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Experimental study of surface-plasmon scattering by individual surface defects
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A direct-write ablation technique has been implemented in a photon scanning tunneling microscope setup.
This combination allows us to study surface-plasmon~SP! scattering byin situ created individual surface
defects, while the sizes and shapes of the defects are varied continuously. It is found that within a certain range
of its size, a ‘‘hill’’ on an otherwise flat surface can be the source of a very narrow plasmon beam. This effect
is explained using the Huygens-Fresnel principle. Shadowing and refraction of the SP field by smaller defects
has also been observed. In order to explain these results we introduce an effective SP refractive index for two
classes of surface defects: shallow topographical defects and areas covered with absorbed molecular layers.
This concept allows us to achieve a qualitative understanding of plasmon scattering in many practical cases.
Some simple optical elements for the control of SP propagation are suggested and demonstrated. Our obser-
vations suggest numerous practical applications in multichannel chemical sensing, biosensing, and integrated
optics.@S0163-1829~97!05928-6#
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I. INTRODUCTION

The surface plasmon~SP! is a fundamental electromag
netic excitation mode of a metal-dielectric interface.1,2 The
properties of SP’s have been the subject of extensive stu
because of their extreme sensitivity to surface roughness
the dielectric properties of surface absorbed layers. This
sitivity results from the exponential dependence of the
electromagnetic field on the distance from the interface
each of the bounding media. The SP is free to propag
along the metal surface with a mean free path determine
the quality of the surface and Ohmic losses. If the surfac
perfectly flat then Ohmic loss is the only channel for dec
since the momentum conservation law prohibits SP con
sion into photons. In the visible range the SP mean free p
on a silver surface is limited to about 50mm but can extend
to many mm in the infrared region.3 Similar waves exist on
the surfaces of a number of dielectrics and semiconducto1

Since the properties of SP’s depend strongly on the pro
ties of the interface along which they propagate, they h
found applications in the surface-roughness analysis,1 gas
detection, and biosensing.4

Until recently there was no tool for the direct study of S
propagation, since the SP field decay length perpendicula
the interface is on the order of 100 nm in the visible ran
Indirect information about SP properties had been extrac
from far-field measurements of light scattered into a f
space by SP interaction with surface defects such a
surface-plasmon microscopy.5 The development of scannin
probe techniques has opened the way to a study of SP p
erties at the surface along which the SP propagates with r
lution in the nanometer range. The scanning tunneling
croscopy ~STM! was the first such technique. In STM
560163-1829/97/56~3!/1601~11!/$10.00
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experiments an additional tunneling current has been
served in the presence of the SP wave.6 A closely related
technique, in which the SP field scattered by a STM tip
detected in the far-field zone, has been introduced by Sp
et al.7 However, a metallic STM tip positioned within a frac
tion of a nanometer from the surface causes a very str
perturbation of the initial SP field distribution. The results
these experiments reflect the properties of localized plasm
modes8 that develop between the STM tip and the sam
rather than the unperturbed SP field distribution. Similarly
atomic force microscope~AFM! tip has been used to scatte
the SP field.9 Although less intrusive then STM, this tech
nique also relies on the perturbation of the SP field as
sensitive mechanism. Kimet al. even refer to the potentia
benefits of a metal-coated AFM tip for obtaining an improv
ment in the sensitivity of this technique.9

The development of near-field optical microscopy10 has
created different ways for probing the SP field distributio
For example, in a tunneling near-field optical microscop11

light from a metal-coated optical fiber tip is used for S
excitation. However, the most successful experimental
ometry for measuring the true unperturbed SP field distri
tion appears to be the photon scanning tunneling microsc
~PSTM!.12 In the PSTM geometry a fiber tip is used to dete
the evanescent field of the light being totally internally r
flected at the sample surface. In Ref. 13, PSTM was use
measure the exponential decay of the SP field away fro
metal-air interface. SP propagation along the interface
also been studied14 and the SP propagation length measur
SP’s on both an external metal-air interface and an inte
interface between a metal film and a glass substrate h
been excited15 and the SP field distribution for both mode
has been mapped. Extension of SP studies to the contro
1601 © 1997 The American Physical Society
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1602 56SMOLYANINOV, MAZZONI, MAIT, AND DAVIS
SP’s by two-dimensional optics is anticipated. This cou
create numerous applications in integrated optics and m
channel chemical sensing and biosensing. However, unti
cently there has been no attempt to create a real t
dimensional optical element for SP’s.

Recently we studied the scattering of SP’s byin situ cre-
ated individual surface defects.16 Some prototype two-
dimensional optical elements able to control SP propaga
were demonstrated. Using a combination of a PSTM wit
direct-write lithography technique17 we can create submi
crometer size patterns on the surface of a metal film
measure the SP field redistribution caused by these patt
An uncoated tapered optical fiber allows us to deliver s

FIG. 1. Schematic view of the experimental setup. Dispers
curves for surface plasmons and photons in air and in glass
shown in the inset.

FIG. 2. Dependence of the optical signal on the tip-sample
tance.
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stantial light power into a diffraction-limited area of th
sample near the tip. We are able to ablate submicrom
craters on virtually any opaque surface without damagin
transparent fiber tip. On the other hand, the resolution of
microscope in the PSTM mode depends strongly on the
ameter of the uncoated fiber tip: it is not dominated by d
fraction. An uncoated fiber tip introduces a relatively sm
perturbation into the SP field distribution, since the diffe
encee tip21 between the dielectric constant of the tip and
vacuum is much smaller than the difference between the
electric constant of the tip and a metal~in the case of silver
eAg5217.910.7i at l5633 nm!. A comparison of theoret-
ical and experimentally measured SP field distribution~dis-
cussed later in this paper! confirms this conclusion. All these
facts make our experimental technique a very reliable t
for a study of the optics of SP’s.

Below we discuss in detail our experimental setup a
report experimental observations. In the discussion sec
we present some model calculations of the SP field distri
tion around simple defects and compare them with our
servations. We present the design of some optical elem
that could control SP propagation. Finally, some practi
applications of these elements are suggested.

II. EXPERIMENTAL SETUP

In our experiment SP’s are excited in an attenuated t
reflection~ATR! arrangement18 on the surface of an 80-nm

n
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-

FIG. 3. Topography~a! and optical near-field distribution~b!
around a crater created by a UV laser pulse at full energy.
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FIG. 4. Topography~a! and optical near-field distribution~b! around two plasmon ‘‘flashlight’’ structures.~c! and~d! are far-field images
taken at distances 1 and 4mm from the sample.
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thick silver film evaporated onto the hypotenuse face o
right-angle glass prism~Fig. 1!. An unfocusedP-polarized
HeNe laser beam is used for excitation of the SP’s. Wa
vector matching to the SP mode at the silver-air interfac
achieved when light is internally incident on the silver film
an anglea5arcsin$@eAg /(egeAg1eg)#

1/2%542°, whereeAg
and eg are the dielectric constants of silver and the gla
prism~this value stems from the SP dispersion relation in
thick-film limit 14!. The thickness of the film is a little bit les
than the decay length of the SP field into silver, so the c
pling of fields between the top and bottom interfaces is s
ficient for effective SP excitation. The SP local field
probed with an uncoated, adiabatically tapered fiber tip t
is drawn at the end of 200-mm UV fiber by heating it with a
CO2 laser beam in a micropipette puller. The fiber tip can
scanned over the sample surface with a constant tip-sur
distance (;5 nm! using shear force feedback as describ
elsewhere.17 Therefore, surface topography can be imag
with a resolution on the nanometer scale, while simu
neously allowing the recording of a near-field optical ima
corresponding to the distribution of the SP local-field inte
sity near the film surface. This configuration of a scann
probe microscope is usually called a PSTM.12

For the purpose of lithography the free end of the fib
can be connected to the output of a 248-nm excimer la
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The laser power is easily attenuated in order to change
size of defects created in the film. The use of uncoated
grade tapered fiber and nanosecond pulsed 248-nm exc
laser light allows us to deliver an estimated 200 GW/m2 UV
light power into a tip-sample region smaller then 2003200
nm2 during a single laser pulse. This power is sufficient f
local surface ablation of gold or silver and local melting
silicon without melting of the transparent UV fiber tip.17 The
topographic changes caused by UV irradiation are imme
ately recorded by the shear force microscope. The develo
technique is to some extent similar to STM lithography bu
not restricted by the conductance of the sample surface.

III. EXPERIMENTAL RESULTS

The quality of the silver films used in our experimen
was good enough to provide a quite homogeneous op
signal distribution over the unmodified surface areas. A
first step, we measured the optical signal dependence on
distance between the tip and the silver film~Fig. 2!. The
signal exhibits an exponential decay with distance increa
Ln(I )522ad superimposed on a small background. Th
background signal is due to the scattering of SP’s into p
tons over the entire illuminated film area. The value of t
exponent (a51/416 nm! is consistent with the angle of S
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1604 56SMOLYANINOV, MAZZONI, MAIT, AND DAVIS
excitation. According to theory, the SP field should dec
into air with a decay constantkz5(kx

22v2/c2)1/251/412
nm, wherekx is the wave vector parallel to the surface.

Below we present images of the optical near-field arou
in situ created defects having different shapes and si
These images result from the scattering of the SP field by
defects. They also contain an evanescent component o
totally internally reflected HeNe laser beam used for the
citation of SP’s. But this evanescent component does

FIG. 5. More complicated defects emitting plasmon beams:
pography~a! and optical near-field distribution~b! around an indi-
vidual defect;~c! is a near-field distribution around a big defect.
y
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propagate along the surface, so one can distinguish its
tribution from the contribution of SP field scattering. It
important to mention that the contrast of each image is
termined internally by scaling the difference between
maximum and minimum of the detected signals to the ma
mum number of gray levels in the image. A comparis
between images therefore needs to be performed with c

-

FIG. 6. Cross section of the optical signal in the plasmon be
in Fig. 5~c!.

FIG. 7. Topography~a! and optical near-field distribution~b!
around a surface defect emitting a weaker reflected plasmon b
A stronger plasmon beam is emitted in the forward direction.
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56 1605EXPERIMENTAL STUDY OF SURFACE-PLASMON . . .
At maximum laser power (;1 nJ per pulse measured
the far field of the tip! a single nanosecond UV pulse deli
ered to the silver film surface by the uncoated tapered fi
was able to ablate a hole through the 80-nm-thick film. T
topography of such a defect@Fig. 3~a!# looks like a large
crater with an approximately 0.5-mm hole in the middle. The
optical near-field distribution@Fig. 3~b!# has a strong maxi-
mum around the hole because the glass prism surface i
most clear of metal in the hole and we see the near field
the totally internally reflected HeNe laser beam used for
excitation of SP’s. By attenuating the UV laser pulse pow
we are able to make craters of shallower depth and sm
diameter. At low power craters may even disappear and
observe a ‘‘hill’’ at the irradiated site. Such hills created
approximately3

4 of the initial power are shown in Fig. 4
Strong maxima of the optical near field are again se
around these hills. The surprising feature of the near-fi
image in Fig. 4~b! is the appearance of quite strong a
narrow beams~their width is around 1mm! shining from the
hills in the direction determined by the HeNe laser be
used for SP excitation. These ‘‘beams’’ are localized with
the surface. The near-field intensity seems not to change
nificantly along the 7-mm length of the left ‘‘beam’’ visible
in the image. On the other hand, a far-field image take

FIG. 8. Scattering of a plasmon beam emitted from a surf
defect in the top left corner of the image by another surface de
As usual, images~a! and ~b! are the topography and the near-fie
distribution, respectively.
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mm away from the surface is completely dark on the sa
half-tone scale. A number of images taken at intermed
distances show the spreading and exponential attenuatio
the beam ‘‘brightness’’ with increasing distance from t
surface. Some of them are shown in Figs. 4~c!–4~d!. ~Note,
however, that the contrast for both images is internal and
relative to each other.! Evidently, in the near-field image
@Fig. 4~b!# we see surface-plasmon beams shining from
peaks of the optical near-field around the hills. We like
call these structures plasmon ‘‘flashlights.’’ Our experien
shows that the appearance of a plasmon beam is a ra
common features of an optical-field distribution near surfa
defects in the ATR geometry. In Fig. 5 one can see so
other images showing plasmon beams. If the defect ha
complicated shape as in Fig. 5~c! the plasmon beam ca
shine from some region of the defect. The cross section~Fig.
6! of the plasmon beam in this image shows the lateral
ponential decay of the SP field intensity with the distan
from the source of the beam. The value of the SP propa

e
t.

FIG. 9. Topography~a! and optical near-field distribution~b!
around smaller defects created at around1

2 of the initial power. The
direction of plasmon propagation is shown by the arrows. Shad
are seen behind the defects.



o
er
2
he
m
o

o
ea

ur
ca
c
ha
a
ri-
in
ua

-
tudy
ese
to

nd
dows
is
e
to be
nes
in

so-
s
hs.
ted
ti-
:

r
r of
le
in
r-
of
ice
are
al
all.
. In
for
reate
we
d

the
ow
eld
by.

on-
r by
in
n.
x-
lcu-
out.
ult
to
od-
hem

ood
er

1606 56SMOLYANINOV, MAZZONI, MAIT, AND DAVIS
tion length equals 9.1mm in this case. This value is close t
the 13.2-mm value reported in Ref. 14 yet is much small
than the theoretically estimated propagation length 4
mm.14 A possible explanation of this discrepancy is that t
image in Fig. 5~c! was recorded using a rather old silver fil
sample whose surface looked slightly oxidized. The value
the propagation length derived from the image in Fig. 4~b!
taken using a freshly prepared silver film equals 30mm. This
number is much closer to the theoretical value.

In some images of surface defects emitting SP beams
can see not only a forward beam but also a weaker b
emitted in the backward direction~Fig. 7!. This means that a
‘‘plasmon mirror’’ can be created as another prototype s
face optical element. A plasmon beam from one defect
be directed onto another one, as is the case in Fig. 8. One
see a large defect in the top left corner of the image t
emits a wide plasmon beam. This beam is scattered by
other defect in the middle of the field of view. This expe
ment shows that one can deal with plasmon ‘‘flashlights’’
the manner that is very similar to the operation of us

FIG. 10. Topography~a! and optical near-field distribution~b!
around three surface defects.
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three-dimensional light sources.
Attenuation of the UV power during the lithography pro

cess allows us to create smaller surface defects and s
plasmon scattering by these defects. The results of th
studies are shown in Figs. 9 and 10. The UV power used
create these smaller defects was approximately1

2 of the ini-
tial power. We cannot see bright near-field maxima arou
these defects any more. Instead, we see prominent sha
behind the defects~the direction of plasmon propagation
shown by the arrows!. Two characteristic features of thes
figures emerge. First, the sources of the shadows appear
larger in the near-field images than in the topographic o
~a comparison of these images with the near-field image
Fig. 4~b! shows that this effect does not stem from the re
lution of the near-field images!. Second, for different defect
the shadows have different, but still large, angular widt
The approximately 90°-angular widths cannot be accoun
for by diffraction. The diffraction angle can be easily es
mated from the uncertainty principle
b;dkpl /kpl;lpl /(2pd), wherelpl5590 nm is a plasmon
wavelength andd is the size of a scatterer. A micromete
size scatterer gives diffraction angle values on the orde
5°. This value is consistent with the rather small visib
width of the SP beams from the plasmon ‘‘flashlights’’
Fig. 4~b!. Another interesting feature is an apparent diffe
ence in the ability to scatter SP field at hills and dips
similar geometrical size. Looking at Fig. 10 one can not
three defects of about the same lateral size. Two of them
shallow hills. The third is a dip of about the same vertic
size. The hills seem not to affect the SP propagation at
On the other hand, the dip gives a distinct angular shadow
the next part of the paper we propose an explanation
these phenomena. We have used these phenomena to c
another simple two-dimensional optical element which
call a ‘‘beam stop.’’16 A number of defects were create
along a single line on the surface of a silver film~Fig. 4 in
Ref. 16!. The near-field image shows some increase in
optical field around the defects and a prominent dark shad
behind the line of defects. Thus, an effective optical shi
has been created that does not allow plasmons to pass

IV. DISCUSSION

The scattering of SP’s by surface defects has been c
sidered in numerous theoretical papers. A recent pape
Pinceminet al.19 contains a good overview of the research
this field. Generally this problem has no analytical solutio
Numerically it has been solved for a limited number of e
perimental geometries. No comparison between such ca
lations and experimental near-field data has been carried
Unfortunately, we have not found in the literature any res
of numerical calculations that could be directly applied
our observations. Nevertheless we propose two simple m
els that allow us to understand our results and compare t
with theoretical predictions.

The plasmon flashlight phenomenon can be underst
directly from the Huygens-Fresnel principle. Let us consid
an array of ten secondary sources of SP circular waves~Fig.
11! equally spaced along a 2-mm line. The resulting SP field
distribution is given by the expression
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FIG. 11. Field distribution from a 2-mm-long array of point sources in two-dimensional~a!, ~b! and three-dimensional~c!,~d! cases. A
pronounced SP beam appears for a two-dimensional field distribution. Horizontal size is 10310mm. Halftone views and line scan views ar
presented.
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wherer n is the distance between the point of observation a
thenth secondary source. This SP field distribution is sho
in Fig. 11~a!, 11~b! for the case where the phases of seco
ary sources change linearly withn. A plasmon beam similar
to the one in Fig. 5~b! is clearly visible in the half-tone
representation. It appears that the primary reason for
beam existence is a weak;r21/2 distance dependence of th
fields from individual point sources of circular SP wave
For a comparison, the field distribution from the same sou
calculated using the bulkr21 distance dependence is show
in Figs. 11~c!, 11~d!. No prominent beam appears in th
case. We believe that the strong maxima of the optical n
field observed in Figs. 4~b! and 5~b! can be represented b
the arrays of secondary sources of SP circular waves.
phase shift between the secondary waves is due to the a
lar illumination of the defects by the He-Ne excitation las
It results in the plasmon beam shining in the direction of
incoming beam of HeNe laser. The enhancement of the n
field around the defects should be calculated from the e
theory. The main factors contributing to the enhancement
a ‘‘lightning rod effect,’’ which leads to field enhanceme
d
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near the prominent hills on the silver film, and larger phot
tunneling through the thinner regions of the film.

Figure 12 represents our modeling of data shown in F
4. Two arrays of secondary sources similar to the one
cussed in the previous paragraph are positioned at diffe
distances from each other. Figure 12~c! demonstrates a very
close resemblance to Fig. 4~b!. It is really a surprising result
that two plasmon flashlight structures can be position
within a few micrometers from each other giving rise to d
tinctly separate plasmon beams. One can envision nume
applications of these structures in sensor arrays. Each p
mon beam could probe the surface chemistry in a very lo
ized region. Based on the success of our plasmon beam m
eling we suggest some optical elements that could contro
propagation. One could think of focusing mirrors or lens
consisting of surface defects similar to ones in Fig. 4. So
examples of these optical elements are shown in Fig. 13
curved defect described~in polar coordinates! by the expres-
sionR(a)52F/(11cosa) would be a perfect focusing mir
ror with focal lengthF: R(a) is a solution of the equation
kR(a)1f(a)5const @wheref(a)5kR(a)cos(a)] for the
positions of the point sources that would direct reflected s
ondary SP waves to be exactly in phase at some partic
focal point. A curved defect as shown in Fig. 13~b!, which
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FIG. 12. Numerical modeling of two plasmon flashlights at different distances from each other. Horizontal size is 10310 mm.
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consists of two parts of this focusing mirror positioned ne
to each other should have two focal points. These calc
tions are justified by the observation of a ‘‘plasmon mirro
in Fig. 7. Another possibility is to create a focusing le
using a zone plate principle. Figure 13~c! represents the field
distribution of such an element. The defects are positio
on a circle of radiusR in order to compensate for the dis
tance dependence of the field in a circular wave. The ang
position of thenth point SP source is given by the expressi
kR2kRcos(an)52pn. All these optical elements could fin
numerous applications in integrated optics.

Let us now discuss our data concerning the SP scatte
by smaller defects. The simplest explanation of the obser
discrepancy between the visible sizes of the shadow sou
in the near-field and topographic maps could be that the
tual size of the scatterers is not the one that is seen in
surface topographic map. The bulk structure of the sil
film can be deformed around the surface defect. Also
chemical composition of the surface oxide layer~and/or ab-
sorbed layer! could be changed under UV irradiation on
much larger scale than is apparent in the visible size of
defect. Precise control of these parameters would require
periments under ultrahigh-vacuum conditions. But, there
strong theoretical evidence that the visible size of eve
point scatterer in the near-field map may be on the orde
some micrometers. Let us imagine a point defect on an
erwise ideally flat metal film surface. This defect is irradiat
by a plane surface-plasmon wave. The defect breaks tran
tion symmetry of the film surface. The SP wave can trans
part of its momentum to the defect and decay into a pho
t
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Consider the cross section of the point defect for suc
process. This point defect can be Fourier decomposed in
set of diffraction gratings with periods from zero to infinit
~in reality, the upper limit is the inverse atomic size!. Since
SP scattering is a linear process we can treat the SP inte
tion with each diffraction grating separately. Each grati
can change the momentum of a plasmon by a multiple of
inverse period. Most probably the plasmon momentum w
change by only one inverse grating period. If the inve
grating period is smaller than the difference between the m
mentum of plasmon and the momentum of photon, then p
mon decay will not happen. Hence, only grating with suf
ciently large inverse periods will contribute to the cro
section of SP decay into photons. In order to find this cr
section we should cutoff the Fourier spectrum of the defec
wave vectors less then the difference between the plas
and photon wave vectors (kpl2kph) and perform an inverse
Fourier transformation. Such a procedure gives an effec
cross sections;1/(kpl2kph). This cross section iss;1.6
mm at HeNe laser wavelengths. This value is consistent w
the effective sizes of the shadow sources in Fig. 9~b!.

Another effect that might produce a shadowlike pheno
enon around a surface defect is attenuated energy tran
from the He-Ne laser excitation beam into the SP’s. Re
nant excitation of SP’s is happening because of the ph
matching between the SP and the HeNe beam in the g
prism. The phase-matching lengthL is determined by the
angular width of the SP resonance~see Fig. 1! which is usu-
ally on the order ofda;1°: dkplL;dakplL;1. This gives
a value of the phase-matching length on the order ofL;5
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FIG. 13. Numerical modeling of plasmon mirrors~a!,~b! and a plasmon lens~c!. Horizontal size is 10310 mm.
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mm. A surface defect could worsen this phase matching
cause smaller energy transfer in to the SP’s. A smaller in
sity of the SP field would look like a shadow behind t
defect. The two effects discussed above lead to essent
the same effective size of the shadow source. We bel
both effects contribute to the observed field distribution. U
fortunately, neither of these effects could be responsible
the angular shape of the shadows and an apparent differ
between SP scattering by shallow hills and dips.

The most probable reason for shadows to have an ang
shape is refraction. As we have discussed earlier, the
interaction with a surface defect can be decomposed
interactions with separate gratings that constitute the Fou
spectrum of a defect. Interaction with gratings that have
riods much smaller than 2p/(kpl2kph) leads to SP decay
into photons. Interaction with the rest of the gratings can
treated like two-dimensional optics: a plasmon will remain
plasmon after the interaction. Thus, we can talk about
refraction.

It is relatively easy to introduce an effective refracti
index for a shallow dip or hill that scatters a SP wave. T
d
n-
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ve
-
r
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lar
P
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e

P

e

dispersion relation for the SP in the three-media air-me
glass system can be written as follows:20

~e1 /k11e2/k2!~e2 /k21e3 /k3!

1~e1 /k12e2 /k2!~e /k22e3 /k3!e
22k2d250, ~2!

where kn5(kx
22v2en /c

2)1/2, and n51,2,3 denotes glass
silver film, and air, respectively. After some transformatio
the dispersion law can be rewritten in the more explicit for

v5kxc@~e211!/e2#
1/2~11Ae22k2d2!, ~3!

where

A52e2
@~2e1e21e22e1!

1/21 i e1#

$~e2
221!@~2e1e2 1e22e1!

1/21 i e1#%
;0.11

~4!
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~here we assume that the thickness of the silver film is la
enough thate22k2d2!1). As we can see, the phase veloc
of SP depends on the thickness of the silver film. The S
are faster in the areas where the thickness of a film
smaller. The effective refractive index of a shallow defe
can be written as follows:

n5V0 /V511A~e22k2d02e22k2d!, ~5!

whereV is a SP phase velocity at thicknessd andV0 is a SP
phase velocity in unmodified areas of a silver film with
thicknessd0. Numerical analysis of this expression show
that in our experiments~with d0580 nm! the effective re-
fractive indexn varies within the range 0.89–1.0001. F
shallow hillsn.1 and the changes inn are negligible, while
shallow dips haven,1. This results agrees qualitative
with our observations in Fig. 10. Shallow hills should ha
much less of an effect on the SP propagation than sha
dips. Evidently, shallow dips act as negative lenses. T
results in the angular shape of shadows.

Similar effective refractive indices could be assigned
areas of the silver film where the composition of an absor
layer is modified. Sometimes the presence of an abso
layer could lead to appearance of additional SP modes.21 But
in many cases the presence of a few molecular monola
on the surface of a metal film leads only to a shift in the
phase velocity.22 In terms of effective refractive index thi
shift can be expressed as follows:

n511~ea21!/@ea~2eAg21!1/2#32pda /l, ~6!

whereea is a dielectric constant andda is the thickness of an
absorbed layer~here we assume thatea!eAg). According to
Ref. 23 four monolayers of cadmium arachidate gives a s
in the SP phase velocity which corresponds ton51.033. The
potential consequence of this result for our experiment is
possible modification of an absorbed layer by an UV lig
pulse during defect creation could cause refraction of S
around the defect. On the other hand, this effect can be u
to create simple optical elements for SP field redistribut
such as lenses or prisms. A triangular region of the sil
film covered with a layer of molecules such as cadmi
arachidate would act like a prism on a propagating SP be
One could calculate the dispersion of this prism by tak
into account the dispersion ofeAg andea . This has the same

FIG. 14. Summary of different physical mechanisms affect
surface-plasmon field distribution.
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order of magnitude as the dispersion of any bulk prism. T
dispersion of such optical elements can be used in multich
nel chemical sensors and biosensors.

Figure 14 summarizes our discussion of different effe
that influence the SP field distribution near surface defects
change of metal film thickness and the local surface tilt ca
the modification of the phase matching between the He
laser light and SP’s. Some sharp surface ‘‘hills’’ and ho
through the film can cause strong-field enhancement in t
vicinity. These effects influence the electromagnetic fie
distribution in close proximity to these defects. One needs
use an exact theory to describe these ‘‘near-field’’ effects

The SP ‘‘far-field’’ distribution is much easier to unde
stand using such simple concepts as the Huygens-Fre
principle and effective SP refractive index. One can repla
strong maxima of the near field around the hills and the ho
with secondary SP sources. Adiabatic changes in film thi
ness and local variations in the absorbed molecular layer
be described by an effective refractive indices. Then the
ture of SP propagation can be treated as a two-dimensi
optics problem.

V. CONCLUSIONS

In summary, we have constructed a combined PST
direct-wire lithography setup that has allowed us to study
scattering of surface plasmons by individual defects, wh
continuously adjusting their shapes and sizes. The use o
uncoated fiber tip as a local probe causes much less pe
bation of the SP field as compared to other scanning pr
techniques such as STM, AFM, or near-field optical micro
copy with metal-coated tips.

Surface defects that emit micrometer wide SP bea
~plasmon flashlights! have been observed. This phenomen
has been explained using the Huygens-Fresnel princi
Scattering and refraction of SP field by smaller surface
fects has also been studied. The concept of effective ref
tive index has been introduced for two classes of surf
defects: shallow hills or dips, and areas covered with a la
of absorbed molecules. This concept allows us to achiev
qualitative understanding of SP field redistribution by d
fects, which is otherwise a complicated theoretical probl
without an analytical solution.

Some simple optical elements able to govern SP fi
propagation have been suggested. We believe our techn
has the potential to create analogs of any three-dimensi
optical devices in two dimensions. Similar techniques can
used not only in the two-dimensional optics of surface pl
mons on metal surfaces but also in the optics of any surf
waves on semiconductors and dielectrics. Plasmon fla
lights in combination with other SP optical elements cou
have numerous potential applications in multichannel che
cal sensing, biosensing, and integrated optics.
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