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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-plasni8R®) 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.[S0163-182697)05928-9

I. INTRODUCTION experiments an additional tunneling current has been ob-
served in the presence of the SP wAwk.closely related

The surface plasmofSP is a fundamental electromag- technique, in which the SP field scattered by a STM tip is
netic excitation mode of a metal-dielectric interfdceThe  detected in the far-field zone, has been introduced by Specht
properties of SP’s have been the subject of extensive studiet al.” However, a metallic STM tip positioned within a frac-
because of their extreme sensitivity to surface roughness artibn of a nanometer from the surface causes a very strong
the dielectric properties of surface absorbed layers. This semerturbation of the initial SP field distribution. The results of
sitivity results from the exponential dependence of the SRhese experiments reflect the properties of localized plasmon
electromagnetic field on the distance from the interface irmode$§ that develop between the STM tip and the sample
each of the bounding media. The SP is free to propagateather than the unperturbed SP field distribution. Similarly an
along the metal surface with a mean free path determined bgtomic force microscopAFM) tip has been used to scatter
the quality of the surface and Ohmic losses. If the surface ishe SP field Although less intrusive then STM, this tech-
perfectly flat then Ohmic loss is the only channel for decaynique also relies on the perturbation of the SP field as its
since the momentum conservation law prohibits SP conversensitive mechanism. Kirat al. even refer to the potential
sion into photons. In the visible range the SP mean free pathenefits of a metal-coated AFM tip for obtaining an improve-
on a silver surface is limited to about %0m but can extend ment in the sensitivity of this technigde.
to many mm in the infrared regichSimilar waves exist on The development of near-field optical microsctphas
the surfaces of a number of dielectrics and semiconduttorscreated different ways for probing the SP field distribution.
Since the properties of SP’s depend strongly on the propeiFor example, in a tunneling near-field optical microscdpy
ties of the interface along which they propagate, they havdight from a metal-coated optical fiber tip is used for SP
found applications in the surface-roughness analysias  excitation. However, the most successful experimental ge-
detection, and biosensifg. ometry for measuring the true unperturbed SP field distribu-

Until recently there was no tool for the direct study of SPtion appears to be the photon scanning tunneling microscopy
propagation, since the SP field decay length perpendicular ti®STM).}? In the PSTM geometry a fiber tip is used to detect
the interface is on the order of 100 nm in the visible rangethe evanescent field of the light being totally internally re-
Indirect information about SP properties had been extractetlected at the sample surface. In Ref. 13, PSTM was used to
from far-field measurements of light scattered into a freemeasure the exponential decay of the SP field away from a
space by SP interaction with surface defects such as imetal-air interface. SP propagation along the interface has
surface-plasmon microscopylThe development of scanning also been studiéfiand the SP propagation length measured.
probe techniques has opened the way to a study of SP prof8P’s on both an external metal-air interface and an internal
erties at the surface along which the SP propagates with resoiterface between a metal film and a glass substrate have
lution in the nanometer range. The scanning tunneling mibeen excitetP and the SP field distribution for both modes
croscopy (STM) was the first such technique. In STM has been mapped. Extension of SP studies to the control of

0163-1829/97/563)/1601(11)/$10.00 56 1601 © 1997 The American Physical Society



1602 SMOLYANINOV, MAZZONI, MAIT, AND DAVIS 56

—211.2 nm

Excimer
» Laser
ot 105.6 Am
5 oto-
multiplier]
0.0 nm
1.06 u A | Photo-
Laser ’ 71 Detector

1.8
D

M\ Otiene| T/
|

i

i

I }

I o

L A
>

R

3.00 0.9

0.0

2.00

o

Ao =2

SP resonance 1:00

FIG. 1. Schematic view of the experimental setup. Dispersion
curves for surface plasmons and photons in air and in glass are
shown in the inset. 9
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SP’s by two—dlmenspnalloptl(_:s is ant|C|pated.. This could. FIG. 3. Topography(@ and optical near-field distributiofb)
create numerous appllc_:atlons |n.|ntegr§1ted optics and m,UIt'éround a crater created by a UV laser pulse at full energy.
channel chemical sensing and biosensing. However, until re-
cently there has been no attempt to create a real twostantial light power into a diffraction-limited area of the
dimensional optical element for SP’s. sample near the tip. We are able to ablate submicrometer
Recently we studied the scattering of SP’sibysitu cre-  craters on virtually any opague surface without damaging a
ated individual surface defect$. Some prototype two- transparent fiber tip. On the other hand, the resolution of our
dimensional optical elements able to control SP propagatiomicroscope in the PSTM mode depends strongly on the di-
were demonstrated. Using a combination of a PSTM with ameter of the uncoated fiber tip: it is not dominated by dif-
direct-write lithography techniqdé we can create submi- fraction. An uncoated fiber tip introduces a relatively small
crometer size patterns on the surface of a metal film angerturbation into the SP field distribution, since the differ-
measure the SP field redistribution caused by these patternsncee;,—1 between the dielectric constant of the tip and a
An uncoated tapered optical fiber allows us to deliver subvacuum is much smaller than the difference between the di-
electric constant of the tip and a metal the case of silver
5t €ag=—17.9+0.7 at A\ =633 nm). A comparison of theoret-
° ical and experimentally measured SP field distributidis-
4t . cussed later in this papeconfirms this conclusion. All these
P facts make our experimental technique a very reliable tool
s . for a study of the optics of SP's.
Below we discuss in detail our experimental setup and
e e report experimental observations. In the discussion section
we present some model calculations of the SP field distribu-
~ tion around simple defects and compare them with our ob-
1r . servations. We present the design of some optical elements
that could control SP propagation. Finally, some practical
. s ‘ ‘ ‘ ; ‘ applications of these elements are suggested.
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FIG. 2. Dependence of the optical signal on the tip-sample dis- In our experiment SP’s are excited in an attenuated total
tance. reflection(ATR) arrangemerit on the surface of an 80-nm-
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FIG. 4. Topographya) and optical near-field distributiofip) around two plasmon “flashlight” structure&) and(d) are far-field images
taken at distances 1 andgn from the sample.

thick silver film evaporated onto the hypotenuse face of arhe laser power is easily attenuated in order to change the
right-angle glass prisniFig. 1). An unfocusedP-polarized size of defects created in the film. The use of uncoated UV
HeNe laser beam is used for excitation of the SP’s. Wavegrade tapered fiber and nanosecond pulsed 248-nm excimer
vector matching to the SP mode at the silver-air interface isaser light allows us to deliver an estimated 200 G\W/dV
achieved when light is internally incident on the silver film at light power into a tip-sample region smaller then 20200
an anglea=arcsif[eay/(€geagt €514 =42°, whereen,  nm? during a single laser pulse. This power is sufficient for
and €4 are the dielectric constants of silver and the glasdocal surface ablation of gold or silver and local melting of
prism (this value stems from the SP dispersion relation in thesilicon without melting of the transparent UV fiber fipThe
thick-film limit14). The thickness of the film is a little bit less topographic changes caused by UV irradiation are immedi-
than the decay length of the SP field into silver, so the couately recorded by the shear force microscope. The developed
pling of fields between the top and bottom interfaces is suftechnique is to some extent similar to STM lithography but is
ficient for effective SP excitation. The SP local field is not restricted by the conductance of the sample surface.
probed with an uncoated, adiabatically tapered fiber tip that
is drawn at the end of 20pm UV fiber by heating it with a
CO, laser beam in a micropipette puller. The fiber tip can be
scanned over the sample surface with a constant tip-surface The quality of the silver films used in our experiments
distance 5 nm) using shear force feedback as describedvas good enough to provide a quite homogeneous optical
elsewheré! Therefore, surface topography can be imagedsignal distribution over the unmodified surface areas. As a
with a resolution on the nanometer scale, while simultafirst step, we measured the optical signal dependence on the
neously allowing the recording of a near-field optical imagedistance between the tip and the silver filiig. 2). The
corresponding to the distribution of the SP local-field inten-signal exhibits an exponential decay with distance increase:
sity near the film surface. This configuration of a scanningLn(l)=—2ad superimposed on a small background. This
probe microscope is usually called a PSTi. background signal is due to the scattering of SP’s into pho-
For the purpose of lithography the free end of the fibertons over the entire illuminated film area. The value of the
can be connected to the output of a 248-nm excimer laseexponent ¢=1/416 nm is consistent with the angle of SP

Ill. EXPERIMENTAL RESULTS



1604 SMOLYANINOV, MAZZONI, MAIT, AND DAVIS 56

403.8 nm et
2.50 ] ;
140 F ™
\\
201.8 nm ~ 1201 N
> N\,
B o\
= 100 F
5.00 -
- AN
< AN
0.0 nm o 80F e .
p— \\
[} . . .
E‘ a0 \\\\\ .
2.50 S 40 \\\
e
A -
201 CTTee
o] L ! L L : L
0 z 4 6 8 10 12 14 16 18

distance (pm)

FIG. 6. Cross section of the optical signal in the plasmon beam
in Fig. 5c).
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propagate along the surface, so one can distinguish its con-
tribution from the contribution of SP field scattering. It is
important to mention that the contrast of each image is de-
termined internally by scaling the difference between the
0.0 maximum and minimum of the detected signals to the maxi-
mum number of gray levels in the image. A comparison
between images therefore needs to be performed with care.
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FIG. 5. More complicated defects emitting plasmon beams: to-
pography(a) and optical near-field distributiotb) around an indi-
vidual defect;(c) is a near-field distribution around a big defect.
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excitation. According to theory, the SP field should decay

into air with a decay constark,= (k— w?/c?)¥?=1/412

nm, wherek, is the wave vector parallel to the surface.
Below we present images of the optical near-field around | 2,50 5.0 ——

in situ created defects having different shapes and sizes. -

These images result from the scattering of the SP field by the

defects. They also contain an evanescent component of the FIG. 7. Topography(@ and optical near-field distributiotb)

totally internally reflected HeNe laser beam used for the exaround a surface defect emitting a weaker reflected plasmon beam.

citation of SP’s. But this evanescent component does noA stronger plasmon beam is emitted in the forward direction.
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FIG. 8. Scattering of a plasmon beam emitted from a surface
defect in the top left corner of the image by another surface defect.
As usual, imagesa) and (b) are the topography and the near-field
distribution, respectively.

At maximum laser power1 nJ per pulse measured in  FIG. 9. Topography@ and optical near-field distributiofb)
the far field of the tip a single nanosecond UV pulse deliv- around smaller defects created at arograf the initial power. The
ered to the silver film surface by the uncoated tapered fibedirection of plasmon propagation is shown by the arrows. Shadows
was able to ablate a hole through the 80-nm-thick film. Theare seen behind the defects.
topography of such a defe¢Fig. 3@)] looks like a large
crater with an approximately 0,bm hole in the middle. The um away from the surface is completely dark on the same
optical near-field distributiofiFig. 3(b)] has a strong maxi- half-tone scale. A number of images taken at intermediate
mum around the hole because the glass prism surface is alistances show the spreading and exponential attenuation of
most clear of metal in the hole and we see the near field othe beam “brightness” with increasing distance from the
the totally internally reflected HeNe laser beam used for thesurface. Some of them are shown in Fig&)44(d). (Note,
excitation of SP’s. By attenuating the UV laser pulse powerowever, that the contrast for both images is internal and not
we are able to make craters of shallower depth and smalleelative to each other.Evidently, in the near-field image
diameter. At low power craters may even disappear and wFig. 4(b)] we see surface-plasmon beams shining from the
observe a “hill” at the irradiated site. Such hills created atpeaks of the optical near-field around the hills. We like to
approximately? of the initial power are shown in Fig. 4. call these structures plasmon “flashlights.” Our experience
Strong maxima of the optical near field are again seershows that the appearance of a plasmon beam is a rather
around these hills. The surprising feature of the near-fieldcommon features of an optical-field distribution near surface
image in Fig. 4b) is the appearance of quite strong anddefects in the ATR geometry. In Fig. 5 one can see some
narrow beamstheir width is around Jum) shining from the  other images showing plasmon beams. If the defect has a
hills in the direction determined by the HeNe laser beamcomplicated shape as in Fig(ch the plasmon beam can
used for SP excitation. These “beams” are localized withinshine from some region of the defect. The cross secamn
the surface. The near-field intensity seems not to change si@) of the plasmon beam in this image shows the lateral ex-
nificantly along the 7am length of the left “beam” visible ponential decay of the SP field intensity with the distance
in the image. On the other hand, a far-field image taken #rom the source of the beam. The value of the SP propaga-
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three-dimensional light sources.

82.6 nw Attenuation of the UV power during the lithography pro-
cess allows us to create smaller surface defects and study
plasmon scattering by these defects. The results of these

43.8 nm studies are shown in Figs. 9 and 10. The UV power used to

create these smaller defects was approximagedy the ini-

tial power. We cannot see bright near-field maxima around

these defects any more. Instead, we see prominent shadows

behind the defectfthe direction of plasmon propagation is
shown by the arrows Two characteristic features of these
figures emerge. First, the sources of the shadows appear to be

A larger in the near-field images than in the topographic ones
(a comparison of these images with the near-field image in
Fig. 4(b) shows that this effect does not stem from the reso-
lution of the near-field imagesSecond, for different defects

the shadows have different, but still large, angular widths.
The approximately 90°-angular widths cannot be accounted

0.0 nm

0.8 for by diffraction. The diffraction angle can be easily esti-
mated from the uncertainty principle:
B~ Ky Ky~ N/ (27d), whereh;=590 nm is a plasmon

04 wavelength andl is the size of a scatterer. A micrometer

size scatterer gives diffraction angle values on the order of
5°. This value is consistent with the rather small visible
width of the SP beams from the plasmon “flashlights” in
Fig. 4(b). Another interesting feature is an apparent differ-
ence in the ability to scatter SP field at hills and dips of
similar geometrical size. Looking at Fig. 10 one can notice
three defects of about the same lateral size. Two of them are
shallow hills. The third is a dip of about the same vertical
B size. The hills seem not to affect the SP propagation at all.
On the other hand, the dip gives a distinct angular shadow. In
b the next part of the paper we propose an explanation for
these phenomena. We have used these phenomena to create
another simple two-dimensional optical element which we
call a “beam stop.®® A number of defects were created
along a single line on the surface of a silver filffig. 4 in
Ref. 16. The near-field image shows some increase in the
optical field around the defects and a prominent dark shadow
FIG. 10. Topographya) and optical near-field distributioth)  pehind the line of defects. Thus, an effective optical shield
around three surface defects. has been created that does not allow plasmons to pass by.

0.0

tion length equals 9.Lm in this case. This value is close to
the 13.2um value_ reported_ in Ref. 14 yet is_ much smaller IV. DISCUSSION
than the theoretically estimated propagation length 42.4
um* A possible explanation of this discrepancy is that the The scattering of SP’s by surface defects has been con-
image in Fig. %c) was recorded using a rather old silver film sidered in numerous theoretical papers. A recent paper by
sample whose surface looked slightly oxidized. The value oPinceminet al!® contains a good overview of the research in
the propagation length derived from the image in Fith)4 this field. Generally this problem has no analytical solution.
taken using a freshly prepared silver film equals30. This  Numerically it has been solved for a limited number of ex-
number is much closer to the theoretical value. perimental geometries. No comparison between such calcu-
In some images of surface defects emitting SP beams orlations and experimental near-field data has been carried out.
can see not only a forward beam but also a weaker beatdnfortunately, we have not found in the literature any result
emitted in the backward directidifrig. 7). This means that a of numerical calculations that could be directly applied to
“plasmon mirror” can be created as another prototype sur-our observations. Nevertheless we propose two simple mod-
face optical element. A plasmon beam from one defect caels that allow us to understand our results and compare them
be directed onto another one, as is the case in Fig. 8. One cavith theoretical predictions.
see a large defect in the top left corner of the image that The plasmon flashlight phenomenon can be understood
emits a wide plasmon beam. This beam is scattered by amlirectly from the Huygens-Fresnel principle. Let us consider
other defect in the middle of the field of view. This experi- an array of ten secondary sources of SP circular wévies
ment shows that one can deal with plasmon “flashlights” in11) equally spaced along a;2m line. The resulting SP field
the manner that is very similar to the operation of usualdistribution is given by the expression
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FIG. 11. Field distribution from a Ztm-long array of point sources in two-dimensioral, (b) and three-dimensiondct),(d) cases. A
pronounced SP beam appears for a two-dimensional field distribution. Horizontal size 18 10n. Halftone views and line scan views are
presented.

Kt 60 e 112 2 near the prominent hills on the silver film, and larger photon
En: ettinT nlfr e (1) tunneling through the thinner regions of the film.

Figure 12 represents our modeling of data shown in Fig.
wherer , is the distance between the point of observation andt. Two arrays of secondary sources similar to the one dis-
the nth secondary source. This SP field distribution is showrcussed in the previous paragraph are positioned at different
in Fig. 11(a), 11(b) for the case where the phases of seconddistances from each other. Figure(@2demonstrates a very
ary sources change linearly with A plasmon beam similar close resemblance to Fig(b}. It is really a surprising result
to the one in Fig. &) is clearly visible in the half-tone that two plasmon flashlight structures can be positioned
representation. It appears that the primary reason for thwithin a few micrometers from each other giving rise to dis-
beam existence is a weakr ~ V2 distance dependence of the tinctly separate plasmon beams. One can envision numerous
fields from individual point sources of circular SP waves.applications of these structures in sensor arrays. Each plas-
For a comparison, the field distribution from the same sourceénon beam could probe the surface chemistry in a very local-
calculated using the bulk ! distance dependence is shown ized region. Based on the success of our plasmon beam mod-
in Figs. 11c), 11(d). No prominent beam appears in this eling we suggest some optical elements that could control SP
case. We believe that the strong maxima of the optical negpropagation. One could think of focusing mirrors or lenses
field observed in Figs.#®) and 5b) can be represented by consisting of surface defects similar to ones in Fig. 4. Some
the arrays of secondary sources of SP circular waves. Thexamples of these optical elements are shown in Fig. 13. A
phase shift between the secondary waves is due to the angturved defect describgéh polar coordinatgsby the expres-
lar illumination of the defects by the He-Ne excitation laser.sion R(a) =2F/(1+ cosx) would be a perfect focusing mir-

It results in the plasmon beam shining in the direction of theror with focal lengthF: R(«) is a solution of the equation
incoming beam of HeNe laser. The enhancement of the ne&R(«) + ¢(«) =const[where ¢(a) =kR(a)cos()] for the

field around the defects should be calculated from the exagiositions of the point sources that would direct reflected sec-
theory. The main factors contributing to the enhancement arendary SP waves to be exactly in phase at some particular
a “lightning rod effect,” which leads to field enhancement focal point. A curved defect as shown in Fig.(th8 which
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FIG. 12. Numerical modeling of two plasmon flashlights at different distances from each other. Horizontal sixelG d.

consists of two parts of this focusing mirror positioned nextConsider the cross section of the point defect for such a
to each other should have two focal points. These calculaprocess. This point defect can be Fourier decomposed into a
tions are justified by the observation of a “plasmon mirror” set of diffraction gratings with periods from zero to infinity
in Fig. 7. Another possibility is to create a focusing lens(in reality, the upper limit is the inverse atomic siz8ince
using a zone plate principle. Figure(tBrepresents the field SP scattering is a linear process we can treat the SP interac-
distribution of such an element. The defects are positionetion with each diffraction grating separately. Each grating
on a circle of radiuRR in order to compensate for the dis- can change the momentum of a plasmon by a multiple of its
tance dependence of the field in a circular wave. The anguldanverse period. Most probably the plasmon momentum will
position of thenth point SP source is given by the expressionchange by only one inverse grating period. If the inverse
kR—kRcos(,)=2mn. All these optical elements could find grating period is smaller than the difference between the mo-
numerous applications in integrated optics. mentum of plasmon and the momentum of photon, then plas-
Let us now discuss our data concerning the SP scatteringion decay will not happen. Hence, only grating with suffi-
by smaller defects. The simplest explanation of the observediently large inverse periods will contribute to the cross
discrepancy between the visible sizes of the shadow sourceection of SP decay into photons. In order to find this cross
in the near-field and topographic maps could be that the acsection we should cutoff the Fourier spectrum of the defect at
tual size of the scatterers is not the one that is seen in theave vectors less then the difference between the plasmon
surface topographic map. The bulk structure of the silverand photon wave vectork—k,y) and perform an inverse
film can be deformed around the surface defect. Also thd-ourier transformation. Such a procedure gives an effective
chemical composition of the surface oxide layand/or ab-  cross sectiors~1/(k,—kpy). This cross section is~1.6
sorbed layer could be changed under UV irradiation on a um at HeNe laser wavelengths. This value is consistent with
much larger scale than is apparent in the visible size of thé¢he effective sizes of the shadow sources in Fip).9
defect. Precise control of these parameters would require ex- Another effect that might produce a shadowlike phenom-
periments under ultrahigh-vacuum conditions. But, there inon around a surface defect is attenuated energy transfer
strong theoretical evidence that the visible size of even d#rom the He-Ne laser excitation beam into the SP’s. Reso-
point scatterer in the near-field map may be on the order ofiant excitation of SP’s is happening because of the phase
some micrometers. Let us imagine a point defect on an othmatching between the SP and the HeNe beam in the glass
erwise ideally flat metal film surface. This defect is irradiatedprism. The phase-matching lengthis determined by the
by a plane surface-plasmon wave. The defect breaks translangular width of the SP resonan@ee Fig. 1 which is usu-
tion symmetry of the film surface. The SP wave can transfeally on the order of§a~1°: 5k, L~ dak,L~1. This gives
part of its momentum to the defect and decay into a photona value of the phase-matching length on the ordek of5
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FIG. 13. Numerical modeling of plasmon mirrai@,(b) and a plasmon len&). Horizontal size is 1810 um.

um. A surface defect could worsen this phase matching andispersion relation for the SP in the three-media air-metal-
cause smaller energy transfer in to the SP’s. A smaller intenglass system can be written as follofs:
sity of the SP field would look like a shadow behind the
defect. The two effects discussed above lead to essentially
the same effective size of the shadow source. We believee; [k, + e,/k,) (€5 /ko+ €3/K3)
both effects contribute to the observed field distribution. Un- —okods
fortunately, neither of these effects could be responsible for  +(€1/Ki—€2/ka)(e/ky— eg/kg)e™2%2=0, 2
the angular shape of the shadows and an apparent differenc%
between SP scattering by shallow hills and dips. where
The most probable reason for shadows to have an angul
shape is refraction. As we have discussed earlier, the S
interaction with a surface defect can be decomposed into
interactions with separate gratings that constitute the Fourier
spectrum of a defect. Interaction with gratings that have pe-
riods much smaller than 2/ (k,—k,) leads to SP decay where
into photons. Interaction with the rest of the gratings can be
treated like two-dimensional optics: a plasmon will remain a
plasmon after the interaction. Thus, we can talk about SP 12
refraction. A2 [(—ereat ea—e) " Hiey]
It is relatively easy to introduce an effective refractive 2 {(e%—l)[(—elez +62—61)1/2+i61]}
index for a shallow dip or hill that scatters a SP wave. The 4

ko= (k2— w?e,/c?)¥?, and n=1,2,3 denotes glass,
}Iver film, and air, respectively. After some transformations
%e dispersion law can be rewritten in the more explicit form:

w=K.[ (€4 1) e,]YH 1+ Ae~?ked2), ®)

0.11
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?ffiecﬁvl: SP refractive order of magnitude as the dispersion of any bulk prism. The
mdex changes: . . . . .
field enhancement . . o dispersion of such optical elements can be used in multichan-
iabatic  absorbed modification of . :
changes in - molecular phase matching nel chemical sensors and biosensors.
1) . . . . .
tickness Figure 14 summarizes our discussion of different effects

that influence the SP field distribution near surface defects. A
change of metal film thickness and the local surface tilt cause

\Smm the modification of the phase matching between the He-Ne
FILM laser light and SP’s. Some sharp surface “hills” and holes
through the film can cause strong-field enhancement in their
vicinity. These effects influence the electromagnetic field
SUBSTRATE / distribution in close proximity to these defects. One needs to
;ﬂnﬁzﬁ:;“ﬂ“ ' use an exact theory to describe these “near-field” effects.
e &t The SP “far-field” distribution is much easier to under-

stand using such simple concepts as the Huygens-Fresnel
FIG. 14. Summary of different physical mechanisms affectingprinciple and effective SP refractive index. One can replace
surface-plasmon field distribution. strong maxima of the near field around the hills and the holes
with secondary SP sources. Adiabatic changes in film thick-

- 2kod 3% ess and local variations in the absorbed molecular layer can
enough thae™“"2“2<1). As we can see, the phase velocity

be described by an effective refractive indices. Then the na-
of SP depends on the thickness of the silver film. The SP’ st y Ve r Ve indices 4

are faster in the areas where the thickness of a film izure of SP propagation can be treated as a two-dimensional

smaller. The effective refractive index of a shallow defectOptICS problem.
can be written as follows:

(here we assume that the thickness of the silver film is larg

N=Vo/V=1+A(e 2edo—g2kd), (5) V. CONCLUSIONS

whereV is a SP phase velocity at thicknessndV, is a SP In summary, we have constructed a combined PSTM/
phase velocity in unmodified areas of a silver film with adirect-wire lithography setup that has allowed us to study the
thicknessd,. Numerical analysis of this expression showsscattering of surface plasmons by individual defects, while
that in our experimentswith dy=80 nm the effective re- continuously adjusting their shapes and sizes. The use of an
fractive indexn varies within the range 0.89—1.0001. For uncoated fiber tip as a local probe causes much less pertur-
shallow hillsn>1 and the changes imare negligible, while  bation of the SP field as compared to other scanning probe
shallow dips haven<1. This results agrees qualitatively techniques such as STM, AFM, or near-field optical micros-
with our observations in Fig. 10. Shallow hills should havecopy with metal-coated tips.
much less of an effect on the SP propagation than shallow Surface defects that emit micrometer wide SP beams
dips. Evidently, shallow dips act as negative lenses. Thigplasmon flashlighshave been observed. This phenomenon
results in the angular shape of shadows. . has been explained using the Huygens-Fresnel principle.
Similar effective refractive indices could be assigned togcatiering and refraction of SP field by smaller surface de-
areas of the silver film where the composition of an absorbeg.c(s has also been studied. The concept of effective refrac-

layer is modified. Sometimes the presence of an absorbetg,e index has been introduced for two classes of surface
layer could lead to appearance of additional SP métiBsi defects: shallow hills or dips, and areas covered with a layer

in many cases the presence of a few mOIecwar monolayerésf absorbed molecules. This concept allows us to achieve a
on the surface of a metal film leads only to a shift in the SP

phase velocity? In terms of effective refractive index this qualitative understanding of SP field redistribution by de-
shift can be ex.pressed as follows: fects, which is otherwise a complicated theoretical problem

without an analytical solution.

N=1+(ea—1)/[€a(—€ag— 1) x 27d, /N, (6) Some simple optical elements able to govern SP field

) ) ) ) ) propagation have been suggested. We believe our technique

wheree, is a dielectric constant art} is the thickness of an  has the potential to create analogs of any three-dimensional
absorbed layefhere we assume thap<epg). Accordingto  gptical devices in two dimensions. Similar techniques can be
Ref. 23 four monolayers of cadmium arachidate gives a shifyised not only in the two-dimensional optics of surface plas-
in the SP phase velocity which correspondst61.033. The  mons on metal surfaces but also in the optics of any surface
potential consequence of this result for our experiment is thafyaves on semiconductors and dielectrics. Plasmon flash-
possible modification of an absorbed layer by an UV lightjights in combination with other SP optical elements could

pulse during defect creation could cause refraction of SP'$ave numerous potential applications in multichannel chemi-
around the defect. On the other hand, this effect can be useg| sensing, biosensing, and integrated optics.

to create simple optical elements for SP field redistribution

such as lenses or prisms. A triangular region of the silver
film covered with a layer of molecules such as cadmium

arachidate would act like a prism on a propagating SP beam.
One could calculate the dispersion of this prism by taking We would like to acknowledge helpful discussions with
into account the dispersion ef,; ande,. This has the same Julius Goldhar and Saeed Pilevar.
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