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Rayleigh scattering of whispering gallery modes of microspheres due to a single dipole scatterer

L. Deych and J. Rubin
Department of Physics, Queens College, City University of New York (CUNY), Flushing, New York 11367, USA
(Received 27 February 2009; published 8 December 2009)

An exact solution for the problem of interaction between whispering gallery modes of spherical microreso-
nators and a single dipole is presented. It is predicted that experimentally observed spectral doublets associated
with this interaction are a part of a triplet whose third component has yet to be observed. It is also shown that
the interaction between the dipole and nonresonant whispering gallery modes results in a renormalization of the
dipole’s polarizability and experimental manifestations of this effect are discussed.
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I. INTRODUCTION

In this Rapid Communication we present a rigorous ab
initio theory of interaction between whispering gallery
modes (WGMs) of spherical resonators and a single small
nonresonant dielectric scatterer. Results of paper[1], where
this phenomenon was studied experimentally, indicated that
the single-defect scattering reproduces effects typical for
scattering of WGMs due to technological subwavelength im-
perfections of the resonators. Accordingly, the results of the
presented theory allow at least qualitative discussion of this
more general situation as well. The relevance of the single-
defect problem for the case of multiple scatterers can be
justified by noting that this scattering is usually weak and
can be treated in a single-scattering approximation when
each of multiple imperfections behaves as an independent
defect. The developed theory also lays foundation for solving
more complex problems such as interaction between WGMs
and defects with internal resonances such as quantum dots,
which has recently attracted attention in the context of quan-
tum information [2]

The scattering of WGMs significantly affects optical
properties of microresonators and has, therefore, attracted a
great deal of attention [3-7]. It is believed that one of its
manifestations is splitting of a spectral peak corresponding to
an individual WGM into a spectral doublet [3—6]. Results of
Ref. [1], where double peak features in the spectra of micro-
spheres were studied under conditions of controlled scatter-
ing due to a single intentionally introduced defect directly
confirmed this assertion. The currently accepted explanation
of this phenomenon is based on the ad hoc introduced con-
cept of defect-induced coupling between two degenerate
counterpropagating clockwise (cw) and counterclockwise
(cew) WGMs. According to this concept the coupling re-
moves the degeneracy of the modes and splits respective
frequencies [3-7]. This approach is very appealing due to its
conceptual simplicity and has become paradigmatic in optics
of microresonators. However, results of rigorous calculations
presented here show that it is inadequate and does not repro-
duce even qualitatively many of essential features of the phe-
nomenon under consideration. On the very basic level the
main shortcoming of the “backscattering paradigm” consists
in treating essentially quasi-two-dimensional WGMs in mi-
crospheres in the one-dimensional approximation. It also ig-
nores the vector nature of electromagnetic field, which mani-
fests itself in this problem in the form of dependence of the
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strength of WGM-defect interaction on orientation of the di-
pole moment of the defect.

II. THEORETICAL FORMALISM

Our theory is based on the observation that if a scatterer,
as it is usually assumed (see, e.g., Ref. [1]), can be treated as
a dipole, its shape is irrelevant and can be taken to be spheri-
cal. The resulting situation of two electromagnetically
coupled dielectric spheres of radii Ry and R; (R;<<R,), char-
acterized by refractive indexes n and ny, respectively, and
positioned at a distance d from each other (see Fig. 1) sub-
mits to rigorous ab initio treatment based on the standard
multisphere Mie formalism [8,9]. More specifically, we will
consider interaction between TM-polarized fundamental
mode (FM) of a spherical resonator, characterized by polar
number L, radial number s=1, and field concentrated in one
the sphere’s equatorial planes. Electric field of such a mode
shows no oscillations along radial and polar coordinates and
is characterized by a smallest mode volume. We will also
assume that the defect is positioned near the surface of the
sphere in the plane of the mode, where the interaction is
strongest, but the formalism developed applies to arbitrarily
positioned scatterers.

FMs are habitually described in a coordinate system
where the polar axis is perpendicular to the plane of the
mode (X'Y'Z'" system in Fig. 1). In this system a FM is
characterized by a single azimuthal number |m|=L. However,
the defect-induced loss of the rotational symmetry with re-
spect to axis Z' makes it more convenient to switch to a
different coordinate system with the Z axis passing through
the centers of the spheres (XYZ system in Fig. 1). The field
distribution corresponding to the FM shown in this figure

X(Z)

Z(Y')
Y(X! d

FIG. 1. The coordinate systems used in calculations and the
original FM interacting with the defect (blackened small sphere).
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cannot, of course, be described in the new coordinates by a
single mode [10]. Instead, one needs a linear combination of
WGMs with given polar number L and all azimuthal num-
bers |m| =L, which can be written down as

L
Erm= > ﬂLmN(l) (r), (1)

m=—L

where N(Ll’,)n(r) is a vector spherical harmonic (VSH) of TM
polarization with radial dependence given by spherical
Bessel functions, as defined in Ref. [9]. Coefficients 7, ,, can
be found from transformation properties of the spherical har-
monics [9]; their explicit form is provided in the supplemen-
tary materials of this Rapid Communication [11].

The goal of the theory is to find the spectrum and spatial
distribution of the electromagnetic field induced in and
around the structure under consideration by an incident wave
(imitating a mode of a tapered fiber) which, in the absence of
the defect, would have excited a field distribution given by
Eq. (1). Following the standard multisphere Mie theory [9]
we present the induced field exterior to the sphere, E, as a
linear combination of VSH with different polar, /, and azi-
muthal, 7, numbers:

2 ©
E,=> > E DN (r-T), ()

i=1 =1 m=—1

where index i enumerates the spheres (i=2 refers to the de-
fect), r; is a position vector of the center of ith sphere, and
the radial dependence of the VSH is given by the outgoing
spherical Hankel function. Strictly speaking this expansion
must also contain VHSs of TE polarization, but cross-
polarization coupling is weak in the situation under consid-
eration and can be incorporated perturbatively. Using a simi-
lar presentation for the internal fields, subject to Maxwell
boundary conditions, one can derive a system of linear equa-
tions for the expansion coefficients a}",)n:

7]1m5L15 1+ Ea,(f) A
JEL

ag’i) = a

(l'j—l'i) . (3)

where agi)(x) is the single sphere Mie scattering parameter
for TM polarization dependent on dimensionless frequency
parameter x=Ryw/c. The real and imaginary parts of the
complex zeroes of [oz(1 (x)]! determine, accordingly, fre—
quencies, and lifetimes of the respective WGM, while ¢, (2)
does not have any poles due to the small size of the defect
The explicit expression for a;(x) is given in [11]. The elec-
trodynamic interaction between spheres is described by

translation coefficients Afn;" , which enter the theory when
one applies the vector addition theorem [9] to VSH centered
at different spheres; convenient formulas for these coeffi-
cients can be found in Refs. [8,9]. Translation coefficients
are diagonal in m in Eq. (3) which is consequence of the
axial symmetry of the resonator-defect structure with respect
to the polar axis of the XYZ coordinate system. If we stayed
in the X'Y'Z" coordinate system the nondiagonal elements of
the translation coefficients would have coupled modes with
all azimuthal numbers and not just counterpropagating
modes with m=L and m=-L as assumed in the backscatter-
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ing paradigm. In the XYZ system the fields are presented as
combinations of independent m components, which represent
eigenmodes of the resonator-defect system. Consequently,
the result of interaction between the resonator and the defect
is most conveniently discussed in terms of these eigenmodes
and their respective eigenfrequencies.

The dipole approximation for the defect is introduced by
setting all af”),:O for [=2, which reflects the fact that the
field of a dipole is completely described by TM polarized
VSHs with /=1. The remaining (still infinite) system of
equations for the field coefficients a; ) can be solved exactly
[11]. The solution shows that only those a( ) for which
m=1 are affected by interaction with the dlpole so that all
coefficients with |m|>1 reduce to the single sphere expres-
sion a%: a?l)m mO,.r- This result simply reflects the absence
of mutlipole components with m > 1 in the dipole field of the
defect. The contribution of these coefficients to the induced
field [Eq. (2)] is responsible for the resonance at the unper—
turbed single sphere frequency, x ) with width, yL , also
unaffected by the defect.

The coefficients a;,, with m=1 and /=L are found as

a 7]L m(l + a O'L)

P T (1 + dPop) + (- DEaPAbrAL
where the term o,=2,.,(-1)"« ')A'fﬁA},f,’i takes into ac-
count the interaction between the defect and all modes with
[ # L. The poles of these coefficients are shifted with respect

to single sphere positions, so that the contribution of these
coefficients to the induced field gives rise to new resonances.

(4)

III. RESULTS AND DISCUSSION

Assuming that the shift is small compared to the single
sphere frequency and that o; does not contain any resonant
terms in the frequency range around x&o), we can find an
approximate expression for new resonance frequencies, x; ,,
and their widths 7, , which we present in the following
form: xL,,,—xL)+ oxy,, and 1y = yL +57Lm, where dx; ,
and Jy, , are

S, = O i 5
L.m YL [7[ L ] (2L+ I)Réd ( )

2 /
o =— (0) )2 )C(O) 5¢’ 6
Y= 3P L G g ©)

and all frequency-dependent quantities are calculated at
x= xL Parameter p introduced in Egs. (5) and (6) is defined
as

p=—— )

2py
1+ ——=Im[o
3 RS [ L]
where py=(n3—1)/(n3+2)R’ is the standard dipole polariz-
ability of a dielectric sphere. This parameter has the physical
meaning of effective position-dependent polarizability renor-
malized by interaction between the dipole and nonresonant
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FIG. 2. Scattered power for different distance parameter
8=(d-Ry—R,)/Ry (left); relative broadening versus frequency shift
of the |m|=1 resonance revealed through varying distance d (right).
The line shows a fit with a quadratic polynomial.

(1# L) multipole fields entering Eq. (7) via factor o;. Finally,
function qum(x(LO)d /R,) describes the dependence of the new
frequencies upon azimuthal number m and distance d. It is
positive for all values of its argument and is invariant with
respect to replacement of m to —m; its explicit form is given
in the supplemental materials [11]. Since this function is dif-
ferent for m=0 and m= =1, Egs. (5) and (6) describe two
defect-induced resonances, both redshifted from x(LO), which
are produced by different components of the FM. The m=0
component interacts more strongly with the dipole, resulting
in both a larger frequency shift and radiative broadening as
compared to the resonance produced by the interaction with
|m|=1 components.

Even though the incident field contains only the WGM
with /=L, the intermode coupling results in excitation of
nonresonant modes characterized by coefficients aﬁf,), with
[#L and |m|=1. If there are no single sphere resonances
with [# L in the frequency range of interest, these coeffi-
cients resonate at the same frequencies as coefficients with
[=L, but their contribution to the total field is small. Explicit
expression for these coefficients as well as for coefficients
ag%m describing defect contribution to the field is given in
[11].

Thus, instead of a traditional doublet, our theory predicts
the existence of a triplet of peaks whose physical meaning
can be explained as follows. All eigenmodes of the defect-
resonator system are divided in three groups: those which are
not affected by the defect (|m|>1), an eigenmode with di-
pole moment of the defect oriented along the Z axis
(lm=0]), and two degenerate eigenmodes with the dipole
moment in the XY plane of the coordinate system. The split-
ting between m=0 and |m|=1 modes reflects a difference
between interaction strength for two different orientations of
the dipole. Since the initial FM of the resonator is comprised
of WGMs with all values of m, it demonstrates resonant
response at all three frequencies. This description of the
sphere-defect interaction in terms of true eigenmodes of the
resonator-defect structure gives a physically correct picture
of the scattering of WGMs which replaces the backscattering
paradigm.

These resonances are shown in Fig. 2, where we plot the
spectrum of the electromagnetic power radiated by the
resonator-dipole system obtained by exact integration of the
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Poynting vector of the total scattered field over a closed sur-
face in the far field region. The calculations were carried out
for L=39 and take into account all expansion coefficients a(lz)
and agl) with /<[, where [, was chosen to ensure con-
vergence of the calculations. A special procedure for improv-
ing numerical convergence of ¢ is described in [11]. As ex-
pected the peak corresponding to m=0 is farther away from
the single sphere resonance and is weaker than the peak as-
sociated with m= =1 so that we assume that the experimen-
tally observed “doublet” corresponds to the single sphere and
m= * 1 resonances. Indeed, experimental results of Ref. [1]
showed that only the lower frequency peak shifts with the
change in the defect’s distance d while the higher frequency
part of the doublet does not depend on d. It is interesting to
note that the condition for resolving these resonances
OVrm! 5xL,mO<(x(Lo)Rd/ Ry)?<1 coincides with the condition
of applicability of the dipole approximation for the defect.

The position dependent renormalization of the defect’s
polarizability described by Eq. (7) might have contributed to
another experimental finding of Ref. [1]. Varying defect dis-
tance d, Mazzei et al. studied the relation between dx;,,, and
0yy. - Instead of the expected linear proportionality this re-
lation was found to be approximately quadratic. Since
Oy, p while 8y, ,,«p? it was suggested in Ref. [1] that
this result can be explained by position dependent renormal-
ization of the defect polarizability p due to deviations from
the dipole approximation. The theory presented here shows
that the renormalization of the polarizability can also be a
result of interaction between the dipole and nonresonant
WGMs. In order to elucidate this possibility we determined
&, and 8y, for the |m|=1 resonance from spectra ob-
tained for different distances d, and found the quadratic de-
pendence shown in the left panel of Fig. 2.

Having found the scattering coefficients we can also com-
pute expansion coefficients of the internal field and study the
distribution of its intensity along the sphere. The results of
the calculations for the plane of the initial FM are shown in
Fig. 3 for the |m|=1 defect-induced and single-sphere reso-
nances. These plots demonstrate oscillatory distribution of
the field’s intensity with 2L oscillations. The field distribu-
tion at the |m|=1 resonance is characterized by a strong two-
pronged enhancement of the field at the position of the de-
fect. This intensity distribution is explained by the fact that
the total field at this frequency is mainly comprised of the
multipole components with |m|=1, which in the YZ plane are
strongly peaked near the poles at =0 and 6= for both
¢=m/2 and ¢@=37/2. Each component undergoes
L—|m|+1=L oscillations in the half plane of 0= §= 7 for a
total of 2L oscillations. The field distribution at the single
sphere resonance results from the exclusion of |m|=1 and
m=0 contributions from the originally uniform intensity dis-
tribution of the unperturbed FM. This field distribution ac-
counts for the backpropagating waves observed in Ref. [6]
without recourse to the backscattering hypothesis.

IV. CONCLUSION

The theory of interaction between WGMs of microspheres
and a subwavelength scatterer presented in this Rapid Com-
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FIG. 3. (Color online) Internal field intensity of the microsphere in the YZ plane at the frequency of the standard Mie resonance (left) and

the defect-induced resonance (right).

munication offers a physical picture of this phenomenon
based on consideration of eigenmodes of the defect-resonator
structure. The theory predicts that this interaction results in
formation of a triplet of resonances in stark contrast with
backscattering paradigm, which predicts only a doublet of
peaks. The yet unobserved third component of the triplet can
be found in an experiment similar to that of Ref. [1], where
one should look for an additional peak whose frequency
would depend on the position of the scatterer. It is also found
that interaction of the defect with higher-order WGMs results
in the position-dependent renormalization of its polarizabil-
ity. Manifestations of this effect might have been observed in
Ref. [1]. In addition, the developed theory allows consider-

ing other effects such as scattering-induced polarization con-
version, which will be discussed elsewhere. Finally, it is
clear that the presented physical picture and main qualitative
conclusions of the Rapid Communication are robust with
respect to small deviations of the resonator from ideal sphe-
ricity.
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Additional materials to: ”Rayleigh Scattering of Whispering Gallery Modes of

Microspheres due to a Single Scatterer” by L.I. Deych and J. Rubin

Here we present some details of calculations leading to Eq. (4) — (9) of the main paper, give explicit form of
coefficients 7y, in Eq. (1) and function f7, ,, in Eq. (5) and (6), and as discuss some details of numerical cimputation
of renormalized polarizability given by Eq. 6.

Transformation properties of WGM 1In order to imitate the excitation of a fundamental whispering gallery mode
(WGM) with given polar number L and polarization (TM for concreteness) as defined in the coordinate system X'Y’Z’
shown in Fig. 1 of the main paper and reproduced here for convenience of readers, we assume that the expansion of

the incident field in terms of vectors spherical harmonic (VSH) consists of a single term
Bine = BN (r —11) S

where Nz ,(r) is a normalized VSH of TM polarization, and Ey is the incident amplitude. Since, however, in our
calculations we use the coordinate system XY Z, we need to rewrite the field given by Eq.1 in these coordinates. This
is achieved by using transformation properties of VSH, which in the most general form are defined by the following
equations [? |

L
NL,m (I‘, 917 ¢/) = Z e_im/adr%/,m(ﬂ)e_im’YNL,m’(rv 9» ¢) (2)
L

A X(Z/)

/

Z(Y')

N
\

FIG. 1: The coordinate systems used in calculations. The curved arrow schematically represents the counterclockwise funda-

mental mode whose interaction with the defect (blackened small sphere) is under consideration.



where «, (3, and «y are Euler angles characterizing the rotation transformation from one coordinate system to another,
defined as in Ref.[? ], and d#,m(ﬂ) are Wigner d-functions. The transition from the X', Y’ Z’ system to X,Y, 7 is
described by Euler angles o = 0, 8 = 7/2, v = /2, and using expressions for d-coefficients from Ref.[? | we find

coefficients 71z, ,,, appearing in Eq. (1) of the main paper in the following form:

NL.m =

(_1)6(L+m)(_i)L\/ (2L) 1 cw FM

;€= (3)
2" (L +m)L —m)! 0 ccw FM

where ccw corresponds to the WGM with m = L and cw corresponds to the WGM with m = —L as defined in X'Y'Z’
coordinate system.

In the case of the defect positioned off the plane of the FM we still choose the polar axis of the coordinate system
to pass through the defect, but the distribution of the FM will be given in this case by more general expression 2 with
some generic values of Euler’s angles. This is the only modification of our procedure required to deal with a defect in
a generic position with respect to the FM.

Derivation of Eq. 4 —9 We begin with Eq. 2, which is derived using standard multi-sphere Mie theory[? 7 7 |,
which we reproduce here for convenience

afn = o Immdradia + Y >l AL (ry —v.)] (4)
J#F U

Single sphere scattering parameter « for the TM polarization is given by the well-known expression [? |

O Ji(@) g [xji(nx)] = n?ji(n) o [z ()] )
: hi(2) g [eji(ne)] = n2ji(na) f [oh ()]

where j;(z) and h;(x) are spherical Bessel and Hankel functions respectively, and z is dimensionless frequency pa-
rameter £ = Row/c defined in terms of the main sphere’s radius . For the main sphere z > 1 so that respective al(i)

has poles at frequencies of WGM. For the defect we assume ngxq < 1, where x4 = ©R4/Ro so that the scattering

parameter 041 ) does not have any poles; for the dipole [ = 1 term it can be approximated as

—1
(2) 31
<1 + 22 k3) (6)

In the dipole approximation with al m = 0 for I >1 Eq. 4 is reduced to a simpler form

al) = oV {m a2 AL (1 — r2)} o

Al = o DDA AL (v x2) (®)

v



3

which can be solved exactly by multiplying Eq. 7 by (—1)1"’lAl1’7717:1 and summing over [. Substituting Eq. 8 into the

v,m

resulting expression, we obtain a closed equation for the quantity Zy(—l)H”af,}r)nALm,

which can be easily solved.

As a result we arrive at equations for the expansion coefficients, which we summarize here as
2
NL,m (1 + ag )UL)
[a(Ll)]*l (1 + a?)UL) + (—1)La§2)A1L”;”Ai’Tn

l=Liim| <1 (a)

=\ o, I=Lijm| >1 (b) ©)
()" oot AT AL L <1
()7_1 (2) L (2) g\Lm 41,m 7& ,|m| - (C>
[OéL ] (1 + o31 UL) + (71) o3 Al,m AL,m,
(2) ,L,m
2 (_1)L+177L7m041 Al,m
agn)n = ( (10)

)11+ ofPop) + (-1 EaP Al AL

Equation From the sum over v we singled out a term with v = L, which in the frequency range around w(LO) gives

the biggest contribution to the shift of the new poles from their single-sphere value. The remaining terms contain all
WGM with [ # L and are collected in the parameter oy introduced in Eq. 4 of the main paper. In order to obtain
approximate expressions for new defect-induced poles we use the fact that the single-sphere scattering amplitude aj,

can be presented in the vicinity of the resonance in the following form [? ]

iy
ap ~ —— L (11)

xr — xg)) + i’yl(lo)

and replace x with 1:%0) in all other terms. Taking into account definition of the translation coefficients we arrive at
Eq. (5) and (6) of the main paper, where function fr, »,(kd) for m = 0,+1 is defined as

2

(i) = [(—1)'”\/ (Lt D) k)4 L+ 10 = 02) 4 22T gy (k) (12)

with

1 kd\? 1
gr(kd) = ﬁeg(amnh;}—p) ;o p=4/1— <§> &=L+ 3

where we used an asymptotic form of the Hankel function valid for I > kd [? ].

Numerical convergence of o, . Our calculations are based on the assumption that o, is a converging sum. This
issue is not trivial because translation coefficients grow with the polar number [. In order to analyze the situation we
considered asymptotic behavior of terms constituting oy in the limit ¥ — co. Since we are looking at the behavior
of the sum for large v and given x we can use approximation for Hankel functions valid when = < v. As a result we

obtain:

3 m2\ 1 —n? 2 Ry 2!
W (D) gvsmoglom 2 LA N )
(=) e, VAT AT < 5 (1 5 > 15 (kd)? ( p ) (13)



which, given that Ry/d < 1, proves the convergency of the sum. However, in the case of small defects positioned close
to the surface of the sphere, Rg/d is close to unity and the convergence of the sum is slow. In order to improve the

situation we introduced an auxiliary sum

5 3 . 1—n 2v+l 3 . m 1—n
“Lzaed)“(l )1+n22 < > 2<kd>31(1 )1+n2

dR}(RZ +d?) 5 (Ro\*" "
(B3 — d2)” L< ) ]

and redefine oy, as follows:

3 m2\ 1—n? 2 Ry 2l
= A”mAlm il —/— ) —— _ (== 15
oL = 0L+V§AL[ 1,m 2’( 2>1+n2(kd)3(d) (15)

The convergence of the resultant sum is significantly better.
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