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Plasmon optics of structured silver films
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Excitation and propagation of surface plasmons in silver films structured with narrow straight grooves were
visualized in unprecedented detail by means of near-field optical techniques. Reflectivity, transmissivity, and
scattering loss of the grooves are demonstrated. Their values are determined semiquantitatively. The surface
plasmon attenuation are found to be dominated by material and surface/interface imperfections.
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I. INTRODUCTION

The electric properties of metals are far from being id
at optical frequencies. The concept of the gas of conduc
electrons, however, is still valid and instrumental for the u
derstanding of plasmon phenomena, i.e., electron den
waves. Such waves may propagate over sizable dista
like sound waves in real gases. At metal surfaces and m
dielectric interfaces, a particular mode, the ‘‘surface pl
mon’’ ~SP! causes a variety of optical effects, among them
strong field enhancement at the interface.1,2

The intensity decay length of a plane SP wave in a per
planar metal film between two perfect dielectric media d
fines its intrinsic decay lengthLint51/2k9, which is a mea-
sure of the ‘‘ideality’’ of the electron gas.k9 is defined as the
imaginary part of the complex surface plasmon wave vec
kSP5k81 ik9. The value ofk8 in silver is about 5% larger
than k0, the wave vector of the light wave with the sam
frequencyv as the surface plasmon. The size ofk9 is mainly
influenced by the imaginary part«9 of the dielectric constan
«5«81 i«9 of the metal.Intrinsic losses are caused by in
elastic scattering of conduction electrons, scattering of e
trons at interfaces, and leakage radiation~LR! ~radiation
damping1!.

LR is emitted from the interface between the metal fi
and the higher refractive index dielectric medium~the sub-
strate, glass in the present experiment!. With respect to the
normal of the interface, LR is radiated at a characteris
angle of inclinationuSP.1 At this angle, the LR in the sub
strate is phase matched to the SP wave, satisfyingkSP
5nk0 sinuSP wherekSP andnk0 are the wave vectors of th
SP and LR, respectively,n being the refractive index of the
substrate. For glass withn51.5, uSP.44°, ucrit541.8°.
HenceuSP.ucrit , the critical angle of the substrate/air inte
face.

Inhomogeneities of the metal film and/or substrate ca
additional losses in SP propagation. Theseextrinsic losses
can be reduced by improving the quality of the film a
substrate. Note that the commonly used literature value
Im(«) are based on reflectivity/transmissivity measureme
and hence influenced by extrinsic contributions.

Knowledge of the truly intrinsic losses would allow pr
0163-1829/2001/63~15!/155404~9!/$20.00 63 1554
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dictions on the ultimate SP decay length. A large SP de
length opens the possibility of manipulating SP beams, l
light beams. However, SP functional elements such as m
rors, filters, diffraction gratings, waveguides, and modulat
would have to be developed for this purpose. This might
achieved in the simplest case by structures such as gro
engraved into a SP-supporting metal film.

The parameters governing SP propagation in structu
metal films are generally unknown; knowledge so far is
stricted to a few theoretical investigations.3–5 Information
hence has to be gathered on quite an elementary level, s
ing with structures that can be readily implemented and e
ily understood. It then will be the designer’s task to defi
structures with optimized SP properties and to assess
chances as potential replacements of ‘‘genuinely’’ optic e
ments.

The efficiency of electro-optic~e-o! surface plasmon
modulators, for instance, is predicted to exceed that of c
ventional ones by far.6–8 Knowledge of«(v), in particular
its imaginary part, is hence of both theoretical and practi
interest. The established values9–11 however, are quite vague
about«9(v). The dielectric function is usually determine
from the reflectivity of a metal surface, frequently in comb
nation with transmissivity data of a thin film of that meta
The uncertainty in«9 is quite large in general~up to
100%!.10 This is a consequence of the relatively large are
of metal surface illuminated in those experiments. The
sulting data are thus averages that include the effects o
bulk and interface imperfections of the respective areas.

Methods that allow study of SP propagation in such u
perturbed areas may yield more precise data on the intri
optical properties of metal surfaces. Scanning near-field
tical microscopy~SNOM! provides such an opportunity: Th
SNOM probe acts as a SP point source that can be positio
precisely over a selected spot of a~metal! sample surface.
The propagation of the SP can be imaged with high late
resolution by means of a conventional optical microsco
~COM! equipped with a large numerical aperture~NA! im-
mersion objective; variation of the total SP excitation w
position is obtained from ‘‘forbidden light’’ SNOM
images.12

The early studies with this method14 showed that each
©2001 The American Physical Society04-1
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inhomogeneity acts as a scattering center. The scatte
strength is correlated with the size of the center but a qu
titative description has not been possible so far. The reaso
the random and ill-defined nature of the scattering cent
Qualitative observation of scattering centers was reported
a number of authors using different methods.13–17

In the present paper, we report experimental observat
of SP propagation in thin silver films structured by we
defined narrow grooves. Grooves were chosen since they
among the most elementary structures that can be im
mented in a metal film. More complex artificial structur
comprising, e.g., variations of thickness and composition
well as additional overlayers can be investigated in the sa
way. The narrow grooves were arranged parallel and
thogonal to each other as described briefly in Ref. 18. T
present paper gives a complete account of these inves
tions. Specifically, evidence is given for SP reflection a
transmission by the grooves. Reflectivity and transmissiv
are estimated. As a by-product we found that the SP de
length is strongly influenced by film inhomogeneities whi
tend to mask intrinsic damping effects. Our experimental
vestigation was complemented by a theoretical and com
tational study which will be published elsewhere.19

II. EXPERIMENT

The two experimental setups consist of a standard a
ture SNOM head, a sample stage, and two different arran
ments for detection. The setups are the same as in Refs
and 14 except for slight modifications. We therefore rest
ourselves to a short description here. The essential par
the two setups are sketched in Fig. 1.

The SNOM probes were aluminum-coated, pulled opti
fiber tips with sub-100-nm diameter apertures at the ap
They were mounted on a standard piezotube/tuning f
combination used for distance and position control. Rou
lateral positioning was possible with a mechanicalx/y stage.
Linearly polarized light from a HeNe or an Ar21 laser was
used for excitation.

Silver films, 60–90 nm in thickness, deposited on thin m
croscope cover slides were chosen as samples. Sets o
row grooves were cut into certain regions of the films
means of a focused ion beam microscope. On sample 1
the grooves were arranged parallel to each other, form
two different patterns:~a! single lines at 40mm separation,
consisting of 2mm long sections whose width increases ste
wise from 200 to 2000 nm, and~b! triplets of parallel, 200
nm wide grooves at 2mm distance, the distance betwee
triplets being 40mm. On sample 2, 200 nm wide groove
formed squares with 2.2mm side length. The samples we
mounted on a piezoelectricx/y stage. Scan images could b
generated either by tip or by sample scanning.

The observation of SP excitation and propagation is ba
on the detection of LR. At the film/glass interface, the L
intensity at a certain lateral position on the glass side of
metal/glass interface is proportional to that of the SP on
metal side at the same lateral position. Also theazimuthal
direction equals that of the SP at each point of the interfa

The detection of LR requires optical elements in cont
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with the bottom part of the sample substrate to avoid to
internal reflection. This is achieved in the first detecti
scheme, Fig. 1~a!, by means of an oil immersion objectiv
(363, NA51.4) in optical contact with the sample sub
strate. The objective is part of an inverted classical opti
microscope focused on the metal/glass interface. When
SNOM head is in operating position, the microscope ima
shows the lateral distribution of the LR at the interface w
high magnification. The distribution of SP was videotap
with a charge-coupled device~CCD! camera while the
sample with the film structures of interest was scanned un
the SNOM probe. The CCD is placed in the image plane
the metal/glass interface. Each pixel element hence capt
the flux of LR emerging from the corresponding spot in t
object plane. The latter is a direct measure of the SP exc
tion at that spot.

The direct SP imaging capability of the SNOM/COM
combination is unique and specific for this scheme: We
not know of any other experiment providing local SP info
mation in similar detail. It may be worth mentioning th
similar imaging should also be possible with classical
excitation.20,21

In the second detection scheme Fig. 1~b!, optical contact
with a hemispherical lens avoids total internal reflection

FIG. 1. Experimental schemes: The surface plasmon~SP! is
excited by SNOM tip in a structured silver filmM on glass substrate
G. Leakage radiation~LR! emitted intoG at angleuSPis captured in
both arrangements.~a! Direct imaging of LR intensity distribution
at theM /G interface by a conventional optical microscope: Imme
sion contactN enables microscope objective Obj to capture the
although uSP.ucrit . ~b! Imaging of SP excitation by a ‘‘mis-
aligned’’ forbidden light SNOM. LR emitted toward the right int
glass hemisphereH is collected by an ellipsoidal mirror~EM! and
focused onto photomultiplier PM1. Slight displacement of the
from the optical axis prevents LR emitted toward the left fro
reaching PM1 (uSP,umax). Directly transmitted light~‘‘allowed
light’’ ! is recorded by photomultiplier PM2.
4-2
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FIG. 2. ~a!–~c! Microscope images of sample 1, illuminated by SNOM probe in an unperturbed region, to the right of a nearby
and near the triplets of grooves, respectively (NA51.4, 363, l05632 nm, polarization normal to grooves!; ~d!–~f! same images multiplied
by r/cos2 c to compensate the intensity loss due to spreading and the dipole characteristics. Note the plateaus of constant gray sc
at intermediate intensities in~d!–~f! and the interference fringes in~c! and ~f!.
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the exit plane of the sample substrate. The hemisphere is
of a ‘‘forbidden’’ ~and ‘‘allowed’’! light SNOM, sketched
and discussed in Refs. 22 and 23. Radiation from the sam
is selected by wave vector rather than by location of
origin. ‘‘Forbidden’’ light emitted atu.ucrit with respect to
the normal on the film surface is focused on photomultip
PM1 by an ellipsoidal mirror segment. ‘‘Allowed’’ light
emitted or scattered atu,ucrit2Du is collected by a cen-
tered objective and directed onto a second photomultip
PM2 by an appropriate, tilted mirror. The residual ‘‘a
lowed’’ rangeucrit2Du,u,ucrit remains undetected for in
strumental reasons (Du'3°).

The present forbidden light SNOM differs from the pr
vious one12,14 in the possibility of selecting certain azimuth
directions of forbidden light for detection. This is achiev
by controlled displacement of the SNOM probe and sam
with respect to the axis of the mirror. The displacement a
its effect are sketched in Fig. 1~b!.

A 2 mm displacement is sufficient to suppress the
emitted toward the left hand side since the cutoff angleumax
of the mirror is only slightly smaller thanuSP. Hence only
LR directed toward the right hand side~rhs!, corresponding
to azimuthc.245° to 145°, was recorded by PM1.

The PM signals are proportional to thetotal flux into the
respective acceptance anglesof the two PM’s. The forbidden
light signal is dominated by the flux of LR emitted from th
whole area of the sample into the selected azimuthal di
tions. Hence it is a measure of SP energy stored in the ra
tion lobes pointing in the selected direction. In addition, lig
scattered from sample inhomogeneities into forbidden dir
tions is recorded but this is much weaker than that of the
in general. The allowed light signal represents the direc
transmitted light together with contributions from the S
scattered into the allowed directions by the grooves and
inhomogeneities.
15540
art

le
e

r

r

le
d

c-
ia-
t
c-
R
y

III. RESULTS AND DISCUSSION:
LOCAL IMAGING BY COM

Figure 2 depicts COM images of the relevant parts
sample 1. The surface-plasmon-excited areas shine brig
due to the captured LR. The intensity of the large lobes w
found to increase exponentially during final approach of
SNOM probe to the silver film. The~z! distance dependenc
equals that reported before,14 confirming the excitation of
SP’s. The center of excitation at the position of the SNO
probe is overexposed in general due to the limited dyna
range of the CCD camera. The SP excitation intensity w
adjusted to a level beyond the maximum CCD response n
the source point in order to image the decay of the SP ov
decently wide area. The central range was intentionally
cluded from comparison with theory since the variation
SP intensity with position is expected to be more comp
there than farther away from the source. This is a con
quence of the finite size of the SNOM probe.

A. Unstructured silver film

The following images are representative of the large nu
ber of SP patterns videotaped with the COM images of
first detection scheme. For supplementary information
number of short video sequences may be found on the B
authors’ home page.24 They show the SP pattern and i
variation while the SNOM probe is scanned over the sam
surface. Some of the features of relevance are more obv
in the motion pictures of the video than in still images.

Figure 2~a! depicts the SP pattern in a film area witho
artificial structures. Figure 3~a! shows the pattern in a differ
ent orientation, achieved by rotating the polarization of t
exciting light. The two-lobe radiation characteristic report
before14 is seen in these figures, too, indicating that we
indeed looking at SP excitation. The lobe pattern has so
he
FIG. 3. ~a!–~c! Microscope images, same settings and sample as in Fig. 2.~a! Rotation of polarization results in same polarization of t
SP lobes;~b! SNOM probe positioned to the left of a nearby groove and~c! right on top of that groove.
4-3



u
b
M

t
s
ig

ge
th
rs
ng
o

ion
th

n
e

pe
le

o
in
b

t

rin
h
le
r

b
e

c
et
t i

r

ex
a

es
t,

-
-

ri-

-
in

li-
l

n
ry
he
g
etal

ith
ay

d
f a

ri-

by
y-

d by
s at
M
rin-
n be
and

can
l to
ri-

ves.

ity.
red

he
be
m-
the
re.
ve

the
in

ts.
siv-

ore

nd
if-
ws

A. BOUHELIER et al. PHYSICAL REVIEW B 63 155404
irregularities. The intensities in the two lobes differ by abo
30% and a dark stripe disturbs the lower part of the rhs lo
The irregularities are caused by imperfections of the SNO
tip. Unfortunately, it is difficult to obtain more perfec
SNOM probes with present day manufacturing technique

The abrupt localized changes of intensity observed in F
2~a! are probably caused by SP scattering at film inhomo
neities such as grain boundaries or hillocks standing on
film surface. The stepwise attenuation at scattering cente
particularly obvious when the SNOM probe is moved alo
the silver film. The video record shows that the positions
the spots remain fixed but their ‘‘shadows’’ change direct
in accordance with the position and relative orientation of
source.24

To gain a better understanding of the emission patter
Fig. 2~a!, we tried to find a mathematical description of th
SP intensity distributionI (r,c). The coordinatesr and c
are the distance from the source and the azimuth with res
to the central axis of the rhs lobe, respectively. The simp
angular representation of a two-lobe pattern is cos2 c. For
radial decay of intensity, we expect a 1/r dependence due t
spreading in two dimensions. In addition, damping, result
from intrinsic losses and, potentially, extrinsic ones is to
accounted for by an exponential decay term~decay constan
a).

Intrinsic losses are caused by inelastic electron scatte
and generation of LR. Extrinsic losses are caused by in
mogeneities~SP scattering at film inhomogeneities smal
than the resolution limit of the COM!. When averaging ove
larger areas as in the second detection scheme~cf. Sec. IV!,
the discrete steps in intensity seen in Fig. 2 may also
approximated by an exponential decay and added to the
trinsic losses. This contribution will be called ‘‘extrinsi
loss’’ since its value depends on the perfection of the m
film and its substrate. With the first detection scheme, i
possible to recognize optically resolvable sources~ORS’s! of
extrinsic losses, i.e., sources separated from each othe
distances larger than the resolution limit of the COM.

In view of the above considerations, we compare the
perimental intensity distribution with the expected function
dependence

I r ,l~r,c!5
Fr ,l

0

r
e22ar cos2 c, ~1!

whereFr ,l
0 is a measure of the rhs and lhs lobe intensiti

respectively.a is theaverageSP amplitude decay constan
not to be confused with theintrinsic damping constant (k9)
mentioned before.r andc are the radial and azimuthal co
ordinates, respectively.c50 is defined as the central direc
tion of the rhs SP lobe.

For comparison, it is convenient to multiply the expe
mental intensityI r ,l(r,c) by r/cos2 c. This will eliminate
the effect of spreading and of azimuthal variation ifI r ,l(r,c)
really obeys Eq.~1!. The result of the multiplication is de
picted in Figs. 2~d!–2~f!. Three zones can be distinguished
each image:~i! a bright area next to the origin and they axis
caused by overexposure and division by cosc → 0, ~ii ! a
pair of areas with almost uniform gray level@surrounded by
15540
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a dashed line in Fig. 2~d!#, and~iii ! a far-out area of irregular
intensity essentially representing noise amplified by multip
cation by large values ofr. Comparison of the experimenta
data with Eq.~1! is restricted to zone~ii !. The almost uni-
form gray level indicates that the result of the multiplicatio
is nearly constant~this means that damping losses are ve
low! except for the dark shadows, which originate at t
inhomogeneities~the origin is obvious in the movie showin
the SP pattern while the tip is scanned along the m
film24!. The plateaus in gray scale are consistent with Eq.~1!
if damping was negligibly small. The good agreement w
Eq. ~1! means that the SP source, i.e., the SNOM probe, m
be modeled as a SP point dipole19,25,26with respect to the SP
far field. For instance, Eq.~1! is obtained by squaring an
adding the expressions for the in-plane Green’s function o
SP dipole in Ref. 26. Note that only the SP far field dist
bution is imaged with our technique. Figure 3~a! shows the
SP pattern in a different orientation. Rotation is achieved
rotating the polarization of the exciting light. Detailed anal
sis in the most perfect areas of Figs. 2~a!–2~c! shows that the
damping length in fact must be larger than 50mm, which
implies that alsoL intr51/(2k9).50 mm. This is a lower
limit value. It fixes theupperlimit of «9 at 0.3 which is close
to the mean values cited in the literature.9–11

The result also shows that SP damping values obtaine
averaging over large areas will be due to extrinsic losse
ORS’s in general. SNOM excitation combined with CO
detection allows us to distinguish between ORS-type ext
sic and other contributions to SP losses. The method ca
improved and extended in various ways by more detailed
better tailored measurements.

B. Single grooves

Next, a set of single grooves was positioned in the s
range of the SNOM tip. The lobes were adjusted norma
the grooves in order to facilitate the interpretation of expe
mental results~see below!. Figures 2~b!, 2~e!, and 3~b! depict
situations where one of the lobes is near one of the groo
It is seen in Figs. 2~b! and 2~e! that the lobe is only weakly
attenuated by this obstacle, indicating high SP transmissiv
The lower part, after passing the groove, can be compa
directly with the upper part, which does not interact with t
groove. The width of the lobe is large enough not to
dominated by diffraction at the groove edge. The slits the
selves shine brightly even at considerable distance from
SNOM probe where the SP lobes are not visible any mo
Conversion of SP radiation into scattered light by the groo
is hence much more efficient than conversion into LR in
unperturbed areas. Similar behavior was found recently
the investigation of metal films with holes instead of sli
The finding was attributed to SP enhanced hole transmis
ity and SP launching inside a hole27–29 but essentially refers
to the same phenomenon. In Figs. 2~b! and 2~e!, the probe is
located to the right of the groove and the asymmetry is m
or less compensated by its finite transmissivity. In Fig. 3~b!
the probe is moved to the left of the groove. Asymmetry a
finite transmission now add up, resulting in drastically d
ferent lobe intensities. Comparison of the two images allo
4-4
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us to estimate the transmissivity to'90%. Figure 3~c!
shows the SNOM probe right on top of the groove. The
intensity is greatly reduced as expected while the intensit
the directly transmitted radiation is increased.

Reflection is not immediately obvious in still images
the type of Figs. 2 and 3. The video sequence gener
while the grooves were scanned under the tip, however
lows recognition of interference fringes and their moti
with tip position.24 This clearly proves the existence of S
reflection by the groove and coherent superposition of di
and reflected radiation. The shape of the fringes allows
assumption that they belong to a family of confocal hyp
bolas, which would be typical for interference between
point source and its mirror image. The reflectivity estima
from the visibility, i.e., the depth of modulation of th
fringes, is 3–6 %, a large uncertainty resulting from the r
dom intensity fluctuations at the film imperfections and fro
overexposure.

C. Arrays of grooves

In Figs. 2~c! and 2~f!, the SP is launched between th
triplets of grooves. Attenuated transmission and reflect
are now quite obvious, the signature of the latter being
tended interference fringes outside the range of the groo
The triplets apparently act as surface plasmon multila
mirrors. The visibility of the fringes yields a reflectivity o
(964)%. On thebasis of our previous results, the reflecti
ity of such an array might reach up to 30% for optimu
groove separation. The latter depends on the phase shift
reflection, which we do not know yet. The low reflectivity
the present arrangement allows us to ignore effects of m
tiple reflections between adjacent triplets of grooves, wh
form a Fabry-Pe´rot interferometer in principle.

IV. RESULTS AND DISCUSSION: SNOM IMAGING

A. General

Each pixel of a SNOM image represents the total lig
flux received by the detector. Without SP excitation, all t
light emerges from a narrow area next to the SNOM pro
providing the high resolution images SNOM is known fo
The allowed light signal, dominated by directly transmitt
light, satisfies this condition to a large extent. The pres
forbidden light signals, however, are dominated by L
which is emitted from an area roughly 20mm by 40mm in
size. High lateral resolution cannot be expected under th
circumstances except for local variations of SP excitat
efficiency. This may occur when the probe is above a fi
imperfection. Aside from those, spatial variations in intens
have to be interpreted as variations of the LR flux into
selected angular range.

Sample 2 and a fresh SNOM probe with fairly symmet
emission characteristics were used for this part of our inv
tigation ~sample 1 was not available because of limited li
time!. The misaligned SP source was oriented normal to
side of the square@arrow in Figs. 4~b! and 4~d!; c50] and
LR emitted to the left (c5p) is suppressed.
15540
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B. Examples of ‘‘allowed’’ and ‘‘forbidden’’
light SNOM images

Theallowed light imagesof Figs. 4~a! and 4~c! depict the
square with high resolution for both 488 and 632 nm exc
tion. The grooves can be clearly recognized. The remain
area is almost dark. The light intensity inside the grooves
in their vicinity is slightly modulated with periodlSP. Peri-
odicity and position indicate that interference between lig
directly transmitted through the sample and light genera
by SP scattering at one of the grooves may be~and in fact is,
cf. Ref. 19! the source of modulation.

In the forbidden light images, Figs. 4~b! and 4~d!, the
squares can be recognized also but the sides are blurred
surrounded by regions of varying and modulated brightne
The period of modulation is approximatelylSP/2. This is
most obvious inside the 2mm32mm size square with eigh
and six bright fringes for 488 and 632 nm excitation, resp
tively. The regions of reduced brightness~A! at the top left
and of undulated brightness inside~B! and to the bottom
right ~C! hand side of the square will be discussed here
some detail.

C. Discussion

The brightness variations seen in regionsA, B, andC are
puzzling at first glance. Why is the SNOM signal, i.e., t
integral over the LR in the direction of the rhs lobe, reduc
in front of the square over a rather large distance? Why d
this same integral undergo undulations in regionsB and C,
and why do these undulations decay so rapidly? The de
length, in fact, is about 0.2mm, in gross disagreement wit
our previous finding of 1/(2a)'10 mm.

To gain some understanding of these features, the SP
tensity distribution near the grooves has to be determi

FIG. 4. ‘‘Allowed’’ ~a!,~c! and ‘‘forbidden’’ ~b!,~d! light SNOM
images of a square of 0.2mm wide grooves.~a!,~b! l05632 nm,
~c!,~d! l05488 nm. The arrows define the directionc50. The light
flux profiles measured along the dashed lines are presented in F
below.
4-5
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A. BOUHELIER et al. PHYSICAL REVIEW B 63 155404
and integrated within appropriate limits to obtain the d
tected flux. This is a mathematically demanding problem t
requires numerical computation. Baidaet al.19 present com-
puter simulations for a sample very similar to sample 2. T
results in fact reproduce the experimental images in surp
ing detail, including even minor features in both the forb
den ~LR! and allowed~scattered! light images.

The present discussion will be restricted to a more qu
tative interpretation of the forbidden light images. For si
plicity, we assume that the SP distribution is imaged p
fectly onto the detector by the captured LR and that
grooves are of infinite length, i.e., we replace the square b
pair of parallel grooves at distanced52 mm. The grooves
will be considered low reflectivity semitransparent surfa
plasmon mirrors. The SP lobes are oriented normal to
grooves and assumed to obey Eq.~1!. The coordinate system
is translated, however, from the tip to the relevant groo
and withFr

05Fl
05F0. The decay ratea is considered to be

small such that botha!ukSPu anda!1/xs , wherexs is the
distance between SNOM probe and groove. It turns out
all the essential features in regionsA, B, andC can be repro-
duced with these assumptions. Groove transmissivity (T),
reflectivity (R), and scattering loss~S! can be estimated from
fits to the experimental data. The main steps of the flux c
culation under these simplified conditions are presented
the following paragraphs; a few intermediate steps are
scribed in the Appendix.

When the probe is positioned in regionA, to the left of the
lhs groove at distancexs,0, the signal at PM1 is generate
by the rhs lobe alone atu5uSP. The lobe extends beyon
the grooves into regionsB and C where its intensity is at-
tenuated byT and T2, respectively. Upon approach to th
groove (xs tends to 0!, the flux continuously decreases fro
F0, the flux emitted by the unperturbed film, to a value clo
to T2F0 at xs50:

FA~xs!'F0@12e2axs1Te2axs~12e22ad!

1T2e2a(xs2d)# ~xs,0!. ~2!

When the probe is positioned in regionB, 0,xs,d, the
lhs lobe is partially reflected by the lhs groove. This resu
in two-point source-type interference between the lobes.
resulting pattern consists of an unmodulated and a modul
part. The intereference fringes have the shape of conf
hyperbolas~cf. Sec. III!, the number of fringes equaling th
modulo of 2k8xs .

The superimposed rhs and reflected lhs lobes extend
yond regionB into regionC where their intensities are re
duced byT. The effect increases forxs→d, resulting in a
correspondingly reduced flux upon approach of the prob
the rhs groove. Integration of the unmodulated and
modulated parts~cf. Appendix! yields the flux components

FUM
B ~xs!'F0~11Re22axs!@12~12T!e2a(xs2d)#

~0,xs,d!, ~3a!
15540
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FMOD
B ~xs!'

4p

p11
F0ARJ0~2k8xs!e

22axs

3@12~12T!e2a(xs2d)#. ~3b!

J0 is the zeroth order BesselJ function. The argument 2k8xs

implies thatFMOD
B undergoes a rapidly decaying oscillatio

when the probe is moved away from the lhs groove. T
physical origin of the modulation is the different weight
the interference fringes in the process of integration. Spe
cally, it makes a difference whether the center of the int
ference pattern is dark or bright. Hence the rapid decay
undulation seen in Figs. 4~b! and 4~d! is not a sign of SP
damping but the characteristic ofJ0(2k8xs). Mathematically,
Eq. ~3a! is a good approximation to the true flux integral f
(k8xs)

2@1; for smallk8xs , the flux is overestimated.
In regionC, the lhs lobe is retroreflected at both groove

The rapid decay of theJ0 function, however, allows one to
ignore the modulated part caused by reflection from the
groove. The unmodulated part is increased by the unmo
lated flux from the second reflected beam with the appro
mate result

FUM
C ~xs!'F0@11Re22a(xs2d)~11T2e24ad!# ~xs.d!,

~4a!

FMOD
C ~xs!'

4p

p11
F0ARJ0@2k8~xs2d!#e22a(xs2d). ~4b!

The modulated parts in regionsB and C are particularly
convenient for data fitting since the amplitude ratio is inse
sitive to offset variations. For low reflectivity and smalld,
the ratio of the modulation amplitudes for different pro
positions directly provides the SP transmissivity of t
groove, independent of the absolute value of flux.

The qualitative agreement of the above predictions w
the forbidden light SNOM image Figs. 4~b! and 4~d! is ob-
vious although serious additional modulation effects can
seen. This reflects the small size of the squares in
sample. The complicated modulation pattern in fact is w
reproduced in the numerical simulation.19 But even the
present simplified approach allows for quantitative fits to
experimental data along appropriately chosen paths. Two
amples, one for red~632 nm! and the other for blue-gree
~488 nm! light excitation, are shown in Fig. 5. Good match
were obtained with the same values of the four fit parame
T, R, a, andF0 in all three regions (A,B,C). The numerical
values for 632~488! nm excitation of the relevant first thre
parameters wereT50.9 ~0.9!, R50.05 ~0.06!, and 2a
50.09 ~0.11! mm21. The scattering loss and intensity dec
length are thusS512T2R50.05 ~0.04! and La51/(2a)
511 ~9! mm, respectively. It should be recalled thatLa is
not the intrinsic damping length but the value including
the losses due to the imperfections in the integration are
the detector.

Large error bars have to be attached to the numerica
parameters in view of the assumptions made and the st
variations of signal level in Figs. 4~b! and 4~d!. The slight
differences in the values for 632 nm and 488 nm hence
4-6
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irrelevant. The order of magnitude ofT, R, S, andLa , how-
ever, should be correct since various further fit procedu
that we made provided similar results. The value for
reflectivity is also consistent with previous theoretic
considerations5 and with Baida et al.’s numerical
simulation.19

V. CONCLUSIONS AND SUMMARY

The SNOM probe provides a point source for SP stud
It can be placed next to any selected structure on a m
surface. This allows investigations, in particular, of S
propagation on a local scale. The present investigations w
restricted to thin metal films but bulk metal surfaces can
excited in the same way. Both COM and SNOM imagi
schemes can be used for the observation of SP propag
in thin metal films, based on the detection of LR. COM w
immersion contact between objective and sample visual
the propagation of the SP to a level of detail that is limit
only by the resolving power of the microscope. Extreme
small features on top or inside the metal film can
recognized.

The results of such local SP imaging indicate that
main source of SP decay is imperfections, not intrin
damping. This implies that there is room for improvement
metal mirrors and waveguides by elimination of defects. M
tallic waveguides will provide increased propagation lengt
which is a precondition for the application of SP’s in int
grated optics.

Each pixel value in the forbidden light SNOM image of
metal film is the integral over the radiation from the sam
area excited by the surface plasmon. Reflection at a gro
results in characteristic undulations of the flux with positi
of the probe. Three decay lengths play a role in the pres
experiment:~i! intrinsic, including losses due to LR (L intr
.50mm), ~ii ! average, including losses due to imperfectio
(La;10 mm), and ~iii !, in the SNOM imaging mode, the

FIG. 5. Experimental~solid lines! and fitted~dashed lines! ‘‘for-
bidden light’’ flux profiles along the dashed lines in Fig. 4.~a! l0

5632 nm,~b! l05488 nm.
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short decay length of the amplitude oscillations of the Bes
J function, which roughly equalslSP.

Reflectivity, transmissivity, and scattering loss of narro
grooves in a metal film can be estimated from suitable CO
and SNOM images. The values found in the present inve
gation represent the first experimental estimate of these
face plasmon optical parameters to our knowledge. It w
also demonstrated that bundles of several such grooves
vide higher reflectivity, apparently acting as multilayer m
rors. The information obtained with COM and forbidde
light SNOM imaging is complementary since the first pr
vides lateral, the second angular resolution. Correspondin
the first is better suited for the investigation of microscop
details, the second for properties averaged over the exten
of the surface plasmon lobes.

ACKNOWLEDGMENTS

The authors profited from the help of J. Brugger,
Heinzelmann, J. M. Freyland, and T. Wrase and from num
ous discussions with R. Eggers, J. Toquant, and K. Miya
The project was supported in part by TMR Project N
FMRX-CT98-0242~BBW No. 97-0558!, and by Japan Sci-
ence and Technology Corporation~JST! through the CREST
program.

APPENDIX

Single groove

When the probe is at the left of the groove at distan
xs,0, Eq. ~1! has to be integrated separately over the ar
to the left and to the right. The position of the groove
polar coordinatesr and c is uxsu/cosc. This is the upper
~lower! limit of integration overr which is followed by in-
tegration overc between2p/2 and1p/2 ~estimated from
the size of PM1!. The result is Eq.~2!.

When the probe is positioned to the right of the groo
(xs.0), the fluxF right results from the superposition of th
rhs surface plasmon lobe with the reflected lhs lobe. T
interference between the two is elegantly described in te
of prolate elliptic coordinates21,j,11 and 1,h,`.
The SP point source and mirror image reside at the focj
561, and the groove defines the symmetry axisj50. The
length scale is normalized toxs . The confocal hyperbolas
j5const are lines of constant phase difference. The confo
ellipses h5const asymptotically approach the normaliz
circles r/xs5const. The dimensionless wave vector isk
5k81 ik95xs(k81 ik9).

The intensity of the SP radiation emitted by the source~1!
and its mirror image (21) alone obey the dipole characte
istic of Eq. ~1! which here becomes@subscript SP omitted
parametersK, L, M defined in Eqs.~A5a!–~A5c! below#

I 61~j,h!5H 1

RJ 3F0e2k(h7j)K61~j,h!. ~A1!

The interference term has the form

I (121)~j,h!52AI 1I 21 cosk8j. ~A2!
4-7
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I 11I (21) and I (121) are integrated fromj51/A2 to 1 and
h51 to ` with appropriate consideration of the metric c
efficients. The integralsFUM , FMOD representing the un
modulated and the modulated parts ofF right, respectively,
may be expressed by the sums

FUM5@UM1,11UM1,211R~UM21,11UM21,21!#

32/~p11!, ~A3a!

FMOD5AR~MOD11MOD21!34/~p11! ~A3b!

with

UMmn52E
1

`E
1/A2

1

e22k9(h2nj) Km~j,h! M n~j,h! djdh,

~A4a!

MODn52E
1

`E
1/A2

1

e22k9(h2nj)cos~2k8j! L~j,h!

3M n~j,h! djdh, ~A4b!

andm561, n561; and further

Km~j,h!5
~jh2m!2

~h2mj!3
→j2/h, ~A5a!

L~j,h!5
j2h221

~h22j2!3/2
→j2/h, ~A5b!

M n~j,h!5Fh221

12j2 G n/2

→@h/A12j2#n. ~A5c!
.
e

y

.
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Most of the LR contributing to the detected flux emerg
far away from the SP source, i.e.,h@1, since the experimen
tal k95axs!1. We therefore replace the expressions forK,
L, and M by the terms to the right of the arrows in Eq
~A5a!–~A5c!. h@1 also impliesM1@M (21) ; hence the lat-
ter will be ignored, too. The integrals are readily factoriz
with these assumptions. The phase-sensitive factor cos 2k8 in
Eq. ~A4b! is retained.

Mathematically, h@1 is equivalent to the asymptoti
transition from elliptic to polar coordinates and allows f
integration in closed form. Thej integral of Eq.~A5b! has
the analytic solutionp/2@J0(2k8)2J1(2k8)/(2k8)# for the
limits j50,1. J0 andJ1 are the zeroth and first order Bess
J functions. A minor error only is introduced if the actu
limits of integration (1/A2,1) arereplaced by~0,1! and if the
contribution ofJ1 is omitted ~fails for very smallxs). The
term 2/(p11) is a normalization factor. The final result is

FUM
right~xs!'F0~11Re22axs! ~xs.0!, ~A6a!

FMOD
right ~xs!'

4p

p11
F0ARJ0~2k8xs!e

22axs. ~A6b!

Pair of grooves

In regionA, the lobes are divided into three parts, who
weights scale with 1,T, andT2. In regionB, both the rhs and
the retroreflected lhs lobes are divided into two parts wh
are separated by the rhs groove atx5d. In region C, the
weights of the two reflected lobes scale withR andRT2.
tt.

.

,
-

.

*Electronic address: Alexandre.Bouhelier@unibas.ch
†Present address: Department of Chemistry and Material Scienc
Lawrence Livermore National Laboratory, Livermore CA 94550

‡Permanent address: Department of Applied Physics, The Univ
sity of Tokyo, Tokyo 113-8656, Japan.
1H. Raether,Surface Plasmons, Vol. 111 of Springer Tracts in

Modern Physics, edited by G. Ho¨hler ~Springer-Verlag, Berlin,
1988!.

2H. Raether,Excitation of Plasmons and Interband Transitions b
Electrons, Vol. 88 of Springer Tracts in Modern Physics, edited
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