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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 dictions on the ultimate SP decay length. A large SP decay
length opens the possibility of manipulating SP beams, like
The electric properties of metals are far from being idealight beams. However, SP functional elements such as mir-
at optical frequencies. The concept of the gas of conductiorors, filters, diffraction gratings, waveguides, and modulators
electrons, however, is still valid and instrumental for the un-would have to be developed for this purpose. This might be
derstanding of plasmon phenomena, i.e., electron densitychieved in the simplest case by structures such as grooves
waves. Such waves may propagate over sizable distanceggraved into a SP-supporting metal film.
like sound waves in real gases. At metal surfaces and metal/ The parameters governing SP propagation in structured
dielectric interfaces, a particular mode, the “surface plasmetal films are generally unknown; knowledge so far is re-
mon” (SP) causes a variety of optical effects, among them astricted to a few theoretical investigatiohs. Information
strong field enhancement at the interfade. hence has to be gathered on quite an elementary level, start-
The intensity decay length of a plane SP wave in a perfecing with structures that can be readily implemented and eas-
planar metal film between two perfect dielectric media de-ly understood. It then will be the designer's task to define
fines itsintrinsic decay lengttL;, = 1/2k", which is a mea-  structures with optimized SP properties and to assess their
sure of the “ideality” of the electron ga&” is defined as the chances as potential replacements of “genuinely” optic ele-
imaginary part of the complex surface plasmon wave vectoments.
ksp=k'+ik". The value ofk’ in silver is about 5% larger  The efficiency of electro-optioe-0 surface plasmon
thank,, the wave vector of the light wave with the same modulators, for instance, is predicted to exceed that of con-
frequencyw as the surface plasmon. The sizekbfis mainly  ventional ones by fat-® Knowledge ofe(w), in particular
influenced by the imaginary past' of the dielectric constant its imaginary part, is hence of both theoretical and practical
e=¢'+ie" of the metal.Intrinsic losses are caused by in- interest. The established valde¥ however, are quite vague
elastic scattering of conduction electrons, scattering of elecaboute”(w). The dielectric function is usually determined
trons at interfaces, and leakage radiatidR) (radiation  from the reflectivity of a metal surface, frequently in combi-
dampiné). nation with transmissivity data of a thin film of that metal.
LR is emitted from the interface between the metal fiilmThe uncertainty ine” is quite large in generalup to
and the higher refractive index dielectric medidthe sub-  1009.° This is a consequence of the relatively large areas
strate, glass in the present experimelYith respect to the of metal surface illuminated in those experiments. The re-
normal of the interface, LR is radiated at a characteristisulting data are thus averages that include the effects of all
angle of inclinationfsp.! At this angle, the LR in the sub- bulk and interface imperfections of the respective areas.
strate is phase matched to the SP wave, satisfjigg Methods that allow study of SP propagation in such un-
=nk, sin 6sp Whereksp andnk, are the wave vectors of the perturbed areas may yield more precise data on the intrinsic
SP and LR, respectively) being the refractive index of the optical properties of metal surfaces. Scanning near-field op-
substrate. For glass witm=1.5, 6sp=44°, 6,;=41.8°. tical microscopy(SNOM) provides such an opportunity: The
Hencefsp> 6., the critical angle of the substrate/air inter- SNOM probe acts as a SP point source that can be positioned
face. precisely over a selected spot of(meta) sample surface.
Inhomogeneities of the metal film and/or substrate caus@he propagation of the SP can be imaged with high lateral
additional losses in SP propagation. Thesgrinsic losses resolution by means of a conventional optical microscope
can be reduced by improving the quality of the film and (COM) equipped with a large numerical apertui¢A) im-
substrate. Note that the commonly used literature values ahersion objective; variation of the total SP excitation with
Im(e) are based on reflectivity/transmissivity measurementsposition is obtained from “forbidden light” SNOM
and hence influenced by extrinsic contributions. images'?
Knowledge of the truly intrinsic losses would allow pre-  The early studies with this methfdshowed that each
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inhomogeneity acts as a scattering center. The scatterin
strength is correlated with the size of the center but a quan:
titative description has not been possible so far. The reason i
the random and ill-defined nature of the scattering centers
Qualitative observation of scattering centers was reported by
a number of authors using different methdgfst’

In the present paper, we report experimental observation|
of SP propagation in thin silver films structured by well- N~
defined narrow grooves. Grooves were chosen since they ar
among the most elementary structures that can be imple
mented in a metal film. More complex artificial structures
comprising, e.g., variations of thickness and composition as [0b [ ¢3./14
well as additional overlayers can be investigated in the same
way. The narrow grooves were arranged parallel and or-
thogonal to each other as described briefly in Ref. 18. The
present paper gives a complete account of these investige
tions. Specifically, evidence is given for SP reflection and
transmission by the grooves. Reflectivity and transmissivity LR
are estimated. As a by-product we found that the SP deca
length is strongly influenced by film inhomogeneities which
tend to mask intrinsic damping effects. Our experimental in-
vestigation was complemented by a theoretical and compu-
tational study which will be published elsewhéfe. FIG. 1. Experimental schemes: The surface plasr®B is
excited by SNOM tip in a structured silver filM on glass substrate
G. Leakage radiatiofLR) emitted intoG at anglefspis captured in
both arrangementsa) Direct imaging of LR intensity distribution

The two experimental setups consist of a standard apeft theM/G interface by a conventional optical microscope: Immer-
ture SNOM head, a sample stage, and two different arrang&ion contacN enables microscope objective _Obj_ to capture th_e LR
ments for detection. The setups are the same as in Refs. fﬁ_houg’h Osp> Ocri- (b) Imaging of SP excitation by a “mis-
and 14 except for slight modifications. We therefore restric@19ned” forbidden light SNOM. LR emitted toward the right into

ourselves to a short description here. The essential parts §{”ass hdemrlmstphek:bltlin Ccl’tl:eﬁtfdptallansﬁ”'rf’tsgi'dil m'gﬁ:") fatr;ld ]
the two setups are sketched in Fig. 1. ocused onto photomutipiie - =19 splacement of the tip

The SNOM probes were aluminum-coated, pulled Opticalfrom the optical axis prevents LR emitted toward the left from

fiber tips with sub-100-nm diameter apertures at the ape{eac,bm-g PM1 Qs 0may). Directly transmitted light("allowed
. . ight” ) is recorded by photomultiplier PM2.
They were mounted on a standard piezotube/tuning fork

combination used for distance and position control. Rougwith the bottom part of the sample substrate to avoid total
lateral positioning was possible with a mechaniigl stage. internal reflection. This is achieved in the first detection
Linearly polarized light from a HeNe or an Ar laser was  scheme, Fig. (&), by means of an oil immersion objective
used for excitation. (X 63, NA=1.4) in optical contact with the sample sub-
Silver films, 60—90 nm in thickness, deposited on thin mi-strate. The objective is part of an inverted classical optical
croscope cover slides were chosen as samples. Sets of n@ticroscope focused on the metal/glass interface. When the
row grooves were cut into certain regions of the films bySNOM head is in operating position, the microscope image
means of a focused ion beam microscope. On sample 1, athows the lateral distribution of the LR at the interface with
the grooves were arranged parallel to each other, formingigh magnification. The distribution of SP was videotaped
two different patterns(a) single lines at 4Qum separation, with a charge-coupled devicéCCD) camera while the
consisting of 2um long sections whose width increases step-sample with the film structures of interest was scanned under
wise from 200 to 2000 nm, an) triplets of parallel, 200 the SNOM probe. The CCD is placed in the image plane of
nm wide grooves at Zum distance, the distance between the metal/glass interface. Each pixel element hence captures
triplets being 40um. On sample 2, 200 nm wide grooves the flux of LR emerging from the corresponding spot in the
formed squares with 2.2m side length. The samples were object plane. The latter is a direct measure of the SP excita-
mounted on a piezoelectridy stage. Scan images could be tion at that spot.
generated either by tip or by sample scanning. The direct SP imaging capability of the SNOM/COM
The observation of SP excitation and propagation is basedombination is unique and specific for this scheme: We do
on the detection of LR. At the film/glass interface, the LR not know of any other experiment providing local SP infor-
intensity at a certain lateral position on the glass side of thenation in similar detail. It may be worth mentioning that
metal/glass interface is proportional to that of the SP on tha&imilar imaging should also be possible with classical SP
metal side at the same lateral position. Also #mmuthal excitation?>%
direction equals that of the SP at each point of the interface. In the second detection scheme Fi¢b)1 optical contact
The detection of LR requires optical elements in contactwith a hemispherical lens avoids total internal reflection at
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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 groove,
and near the triplets of grooves, respectively @A4, X 63, \o=632 nm, polarization normal to groovyegd)—(f) same images multiplied
by p/cog ¢ to compensate the intensity loss due to spreading and the dipole characteristics. Note the plateaus of constant gray scale values
at intermediate intensities ifu)—(f) and the interference fringes ii6) and (f).

the exit plane of the sample substrate. The hemisphere is part . RESULTS AND DISCUSSION:
of a “forbidden” (and “allowed”) light SNOM, sketched LOCAL IMAGING BY COM
and discussed in Refs. 22 and 23. Radiation from the sample

= selected by e Vecor ather than by locaton of the P11 2 S0P COM Imeges of e fovans b o
origin. “Forbidden” light emitted at6> 6.,; with respect to pie - P ghtly

the normal on the film surface is focused on photomultiplierdue to the captured LR. The intensity of the large lobes was

Lo : o - found to increase exponentially during final approach of the
PM1 by an ellipsoidal mirror segment. “Allowed” light . X 4
emitted or scattered @< 6, — A6 is collected by a cen- SNOM probe to the silver film. Thé&) distance dependence

tered objective and directed onto a second photomulti “eequals that reported befofé confirming the excitation of
| : . . pnho ”p 5P’s. The center of excitation at the position of the SNOM
PM2 by an appropriate, tilted mirror. The residual “al-

" v _ . .~ probe is overexposed in general due to the limited dynamic
ls?[\rltlj?ger:g rl]?gggcl;nsﬁ(g:g; Ocrir remains undetected for in range of the CCD camera. The SP excitation intensity was
The present forbidden light SNOM differs from the pre- adjusted to a level beyond the maximum CCD response near

vious oné?*in the possibility of selecting certain azimuthal the source point in order to image the decay of the SP over a
directions of forbidden light for detection. This is achieved decently wide area. The central range was intentionally ex-

. cluded from comparison with theory since the variation of
it respect o the axis of the mirror. The cispiacement ancs” IMENSIy wih position is expected to be more complex
its effect are sketched in Fig(t), ) here than farthe_r away from the source. This is a conse-

A 2 mm displacement is sufficient to suppress the Lrauence of the finite size of the SNOM probe.
emitted toward the left hand side since the cutoff artijlg,
of the mirror is only slightly smaller thafisp. Hence only
LR directed toward the right hand sidehs), corresponding The following images are representative of the large num-
to azimuthy=—45° to +45°, was recorded by PM1. ber of SP patterns videotaped with the COM images of the

The PM signals are proportional to thatal flux into the first detection scheme. For supplementary information, a
respective acceptance anglefsthe two PM’s. The forbidden number of short video sequences may be found on the Basel
light signal is dominated by the flux of LR emitted from the authors’ home pag#. They show the SP pattern and its
whole area of the sample into the selected azimuthal direcrariation while the SNOM probe is scanned over the sample
tions. Hence it is a measure of SP energy stored in the radigurface. Some of the features of relevance are more obvious
tion lobes pointing in the selected direction. In addition, lightin the motion pictures of the video than in still images.
scattered from sample inhomogeneities into forbidden direc- Figure 2a) depicts the SP pattern in a film area without
tions is recorded but this is much weaker than that of the LRartificial structures. Figure(d) shows the pattern in a differ-
in general. The allowed light signal represents the directlyent orientation, achieved by rotating the polarization of the
transmitted light together with contributions from the SPexciting light. The two-lobe radiation characteristic reported
scattered into the allowed directions by the grooves and filnbeforé* is seen in these figures, too, indicating that we are
inhomogeneities. indeed looking at SP excitation. The lobe pattern has some

A. Unstructured silver film

FIG. 3. (a)—(c) Microscope images, same settings and sample as in Fig. Rotation of polarization results in same polarization of the
SP lobes(h) SNOM probe positioned to the left of a nearby groove &dight on top of that groove.
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irregularities. The intensities in the two lobes differ by abouta dashed line in Fig.(®)], and(iii) a far-out area of irregular
30% and a dark stripe disturbs the lower part of the rhs lobeintensity essentially representing noise amplified by multipli-
The irregularities are caused by imperfections of the SNOMation by large values qf. Comparison of the experimental
tip. Unfortunately, it is difficult to obtain more perfect data with Eq.(1) is restricted to zongii). The almost uni-
SNOM probes with present day manufacturing techniques. form gray level indicates that the result of the multiplication
The abrupt localized changes of intensity observed in Figis nearly constanthis means that damping losses are very
2(a) are probably caused by SP scattering at film inhomogelow) except for the dark shadows, which originate at the
neities such as grain boundaries or hillocks standing on thenhomogeneitiesthe origin is obvious in the movie showing
film surface. The stepwise attenuation at scattering centers the SP pattern while the tip is scanned along the metal
particularly obvious when the SNOM probe is moved alongfilm?%). The plateaus in gray scale are consistent with(Ex.
the silver film. The video record shows that the positions ofif damping was negligibly small. The good agreement with
the spots remain fixed but their “shadows” change directionEq. (1) means that the SP source, i.e., the SNOM probe, may
in accordance with the position and relative orientation of theoe modeled as a SP point dipté>2with respect to the SP
source® far field. For instance, Eq.l) is obtained by squaring and
To gain a better understanding of the emission pattern imdding the expressions for the in-plane Green'’s function of a
Fig. 2(a), we tried to find a mathematical description of the SP dipole in Ref. 26. Note that only the SP far field distri-
SP intensity distribution (p,). The coordinatep and s  bution is imaged with our technique. FiguréaBshows the
are the distance from the source and the azimuth with respe&P pattern in a different orientation. Rotation is achieved by
to the central axis of the rhs lobe, respectively. The simplestotating the polarization of the exciting light. Detailed analy-
angular representation of a two-lobe pattern is?gosFor  sis in the most perfect areas of Figéa)2-2(c) shows that the
radial decay of intensity, we expect gpldependence due to damping length in fact must be larger than aén, which
spreading in two dimensions. In addition, damping, resultingmplies that alsoL;,,=1/(2k")>50 um. This is alower
from intrinsic losses and, potentially, extrinsic ones is to bdimit value. It fixes theupperlimit of ¢” at 0.3 which is close
accounted for by an exponential decay tedecay constant to the mean values cited in the literatdré?
a). The result also shows that SP damping values obtained by
Intrinsic losses are caused by inelastic electron scatteringveraging over large areas will be due to extrinsic losses at
and generation of LR. Extrinsic losses are caused by inho©RS’s in general. SNOM excitation combined with COM
mogeneities(SP scattering at film inhomogeneities smallerdetection allows us to distinguish between ORS-type extrin-
than the resolution limit of the COMWhen averaging over sic and other contributions to SP losses. The method can be
larger areas as in the second detection sch@heec. 1V), improved and extended in various ways by more detailed and
the discrete steps in intensity seen in Fig. 2 may also béetter tailored measurements.
approximated by an exponential decay and added to the ex-
trinsic losses. This contribution will be called “extrinsic
loss” since its value depends on the perfection of the metal B. Single grooves

film and its substrate. With the first detection scheme, it is Next, a set of single grooves was positioned in the scan
possible to recognize optically resolvable sour@RS's of  range of the SNOM tip. The lobes were adjusted normal to
extrinsic losses, i.e., sources separated from each other e grooves in order to facilitate the interpretation of experi-
d|stanc_es larger than the res_olut|o_n limit of the COM. mental resultgsee below Figures 2b), 2(e), and 3b) depict
In view of the above considerations, we compare the eXsjtyations where one of the lobes is near one of the grooves.
perimental intensity distribution with the expected functional|; is seen in Figs. ) and 2e) that the lobe is only weakly
dependence attenuated by this obstacle, indicating high SP transmissivity.
The lower part, after passing the groove, can be compared
Tl o, directly with the upper part, which does not interact with the
l"'(p’l/’)_Te  cos i, @ groove. The width of the lobe is large enough not to be
dominated by diffraction at the groove edge. The slits them-
whereF?, is a measure of the rhs and Ihs lobe intensitiesselves shine brightly even at considerable distance from the
respectively.« is theaverageSP amplitude decay constant, SNOM probe where the SP lobes are not visible any more.
not to be confused with thimtrinsic damping constantk(’) Conversion of SP radiation into scattered light by the groove
mentioned beforep and ¢ are the radial and azimuthal co- is hence much more efficient than conversion into LR in the
ordinates, respectivelys=0 is defined as the central direc- unperturbed areas. Similar behavior was found recently in
tion of the rhs SP lobe. the investigation of metal films with holes instead of slits.
For comparison, it is convenient to multiply the experi- The finding was attributed to SP enhanced hole transmissiv-
mental intensityl, (p,#) by p/cog . This will eliminate ity and SP launching inside a héle® but essentially refers
the effect of spreading and of azimuthal variatiokyif(p, ) to the same phenomenon. In Figgb2and 2e), the probe is
really obeys Eq(1). The result of the multiplication is de- located to the right of the groove and the asymmetry is more
picted in Figs. 2d)—2(f). Three zones can be distinguished in or less compensated by its finite transmissivity. In Fign) 3
each image(i) a bright area next to the origin and thexis  the probe is moved to the left of the groove. Asymmetry and
caused by overexposure and division by gos> 0, (i) a finite transmission now add up, resulting in drastically dif-
pair of areas with almost uniform gray leaurrounded by ferent lobe intensities. Comparison of the two images allows

=
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us to estimate the transmissivity t&90%. Figure %)
shows the SNOM probe right on top of the groove. The SP
intensity is greatly reduced as expected while the intensity of
the directly transmitted radiation is increased.

Reflection is not immediately obvious in still images of
the type of Figs. 2 and 3. The video sequence generated
while the grooves were scanned under the tip, however, al-
lows recognition of interference fringes and their motion
with tip position®* This clearly proves the existence of SP
reflection by the groove and coherent superposition of direct
and reflected radiation. The shape of the fringes allows the
assumption that they belong to a family of confocal hyper-
bolas, which would be typical for interference between a
point source and its mirror image. The reflectivity estimated
from the visibility, i.e., the depth of modulation of the
fringes, is 3—6 %, a large uncertainty resulting from the ran-
dom intensity fluctuations at the film imperfections and from
overexposure.

FIG. 4. “Allowed” (a),(c) and “forbidden” (b),(d) light SNOM
images of a square of 0,2m wide grooves(a),(b) Ag=632 nm,

In Figs. 4c) and Zf), the SP is launched between the (c),(d) A,=488 nm. The arrows define the directigr=0. The light
triplets of grooves. Attenuated transmission and reflectiorilux profiles measured along the dashed lines are presented in Fig. 5
are now quite obvious, the signature of the latter being exbelow.
tended interference fringes outside the range of the grooves.

The triplets apparently act as surface plasmon multilayer B. Examples of “allowed” and “forbidden”

mirrors. The visibility of the fringes yields a reflectivity of light SNOM images

(9*=4)%. On thebasis of our previous results, the reflectiv-
ity of such an array might reach up to 30% for optimum

C. Arrays of grooves

Theallowed light image®f Figs. 4a) and 4c) depict the
) ) square with high resolution for both 488 and 632 nm excita-
groove separation. The latter depends on the phase shift upgi, The grooves can be clearly recognized. The remaining

reflection, which we do not know yet. The low reflectivity in 5re5 is almost dark. The light intensity inside the grooves and
t_he present arrangement aII.ows us to ignore effects of ”_““l'n their vicinity is slightly modulated with periodlgp. Peri-
tiple reflections between adjacent triplets of grooves, whiclygicity and position indicate that interference between light
form a Fabry-Peot interferometer in principle. directly transmitted through the sample and light generated
by SP scattering at one of the grooves maydr& in fact is,
cf. Ref. 19 the source of modulation.
IV. RESULTS AND DISCUSSION: SNOM IMAGING In the forbidden light imagesFigs. 4b) and 4d), the
A. General squares can be recognized also but the sides are blurred and
) ) . surrounded by regions of varying and modulated brightness.
Each pixel of a SNOM image represents the total lighttpq period of modulation is approximatelsg2. This is
f_qu received by the detector. Without SP excitation, all the,, ot obvious inside the AmX 2um size square with eight
light emerges from a narrow area next to the SNOM probegp six pright fringes for 488 and 632 nm excitation, respec-
providing the high resolution images SNOM is known for. tively. The regions of reduced brightne§® at the top left
The allowed light signal, dominated by directly transmittedand of undulated brightness insidB) and to the bottom

light, satisfies this condition to a large extent. The presenﬁght (C) hand side of the square will be discussed here in
forbidden light signals, however, are dominated by LR,qome detail.

which is emitted from an area roughly 20m by 40 um in
size. High lateral resolution cannot be expected under these
circumstances except for local variations of SP excitation
efficiency. This may occur when the probe is above a film The brightness variations seen in regignB, andC are
imperfection. Aside from those, spatial variations in intensitypuzzling at first glance. Why is the SNOM signal, i.e., the
have to be interpreted as variations of the LR flux into theintegral over the LR in the direction of the rhs lobe, reduced
selected angular range. in front of the square over a rather large distance? Why does
Sample 2 and a fresh SNOM probe with fairly symmetricthis same integral undergo undulations in regi@andC,
emission characteristics were used for this part of our invesand why do these undulations decay so rapidly? The decay
tigation (sample 1 was not available because of limited life-length, in fact, is about 0.2m, in gross disagreement with
time). The misaligned SP source was oriented normal to oneur previous finding of 1/(2)~10 um.
side of the squargarrow in Figs. 4b) and 4d); ¢=0] and To gain some understanding of these features, the SP in-
LR emitted to the left (= =) is suppressed. tensity distribution near the grooves has to be determined

C. Discussion
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and integrated within appropriate limits to obtain the de- At

tected flux. This is a mathematically demanding problem that Dhop(Xs) = Tl‘1>°\/§Jo(2k'xs)e_2“XS
requires numerical computation. Baigaal® present com- m

puter simulations for a sample very similar to sample 2. The X[1—(1-T)e?es" 97, (3b)

results in fact reproduce the experimental images in surpris-
ing detail, including even minor features in both the forbid- Jo is the zeroth order Bess&ffunction. The argumentk? xs
den(LR) and allowed(scatteredllight images. implies that(I),?,,OD undergoes a rapidly decaying oscillation

The present discussion will be restricted to a more qualiwhen the probe is moved away from the Ihs groove. The
tative interpretation of the forbidden light images. For sim-physical origin of the modulation is the different weight of
plicity, we assume that the SP distribution is imaged perthe interference fringes in the process of integration. Specifi-
fectly onto the detector by the captured LR and that thecally, it makes a difference whether the center of the inter-
grooves are of infinite length, i.e., we replace the square by ference pattern is dark or bright. Hence the rapid decay of
pair of parallel grooves at distance=2 uwm. The grooves undulation seen in Figs.(d) and 4d) is not a sign of SP
will be considered low reflectivity semitransparent surfacedamping but the characteristic &§(2k’x). Mathematically,
plasmon mirrors. The SP lobes are oriented normal to th&g. (3a) is a good approximation to the true flux integral for
grooves and assumed to obey ER. The coordinate system (K'x¢)?>1; for smallk’xs, the flux is overestimated.
is translated, however, from the tip to the relevant groove In regionC, the |hs lobe is retroreflected at both grooves.
and with |:?=|:|0= FO. The decay rater is considered to be The rapid decay of thé, function, however, allows one to
small such that botlr<|ksd and a<1/xs, wherex, is the  ignore the modulated part caused by reflection from the lhs
distance between SNOM probe and groove. It turns out thaifoove. The unmodulated part is increased by the unmodu-
all the essential features in regioAsB, andC can be repro- lated flux from the second reflected beam with the approxi-
duced with these assumptions. Groove transmissivity, ( mate result
reflectivity (R), and scattering los$) can be estimated from c - - -
fits to the experimental data. The main steps of the flux calPom(Xs) =P 1+Re 20" D(1+T%e )] (xg>d),
culation under these simplified conditions are presented in (43
the following paragraphs; a few intermediate steps are de- A
scribed in the Appendix. c ™ , (%

When the probe is positioned in regidnto the left of the CDMOD(XS)%mCDO‘/ﬁ‘]O[Zk (xe—d)Je 22079 (4b)

Ihs groove at distances;<O0, the signal at PM1 is generated

by the rhs lobe alone &= fsp. The lobe extends beyond  The modulated parts in regiosand C are particularly
the grooves into regionB and C where its intensity is at- convenient for data fitting since the amplitude ratio is insen-
tenuated byT and T2, respectively. Upon approach to the sitive to offset variations. For low reflectivity and smalll
groove (s tends to 0, the flux continuously decreases from the ratio of the modulation amplitudes for different probe
@O, the flux emitted by the unperturbed film, to a value closepositions directly provides the SP transmissivity of the
to T20° atx,=0: groove, independent of the absolute value of flux.

The qualitative agreement of the above predictions with
the forbidden light SNOM image Figs(l#) and 4d) is ob-
vious although serious additional modulation effects can be

+T2e2e%s=d)]  (x,<0). 2) seen. This reflects the small size of the squares in our
sample. The complicated modulation pattern in fact is well
) - ) ) reproduced in the numerical simulatibh.But even the

When the probe is positioned in regi@ 0<xs<d, the  present simplified approach allows for quantitative fits to the
Ihs lobe is partially reflected by the Ihs groove. This resultseyperimental data along appropriately chosen paths. Two ex-
in two-point source-type interference between the lobes. Thﬁmples, one for red632 nm and the other for blue-green
resulting pattern consists c_)f an unmodulated and a modulatedgg nm light excitation, are shown in Fig. 5. Good matches
part. The intereference fringes have the shape of confocg|ere obtained with the same values of the four fit parameters
hyperbolagcf. Sec. I, the number of fringes equaling the T, R @, and® in all three regionsA,B,C). The numerical
modulo of X’xs. values for 632488 nm excitation of the relevant first three

The sgperlmposed _rhs and reflecte_d _Ihs Iok_av_es extend b%arameters werel=0.9 (0.9, R=0.05 (0.06, and 2
yond regionB into regionC where their intensities are re- — 09 (0.11) wm~!. The scattering loss and intensity decay
duced byT.. The effect increases fot,—d, resulting in a length are thusS=1—T—R=0.05 (0.04 and L _=1/(2«)
correspondingly reduced flux upon approach of the probe ta. 17 (9) um, respectively. It should be recalled tHaj is
the rhs groove. Integration of the unmodulated and th&t the intrinsic damping length but the value including all
modulated partscf. Appendi® yields the flux components  he |osses due to the imperfections in the integration area of

the detector.

DB, (xg) ~DO(1+Re 2%%)[1—(1—T)e?*(s~ D] Large error bars have to be attached to the numerical fit
parameters in view of the assumptions made and the strong
variations of signal level in Figs.(8) and 4d). The slight

(0<xg<d), (39 differences in the values for 632 nm and 488 nm hence are

DA(xg) ~ P 1—e*s+ Te?™s(1—e 2*9)
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1 short decay length of the amplitude oscillations of the Bessel
(a) A,=632 nm J function, which roughly equals gp.

Reflectivity, transmissivity, and scattering loss of narrow
grooves in a metal film can be estimated from suitable COM
and SNOM images. The values found in the present investi-
gation represent the first experimental estimate of these sur-
face plasmon optical parameters to our knowledge. It was
also demonstrated that bundles of several such grooves pro-
A,=488 nm vide higher reflectivity, apparently acting as multilayer mir-
rors. The information obtained with COM and forbidden
light SNOM imaging is complementary since the first pro-
vides lateral, the second angular resolution. Correspondingly,
the first is better suited for the investigation of microscopic
details, the second for properties averaged over the extension
of the surface plasmon lobes.

-
>
o]
@]

(b)

Forbidden light signal
(Arb. Units)

4 05 0 05 1 15 2 25 3 35 4
Distance from the left hand side groove (um) ACKNOWLEDGMENTS
FIG. 5. Experimentalsolid lineg and fitted(dashed lines"for- The authors profited from the help of J. Brugger, H.
bidden light” flux profiles along the dashed lines in Fig.(4) \, Heinzelmann, J. M. Freyland, and T. Wrase and from numer-
=632 nm,(b) A\y=488 nm. ous discussions with R. Eggers, J. Toquant, and K. Miyano.

The project was supported in part by TMR Project No.
irrelevant. The order of magnitude &f R, S andL,, how- FMRX-CT98-0242(BBW No. 97-0558, and by Japan Sci-
ever, should be correct since various further fit proceduregnce and Technology Corporati@iST) through the CREST
that we made provided similar results. The value for theprogram.
reflectivity is also consistent with previous theoretical
considerations and with Baida etal’s numerical APPENDIX
simulation®®

Single groove
When the probe is at the left of the groove at distance
Xs<0, Eq.(1) has to be integrated separately over the areas
The SNOM probe provides a point source for SP studiesto the left and to the right. The position of the groove in
It can be placed next to any selected structure on a metdlolar coordinategp and ¢ is |xs|/cosy. This is the upper
surface. This allows investigations, in particular, of SP(lower) limit of integration overp which is followed by in-
propagation on a local scale. The present investigations wei@gration overy between— /2 and + /2 (estimated from
restricted to thin metal films but bulk metal surfaces can béhe size of PML The result is Eq(2).
excited in the same way. Both COM and SNOM imaging When the probe is positioned to the right of the groove
schemes can be used for the observation of SP propagatidks>0), the flux®"" results from the superposition of the
in thin metal films, based on the detection of LR. COM with rhs surface plasmon lobe with the reflected lhs lobe. The
immersion contact between objective and sample visualizeiterference between the two is elegantly described in terms
the propagation of the SP to a level of detail that is limitedof prolate elliptic coordinates-1<é<+1 and I<p<ce.
only by the resolving power of the microscope. ExtremelyThe SP point source and mirror image reside at the #ci,
small features on top or inside the metal film can be=*1, and the groove defines the symmetry &kis0. The
recognized. length scale is normalized to;. The confocal hyperbolas
The results of such local SP imaging indicate that thef=const are lines of constant phase difference. The confocal
main source of SP decay is imperfections, not intrinsicellipses »=const asymptotically approach the normalized
damping. This implies that there is room for improvement ofcircles p/xs=const. The dimensionless wave vector ks
metal mirrors and waveguides by elimination of defects. Me-= ' +i k" =x4(k" +1k").
tallic waveguides will provide increased propagation lengths, The intensity of the SP radiation emitted by the soufge
which is a precondition for the application of SP’s in inte- and its mirror image { 1) alone obey the dipole character-
grated optics. istic of Eq. (1) which here becomefsubscript SP omitted,;
Each pixel value in the forbidden light SNOM image of a parameter¥, L, M defined in Eqs(A5a)—(A5c) below]
metal film is the integral over the radiation from the sample
area excited by the surface plasmon. Reflection at a groove 1
results in characteristic undulations of the flux with position l+1(€, ’7):{ R
of the probe. Three decay lengths play a role in the present
experiment:(i) intrinsic, including losses due to LRL(,,  The interference term has the form
>50um), (i) average, including losses due to imperfections
(L,~10 um), and(iii), in the SNOM imaging mode, the l1-1)(&,m) =214l _4 cosk'é. (A2)

V. CONCLUSIONS AND SUMMARY

XFoe < 7FOK i (&,m). (A1)
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l1+1(—1y andl;_) are integrated frong= 1/\2 to 1 and Most of the LR contributing to the detected flux emerges
n=1 to ~ with appropriate consideration of the metric co- far away from the SP source, i.&3 1, since the experimen-
efficients. The integralsby,, ®vop representing the un- tal "= axs<1. We therefore replace the expressionsKkor
modulated and the modulated parts ®f9" respectively, L, andM by the terms to the right of the arrows in Egs.

may be expressed by the sums (A58)—(A5c). n>1 also impliesM ;>M _,,; hence the lat-
ter will be ignored, too. The integrals are readily factorized
dyy=[UMy;+UM; _;+R(UM_1;+UM_; )] with these assumptions. The phase-sensitive factor €os2

Eq. (A4b) is retained.
Mathematically, =1 is equivalent to the asymptotic
transition from elliptic to polar coordinates and allows for
®yop=VR(MOD; +MOD_;)X4/(m+1) (A3b) integration in closed form. Thé integral of Eq.(A5b) has
with the analytic solution/2[Jo(2x") —J1(2")/(2k")] for the
limits £=0,1. J; andJ, are the zeroth and first order Bessel
w (1 . J functions. A minor error only is introduced if the actual
UMWZZJ f e 2K L (£,m) M (&, 7) dédy, limits of integration (14/2,1) arereplaced by0,1) and if the
Lz (Ada) contribution ofJ; is omitted (fails for very smallx). The
a term 2/(m+ 1) is a normalization factor. The final result is

xX2/(m+1), (A3a)

* l "
MODVZZI f e 2 cog 2k’ ) L(£,m) _
1 Jup PRN(x)~DO(1+Re 27 (xs>0),  (A6a)

XM, (§,7)dédn, (Adb)
andu=*1, v==*1; and further
right am 0 ’ —2ax
PUBL(xs)~ —7 POVRI (2K xs)e 2. (ABb)

(En—p)?
Ku(ém)=————=—&Iy, (A5a)
g (7= pd)®
- 527’2_ 1 , Pair of grooves
L(&m)= (7]2_52)3/2_>§ I, (ASD) In regionA, the lobes are divided into three parts, whose
weights scale with 1T, andT?. In regionB, both the rhs and
2_q]2 the retroreflected Ihs lobes are divided into two parts which
77 —_ .
M (& 7)= Il 1= A5C are separated by the rhs groovexatd. In regionC, the
(&) 1—§2] L ¢ (AS0) weights of the two reflected lobes scale wRrand R T2,
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