi-normal modes,
the distinction between gradient and psuedo-gradient is clear: one takes the derivative of
the spatial mode functions while leaving the coefficients constant. Thus, the derivative
Eq. 4.10 is clearly identical to this operation. Similarly, the derivative with respect to
angular coordinates is simply the change of the function due to infinitesimal rotation, which
is exactly like the operation of Eq. 4.10 where the coordinate rotation at constant coupling

coeflicients.

4.1.4 Point-Dipole WGM Interaction

The preceding method will be applied to the interaction of a point dipole with a
spherical microcavity that it is positioned outside of it. The resonator is excited to WGM
of mode | = L,m = L,0 = oy defined in a coordinate system X'Y’Z’ and maintained in
the steady state by a driving field. The field inside the sphere is E;; = anJ 1, 1,5, While

outside it is Egqt = ascatHr 1,0, A subwavelength particle is brought into the evanescent
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region of the sphere. To begin with application of Eq. 4.6, we need the power loss induced
by introduction of the particle. The average power loss is —Re [J-E*. With p = oE and
[J dV = 9p/ot, this term becomes:

1 I
5Re/mE* Re @\EP M|E|2 (4.15)

Interaction with a point dipole is most conveniently analyzed when the electric field of the
resonator is expressed in a system XY Z where the particle lies along the 7 axis. If the
position of the particle in the X'Y'Z’ system is r, = (7}, 0,, ¢,), the new coordinate system
is obtained by rotating X'Y’Z’ by Euler angles aw = ¢, and = 6,. The coefficients of the

WGM in this system are ¢r .m0 = 05.0001,LCm, Where:

=——D%Y (0 4.16
¢ y0+ (0, —=0p, —0p) (4.16)

According to Eq.2.39, the power radiated by the resonator is:

_ CEQEO
T 9k2 Z 2+1|DmL(O —0p, —0p)|? ZP (4.17)

The electric field at a point along the Z axis, E(r) = E(rz) is

B(r2) = E L hg;l)(k”") <0—15A+ + le—) oo =M (4.18)
rz) = Eg\| — (1) Dy 18
h; ' (k krh . .
dm —Z\/§L Lk(r T) CQZA/ —+ [ Tk; ] (6_15.:,_ - 015—> 09 = FE

Using Eq. 4.15 and Eq. 4.18, the work done due to introduction of the particle is:

> 0p, P (4.19)

m=-1,0,1
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where:

\hp(kr,)|? oo =M, m==+1
112
|[]{77”phL(kTp)] | oy = E m = +1
Lk3 k2r2 ’
op, = e ]hL(ir )2 (4.20)
0 2L P 5y =FE, m=0
k2r2
| 0 Im| > 1
Using Eq. 4.6, the broadening of each mode, 61", is:
ol =10p, (4.21)
Then, by Eq. 4.7, we have the frequency shift:
Re
= r 4.22
Ot Im « mOP, (422)

Given frequency and width changes, the amplitude of the driven modes re-adjust. The factor
(y +1)~! becomes modified by the replacement y = (w — wp)/T" = Ym = (W — W) /Tim. The
“psuedo-gradient” force on the particle in the radial direction is achieved by differentiating

the modes functions but not the amplitude coefficients. This is:

d d
Refalr | P o InE) (k)P + e o[y (ki) n=M
R A T L P e P
ar' kr ar' kr dr' kr 0

where the normalization has been set to Ey = 1. The “psuedo-gradient” force in the polar
direction is given by Eq. 4.14 with the transformation Eq. 2.26 with €, = df,:

doH Rela]L? .

FQ(P!J) - do, ~ 1677 sin QPRe (cr(cg = e3) = coalcg — ¢2y)) (4.24)
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The presence of co modes comes from the infinitesimal generator, Eq. 2.26, which couples
modes differing by one m index. The “psuedo-gradient” force in the azimuthal direction is

achieved with the rotation angle €, = dg,:

ddH  Rela]L?

F(PQ) _ —
¢ do, 1677, sin 6,

Im (cicy+ch) — coa(ch + cty)) (4.25)

The “scattering” force is:

Imla)L?
167, sin 6,

ocg = Im <clcgé — c,lcgqg) (4.26)

4.2 Summary and Outlook

The theory presented here discusses the interaction of a subwavelength particle with
a spherical WGM resonator from several perspectives. Explicit calculations of the full scat-
tered field of the resonator-particle system are carried out using multi-sphere Mie theory
and provide exact results within the approximation that the particle can be treated as a
small sphere. The forces exerted on the particle by the field are derived and used to de-
termine the trajectories of the particle. These results show that the ideal Mie resonance
is not strictly speaking, “split”. Rather, certain degenerate modes are shifted while others
remain unaffected. For T'M polarized modes there are two shifted resonances, with the extra
corresponding to the interaction of the particle with the radial component of the field.

This two-sphere scattering system is a rare analytically solvable model. To further elu-
cidate the main conceptual points of this interaction, the fields and forces are also calculated
from a semi-heuristic model which treats the particle as a perturbation that couples ordinar-
ily degenerate modes of the resonator. This second derivation reproduces the exact results
in a simpler way. However, this heuristic approach differs from the usual gradient /scattering
force paradigm. The relationship between frequency shift, gradient force, and conservation

of average photon number arises because the evolution of the field occurs over a time scale
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much longer than it’s oscillation period. This condition can be satisfied even when energy
is not conserved, as for example with a damped, driven mode with a frequency dependant
resonant amplitude discussed here. In this case the photon number is still conserved even
though the force is non-conservative. This is due to the fact that the force on the particle
is generated by the instantaneous fields, which then re-adjust as the particle moves. The
scattering force is also found to differ from that which would be expected for an unmodified
resonator, in that it has a contribution proportional to the real part of the particle polar-
izability. This is due to the presence of a field gradient in the azimuthal direction when
the resonator modes become modified. This force is non-conservative as well, because the
field adjusts and re-establishes this gradient as the particle moves. This heuristic derivation
might be of value in extending the present results to other resonators with axial symmetry,
since the principle assumption of the theory is that different modes couple as the particle
rotates. In particular, it is expected that for other WGM resonators the azimuthal force
should also have a gradient component.

Trajectories of the particle are calculated within the adiabatic regime where the field
is always in the steady state. If the particle moves significantly over the time scale of the
modal decay of the resonator, this assumption breaks down. In such a case one would have to
solve for the dynamics of particle and field self-consistently. Relativistic effects are also not
considered in the present model. Such effects can be expected to play a role if the doppler

frequency shift due to the moving particle is comparable to the width of the mode.
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