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A first-order perturbation theory similar to the one widely used in quantum mechanics is developed for
transverse-electric and transverse-magnetic photonic resonance modes in a dielectric microsphere. General
formulas for the resonance frequency shifts in response to a small change in the exterior refractive index and
its radial profile are derived. The formulas are applied to three sensor applications of the microsphere to
probe the medium in which the sphere is immersed: a refractive-index detector, an adsorption sensor, and a
refractive-index profile sensor. When they are applied to a uniform change in the refractive index in the sur-
rounding medium, the formulas give the same results that one would obtain from the exact resonance equa-
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tions for the two modes. In the application to adsorption of a thin layer onto the sphere surface, the results
are identical to the first-order terms in the exact formulas obtained for the adsorption layer. In the last-
named example, a scheme is proposed for instantaneous measurement of the refractive-index profile near the

sphere’s surface. © 2003 Optical Society of America

OCIS codes: 170.4520, 300.6490, 260.2110.

1. INTRODUCTION

Ever since it was suggested that microspheres coupled to
optical fibers could be a particular sensitive system for
the sensing of adsorbed molecules,' there has been in-
creasing experimental support for wusing narrow-
linewidth photonic resonance modes in a transparent mi-
crosphere as a probe of a surrounding medium.2™* A
photon in one of these resonance modes [whispering gal-
lery modes (WGMSs)] is mostly confined to the interior of
the sphere while it is traveling near the surface by total
internal reflection. The photon orbits many times before
being absorbed or exiting.®® Recently Vollmer et al.?
demonstrated that a silica microsphere in a buffer solu-
tion exhibits a large shift in resonance wavelength when
protein molecules are adsorbed onto the sphere’s surface.
A single-layer adsorption of bovine serum albumin caused
the wavelength to shift by approximately 16 parts in 108.
Resonances were detected from dips in the transmission
through an eroded fiber that was coupled evanescently to
the microsphere. The eroded fiber was prepared by re-
moval of most of the cladding to expose the evanescent
field.

As the experiment of Vollmer et al. demonstrated, the
resonance frequency is sensitive to the environment in
close vicinity to the sphere surface. Any change in the
vicinity can be detected as a frequency shift. The
changes will include adsorption of molecules onto the
sphere’s surface and change of concentration in the sur-
rounding solution.

Following the experiment, Arnold et al.* presented a
perturbation approach to evaluating the resonance fre-
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quency shift of a WGM. In their formulation, frequency
shift dw was associated with the perturbation in energy
SE of a single-photon resonant state that is due to adsorp-
tion of a dielectric nanoparticle by

fidw = 8E = Y/, Re(Sp - E¥), (1)

where Sp is the induced dipole moment in the nanopar-
ticle and E is local field within the original mode. The
formulation was applied to a microsphere with monolayer
coverage by protein molecules and to a sphere with a
single protein molecule adsorbed onto the equator. The
authors predicted protein, sphere, and optical parameters
for the detection of a single protein molecule.

In the past, a perturbation approach was applied to
resonance modes in a spherical microcavity with a reflec-
tive interior surface.!®!! Formulas were obtained for the
frequency shift caused by a spatial change in the refrac-
tive index within the microcavity. A more rigorous per-
turbation theory was presented by Lai et al.? to treat the
effect of isotropic and anisotropic deformations of the
sphere surface on the resonance frequency shift without
changing the refractive index in the exterior or in the in-
terior of the sphere.

The aforementioned formulations, however, do not al-
low one to evaluate the frequency shift that is due to
changes in the medium surrounding the microsphere. In
this paper we derive formulas for frequency shifts that
are due to these changes within a rigorous theoretical
framework. The perturbation that we consider is a small
change in the refractive index. The change can be either
within the sphere or in the surrounding medium. When
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it is applied to a uniform change in the refractive index of
the surrounding medium, the formula gives the same re-
sult as that obtained from the resonance formula for a ho-
mogeneous sphere.

The formulas and examples presented here should lay
the groundwork for sensor applications of WGMs for
refractive-index sensing. We focus on the frequency
shift, because it can be measured accurately (the resolu-
tion is better than 1/50 of the linewidth*) and is relatively
unaffected by auxiliary effects that are important in line-
width measurements, such as scattering and absorption
by inhomogeneity of the sphere and the surrounding me-
dium. First we derive general formulas for the frequency
shifts for TE and TM modes. Then we apply these for-
mulas to uniform refractive-index changes in the sur-
round, to the adsorption layer, and to the refractive index
profile near the surface.

We describe our theory following the formulation that
Johnson'® presented to explain resonance states in a mi-
crosphere. His notation will be followed as much as pos-
sible. Unlike in his system, for which the exterior me-
dium is air, in our calculations the medium that
surrounds the sphere has a refractive index between that
of a sphere and that of vacuum.

2. WAVE EQUATIONS

In the absence of continuous energy flow into the sphere a
WGM loses its energy in a finite lifetime. In effect, the
frequency of the WGM is complex.!?> With a continuous
influx of energy to match the loss, a steady-state mode
can be maintained with a real frequency. The two modes
are only slightly different, as manifested by the fact that
the imaginary part of the frequency in the decaying mode
is much smaller than the real part.’? We stick to the
steady-state mode here for simplicity.

The wave of a WGM is specified by vacuum wave vector
k, angular momentum quantum number /, and another
quantum number u (. = =1, =1 + 1,...,1). We assume
that refractive index m(r) depends solely on radial dis-
tance r from the sphere center. Amplitude E of the elec-
tric field satisfies the following vector differential equa-
tion:

VXVXE-E2m%r)E = 0. (2)

Introduction of scalar functions S;(r, k) and T')(r, k) for
the TE and TM modes, respectively, simplifies Eq. (2), as
will be shown below. For the TE mode, electric field
M,,(r, 0, ¢) in spherical polar coordinates is specified by
! and u and is given as®®

exp(iue)
M,,(r, 0, ¢) = k—rsl(r’ k)X;,(0). 3)
For the TM mode, electric field N;,(r, 6, ¢) is given as
exp(iue)|1 9 .
N, (r, 6, = ————|——Ty(r, R)Y,; (6
l#(r ®) ksz(r) - or i, k) l,L( )
Tl(r7 k)
+ r—2ZZM(¢9) . (4)

Here the angular functions X;,(6), Y,,(6), and Z,;,(6) are
expressed as'
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Xlﬂ(a) = i’n-l,u(g)éﬂ - Tlu(a)éq)’ (5a)
Y, (0) = 7,(0)éy + 1m,,(0)é,, (5b)
Z,,(6) = I(L + 1)P*(cos 0)é, , (5¢)

where é,, é,, and é, are the unit vectors in the relevant
directions, P;*(x) is the associated Legendre function,
and m;,(6) and 7,,(6) are defined as

"
m,(0) = @Pl“(cos 0), (6a)
J
7,(0) = EPZF(COS 0). (6b)

TE mode scalar function S;(r, 2) is a solution of a
Schrodinger-equation-like differential equation:

9 I(1+1)

—— + Vig(r, k) + s(r, k) = k2S,(r, k).
ar

(7

I‘2

The potential Vpp(r, k) is given as
Vag(r, k) = k*[1 — m*(r)]. (8)

The TM mode scalar function T(r, k) is a solution of a
slightly different equation:

9 I(1+1)
= * Viu(r, k) + —|Ti(r, k) = E*Ty(r, k),
Jar r
9
where the potential Vy(r, k) is given as
\Z k \% k 2 dmd

, = , + —_— . 10
™(T, k) te(r, k) m) & dr (10)

When a dielectric microsphere of radius a with uniform
refractive index m is suspended in a uniform medium of
refractive index my with m{ > m,, i.e., when

E2(1 — m{®) (r<a)
VTE(r’ k) - k2(1 _ m22) (7' > a)’
the solution of Eq. (7) is expressed by spherical Ricatti—
Bessel functions #;(z) and x;(z), defined as
hi(z) = zji(2), xi(z) = zn(z), (12)
where j;(z) and n;(z) are the /th spherical Bessel function
and the [th spherical Neumann function, respectively.
The solution of the TE mode is given as
Pi(mqkr)
B(k)¢i(mokr)

where B,(k) is a constant of r and, for a given &,
di(mokr) = xi(mokr) + Bi(R) Yy (mokr), — (14)

where B;(k) is a constant of . Continuity of the tangen-
tial component of the electric field and of the normal com-
ponent of the electric displacement requires that

(mqka) = Bi(k)pi(moka), (15a)

(11)

Sl(r, k) = (13)

may'(mika) = Bi(k)ymyd'(moka), (15b)

where the prime denotes the derivative with respect to
the argument, and the derivative is taken at a constant %.
At resonance, wave vector k, satisfies B;(ky) = 0. To-
gether with the boundary condition, the resonance of the
TE mode is specified by
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' (mqkoa) X' (mokoa)
= mo—m— (16)

ml— 2 .
(mikoa) Xi(makoa)

This equation is solved for kga. The solutions are bound
from I/m; to l/my. % For given m, and m, there may be
more than one solution. These modes are called the first-
order mode (n = 1), the second-order mode (n = 2), etc.
with increasing magnitude of £qa. The solutions are
real.

TM solution T'(r, k) is also given by Eq. (13), as Vi is
identical to Vg in the interior of and exterior to the
sphere. We use a different coefficient:

Yi(mykr)

Ay(k) pi(makr)

where A,;(k) is a constant of r and
¢i(mokr) = x(mgkr) + aj(k)yy(mgkr),  (18)

Tr, k) = 17

where «;(%) is a constant of . The boundary condition of
the electric field leads to

bi(mika) = Ay(k) di(mgka), (19a)

' (mika)mq = Ay(k) o' (mgka)lmy. (19b)

There is a jump in JT(r, k)/J, at the interface, because

Voru has a jump at » = a. At resonance, wave vector k&

satisfies a;(ky;) = 0. The resonance of the TM mode is
specified by

1 ¢/ (mikoa) 1 x;'(mgokoa)

= — . (20)
mgy x1(mgkoa)

my gy(mikoa)
3. ORTHOGONALITY

The solutions for the TE modes and for the TM modes
have different orthogonalities. First we consider the or-
thogonality of S;(r, k) with various values of k. Let us
examine the integral given as

fxsl(r’ k)Sl(rv ka)mZ(r)dr

0

=m,? J;) di(mqkr)gy(mqk,r)dr

+ By(k)B,(k,)ms” f ¢i(mokr)dy(mok,r)dr (21)

for k # k,. The integrand in the second term is a sinu-
soidal function in the asymptote of r — «. Introduc-
tion of the convergence coordinate forces the integral at
r — o to vanish. Using Eqgs. (C1) and (C3) below, we ob-
tain

f Sy(r, k)Sy(r, k,)m?*(r)dr

0

my
= W[_k¢l/(m1k0)¢l(m1kaa)

m
+ kgth(mika) gy’ (mikga)] — kZ—“@B;(k)Bl(ka)

— ka
X [—k (moka)dy(mok,a)
+ kobi(maka)d;’ (mak,a)]. (22)
Use of Eqs. (15) leads to
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f S,(r, B)S,(r, k,)m?(r)dr = 0. (23)
0

Thus S;(r, k) of various values of k£ are orthogonal in this
functional space under the TE boundary condition. We
write it as follows:

<Sl(r? k)|m2(r)|sl(r’ ka)> = 0’ (24)
where
(flplg) = f f(r)p(r)g(r)dr. (25)
We might simplify Eq. (24) to
(klm?|ky) = 0. (26)

The orthogonality is slightly different for TM modes.
Its boundary condition makes

f Tl(r7 k)Tl(r5 ka)dr
0

= fo Y(mqkr)p(mqk,r)dr + Ai(R)A(R,)

X f ¢i(mokr)d(mok,r)dr 27
0
disappear when & # k,. We write it as
(Ty(r, R)ITy(r, ko)) = (klk,) = 0, (28)
where
(flg) = f f(r)g(rydr. (29)

We can extend the above integrals to & = k,. When
the two waves have the same wave vectors, the integrand
has a dc component, and the integral diverges. However,
we can circumvent this behavior by first evaluating the
integral for slightly different wave vectors with a conver-
gence coordinate and then bringing the two wave vectors
to the same value. Details of the calculation are given in
Appendix A. From Eq. (A9) below,

a

(ko|m®|ko) = ’//125(’”12 - ms?), (30)
where ¢; = ;(m kya). Likewise, for the TM mode, we
have from Eq. (A10)
2 11+

(mika)?

1

a m{? X'
kolko) = — ¢l — — 1| | —
(kolko) 21//z(m22 )

X1

Another way to avoid the divergence of the integrals in
Eqgs. (30) and (32) below is to place a large hypothetical
concentric sphere with a reflective interior surface and
evaluate the integrals for a WGM sustained in the large
sphere. This method was adopted by Lai et al.

Equations (3) and (4) relate S;(r, k) and T;(r, k) to
electric field M of the TE mode and to field N of the TM
mode, respectively. By integrating the electric energy
densities divided by vacuum permittivity m2M?2/2 and
m2N?/2 over the entire space, we find that (k|m?2|k) and
(k|k) essentially represent the total energy of the two
modes.
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4. FIRST-ORDER PERTURBATION FOR A
FREQUENCY SHIFT

Now we consider a frequency shift when the system expe-
riences a small change dm(r) in its refractive index. We
assume that the change depends on r only. The change
can be either within the sphere or in the surrounding me-
dium, although our interest is in the surrounding me-
dium.

The unperturbed Hamiltonian for a TE wave with wave
vector % is given by

2 I(I+1)

Hrgo(ko) = ——5 + | Vrr(r, ko) + 3 (32)
ar r

The Schrodinger equation is
Houg o(ko)So = ko®S, (33)

where Sy = S,(r, k() is the unperturbed solution.

When the refractive-index changes by an amount
om(r), ko changes to &k, + Jk; the solution changes to
So + 85, and the potential function changes to
VTE(r, kO) + 5VTE5 where

The perturbed Schrodinger equation is

[Hrgo(ko) + 6Viel(Se + 8S) = (ko + k)%(S, + 8S).
(35)
Collecting the first-order terms, we have

Hygo(ko)dS + 6VieSo = ko288 + 2k 0kS,. (36)

We express 6S as a superposition of S;(r, k) of differ-
ent values of k, each of which is a solution of Hrg o(%):

8S = D, ¢Sy, k), (37)
k

where ¢, is the superposition coefficient. Substituting
8S into Eq. (36) with Eq. (37) and rearranging the result,
we obtain

; cpk2S,(r, k) + ; il Hrgo(ko) — Hrpo(k)1S,(r, k)
+ 6VrS(r, ko)

= ko2, ¢uSi(r, k) + 2koSkS,(r, ko), (38)
k

where

HTE,o(ko) - HTE,O(k) = (ko2 - k2)[1 - mz(r)]_ 39)

We multiply Eq. (38) by S;(r, k) and integrate the prod-
uct. Using the orthogonality of S;(r, k), we arrive at

—cp,(ko® = kp?)(ko|m?|ky) + (kp|6Vrglko)

= 2k Sk{ky|ky). (40)

We obtain the first-order correction to the eigenvalue
by setting %k, to ky:

(ko|oVrElko) = 2kok(kolko). (41)

For 6V1i given by Eq. (34) we obtain the following for-
mula:
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(42)

ko TE (kolm®|ko)

The first-order correction to the eigenfunction can be ob-
tained from Eq. (40).

The frequency shift of the TM mode is calculated in a
similar way. The perturbation now has an additional
term:

d(ém/m) d
dr dr
We can invoke the orthogonality of eigenfunctions
T,(r, k) by multiplying the counterpart of Eq. (38) by
m~%r)T,(r, k). The first-order eigenvalue correction is
obtained as

<5k) <k0|m715m|k0>
kO ™ <k0|k0>

. 1 d(ém/m) d
0 ko?m? dr ar? 1)
+ , (44
(kolko)
where |ky) = T, = T)(r, k) is the unperturbed solution.
If 5m vanishes rapidly toward r = 0 and r = o, it can be
rewritten as

(5k 1 lf om

J— [ k k - R

ko o k02< 0| 0> m3
dT0)2

—_— _|_

dr

11+ 1)

r2

X

T&}dr. (45)

The two formulas, Eqs. (42) and (44) [or Eq. (45)], have
a form the same as that of Eq. (1):

Sk (energy perturbation)

— = - . (46)
ko 2 X (electric energy)

We divide by 2 because the electric field energy changes
by perturbation in m but the magnetic field energy does
not.*

5. APPLICATIONS

Now we apply the general formulas to frequency shifts of
a WGM by environmental changes, i.e., Smqy(r). Other
parameters (a and m ) are assumed not to change, unless
otherwise noted. Specifically, the following three cases
are considered: (A) a uniform change in m to be caused,
for instance, by a change in the surrounding fluid, (B) ad-
dition of a thin layer with a different refractive index onto
the sphere surface, and (C) a refractive-index profile near
the sphere’s surface.

A. Uniform Change in m,

For a uniform change Am, in the exterior refractive index
we can also estimate the shift by using the resonance con-
dition. A comparison of the result thus obtained with the
one to be obtained from our general formulas for first-
order perturbation will validate the general formulas. In
Eq. (16), which gives the resonance condition for the TE
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mode, we change k&, to kg + Ak and my to my + Am,. (kolm~1om|k,)
Collecting the first-order terms, we calculate fractional a Ams,
shift Ak/k, as = [A(ko)]?—
2 moy
Ak mzAmz
—] =-— 5 ) I(+1 , XXt
kolpg — M1 — mg X4 =Xt + m—lm ral’
[l(z + 1) 1L ox (X e e
X | - —-|= (50)
(mokoa)® makoa x; Xt
maoAmy | Xi+1X1-1 1 d(ém/m) d
= - 2 2 2 - > (47) <k0| 2 2 - 3. _k())
miq~ — mgy X1 ko m dr dr
where Eq. (C6) below was used and y;_;(z), x;(z), and
X:+1(2) are evaluated at z = mgykoa. For the TM mode, _ Am, miT dT, 5(r — a)dr
use of Eq. (20) leads to ko?ms Jom2 ™ dr
Ak mzAmg
— = ——7 5 Am,y )
ko/py M7= my = ——[Ako) Pxxt" (51)
komy
I+ 1) 1 ox' (x\
(mokoa)? T mokoa ; - ; With formula (31) and Eq. (44) we obtain the same ex-
10+ 1) 2 (48) pression as with Eq. (48).
R L5 When koa > 1, use of formulas (B5) and (B7) below
(m1koa)? X simplifies Eqs. (47) and (48) to
(Ak) meAmy l 1\2 boay? -2 (
— =- + =] = , 52
ko g my? = my? 2 (ko) :
Ak moAmy 201 + Y9)%(mokoa)? — 1 (
— = 53
kolpy — mi®— mg? (L+Y9)? 1+ My)? )
[(L + Y3)? = (makoa)®]"? 3 7~
(mikoa) (mgkoa)

Now we use the general formulas in the first-order per-
turbation to evaluate the fractional frequency shift. For
the TE mode,

(kolmém|kg) = mzAm2[Bl(k0)]2f [xi(mgkor)]*dr

a
[Bz(ko)]2§m2Am2

I(l+1)

(mokoa)?

X [ -xi'%+

where the same process that we used in evaluating Eq.
(A9) below was used to force the integral to converge.
With Eq. (30) we obtain the same equation as with Eq.
47).

For the TM mode we need to use the formula given by
Eq. (44) because ém(r) remains finite at large r. The in-
tegrals are evaluated as follows:

X1’

m2k0a

(49)

The shift occurs in the same direction for the two modes.

For the first-order mode ! = mkya, and these expres-
sions are further simplified to
Ak moAm, 1
(E) TE - _(m12 - my*)?? W’ 5
Ak moAmy my?\ 1
(E)TMZ 2 e

Thus we find that the ratio of the TM shift to the TE shift
at kga > 1 is greater than unity for the first-order mode.

The solid curves in Fig. 1 are plots of sensitivity factor
fre = —(AR/Eg)rr/[meAmo(mq? — my2) 1] for the first,
second, and third-order modes (n = 1, 2, 3, respectively)
as a function of size parameter kya. Dashed curves de-
pict frn = —(Ak/kg)py/[moAmy(mq? — my?)™1]; equa-
tions (47) and (48) with m; = 1.47 (silica) and m,
1.33 (water) were used for the calculation. For refer-
ence, approximate formulas (54) and (55) are also shown
in Fig. 1, as dashed—dotted curves. At kqa > 1, both f1g
and fry decrease as ~(kga) ! and run close to the ap-
proximate formulas. In this range, frg < fry for each
mode. The higher-order mode (greater n) experiences a
greater shift at the same kya, but the difference quickly
disappears with increasing kga. Both frg and fry peak
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near kqga = 76 for the first-order mode. The peak is due
to a term neglected in formulas (52) and (53): The peak
moves left and up, extending the nearly straight section,
when m is increased, thus more strongly confining the
resonant photon by a greater contrast of refractive index.

For a given sphere with a/\ > 1, Ak/k is proportional
to wavelength N\. The shorter the wavelength, the
weaker is the effect of the surroundings. This fact is re-
lated to the penetration depth of the evanescent field from
a medium with a high refractive index to a medium with
a low refractive index when total internal reflection oc-
curs. In fact, the reciprocal of the decay rate of S;(r) and
T,r) for I > 1 at r = a,, where a, is infinitesimally
greater than a, is identical to the penetration depth.

Toward the low end of kya in Fig. 1 the sensitivity fac-
tor is high, but the resonance peak is too broad for any
meaningful detection of Am, by measurement of Ak/k,.
We can arbitrarily set the detection limit to width w of the
peak (in terms of kqa), which is given by'®

1071 —— T

L1 11

102 1

frE, frM

N
N
Co NS

10—3 Lol i
101 102 A 103 104
O(l

Fig. 1. Sensitivity frg (solid curves) and fry (dashed curves) of
the resonance frequencies of TE and TM modes, respectively, in a
microsphere to a uniform refractive-index change in the sur-
rounding medium, plotted as a function of size parameter
koa. These curves are for the first three orders (n = 1, 2, 3) for
my = 1.47 and m, = 1.33. Dashed—dotted curves represent ap-
proximations [formulas (54) and (55)]; the lower curve represents

fTE'

104 g
10° ¢ 3
10_6 ;_ EE.‘E!!!!]E_%

g #
« 107 & .
£ ]
108 b 3
109 © 3
10.10'...‘J‘...\....14‘Hr.H.JH.."
200 300 400 500 600 700 800

koa
Fig. 2. Expected sensing limit Amg,,, of refractive-index

change in the surrounding medium in microspheres of different
values of kya for the first three modes. Solid curves are from
the intrinsic linewidth of resonance; dashed curves denote the
sensing limit for the current distributed-feedback laser driver’s
resolution, Ak/ky, = 1078,
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2m2 1
w = (56)
ml2 - m22 [)(l(m2k0a)]2

for the TE mode. The actual detection limit is much
lower.* Then the smallest Am g min that can be detected is
estimated as

Amgmin = 2(koax,*fre) = 2Mkoa(xi11x1-1 — Xi5)].
(57)
Likewise, for the TM mode,
2 1
koax,® (I + 19)%/(mikoa)® + (xi'Ix1)*

Am 2,min —

The solid curves in Fig. 2 show Amg ., for the first
three orders of the TE mode. We have found that the
first-order mode is the most sensitive at the same value of
koa. Atkoa = 400, Amy i, as small as 2 X 1078 can be
detected. We also found that Amg ., decreases rapidly
with increasing kya, which is due to smaller leakage of
the photon energy.

There is another limit on Am g ;, that is due to a finite
laser linewidth or fluctuations in the source wavelength,
whichever is greater. In the study of protein
adsorption®* a distributed-feedback laser (A = 1.34 um)
was used. It was found that the source wavelength fluc-
tuations surpass the laser linewidth. The fluctuations
were ~107% nm, which translates to Ak/k, ~ 1078, The
dashed curves in Fig. 2 represent Am g i, imposed by this
restriction. They are nearly flat from ~107% to ~1077 in
the range of the figure. It is now apparent that the sec-
ond limit poses severe restrictions on the detection limit.
Efforts are under way to decrease the source fluctuations.

B. Adsorption of Molecules in a Thin Layer

Small molecules with a small excess isotropic polarizabil-
ity a. are adsorbed at a uniform surface density o on the
exterior side of the surface of a sphere immersed in a sol-
vent with refractive index my. Refractive-index change
dmy caused by the adsorption is given as

Aoy T
omy = S(r—ay). (59)
280m2
Then
Aoy T
(kolmém|ko) = 2 [Bi(k)]*¢, (60)
€0

for the TE mode. The fractional frequency shift of the

mode is
Ak Aoy 1
— = . (61)
TE

ko gpa m12 - m22

Note that the fractional frequency shift is flat for all val-
ues of kya and is common to all orders. The same result
was obtained by Arnold et al., who used the energy per-
turbation approach.*

For the TM mode we use the general formula given by
Eq. (45). The integral is
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sm[[dTy\? 11+ 1)
f _3 — + —T02 dr
m dr 2

1+ 1) 2

YexT 2 2.2
——— ko [A(ko) " x;

xi'
28077122

X1

(62)

(mgok oa)2
Then the fractional frequency shift is given as

(Ak) (Ak) (1 + D/(mokoa)? + (x;'/x))?

ko ko | g l(+ Di(mikoa)? + (0 Ix)*
(63)

Because m, > mq, (Ak/ky)ry/(AR/RY)rg > 1. Adsorp-

tion of molecules with isotropic polarizability causes a

greater shift in the TM mode than it does in the TE mode.

For [ > 1 the use of Eq. (B5) below leads to the follow-
ing revision of Eq. (63):

(Ak) /(Ak) 2(l/mokoa)? — 1

ko o/ \kolyg (1 mo¥my®)(Umskga)® — 17
(64)

We can further simplify formula (64) for the first-order

mode:
/) == ()
— — =e2- (. (65)
ko | oy ko) 1g mi

It is easy to extend the results obtained here to the fre-
quency shifts that are due to coating of the sphere’s sur-
face with a thin layer of thickness ¢ (¢ < \). For the
refractive-index change Am, in the coating, the fractional
frequency shift of the TE mode is

(Ak) 2m2Am2
ko TE

™

a(mi? — mg?) 0
where «.0/(2e)) = myAmqyt was used. For the TM
mode, the shift is given by Egs. (63) and (66).

The frequency shift that is due to the coating depends
on tAm, proportional to the total mass of the coating ma-
terial excluding the solvent in the layer. This result
leads to the following situation: If the coating is a poly-
mer brush grafted onto the sphere’s surface or a poly-
meric gel, a change in thickness does not change the reso-
nance frequency as long as the coating remains
sufficiently thin. A change in thickness can be caused by
a change in the environment, e.g., in temperature or in
pH. When a change in thickness is caused by adsorption
of a second substance, it is only the second substance that
changes its resonance frequency. Conformational
changes of the brushes that may occur concomitantly with
adsorption will not affect the resonance. Thus we detect
the adsorbed second substance only.

Apparently our formulation does not apply to a large
perturbation that causes the refractive index of the coat-
ing to increase to a level close to m;. This is clear when
we consider a situation in which a thin layer of refractive
index m is added to the sphere, effectively increasing the
sphere’s radius. The resonance condition states that %£qa
be held constant for TE and TM modes under this pertur-
bation; Eq. (66) contradicts this supposition. This incon-
sistency comes from a limitation of our first-order pertur-
bation approach. For the TE mode we can have a
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consistent formula for Ak/k, by considering &§(m?), the
change in the relative permittivity, in place of m in our
first-order perturbation theory. The result is identical to
the one obtained by Folan'® and presented in Ref. 8. For
the TM mode this modification falls short, because the ex-
act formula'® is a nonlinear function of §(m?2). We in-
tend to address this problem in a future publication. Itis
to be noted here that the TM shift given by Eqgs. (63) and
(66) [myAm, replaced by A(m42)/2] is identical to the lin-
ear part of the exact formula.

When the refractive-index change occurs in the interior
side of the interface, the frequency shift of the TE mode is
the same as that given by Eq. (61), but it is different for
the TM mode. Now it is
(Ak (Ak) (1 + D)/(mikoa)?® + (4 14)?

m VEolopl(+ Di(mokea)® + (' 1)?’
(67)

where ¢;(z) and ¢;'(z) are evaluated atz = mkga. The
TM shift is smaller.

ko

C. Depletion of Refractive Index at the Interface

We have learned in example (A) above that the sensitivity
of the resonance shift to the refractive-index change or
the surrounding medium depends on kya. Then we can
expect that using different values of £ya and especially of
N\ will enable a WGM to be a sensor for the refractive-
index profile of the surrounding medium near the surface.
When the exterior medium is a solution of macromol-
ecules or a suspension of particles, the refractive index of
the solution will change as a function of the distance from
the sphere surface. If the solute has a positive differen-
tial refractive index and does not interact with the micro-
sphere except to create a steric hindrance (excluded vol-
ume), the refractive index will have the profile depicted in
Fig. 3. This mean-field refractive-index profile may not
be valid for suspension of large solid particles with a large
refractive-index difference but will be a good approxima-
tion for solutions of macromolecules and suspensions of
swollen gel particles and vesicles.

It is convenient to separate Amsy(r) into two parts:
Amq(r) = Amg(©) — [Amg() — Amy(r)]. In the first-
order perturbation, each term gives an independent fre-
quency shift. Thus

my

)
149

r_l mg + Am2(°°)

5 —

ma

\4

B r

Fig. 3. Refractive-index profile across the interface surrounding
a microsphere.
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a =100 pm ]
mg=133 |

my=147

ARNAR)RE

1T (um)

Fig. 4. Frequency shift as a result of a refractive-index change
of Amy(r) = Amy(»){1 — exp[—T'(r — a)]} reduced by the shift
that is due to a constant Am,, plotted as a function of 1/T.

Ak [AR\™T (AR deP
— =\ —\7T] > (68)
ko ko ko

where the first term is given by Eqgs. (47) and (48)
[Amg() in place of Am,] for the TE and TM modes, re-
spectively. The second term decreases rapidly to zero at
long distances. For the TE mode

(Akr@ (kolms[Ams(e) — Amsy(r)]lko)

kg <k0|m22\k0)

TE

ij [Xz(kao’")]z[Amz(oo) — Amy(r)]dr

(al2)[ x)(mokoa)’(m1* — ms?)
(69)
For the TM resonance, (Ak/k )P can be calculated simi-
larly from Eq. (45).

A numerical calculation was made for a profile Amy(r)
that changes as
Amqo(r)/Amy(») =1 — exp[—I'(r — a)] (70)
for r > a. The solid curves in Fig. 4 are plots of Ak of
the first-order TE mode, reduced by (AR)™ for a
= 100 um and my = 1.33, but with various values of m
and N. The dashed and dash-dotted curves are for
higher-order modes (n = 2,3) with m; = 1.47 and \
= 2um. Comparing the five solid curves, we can see
that the shorter the wavelength or the greater the refrac-
tive index of a microsphere, the less is the sensitivity to
deeper depression. A higher-order mode with greater n
can explore a deeper depression. The values of param-
eters used in the figure are currently accessible in prac-
tice. Use of microsphere sensors of different values of A
and m; and analyses of various orders of resonance will
allow us to estimate the depth of depression and its pro-
file. In a solution of macromolecules, for instance, we
should be able to find the molecular weight distribution
just by dipping the sensor heads into the solution. A
more elaborate expression for Amsy(r) is necessary for
that purpose.

6. CONCLUSIONS

We used first-order perturbation theory to obtain formu-
las for the resonance frequency shift that is due to
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refractive-index variations in a medium exterior to a mi-
crosphere, and we applied the general formulas to three
examples. The first example can be used to construct
tiny refractive-index detectors that may replace the bulky
detectors that are widely used in liquid chromatography.
The third example paves the way for small instruments to
measure size distributions of suspensions and molecular
weight distributions of polymers; the measurement will
be instantaneous. The second example exposed a limit of
our first-order perturbation theory; here a different ap-
proach is needed.

In this paper we did not consider an equally important
microsphere system that has a decaying WGM. It will be
possible to extend our first-order perturbation theory to a
system with a complex frequency. A slightly different
formulation may be needed. Then the effects of environ-
mental change, including imaginary Am,, on the reso-
nance linewidth can be treated. We intend to address
this problem in future publications.

APPENDIX A: INTEGRALS IN
NORMALIZATION

We evaluate the two integrals in Eq. (21). Let &k, = &
+ Ak. For a small m,aAk,

h(mik,a) = dy(mika) + miaAkiy' (mka), (A1)
b’ (mikga) = ' (mika)

I(l+1)
— 1
(mlka)2

where Eq. (7) has been used. Then the upper limit of the
first integral is

1

lim m[—k¢z'(m1ka)¢z(m1kaa)
Ak—0mq a

+ kawl(mlka)‘//l’(mlkaa)]

+ mialAk Y(mika), (A2)

1 IW(l+1)
= - —miaky'? + | ——— — mika
2mk mika
xW+mwy (A3)

where the Ricatti—-Bessel functions are evaluated at
z = mika.

We need to be careful about the integral of
¢i(mokr)d,(myk,r) over (a, ©) because ¢;(mokr) is a
linear combination of x; and ¢; with a k-dependent super-
position coefficient. We note that

di(mokya) = ¢y(moka) + moalAk ;' (moka)
+ ARB;) y(mqka), (Ad)

where the derivative of ¢; is defined for a constant g;.
Likewise,

¢l,(m2kaa) = ¢l,(m2ka) + m2aAk
[l(l + 1)

X | —_—

(mgka)2

+ Akﬁl’l/ll’(kaa). (A5)

— 1| pi(mska)
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Then the lower limit of the second integral in Eq. (21) is
1

lim m[—k@'(mzka)(ﬁz(mzkaa)
Ak—0 702 a

+ kodi(moka)d;)' (mok,a)l

1 I(l+1)
= - —mokad,'? + | ——— — moka
2myk moka
B’
X ¢ + ¢z¢l'] + I (A6)
2

where ¢; and ¢;’ are evaluated at z = myka and Eq. (C5)
below has been used.

The upper limit of the integral is evaluated in the same
way. We use ¢;(z) = sin(z — [#/2) and y;(z) = —cos(z
— [7/2) for large z. A lengthy calculation leads to

1
lim ————— lim[k k k,
i g kb (makr) di(makor)

r—o

— kopi(makr) by 1(makor)l = B/ 2my,  (AT)

where sinusoidal functions have been set to zero. Com-
bining Eqs. (A3), (A6), and (A7), we have

©

lim S;(r, B)S;(r, k + Ak)[m(r)]zdr
Ak—0 J O

= ¢%(al2)(my® — my?). (A8)

We can use this result for normalization of S;(r, k). We
write the integral as

a
(8;lm?8;) = 4/’125(7”12 - my?). (A9)

For the TM mode

I(l+1) 2

X'
(mlka)2

X1

(A10)

2
a[m;

T|T) = 92— — — 1

(T)|T,) ¢12(m22 )

APPENDIX B: ASYMPTOTIC EXPANSION
OF RICATTI-NEUMANN FUNCTIONS

In estimating y;'(z) for large [, the following asymptotic
expansion of the Neumann function is useful:

exp[v(s — tanhs)]
[(w/2)vtans]?

N, (vsechs) = , (BD)

with s > 0. The spherical Neumann function n;(z) is
then expressed as

1\-1
ni(z)=—-\1l+ 2
1 coshs
X exp| |l + 3 (s — tanhs) AT (B2)
where
1
z=1+ 3 sechs. (B3)
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Then the decay rate of n;(z) is calculated as

nl, 1 1 2 1/2
2o e 5] -4
n; z
1 1 1\2 1
+ 5— 5 I+ 5 2'2 -1 , (B4)

and the decay rate of x;(z) = zn,(z) is calculated as

1/2

X/ 1 12
Lo e ) -
X1 z
1 12*1
——1—22/z+— . (B5)
2 2

Another useful relationship for large [ can be obtained in
a similar way:

xi+1(2)  npa(z) L+ I+ 15)\2 vz
= = +

x1(2) ny(z) z

z
(B6)

With Eq. (C6) below, the factor that appears in Eq. (47) is
approximated as

~12
, B7

2
— (mgkoa)?

1

XI-1X1+1
- l + —
2

Xz2

Equation (B2) allows a rough estimate to be made
of n;(mykya) at resonance. For the first-order mode,
cosh s = m;/my, which is slightly greater than 1. Then
s=[2(my/my — 1)]¥2 and s — tanhs = [2(m/m,
— 1)71P%3, which is of the order of 1. Inasmuch as
I + 12> 1, n)(mgkoa) is dominated by the exponential
factor. Therefore n;(mykya) > 1 and y;(mqkoa) > 1.

APPENDIX C: RICATTI-NEUMANN
FUNCTIONS

Here are some recurrence formulas for Ricatti—-Neumann
functions:

[ +1
' (z) = . Ui(z) = Yra(z), (CL)
20 + 1
I1(z) + Pa(2) = B hi(2), (C2)
[ +1
Xi'(z) = Xi(z) = xi+1(2),  (C3)
20 +1
X1-1(2) + x111(2) = xi(2). (C4)
h(2)x'(z) — ' (2)xz) = L (C5)

Using these recurrence formulas, we can derive a useful
expression:
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I+ 1) Ly (x'\?
z? 2 X X1
X1-1X1+1 1 x1 Xi-1
=T 2 T tT T — - (C6)
Xi z X dz x
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