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Localization phenomena in elastic surface-polariton scattering caused by surface roughness
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Localization phenomena in the elastic scattering of surface plasmon pola(@8&¥#%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 wavelengtB8 and 633 nmused in turn for each
surface region of four different met&ilver 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.[S0163-18206)00935-4

[. INTRODUCTION surements of light scattered into a free sphtteshould be
stressed that, here, our consideration is concerned with the
Localization of light is an essentially interference phe-(elastiQ SPP scattering in the surface plane, and that SPP
nomenon related to multiple elastic scattering in randonscattering into a free space is an unwanted process leading to
medial> When a wave propagates through a strongthe additional(radiative losses experienced by the SPP. In
scattering and nonabsorbing random medium, the mean frggssing we note that the coupling between SPP’s and propa-
path is reduced due to interference in multiple scatteringgating (in air) field components due to surface roughness is
Strong (Anderson localization implies that the mean free responsible for the remarkable phenomenon of backscatter-
path vanishes and propagation no longer exists—the wave ifg enhancement in the diffusely scattefedt of the surface
captured in a “random” cavity. For electrons this is a well- pjang light.° Localization phenomena related to elastic SPP
studied phenomenon, but it has not yet been observed URgattering are difficult to observe because of the spatial con-
equivocally for light waves in three dimensions. The prob-finement of the SPP field in the direction perpendicular to the
lem is that the scattering potential is frequency dependent fof | t4ce plane. Indirectly, weak localization of SPP’s has
e!ectromagnetic waves, a circum'stance' V\.’hiCh leads to thEeen observed by detecting a sharp peak in the angular de-
g:viz]r?re;n%eeg(f:itehge %?:“;nfégisiw ;Er;hetrl:glir?; t:g;fhel_%vg agldpendence of the efficiency of second-harmonic generation
9 9 ' ’ ' 9 (SHG) in the direction perpendicular to the sample surféce.

condition for localization, viz. Z/\~1, with A being the . ) )
. . . . Such a peak is a manifestation of the enhanced backscatter-
wavelength of light and being the elastic scattering mean .

free path, is extremely difficult to realize. Another interfer- ing of SFP " s_mtce S':G wgtf;e normal d|trect|on IS re_Iated o
ence phenomenon that has been observed and extensiv&%lge nonlinear interaction between counterpropagalire,

studied is enhanced backscatteriaipo referred to as weak PEtween the exciged and backscatt¢r8&P’s at the funda-
localization, which is already present in lower orders of mental frequency” Only with the advent of scanning probe

multiple scattering, and considered to be a precursor ofechniques did it become possible to prdtsth high spatial
strong localizatiod:® The weak-localization effect arises resolution the SPP field directly and locally, thus opening
from a constructive interferend@ the backscattering direc- additional possibilities for studying the SPP scattering in the
tion) between two waves scattered along the same path igurface plane.
opposite directions, and, therefore, shows up already in Recently developed photon scanning tunneling micro-
double scattering. scope(PSTM),'2 in which an uncoated fiber tip is used to
The situation with localization is completely different in detect an evanescent field of the light being totally internally
two dimensions: light, as well as electrorfsis localized reflected at the sample surface, is apparently the most suit-
with any degree of disorder, at least in the absence of akable technique for local probing of the SPP field, especially
sorption. Qualitatively, it can be explained by the fact that awhen combined with shear force feedback for regulation of
random walk is recurrent in two dimensions, implying thatthe tip-surface distance. Due to the relatively low refractive
the effective cross section of a single scatterer tends to infinndex of optical fiber, such a tip can be within certain ap-
ity, drastically reducing the effective mean free patBur-  proximations considered as a nonperturbative probe of the
face plasmon polaritonSPP’$ propagating along a plane electric-field intensity>!*and such a feedback system pro-
interface represen{quas) two-dimensional waves, and, vides a possibility to measure the surface topography simul-
therefore, should exhibit localization effects caused by surtaneously with the near-field intensity distribution in the sur-
face roughneséTraditionally, interaction of SPP’s with sur- face plané>® The PSTM has already been used in various
face roughness has been investigated by using far-field meatudies concerned with the SPP characteristias well as
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with the elastic SPP scattering caused by surfaceeradiation of the SPP. For a realistic interfateis further
roughnes$®-2In the latter studies, the scattering of SPP’sreduced due to the aforementioned inelastic scattering. How-
(at a wavelength of 633 nnpropagating along different film ever, for a standard vacuum-deposited metal layeris
surfaces with different roughnesses has been investigated byainly determined by the first two processes, and one can
using the PSTM with shear force feedback. It has been obyse Eq.(1) for the estimation ofL, keeping in mind the
served that near-field optical images, which are generatedbduction ofL due to the finite layer thickne$s.
due to the SPP propagating along a rough gold surface, ex- It is clear that the regime of multiple scattering of light
hibit spatially localized(within 150—250 nm intensity en-  associated with localization can be realized only if light
hancement by up to seven tim&s® whereas those due to paths are sufficiently long with respect to the elastic mean
the SPP at a relatively smooth gold surface show a wellfree path. In the case of weak localization of light, deterio-
pronounced interference pattern related to the interferencetion of the coherent backscattering peak by cutting off long
between the excited and scattered SPP'Bne SPP scatter- light paths with absorption or confined geometry has been
ing at silver surfaces has been found to produce the backexperimentally demonstratééiThe condition of weak dissi-
scattered SPP, which showed up in near-field optical imagesation of SPP’s means accordingly that the SPP propagation
in the form of interference fringes oriented perpendicular tolength should be much larger than the elastic scattering mean
the excited SPE® The observed difference in the scattering free path:L>|.7 However, this may not be enough to ensure
regimes for different films indicates that the SPP localizatiorstrong localization of SPP’s, especially with weak disorder
does not occur automatically at a rough surface. (I>N\gp, With A g, being the SPP wavelength

Here, SPP characteristics and surface roughness are con-In the weak-scattering limit, strong localization of light in
sidered in connection with localization effects in the elastictwo dimensions can be viewed as a consequence of the fact
SPP scattering. An experimental study of different scatteringhat, for a classical random walker, the total sojourn time in
regimes is carried out by using the PSTM with shear forcea small finite region around the origin is infinité.In the
feedback. Near-field optical images generated due to SPPisresence of losses, the sojourn tiffieis apparently finite,
excited at different surfaces of gold and silver films are ob-and can be evaluated in the wavelength-sized region as fol-
tained with two different wavelength&188 and 633 nin  |ows:
used in turn for each surface region studied. Single scatter-
ing, and weak and strong localization of SPP’s are observed N2 (liedt A2 L
depending on the sample and the light wavelength. It is di- T= 4D77f|,c T=4DW|”|—, @
rectly demonstrated that different regimes of the elastic SPP

scattering can be realized at the same surface region RyhereD is the classical diffusion coefficienD(~1c/3), ¢ is

changing the light wavelength. the speed of light in a medium, ardis the inelastic mean
free path(the SPP propagation length in the case of SPP’s
Il. DISCUSSION It seems reasonable to suggest that this time should be suf-

ficiently large in comparison with the tindéc of free propa-
Oglsllation in order for strong localization to occur. This condi-
tion leads to the following relation for the inelastic mean free

According to the scaling theory of localizatidfi, two-
dimensional waves are localized in the absence of absorpti

with any degree of disorder. The situation with SPP’s is dif- ath:
ferent for several reasons. First and foremost, SPP’s, bein% '

confined in the direction perpendicular to the surface plane, 12
are quasi-two-dimensional waves. This means that, in gen- L>| ex;{ )
eral, any surface inhomogeneity leads not only to the elastic

SPP scattering, which is a cause of localization, but also t? . o .

. o ; ' tis well known that the localization effects deteriorate when
the (inelastig SF.)P scattering O.Ut.Of the surface plane. Thethe size of the system becomes of the order of the localiza-
latter process gives rise to radiative losses, thereby decrea%?(-)n lenath The i . T
. : gthr The influence of absorption on localization is
ing the length of t_he SPP propagatlon path. However, SVelimilar to that of confined geometfy,and one should re-
for a perfectly flat interface between air and a homogeneous '

metal, the SPP propagation lendthis finite due to the in- 3\/
ternal damping. In the case of semi-infinite media on bOtrH:

By ®

uire L to be much larger than the localization length,
hich can be evaluated @~ exp(2m/\).1? The fact that

e conditionL> ¢ is automatically fulfilled(for I>\) once

e relation expressed by E(B) is satisfied, confirms the

validity (at weak disorderof the derived condition for strong

1/2}—1 localization. The exponential divergence of this condition

sides of the air-metal interface, the SPP propagation lengt
(or the lateral decay lengihis given by

L=x

47Im o]

' (1)  with respect to the ratib/A means that the strong localiza-
tion of light (in two dimensionsby weak disorder is a very
wheree is the dielectric constant of metal. Usually, SPP’sproblematic issue in the presence of losses.
are excited at the air-metal interface of a thin metal layer In the case of SPP’s, the SPP propagation lerigtim
placed on the surface of a gla@s silica) prism by using the visible and near-infrared regions can be at best hundreds of
light beam incident from the side of the prism, i.e., in the um, implying that the aforementioned conditifef. Eq. (3)]
Kretschmann configuratioft.In such a case, the SPP propa- cannot be satisfied at weak disordée>Q\s). Therefore,
gation lengthL is smaller than the one expressed by HBqg. strong localization of SPP’s can be realized only at strong
due to the coupling between the SPP and the field compadisorder (~\gy. One can expect to find sufficiently strong
nents propagating in the prism, which results in the resonardisorder in the case of a film with an island structure similar
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to that used for the first observation of strong SPP IIl. EXPERIMENTAL TECHNIQUE
localization*®1° Consequently, at weak disorder, SPP’s can

exhibit only weak localization, i.e., of course if is large combined with the shear-force-based feedback system and an

enough to ensure at least double scattering:l. Such a L
condition is relatively easy to satisfy with noble metals, e arrangement for SPP excitation in the usual Kretschmann
y Y ! 'g"configuration, is described in detail elsewh&eThe

silver films have been used to observe weak localization ef- larized (electrical field | el he ol £ inci

fects in the SPP scatterif? Evaluation of the elastic © PO o 2¢ (electrical field is parallel to the plane of inci-
N : . dencg light beam either from a He-Ne lasex {~633 nm,

mean free path for SPP’s is a challenging problem that is of .

: b . . . P;~3 mW) or from an argon-ion laseri,~488 nm,

interest in its own right. However, it can be roughly esti-

. . . P,~5 mW) is used for the SPP excitation. Both incident
mated by using the circumstance that standard metal film . .
: ; eams can be alternatively directed and focused onto the
have smooth surfaces with rarely spacedm-sized

bumps!®2° Introducing the average bump siaeand the av- base of a prism with a metal filrffocal length~500 mm,

. : spot size~400 um). The reflected light is detected by a
erage separatioR between surface bumps, one can estimate ; N . .

. T : . 5 photodiode, and the excitation of the SPP is recognized as a
| in the limit of geometrical optics g>\g) as|~R“/a.

o . : ' minimum in the angular dependence of the reflected light
Such an evaluation is convenient to use in near-field experi-

ments, in which the surface topography is measured Simuroower(attenuated total reflection minimu$?! Both inci-
’ . . EEIEE Y . dent beams are angular adjusted in a way that ensures reso-
taneously with the SPP intensity distributiii?® As the in- 9 ) y

nant SPP excitation for either of the two wavelengths. Com-

ternal damping increases, the regime of multiple scattering, o cia|ly available optical glass prisms have been used as
(at weak disordgrchanges to the regime of single scattering, s hstrates for the studied films in order to facilitate the SPP

when the following relation is validt>L>\g,. Finally, if  aycitation in the Kretschmann configuration.
L~Agp, then the SPP propagation and scattering in the sur- The films are the same as those used in the previous
face plane become meaningless, even though the SPP eXgtudies'®2° The first gold film(film G1) with a thickness of
tation (in the Kretschmann configuratiprean still be quite 60 nm has been thermally evaporated under standard condi-
pronounced in the angular dependence of the reflected lighions (vacuum ~10 ® Torr, evaporation speed-1 A/s).
power. Typically, these conditions result is smooth metal films. In
There are several specific features of near-field experierder to obtain a film with significantly larger surface rough-
ments with SPP’s, which should be taken into account whemess, the second gold filfilm G2) with the thickness of 80
looking for the localization effects in the elastic SPP scatternm has been evaporated at a much greater sf@egpora-
ing. First, it is very important that the SPP scattering intotion timet~1 s) in a relatively poor vacuum= 10> Torr).
propagating(in air) field components should be sufficiently The silver films(films S1 andS2) are of the same thickness
weak. This scattering decreasks and contributes to the ©0f 45 nm, but with only slightly different roughnesses due to
detected Optica| SignaL thus distorting recorded images of thgifferent fabrication conditions: filn®1 has been evaporatEd
SPP intensity distribution. The second effect can be signifilnder normal conditiongas film G1, whereas filmS2 has
cantly decreased by using a proper fiber tip for the near-fiel®€en ev_e}_)porated at the speed-eb A/s in a vacuum of
detection, as will be discussed below. Second, the surfacg 2X10 °-Torr pressure. ) ) )
area that can be imaged is usually much smaller than the size | "€ SPP local field is probed with an uncoated fiber tip,
of an incident laser beam used for the SPP excitation. Thi{/ich is fabricated by etching of a single-mode silica fiber in
means that the image area should be inside the spot of t 40% solution of hydrofluoric acid during a time period of

L . ; 55 min”” Similar fiber tips have been used in previous stud-
incident beam. Therefore, it seems hardly possible to mea}eS of SPP propagation and scattering on gold i’

sure transmission or reflection of the SPP through a COMULL o tins are known to have a rather large cone A
gated region, as could have been suggested by extrapolatir& P g W

. . X ; . . %IIy 5~40°)2* The fiber cone angle is a very important
the ideas of experiments carvied out in three dimensions. Oy, j o cteristic of the fiber tip for studies of elastic SPP scat-

the other hand, with near-field microscopy, there appears gjnq 'in which the SPP field should be effectively detected
unique opportunity to observe interference phenomena in thgq giscriminated from the propagating in air field compo-
elastic SPP scattering directly by imagining the appropriatgents related to the inelastic SPP scattering. The SPP field is
interference pattern. In the case of strong localization Ofredominantly polarized in the direction perpendicular to the
SPP’s, the near-field optical images are expected to exhibyriace plane, whereas the propagatingair) field contains
bright spots.>** The weak localization of SPP's is related to components parallel to the surface plane. Considering the
the formation of the backscattered SPP, which upon interferdetection process as a detection of radiation from a pointlike
ence with the excited SPP should produce interferenceipole induced at the tip end into the fiber cdri@ne can
fringes perpendicular to the propagation direction of the exfind that the detected signal related to the perpendicular field
cited SPP° Finally, one should realize that the SP intensity component increases more rapidly with the cone angle
in a particular surface region is determined by excitation and~ 8%, for small ) than the one related to the parallel field
scattering of SPP’s in the surrounding area within the SPRomponents does ~5%). Therefore, within the model
propagation length. Therefore, the aforementioned averageapproximations? a larger cone angle should ensure a higher
characteristics of surface roughnes$sR(a) are of limited detection efficiency of the SPP field as well as a better dis-
use, and the near-field optical images obtained with the sam@imination against the propagating field components.
sample can be very much different for different surface re- In the preliminary experiments, the SPP-related signal
gions. measured with a sharper fiber tip=€10°) was found to be

The experimental setup, which consists of the PSTM
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about two orders of magnitude weaker than the signal de-
tected with the tip that we usually used~40°). 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 movedlL um
away from the surface of a smooth mef@gbld or silve) 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 ofuln, 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 pattern&?® showed a rather high contrast, and the pe-
riod related to the SPP wavelengtivhich 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 at\ ;~633 nm have been previously measured
and reported®?° Similar dependences were also observed
with the other light wavelength ,~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 53%im.
should be noted that all images presented here are oriented in
a way that the excited SPP propagates upwards in the verti-
cal direction. (ec)

_ FIG. 1. Gray-scale topographicéd) and near-field opticalb)
A. Gold films and (c) images 4<4 um? obtained with filmG1. The maximum

Typographical images of filnG1 showed a smooth sur- depth of the topographical image is 66 nm. The optical images were
face with rarely spaced sized bumffEg. 1@]. The near- taken at the same place with the polariton being resonantly excited

field optical images, which were generated due to the resdt *1~633 nm (b) andx,~488 nm(c). The optical images are
nantly excited SPP at\;, usually exhibited a well- presented in different scales corresponding~t6.015-1(b) and

pronounced interference pattern related to the interferenc(()a'ooz_o'1 NW(e) of the detected optical signal.

between the excited and scattered SPPig. 1(b)] (this phe-  can be estimated as~1 um. Therefore, one can evaluate
nomenon has been previously observed and disctised the elastic scattering mean free pathl a50 wm (see Sec.
The appropriate near-field optical images due to the SPP 4f). Sincel>L,>\; and|>L,~X\,, the regime of single

N\, were very different, and in most cases showed an intenscattering is usually realized with the first wavelenffy.

sity distribution correlated largely with the local surface to- 1(b)], whereas no scattering is expected for the second wave-
pography[Fig. 1(c)]. Such a difference between the optical length [Fig. 1(c)]. Another consequence of larger internal
images recorded at the same place is explained by the fadamping at\, was a considerably smaller valby ~ 10

that the SPP propagation lendthis very different for these times of the average optical signal.

wavelengths. Using Eq(1) and the available optical Scattering of the SPP by an individual surface feature is
constant® accordingly results irL;~8 um andL,~0.4  extremely difficult to analyze for realistic surfaces. One of
pum for Ay and \,. The average distance between surfacehe reasons is that the scattering process is strongly depen-
scatterers was evaluated Bs-7 um. Judging from the to- dent on the scatterer’'s shape, which is more or less arbitrary
pographical images$Figs. 1@ and 2a) from this paper, and often rather complicated. In the course of this study, it
Figs. 7a) and 11a) from Ref. 18, the average bump size was noticed that some bumps with smooth profiles did not
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(c)

(c)

. ) ) FIG. 3. Gray-scale topographicéd) and near-field opticalb)
FIG. 2. Gray-scale topographiced) and near-field opticalb) ;) images 3«3 um? obtained with filmG2. The depth of the

. 5 . o
and(c) images 33 nm* obtained with lmG1. The depth of the 55 anhical image is 103 nm. The scales of optical images are
topographical image is 121 nm. The scales of optical images arQO.OOZ—O.l(b) and 0.02—0.06 NWc). Al else is as in Fig. 1.

~0.1-1(b) and 0.005-0.5 nWc). All else is as in Fig. 1.

strong dispersion. Note that the spot sizeXgris noticeably
scatter the SPP by reflecting @f. Fig. 1(b)] but rather trans- less than\;/2 [Fig. 2(b)], a circumstance which indicates
mitted the incident SPP, focusing it in an immediate vicinity that two-dimensional near-field effects are involved in the
of the scatterer. Even the SPP X was observed to be formation of the focal spot.
focused in the same mann@tig. 2) in spite of the extremely The topography of filmG2 and the SPP scattering Xt
small propagation length. One can suggest that the focusingave previously been studied in det&it® Film G2 has a
effect is similar to that of geodesir Luneburg lenses typical island structure consisting of bumps with various
known in integrated optic¥ On the other hand, the bump is heights(5—100 nm and sizeS50—1000 nmin the surface
only a couple of wavelengths in sigEig. 28], and it might  plane, and the surface scatterers are practically adjacent to
be more appropriate to consider the observed effect as a cosach other. One can presume tRata~\; and, therefore,
sequence of Mie scattering in two dimensions rather than as;>1,~\, (see Sec. )l In such a case, a strong localization
a conventional lens effect. One can notice that, even thougbf SPP’s should be expected, and indeed this has been ob-
N1>)\,, the spot size of the focused SPP is smallerNer  served in the form of bright spots on the near-field optical
(~200 and 300 nm, respectivéjywhereas the intensity en- images:®° which are similar to those obtained during this
hancement in the spot is larger fap (~5 and 10 times  study [Fig. 3(b)]. The enhancement ratio, size, and round
Bearing in mind the Mie theory, one may conjecture thatshape of these bright spots, together with the fact that the
such a two-dimensional microlens for SPP’s should exhibit aspot positions did not correlate with the surface topography
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and depended on the excitation angle, have been regarded as
conclusive evidence of the strong localization of SPP's.
Thus, a difference in the topography between fil@k and

G2 resulted in different scattering regimes\at single scat-
tering and strong localization, respectively. Contrary to this
case, the near-field optical images recorded atvith 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, since.,~\, 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 ah, [Fig. 3(c)] is most likely due to the aforemen-
tioned focusing effectcf. Figs. 2 and B Note that this effect
does not show up foh; [Fig. 3b)], probably because of
multiple scattering and interference effects of the SPP’s at
\. Dispersion of the focusing effect might also be at least
partially responsible for the absence of this effectXor

B. Silver films

Typographical images of both silver films showed a
smooth surface withum-sized bumps separated on averaged
by Ri~7 um (flm S1) andR,~5 um (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 By2°. 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 R 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 a§~22 um andL,~5.5 um for
N1 and\,, respectively. In order to determine the regime of
SPP scattering, these values should be compared with the
values of the elastic-scattering mean free pdthr the films.
Assuminga~1 um [cf. Figs. Z2a) and 5a) from Ref. 20
results inl ;~50 um andl,~25 um (see Sec. )l Therefore,

it was expected to observe the regime of single scattering for -, , &, . ' ,
. . Lo . 4. Gray-scale topographicéd) and near-field opticalb)
N\, with both films, and fol\ ; with film S1, whereas the SPP and(c) images 3<3 um? obtained with filmS1. The depth of the

scattering at\; with film S2 was presumed to appear as yopographical image is 35 nm. The scales of optical images are
double scattering, resulting eventually in weak SPP localiza=_.1-1.2(b) and 0.04-0.8 nWc). All else is as in Fig. 1.
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 rd2attern similar to a crossed gratiffgig. 4b)]. It appears that

corded with different films can be similar to each other with the scattered SPP's are of the same magnituda fdiFig. -
respect to the scattering regime. 4(b)], whereas, foin ,, the one propagating from the right is
Near-field optical images demonstrating the regime ofmuch strongefFig. 4(c)]. Using these two observations, one
single scattering for both wavelengths were usually obtainegan conjecture that the left scatterer is located at a larger
with film S1 (Fig. 4). Even though the image recorded at distance from the area imaged than the right scatterer and, in
\, exhibits a multiple interference pattern, it can be seen thaaddition, that this distance is close tg. In general, the
the dominating scattered SPP’s are, in fact, two singleoptical images recorded &g with film S1 were quite similar
scattered waves. These waves are presumably scattered toythose obtained at; with film G1 [cf. Figs. 1b) and 4¢)],
scatterers, which are located accordingly to the left and rightvhich could have been expected since the relevant values of
of the imaged area. The scattered waves interfere with eadh andl are nearly the same. Note that the observed interfer-
other and with the excited SPP traveling upwards, but thence patterns are superimposed with slow intensity variations
interference fields related to the excited SPP are strongeworrelated(somewhat differently for different wavelengihs
than the field of their mutual interferendscattered waves with the surface topograph§Fig. 4). This can be explained
are weaker than the incident gn&he interference of the by the circumstance that the SPP excitation efficiency as well
two scattered SPP’s with the excited SPP results in a typicas the SPP radiative losses depend on the surface profile.
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FIG. 6. The near-field optical image &3 wm? obtained with
film S1, and the polariton resonantly excited\t~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.

and for\,, respectively, and less than 1 in both cases. Note
that the interference is less pronounced atecause of the
shorter SPP propagation length. The structure of the optical
image at\; is much more complicated than that of the rel-
evant image obtained with fill81 [cf. Figs. 4b) and 5b)].
This difference is attributed to the coherent multifieainly
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 SPHse
considered optical imadé-ig. 5(b)] does exhibit appropriate
periodic intensity variations in the vertical direction, even
though the horizontal fringes as such are not well pro-
nounced.

FIG. 5. Gray-scale topographicé) and near-field opticalb) It has been pointed otftthat a desirable interference pat-
and(c) images 3<3 um? obtained with filmS2. The depth of the tern is difficult to observe due to the presence of other inter-
topographical image is 23 nm. The scales of optical images ar{erence patterns related to different scattered SPP’s. In three
~0.1-0.4(b) and 0.1-0.25 nWc). All else is as in Fig. 1. dimensions, measurements of backscattered light are carried

out outside of a medium with randomly distributed

The near-field optical images demonstrating the regimescattererd:® Similarly, the formation of the backscattered
of single(for A,) and multiple(for \,) scattering were usu- SPP should be most pronounced relatively far away from
ally obtained with filmS2 (Fig. 5. Well-pronounced inten- individual scatterers, so that SPP’s scattered along different
sity variations in the optical image at, have low spatial routes would be of the same magnitude. From this point of
frequencies, and correlate with the appropriate topographyiew, both films have their own advantagéslated to the
variations[cf. Figs. §a) and Hc)]. One can also notice a fine fact thatl,>1,): with film S1, it is easier to find the place
weak structure of the optical image af that is similar to a  relatively far away from surface scatterers, whereas, with
crossed grating. This structure is mainly related to the interfilm S2, it is easier to realize the regime of multiple scatter-
ference of single-scattered SPP’s and, in this respect, réng. Several examples of near-field optical images showing
sembles that of the optical image recorded\atwith film horizontal interference fringes have been previously obtained
S1, even though the latter is much more pronounced than th@t \; with both silver filmg and discussed in detéf.In the
former[cf. Figs. 4b) and Sc)]. This similarity is somewhat course of this study, a few optical imagesiat were also
more surprising than the one mentioned above, since thesecorded with the purpose of finding the interference pattern
two films have quite different values of the mean free pathrelated to the backscattered SPP. The best image showing the
However, the origin of the similarity is actually the same; horizontal interference fringes was found with fi&1 (Fig.
that is, the ratid_/I, which determines the regime of scatter- 6). Still, it is seen that the horizontal fringes emerge from a
ing (see Sec. )| is not very different 0.4 and 0.2 foix;  rather complicated interference pattern and not just from in-
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terference between the excited and backscattered SPP’s.dxcited?® Apparently, a film surface should exhibit rough-
should be noted that, except for some topographical imagesess in a sufficiently large range of sizes around the SPP
in which an average linear slope has been subtracted, theavelength'® a condition which can be formulated in a more

presented images are unprocessed. quantitative way by using, for example, fractal surface
characterizatior
V. CONCLUSIONS Weak localization of SPP’s can be realized with more or

] ] . ) less standard vacuum-deposited films of an appropriately
Different regimes of elastic SPP scattering caused by Surshosen metalor the light wavelength so that the SPP

face roughness have been considered qualitatively. The POBropagation length would be large enoudis1. However,
sibility of realizing weak and strong localizations of SPP’s in aar-field observations of this effect have appeared cumber-
the surface plane has been related to the appropriate charagsme pecause of the superimposition of many interference
teristics of SPP and surface roughness. Optical fields Ofatierns related to multiple-scattered SPP’s. It should be
SPP's excited along the surfaces of four different m&t#  hore in mind that single-scattered waves might have rela-
ver and gold films have been imaged simultaneously with tyely strong components propagating in the direction of
surface topography by use of the photon scanning-tunnelinggckscattering, which would produce interference fringes
microscope at two different wavelengtt¥88 and 633 nin  gimjjar to those expected from the backscattered wave. An
with shear force feedback. Single scattering and weak anggequate theoretical consideration of the SPP scattering is

strong localizations of SPP’s have been observed dependingsirahle for an appropriate treatment of near-field optical
on the sample and the light wavelength. The expenmentq}nages_

results obtained have been found to be in agreement with our Ap interesting phenomenon in SPP scattering has been

considerations. It has been shown that the regime of SPBpserved with different films and wavelengths; that is, focus-
scattering gnd, consequently, the near-field optical imagesng of the SPP by a surface bump of micron size into a
are determined by the topography of the local surface areg,pwavelength spot with the intensity enhancement by up to
within the SPP propagation length. ~10 times. The focusing effect exhibited a strong disper-
It has been found that strong localization of SPP’s can bgjon, and seems to be related to Mie scattering in two dimen-
realized only at sufficiently strong disorder with Asp. This  gjons, The microlens for SPP’s as well as the previously
condition is close to the loffe-Regel condition for light local- opserved microcavit§f are certainly worth investigating fur-
ization in three dimensions, which is extremely difficult to ther in order to develop a better understanding of these phe-
fulfill. ” On the other hand, the latter condition is strongernomena. Actually, one can envisage that micro-optics of
than the former one by times. In addition, the divergence spp’s might soon emerge as an exciting field with many

of the mean free pathin the Rayleigh limit(small scatter-  interesting effects and various applications.
ers, long wavelengthis weaker in two dimensiond:~\3

. 4 . . .
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