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Localization phenomena in the elastic scattering of surface plasmon polaritons~SPP’s!, i.e., in the SPP
scattering in the surface plane, are related to the appropriate characteristics of SPP and surface roughness.
Optical fields of SPP’s, which are excited at two different wavelengths~488 and 633 nm! used in turn for each
surface region of four different metal~silver and gold! films, are imaged simultaneously with surface topog-
raphy by use of a photon scanning tunneling microscope with shear force feedback. Single scattering and weak
and strong localization of SPP’s are observed depending on the sample and the light wavelength. This is a
direct demonstration of different regimes of the elastic SPP scattering realized at the same surface region for
different light wavelengths. It is shown that the regime of SPP scattering and, consequently, near-field optical
images, are determined by the topography of a local surface area with the size limited by the SPP propagation
length.@S0163-1829~96!00935-6#

I. INTRODUCTION

Localization of light is an essentially interference phe-
nomenon related to multiple elastic scattering in random
media.1,2 When a wave propagates through a strong-
scattering and nonabsorbing random medium, the mean free
path is reduced due to interference in multiple scattering.
Strong ~Anderson! localization implies that the mean free
path vanishes and propagation no longer exists—the wave is
captured in a ‘‘random’’ cavity. For electrons this is a well-
studied phenomenon, but it has not yet been observed un-
equivocally for light waves in three dimensions. The prob-
lem is that the scattering potential is frequency dependent for
electromagnetic waves, a circumstance which leads to the
divergence of the mean free path in the limit of both low and
high frequencies.3 This means, in turn, that the Ioffe-Regel
condition for localization, viz. 2p/l;1, with l being the
wavelength of light andl being the elastic scattering mean
free path, is extremely difficult to realize. Another interfer-
ence phenomenon that has been observed and extensively
studied is enhanced backscattering~also referred to as weak
localization!, which is already present in lower orders of
multiple scattering, and considered to be a precursor of
strong localization.4,5 The weak-localization effect arises
from a constructive interference~in the backscattering direc-
tion! between two waves scattered along the same path in
opposite directions, and, therefore, shows up already in
double scattering.

The situation with localization is completely different in
two dimensions: light,3 as well as electrons,6 is localized
with any degree of disorder, at least in the absence of ab-
sorption. Qualitatively, it can be explained by the fact that a
random walk is recurrent in two dimensions, implying that
the effective cross section of a single scatterer tends to infin-
ity, drastically reducing the effective mean free path.1 Sur-
face plasmon polaritons~SPP’s! propagating along a plane
interface represent~quasi! two-dimensional waves, and,
therefore, should exhibit localization effects caused by sur-
face roughness.7 Traditionally, interaction of SPP’s with sur-
face roughness has been investigated by using far-field mea-

surements of light scattered into a free space.8 It should be
stressed that, here, our consideration is concerned with the
~elastic! SPP scattering in the surface plane, and that SPP
scattering into a free space is an unwanted process leading to
the additional~radiative! losses experienced by the SPP. In
passing we note that the coupling between SPP’s and propa-
gating ~in air! field components due to surface roughness is
responsible for the remarkable phenomenon of backscatter-
ing enhancement in the diffusely scattered~out of the surface
plane! light.9 Localization phenomena related to elastic SPP
scattering are difficult to observe because of the spatial con-
finement of the SPP field in the direction perpendicular to the
surface plane. Indirectly, weak localization of SPP’s has
been observed by detecting a sharp peak in the angular de-
pendence of the efficiency of second-harmonic generation
~SHG! in the direction perpendicular to the sample surface.10

Such a peak is a manifestation of the enhanced backscatter-
ing of SPP’s, since SHG in the normal direction is related to
the nonlinear interaction between counterpropagating~i.e.,
between the excited and backscattered! SPP’s at the funda-
mental frequency.11 Only with the advent of scanning probe
techniques did it become possible to probe~with high spatial
resolution! the SPP field directly and locally, thus opening
additional possibilities for studying the SPP scattering in the
surface plane.

Recently developed photon scanning tunneling micro-
scope~PSTM!,12 in which an uncoated fiber tip is used to
detect an evanescent field of the light being totally internally
reflected at the sample surface, is apparently the most suit-
able technique for local probing of the SPP field, especially
when combined with shear force feedback for regulation of
the tip-surface distance. Due to the relatively low refractive
index of optical fiber, such a tip can be within certain ap-
proximations considered as a nonperturbative probe of the
electric-field intensity,13,14 and such a feedback system pro-
vides a possibility to measure the surface topography simul-
taneously with the near-field intensity distribution in the sur-
face plane.15,16 The PSTM has already been used in various
studies concerned with the SPP characteristics17 as well as
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with the elastic SPP scattering caused by surface
roughness.18–20 In the latter studies, the scattering of SPP’s
~at a wavelength of 633 nm! propagating along different film
surfaces with different roughnesses has been investigated by
using the PSTM with shear force feedback. It has been ob-
served that near-field optical images, which are generated
due to the SPP propagating along a rough gold surface, ex-
hibit spatially localized~within 150–250 nm! intensity en-
hancement by up to seven times,18,19 whereas those due to
the SPP at a relatively smooth gold surface show a well-
pronounced interference pattern related to the interference
between the excited and scattered SPP’s.18 The SPP scatter-
ing at silver surfaces has been found to produce the back-
scattered SPP, which showed up in near-field optical images
in the form of interference fringes oriented perpendicular to
the excited SPP.20 The observed difference in the scattering
regimes for different films indicates that the SPP localization
does not occur automatically at a rough surface.

Here, SPP characteristics and surface roughness are con-
sidered in connection with localization effects in the elastic
SPP scattering. An experimental study of different scattering
regimes is carried out by using the PSTM with shear force
feedback. Near-field optical images generated due to SPP’s
excited at different surfaces of gold and silver films are ob-
tained with two different wavelengths~488 and 633 nm!
used in turn for each surface region studied. Single scatter-
ing, and weak and strong localization of SPP’s are observed
depending on the sample and the light wavelength. It is di-
rectly demonstrated that different regimes of the elastic SPP
scattering can be realized at the same surface region by
changing the light wavelength.

II. DISCUSSION

According to the scaling theory of localization,3,6 two-
dimensional waves are localized in the absence of absorption
with any degree of disorder. The situation with SPP’s is dif-
ferent for several reasons. First and foremost, SPP’s, being
confined in the direction perpendicular to the surface plane,
are quasi-two-dimensional waves. This means that, in gen-
eral, any surface inhomogeneity leads not only to the elastic
SPP scattering, which is a cause of localization, but also to
the ~inelastic! SPP scattering out of the surface plane. The
latter process gives rise to radiative losses, thereby decreas-
ing the length of the SPP propagation path. However, even
for a perfectly flat interface between air and a homogeneous
metal, the SPP propagation lengthL is finite due to the in-
ternal damping. In the case of semi-infinite media on both
sides of the air-metal interface, the SPP propagation length
~or the lateral decay length! is given by
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where« is the dielectric constant of metal. Usually, SPP’s
are excited at the air-metal interface of a thin metal layer
placed on the surface of a glass~or silica! prism by using the
light beam incident from the side of the prism, i.e., in the
Kretschmann configuration.21 In such a case, the SPP propa-
gation lengthL is smaller than the one expressed by Eq.~1!
due to the coupling between the SPP and the field compo-
nents propagating in the prism, which results in the resonant

reradiation of the SPP. For a realistic interface,L is further
reduced due to the aforementioned inelastic scattering. How-
ever, for a standard vacuum-deposited metal layer,L is
mainly determined by the first two processes, and one can
use Eq.~1! for the estimation ofL, keeping in mind the
reduction ofL due to the finite layer thickness.22

It is clear that the regime of multiple scattering of light
associated with localization can be realized only if light
paths are sufficiently long with respect to the elastic mean
free path. In the case of weak localization of light, deterio-
ration of the coherent backscattering peak by cutting off long
light paths with absorption or confined geometry has been
experimentally demonstrated.23 The condition of weak dissi-
pation of SPP’s means accordingly that the SPP propagation
length should be much larger than the elastic scattering mean
free path:L@ l .7 However, this may not be enough to ensure
strong localization of SPP’s, especially with weak disorder
( l@lsp, with lsp being the SPP wavelength!.

In the weak-scattering limit, strong localization of light in
two dimensions can be viewed as a consequence of the fact
that, for a classical random walker, the total sojourn time in
a small finite region around the origin is infinite.1,2 In the
presence of losses, the sojourn timeT is apparently finite,
and can be evaluated in the wavelength-sized region as fol-
lows:
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whereD is the classical diffusion coefficient (D' lc/3), c is
the speed of light in a medium, andL is the inelastic mean
free path~the SPP propagation length in the case of SPP’s!.
It seems reasonable to suggest that this time should be suf-
ficiently large in comparison with the timel /c of free propa-
gation in order for strong localization to occur. This condi-
tion leads to the following relation for the inelastic mean free
path:

L@ l expS 4p l 2

3l2 D . ~3!

It is well known that the localization effects deteriorate when
the size of the system becomes of the order of the localiza-
tion length.1 The influence of absorption on localization is
similar to that of confined geometry,23 and one should re-
quire L to be much larger than the localization length,7

which can be evaluated asj; l exp(2pl/l).1,2 The fact that
the conditionL@j is automatically fulfilled~for l.l) once
the relation expressed by Eq.~3! is satisfied, confirms the
validity ~at weak disorder! of the derived condition for strong
localization. The exponential divergence of this condition
with respect to the ratiol /l means that the strong localiza-
tion of light ~in two dimensions! by weak disorder is a very
problematic issue in the presence of losses.

In the case of SPP’s, the SPP propagation lengthL in
visible and near-infrared regions can be at best hundreds of
mm, implying that the aforementioned condition@cf. Eq. ~3!#
cannot be satisfied at weak disorder (l@lsp). Therefore,
strong localization of SPP’s can be realized only at strong
disorder (l;lsp). One can expect to find sufficiently strong
disorder in the case of a film with an island structure similar

8178 54SERGEY I. BOZHEVOLNYI



to that used for the first observation of strong SPP
localization.18,19 Consequently, at weak disorder, SPP’s can
exhibit only weak localization, i.e., of course ifL is large
enough to ensure at least double scattering:L. l . Such a
condition is relatively easy to satisfy with noble metals, e.g.,
silver films have been used to observe weak localization ef-
fects in the SPP scattering.10,20 Evaluation of the elastic
mean free pathl for SPP’s is a challenging problem that is of
interest in its own right. However, it can be roughly esti-
mated by using the circumstance that standard metal films
have smooth surfaces with rarely spacedmm-sized
bumps.18,20 Introducing the average bump sizea and the av-
erage separationR between surface bumps, one can estimate
l in the limit of geometrical optics (a@lsp) as l;R2/a.
Such an evaluation is convenient to use in near-field experi-
ments, in which the surface topography is measured simul-
taneously with the SPP intensity distribution.18–20As the in-
ternal damping increases, the regime of multiple scattering
~at weak disorder! changes to the regime of single scattering,
when the following relation is valid:l.L@lsp. Finally, if
L;lsp, then the SPP propagation and scattering in the sur-
face plane become meaningless, even though the SPP exci-
tation ~in the Kretschmann configuration! can still be quite
pronounced in the angular dependence of the reflected light
power.

There are several specific features of near-field experi-
ments with SPP’s, which should be taken into account when
looking for the localization effects in the elastic SPP scatter-
ing. First, it is very important that the SPP scattering into
propagating~in air! field components should be sufficiently
weak. This scattering decreasesL, and contributes to the
detected optical signal, thus distorting recorded images of the
SPP intensity distribution. The second effect can be signifi-
cantly decreased by using a proper fiber tip for the near-field
detection, as will be discussed below. Second, the surface
area that can be imaged is usually much smaller than the size
of an incident laser beam used for the SPP excitation. This
means that the image area should be inside the spot of the
incident beam. Therefore, it seems hardly possible to mea-
sure transmission or reflection of the SPP through a corru-
gated region, as could have been suggested by extrapolating
the ideas of experiments carried out in three dimensions. On
the other hand, with near-field microscopy, there appears a
unique opportunity to observe interference phenomena in the
elastic SPP scattering directly by imagining the appropriate
interference pattern. In the case of strong localization of
SPP’s, the near-field optical images are expected to exhibit
bright spots.18,19The weak localization of SPP’s is related to
the formation of the backscattered SPP, which upon interfer-
ence with the excited SPP should produce interference
fringes perpendicular to the propagation direction of the ex-
cited SPP.20 Finally, one should realize that the SP intensity
in a particular surface region is determined by excitation and
scattering of SPP’s in the surrounding area within the SPP
propagation length. Therefore, the aforementioned averaged
characteristics of surface roughness (l ,R,a) are of limited
use, and the near-field optical images obtained with the same
sample can be very much different for different surface re-
gions.

III. EXPERIMENTAL TECHNIQUE

The experimental setup, which consists of the PSTM
combined with the shear-force-based feedback system and an
arrangement for SPP excitation in the usual Kretschmann
configuration, is described in detail elsewhere.18 The
p-polarized~electrical field is parallel to the plane of inci-
dence! light beam either from a He-Ne laser (l1'633 nm,
P1'3 mW! or from an argon-ion laser (l2'488 nm,
P2'5 mW! is used for the SPP excitation. Both incident
beams can be alternatively directed and focused onto the
base of a prism with a metal film~focal length'500 mm,
spot size;400 mm!. The reflected light is detected by a
photodiode, and the excitation of the SPP is recognized as a
minimum in the angular dependence of the reflected light
power ~attenuated total reflection minimum.!8,21 Both inci-
dent beams are angular adjusted in a way that ensures reso-
nant SPP excitation for either of the two wavelengths. Com-
mercially available optical glass prisms have been used as
substrates for the studied films in order to facilitate the SPP
excitation in the Kretschmann configuration.

The films are the same as those used in the previous
studies.18,20The first gold film~film G1) with a thickness of
60 nm has been thermally evaporated under standard condi-
tions ~vacuum'1026 Torr, evaporation speed;1 Å/s!.
Typically, these conditions result is smooth metal films. In
order to obtain a film with significantly larger surface rough-
ness, the second gold film~film G2! with the thickness of 80
nm has been evaporated at a much greater speed~evapora-
tion time t;1 s! in a relatively poor vacuum ('1025 Torr!.
The silver films~films S1 andS2) are of the same thickness
of 45 nm, but with only slightly different roughnesses due to
different fabrication conditions: filmS1 has been evaporated
under normal conditions~as film G1!, whereas filmS2 has
been evaporated at the speed of;5 Å/s in a vacuum of
'531025-Torr pressure.

The SPP local field is probed with an uncoated fiber tip,
which is fabricated by etching of a single-mode silica fiber in
a 40% solution of hydrofluoric acid during a time period of
55 min.24 Similar fiber tips have been used in previous stud-
ies of SPP propagation and scattering on gold films.18–20

These tips are known to have a rather large cone angle~typi-
cally d'40°).24 The fiber cone angle is a very important
characteristic of the fiber tip for studies of elastic SPP scat-
tering, in which the SPP field should be effectively detected
and discriminated from the propagating in air field compo-
nents related to the inelastic SPP scattering. The SPP field is
predominantly polarized in the direction perpendicular to the
surface plane, whereas the propagating~in air! field contains
components parallel to the surface plane. Considering the
detection process as a detection of radiation from a pointlike
dipole induced at the tip end into the fiber cone,13 one can
find that the detected signal related to the perpendicular field
component increases more rapidly with the cone angle
(;d4, for small d) than the one related to the parallel field
components does (;d2). Therefore, within the model
approximations,13 a larger cone angle should ensure a higher
detection efficiency of the SPP field as well as a better dis-
crimination against the propagating field components.

In the preliminary experiments, the SPP-related signal
measured with a sharper fiber tip (d'10°) was found to be
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about two orders of magnitude weaker than the signal de-
tected with the tip that we usually used (d'400). The signal
dependence on the tip-surface distance was also very differ-
ent for these tips. The detected signal was typically more
than 20 times smaller if the fiber tip was moved;1 mm
away from the surface of a smooth metal~gold or silver! film
with the SPP being resonantly excited. Under similar circum-
stances, but with the aforementioned sharp tip, only a 60%
decrease in the detected signal was measured. Neglecting the
SPP field at a tip-surface distance of 1mm, and assuming
that the propagating field contains an appreciable amount of
components parallel to the surface plane, one can see that the
experimental results are in a good agreement with the above
considerations. This also means that, contrary to detection
with the sharp tip, the contribution of the propagating field
components in the signal detected near the surface with our
usual fiber tip is negligibly small in comparison with the
SPP-related contribution. The previously observed interfer-
ence patterns18,20 showed a rather high contrast, and the pe-
riod related to the SPP wavelength~which is less than the
light wavelength in air!. These observations are yet addi-
tional evidence supporting the above conclusion.

IV. EXPERIMENTAL RESULTS

For the studied films, angular dependences of the reflected
light power atl1'633 nm have been previously measured
and reported.18,20 Similar dependences were also observed
with the other light wavelengthl2'488 nm. The SPP field
intensity distributions near the surfaces of these samples
were investigated by using the resonant excitation of SPP’s
at the two wavelengths in turn for each surface region stud-
ied. While imagining the SPP fields with the PSTM, the
surface profiles were simultaneously determined by use of
the shear force technique with a depth resolution of a few
nanometers and a lateral resolution of better than 50 nm.16 It
should be noted that all images presented here are oriented in
a way that the excited SPP propagates upwards in the verti-
cal direction.

A. Gold films

Typographical images of filmG1 showed a smooth sur-
face with rarely spaced sized bumps@Fig. 1~a!#. The near-
field optical images, which were generated due to the reso-
nantly excited SPP atl1, usually exhibited a well-
pronounced interference pattern related to the interference
between the excited and scattered SPP’s@Fig. 1~b!# ~this phe-
nomenon has been previously observed and discussed18!.
The appropriate near-field optical images due to the SPP at
l2 were very different, and in most cases showed an inten-
sity distribution correlated largely with the local surface to-
pography@Fig. 1~c!#. Such a difference between the optical
images recorded at the same place is explained by the fact
that the SPP propagation lengthL is very different for these
wavelengths. Using Eq.~1! and the available optical
constants25 accordingly results inL1'8 mm and L2;0.4
mm for l1 and l2. The average distance between surface
scatterers was evaluated asR;7 mm. Judging from the to-
pographical images@Figs. 1~a! and 2~a! from this paper,
Figs. 7~a! and 11~a! from Ref. 18#, the average bump size

can be estimated asa;1 mm. Therefore, one can evaluate
the elastic scattering mean free path asl;50 mm ~see Sec.
II !. Since l@L1@l1 and l@L2;l2, the regime of single
scattering is usually realized with the first wavelength@Fig.
1~b!#, whereas no scattering is expected for the second wave-
length @Fig. 1~c!#. Another consequence of larger internal
damping atl2 was a considerably smaller value~by ;10
times! of the average optical signal.

Scattering of the SPP by an individual surface feature is
extremely difficult to analyze for realistic surfaces. One of
the reasons is that the scattering process is strongly depen-
dent on the scatterer’s shape, which is more or less arbitrary
and often rather complicated. In the course of this study, it
was noticed that some bumps with smooth profiles did not

FIG. 1. Gray-scale topographical~a! and near-field optical~b!
and ~c! images 434 mm2 obtained with filmG1. The maximum
depth of the topographical image is 66 nm. The optical images were
taken at the same place with the polariton being resonantly excited
at l1'633 nm ~b! and l2'488 nm ~c!. The optical images are
presented in different scales corresponding to;0.015–1~b! and
0.002–0.1 nW~c! of the detected optical signal.
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scatter the SPP by reflecting it@cf. Fig. 1~b!# but rather trans-
mitted the incident SPP, focusing it in an immediate vicinity
of the scatterer. Even the SPP atl2 was observed to be
focused in the same manner~Fig. 2! in spite of the extremely
small propagation length. One can suggest that the focusing
effect is similar to that of geodesic~or Luneburg! lenses
known in integrated optics.26 On the other hand, the bump is
only a couple of wavelengths in size@Fig. 2~a!#, and it might
be more appropriate to consider the observed effect as a con-
sequence of Mie scattering in two dimensions rather than as
a conventional lens effect. One can notice that, even though
l1.l2, the spot size of the focused SPP is smaller forl1
(;200 and 300 nm, respectively!, whereas the intensity en-
hancement in the spot is larger forl2 (;5 and 10 times!.
Bearing in mind the Mie theory, one may conjecture that
such a two-dimensional microlens for SPP’s should exhibit a

strong dispersion. Note that the spot size forl1 is noticeably
less thanl1/2 @Fig. 2~b!#, a circumstance which indicates
that two-dimensional near-field effects are involved in the
formation of the focal spot.

The topography of filmG2 and the SPP scattering atl1
have previously been studied in detail.18,19 Film G2 has a
typical island structure consisting of bumps with various
heights~5–100 nm! and sizes~50–1000 nm! in the surface
plane, and the surface scatterers are practically adjacent to
each other. One can presume thatR;a;l1 and, therefore,
L1@ l 1;l1 ~see Sec. II!. In such a case, a strong localization
of SPP’s should be expected, and indeed this has been ob-
served in the form of bright spots on the near-field optical
images,18,19 which are similar to those obtained during this
study @Fig. 3~b!#. The enhancement ratio, size, and round
shape of these bright spots, together with the fact that the
spot positions did not correlate with the surface topography

FIG. 2. Gray-scale topographical~a! and near-field optical~b!
and~c! images 333 mm2 obtained with filmG1. The depth of the
topographical image is 121 nm. The scales of optical images are
;0.1–1~b! and 0.005–0.5 nW~c!. All else is as in Fig. 1.

FIG. 3. Gray-scale topographical~a! and near-field optical~b!
and~c! images 333 mm2 obtained with filmG2. The depth of the
topographical image is 103 nm. The scales of optical images are
;0.002–0.1~b! and 0.02–0.06 nW~c!. All else is as in Fig. 1.
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and depended on the excitation angle, have been regarded as
conclusive evidence of the strong localization of SPP’s.19

Thus, a difference in the topography between filmsG1 and
G2 resulted in different scattering regimes atl1: single scat-
tering and strong localization, respectively. Contrary to this
case, the near-field optical images recorded atl2 with film
G2 were of the same nature as those obtained with film
G1, i.e., they showed a similar correlation with the local
topography~cf. Figs. 3 and 1!. This should have been ex-
pected, sinceL2;l2 and, therefore, the SPP’s scattered by
neighbor surface bumps, can hardly interfere with each other.
The bright spot in the upper left corner of the optical image
recorded atl2 @Fig. 3~c!# is most likely due to the aforemen-
tioned focusing effect~cf. Figs. 2 and 3!. Note that this effect
does not show up forl1 @Fig. 3~b!#, probably because of
multiple scattering and interference effects of the SPP’s at
l1. Dispersion of the focusing effect might also be at least
partially responsible for the absence of this effect forl1.

B. Silver films

Typographical images of both silver films showed a
smooth surface withmm-sized bumps separated on averaged
by R1;7 mm ~film S1) andR2;5 mm ~film S2). For both
films, excitation of the SPP’s at both wavelengths exhibited a
well-pronounced resonance behavior, and the average optical
signal was more than 20 times smaller if the angle of inci-
dence was out of resonance by;2°. The signal under reso-
nant excitation was about the same for both wavelengths, but
slightly different for film S1 (;2 nW! and for film S2
(;0.5 nW!. The observed differences inR and the average
optical signal stem apparently from the difference in the fab-
rication procedures for these films. The SPP propagation
length can be estimated asL1'22 mm andL2'5.5mm for
l1 andl2, respectively. In order to determine the regime of
SPP scattering, these values should be compared with the
values of the elastic-scattering mean free pathl for the films.
Assuminga;1 mm @cf. Figs. 2~a! and 5~a! from Ref. 20#
results inl 1;50mm andl 2;25mm ~see Sec. II!. Therefore,
it was expected to observe the regime of single scattering for
l2 with both films, and forl1 with film S1, whereas the SPP
scattering atl1 with film S2 was presumed to appear as
double scattering, resulting eventually in weak SPP localiza-
tion. In fact, it turned out that, for the same film, the near-
field optical images can be very different depending on the
topography of the local surface area, and that images re-
corded with different films can be similar to each other with
respect to the scattering regime.

Near-field optical images demonstrating the regime of
single scattering for both wavelengths were usually obtained
with film S1 ~Fig. 4!. Even though the image recorded at
l1 exhibits a multiple interference pattern, it can be seen that
the dominating scattered SPP’s are, in fact, two single-
scattered waves. These waves are presumably scattered by
scatterers, which are located accordingly to the left and right
of the imaged area. The scattered waves interfere with each
other and with the excited SPP traveling upwards, but the
interference fields related to the excited SPP are stronger
than the field of their mutual interference~scattered waves
are weaker than the incident one!. The interference of the
two scattered SPP’s with the excited SPP results in a typical

pattern similar to a crossed grating@Fig. 4~b!#. It appears that
the scattered SPP’s are of the same magnitude forl1 @Fig.
4~b!#, whereas, forl2, the one propagating from the right is
much stronger@Fig. 4~c!#. Using these two observations, one
can conjecture that the left scatterer is located at a larger
distance from the area imaged than the right scatterer and, in
addition, that this distance is close toL2. In general, the
optical images recorded atl2 with film S1 were quite similar
to those obtained atl1 with film G1 @cf. Figs. 1~b! and 4~c!#,
which could have been expected since the relevant values of
L and l are nearly the same. Note that the observed interfer-
ence patterns are superimposed with slow intensity variations
correlated~somewhat differently for different wavelengths!
with the surface topography~Fig. 4!. This can be explained
by the circumstance that the SPP excitation efficiency as well
as the SPP radiative losses depend on the surface profile.

FIG. 4. Gray-scale topographical~a! and near-field optical~b!
and~c! images 333 mm2 obtained with filmS1. The depth of the
topographical image is 35 nm. The scales of optical images are
;0.1–1.2~b! and 0.04–0.8 nW~c!. All else is as in Fig. 1.
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The near-field optical images demonstrating the regimes
of single~for l2) and multiple~for l1) scattering were usu-
ally obtained with filmS2 ~Fig. 5!. Well-pronounced inten-
sity variations in the optical image atl2 have low spatial
frequencies, and correlate with the appropriate topography
variations@cf. Figs. 5~a! and 5~c!#. One can also notice a fine
weak structure of the optical image atl2 that is similar to a
crossed grating. This structure is mainly related to the inter-
ference of single-scattered SPP’s and, in this respect, re-
sembles that of the optical image recorded atl1 with film
S1, even though the latter is much more pronounced than the
former @cf. Figs. 4~b! and 5~c!#. This similarity is somewhat
more surprising than the one mentioned above, since these
two films have quite different values of the mean free path.
However, the origin of the similarity is actually the same;
that is, the ratioL/ l , which determines the regime of scatter-
ing ~see Sec. II!, is not very different (;0.4 and 0.2 forl1

and forl2, respectively!, and less than 1 in both cases. Note
that the interference is less pronounced atl2 because of the
shorter SPP propagation length. The structure of the optical
image atl1 is much more complicated than that of the rel-
evant image obtained with filmS1 @cf. Figs. 4~b! and 5~b!#.
This difference is attributed to the coherent multiple~mainly
double! scattering of the SPP’s. In such a case, it is expected
that the phenomenon of weak localization should show up in
the form of horizontal interference fringes related to the in-
terference between excited and backscattered SPP’s.20 The
considered optical image@Fig. 5~b!# does exhibit appropriate
periodic intensity variations in the vertical direction, even
though the horizontal fringes as such are not well pro-
nounced.

It has been pointed out20 that a desirable interference pat-
tern is difficult to observe due to the presence of other inter-
ference patterns related to different scattered SPP’s. In three
dimensions, measurements of backscattered light are carried
out outside of a medium with randomly distributed
scatterers.4,5 Similarly, the formation of the backscattered
SPP should be most pronounced relatively far away from
individual scatterers, so that SPP’s scattered along different
routes would be of the same magnitude. From this point of
view, both films have their own advantages~related to the
fact that l 1. l 2): with film S1, it is easier to find the place
relatively far away from surface scatterers, whereas, with
film S2, it is easier to realize the regime of multiple scatter-
ing. Several examples of near-field optical images showing
horizontal interference fringes have been previously obtained
~at l1 with both silver films! and discussed in detail.

20 In the
course of this study, a few optical images atl1 were also
recorded with the purpose of finding the interference pattern
related to the backscattered SPP. The best image showing the
horizontal interference fringes was found with filmS1 ~Fig.
6!. Still, it is seen that the horizontal fringes emerge from a
rather complicated interference pattern and not just from in-

FIG. 6. The near-field optical image 1.533 mm2 obtained with
film S1, and the polariton resonantly excited atl1'633 nm. The
topography variation of the surface region imaged was less than 16
nm. The optical image is presented in the scale corresponding to
;0.007–1.5 nW of the detected optical signal.

FIG. 5. Gray-scale topographical~a! and near-field optical~b!
and~c! images 333 mm2 obtained with filmS2. The depth of the
topographical image is 23 nm. The scales of optical images are
;0.1–0.4~b! and 0.1–0.25 nW~c!. All else is as in Fig. 1.
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terference between the excited and backscattered SPP’s. It
should be noted that, except for some topographical images
in which an average linear slope has been subtracted, the
presented images are unprocessed.

V. CONCLUSIONS

Different regimes of elastic SPP scattering caused by sur-
face roughness have been considered qualitatively. The pos-
sibility of realizing weak and strong localizations of SPP’s in
the surface plane has been related to the appropriate charac-
teristics of SPP and surface roughness. Optical fields of
SPP’s excited along the surfaces of four different metal~sil-
ver and gold! films have been imaged simultaneously with
surface topography by use of the photon scanning-tunneling
microscope at two different wavelengths~488 and 633 nm!
with shear force feedback. Single scattering and weak and
strong localizations of SPP’s have been observed depending
on the sample and the light wavelength. The experimental
results obtained have been found to be in agreement with our
considerations. It has been shown that the regime of SPP
scattering and, consequently, the near-field optical images,
are determined by the topography of the local surface area
within the SPP propagation length.

It has been found that strong localization of SPP’s can be
realized only at sufficiently strong disorder withl;lsp. This
condition is close to the Ioffe-Regel condition for light local-
ization in three dimensions, which is extremely difficult to
fulfill. 27 On the other hand, the latter condition is stronger
than the former one by 2p times. In addition, the divergence
of the mean free pathl in the Rayleigh limit~small scatter-
ers, long wavelength! is weaker in two dimensions:l;l3

instead ofl4 in three dimensions.2 Resonance effects may
also help to increase the scattering cross section and, conse-
quently, to decrease the mean free path.28 In fact, a strong
localization of SPP’s has been observed with a gold island
film at a light wavelength of 633 nm,18,19 and, in a similar
arrangement, single-particle plasmons have been resonantly

excited.29 Apparently, a film surface should exhibit rough-
ness in a sufficiently large range of sizes around the SPP
wavelength,19 a condition which can be formulated in a more
quantitative way by using, for example, fractal surface
characterization.30

Weak localization of SPP’s can be realized with more or
less standard vacuum-deposited films of an appropriately
chosen metal~or the light wavelength!, so that the SPP
propagation length would be large enough:L. l . However,
near-field observations of this effect have appeared cumber-
some because of the superimposition of many interference
patterns related to multiple-scattered SPP’s. It should be
borne in mind that single-scattered waves might have rela-
tively strong components propagating in the direction of
backscattering, which would produce interference fringes
similar to those expected from the backscattered wave. An
adequate theoretical consideration of the SPP scattering is
desirable for an appropriate treatment of near-field optical
images.

An interesting phenomenon in SPP scattering has been
observed with different films and wavelengths; that is, focus-
ing of the SPP by a surface bump of micron size into a
subwavelength spot with the intensity enhancement by up to
;10 times. The focusing effect exhibited a strong disper-
sion, and seems to be related to Mie scattering in two dimen-
sions. The microlens for SPP’s as well as the previously
observed microcavity18 are certainly worth investigating fur-
ther in order to develop a better understanding of these phe-
nomena. Actually, one can envisage that micro-optics of
SPP’s might soon emerge as an exciting field with many
interesting effects and various applications.
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