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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.
[S0163-182607)01404-5

I. INTRODUCTION microscopy (NSOM) (Refs. 5—-9 opens the possibility of
measuring an optical near field close to the sample surface.
A surface polariton(SP is a mode under which an elec- In NSOM, a local probe of size smaller than the light wave-
tromagnetic wave propagates along the surface. The behalength is placed adjacent to the sample surface within a range
ior of surface polaritons at rough surfaces has been undeshorter than the light wavelength. Resolutions beyond the
intensive investigation since the last decadd&he electro- Rayleigh criteriof® (~\/2, A being the light wavelengih
magnetic field associated with SP’s is concentrated in thbave been achieved in NSOM with various
interface region and, thus, is very sensitive to defect structureonfiguration®>1-18 A common understanding of this
and surface roughne$s? The lateral distribution of a SP super-resolution is that the near-field detection retrieves the
field over a surface depends strongly on the surface roughevanescent field which is stationary around the scattering
ness. Scattering of SP’s by the surface roughness leads paoeurce. The evanescent field is the inhomogeneous part in
tially to radiation in the vacuum half-space, and partially tothe total radiation, which is an exception from the classic
the recreation of SP’s on the surface. The strength of a sudiffraction.
face polariton field is determined not only by surface inho- Naturally, one is interested in combining the aforemen-
mogeneity but also by the SP field enhancement at the ddioned two domains: the near-field detection and the surface
fects. Therefore, variation of the SP field across the surfacpolariton scattering. Experiments have been reported in per-
reflects the defect distribution as well as the defect sizes anirbation of a surface-plasmon polariton by using a metallic
the local dielectric parameters. In spite of numerous theoretitip in the near-field regiof®!°and in the characterization of
cal studies, until now there has not been a full understandinthe polariton(such as the propagation and decaying length of
of these phenomena to our knowledge. a SP with a near-field optical microscop&?!
Experimentally the scattering of SP’s has been studied for Direct observation, using a near-field scanning optical mi-
a long time in the far-field domaih? where only the far-field ~croscope, of the scattering of surface polaritons on a rough
radiation in the vacuum is measured and the subwavelengtietallic surface excited with total internal reflection tech-
information concerning the individual mesoscopic scatterersique has been recently perform@d?®In Refs. 22 and 23,
is lost. The recent development of near-field scanning opticahighly localized light dots on a gold surface were observed
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with a near-field optical microscope. It was experimentally
demonstrated that the observed optical near-field images d&
not coincide with the topographic relief obtained simulta-
neously by a shear force microscope. Thus the localize
near-field light dots take place in the area where, not neces
sarily, there are similar surface irregulars. The NSOM tech-
nique was also used by Tsati al?*in similar experiments to
observe light localization on silver fractal clusters. They at-  F|G. 1. Scheme of a system of 50 silver spheres placed on top of
tempted to explain the observed data by computational studk silver surface. For all sphereg,coordinates are zera, coordi-
ies which take into account the dipole-dipole interactionsnates are, and the center-center separation between two neighbor-
between the large-scale fractal clusters. The collective resdng spheres is &, wherea is the radius of the sphere: from left to
nant effects were found to be responsible for the light local+ight, for spheres 1-1@=100 nm, for spheres 11-20=50 nm,
ization. Recently, Krenet al2° performed photon scanning for spheres 21-38=20 nm, for spheres 31-40=50 nm, and for
tunneling microscopy on discrete nanometric silver particlesspheres 41-5@=100 nm. Thex coordinate of the first sphere is
A localized near field was observed, and plasmon excitatiopf1=5000 nm. The distance between the tenth and 11th splteees
in the individual particles with various shapes and sizes wa§&me as those between the 20th and the 21st, the 30th and the 31st,
believed to be the main cause. the 40th and the 41sts 1000 nm.

In parallel, for recent times, theoreticians have been trying ] o
to offer a fair theoretical explanation for the localization of €mployed to calculate separate field distributions for the
electromagnetic fiel@®* Many studied, as already men- Propagating, evanescent, and total fifld®® In Sec. IV we
tioned, the optical coupling among a large group of particlefresent, for various arrangements of the spheres, the field
on surface(see Refs. 24 and 26 and the references thereinintensity distribution in thex-z plane (perpendicular to the
Others studied continued random rough surfacby look- ~ surface and in thex-y plane (parallel to the surfage We
ing for, in angular spectrum representation, plane-wavélearly show the separate propagating and evanescent field
modes resonantly fit to the roughness. A number of theorie8istributions and their importance for localization processes.
have been deve|oped for surface-enhanced Scatt@ﬁﬁ(bn Fina"y, the influence of the local prObe on the field distribu-
which some useful numerical methods have been applieton is studied with a self-consistent model calculation that
successfully to explain various surface-enhanced scatterir;?kes into account the presence of the probe tip. We also
phenomena. The anomalous scattering is, to some exteffiscuss the imaging quality and the resolution of the near-
related to the disorder of the surface roughness. Based dild scanning optical microscope working for surface polar-
such a point of view, various numerical simulations haveiton detection.
been reported, some of which did provide fair agreement Ve organize the paper as follows. In Sec. Il, we describe
with the experimental resul{see, e.g., a review in Ref. 28  our model, and establish the equation set for the local field at

Microscopically, multiradiation between the scattering dipole sites. We outline expressions for the surface-plasmon
centers seems the cause of the field localizaffidart of the ~ field and explain how to apply the field expressions to obtain
incident light is multiply scattered by more than one scatterthe self-consistent local field. Various resonances in the sys-
ing centers before going out of the surface, while anothefem are pointed out and discussed. In Sec. Ill, we introduce a
part of the incident light may travel along the same path buformalism to describe the field propagation stemming from a
in an opposite direction. The interference between these tw@ipole in which propagating homogeneous waves and eva-
waves results in an enhancement in the far-field radiationnescent field are separated. Sec. IV is devoted to numerical
The enhanced radiation in the far field is sometimes referregtudies of field distribution for up to 100 dipoles near the
to as the weak localization. If the scattering path is a closegurface. Assuming the dipoles are mesoscopic silver spheres
loop, the light cannot escape, which is called strong localizaPlaced on a silver surface, we present numerical results for

tion. In analogy to electron localizatioh,in the latter case different parameters of the model system. We discuss how
one is able to define a diffusion length and consider the loand under what conditions the local field would be dramati-

calization as a case of zero diffusion. cally enhanced, and in what cases the radiation is primarily a
In the present paper, we deal with so-called optical nearPropagating wave in the far-field zone, and in what cases the

field localization. The surface roughnesses that we are intefadiation is concentrated around the scattering certogts-

ested in are the subwavelength structures on the surface. TE@! near-field localization Finally, we present a numerical

distances between the scattering centers are assumed to beg@deling of the NSOM for the scattered surface polariton

small that the multiradiation of the propagating waves wouldmeasurements. The results are compared with existing ex-

be less than or equally important to comparing with the evaPerimental data.

nescent coupling between the scatterers. Our model is a sys-

tem containing a group of mesoscopic spheres distribqteq Il. LOCAL FIELD AT DIPOLE SITES

near a surf_ace._ .These smajl spheres are labeled by thglr di-  UNDER SURFACE POLARITON EXCITATION

pole polarizability. Assuming a surface wave traveling

across the spheres, we calculate self-consistently the local Our task in the present paper is to study the distribution of

field at the sites of the spher#s.3The field distribution in  the scattered field in the vacuum half-space and immediately

the half-space can then be calculated by summing up thabove the surface. In our model of SP scattering, the surface

dipole radiation from each sphere. A formalism which dis-polariton is assumed to travel along tkeaxis from the mi-

tinguishes the propagating wave and the evanescent field iws infinite —o to plus infinite + (Fig. 1). The surface
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scatterers are represented by a few pointlike electric dipolewith + for z=0 in the vacuum, and for z<0 in the metal.
distributed above the substrate. For a perfect flat surface, the, in Eq. (5) is the polariton wave vector, which can be
SP’s cannot escape from the surface, and the field immedebtained from the dispersion relation, i.e.,

ately adjacent to the surface is an evanescent field. This eva-

nescent field is the external field driving the dipoles. The , |
excited dipoles are strongly influenced by their surroundings. k= C_o

2 ¢

1+¢€’ ©)

The optical coupling between the dipoles and the coupling

via the substratétogether with the screening effects if the wherec, is the light speed in vacuum, ards the dielectric
dipoles are more realistically replaced by finite-size parfunction of metal. The decaying factde, can also be ob-
ticles) establish a local field at the dipole sites. This modifiedtained by

local field causes the dipole to radiate. A summation of all

dipole radiation at observation poiﬁtin our Cartesian coor-

dinate in Fig. 1 yields the whole scattered fidiqr). For
N dipoles the summation 3§33

i=N
E(F)=Eo(r) — uow” 2, G(r,r)-[&-EipealT)], (D)

where ug is the permeability of vacuum, and is the light
angular frequencyéO(F) is the field which would prevail in

space if the scattering sources were absé{tr?,ﬂ) is a
Green's function(namely, the field propagatty which de-

scribes the field propagation from thé dipole at point; to
the observation poirﬁ. Finally, &; is the polarizability of the
ith dipole which bears a local field a%oca,(Fi). This local

e[ 2(1 in vacuum .

z7 Rx ™ C_O € ( )
The fieldE, in the vacuunin our calculation, we will need
only the field in the vacuuinlies in thex-z plane. The pro-
portion of thez andx components can be obtained from the
relation dVE=0, i.e.,

in metal.

E,=i —E,. (8)

z kz X
Usually, the relatiorE,>E, is satisfied, but only for very
long wavelengths do the two components become compa-
rable.

The overall picture of the surface polariton is that the

field has to be calculated in a self-consistent way, and tomaximum SP field is on the surface, and decays exponen-
gether with the polarizability determines the final currenttially along +z in the vacuum with a relatively longer tail,

density at the dipole in question.

A. Self-consistent field equations

and along—z in the metal with a shorter penetrating depth
into the metal. The propagation along theaxis damps out
within a so-called propagating lengthwhich can be related
to the imaginary part ok, asL=[2Im{k,}] 1. Except for

In the §ystem shown in Fig. 1, the only scattering ce'nters,ery long light wavelength, the field is primarily in the
are the dipoles. To determine the local field at each dipolegjraction.

for N dipoles one writes down a set of self-consistent

equations>*j.e.,

>

=N
Elocal(ri):EO(ri)_l’vaszl G(ri 7rj)'[3j'EIocal(rj)]

i=1,2,....N: (2

or omitting the labelocal and introducing a supermatrix
and supervector§, andé&, respectively, Eq(2) can be writ-
ten in more convenient way as

E=Ey+ F-E. 3)

C. Field enhancement in the dipole-surface system

In this subsection we discuss the possible enhancement of
the local field at the dipole sites. The enhancement refers to
the changes of the field at the dipole sites calculated self-
consistently according to the equation set in Ej).with all
the optical coupling between the objects in the system taken
into account.

For the individual scatterer, in a realistic case when the
dipole is replaced by a mesoscopic particle, there are mainly
two kinds of resonance, namely, the plasmon resonance of
the particle stemming from the internal collective electron
coupling (intraband transition™ and the resonance due to

Our way fo solve the above equation is rigorous andeoyplings between discrete energy states for quantum par-

straightforward?i.e.,

E=[U-F]"*- &, (4)

wherel/ is a unit matrix.

B. Surface-plasmon polariton

As for the background field, in Eq.4), we consider the

ticles (interband transition*! In a previous papet we dis-
cussed in detail the frequency and size dependence of the
particle plasmon in a sphere-surface configuration. In the
present work, we shall fix the light frequency €632.8

nm). As interband transitions usually occur at much higher
frequency for particles with sizes of interest, we shall not
consider the modes in the spheres, and shall use for a spheric
particle of radiusa the following well-known expression for

field of the surface polariton. The typical surface wave for athe polarizability:

smooth surface can be expressetl as

E(X,Z) — Egeikxxi\kz|z,

©)

- €lw)—1 -
E(w)Eozo(co)U=471'€0a3L

e(w)+2 7’ ©
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FIG. 2. Local-field distribution at the sites of the 50 spheres in Fig. 1 under the excitation by the surface polariton travelingftom
+o. The intensity of the SP field at the origin point is assurhgd 1. (a) Total field intensity,(b) E,, and(c) E, field components,

respectively ] represents the initial fieléo, and A is the calculated local fielé,oca|. They scale is logarithmic.

whereU is a unit tensor, and the dielectric functiefw) is

One of the most important couplings is the coupling of the

to be chosen from experimental data for the frequency usedipole via the surface reflection to the dipole itself. This

for numerical calculations.
The resonance condition of the whd\edipole—surface
system hides in Eq4) symbolically, i.e.,

U-F=0, (10

coupling is known as surface dressing effect. In @4), for

a system of only one dipole, one obtains the local field at the

dipole, and realizes that at certain distances the local field
can be resonantly enhanced. Note that the field propagator
G;; in Eq. (10) describes this surface dressing effect. Before

considering couplings with other dipoles in the system, one

which includes the direct coupling between dipoles and thealculates the surface dressing first, and incorporates this
indirect coupling via the surface. We previously referred tomodification into the dipole polarizability. When calculating
the resonances derived from E0) as configurational reso- the dipole radiation, the surface reflection is replaced equiva-
nancegsee Ref. 33 and 32In numerical studies, for more lently by the radiation of an image mirror dipole in the metal.
than two dipoles it is difficult to approach the resonancesDetailed processes to calculate the modified polarizability
because one cannot solve the resonant condition analyticallgnd related discussions may be found in Refs. 33 and 32. In
however, for one or two dipoles, it is possible to calculate thea sphere-surface system, important modifications happen
length of resonance coupling exactly. In the following wewhen the dipole-surface separatidghreaches some reso-

shall point out the two most important kinds of coupling.

nance distances, i.&,
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FIG. 3. Local-field distribution at the sites of the 50 spheres in Fig. 1, but the center-center distaB0@ nm for all the spheres.
Notations are the same as those in Fig. 2.

5,=[|A|2/(167760R8{A})]1/3, (1D calculations’? Similar to the above dipole-surface coupling,
when the dipole-dipole distandeis at short rangéless than

whereA= ay(w)rP(w), andrP(w) is the p-polarized reflec- & wavelength the cogpling becomes mainly evanescent and
tion coefficient for the surface and can be calculated from théhe resonance coupling occurs at the distance determined by
bulk dielectric functione(w) as rP(w)=[e(w)—1)[e(w)
+1]. In the above equation, assumed a short distance be- L= (|A|Y/[(2meq)?Re[AI Y, (12)
tween the dipole and the surfacé<€\), or considered only
the 143 term in the nonretartedcf—0) field propagator. whereA=a;(w)ay(w), a;(w) and a,(w) are the polariz-
The resonance condition in E@L1) is associated with the ability of the two dipoles, respectively, and ¢ >0 is re-
field component in the direction (perpendicular to the sur- quired to match the resonante.
face. Other resonance distances associated with the field In the numerical calculation&Sec. IV), we used various
components in paralle{to the surfacg directions can be distances § andL), and the radius of the spheres, The
similarly estimated® and they are much shorter than the latter changes the polarizability and, thus, the valué\ o
resonance distance in EQ.1). the above formulas. Due to the fact that resonance conditions

The second important coupling is the coupling betweerin the whole system are dependent on many parameters, it is
the two neighboring dipoles. We shall omit indirect coupling difficult to study all the contributions. However, the resonant
(via the surface reflectionbetween the two dipoles. This distances estimated with the above formula concerning only
omission could be justified by our previous numericalone or two dipoles should still be good references to the
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FIG. 4. x-z intensity distribution for the system in Fig. 1. Tkey scale is normalized to the wavelengthThe gray scale is logarithmic.

enhancement of the local field in the whole system when althe so-called evanescent field, is the useful part for retrieving
objects are included in the calculation, and the full fieldthe subwavelength details in NSOM. It can be
propagators are adapted without taking the approximationglemonstratetf that the diffraction of a homogeneous field
which lead to the simple relations in Eqd.1l) and(12). In  gives exactly the classic Rayleigh limit, while an inhomoge-
Sec. IV, we shall point out that, in general, the local-field neous field is not subject to this limit. In the case of a single
enhancement occurs at the dipoles for which the resonangfpole (and if the dipole is placed at the origin pointhe

conditrzorés in Egs.(11) and (12) are approximately ap- field propagator has the well-known dyadic fofm*3°
proached.

Ill. HOMOGENEOUS AND INHOMOGENEOUS & 1 1 ic, €5 G
N=—/|-=——+
FIELD RADIATION =27 a2t 273
In Sec. Il, we showed how to calculate the local field at N 1 3ico 303 == i(wlcg) 13
the dipole sites. We also gave the necessary expressions for T oz w2r3/Mnie 13

the polarizability and the background field of the surface

polariton. Finally, to calculate the radiation in the vacuum

half-surface with basi(i equations Ed), we have to know wheren is a unit vector in the direction.

the propagation beha(r ,Fi). We recently realized the exact decomposition of the
In the following, we outline the formalism for the field above field propagator into its homogeneous and inhomoge-

propagator and its decomposed homogeneous and inhomogeeous parts. The decomposed propagators were employed to

neous parts. The homogeneous part, which contains only thdiscuss various aspects in near-field optics, such as the reso-

propagating waves, is the part one wants to avoid in neadution limit*® and resonance¥.The decomposition process

field optics. The inhomogeneous part, which contains onlycan be briefly described as follows.
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and the integration rangeR] is chosen 6-(w/cg) for ho-
OO0OO0O0OO0O0 d the integrafi I is chosen 6-(w/co) for h
mogeneousGy,, (w/cp)— for inhomogeneouss;, and
O 0O 000 SR © O 0— for the total field propagatoB.
O OO O OO O O O O For the total field the integration retrieves the expression
in EQ. (13). The resulting inhomogeneous propagator can be
ONONONONCHONONORONE) written as
ONONONCHCHONORONONE) PN 1 cge(lgcgﬂ
O00000000O0 SR T T S T
17
O O o O O o O O O O The homogeneous propagator can be obtained either by a
ORONO) O OO O O O O direct integration over the range ~qw/co) or by
G,=G—G;. The above results have been discussed in detail
X elsewheré®—3 Here we employ the formulas for studying

the SP scattering.

FIG. 5. Scheme of the system of X0 spheres with the radius
a=100 nm, center-center distante=200 nm, and center-surface
separationd=100 nm. The first spher@eft-down) is placed at
X,y=500 nm. In this section, we present numerical results obtained by

using equations introduced in preceding sections. As already

In a plane-wave expansion along tkey plane, the field m_entioned_, in numerice}l calculations we replacgd th_g dipoles
propagator for a wave number along the plage, can be with spheric S|Iv_er particles, of .wh|.ch the polarizability can
written a<® be calculated with the expression in Ef). The surface is
also assumed to be of silver. The frequency of the incident
light is chosenm\ =632.8 nm, and the corespondent dielectric
function for silver is chosen from the experimental data in
Ref. 44 (refractive indexes of silven=0.06+i4.15). The
numerical calculations were carried out systematically for
N . various parameters and geometries of the dipole system.
where vectorse,=(0,1,0), e=(cq/w)(—0,0,—q)), and Gray-scale pictures made in Matlab are used to present the
q2=(w/co)®>—qf The field at an observation point in space field intensity distributions.
atr is a summation of the plane waves described in(E4).
for various wave numberg; . However, it is easy to see that A. Local field at dipole sites
for 0<q =< w/c, the plane waves are homogenegpeopa-
gating, and thus can go far away from the dipdfar field
zone, and forw/cy<q <« the plane waves become inho-
mogeneousievanescentand stay within a short distance ya ejling from — to +<. In order to have a reference
frpm th? dlpole(ngar.ﬂeld zon)a(seg Ref. 43 for a gene(al value for the field, we assumed a unit electric field at the
discussionh That is, in the near field the evanescent field . e . ..
dominates, whereas in the far field the homogeneous wavi igin_point |E0(X:O_)|:1' W'tho.Ut the spheres this field
dominate. An extensive discussion and background informad€creases exponentially in thex direction. The presence of

tion concerning the theory of the decomposition are to béhe scatterers changes the local-field distribution dramati-
published in Ref. 38. cally. The modification can be calculated with the self-

i . - consistent field equations introduced in Sec. Il.
The field propagator in real coordina®(r,) is a sum- d

L ) . In Fig. 2 we plot the calculated local field in comparison
E“a)“on('”"erse Fourier transforjtof the plane waves in Ed. i, the background field, which is calculated by using Eq
14), i.e., ) )

(5) for the SP field. The intensities of the background and
local fields are presented in Fig@. (Note that the steps in
- 1 - . - the background field from one sphere chain to another are
G(r,w)z—zf S 1.G(z,q),w)- Sl &ty d?q due to the changes of the spherecoordinate. At some
(2m)"J(r) spheres, particularly the spheres with radius of 100 nm, the
(15 . 7 ! . '
field is enhanced dramatically, while at other spheres the
. enhancement is relatively weaker, and even negative for
whereS is a tensor, for the sake of convenience, to rotate theome smaller spheres. The main reason of the enhancement
coordinate systerffrom (qy,q,,0) to (g;,0,0)], which has a is that the optical coupling of the larger spheras-(100 nm)
form with their immediately neighboring spheres is much stronger

IV. NUMERICAL STUDIES AND DISCUSSION

- . eiQZZ N .
G(zq; ,w)=qu[eyey+ ee], (14

The first system we have studied is shown schematically
in Fig. 1, which consists of 50 silver spheres placed on top of
a silver surface. The background field is the surface polariton

-
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FIG. 6. x-y intensity distribution az=300 nm distance from the surface for the system in Fig. 5. The scale is normalixedbe SP
propagates from left to right.

than that of the smaller spheres. Both the polarizability and
distance$ 6 andL in Egs.(11) and(12)] should have played
important roles.

It is interesting to see the modification separately in the
field components in paralleE,) and perpendicularg,) di- y
rections. In Figs. @) and Zc), the magnitude of the field
componentgE,| and |E,| are presented respectively. The
significant variation of the field across the chain of the
spheres is observed in all cases, but the variations oEihe
component is stronger than the, component in all the
cases. Moreover, for the chain of smallest spheres the
changes oE, along the chain is almost two orders of mag-
nitude stronger than for the chains consisting of larger
spheres. The absolute value of the enhancement of the field
component in the perpendicular directi&y is much stron-
ger than that in the parallel direction. As already mentioned
in Sec. I, the resonance distanéeassociated with the field
componentE, in Eq. (11) (see also Ref. 33 for a detailed
discussiof is longer than those associated with other field FIG. 7. Scheme of the system ofx® spheres with the radii
components. With a fixed light frequency and the use of a=20 nm, center-center distante=40 nm, center-surface separa-
simple expression for the polarizability, none of the reso-tion §=20 nm, and edge-edge distances between th8 8init are
nances(for the individual dipole-surface couplihngcan be 150 nm. The first sphergeft-down) is placed a,y=50 nm.
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FIG. 8. x-y intensity distribution az=60 nm distance from the surface for the system in Fig. 7.

exactly matched. However, with a longer resonance distancéace andE, (perpendicular to the surfacéeld components,
the resonance condition for the field componéntis ap- and these changes are different for different field compo-
proached more closely than those for other components. Thigents. For a SP field, the field component in the perpendicu-
explains the differences in Figs(l and Zc). In the SP field lar direction is dramatically enhanced due to the strong cou-
the dominating field component is in perpendicular directionpling between the spheres and the surface and between the
and more likely the SP field is enhanced by surface particleseighboring spheres. The observed strong variation of the
with strong particle-surface coupling. A strokgresultsina field across the chain of spheres particularly offers an expla-
strong evanescent field near the scatterers and, therefomation for the experimentally observed phenomenon that the
strong scattering into surface polaritoshile E, would NSOM images of the SP field distribution over a rough sur-
bring out propagating waves in the far field zpres was face do not coincide with the surface profifé$>2°
pointed out in Sec. Ill. The local field at the sphere sites causes the dipoles to
In order to study the influence of the coupling between theradiate. In Sec. IV B we shall demonstrate the far-field leak-
spheres, in Fig. 3 we plot the local-field distribution for the age as well as the strong evanescent field presence in the
same system as that in Fig. 1, but the sphere-sphere distancear-field area due to the radiation.
is adjusted to be equally=200 nm. Apparently from the
figures in Fig. 3, the field enhancement is reduced in com-
parison with that in Fig. 2, which should be attributed to the
relatively longer sphere-sphere distances, or it is demon- In this subsection, we present the field intensity distribu-
strated the importance of the coupling between the sphereon in the x-z plane (perpendicular to the surfacéor the
An interesting remark can be drawn from both Fig. 2 andsystem in Fig. 1. We present separate distributions for the
Fig. 3: the field enhancement is more likely to happen at thgpropagating waves, evanescent field, and total field. The dis-
edges of the dipole chain, while in the middle of the chaintributions were calculated with the decomposed field propa-
the field is reduced. Similar phenomena can also be observeghtors introduced in Sec. lIl.
in the figures presented in the forthcoming subsections. In the calculated figuregrig. 4) one can clearly see the
In summary, the surface scatterers dramatically changehange of the field intensity when the distance from surface
the local-field distribution for bothe, (parallel to the sur- increases. In the image obtained only with the propagating

B. x-z intensity distribution
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FIG. 9. x-y intensity distribution az=100 nm distance from the surface for the system in Fig. 7.

waves, the separations between the spheres can hardly lmg waves may bring about interference patterns even in the
seen due to the diffraction of the propagating waves, so onl§ar-field zone, which is not necessarily consistent with the
the diffraction pattern is presented in the propagating waveurface profile, but it would bring out some information
distribution. In the evanescent field distribution the separat@bout the subwavelength features in the surface.
spheres could be resolved at short distances from the surface,
while at some(still shor) distances prominent dark-bright
spots can be observed along the sphere chains corresponding
to the strong local-field variation even along the chain of the ~As far as the optical near-field localization and NSOM are
same spheres, which, as already pointed out, confirms th@pncerned, one is interested in calculating the lateral field
the SP field distributions over rough surfaces are not corredistribution over the surfacgn thex-y plane, especially for
lated with the surface topography. surface-observation plane distances shorter than the light

Several bright-dark slits are also observed in the total fieldvavelength. For this purpose, we carried out calculations for
distribution, which we have attributed to the interferenceswo different arrangements of the surface scatterers. In the
between the evanescent field and the propagating Wavegollowing figures the direction of the surface polariton propa-
because of the fact that the total intensity is not only thegation is from left to right.
simple summation of the evanescent and propagating inten- In Fig. 5, we consider 1810 spheres of radiua= 100
sities. The position of the slits depends significantly on thexm distributed rectangularly in they plane along the sur-
distance from the surface as the phase factor changes wifhce with equal center-surface distanée=100 nm and
the distance. center-center separatiohs=300 nm. The observation plane

In summary, for a chain of mesoscopic scatterers withis placed 250 nm above the substrate. The resulting images
subwavelength separations, a strong evanescent field wouiie shown in Fig. 6 for distributions of the propagating
be established near the scatterers while strong propagatingaves, evanescent field, and total field. The resolution seems
waves would escape from the surface mainly at the edges ¢6 be much better in the direction of the SP propagation (
the chain. The field around the scatterers changes due to tldérection than they direction (perpendicular to the SP
uneven distribution of the local field at the sphere sites. Th@ropagation In they direction there is a strong presence of
interferences between the evanescent field and the propagé#te propagating waves which causes the smearing out of the

C. x-y intensity distribution
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FIG. 10. x-y intensity distribution az=200 nm distance from the surface for the system in Fig. 7.

separations between the spheres. The strong propagatingsolved even in the evanescent imégig. 10. The spheres
waves escaping in the two sides of the rectangular system ithat compose the units are only resolved in Fig. 8 for the
the x direction raise difficulties in resolving the surface de-smallest observation distance. Thus the resolution should be
tails in the total field distribution. Only the evanescent fieldattributed to the strong presence of the evanescent field at
distribution shows a fair agreement with the surface featureshort distances from the scatterers. The resolution decreases
though even in this distributiofFig. 6(c)] the image is dis- When the homogeneous field becomes dominant.
torted with respect to the topography. The strong scattering It is a very interesting question whether it is possible to
of the SP’s results in far-field leakage in the two sides of theselectively detect the evanescent field. Moving the local
system in thex direction. The resolution is much better in the probe close to the sample and making the probe tip ex-
x direction than in they direction even for the propagating tremely small are two possible ways to achieve this purpose.
waves. The evanescent field is dramatically changed due tgow to pick up the evanescent field from the total field re-
the optical coupling in the system. Thus even the evanesceffiains an unsolved problem, however. The study of this issue
field distribution cannot offer a consistent topographic im-is outside of the scope of the present paper. Some relevant
age, though the resolution in the evanescent field distributioliscussions may be found in Ref. 37.
is much better than that in the propagating wave distribution. It is worthy pointing out that in Figs. 9 and 10 the eva-

Let us consider an arrangement with smaller features. Ifescent field at the center three urigecond columhare
F|g 7, nine units of X3 Spheres of parameteﬂ; 20 nm, relatively much weaker than the field at other units. Rel-
L =40 nm, andS=20 nm are distributed with unit-unit dis- €vantly we mention that the inconsistency of the surface ob-
tance 150 nm(sphere edge to edgelntensity distributions jects with the radiated near field is one of the important ex-
were calculated for the observation plane being at three Perimental findings?**
distances, 60, 100, and 200 nm, and the results are presented _
in Figs. 8, 9, and 10, respectively. D. Numerical model of NSOM

For shorter observation distances the small uasghly In this subsection, we numerically model the NSOM de-
correspondent to a 120120 nn¥ objech are completely re- vice. We introduce a scanning local probe tip into the dipole
solved(Figs. 8 and 9 while for the largest distance of 200 system. Our purpose is to see the influence of the local probe
nm (which corresponds roughly t8/3) these units are not on the field distribution.
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FIG. 11. Local-field intensity at the probe tiglass sphere ai=20 nm scanning over the system in Fig. 7 at different distances from
the surfacef{a) z=60 nm,(b) z=100 nm, andc) z=200 nm.

For small distances between the probe tip and the surface A comparison between the images in Fig$a)8 9(a),
in the NSOM, the optical coupling between the probe and thd0(a) and 11 clearly demonstrates the influence of the local
surface(and/or between the tip and scattejgokays an im-  probe. With the probe tip taken into account, the resolution
portant role. Therefore, the system “surface plus scatterersecomes better. The probe receives more light from the clos-
plus probe tip” should be considered for the modeling of theest surface particles, which suggests that the individuality of
NSOM, analogously to the system “surface plus probe tip” the scatterers would be more important.
that is usually considered in modeling the scanning tunneling
electron microscope, where electronic coupling between sur-
face and tip is needed to be taken into account for adequate
description. We introduce the probe tip into the self- Itis interesting to compare the numerical results with the
consistent equation set in E@), and assume that the calcu- existing experimental findings. In pap&$3by Bozhevolnyi
lated local field at the probe tip is proportional to the re-and co-workers, rough gold films were studied with rough-
ceived signals by the devica. ness parameters analogous to those for the model systems in

We previously pointed out that, for strong optical cou- Figs. 1 and 7, namely, bum(pit) heights of 5-100 nm and
pling between the probe and surface, the self-consistent fielldteral sizes of 50—1000 nm. Optical images obtained at
has to be calculated with the probe tip includ@d?We also  these surfaces with the NSOM under surface polariton exci-
justified both theoretically and experimentéfighat at least tation exhibit, at short5 nm) distances from the surface, the
for reflection mode near-field scanning optical microscopyfound bright spots where the signal is 5—8 times higher than
where an uncoated homogeneous probe tip is employed, it Bverage level. Moreover, the positions of the spots do not
appropriate to model the probe tip as a small sphere. In ouworrelate with the roughness topograplsge Fig. 3 in Ref.
calculations, we assumed the probe tip to be a dlefsac- 23 and Fig. 3 in Ref. 22 Thus the behavior of the localized
tive index n=1.59) sphere o&=20 nm, which is a close light spots observed in the experiments can be described at
situation to the experimental deviéeThe probe is scanned least qualitatively by our numerical results in Figs. 2, 3 and
at a constant distance over the scatterer arrangement as4n Moving the probe tip away from the surface during the
Fig. 7. The obtained optical images are presented in Fig. 1lexperiments(Fig. 5 in Ref. 23 and Fig. 2 in Ref. 22he
for the tip-surface distances=60, 100, and 200 nm. optical signal decreases and the bright spots smear out, as

E. Comparison with experiment
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described by the model calculation in Figs. 4, 8, 9, and 10magnitude. We have demonstrated with separate intensity
However, in the middle field, some features of the distribu-distributions for the total field, propagating waves, and eva-
tion are still observed which could correspond to the darknescent field that over the surface scatterers there is a strong
(bright) slits in the middle field distribution presented in Fig. evanescent field distributed unevenly according to the scat-
4(a). terer distribution, and that strong propagating waves would
The observed dependence of the average signal on th®e reradiated from the surface mainly at the edge of a scat-
tip-surface separatioflecreased by about a half of the value terer chain. Numerical results for two-dimensional scanning
when the distance changes from 5 to 1000 fiRefs. 22 and at short distances from the surface show that, very close to
23) changes much more slowly than the calculated images ithe surface, the evanescent field dominates, which provides
Figs. 8, 9 and 10, without the probe tip being taken intothe possibility of obtaining subwavelength resolution, while
account. The intensity drops by about 20 times for the disthe propagating waves tend to smear out the subwavelength
tances from 60 to 200 nm. When the probe tip is included irfeatures. Calculated optical images do not coincide with to-
the model, the calculated distance dependence in Fig. 11 mographical structure of the scatterers, which is in agreement
slower and closer to the experimental results. This confirmsvith the existing experimental results.
that the probe tip strongly interacts with the scattering field, We have pointed out that as far as NSOM is concerned,
and bears strong influences of both the propagating and evéie resolution is better along the direction in which the sur-

nescent components in the total field. face polariton propagates than in the perpendicular direction.
Finally, we demonstrated with a numerical modeling of the
V. CONCLUSION NSOM device that the interaction between the probe tip and

the sample surface has to be taken into account when the

In this paper, we presented a numerical study of the optiprobe-surface distance is short, which results in significant
cal near-field localization caused by surface-plasmon polarchanges of the field distribution.

iton scattering on a metallic surface with mesoscopic scatter-
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