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Elastic scattering of surface plasmon polaritons: Modeling and experiment

Sergey I. Bozhevolnyi
Mikroelektronik Centret, Technical University of Denmark, Building 345 east, DK-2800 Lyngby, Denmark

Victor Coello
Institute of Physics, Aalborg University, Pontoppidanstræde 103, DK-9220 Aalborg, Denmark

~Received 9 March 1998!

Elastic ~in-plane! scattering of surface plasmon polaritons~SPP’s! is modeled by considering isotropic
pointlike scatterers whose responses to the incident SPP field are phenomenologically related to their effective
polarizabilities. Numerical simulations of single, double, and multiple scattering are presented for randomly
situated scatterers showing the interplay between different orders of scattering and localization phenomena.
Correlation between the scattering regimes and spatial Fourier spectra of the corresponding SPP intensity
distributions is considered. Various optical microcomponents~e.g., straight and curved micromirrors! formed
by sets of point scatterers are also simulated, and the stability and dispersion of their characteristics are
investigated. The appropriate experimental results for SPP scattering by both random and specially configured
sets of microscatterers are reported for two excitation wavelengths~594 and 633 nm! and different metal~silver
and gold! films. The near-field optical images obtained are related to the calculated SPP intensity distributions
demonstrating that the model developed can be successfully used in studies of SPP elastic scattering, e.g., to
design the microcomponents for SPP’s.@S0163-1829~98!07039-8#

I. INTRODUCTION

Surface plasmon polaritons~SPP’s!, i.e., collective oscil-
lations of the surface electron density, can be excited along
an interface between dielectric and metal, and represent
quasi-two-dimensional waves with amplitudes decaying ex-
ponentially into either of the neighbor media.1 Having the
field maximum at the interface, SPP’s are extremely sensi-
tive to surface properties, a circumstance that attracted a
great deal of attention to SPP’s from researchers in both
basic and applied areas of physics. Many fundamental prop-
erties of SPP’s have been studied theoretically and experi-
mentally, and various applications~mostly for surface sens-
ing! have been suggested during the first two decades of
extensive investigations.1 The development of near-field op-
tical microscopy2 has led to the significant increase in the
interest to the research in this area, because near-field tech-
niques open up an exciting possibility to directly observe
various SPP properties~from resonance field enhancement to
propagation and scattering! and to investigate these proper-
ties with the spatial resolution on a nanometer scale.3

Different near-field techniques have been employed in the
aforementioned studies of SPP’s~overviews can be found in
recent papers by Bozhevolnyi, Smolyaninov, and Zayats4

and Smolyaninovet al.5!. However, a photon scanning tun-
neling microscope~PSTM!,6 in which an uncoated fiber tip is
used to detect an evanescent field of the light being totally
internally reflected at the sample surface, seems to be the
most suitable technique for local and unobtrusive probing of
the SPP field. It has been theoretically argued that, due to the
relatively low refractive index of optical fiber, such a tip can
be within certain approximations considered as a nonpertur-
bative probe of the electric-field intensity.7 Lately our de-
tailed experimental investigations demonstrated convinc-
ingly that, for the SPP being resonantly excited at a relatively

smooth surface, near-field optical images~obtained with an
uncoated fiber tip! can be indeed directly related to the in-
tensity distributions of the total SPP field, i.e., field of the
excited and~in-plane! scattered SPP’s.8 Hereafter, SPP scat-
tering in the surface plane is denoted aselasticSPP scatter-
ing, since SPP scattering into a free space is an unwanted
process leading to the additional~radiative! losses experi-
enced by the SPP.

The progress in both understanding of local SPP proper-
ties and techniques available for their studies stimulated re-
search in various directions, one of them being investigations
of possibility for local controlling and directing SPP’s, espe-
cially in the surface plane. Thus, local SPP excitation has
been demonstrated by using a metal coated tapered fiber
probe as a radiation source9 and by changing coupling con-
ditions ~in the Kretschmann configuration! with individual
surface defects created by a direct-write PSTM-based
technique.5,10 In the latter work, elastic SPP scattering~in the
surface plane! by an artificial surface defect has also been
attempted but with poor results. More pronounced elastic
scattering of SPP’s has been observed with artificial surface
structures produced by means of electron-beam
lithography.11 It is clear that anelasticmicroscatterer should
be relatively large and with smooth boundaries in order to
maximize the scatterer’s strength while preserving an adia-
batic perturbation. We believe that film material
modification5,10 can hardly be used for fabricating such a
scatterer as the influence of material properties on the SPP
characteristics is known to be very strong.1 Quite recently,
we have suggested a technique that relies on the local defor-
mation of a metal film surface with an uncoated fiber tip, and
demonstrated its suitability for fabricating various sets of
elastic microscatterers that act as micro-optical components
~e.g., micromirrors and microcavities! for SPP’s.12 Even
though the main principle of our technique is simple, a
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proper modeling is desirable to develop a better understand-
ing of operation of this kind of microcomponents. Dispersion
of microcomponents and the stability of their characteristics
are among the issues to be clarified~preferably both experi-
mentally and theoretically!.

Another research direction is concerned with elastic SPP
scattering byrandomlysituated scatterers and the resulting
localization phenomena, viz., weak and strong~Anderson!
localization of SPP’s.13 Localization phenomena are caused
by interference in multiple elastic scattering that results
in the reduction of the mean free path.14 Actually, strong
localization implies that the mean free path vanishes and
propagation no longer exists, and this requires rather efficient
multiple scattering. Weak localization~or enhanced back-
scattering! arises from a constructive interference~in the
backscattering direction! between two waves scattered along
the same path in the opposite directions, and, therefore,
shows up already in double scattering.15 Since the SPP field
is strongly confined in the direction perpendicular to the sur-
face plane, localization phenomena in the elastic SPP scat-
tering can be observed only with near-field techniques. Many
features of SPP localization have been clarified,13,16 but a
proper way of the interpretation of experimental results, i.e.,
near-field optical images, is yet to be developed and justified.
Numerical simulations for various configurations of scatter-
ers and different orders of scattering would certainty be of
great help in this case.

SPP scattering by surface inhomogeneities has been con-
sidered in many theoretical papers~a good overview can be
found in a paper by Pinceminet al.17!. In general, this prob-
lem is very complicated, and even a fairly simple case of the
SPP scattering, i.e., the scattering of a homogeneous SPP by
a circularly symmetric defect on a metal surface, requires
elaborate numerical simulations.18 The approximation of
pointlike dipolar scatterers has been recently used to describe
local excitation and scattering of SPP’s out of the surface
plane19 as well as to simulate localization effects.20 In the
latter work, the indirect coupling between dipoles via the
excitation of SPP’s has been neglected, thus making the re-
sults obtained of limited use. As far as the elastic~in the
surface plane! SPP scattering is concerned, we should bear in
mind that the scattering observed experimentally12 was close
to isotropic. Isotropic scatterers have been also pointed out
as a limiting case of small scatterers in a rigorous consider-
ation of SPP scattering,18 and used in rather simplified simu-
lations of SPP excitation with individual surface defects.5

Taking this into account one can approximate a scattered
SPP by a cylindrical SPP, which is described by the Hankel
function with the lowest angular number (m50) and with
the wave number determined by the same dispersion relation
as for a plane SPP.21 Such an approach allows one to circum-
vent the very complicated problem of SPP scattering by sur-
face inhomogeneities and concentrate the efforts on various
phenomena that were experimentally observed in~multiple!
elastic SPP scattering.4,8,11–13,16

In this paper, we present numerical simulations of elastic
SPP scattering by randomly located and specifically config-
ured isotropic pointlike scatterers, and compare our calcula-
tions with the previously reported and additionally obtained
experimental results. The paper is organized as follows. In
Sec. II the main relationships used in our calculations are

given and explained. Numerical simulations of single,
double, and multiple scattering are presented on Sec. III for
randomly situated scatterers showing the interplay between
different orders of scattering and localization phenomena. In
Sec. IV various optical microcomponents, such as plane and
curved micromirrors, formed by sets of point scatterers are
considered. The appropriate experimental results are pre-
sented and compared with our calculations in Sec. V. Fi-
nally, in Sec. VI we summarize the results obtained and offer
our conclusions.

II. MODEL FOR ELASTIC SCATTERING
OF SURFACE POLARITONS

Our model is based on two assumptions, viz.,~i! the elas-
tic scattering of SPP’s is dominant with respect to the SPP
scattering out of the surface plane, and~ii ! the SPP scattered
by an individual surface defect represents an isotropic cylin-
drical SPP. The first assumption is justified by the experi-
mental observations showing the appropriate interference
patterns, whose periods corresponded to the interference be-
tween the incident and scattered SPP’s,4,11–13,16and signal
~tip-surface! distance dependencies, that exhibited exponen-
tial behavior related to the evanescent decay of the SPP
field.8 In addition, recent theoretical results for an individual
surface defect indicated that the elastic SPP scattering be-
comes dominant over the scattering out of the surface plane
in the case of resonant SPP scattering.18 The second assump-
tion is primarily based on the circumstance that well-
pronounced parabolic interference fringes were observed
with SPP scattering by individual defects.4,12 Such a pattern
corresponds to the interference between the excited SPP with
a plane phase front and the scattered SPP with a cylindrical
phase front.12 Furthermore, it has been theoretically shown
that the scattering by a circularly symmetric defect becomes
isotropic for small scatterers.18

Having substantiated the main two assumptions, we can
proceed with the formulation of the scattering problem.
Since, in the regime of linear scattering, the field amplitude
of a scattered SPP is proportional to the field of an incident
SPP at the site of the scatterer, surface defects can be viewed
as pointlike scatterers characterized by their effective polar-
izabilities that relate phenomenologically the scattered field
amplitudes to the incident ones. In addition, the geometry of
elastic SPP scattering is essentially two-dimensional, i.e., at
any surface coordinater , the total SPP field being a super-
position of cylindrical SPP’s with the same wave numberb
~equal to that of a plane SPP!21 exhibit the same spatial de-
pendence along the direction perpendicular to the surface
plane. Therefore, the well-known exponential decays of the
SPP field into the neighbor media1 will be omitted, and the
total SPP field will be represented hereafter by its magnitude
E(r ) at the surface plane.

Taking into account the aforementioned considerations,
the main relation for the total SPP field at an arbitrary sur-
face pointr , which does not coincide with the position of
scatterers, can be written down as follows:

E~r !5E0~r !1(
j 51

N

a jE~r j !G~r ,r j !, ~1!
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with

G~r ,r j !5
i

4
H0

~1!~bur2r j u!,

whereE0 is the incident SPP field,a j is the effective polar-
izability of the jth scatterer located at the surface coordinate
r j , N is the number of scatterers,H is the Hankel function,
andb is the SPP propagation constant, which is determined
by the dielectric constants of media that are adjacent to the
interface. For example, for semi-infinite media on both sides
of the air-metal interfaceb5(2p/l)@«/(«11)#0.5, wherel
is the wavelength of light in air, and« is the dielectric con-
stant of metal.1 The effective polarizabilitya is dimension-
less, and corresponds to the scatterer’s strength as far as the
elastic SPP scattering is concerned. Using the far-field ap-
proximation for the Hankel function22 it is relatively straight-
forward to express the total~elastic! cross sections
of the scatterer18 via the effective polarizability: s
5a2/@4 Re(b)#. Calculation of the polarizability or the
cross section from the actual surface profile of the scatterer is
rather complicated,18 and, in the following numerical simu-
lations, we shall use the estimate ofa based on the experi-
mental near-field optical images.4,12

The general relation for the total SPP field@Eq. ~1!# is a
self-consistent equation of multiple scattering, and can be
used only after the self-consistent field at the sites of the
scattersE(r j ) has been determined. The significance of mul-
tiple SPP scattering should be considered in relation with the
ratio between the SPP propagation lengthL5@2 Im(b)#21

and the elastic scattering mean free pathl;R2/s, whereR is
the average separation between scatterers.13 If l .L, the re-
gime of multiple scattering reduces to the regime of single
scattering@Fig. 1~a!#, and, consequently, the zeroth-order
Born approximation can be used to evaluate the self-
consistent field at the sites of the scatterers:E0(r j )
5E0(r j ). As the SPP propagation length increases, the re-

gime of single scattering changes to the regime of double
scattering@Fig. 1~b!#, when the following relation is valid:
2l .L. l . In such a case, the first Born approximation
should be invoked:

E1~r j !5E0~r j !1 (
l 51,lÞ j

N

a lE0~r l !G~r j ,r l !. ~2!

Note that, for randomly situated scatterers, the effect of weak
SPP localization would become pronounced already in
double scattering.13–15

Finally, for L@ l , the regime of multiple SPP scattering
prevails@Fig. 1~c!#, and the successive Born iterations should
be used to calculate the self-consistent field at the scatterers’
sites:

En~r j !5E0~r j !1 (
l 51,lÞ j

N

a lE
n21~r l !G~r j ,r l !. ~3!

For randomly situated scatterers, multiple scattering may
eventually result in strong SPP localization.13 It should be
also borne in mind that, in the case of sufficiently strong
~resonance! interaction, the Born iterations become diver-
gent, and the exact solution of the self-consistent equation
has to be employed.23 However, in the conducted numerical
simulations, the Born series expansion converged rapidly,
and a few iterations@typically, n,10 in Eq.~3!# were suffi-
cient to obtain stable values of the self-consistent field at the
sites of the scatterers.

Closing the description of our model, we would like to
comment on the difference in characteristics between the
SPP propagating along the air-metal interface of two semi-
infinite media and that of a thin metal layer placed on the
surface of a glass prism~this is typical for experimental in-
vestigations!. The real part of the propagation constantb
changes only slightly~increases with the decrease of film
thickness! for usual thicknesses (.30 nm).1 However, the
SPP propagation length for a thin metal layer can be consid-
erably less than that for semi-infinite media due to the cou-
pling between the excited SPP and the field components
propagating in the prism~the radiation damping!.1 For the
sake of simplicity, we shall use the relations for semi-infinite
media while keeping in mind the reduction ofL under ex-
perimental conditions~due to the finite layer thickness!.

III. RANDOM SCATTERERS

Elastic SPP scattering by surface roughness and the re-
sulting localization phenomena have been considered in most
cases by using direct evaluation of~experimentally obtained!
near-field optical images generated due to interference be-
tween the excited and scattered SPP’s.4,13,16 Quite recently,
we have introduced the usage of spatial Fourier spectra of
near-field optical images for deciphering their content, i.e.,
for detection of the scattered SPP’s and evaluation of the
scattering order.8 In the following, we shall confirm the pre-
vious observations and elucidate the relationship between the
Fourier spectrum of intensity distribution and the scattering
order by using numerical simulations.

We begin with the estimation of the magnitude of the
effective polarizabilitya for a typical individual scatterer to

FIG. 1. Schematic representation of different orders of scatter-
ing: single~a!, double~b!, and multiple~c! scattering.
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be used in our calculations. This can be done by considering
the characteristic interference pattern obtained experimen-
tally with an individual scatterer and by fittinga so that the
calculated intensity distribution would have a similar con-
trast. One should also remember to take into consideration
the contrast correction factor that accounts for spatial fre-
quency filtration performed by a fiber tip.8 The result of the
described procedure is shown in Fig. 2 for the experiment, in
which the SPP excited at the wavelength ofl5633 nm
along the air-metal interface of a silver film~thickness is
;45 nm!,8,12,13 and for the simulations with the effective
polarizability a53. The propagation constantb used in
these ~and following! simulations has been calculated for
semi-infinite media on both sides of the air-metal interface
with the metal dielectric constant«52161 i , which is a
typical value for silver films and the wavelength ofl5633
nm.8,13 The total elastic cross section of the scatterer can be
then evaluated as described in the previous section:s
'0.22mm. Note that, for a symmetric surface defect consid-
ered theoretically,18 the same total cross section would cor-
respond~in the first Born approximation! to the scatterer
with the height of 0.1mm and the radius of 0.7mm. The
obtained parameters are similar to those of experimentally
observed scatterers.4,12

In the following calculations we consider 25 equivalent
scatterers witha53, that are placed randomly in the area
535 mm2 and illuminated by a plane wave (l5633 nm)
propagating from the right side toward the left in the hori-
zontal direction. In this case, the propagation length (L
;23 mm) is sufficiently large in comparison with the elastic
scattering mean free pathl;R2/s'4.5 mm. Therefore, by
using the Born approximations with different orders as de-
scribed in the previous section, we can subsequently simulate
the regimes of single~Fig. 3!, double~Fig. 4!, and multiple
~Fig. 5! scattering. Experimentally, this would correspond to
the usage of different wavelengths or/and different metal
films to change the relation between the SPP propagation
length and the elastic scattering mean free path.13 Note that,
in the following, the field intensity distribution in the imme-
diate vicinity of a scatterer will be averaged over the area of
1503150 nm2 centered around the scatterer’s location~to

avoid anomalously large and physically meaningless values
of the field intensity!. Finally, one should bear in mind that
the Fourier spectrumF(k) of an intensity distribution, which
is a real function of spatial variables, has Hermitian symme-
try and, therefore, its magnitude distribution is symmetric
with respect to the origin, i.e.,uF(2k)u5uF(k)u. For ex-

FIG. 2. Gray-scale topographical~a! and near-field optical~b!
experimental images 334 mm2 along with the corresponding rep-
resentation~c! of the calculated intensity distribution for the effec-
tive polarizability a53. The experimental images were obtained
with the polariton excited at the wavelength of 633 nm along the
silver film. The depth of the topographical image is 96 nm. Con-
trast, i.e., the relative difference between maximum and minimum
signal, of the near-field optical image recorded with the fiber tip
having the contrast correction factor of;1.2 is 73%. Contrast in
the calculated intensity distribution is 90%.

FIG. 3. Gray-scale representation of the total field-intensity dis-
tribution ~a! and Fourier spectrum magnitudes corresponding to the
intensity distributions inside~b! and outside~c! of the scatterers’
area. The intensity distribution within the area of 1035 mm2 was
calculated in the regime of single scattering by 25 scatters witha
53 randomly distributed in the left half. Contrast of the images of
100%.

FIG. 4. Gray-scale representations of the total field-intensity dis-
tribution ~a! calculated in the regime of double scattering and Fou-
rier spectrum magnitudes corresponding to the intensity distribu-
tions inside~b! and outside~c! of the scatterers’ area. All else is as
in Fig. 3.
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ample, the intensity interference pattern for two~unequal in
amplitude! plane waves with wave vectorsk1 andk2 would
result in the Fourier spectrum, whose magnitude~besides
being nonzero atk50) has the same value fork56(k2
2k1). In the following, the spectrum magnitude at the origin
~that corresponds to the average value of intensity! will be
not shown on gray-scale representations of Fourier spectra
~to better visualize weak scattered waves!.

In the regime of single scattering, i.e., when the zeroth-
order Born approximation is applied, the intensity distribu-
tion reflects the interference between the incident plane wave
and the scattered cylindrical waves@Fig. 3~a!#. Conse-
quently, the spatial Fourier spectrum of the intensity distri-
bution in the area, within which the scatterers are contained,
represents a pair of open circles with the radius correspond-
ing to the propagation constantb @Fig. 3~b!#.8 Outside of the
scatterers’ area, a nearly plane~reflected! wave is formed,
and it propagates in the specular direction with respect to
some average boundary of the scattering region. The corre-
sponding Fourier spectrum shows two bright spots aligned
along the perpendicular to this boundary@Fig. 3~c!#.

In the regime of double scattering@the first Born approxi-
mation, Eq.~2!#, the multiple interference effects become
already pronounced:~i! scattered waves inside the scatterers’
area are significantly stronger than those outside it@Fig.
4~a!#, ~ii ! their amplitudes are comparable with that of the
incident wave thereby resulting in a diffuse Fourier spectrum
@Fig. 4~b!#, and ~iii ! outside of the scatterers’ area, a back-
scattered wave~propagating in the direction opposite to that
of the incident wave! is formed, and this wave is even stron-
ger than the specularly reflected one@Fig. 4~c!#. These ef-
fects become more pronounced in the regime of multiple
scattering~Fig. 5! when the successive iterations are used to
calculate the self-consistent field at the scatterers’ sites@Eq.
~3!#. Note that, even though the intensity distribution inside

the scatterers’ area is rather similar to the one for the double-
scattering regime@cf. Figs. 5~a! and 4~a!#, the corresponding
Fourier spectrum contains notably more spatial frequencies
@cf. Figs. 5~b! and 4~b!#. Actually, it represents a nearly filled
circle with the radius that is twice the propagation constant
b, a feature that is in a complete agreement with the experi-
mental results obtained with SPP scattering on a rough sur-
face of gold film.8

Finally, we considered the influence of the wavelengthl
on the intensity distribution established inside the scatterers’
area in the regime of multiple scattering. For the propagation
lengthL being smaller than the lateral extension of the scat-
terers’ area, the corresponding interference pattern should
become different when the wavelength is changed bydl
;l2/L;15 nm. In our case, the area dimension is notice-
ably smaller than the propagation length, and variations in
the intensity distribution~bright spots in particular! were
found pronounced for the wavelength variation of 30 nm
~Fig. 6!. Such a wavelength dependence is yet another char-
acteristic feature related to interference in multiple scatter-
ing. The corresponding spatial Fourier spectra are similar to
each other and the one shown in Fig. 5~b!. Note that the
overall appearance of bright spots~Fig. 6! is quite similar to
the bright spots that were observed in experimental studies of
SPP scattering by rough metal films and attributed to strong
SPP localization.4,8,13,16

The presented simulations demonstrate the relationship
between different regimes of scattering, spatial Fourier spec-
tra of the field intensity distributions, and localization phe-
nomena. The results obtained are consistent with the previ-
ously reported experimental observations.4,8,13,16 However,
even though the aforementioned bright spots~Fig. 6! are un-
doubtedly the result of interference in multiple scattering,

FIG. 5. Gray-scale representations of the total field-intensity dis-
tribution ~a! calculated in the regime of multiple scattering and
Fourier spectrum magnitudes corresponding to the intensity distri-
butions inside~b! and outside~c! of the scatterers’ area. All else is
as in Fig. 3.

FIG. 6. Gray-scale representations of the total field intensity
distributions in the area of 535 mm2 calculated in the regime of
multiple scattering~by 25 scatterers witha53 randomly distrib-
uted in the area! for different wavelengths of light:l5570 ~a!, 600
~b!, 630 ~c!, and 660~d! nm. Contrast of the images is 100%.
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they should not be directly related to strong localization as
the size (d55 mm) of the scatterers’ area used in our cal-
culations is too small in comparison with the propagation
length (L;23 mm). Actually, the opposite relation should
be satisfied:d@L(@ l ). This is hardly a problem in the ex-
periment but, as far as the calculations are concerned, com-
plying with this demand means an increase in number of
scatterers to be considered by at least two orders of magni-
tude. Such extensive calculations are rather time consuming
and go beyond the frame of this work.

IV. TWO-DIMENSIONAL MICRO-OPTICS

The main idea of the technique that we suggested and
experimentally demonstrated12 is to line up several micros-
catterers with small separations in order to produce a micro-
mirror. A curved line of scatterers would evidently produce a
focusing micromirror, and by using a proper combination of
straight and curved mirrors one should then be able to create
virtually any conceivable micro-optical circuit. Note that the
operation ofreflectiveoptical elements is inherently much
less sensitive to the light wavelength than that ofrefractive
ones, because in the limit of geometrical optics the former
are dispersionless. However, it is also clear from the outset
that optical microcomponents, which consist of a few mi-
croscatterers and occupy an area of a few wavelengths in
size, can exhibit relatively strong wavelength dispersion and
configurational instability~i.e., instability with respect to
variations in geometrical parameters! in the overall scattering
behavior.

The original idea was to model the aforementioned micro-
elements by using the same relations@Eqs.~1! and~3!# as in
the previous section. However, we found that the calcula-
tions performed within the zeroth-order Born approximation
fitted somewhat better to the reported experimental results12

than more accurate calculations with multiple scattering be-
ing taken into account@Eq. ~3!#. We believe that this can be
explained by the fact that artificially fabricated microscatter-
ers are relatively large~micrometer-sized!12 and, therefore,
~i! may respond differently~less efficiently! to the strongly
divergent scattered wave than to the incident plane wave
and/or ~ii ! may enhance the coupling from the exciting to-
tally internally reflected wave to the SPP~as is the case with
individual surface defects created by a direct-write PSTM-
based technique5,10!. These reasons can be taken into account
by introducing an additional term into Eq.~1! that is respon-
sible only for the scattering of the incident~plane! wave:

E~r !5E0~r !1(
j 50

N

a jE~r j !G~r ,r j !1(
j 51

N

a j* E0~r j !G~r ,r j !,

~4!

wherea j* is the auxiliary~effective! polarizability of thejth
scatterer accounting for the additional scattering channel,
i.e., scattering of the incident fieldE0 that occurs along with
multiple scattering@described by Eq.~3!#. Note that the scat-
tering by an individual scatterer shown in Fig. 2 is described
by the effective polarizabilitya1a* , and, therefore, we
have used the conditiona1a* 53 ~see Sec. III! when com-
paring the calculated and experimental results.

In the following calculations we consider optical micro-
components consisting of equivalent scatterers, that are
placed in the area 535 mm2 and illuminated by a plane
wave propagating from the right side toward the left in the
horizontal direction. Using the experimental results concern-
ing a corner square mirror~the most complicated structure
created so far!12 we have found a very good agreement be-
tween the experimental near-field optical image and the in-
tensity distribution calculated witha52 and a* 51 @Eqs.
~3! and ~4!#, whereas the simulations witha53 and a*
50 @Eqs. ~3! and ~1!# resembled poorly the experimental
image~Fig. 7!. For this reason, the polarizability values ob-
tained (a52, a* 51) were used in our simulations of two-
dimensional optical microcomponents, that are presented
hereafter. Finally, in order to elucidate the dispersion effects,
two wavelengths of light, viz., 594 and 633 nm, are consid-
ered ~laser beams at these wavelengths were used for SPP
excitation in our experiments presented in the experimental
part of the paper!.

Simulation results for line micromirrors composed of dif-
ferent numbers of microscatterers are shown in Fig. 8. When
viewing the calculated intensity distributions one should re-
member that the interference fringes due to the excited and
specularly reflected wave are parallel to the mirror line
~Wiener fringes!. We found that, even though it is possible to
reflect the incident wave in the specular direction with only 2
~pointlike! scatterers, the efficiency of a 2-scatterer mirror is
small, and that there is practically no angular confinement of
the reflected wave. Both efficiency and confinement are sig-
nificantly better for mirrors composed of 6~and larger num-
ber of! scatterers. We found also that, for smaller number of

FIG. 7. Gray-scale topographical~a! and near-field optical~b!
experimental images 434 mm2 along with the corresponding rep-
resentations of the calculated intensity distributions calculated with
a53, a* 50 ~c!, anda52, a* 51 ~d!. The experimental images
were obtained with the polariton excited at the wavelength of 633
nm along the silver film. The depth of the topographical image is 82
nm. Contrast of the optical images is 90%~b! and 100%~c! and~d!.
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scatterers, the operation of micromirror is strongly dependent
upon geometrical parameters, i.e., mirror orientation and in-
terscatterer distances, as well as the light wavelength. Once
the scatterers’ number is sufficiently large, the operation be-
comes stable and the characteristics~efficiency and confine-
ment! approach the expected ones@cf. Figs. 8~c! and 8~f!#.

The results of numerical simulations for corner square
micromirrors are shown in Fig. 9. The conclusions similar to
those formulated above can be deduced for this configuration
as well. Apparent on comparison of the interference fringes
in intensity distributions for different mirrors is the improve-
ment in the phase distribution of the~back! reflected wave

with the increase in the number of scatterers that compose a
micromirror. Actually, the angular confinement of the re-
flected wave for an 11-scatterer corner mirror is also quite
good, but this feature is somewhat obscured in the total field-
intensity distributions because of very bright spots related to
interference effects in multiple scattering going oninsidethe
scatterers’ area~see Sec. III!. Overall behavior of corner mi-
cromirrors appears much more complicated than that of line
micromirrors ~cf. Figs. 8 and 9!, thereby warning against
designing sophisticated microcomponents.

An ideal focusing micromirror should consist of scatterers
placed along a parabolic curve:y254Fx, where (x,y) is the
orthogonal system of coordinates in the surface plane, thex
axis is oriented along the optical axis of the mirror, andF is
the focal length. Simulations for micromirrors designed to
haveF52 mm are shown in Fig. 10. In accordance with the
previous observations, the operation becomes a stable and
focusing effect—more pronounced with the increase of the
scatterers’ number. Note that, in the focusing area, the dis-
persion in the intensity distributions for 8-scatterer mirrors is
actually small, but a relatively large difference in the inten-
sity of bright spots~seen inside the scatterers’ area! produces
an effect of large dispersion in the focusing properties@cf.
Figs. 10~c! and 10~f!#.

The presented simulations demonstrate the feasibility of
creating two-dimensional optical microcomponents by using
a specially configured set of scatterers. Both wavelength dis-
persion and configurational instability of their characteristics
are found to decrease rapidly with the increase of the number
of scatterers. However, even for a component composed of
large number of scatterers, the operation can exhibit unex-
pected features, e.g., strong field enhancement~bright spots!
inside the scatterers’ area, which may influence unfavorably
the component’s characteristics. We believe that the numeri-
cal simulations using the appropriate polarizability values
~fitted to particular experimental conditions! would help to

FIG. 8. Gray-scale representations of the total field-intensity dis-
tributions in the area of 535 mm2 calculated~in the regime of
multiple scattering! for line micromirrors composed of 2~a!, ~d!, 4
~b!, ~e! and 6 ~c!, ~f! scatterers witha52, a* 51, and for two
wavelengths of light:l5633 ~a!, ~b!, ~c! and 594~d!, ~e!, ~f! nm.
Contrast of the images is 100%.

FIG. 9. Gray-scale representations of the total field-intensity dis-
tributions in the area of 535 mm2 calculated for corner square
micromirrors composed of 3~a!, ~d!, 7 ~b!, ~e!, and 11 ~c!, ~f!
scatterers. All else is as in Fig. 8.

FIG. 10. Gray-scale representations of the total field intensity
distributions in the are of 535 mm2 calculated for curved micro-
mirrors ~with the focal length of 2mm! composed of 4~a!, ~d!, 6
~b!, ~e!, and 8~c!, ~f! scatterers. All else is as in Fig. 8.
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fabricate the microcomponents with desirable characteristics.
Our model seems reasonably simple and accurate to serve
adequately this purpose.

V. EXPERIMENTAL RESULTS

The experimental setup used in this work consists of a
stand alone PSTM combined with a shear force based feed-
back system and an arrangement for SPP excitation in the
usual Kretschmann configuration, and is described in detail
elsewhere.4 The only modification introduced is the incorpo-
ration of an additional laser source in the arrangement used
for the SPP excitation~Fig. 11!. Thereby, SPP’s can be reso-
nantly excited at either of two optical wavelengths, viz., 594
~yellow! and 633~red! nm. Two samples were used in our
experiments presented here: with the silver and gold thin
films. A 45-nm-thick silver film has been thermally evapo-
rated on a glass prism~refractive indexn'1.52) in vacuum
(;1025 Torr) during a rather short time interval (;10 s)
aiming at fabrication of a smooth but relatively soft film
@suitable for the experiments on micro-optics of SPP’s~Ref.
12!#. A 40-nm-thick gold film has been evaporated~vacuum
;1026, time ;30 s! on the base of a prism (n'1.52) that
has been covered with a sublayer of colloid gold particles
~diameter;40 nm! dried up in atmosphere~suitable for the
experiments on multiple SPP scattering8!.

The p-polarized~electric field is parallel to the plane of
incidence! light beam from either of two He-Ne lasers (P
'3 mW) is weakly focused onto the base of either of two
prisms with the metal films~local length'500 mm, spot
size;400mm!. Such an arrangement allows one to increase
a local intensity of the incident beam while keeping it within
the angular width of resonant SPP excitation. The reflected
light is detected by a photodiode, and the SPP excitation is
recognized as a minimum in the angular dependence of the
reflected light power~attenuated total reflection minimum!.1

The appropriate angular dependencies were measured for

both films and both wavelengths in order to determine the
resonant excitation angles. By fitting the measured depen-
dencies to those calculated for the three-layer structure, one
can determine the film dielectric constants and the relevant
SPP characteristics.1 The SPP local field is probed with an
etched~55 min. in a 40% solution of hydrofluoric acid! fiber
tip that ensures both strong optical signal13 and relatively
faithful imaging.8,24 The SPP excitation exhibited a well-
pronounced resonance behavior with the detected optical sig-
nal ~at resonance! of ;1 – 10 nW for the silver film, and
0.1–1 nW for the gold film. It should be mentioned that the
signal related to the SPP excited at 633 nm was usually
stronger than that connected with the wavelength of 594 nm.
Finally, it should be noted that all images presented here are
oriented in the way that the excited SPP propagates from the
right side toward the left in the horizontal direction.

The average optical signal for both films and both wave-
lengths decreased exponentially~as expected! with the in-
crease of the tip-surface distance. The observed distance de-
pendence confirms that the near-field optical images
represent the SPP intensity distributions,8 and, at the same
time, indicates the possibility of inducing topographical arti-
facts in images obtained with shear force feedback~in con-
stant tip-surface distance mode!.25 We have carefully ex-
plored such a possibility by comparing optical images
recorded with the silver film for both wavelengths in con
stant distance and constant height modes~Fig. 12!. The only
difference found between these images was related to the
displacement of the fiber tip when getting out of the contact
with the sample surface. This means that the contrast ob-
served in near-field images is pure optical, i.e., not induced
by topographical variations,25 a fact that can be explained by
rather strong and rapid variations of the near-field intensity
in the surface plane. Once this fact is established, the near-
field imaging in constant distance mode is preferable, since it
allows one to achieve the best spatial resolution~which de-
teriorates with the increase of the tip-surface distance!. This
mode helps also to keep track on the imaged area when suc-
cessive images of the same area are being taken and, thereby,
to account for eventual drift of the sample with respect to the
fiber tip. Actually, the stability of our setup appeared rather
high, a circumstance that enabled us to obtain the near-field
optical images in turn for the two wavelengths at thesame
surface area~Fig. 12!.

A. Random scatterers

Topographical images of the silver film showed a smooth
surface with rarely spaced bumps in the center region, and
somewhat more rough surface in the outer region. The cor-
responding near-field optical images of the SPP intensity dis-
tributions at both wavelengths exhibited well pronounced in-
terference patterns, whose dispersion was especially
noticeable for rough surface areas~Fig. 13!. This indicates
that, in the center part of the film, scatterers are situated far
away from each other~for example, no scatters are seen on
the corresponding topographical image in Fig. 13!, and the
regime of SPP scattering in this region is close to that of
single scattering. In the outer region, the SPP propagation
length ~ ;15 mm for both wavelengths and with the radia-
tion damping being taken into account! is apparently larger

FIG. 11. Schematic of the experimental setup for near-field im-
aging of intensity distributions of surface plasmon polaritons reso-
nantly excited in turn at two wavelengths (l15594 nm,l25633
nm!. LS1,2, laser sources;S1,2 shutters;L, lens; M, mirror. The
polarization of light is parallel to the figure plane.
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than the elastic scattering mean free path, and multiple scat-
tering results in bright spots whose position is wavelength
dependent~see Sec. III!.

Topographical images of the gold film showed a rough
surface revealing the sublayer of randomly located gold par-
ticles ~or particle clusters!.8 The elongated appearance of the

particles~Fig. 14! is probably induced by an asymmetrical
shape of the fiber tip~taking the relatively large cone-angle
into account! and/or a tilt of the fiber axis with respect to the
normal direction~to the film surface!. Such an asymmetry in
topographical imaging has also been observed in the experi-
ments with latex spheres placed on a crystal surface, which
have been imaged with a similar fiber tip.26 The correspond-
ing near-field optical images of the SPP intensity distribu-
tions exhibited rather bright spots, that are almost round in
shape and located differently for different wavelengths~Fig.
14!. These features are typical for the regime of multiple
scattering that can eventually result in strong SPP
localization.4,8,13 An interference pattern produced by mul-
tiple scattering is very sensitive to variations in any param-
eter ~wavelength, phase distribution, positions of scatterers,
etc.!. The sensitivity with respect to scatterers’ locations was
directly observed in our experiments. The two sets of images
shown in Fig. 14 have been taken at the same place of the
gold film, whose topography has been modified~after obtain-
ing the top set but before recording the lower set! by pressing
the fiber tip against the film surface. It is clearly seen that,
after such a modification, the near-field optical images
changed drastically~and differently! for both wavelengths.

Spatial frequency spectra of near-field optical images
were found~Ref. 8 and Sec. III! particularly useful for es-
tablishing the regime of scattering. The spatial spectra of the
images presented here~Figs. 13 and 14! are quite similar for
the two wavelengths used but different for the surfaces in-
spected. The spatial Fourier spectrum for the center~smooth!
region of the silver film represents a pair of open circles with
the radius determined by the SPP propagation constant as
should have been expected for the regime of single scattering
@cf. Figs. 3~b! and 15~a!#. Spatial spectra for relatively rough
areas of the silver and gold films@Figs. 15~b! and 15~c!#
contain notably more spatial frequencies approaching the
spectrum that corresponds to the developed multiple scatter-
ing, i.e., a filled circle with the radius twice the propagation
constant@Fig. 5~b!#.

FIG. 12. Gray-scale topographical (T) and near-field optical im-
ages 1.831.8 mm2 obtained with the silver film for two wave-
lengths: 594 nm~yellow! and 633 nm~red!, when operating the
microscope with shear force feedback~SF! and in constant height
mode~CH! with the tip-surface distance of;15 nm. The depth of
the topographical images is;30 nm. Contrast of the optical images
is ;95%.

FIG. 13. Gray-scale topographical~Topo! and near-field optical
images 4.533.6 mm2 obtained at smooth and rough regions of the
silver film for two wavelengths: 594 nm~yellow! and 633 nm~red!,
when operating the microscope with shear force feedback. The
depth of the topographical images is;10 nm ~top set of images!
and 92 nm~lower set!. Contrast of the optical images is;95%.

FIG. 14. Gray-scale topographical and near-field optical images
obtained with the gold film before~top set of images! and after
~lower set! surface modification~the tip was pressed against the
surface to the left from the center of the scan area!. The depth of the
topographical images is;42 nm ~top set! and 101 nm~lower set!.
Contrast of the optical images is;98%. Everything else is as in
Fig. 13.
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B. Microcomponents for SPP’s

The technique that has been suggested for fabrication of
microcomponents for SPP’s12 is rather simple: an uncoated
fiber tip has to be pressed against a metal film surface. It
means that the sample should be moved toward the fiber tip
sufficiently fast in comparison with the time response of the
shear force feedback system (;1 ms, in our case!. In the
first experiments, the fiber tip has been moved with the pi-
ezoelectric translator controlled manually.12 In the present
experiments, we used a piezodriver~Physik Instrumente,
Germany! whose output can be controlled with an external
analog signal. We have constructed a simpleRC-circuit with
an adjustable power supply, that delivers voltage pulses~du-
ration;10 ms! to the input of piezo driver. After a few trial
experiments we found that the voltage pulses of;1.5 V
result in the microscatterers of a proper size~similar to that
obtained in the preliminary experiments12!. Note that, even
though microscatterers with nearly the same efficiency could

have been produced in both gold and silver films, the silver
film was found more suitable in many respects, e.g., it allows
for more efficient SPP excitation and longer SPP propagation
length. Therefore, the results presented hereafter are related
to the experiments with the silver film.

The wavelength dispersion of microcomponents is the
main issue checked out in the experiments presented here.
Several 3-scatterer micromirrors oriented differently were
fabricated, and their operation for the two wavelengths was
investigated~Fig. 16!. Similar to our numerical simulations
discussed above, the wavelength dispersion of experimen-
tally studied micromirrors appeared noticeable~Wiener
fringes look more convincing for SPP’s excited by red light!
but seemingly insignificant for practical purposes. However,
even in this refined experiment, the fabricated micromirrors
exhibited the behavior that was not as perfect as one would
have liked it to be. Although the reasons may be many, we
believe that the nonlinearity of piezotranslators positioning
the fiber tip and the asymmetrical shape of the fiber tip
should be pointed out. The first reason makes the exact tip
positioning difficult, especially when accompanied by the
temporal drift of the sample with respect to the tip. The
second reason forces one to properly adjust the orientation of
the fiber tip ~by rotating it around the fiber axis! for the
fabrication of a particularly tilted mirror~Fig. 16!.

The comparison of operation of the~supposedly! straight
and curved line mirrors can serve as a serious check of the
developed technique. We have attempted to produce a 3-
scatterer straight mirror reflecting backward and a 4-scatterer
curved mirror focusing the reflected light at;4 mm distance
from the mirror~see Sec. IV!. The corresponding experimen-
tal results are shown in Fig. 17. It is seen that we failed to
perfectly align 3 microscatterers~along a straight line!, and
the reflected waves were quite inhomogeneous for both
wavelengths. The focusing micromirror came out well, and
the experimentally obtained intensity distributions were
rather similar to the simulated ones~compare Figs. 10 and
17, taking into account the difference in the focal distances!.

FIG. 15. Gray-scale logarithmic representations of Fourier spec-
trum magnitudes for the near-field optical images~Figs. 13 and 14!
recorded at smooth~a! and rough~b! regions of the silver film and
with the gold film before modification~c!.

FIG. 16. Gray-scale topographical~Topo! and near-field optical
images 4.434.3 mm2 obtained with differently oriented 3-scatterer
micromirrors ~fabricated on the silver film! for two wavelengths:
594 nm~yellow! and 633 nm~red!. The depth of the topographical
images is;47 nm~top set of images!, 142 nm~middle set!, and 90
nm ~lower set!. Contrast of the optical images is;100%.

FIG. 17. Gray-scale topographical and near-field optical images
obtained with straight~top set of images! and curved~lower set!
micromirrors. The depth of the topographical images is;81 nm
~top set! and 74 nm~lower set!. Contrast of the optical images is
;100%. Everything else is as in Fig. 16.
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As far as the wavelength dispersion of the straight and
curved micromirrors is concerned, the plane-reflected SPP is
somewhat more homogeneous for yellow light, but the spa-
tial confinement of the focused reflected SPP looks better for
red light ~Fig. 17!.

Cross sections of the recorded intensity distributions
~similar for the two wavelengths! exhibit more than 10 times
signal enhancement in the focusing region, whose total width
is ;1 mm ~Fig. 18!. Because of the limited size of the im-
age, the length of the focusing area~along the optical axis!
can be only approximately estimated as a few micrometers.
In addition, the cross section along the optical axis allows
one to evaluate the magnitude of the focused SPP field as
compared to that of the incident~from the right side toward
the left! SPP. Indeed, the contrast of interference fringes in
the focusing area~the difference between the maximum and
minimum signals divided by their sum! is ; 1

9 ~Fig. 18!. This
means that the ratio between the field magnitudes of focused
~backscattered! and incident SPP’s is;18. Taking into ac-
count that the incident field is already enhanced at the sur-
face due to the resonant SPP excitation,1 one can conclude
that the total field enhancement created by focusing the ex-
cited SPP can easily reach several orders of magnitude. We
believe that the results obtained with the focusing micromir-
ror are rather promising with respect to the possibility of
creating strong local-field enhancement at a given place, an
effect that can be advantageously exploited, for example, in
spatially resolved Raman spectroscopy.

The near-field images look quite similar to the results of
numerical simulations with respect to both the overall ap-
pearance and wavelength dispersion. In particular, a very
good agreement between the experimental and calculated re-
sults has been demonstrated for a corner square mirror~Fig.
7!. It seems though that the scatterers’ number in calcula-
tions should be, in general, larger than the experimentally
used one for such an agreement to be achieved~cf. Figs. 8
and 16, 10 and 17!. There is also the asymmetry in scatter-
er’s shape~and in the scattering properties!, which was ob-

served previously,12 as well as in these experiments, and that
is not reflected in our model. One way to circumvent these
inconsistencies would be to simulate an experimentally fab-
ricated microscatterer by two pointlike scatterers, which are
closely placed along a specific direction~but that do not
interact with each other!. Another way to tackle this problem
is to approximate a scattered SPP by the Hankel function
with the angular numberm.0, i.e., to introduce an aniso-
tropic response of a~pointlike! scatterer. However, the cor-
responding modifications would bring our model on the next
level of complexity and thereby would require significant
efforts for these modifications to be properly incorporated in
the developed framework. We shall explore these possibili-
ties in our future work.

VI. CONCLUSIONS

Elastic scattering of SPP’s by randomly situated and arti-
ficially fabricated microscatterers has been investigated both
theoretically and experimentally. Microscatterers have been
considered as~two-dimensional! isotropic pointlike scatter-
ers characterized by the effective polarizability, which is di-
rectly related to the total~elastic! scattering cross section.
For randomly situated scatterers, the results of numerical
simulations of different scattering regimes~single, double,
and multiple scattering! have been presented illustrating the
interplay between different orders of scattering and localiza-
tion phenomena. The importance of spatial Fourier spectra of
SPP intensity distributions for their interpretation has been
pointed out. The results of our simulations have been found
to be in agreement with the experimental results presented
here and in our previous papers.8,13,16 Overall, we believe
that a certain understanding of elastic SPP scattering by ran-
dom scatterers and accompanying localization phenomena
has emerged and that this allows one to approach other fas-
cinating issues related to SPP scattering, e.g., phenomena
associated with photonic band gaps in the optical regime
using SPP’s.27

Various optical microcomponents formed by sets of point
scatterers have also been simulated, and the stability and
dispersion of their characteristics have been discussed. The
appropriate experimental results obtained for straight and
curved micromirrors have been presented~for two excitation
wavelengths! and compared with the numerical results, dem-
onstrating that the model developed can be successfully used
for the design of components for micro-optics of SPP’s. A
component for micro-optics of SPP’s viz., a focusing micro-
mirror, has been experimentally investigated for the first time
to our knowledge, and the field enhancement by;18 times
with respect to the excited SPP has been observed in the
focusing area. It is relatively straightforward to combine
such a component with other microcomponents, i.e., line and
corner square micromirrors,12 and eventually with spatially
resolved SPP excitation.9,10 Overall, the conducted investiga-
tions have demonstrated that, by using the developed near-
field techniques and numerical modeling, it is possible to
design and fabricate various integrated microcircuits for
SPP’s~with desirable characteristics! that could have numer-
ous potential applications in spatially resolved~linear and
nonlinear! spectroscopy, surface chemical and biosensing,
and, in general, in surface optics.

FIG. 18. Horizontal~circles! and vertical~triangles! cross sec-
tions of the near-field optical image, that was recorded for the
curved micromirror with yellow light~Fig. 17!. The horizontal
cross section is along the optical axis of the micromirror, and the
vertical one is across the focusing area. Solid lines connecting the
experimental points serve to guide the eye.
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