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Optical near-field distributions of surface plasmon waveguide modes
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Thin gold stripes, featuring various widths in the micrometer range, were microfabricated to obtain surface-
plasmon guides on a glass substrate. Each metal 4fvMi® was excited by an incident surface-plasmon
polariton which was itself launched on an extended thin gold film by the total internal reflection of a focused
beam coming through the substrate. The optical near-field distributions of the surface-pl@@norodes
sustained by the stripes were then recorded using a photon scanning tunneling mic(BSdde For a fixed
frequency of the incident light, these field distributions are found to depend on the widths of the stripes. We
first provide an experimental study of the various order modes which arise as a function of the decreasing
width. Specifically, we show that the lateral confinement of a MS surface-plasmon mode is not related to a
reflection of the SP on the edges of the stripe. On the basis of PSTM images recorded over a gold thin-film step
discontinuity, we show that the metal stripe plasmon modes are hybrid modes created by the coupling of
interface and boundary modes. Using MSs of various thicknesses, we finally demonstrate that, similarly to the
symmetric mode of an extended metal thin film bounded by different dielectric media, the field of the MS
modes is mostly localized at the interface between the metal and the dielectric medium with the lowest
refractive index.
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[. INTRODUCTION bounded, the observation of SP modes is conveniently
achieved by a near-field optical microscope frustrating the
At optical frequencies, a surface plasm@P is an elec- evanescent waves. To map the electric-field intensity distri-
tromagnetic mode which results from the oscillation of po-bution of MS surface-plasmon modes, we used a photon
larization charges at the interface between a metal and $canning tunneling microscogeSTM)."® We report here on
dielectric medium: SP modes are said to be bound to thethe experimental observation of fine transverse modal struc-
metal surface, or to be nonradiative, when they display afures in the intensity distribution of a SP sustained by gold
evanescent decay in the dielectric medium. The conditions d¥1Ss of various widths. The PSTM was already operated to
excitations of SPs are well known on an extended thin filmdemonstrate the propagation of plasmon modes along a sil-
By “extended thin film,” we mean a film of finite thickness Ver MS lying on a glass substratehut, in this previous
in the directionz, whose dimensions in theandy directions ~ Study, the silver samples were not suitable to observe this
are so large that they can be considered as infinite whefgature of the transverse intensity profile.
compared with the incident wavelength. On the contrary,
on!y few data exist.about. SP modes _susta_ined by thin metal Il. EXPERIMENTAL SETUP
stripes(MSsg) featuring micrometer widths in, for instance,
thex direction. Recent works indicated that MSs can be used A detailed description of the PSTM setup can be found in
as surface-plasmon guides. When buried in a homogeneolef. 8. A tapered optical fiber coated with a thin layer of
dielectric medium, theoretical estimates expect that MSs caghromium is attached to a piezotube which enables to scan
guide so-called “long-range” SP modeSover several mil- the tip over the sample within a range of a few tens of mi-
limeters at telecommunication frequenctdsor a MS depos- crometers. The evanescent field frustrated by the probe
ited on a dielectric substrate, the SP mode field is more corpropagates through the fiber to reach a photomultiplier tube.
fined in the metal, leading to typical propagation lengths of dn this work, the PSTM images were obtained by scanning
few tenths of micrometersThus, depending on their envi- the probe at a constant height over the sample. Scanning the
ronment, MSs could be of practical interest for building plas-PSTM tip at a constant height without any force feedback
monic devices useful to integrated opfics for better con-  control requires a fine adjustment of the parallelism between
trolled optical addressing of molecular structures. Anthe scanning plane and the surface of the sample. In our
appealing feature of the integration of MSs in reduced scalsetup, three micrometric screws are used to tilt the sample
optical devices is that MSs allow the transport of both opticalsurface with respect to the scanning plane. With such a sys-
and electrical signals. tem, a tilt smaller than 0.06° along two perpendicular scan-
Mapping the intensity distribution of SP modes is neceshing axes can be routinely achieved by means of atomic
sary to fully characterize MS guiding properties. Specifically,force microscopeg/AFM) measurements. A standard AFM
such a mapping is essential to optimize the coupling betweewas also operated to obtain the topographic images shown in
MSs of various widths or between the MS and other kinds othe following such that the PSTM and the AFM images per-
waveguides. Since the SP field decays exponentially in th&ining to a same sample were not recorded simultaneously.
direction perpendicular to the interface to which it is The samples appear in Fig. 1. They are produced by a
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FIG. 1. Scanning electron microscope images
of 55-nm-thick gold stripes. The widths of the
stripes, labeled from 1 to 7, ranges from 4.5 to
1.5um by steps of 0.5um. A focused laser
beam § =800 nm) is incident from the substrate
at an angle suitable to excite the SP on the ex-
tended thin film. An example of the location of
the resulting spot is schematically shown in the
upper part of(b).

microfabrication process involving the following stedsr  ary wave pattern. Thanks to the weak contrast of the
electron-beam lithography on an indium-tin-oxyde—dopednterference fringes, one can see three dark lines parallel to
glass substrate spin coated with polymethyl-metacrylatéhe long axis of the MSs. These longitudinal lines of the MS
(PMMA), (i) thermal evaporation of a gold film, arii ) lift plasmon mode are better observed on the PSTM image re-
off of the PMMA. The resulting samples are gold structurescorded over the central part of the Zufn-wide stripe[Fig.

with thickness 55 2 nm (roughness of 0.7-nm rmglirectly ~ 2(d)]. In this case, only two dark lines appear along the MSs.
deposited on the dielectric substrate. The width of the MS4n order to study the dependence of this SP modal structure
ranges from 4.5 to 1.5m by steps of 0.5um. The MSs are @S @ fu_nctlpn the MS width, a PSTM image of each stripe
attached to an extended thin-flm area of about 35°10WN N Fig.1 has been recorded. The transverse cross cuts
X 90 um?. The glass substrate is optically connected with art@long thex axis) of these near-field optical images are dis-
immersion oil to a right-angle glass prism. Coming out aplayed in Fig. 3. The MS topographic profiles obtained by
o . . T the AFM (dashed lines in Fig.)3are superimposed on these
titanium-sapphire laser with a wavelength in vacuam

o . . . Cross cuts. Since the optical and the topographic images were
=800 nm, a TM polarized light beam is focused through th.enot recorded simultaneously, the relative position of the op-

prism and the substrate on the extended thin-film area using:a| and topographic profiles have been adjusted in order to
a 0.15 numerical aperture lengspot diameter at center the optical response with respect to the topography.
half maximum=8.6 um at the focus Adjusting the angle of Except forw= 1.5 um, a striking feature is the strong lateral
incidence to about 43°, a surface-plasmon polariton igonfinement of the MS surface-plasmon modes within the
launched on the extended thin fifi? As schematically width of the stripe’ With dielectric waveguides, such a lat-
shown in Fig. 1b), two conditions are necessary for the SPeral confinement is obtainable only for high values of the
launched on the extended thin film to couple efficiently withindex of refraction contrast between the core and the
the MS plasmon modésFirst, the incident spot should be cladding!! The optical profile obtained fow=4.5 um
located in front of the MS. At the used frequency, the?1/ shows only shoulders with an amplitude too small to allow
damping distance of a gold-air SP intensity is larger tharain accurate measurement of their interdistance. On the con-
40 um.® Therefore, even if the incident spot is located closetrary, four neat peaks are visible in the optical response of the
to the right edge of the thin-film area, the SP reaches th#S with w=4.0 um andw=3.5 um. However, the dis-
stripes with a significant amplitude. Second, the plane ofancep between these peaks is found to be smallervior

incidence must be aligned with the longitudinal axis of the=4-0 um than forw=3.5 um. The two shoulders, marked
MSs. by the two black arrows in Fig. 3, suggest that the optical

profile of w=4.0 um does not exhibit four but six peaks.
Forw=3.0 um andw=2.5 um stripes, we found a profile
featuring three peaks with, respectively, equal to 580 nm
lIl INTENSITY DISTRIBUTION OF METAL STRIPE and 480 nm. If the width is reduced o= 2.0 wm, only two
SP MODES peaks arise. Finally, the optical response shows a large cen-

Figure 2 shows the AFM and the PSTM images of twotral peak flanked by two small amplitude oscillations located
MS, respectively labeled 3 and 4 in Fig(al (respective close to the edges of the stripe for=1.5 um.
width: 3.5 and 2.5um). The PSTM images have been ob-  To explain the structure of the MS near-field optical re-
tained as the MSs were excited by the extended thin-film SBPonse, one could first invoke a standing-wave pattern origi-
according to the procedure described above. For both stripeBating from the interference of the SP propagating at the
the propagation of the MS mode occurs from the top to thestripe surface along symmetric zigzag patfig. 4). If kMS
bottom of the images. The PSTM image of the first MSdenotes the wave vector of the SP propagating along the
[width w=3.5 um, Fig. 2b)] has been recorded over its stripe, the componentg'S and kgMS are, respectively, given
output end. The scattering of the incident SP mode at théy Ky °=k"Scoss and kj'*=k"3sin 5, where 5 stands for
edge of the stripe termination leads to an intense diffusiorthe angle of incidence of the SP on the edges of the stripe.
spot. Note that to reach the MS end, the SP mode has trahe componenk! can also be written ak)'S=7/p if p
eled more than 4wm. The interference between the inci- denotes the period of the interferences observed in the opti-
dent and the back-reflected plasmon mode creates a statiogal profiles. Because the excitation of the stripes is achieved
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FIG. 2. [(a) and(c)] AFM and[(b) and(d)] PSTM images of two stripesv=3.5 um in (a) and(b) while w=2.5 um in (c) and(d). The
intensity scales of the PSTM images are normalized independently of each other: for each sample, the unit intensity is defined as the highest
intensity detected above the stripe. For the sake of better visualization, the scale has been saturatedtipahn@ to 0.75 in(d).

using a surface plasmon launched on the thin-film area, weeflections at edges, it's a simple matter to show that, for the
can assume tha@"S: ksp Whereksp is the wave vector of stripes we consider, the SP should undergo several tens of
the SP propagating at the surface of a thin film. With thisreflections in order to propagate a few tens of microns. Even
assumption, the anglé is given by if a step discontinuity can reflect efficiently a surface plas-
mon, previous works established that the reflection of the SP
pxk on an abrupt edge of a thin film is far from being total®
§=arctan——r (1)  Thus, such a kind of propagation would obviously lead to a
7 dramatic damping of the SP amplitude along the stripe axis.
o ] o Since we find experimentally that the damping of a MS plas-
The angle of incidencésp allowing the excitation of the  mon mode is comparable to those of a SP launched on an
metal thin-film SP is given by the minimum reflection of a extended thin film, we conclude that SP guiding along the
TM polarized collimated beam illuminating a metal thin film MS does not rely on reflections at the MS edges. In other
in the Kretschmann-Raether configuration. The metal thinwords, the near-field intensity distributions shown in Fig. 3
flm SP wave vector can be computed frorksp  are not standing-wave patterns as in dielectric waveguides,
=nkysin 6sp wherenk, is the wave vector of the incident but a genuine property of the MS surface-plasmon modes.
light in the substrate supporting the thin film. For a fre- In order to gain more insight in the role played by the
quency corresponding to a wavelength in vacuum of 800 nnedges of the stripes, we consider the sample shown in Fig.
and a gold film with a thickness of 52 nm, we found the5(a). The sample is a rectangular gold thin-film area
experimental value dfspto be 7.90um™ 1. From this value  (thickness-50 nm) with a surface of 9040 um?. The
and the values of the periodicifymeasured over the various PSTM image of Fig. o) has been recorded when the upper
stripes, we obtain an angteranging from 47° to 55°. Then, right corner of the thin-film area is illuminated by the inci-
if we suppose that the SP propagation along a stripe relies agient spot. The average angle of incidence of the focused
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FIG. 3. Over the various stripes, cross cuts of the near-field intensity distribution recorded at a constant height. The dashed lines are
guides to the eye, indicating the stripe widflsee text The values of give the distances between the peaks.
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X even more clearly visible in the cross-cut displays in Fig.
5(d). The same kind of features is observed if the focused
beam is replaced by a collimated ditg. 5(c)]. In this case,
the plasmon is excited over the whole surface of the thin
film. The interference of the incident SP and the SP back
reflected by the edge of the thin film perpendicular to the
plane of incidence leads to a standing surface-wave pattern
parallel to thex axis. For an incident SP with a positive
wave-vector component, a reflection on the thin-film edge
parallel to they axis could also explain the longitudinal os-
cillations parallel to they axis. However, as in the case of the
FIG. 4. Schematic view of a SP multireflection on the edges of\S, the angle of incidencé of the SP on the edge should be
a metal stripe. around 50° in order to create a standing-wave pattern with a
period of 480 nm. Since the plane of incidence was adjusted
beam was taken equal typ and the plane of incidence was to be parallel to they axis, such an angle of incidendeis
adjusted to be parallel to theaxis. With these illumination unrealistic. In addition, one can see in Figc)sthat the am-
conditions, a surface plasmon is locally excited on the uppeplitude of the longitudinal oscillations parallel to tgexis is
part of the thin film and propagates towards the negativesamped over a typical distance of aboutuh while no
values ofy. As in the case of the stripes, we observe in thedamping is visible for the standing-wave pattern parallel to
PSTM image a series of longitudinal oscillatiofmsrallel to  thex axis. On the basis of these observations, we suggest that
they axis) with a periodp=480 nm. These oscillations are the longitudinal oscillations parallel to theaxis probably
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FIG. 5. (a) Scanning electron microscof8EM) image of a step discontinuity of a gold thin filrth) PSTM image recorded over the
surface defined by the white dashed perimeter drawa)ifThe upper right corner of the gold thin-film area is excited by an incident focused
spot. The location of the incident spot is schematically show@)inThe plane of incidence is parallel to theaxis. (c) Same agb) except
that the incident beam is not focused anymore but collimé&pdt diameter 60@&m). A surface plasmon is excited over the whole surface
of the gold thin film.(d) Cross cut of the imagéo) taken along the white dashed line.
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FIG. 6. (a) AFM and (b) PSTM images of the junction between the extended thin film and the@&wide stripe.

correspond to the near-field distribution of a mode supported First, as mentioned above, the stripes analyzed in Figs. 2
by a boundary between a semi-infinite metal thin film and aand 3 are not directly excited by the focused beam but by the
dielectric medium. Recent numerical restifsdemonstrate  SP launched on the extended thin-film area. The resonance
that highly confined edge modgsalled “corner modes” in  inewidth of this launched SP that reaches the stripe imposes
Refs. 2 and 1pare expected at the step discontinuity of ag narrow range of wave-vector Compondq‘tgvhich are par-
metal th|n f||m and a di§|eCtriC medium. HOWeVer, bOth thEa”e' to the Surface' Th|s Suggests that the SP |aunching pro_
confinement and the field enhancement of these type less has filtered a singke=ksp out of those provided by the
modes are very sensitive to the geometry of the dgeob- |\ merical aperture of the focusing lens. In other words, the
ably because the lithographic technique does not allow tQvtended thin-film area acts as a narrow bandpaditer,

achieve edges with a radius of curvature sma_ller than a fe\@electingj(Sp. Such a technique excites only the MS surface-
tens of nanometers, we do not obserye genuine edge mOdeFélsmon modes whose dispersion relation cuts the Kine
but rather SP modes that characterize the presence of the ‘

thin-film boundary. Note that similar types of oscillating —ksp at the 'r?C'de”t frequencybo_z 2.770/)\ (c being the
“boundary modes” with a degree of localization lower than speed ,Of light in vacuybnThe exmtapon of several modes
that of the edge modes have been described in the context §fou!d imply that the dispersion relations of the MS surface-
surface phonons at the transverse boundary between tasmon modes display several branches in the vicinity of
semiconducting medi¥. From the results obtained for the € POINt (o,ksp). In this case, the illumination conditions
extended thin-film boundary, one can now suggest that th&hould lead to the excitation of the mode whose phase con-
stripe modes might be hybrid modes resulting from the couStant is the closest thsp at the incident frequency.

pling of these boundary modes and the modes associated A Second argument favoring the excitation of only one

with the large upper gold-air interface defined by the conMS surface-plasmon mode relies on the' inv'ariancg of the
stantz=50 nm plane. Indeed, the optical profiles of eachtransverse-modal structure along the longitudinal axis of the

stripe (Fig. 3) feature a Gaussian-like intensity distribution SiP€. Let us consider the PSTM image of the junction be-

(associated with the finite width interface modeodulated ~ Ween the extended thin-film area and the-2.5um MS
by the oscillations related to the two boundary modes suptF19- 60)]. The SPlaunched on the extended thin-film area is

ported by each lateraconstantx coordinaté boundary of visible in the upper part of this image. The characteristic
the MS. three-peak transverse profile is established above the MS in

the very first few micrometers after the junction to the ex-

tended thin-film area. Note that no spatial transient is visible

IV. MULTIMODE OR MONOMODE EXCITATION? around this junction zone. This suggests that coupling the
At this stage, due to the focused nature of the inciden{""umheOI SP to the MS surface-plasmon mode does not in-

beam, we cannot unambiguously determine if the measuregc€ any significant radiation Iossjé’sQne can also observe
intensity distribution is due to the excitation of only one or that the three-peak structure remains stable all along the

several MS surface-plasmon modes. A definitive answer tétrip? and is s!milgr to those recorded further away from.the
this question is not possible in the absence of the widthlun_Ctlon zone in Fig. @). If we assume a multlmod_al excl-
dependent dispersion relations of SP modes supported t|on_of _the MS, at a constant h_elgztbtabove the stripe, the
MSs bounded by different dielectric media such that a largé €Ctric field of the SP propagating along the MS reads
contrast of the index refraction arises between the substrate

(glass in our cageand the external mediunair in our

case.'® However, two arguments favor the thesis of the ex- E(x,y,zo)=2 E(m)(x,zo)exp[—a(m)+i,8(m)]y, )
citation of only one MS surface-plasmon mode. m
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FIG. 7. (a) Topographic image of a MS with a widiW=3.25 um and thicknes$=55 nm. (b) PSTM image recorded when the input
end of the MS is directly illuminated by the incident spot. The average angle of incidence is edqigal dod the plane of incidence is
parallel to they axis. (c) Cross cut of(b) taken along the white dashed line. The period of the longitudinal oscillations is 500 nm.

where EM(x,z,), o™, and 8™ denote, respectively, the are usually not equal from one MS surface-plasmon mode to
amplitude, the attenuation constant, and the phase constah€ other;*®we conclude that there is a very high probability
of each MS surface-plasmon mode. In the illumination conthat the experimental images show the intensity distribution
ditions detailed above, the simultaneous excitation of severaif only one mode for each MS.
MS modes implies that their phase constants should be equal Up to now, the metal stripes have been excited by cou-
(or at least very closeto kgp, so that the expression of the pling with a SP locally launched on an extended thin-film
electric field becomes area. With the aim of checking the influence of the excitation
conditions on the near-field intensity distribution, we con-
sider now a direct illumination of a gold stripe having a
E(x,y,20)= >, EM(x,zg)exd — ™ +ikgply. (3)  width of 3.25 um. Figure 7a) shows a topographic image of
m this stripe and the location of the incident spot. The average
The observed invariance of the transverse profile of the nea@ngle of incidence of the focused beam was taken equal to
field intensity distribution alony requires also the equality ¢spand the plane of incidence was adjusted to be parallel to
of the attenuation constants of all the modes simultaneousfthe Yy axis. Both the PSTM imagFig. 7(b)] and the optical
excited. Indeed, the relative weights of each mode involvedrofile displays in Fig. ) show a four-peak intensity dis-
in the above expansion of the total field must be kept contribution in agreement with the optical response of the MS
stant as a function of in order to agree with the observed having approximately the same widthV&E 3.5 um in Fig.
invariance. Thus, it turns out that the hypothesis of a multi-3). Except for the period of the peaks, which is now 500 nm
modal excitation implies the equality of both the phasel instead of 580 nm, the optical profiles obtained fof
attenuation constants of all the MS surface-plasmon modes 3.5 um andW=3.25um are very similar. This observa-
which are simultaneously excited. Since these two constant®n leads to the conclusion that the direct illumination of
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FIG. 8. (a) SEM image of the “thick” sample. (Thickness120 nm.)(b) PSTM image recorded over the junction zone defined by the
white dashed square drawn(&. The width of the MS idN=3.25 um. The excitation of the MS is achieved by coupling with a SP locally
launched by the incident focused beam. The incident spot is localized on the extended thin-filtn) Bame agh) except that the image
is taken after a propagation of the MS mode over more than1®0(d) Solid line: Cross cut of imagé) taken along the white dashed line.
Dashed line: Optical profile shown in Fig(cJ (thickness=55 nm). Note that the amplitude of this profile has been adjusted for the sake of
easier comparison between the optical responses of the “thick” and the “thin” MSs.

MS does not allow the excitation of SP modes different fromfield distribution of MS modes very sensitive to the thickness
those excited by coupling with a thin-film SP. It is worth- of the metal film. This property is true for a symmetric MS
while to notice that this result arises in spite of the wide[optical indices of the substrateg,,) and superstrateng,,)
range ofk; incident on the MS when it is directly illuminated are equdl but also for an asymmetric systemg(;,# Nsyp)
by the focused beam. It turns out that even if the dispersioven in the case of large asymmetry. In order to check the
curve of several MS modes cuts the line= wg in the range  behavior of the MS modes with respect to the thickness of
of ky defined by the angular width of the incident beam, onlythe metal film, the sample shown in FigaBwas fabricated:
one mode is efficiently excited with this type of illumination. a MS with a width of 3.25«m connected to a large thin-film
Since these arguments all lead to the conclusion that tharea. The main difference between this sample and the pre-
observed field distributions are related to a single mode exvious ones is the thickness of the gold film measured to be
citation, we now discuss in detail the characteristics of thisl20 nm by atomic force microscopy. We found experimen-
mode in the next section. tally this thickness to be the largest that allows the excitation
of a surface plasmon at the gold/air interface of the thin film
in the Kretschmann-Raether configuration using our focused
V. INSIGHT INTO THE DISPERSION RELATIONS beam. Figure &) shows the PSTM image recorded over the
OFE A METAL STRIPE SP junction area defined by the white dashed square drawn in
Fig. 8@). A four-peak structure is visible over the stripe. The
The numerical results of Ref. 16 demonstrate that the coustructure can be observed even after a propagation of more
pling between SP modes supported, respectively, by ththan 20um [Fig. 8(c)]. The optical profiles obtained for the
substrate/metal and metal/superstrate interfaces can make thhick” MS and the “thin” MS previously studied in Fig. 7
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are superimposed in Fig(d@ after normalizing the maxima pling of the two boundary modes. This assumption is diffi-
of each profile to a common value. Note that, because theult to verify at this stage but would at least restore the
field enhancement of a SP excited at the surface of a “thick’consistency of the reduction of the number of peaks associ-
film is in absolute value lower than that for a “thin” filh, ~ated with the transverse profile of the SP mode when de-
this normalization procedure gives the impression that thgreasing the width of the MS. Contrasting with the SP modes
profile of the “thick” MS [solid line in Fig. §d)] exhibits a  confined within the width of the stripes observed for
weaker confinement along theaxis than that of the profile >1.5um, the intensity decaying far away outside the stripe
of the “thin” MS [dashed line in Fig. @)]. Because the two provides another striking feature of this width=1.5 pwm.
profiles are qualitatively similar, we conclude that the thick-1n analogy with dielectric waveguides, this somewhat softer
ness of the film does not play a key role in the field distri-confinement could indicate that 1,6m is close to the “cut-
bution of the MS plasmon modes. Thus, the modes we obeff width” of this mode.

serve are not created by a coupling of SPs supported by the
upper and lower interfaces of the MS.

When excited by coupling with a SP launched on the thin-
film area, the electromagnetic field incident on a MS is
mostly localized at the uppémetal/aiy interface. The main In summary, we have used a PSTM to observe the near-
component of the electric field associated with a thin-film SHield intensity distribution of plasmon modes propagating on
is known to be the component perpendicular to the substratgold stripes featuring widths in the micrometer range. The
surface ¢ direction in our case, see Fig).4f the thin-film illumination conditions allowed to excite the stripes by cou-
SP propagates along tlyeaxis, thez component of its elec- pling with a surface-plasmon polariton launched on an ex-
tric field is then symmetric with respect to the plane. tended thin-film area. For a fixed frequency corresponding to
Thus, according to the nomenclature defined in Ref. 16, such wavelength in vacuum of 800 nm, the PSTM images show
a field should allow an efficient excitation of &5§"-type that the MS surface-plasmon modes remain well confined
MS mode, where labels the number of extrema along the within the stripe widths. If the MS width is not too large, the
axis of the MS mode electric-fielelcomponent. As we men- near-field optical transverse profiles of the MS surface-
tioned previously, the cross sections of the MSs we considgplasmon modes exhibit an intensity distribution showing pe-
are not perfectly rectangular such that it is difficult to pushriodic oscillations along the transverse axis. By comparing
further the analysis of our experimental results by directthe field distribution observed over a MS excited either by
comparison with the numerical computations of Ref. 16. Indirect illumination with the incident focused spot or by cou-
particular, the number of peaks we observe in the opticapling with a SP launched on an extended thin film, we con-
profiles of the MS modes cannot be interpret as the value oflude that the features of the MS optical profiles are probably
n previously defined. Nevertheless, one can get some insighelated to the excitation of a single MS mode. From the
in the width-dependent dispersion relation of the MS plasPSTM observation of a single metal thin-film step disconti-
mon modes from our experimental observations. nuity, we show that the transverse features in the field distri-

The near-field optical profile¢Fig. 3) show that, for a bution of the MS plasmon mode are related to modes per-
fixed frequency, decreasing the MS width may have twotaining to an abrupt boundary between a metal thin film and
main consequences on the SP mode intensity distributiora dielectric medium. These observations lead to the conclu-
First, the distance between the peaks can be reduced whion that the propagation of SP modes along MSs does not
the number of peaks is kept constant such as, for example, irely on reflections on the lateral edges of the metal stripe.
the transition fromw=3.0 um to w=2.5 um. Second, if Thus, the propagation of a SP along a MS is fundamentally
the width is further reduced below a critical width, the num- different from the propagation of guided modes in standard
ber of peaks is lowered, as, for example, in the transitiordielectric waveguides. One can then anticipate specific guid-
fromw=23.5 um tow=3.0 um or that fromw=25umto ing properties of MSs. The similarity of the intensity distri-
w=2.0 um. Both behaviors suggest that, at the frequencybutions recorded over MSs having the same width but differ-
wo, @ mode featuring a given number of peaks may occur irent thickness demonstrates that the field of the MS modes is
some range of widths. Below some critical width, the disper-mostly localized at the upper interfa¢metal/aiy. Even if
sion curve of a given mod@vith a characteristic number of the frequency dependence of the metal dielectric function
peak$ probably shifts toward higher energy such that it isprevents a straightforward extrapolation of the MS optical
not possible anymore to excite it at the said frequemgy  Properties to other frequencies, the experimental results re-
Thus, below this critical width, the number of peaks in theported here, at a fixed frequency and for different widths,
MS plasmon mode profile is lowered. provide a useful insight into the dispersion relations of MS

This reasoning seems to be refuted by the transition fronsurface plasmons.
w=2.0 umtow=1.5um. In this case, the number of peaks
in the transverse modal profile increases from two to three.

However,_in the_ near-field opt_ical transverse profile of the ACKNOWLEDGMENTS

1.5-um-wide stripe, the amplitude of the central peak is

much larger than those of the two other peaks which are This work was supported by the Regional Council of Bur-
located very close to the edges of the stripe. This localizatiogundy (ARCEN projecj and by the French CNRS&STIC:
suggests that such peaks might be related to the strong coGrant No. EPML 20.

VI. CONCLUSION

115401-9



JEAN-CLAUDE WEEBER, YVON LACROUTE, AND ALAIN DEREUX PHYSICAL REVIEW B68, 115401 (2003

1H. RaetherSurface Plasmonspringer Tracts in Modern Physics 2927 (1994).

Vol. 111 (Springer, Berlin, 1988 IR. Quidant, J.C. Weeber, A. Dereux, D. Peyrade, G. Colas des
2p, Berini, Phys. Rev. B1, 10 484(2000. Francs, Ch. Girard, and Y. Chen, Phys. Rev6& 066607
3p. Berini, Opt. Expresg, 329 (2000. (2001).
4R. Charbonneau, P. Berini, E. Berolo, and E. Lisicka-Shrzek, Opti23 A. Sachez-gil, Appl. Phys. Lett73, 3509(1998.

Lett. 25, 844 (2000. BR.F. Wallis, A.A. Maradudin, and G.I. Stegeman, Appl. Phys.

°B. Lamprecht, J.R. Krenn, G. Schider, H. Ditlbacher, M. | gt 42, 764 (1983.
Salaerno, N. Feldidj, A. Leitner, and F.R. Aussenegg, Appl.14Tp ghen, R.F. Wallis, A.A. Maradudin, and G.I. Stegeman, Appl.

. Phys. Lett.79, 51 (2001). _ _ Opt. 23, 607 (1984.

H. D|t|ba2her|, \IJDE Krl_entré,lGi%czhzgg(r),;. Leitner, and F.R. AUSS-lSSee’ for example, Figs(#® and 3c) of Ref. 8.
enegg, Appl. Fhys. Letol, . 18p_ Berini, Phys. Rev. B3, 125417(200

"R.C. Reddick, R.J. Warmack, and T.L. Ferrell, Phys. Re®%B  DETInL, FIYS. REV: B (200D

17 H H
767 (1989 J.P. Kottmann, O.J.F. Martin, D.R. Smith, and S. Schultz, Phys.

8A. Dereux, E. Devaux, J.C. Weeber, J.P. Goudonnet, and C. Gizg
rard, J. Microsc202 320 (2001).

9J.C. Weeber, J.R. Krenn, A. Dereux, B. Lamprecht, Y. Lacroute
and J.P. Goudonnet, Phys. Rev6B 045411(2001).

10p, pawson, F. de Fornel, and J.P. Goudonnet, Phys. Rev.72tt.

Rev. B64, 235402(2001).

Ph. Lambin, T. Laloyaux, A.A. Lucas, and J.P. Vigneron, Phys.
Rev. B35, 5621(1987.

9A.W. Snyder and J.D. LoveQptical Waveguide Theor¢Chap-
man & Hall, London, 1988

115401-10



