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Scattering of surface-plasmon polaritons by dipoles near a surface: Optical near-field localization
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Electromagnetic radiation of electric dipoles, which are placed near a metallic surface and excited by the
ongoing surface polaritons, is investigated. The dipoles are used to represent the surface scattering centers,
irregulars, and mesoscopic particles. A formalism which distinguishes the evanescent field and propagating
waves in the dipole radiation is employed to calculate the scattered surface polariton field in the near- and
far-field zones. Numerical studies of the local field at the dipole sites were carried out for 50 dipoles with
various distances between the dipoles and between the dipoles and the surface. An enhanced local field was
obtained in some cases, and the conditions for the enhancement are discussed. Two-dimensional intensity
distributions of the scattered field in the plane perpendicular to the surface and in the plane parallel to the
surface for systems with up to 100 dipoles are presented for the propagating waves, the evanescent field, and
the total field. Finally, a scanning local probe is introduced in the self-consistent calculations, and a numerical
modeling of the near-field optical microscopy over the dipole system excited by the surface polaritons is
carried out for various tip-surface separations. The results are employed to discuss phenomena in the surface
polariton optics, particularly the recently observed strong optical near-field localization.
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I. INTRODUCTION

A surface polariton~SP! is a mode under which an elec
tromagnetic wave propagates along the surface. The be
ior of surface polaritons at rough surfaces has been un
intensive investigation since the last decade.1,2 The electro-
magnetic field associated with SP’s is concentrated in
interface region and, thus, is very sensitive to defect struc
and surface roughness.2–4 The lateral distribution of a SP
field over a surface depends strongly on the surface rou
ness. Scattering of SP’s by the surface roughness leads
tially to radiation in the vacuum half-space, and partially
the recreation of SP’s on the surface. The strength of a
face polariton field is determined not only by surface inh
mogeneity but also by the SP field enhancement at the
fects. Therefore, variation of the SP field across the surf
reflects the defect distribution as well as the defect sizes
the local dielectric parameters. In spite of numerous theor
cal studies, until now there has not been a full understand
of these phenomena to our knowledge.

Experimentally the scattering of SP’s has been studied
a long time in the far-field domain,3,4 where only the far-field
radiation in the vacuum is measured and the subwavele
information concerning the individual mesoscopic scatter
is lost. The recent development of near-field scanning opt
550163-1829/97/55~3!/1824~14!/$10.00
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microscopy ~NSOM! ~Refs. 5–9! opens the possibility of
measuring an optical near field close to the sample surf
In NSOM, a local probe of size smaller than the light wav
length is placed adjacent to the sample surface within a ra
shorter than the light wavelength. Resolutions beyond
Rayleigh criterion10 (;l/2, l being the light wavelength!
have been achieved in NSOM with variou
configurations.6,9,11–18 A common understanding of thi
super-resolution is that the near-field detection retrieves
evanescent field which is stationary around the scatte
source. The evanescent field is the inhomogeneous pa
the total radiation, which is an exception from the clas
diffraction.

Naturally, one is interested in combining the aforeme
tioned two domains: the near-field detection and the surf
polariton scattering. Experiments have been reported in
turbation of a surface-plasmon polariton by using a meta
tip in the near-field region,18,19and in the characterization o
the polariton~such as the propagation and decaying length
a SP! with a near-field optical microscope.20,21

Direct observation, using a near-field scanning optical m
croscope, of the scattering of surface polaritons on a ro
metallic surface excited with total internal reflection tec
nique has been recently performed.22–25 In Refs. 22 and 23,
highly localized light dots on a gold surface were observ
1824 © 1997 The American Physical Society
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55 1825SCATTERING OF SURFACE-PLASMON POLARITONS BY . . .
with a near-field optical microscope. It was experimenta
demonstrated that the observed optical near-field image
not coincide with the topographic relief obtained simul
neously by a shear force microscope. Thus the locali
near-field light dots take place in the area where, not ne
sarily, there are similar surface irregulars. The NSOM te
nique was also used by Tsaiet al.24 in similar experiments to
observe light localization on silver fractal clusters. They
tempted to explain the observed data by computational s
ies which take into account the dipole-dipole interactio
between the large-scale fractal clusters. The collective re
nant effects were found to be responsible for the light loc
ization. Recently, Krennet al.25 performed photon scannin
tunneling microscopy on discrete nanometric silver partic
A localized near field was observed, and plasmon excita
in the individual particles with various shapes and sizes w
believed to be the main cause.

In parallel, for recent times, theoreticians have been try
to offer a fair theoretical explanation for the localization
electromagnetic field.26–30 Many studied, as already men
tioned, the optical coupling among a large group of partic
on surface~see Refs. 24 and 26 and the references there!.
Others studied continued random rough surfaces27 by look-
ing for, in angular spectrum representation, plane-w
modes resonantly fit to the roughness. A number of theo
have been developed for surface-enhanced scattering,28–30 in
which some useful numerical methods have been app
successfully to explain various surface-enhanced scatte
phenomena. The anomalous scattering is, to some ex
related to the disorder of the surface roughness. Base
such a point of view, various numerical simulations ha
been reported, some of which did provide fair agreem
with the experimental results~see, e.g., a review in Ref. 28!.

Microscopically, multiradiation between the scatteri
centers seems the cause of the field localization.28 Part of the
incident light is multiply scattered by more than one scatt
ing centers before going out of the surface, while anot
part of the incident light may travel along the same path
in an opposite direction. The interference between these
waves results in an enhancement in the far-field radiat
The enhanced radiation in the far field is sometimes refe
to as the weak localization. If the scattering path is a clo
loop, the light cannot escape, which is called strong local
tion. In analogy to electron localization,31 in the latter case
one is able to define a diffusion length and consider the
calization as a case of zero diffusion.

In the present paper, we deal with so-called optical ne
field localization. The surface roughnesses that we are in
ested in are the subwavelength structures on the surface
distances between the scattering centers are assumed to
small that the multiradiation of the propagating waves wo
be less than or equally important to comparing with the e
nescent coupling between the scatterers. Our model is a
tem containing a group of mesoscopic spheres distribu
near a surface. These small spheres are labeled by the
pole polarizability. Assuming a surface wave traveli
across the spheres, we calculate self-consistently the l
field at the sites of the spheres.32–35The field distribution in
the half-space can then be calculated by summing up
dipole radiation from each sphere. A formalism which d
tinguishes the propagating wave and the evanescent fie
do
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employed to calculate separate field distributions for t
propagating, evanescent, and total field.36–38 In Sec. IV we
present, for various arrangements of the spheres, the
intensity distribution in thex-z plane ~perpendicular to the
surface! and in thex-y plane ~parallel to the surface!. We
clearly show the separate propagating and evanescent
distributions and their importance for localization process
Finally, the influence of the local probe on the field distrib
tion is studied with a self-consistent model calculation th
takes into account the presence of the probe tip. We a
discuss the imaging quality and the resolution of the ne
field scanning optical microscope working for surface pola
iton detection.

We organize the paper as follows. In Sec. II, we descr
our model, and establish the equation set for the local field
dipole sites. We outline expressions for the surface-plasm
field and explain how to apply the field expressions to obt
the self-consistent local field. Various resonances in the s
tem are pointed out and discussed. In Sec. III, we introduc
formalism to describe the field propagation stemming from
dipole in which propagating homogeneous waves and e
nescent field are separated. Sec. IV is devoted to nume
studies of field distribution for up to 100 dipoles near th
surface. Assuming the dipoles are mesoscopic silver sph
placed on a silver surface, we present numerical results
different parameters of the model system. We discuss h
and under what conditions the local field would be drama
cally enhanced, and in what cases the radiation is primari
propagating wave in the far-field zone, and in what cases
radiation is concentrated around the scattering centers~opti-
cal near-field localization!. Finally, we present a numerica
modeling of the NSOM for the scattered surface polarit
measurements. The results are compared with existing
perimental data.

II. LOCAL FIELD AT DIPOLE SITES
UNDER SURFACE POLARITON EXCITATION

Our task in the present paper is to study the distribution
the scattered field in the vacuum half-space and immedia
above the surface. In our model of SP scattering, the surf
polariton is assumed to travel along thex axis from the mi-
nus infinite2` to plus infinite1` ~Fig. 1!. The surface

FIG. 1. Scheme of a system of 50 silver spheres placed on to
a silver surface. For all spheres,y coordinates are zero,z coordi-
nates area, and the center-center separation between two neighb
ing spheres is 2a, wherea is the radius of the sphere: from left to
right, for spheres 1–10a5100 nm, for spheres 11–20a550 nm,
for spheres 21–30a520 nm, for spheres 31–40a550 nm, and for
spheres 41–50a5100 nm. Thex coordinate of the first sphere is
x155000 nm. The distance between the tenth and 11th spheres~the
same as those between the 20th and the 21st, the 30th and the
the 40th and the 41st! is 1000 nm.
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scatterers are represented by a few pointlike electric dip
distributed above the substrate. For a perfect flat surface
SP’s cannot escape from the surface, and the field imm
ately adjacent to the surface is an evanescent field. This
nescent field is the external field driving the dipoles. T
excited dipoles are strongly influenced by their surroundin
The optical coupling between the dipoles and the coup
via the substrate~together with the screening effects if th
dipoles are more realistically replaced by finite-size p
ticles! establish a local field at the dipole sites. This modifi
local field causes the dipole to radiate. A summation of
dipole radiation at observation pointrW in our Cartesian coor-
dinate in Fig. 1 yields the whole scattered fieldEW (rW). For
N dipoles the summation is32,33

EW ~rW !5EW 0~rW !2m0v
2(
i51

i5N

GJ ~rW,rW i !•@aJ i•EW local~rW i !#, ~1!

wherem0 is the permeability of vacuum, andv is the light
angular frequency.EW 0(rW) is the field which would prevail in
space if the scattering sources were absent,GJ (rW,rW i) is a
Green’s function~namely, the field propagator39! which de-
scribes the field propagation from thei th dipole at pointrW i to
the observation pointrW. Finally,aJ i is the polarizability of the
i th dipole which bears a local field asEW local(rW i). This local
field has to be calculated in a self-consistent way, and
gether with the polarizability determines the final curre
density at the dipole in question.

A. Self-consistent field equations

In the system shown in Fig. 1, the only scattering cent
are the dipoles. To determine the local field at each dip
for N dipoles one writes down a set of self-consiste
equations,32,33 i.e.,

EW local~rW i !5EW 0~rW i !2m0v
2(
j51

j5N

GJ ~rW i ,rW j !•@aJ j•EW local~rW j !#

i51,2, . . . ,N; ~2!

or omitting the labellocal and introducing a supermatrixF
and supervectorsE0 andE, respectively, Eq.~2! can be writ-
ten in more convenient way as

E5E01F•E. ~3!

Our way to solve the above equation is rigorous a
straightforward,32,33 i.e.,

E5@U2F#21
•E0 , ~4!

whereU is a unit matrix.

B. Surface-plasmon polariton

As for the background fieldE0 in Eq.~4!, we consider the
field of the surface polariton. The typical surface wave fo
smooth surface can be expressed as2

EW ~x,z!5EW 0
6eikxx6ukzuz, ~5!
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with 1 for z>0 in the vacuum, and2 for z<0 in the metal.
kx in Eq. ~5! is the polariton wave vector, which can b
obtained from the dispersion relation, i.e.,

kx
25S v

c0
D 2 e

11e
, ~6!

wherec0 is the light speed in vacuum, ande is the dielectric
function of metal. The decaying factorkz can also be ob-
tained by

kz
25kx

22S v

c0
D 2H 1 in vacuum

e in metal.
~7!

The fieldEW 0 in the vacuum~in our calculation, we will need
only the field in the vacuum! lies in thex-z plane. The pro-
portion of thez andx components can be obtained from th
relation divEW 50, i.e.,

Ez5 i
kx
kz
Ex . ~8!

Usually, the relationEz@Ex is satisfied, but only for very
long wavelengths do the two components become com
rable.

The overall picture of the surface polariton is that t
maximum SP field is on the surface, and decays expon
tially along1z in the vacuum with a relatively longer tail
and along2z in the metal with a shorter penetrating dep
into the metal. The propagation along thex axis damps out
within a so-called propagating lengthL which can be related
to the imaginary part ofkx , asL5@2Im$kx%#21. Except for
very long light wavelength, the field is primarily in thez
direction.

C. Field enhancement in the dipole-surface system

In this subsection we discuss the possible enhanceme
the local field at the dipole sites. The enhancement refer
the changes of the field at the dipole sites calculated s
consistently according to the equation set in Eq.~2! with all
the optical coupling between the objects in the system ta
into account.

For the individual scatterer, in a realistic case when
dipole is replaced by a mesoscopic particle, there are ma
two kinds of resonance, namely, the plasmon resonanc
the particle stemming from the internal collective electr
coupling ~intraband transition!,40 and the resonance due t
couplings between discrete energy states for quantum
ticles ~interband transition!.41 In a previous paper,33 we dis-
cussed in detail the frequency and size dependence of
particle plasmon in a sphere-surface configuration. In
present work, we shall fix the light frequency (l5632.8
nm!. As interband transitions usually occur at much high
frequency for particles with sizes of interest, we shall n
consider the modes in the spheres, and shall use for a sp
particle of radiusa the following well-known expression fo
the polarizability:

aJ~v![a0~v!UJ54pe0a
3
e~v!21

e~v!12
UJ , ~9!



55 1827SCATTERING OF SURFACE-PLASMON POLARITONS BY . . .
FIG. 2. Local-field distribution at the sites of the 50 spheres in Fig. 1 under the excitation by the surface polariton traveling from2` to
1`. The intensity of the SP field at the origin point is assumedI 051. ~a! Total field intensity,~b! Ex , and ~c! Ez field components,

respectively.h represents the initial fieldEW 0, andn is the calculated local fieldEW local . They scale is logarithmic.
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whereUJ is a unit tensor, and the dielectric functione(v) is
to be chosen from experimental data for the frequency u
for numerical calculations.

The resonance condition of the wholeN-dipole–surface
system hides in Eq.~4! symbolically, i.e.,

U2F50 , ~10!

which includes the direct coupling between dipoles and
indirect coupling via the surface. We previously referred
the resonances derived from Eq.~10! as configurational reso
nances~see Ref. 33 and 32!. In numerical studies, for more
than two dipoles it is difficult to approach the resonanc
because one cannot solve the resonant condition analytic
however, for one or two dipoles, it is possible to calculate
length of resonance coupling exactly. In the following w
shall point out the two most important kinds of coupling.
d

e

,
lly;
e

One of the most important couplings is the coupling of t
dipole via the surface reflection to the dipole itself. Th
coupling is known as surface dressing effect. In Eq.~10!, for
a system of only one dipole, one obtains the local field at
dipole, and realizes that at certain distances the local fi
can be resonantly enhanced. Note that the field propag
GJ i i in Eq. ~10! describes this surface dressing effect. Befo
considering couplings with other dipoles in the system, o
calculates the surface dressing first, and incorporates
modification into the dipole polarizability. When calculatin
the dipole radiation, the surface reflection is replaced equ
lently by the radiation of an image mirror dipole in the met
Detailed processes to calculate the modified polarizab
and related discussions may be found in Refs. 33 and 32
a sphere-surface system, important modifications hap
when the dipole-surface separationd reaches some reso
nance distances, i.e.,33
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FIG. 3. Local-field distribution at the sites of the 50 spheres in Fig. 1, but the center-center distanceL5200 nm for all the spheres
Notations are the same as those in Fig. 2.
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whereA[a0(v)r
p(v), andr p(v) is thep-polarized reflec-

tion coefficient for the surface and can be calculated from
bulk dielectric functione(v) as r p(v)5@e(v)21#/@e(v)
11]. In the above equation, assumed a short distance
tween the dipole and the surface (d!l), or considered only
the 1/r 3 term in the nonretarted (c0→0) field propagator.
The resonance condition in Eq.~11! is associated with the
field component in thez direction ~perpendicular to the sur
face!. Other resonance distances associated with the
components in parallel~to the surface! directions can be
similarly estimated,33 and they are much shorter than th
resonance distance in Eq.~11!.

The second important coupling is the coupling betwe
the two neighboring dipoles. We shall omit indirect coupli
~via the surface reflection! between the two dipoles. Thi
omission could be justified by our previous numeric
e

e-

ld

n

l

calculations.32 Similar to the above dipole-surface couplin
when the dipole-dipole distanceL is at short range~less than
a wavelength!, the coupling becomes mainly evanescent a
the resonance coupling occurs at the distance determine

Lr5„uAu2/@~2pe0!
2Re$A%#…1/6, ~12!

whereA[a1(v)a2(v), a1(v) anda2(v) are the polariz-
ability of the two dipoles, respectively, and Re$A%.0 is re-
quired to match the resonance.42

In the numerical calculations~Sec. IV!, we used various
distances (d and L), and the radius of the spheres,a. The
latter changes the polarizability and, thus, the value ofA in
the above formulas. Due to the fact that resonance condit
in the whole system are dependent on many parameters,
difficult to study all the contributions. However, the resona
distances estimated with the above formula concerning o
one or two dipoles should still be good references to
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FIG. 4. x-z intensity distribution for the system in Fig. 1. Thex-y scale is normalized to the wavelengthl. The gray scale is logarithmic.
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enhancement of the local field in the whole system when
objects are included in the calculation, and the full fie
propagators are adapted without taking the approximatio
which lead to the simple relations in Eqs.~11! and ~12!. In
Sec. IV, we shall point out that, in general, the local-fie
enhancement occurs at the dipoles for which the resona
conditions in Eqs.~11! and ~12! are approximately ap
proached.

III. HOMOGENEOUS AND INHOMOGENEOUS
FIELD RADIATION

In Sec. II, we showed how to calculate the local field
the dipole sites. We also gave the necessary expression
the polarizability and the background field of the surfa
polariton. Finally, to calculate the radiation in the vacuu
half-surface with basic equations Eq.~1!, we have to know
the propagation behalfGJ (rW,rW i).

In the following, we outline the formalism for the fiel
propagator and its decomposed homogeneous and inhom
neous parts. The homogeneous part, which contains only
propagating waves, is the part one wants to avoid in ne
field optics. The inhomogeneous part, which contains o
ll

s,

ce

t
for

ge-
he
r-
y

the so-called evanescent field, is the useful part for retriev
the subwavelength details in NSOM. It can b
demonstrated36 that the diffraction of a homogeneous fie
gives exactly the classic Rayleigh limit, while an inhomog
neous field is not subject to this limit. In the case of a sin
dipole ~and if the dipole is placed at the origin point!, the
field propagator has the well-known dyadic form32,33,39

GJ ~rW !5
1

4p F S 2
1

r
2

ic0
vr 2

1
c0
2

v2r 3DUJ
1S 1r 1

3ic0
vr 2

2
3c0

2

v2r 3DnWnW Gei ~v/c0! r , ~13!

wherenW is a unit vector in therW direction.
We recently realized the exact decomposition of t

above field propagator into its homogeneous and inhomo
neous parts. The decomposed propagators were employ
discuss various aspects in near-field optics, such as the r
lution limit36 and resonances.37 The decomposition proces
can be briefly described as follows.
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In a plane-wave expansion along thex-y plane, the field
propagator for a wave number along the plane,qi , can be
written as39

GJ ~z,qW i ,v!5
eiqzz

2iqz
@eW yeW y1eWeW #, ~14!

where vectorseW y5(0,1,0), eW5(c0 /v)(2qz,0,2qi), and
qz
25(v/c0)

22qi
2 The field at an observation point in spa

at rW is a summation of the plane waves described in Eq.~14!
for various wave numbersqi . However, it is easy to see tha
for 0,qi<v/c0 the plane waves are homogeneous~propa-
gating!, and thus can go far away from the dipole~far field
zone!, and forv/c0,qi,` the plane waves become inho
mogeneous~evanescent! and stay within a short distanc
from the dipole~near field zone! ~see Ref. 43 for a genera
discussion!. That is, in the near field the evanescent fie
dominates, whereas in the far field the homogeneous wa
dominate. An extensive discussion and background infor
tion concerning the theory of the decomposition are to
published in Ref. 38.

The field propagator in real coordinateGJ (rW,v) is a sum-
mation~inverse Fourier transform! of the plane waves in Eq
~14!, i.e.,

GJ ~rW,v!5
1

~2p!2
E

~R!
SJ21

•GJ ~z,qW i ,v!•SJeiq
W

i•~xe
W
x1yeWy!d2qi ,

~15!

whereSJ is a tensor, for the sake of convenience, to rotate
coordinate system@from (qx ,qy,0) to (qi,0,0)#, which has a
form

FIG. 5. Scheme of the system of 10310 spheres with the radiu
a5100 nm, center-center distanceL5200 nm, and center-surfac
separationd5100 nm. The first sphere~left-down! is placed at
x,y5500 nm.
es
a-
e

e

SJ5
1

qi F qx qy 0

2qy qx 0

0 0 qi

G , ~16!

and the integration range (R) is chosen 02(v/c0) for ho-
mogeneousGJ h , (v/c0)2` for inhomogeneousGJ i , and
02` for the total field propagatorGJ .

For the total field the integration retrieves the express
in Eq. ~13!. The resulting inhomogeneous propagator can
written as

GJ i~rW,v!5
1

4p F S 2
1

2r
1

c0
2

v2r 3DUJ1S 2
1

2r
2

3c0
2

v2r 3DnWnW G .
~17!

The homogeneous propagator can be obtained either
direct integration over the range 0;(v/c0) or by
GJ h5GJ2GJ i . The above results have been discussed in de
elsewhere.36–38 Here we employ the formulas for studyin
the SP scattering.

IV. NUMERICAL STUDIES AND DISCUSSION

In this section, we present numerical results obtained
using equations introduced in preceding sections. As alre
mentioned, in numerical calculations we replaced the dipo
with spheric silver particles, of which the polarizability ca
be calculated with the expression in Eq.~9!. The surface is
also assumed to be of silver. The frequency of the incid
light is chosenl5632.8 nm, and the corespondent dielect
function for silver is chosen from the experimental data
Ref. 44 ~refractive indexes of silvern50.061 i4.15). The
numerical calculations were carried out systematically
various parameters and geometries of the dipole syst
Gray-scale pictures made in Matlab are used to present
field intensity distributions.

A. Local field at dipole sites

The first system we have studied is shown schematic
in Fig. 1, which consists of 50 silver spheres placed on top
a silver surface. The background field is the surface polar
travelling from 2` to 1`. In order to have a referenc
value for the field, we assumed a unit electric field at t
origin point uEW 0(x50)u51. Without the spheres this field
decreases exponentially in the1x direction. The presence o
the scatterers changes the local-field distribution dram
cally. The modification can be calculated with the se
consistent field equations introduced in Sec. II.

In Fig. 2 we plot the calculated local field in compariso
with the background field, which is calculated by using E
~5! for the SP field. The intensities of the background a
local fields are presented in Fig. 2~a!. ~Note that the steps in
the background field from one sphere chain to another
due to the changes of the spherez coordinate.! At some
spheres, particularly the spheres with radius of 100 nm,
field is enhanced dramatically, while at other spheres
enhancement is relatively weaker, and even negative
some smaller spheres. The main reason of the enhance
is that the optical coupling of the larger spheres (a5100 nm!
with their immediately neighboring spheres is much stron
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FIG. 6. x-y intensity distribution atz5300 nm distance from the surface for the system in Fig. 5. The scale is normalized tol. The SP
propagates from left to right.
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than that of the smaller spheres. Both the polarizability a
distances@d andL in Eqs.~11! and~12!# should have played
important roles.

It is interesting to see the modification separately in
field components in parallel (Ex) and perpendicular (Ez) di-
rections. In Figs. 2~b! and 2~c!, the magnitude of the field
componentsuExu and uEzu are presented respectively. Th
significant variation of the field across the chain of t
spheres is observed in all cases, but the variations of thEz
component is stronger than theEx component in all the
cases. Moreover, for the chain of smallest spheres
changes ofEz along the chain is almost two orders of ma
nitude stronger than for the chains consisting of lar
spheres. The absolute value of the enhancement of the
component in the perpendicular directionEz is much stron-
ger than that in the parallel direction. As already mention
in Sec. II, the resonance distanced r associated with the field
componentEz in Eq. ~11! ~see also Ref. 33 for a detaile
discussion! is longer than those associated with other fie
components. With a fixed light frequency and the use o
simple expression for the polarizability, none of the res
nances~for the individual dipole-surface coupling! can be
d

e

e

r
ld

d

a
-

FIG. 7. Scheme of the system of 939 spheres with the radi
a520 nm, center-center distanceL540 nm, center-surface separa
tion d520 nm, and edge-edge distances between the 333 unit are
150 nm. The first sphere~left-down! is placed atx,y550 nm.
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FIG. 8. x-y intensity distribution atz560 nm distance from the surface for the system in Fig. 7.
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exactly matched. However, with a longer resonance dista
the resonance condition for the field componentEz is ap-
proached more closely than those for other components.
explains the differences in Figs. 2~b! and 2~c!. In the SP field
the dominating field component is in perpendicular directi
and more likely the SP field is enhanced by surface parti
with strong particle-surface coupling. A strongEz results in a
strong evanescent field near the scatterers and, there
strong scattering into surface polaritons~while Ex would
bring out propagating waves in the far field zone! as was
pointed out in Sec. III.

In order to study the influence of the coupling between
spheres, in Fig. 3 we plot the local-field distribution for t
same system as that in Fig. 1, but the sphere-sphere dis
is adjusted to be equallyL5200 nm. Apparently from the
figures in Fig. 3, the field enhancement is reduced in co
parison with that in Fig. 2, which should be attributed to t
relatively longer sphere-sphere distances, or it is dem
strated the importance of the coupling between the sphe
An interesting remark can be drawn from both Fig. 2 a
Fig. 3: the field enhancement is more likely to happen at
edges of the dipole chain, while in the middle of the cha
the field is reduced. Similar phenomena can also be obse
in the figures presented in the forthcoming subsections.

In summary, the surface scatterers dramatically cha
the local-field distribution for bothEx ~parallel to the sur-
e,

is

,
s

re,

e

nce

-

n-
s.
d
e

ed

e

face! andEz ~perpendicular to the surface! field components,
and these changes are different for different field com
nents. For a SP field, the field component in the perpend
lar direction is dramatically enhanced due to the strong c
pling between the spheres and the surface and between
neighboring spheres. The observed strong variation of
field across the chain of spheres particularly offers an ex
nation for the experimentally observed phenomenon that
NSOM images of the SP field distribution over a rough s
face do not coincide with the surface profiles.22,23,25

The local field at the sphere sites causes the dipole
radiate. In Sec. IV B we shall demonstrate the far-field le
age as well as the strong evanescent field presence in
near-field area due to the radiation.

B. x-z intensity distribution

In this subsection, we present the field intensity distrib
tion in the x-z plane ~perpendicular to the surface! for the
system in Fig. 1. We present separate distributions for
propagating waves, evanescent field, and total field. The
tributions were calculated with the decomposed field pro
gators introduced in Sec. III.

In the calculated figures~Fig. 4! one can clearly see th
change of the field intensity when the distance from surf
increases. In the image obtained only with the propaga
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FIG. 9. x-y intensity distribution atz5100 nm distance from the surface for the system in Fig. 7.
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waves, the separations between the spheres can hard
seen due to the diffraction of the propagating waves, so o
the diffraction pattern is presented in the propagating w
distribution. In the evanescent field distribution the separ
spheres could be resolved at short distances from the sur
while at some~still short! distances prominent dark-brigh
spots can be observed along the sphere chains correspo
to the strong local-field variation even along the chain of
same spheres, which, as already pointed out, confirms
the SP field distributions over rough surfaces are not co
lated with the surface topography.

Several bright-dark slits are also observed in the total fi
distribution, which we have attributed to the interferenc
between the evanescent field and the propagating wav36

because of the fact that the total intensity is not only
simple summation of the evanescent and propagating in
sities. The position of the slits depends significantly on
distance from the surface as the phase factor changes
the distance.

In summary, for a chain of mesoscopic scatterers w
subwavelength separations, a strong evanescent field w
be established near the scatterers while strong propag
waves would escape from the surface mainly at the edge
the chain. The field around the scatterers changes due t
uneven distribution of the local field at the sphere sites. T
interferences between the evanescent field and the prop
be
ly
e
te
ce,

ing
e
at
e-

d
s
s
e
n-
e
ith

h
uld
ing
of
the
e
at-

ing waves may bring about interference patterns even in
far-field zone, which is not necessarily consistent with t
surface profile, but it would bring out some informatio
about the subwavelength features in the surface.

C. x-y intensity distribution

As far as the optical near-field localization and NSOM a
concerned, one is interested in calculating the lateral fi
distribution over the surface~in thex-y plane!, especially for
surface-observation plane distances shorter than the
wavelength. For this purpose, we carried out calculations
two different arrangements of the surface scatterers. In
following figures the direction of the surface polariton prop
gation is from left to right.

In Fig. 5, we consider 10310 spheres of radiusa5100
nm distributed rectangularly in thex-y plane along the sur-
face with equal center-surface distanced5100 nm and
center-center separationsL5300 nm. The observation plan
is placed 250 nm above the substrate. The resulting ima
are shown in Fig. 6 for distributions of the propagatin
waves, evanescent field, and total field. The resolution se
to be much better in the direction of the SP propagationx
direction! than the y direction ~perpendicular to the SP
propagation!. In they direction there is a strong presence
the propagating waves which causes the smearing out o
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FIG. 10. x-y intensity distribution atz5200 nm distance from the surface for the system in Fig. 7.
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separations between the spheres. The strong propag
waves escaping in the two sides of the rectangular syste
the x direction raise difficulties in resolving the surface d
tails in the total field distribution. Only the evanescent fie
distribution shows a fair agreement with the surface featu
though even in this distribution@Fig. 6~c!# the image is dis-
torted with respect to the topography. The strong scatte
of the SP’s results in far-field leakage in the two sides of
system in thex direction. The resolution is much better in th
x direction than in they direction even for the propagatin
waves. The evanescent field is dramatically changed du
the optical coupling in the system. Thus even the evanes
field distribution cannot offer a consistent topographic i
age, though the resolution in the evanescent field distribu
is much better than that in the propagating wave distributi

Let us consider an arrangement with smaller features
Fig. 7, nine units of 333 spheres of parametersa520 nm,
L540 nm, andd520 nm are distributed with unit-unit dis
tance 150 nm~sphere edge to edge!. Intensity distributions
were calculated for the observation plane being at threz
distances, 60, 100, and 200 nm, and the results are pres
in Figs. 8, 9, and 10, respectively.

For shorter observation distances the small units~roughly
correspondent to a 1203120 nm2 object! are completely re-
solved~Figs. 8 and 9!, while for the largest distance of 20
nm ~which corresponds roughly tol/3) these units are no
ing
in

s,

g
e

to
nt
-
n
.
In

ted

resolved even in the evanescent image~Fig. 10!. The spheres
that compose the units are only resolved in Fig. 8 for
smallest observation distance. Thus the resolution should
attributed to the strong presence of the evanescent fiel
short distances from the scatterers. The resolution decre
when the homogeneous field becomes dominant.

It is a very interesting question whether it is possible
selectively detect the evanescent field. Moving the lo
probe close to the sample and making the probe tip
tremely small are two possible ways to achieve this purpo
How to pick up the evanescent field from the total field r
mains an unsolved problem, however. The study of this is
is outside of the scope of the present paper. Some rele
discussions may be found in Ref. 37.

It is worthy pointing out that in Figs. 9 and 10 the ev
nescent field at the center three units~second column! are
relatively much weaker than the field at other units. R
evantly we mention that the inconsistency of the surface
jects with the radiated near field is one of the important
perimental findings.22,23

D. Numerical model of NSOM

In this subsection, we numerically model the NSOM d
vice. We introduce a scanning local probe tip into the dip
system. Our purpose is to see the influence of the local pr
on the field distribution.
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FIG. 11. Local-field intensity at the probe tip~glass sphere ofa520 nm! scanning over the system in Fig. 7 at different distances fr
the surface:~a! z560 nm,~b! z5100 nm, and~c! z5200 nm.
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For small distances between the probe tip and the sur
in the NSOM, the optical coupling between the probe and
surface~and/or between the tip and scatterers! plays an im-
portant role. Therefore, the system ‘‘surface plus scatte
plus probe tip’’ should be considered for the modeling of t
NSOM, analogously to the system ‘‘surface plus probe ti
that is usually considered in modeling the scanning tunne
electron microscope, where electronic coupling between
face and tip is needed to be taken into account for adeq
description. We introduce the probe tip into the se
consistent equation set in Eq.~2!, and assume that the calcu
lated local field at the probe tip is proportional to the r
ceived signals by the device.33

We previously pointed out that, for strong optical co
pling between the probe and surface, the self-consistent
has to be calculated with the probe tip included.33,32We also
justified both theoretically and experimentally45 that at least
for reflection mode near-field scanning optical microsco
where an uncoated homogeneous probe tip is employed,
appropriate to model the probe tip as a small sphere. In
calculations, we assumed the probe tip to be a glass~refrac-
tive index n51.59) sphere ofa520 nm, which is a close
situation to the experimental device.22 The probe is scanne
at a constant distance over the scatterer arrangement
Fig. 7. The obtained optical images are presented in Fig.
for the tip-surface distancesz560, 100, and 200 nm.
ce
e

rs

’
g
r-
te
-

-

ld

,
is
ur

in
1,

A comparison between the images in Figs. 8~a!, 9~a!,
10~a! and 11 clearly demonstrates the influence of the lo
probe. With the probe tip taken into account, the resolut
becomes better. The probe receives more light from the c
est surface particles, which suggests that the individuality
the scatterers would be more important.

E. Comparison with experiment

It is interesting to compare the numerical results with t
existing experimental findings. In papers22,23by Bozhevolnyi
and co-workers, rough gold films were studied with roug
ness parameters analogous to those for the model system
Figs. 1 and 7, namely, bump~pit! heights of 5–100 nm and
lateral sizes of 50–1000 nm. Optical images obtained
these surfaces with the NSOM under surface polariton e
tation exhibit, at short~5 nm! distances from the surface, th
round bright spots where the signal is 5–8 times higher t
average level. Moreover, the positions of the spots do
correlate with the roughness topography~see Fig. 3 in Ref.
23 and Fig. 3 in Ref. 22!. Thus the behavior of the localize
light spots observed in the experiments can be describe
least qualitatively by our numerical results in Figs. 2, 3 a
4. Moving the probe tip away from the surface during t
experiments~Fig. 5 in Ref. 23 and Fig. 2 in Ref. 22! the
optical signal decreases and the bright spots smear ou
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described by the model calculation in Figs. 4, 8, 9, and
However, in the middle field, some features of the distrib
tion are still observed which could correspond to the da
~bright! slits in the middle field distribution presented in Fig
4~a!.

The observed dependence of the average signal on
tip-surface separation~decreased by about a half of the valu
when the distance changes from 5 to 1000 nm! ~Refs. 22 and
23! changes much more slowly than the calculated image
Figs. 8, 9 and 10, without the probe tip being taken in
account. The intensity drops by about 20 times for the d
tances from 60 to 200 nm. When the probe tip is included
the model, the calculated distance dependence in Fig. 1
slower and closer to the experimental results. This confir
that the probe tip strongly interacts with the scattering fie
and bears strong influences of both the propagating and e
nescent components in the total field.

V. CONCLUSION

In this paper, we presented a numerical study of the o
cal near-field localization caused by surface-plasmon po
iton scattering on a metallic surface with mesoscopic scat
ers. We have found that, for a network composed
subwavelength scatterers with subwavelength separati
the optical coupling between the scatterers are mainly cau
by the evanescent field, and the coupling results in a d
matic change of the local-field distribution on the scatte
sites, especially in the cases where the resonance statu
the network is approached. Numerical results show that
enhancement of the local field would reach several orders
:
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magnitude. We have demonstrated with separate inten
distributions for the total field, propagating waves, and ev
nescent field that over the surface scatterers there is a st
evanescent field distributed unevenly according to the s
terer distribution, and that strong propagating waves wo
be reradiated from the surface mainly at the edge of a s
terer chain. Numerical results for two-dimensional scann
at short distances from the surface show that, very close
the surface, the evanescent field dominates, which prov
the possibility of obtaining subwavelength resolution, wh
the propagating waves tend to smear out the subwavele
features. Calculated optical images do not coincide with
pographical structure of the scatterers, which is in agreem
with the existing experimental results.

We have pointed out that as far as NSOM is concern
the resolution is better along the direction in which the s
face polariton propagates than in the perpendicular direct
Finally, we demonstrated with a numerical modeling of t
NSOM device that the interaction between the probe tip a
the sample surface has to be taken into account when
probe-surface distance is short, which results in signific
changes of the field distribution.
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