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We observe coherent resonant coupling of optical whispering-gallery modes in fluorescence from d
doped polymer bispheres with diameters ranging from 2 to5 mm. By monitoring the frequencies of
fluorescence peaks of individual spheres, we sort out two spheres with appropriate size matching
bring them into contact. Wave optics calculation also gives good agreement with the experiment.
taking into account harmonic coupling of the whispering-gallery modes, the obtained features of norm
mode splitting are well explained by the tight-binding photon picture. [S0031-9007(99)09349-7]

PACS numbers: 42.60.Da
e
s-

e
-
MS
the

al
in
dy
ing

of
ave

of
e

an
er

ac-
f

res
be

y
a
ed

d
ith
e-
c-

m,

um

n

Manipulation of light path in micrometer length scale
has recently attracted considerable attention from bo
fundamental and application points of view. Convention
ally, the manipulation is based on the photonic cryst
concept [1–3]. In photonic crystals, which have per
odic modulation of the refractive index, propagation o
the light wave is governed by a weak potential. Co
respondingly, such an approach can be referred to a
nearly free photon approach analogous to the nearly fr
electron approach in band theory. Alternatively the m
cromanipulation of light can be achieved by exploring th
possibility of confining the light in a small unit of the
wavelength size. Light propagates through the system
such units due to the coupling between the nearest nei
bors. This approach is referred to as the tight-bindin
photon approach [4]. Within the tight-binding photon ap
proach we can guide the optical waves by connecting t
units in the arbitrarily shaped microstructures.

The microspheres are the most natural choice of t
unit to be employed in the tight-binding photon device
It is known that a dielectric sphere acts as a unique op
cal microcavity which has very long photon storage tim
within a small mode volume [5–8]. In particular,Q fac-
tors of the order of1010 have been observed for whis-
pering gallery modes (WGM’s) in quartz spheres with
diameter of several tens of micrometers [9–13], and t
mode structure of a pair of these large spheres in co
tact has been studied [14]. However, in order to explo
the feasibility of micromanipulation of light, one has to
confirm the existence of the coherent coupling betwe
spheres of the size of a few times of optical wavelengt
Lorenz-Mie theory predicts long photon lifetime even fo
small spheres, giving, for example, nearly 30 ps for
4 mm sphere with a refractive index of 1.59. This ha
allowed one to propose such relatively small spheres to
employed as “photonic atoms” [15] for the tight-binding
scheme. However, the coherent coupling between tw
adjacent microspheres of such size range have not b
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realized until now. The coherent coupling results in th
splitting of the corresponding WGM’s and is a manife
tation of the well-known phenomena of the normal mod
splitting (NMS) in coupled harmonic oscillators. How
ever, although some attempts have been made [16], N
has not yet been observed because of the difficulty in
precise size control of the spheres.

In this Letter, we report on the observation of norm
mode splitting in the system of two polymer spheres
contact (bisphere) under extreme size control. We stu
bispheres formed from the spheres of diameters rang
from 2 to 5 mm. The sufficiently narrow linewidth and
wide separation of WGM’s in this size range allow
us to avoid intricate band mixing. The frequencies
the observed bisphere resonances agree with the w
optics calculations. In order to examine the feasibility
tight-binding manipulation of light waves in a structur
composed of connected microspheres, we estimate
intersphere coupling constant which is found to be larg
than the WGM linewidth.

We use monodispersive polystyrene spheres (refr
tive index 1.59) which are soaked with a solution o
dye (Nile Red, concentration is about1022 molyl, fluo-
rescence FWHM is about 70 nm). Dye doped sphe
are sown on a glass plate under a microscope and can
manipulated with an optical fiber probe which is made b
pulling the multimode optical fiber in a frame. By using
microscope objective lens, the individual sphere is excit
with the second harmonics of a cwQ-switch Nd-YLF
laser sl  527 nmd. The dye fluorescence is collecte
with the same fiber probe and sent to a spectrometer w
a liquid nitrogen cooled CCD (charge-coupled device) d
tector. We use both 50 cm and 1 m focal length spe
trometers with spectral resolution of 0.06 and 0.03 n
respectively.

Figure 1 shows an example of fluorescence spectr
from the individual sphere of about4.1mm in diameter.
Sharp lines, which originate from the strong modificatio
© 1999 The American Physical Society 4623
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FIG. 1. Typical fluorescence spectrum from4.1 mm sphere.
Calculated positions fors  1 and s  2 are shown at the
bottom of the figure.

of the vacuum field inside the sphere [6–8,17–19], appe
at the resonance frequencies of WGM’s with TE and TM
polarizations.

According to the Lorenz-Mie theory, each WGM can b
specified by the mode numbern (indicating the number
of light wavelengths around the circumference), the ord
numbers (corresponding to the number of maxima in th
radial dependence of the internal electric field), and th
azimuthal mode numberm (giving the orientation of
the WGM’s orbital plane). Since the frequency of WGM
does not depend onm, each resonance hass2n 1 1d-fold
degeneracy.

For spheres of diameter from 2 to5 mm we can identify
the mode indicesn and s of the high-Q WGM by
comparing the positions of the lines in the fluorescen
spectra with the predictions of the Lorenz-Mie theory
The widths of the resonances in the fluorescence spectr
give the actualQ factor of the particular sphere. Once we
label the fluorescence lines with the mode indicesn and
s, we can judge the relative size of the sphere within a
error of 1yQ which is about 0.05% for a5 mm sphere.
Spheres of2 mm in diameter are found to have aQ factor
of the order of102. This is comparable with the radiative
leakage rate which follows from the Mie theory. Sphere
of diameters more than4 mm are found to haveQ factors
of the order of103. This is 2 orders less than the radiativ
leakage rate [20].

In order to make the bisphere, we choose two sphe
of the desired size by comparing the frequencies of t
specific WGM resonances. By handling the optical fibe
probe attached to the three axis mechanical stage, we p
up one sphere and attach it to the other.

We measure the bisphere fluorescence in parallel co
figuration [Fig. 2(a)-(A); the fiber probe is set paralle
to the axis of the bisphere] and perpendicular configur
tion [Fig. 2(a)-(B); the fiber probe is set perpendicular t
the axis of the bisphere]. Figures 2(b) and 2(c) show t
fluorescence spectra of individual spheressCd and the
bispheresA, Bd in the vicinity of TE30,1 (TE mode of
n  30 and s  1) and TM29,1 (TM mode ofn  29
and s  1) resonances. For both the polarizations, w
4624
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FIG. 2. (a) Microscope images of the bisphere and the fib
probe. Diameter of the probe is about 5 to10 mm. We
detect the emission in two different geometries; one is para
configuration (A), the other is perpendicular configuration (B
(b),(c) Spectra of resonance bisphere of TE30,1 mode
TM29,1 mode in parallel configurationsAd and perpendicular
configuration sBd. Spectra sCd show the fluorescence o
individual spheres before contact. Two spheres have alm
the same diameter. The arrows indicate the coupled modes

observe new peaks due to the intersphere coupling, in
parallel configurationsAd but not in the perpendicular con
figurationsBd. To explain this, one should recall that eac
WGM of a givenn and s hass2n 1 1d-fold degeneracy
associated with the azimuthal mode numberm. Hence
2n 1 1 orientations of the WGM orbital plane are permi
ted and, correspondingly,s2n 1 1d2 combinations of the
intersphere couplings are generally possible. Howev
the intersphere coupling is maximum for the pair of mod
whose orbitals include the contact point and lay in t
same plane. Therefore, the fluorescence of the coup
modes is maximum in the direction parallel to the bisphe
axis. As a result, the signal from the coupled intersph
modes is more pronounced in the parallel configurat
than in the perpendicular configuration. As we can s
in Figs. 2(b) and 2(c), the uncoupled modes fluoresce
also contributes to the signal. By reducing the apertu
of the fiber or keeping the probe away from the bisphe
this signal diminishes.

The dependence of the mode coupling on the orb
plane orientation breaks the degeneracy with respec
the azimuthal indices. In particular, bisphere mod
originating from the coupling of the WGM’s with the
different combinations of azimuthal numbers contribu
differently to the signal. Correspondingly, the line sha
of the signal represents the energy distribution among
coupled modes. The asymmetric line shape of the coup
modes on Figs. 2(b) and 2(c) indicate that the stron
the coupling between WGM’s, the more the energy in t
resulting bisphere mode.

In order to study the dependence of the WGM coupli
on the sphere size (size detuning), we fix the diame
of one sphere and change the diameter of the sec
sphere in the scale of 0.3%. Figure 3 shows the detun
dependence of the bisphere fluorescence in the vicinity
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FIG. 3. Emission spectra of nine bispheres with slightl
different sized spheres. Fiber probe is set parallel to the axis
the bisphere. Circles indicate the uncoupled modes. Triang
show the coupled modes of bisphere.

TE29,1 mode for various pairs with size detuning. Circle
show the uncoupled original resonance, and triangl
show coupled modes. We clearly see the anticrossi
behavior which is the signature of NMS.

Figure 4 shows the dependence of bisphere resona
on detuning for TE30,1 and TM29,1 modes. Position
of modes before contact are shown with dashed line
Both TE30,1 and TM29,1 modes show anticrossing wi
some symmetry. Such an asymmetry could be attribut
to the influence of the broad second orderss  2d WGM’s,
and their positions are shown in the figure with thic
shaded lines.

FIG. 4. Resonance frequencies of coupled TE30,1 a
TM29,1 for various bispheres with different size detuning
Dx ; 2pDayl. Dashed lines indicate the resonances o
uncoupled modes. Large open circles show the result of wa
optics calculation. Solid lines show the calculated norm
modes of bisphere as a function of size detuning using t
coupled harmonic oscillator model. Coupling constants a
shown in Tables I and II.
y
of

les

s
es
ng

nce
s
s.

th
ed

k

nd
,
f
ve
al
he
re

The observed features of intersphere coupling can
explained by the resonance enhancement of the inte
field in bispheres. By expanding the internal and ext
nal fields of each sphere in terms of the vector spheri
harmonics under the plane wave excitation whose wa
vector is parallel to the bisphere axis, we solve nume
cally the coupled linear equation by the matrix inversio
method [21]. The energy of the internal field is obtaine
from the expansion coefficients as a function of the in
dent plane wave parameters and sphere radii. Excel
numerical convergence is achieved with the summation
n up to 49. The spectrum shows prominent peaks asy
metrically located on both sides of TM29,1 and TE30
modes. In between these prominent peaks there app
a series of less intense peaks converging to the orig
frequencies of WGM’s. These substructures make
line shape asymmetric as we show in Figs. 2(b) and 2
Open circles of Fig. 4 show the positions of the prom
nent peaks. One may observe an excellent agreem
between calculation and experiments from Fig. 4. No
that both theory and experiment show asymmetry in
mode splitting.

In order to explore the feasibility of the tight-bindin
scheme for the micromanipulation of light, it would b
desirable to introduce a mode overlap parameter wh
could describe the intersphere coupling. It is clear th
these parameters will be determined by the convolution
the modes’ electric fields. Therefore, one can expect
strong coupling for the modes with the matching freque
cies whose orbitals lay nearly in the same plane and
close to the contact point. We will refer coupling betwee
the modes with the same and different mode numbers
“intramode” and “intermode” coupling, respectively. B
introducing the phenomenological coupling parameters
the dimension of frequency, which accounts for the inte
mode and intramode coupling for the relevant modes,
can describe the bisphere fluorescence in standard te
of the interacting harmonic systems. In order to repr
duce the experimental results we take into account
intramode coupling between the WGM’s withs  1, in-
termode coupling of the WGM’s withs  1 and s  2
and neglect the coupling between TE and TM modes. T
best fit values of the coupling parameters are shown
Table I (TE mode) and Table II (TM mode); and the co
responding detuning dependences are shown in Fig. 4
solid lines.

One can see from Fig. 4 that this model well e
plains the overall features of the normal modes of
spheres and the asymmetric behavior of the upper m
branch of the TM29,1 due to the strong mixing with th
TM25,2 mode. The best fit values of the coupling p
rameters are almost constant for all the modes involv
in the narrow region of mode number variation fro
n  25 to 30.

We perform four series of measurements using sphe
with diameters of 2, 3, 4.1, and5 mm and estimate the
4625
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TABLE I. Best fit values of coupling parameters (TE modes
normalized by resonance frequency.

TE26, s  2 TE30, s  1 TE25, s  2

TE26, s  2 3.4 3 1023 3.4 3 1023 · · ·
TE30, s  1 3.4 3 1023 3.3 3 1023 3.4 3 1023

TE25, s  2 · · · 3.4 3 1023 3.4 3 1023

coupling parameters. The obtained coupling paramet
normalized to the resonance frequencies are7 3 1023 for
2 mm sn  14d; 5 3 1023 for 3 mm sn  21d; 4 3 1023

for 4.1 mm sn  29d; and3 3 1023 for 5 mm sn  36d.
This implies that the coupling parameters decrease w
increasing sphere diameter or mode number. To expla
such a behavior, one can recall that the smaller t
spheres, the more the electric field outside the spher
and hence the coupling parameter increases. One could
reminded here that the mode number represents the or
of the Hankel function which gives the field of WGM
outside the sphere. In the experiment two spheres
in contact and hence we obtain the maximum availab
coupling for a given size. The coupling can be reduce
by increasing the distance between spheres as it has b
demonstrated for bigger spheres [14]. We would like
emphasize that the obtained coupling parameters are m
larger than the line widths, indicating the dominance o
coherent resonant coupling.

In summary, we observe the coherent coupling
WGM’s in bispheres. By the precise control of the sphe
size, anticrossing behavior of the mode coupling is clear
demonstrated. The features of normal mode splittin
are perfectly reproduced by the wave optics calculation
Overall features of obtained bisphere normal modes a
well explained with the coupled harmonic oscillato
model. The observed asymmetry in the splitting of upp
and lower branches is ascribed to intermode mixing
s  1 mode with adjacents  2 modes. In the examined
size region of spheres, the coupling parameters are fou
to be much larger than the line width and smaller than th
mean mode separation of the WGM’s. This ensures t
feasibility of the tight binding manipulation of light waves
in a structure composed of contacting spheres. Th
scheme will also bring new insight into the applicatio
of WGM’s for micro-optical devices [22,23].

TABLE II. Best fit values of coupling parameters (TM
modes) normalized by resonance frequency.

TM25, s  2 TM29, s  1 TM24, s  2

TM25, s  2 2.8 3 1023 3.5 3 1023 · · ·
TM29, s  1 3.5 3 1023 3.3 3 1023 3.5 3 1023

TM24, s  2 · · · 3.5 3 1023 2.8 3 1023
4626
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