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The propagation of surface plasmon polarit¢8®P’s is studied using a photon scanning tunneling micro-
scope(PSTM) and conventional attenuated total reflectighiTR). The PSTM experiment uses localized
(focused beamlaunching of SPP’s at a wavelength of 632.8 nm. Propagation of the SPP is observed as an
exponentially decaying tail beyond the launch site and tleeptdpagation length is measured directly for a
series of Ag films of different thicknesses. The ATR measurements are used to characterize the thin film
optical and thickness parameters, revealing, notably, the presence of a contaminating adlay8radftyygical
dielectric function, 8.#12.7, and thickness 1-2 nm. Values of the SPP propagation length, based on the
ATR-derived film parameters used in the four-media implicit SPP dispersion relation, show very good agree-
ment with those based on the PSTM images for the case of undercoupled or optimally coupled SPP modes. The
observed propagation lengths are quantitatively analyzed taking explicit account of additional intrinsic damp-
ing due to the growth of the A@ layer and of reradiation of the SPP back into the prism outside the launch
site. Finally, the PSTM images show excellent SPP beam confinement in the original propagation direction.
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. INTRODUCTION B { ki sin fgpp prism case (1a)
r_ . .
Surface plasmon polaritofSPP’s have been the subject K sinfsps-mky - grating case, (1b)

of many experimental investigations using various techy,herek = w/c is the magnitude of the wave vector for light,
nigues since the original theoretical description of “low- Osppis the angle of incidence for resonant coupling to the

ered” plasmon modes by Ritchfeln this study we use the : ; o
Kretschmann-Raether prism coupling technfqte excite EF;P /rROdviﬁéfeTeisp&Sem :Z;rr?cnvsrilggzﬁfg i(slg)% ?:t((jak%r
SPP’s and an optical scanning probe instrument to detect and“ ™ = 9 9p 9

monitor their propagation—the instrument used here is ge 9. (1D)].

erally referred to as the photon scanning tunneling micro-

scope(PSTM).2 The aim is to elucidate and firmly connect B. Optical near-field techniques in the excitation
the macro- and microscale optical characterization of SPP and detection of SPP’s

propagation. First, we place the current study in context by Early developments in the near-field excitation of surface

giving_some b_ackground on _the_ application of f_ar-field andelectromagnetic modes were the edge launching and “end-
near-field optics in the excitation and detection of SPPfire” coupling technique$-Sused in the mid-ir spectral re-
modes. gion. Some years later, in the visible region, an elegant
scheme forbroadband SPP excitation was introduced by
Gruhlke and co-worket$ and further investigated by Daw-
son, Bryan-Brown, and Samblés-this relied on near-field
While the earliest work on plasmons was performed usingjuorescent coupling of excited molecules with the SPP
excitation by electron$,a theme carried forward in light modes on an adjacent metal film. Edge launching and end-
emission from(i) metal-oxide-metal tunnel junctiofis’ and  fire coupling may be regarded as one-dimensional precursors
(ii) the electron scanning tunneling microscdpESTM), the  of point or tip launch schem® in which light fed down
optical excitation of SPP’s has proved to be more productivean optical fiber, with a tip formed at its end, excites SPP’s on
and accessible. The use of grating coupfeextually pre-  a metal film held in the near-field of the tifDetection of
ceded the development of the prism coupling techniques o§PP’s occurs by virtue of radiative decay into the glass prism
Otto™ and of Kretschmann and RaettfeFhese techniques, supporting the metal film in accordance with Ety), a pro-
used extensively in the study and application of SPP’s, cess that is important in the analysis of the results presented
provide matching of the parallel component of the wave vecin Sec. 1Il.] The pertinent point is that sharp featuféps or
tor of incident radiation to the real part of the SPP waveedge$, or indeed molecules, produce sufficiently large spa-
vectork, : tial Fourier field components in the near field to excite SPP

A. Conventional or optical far-field techniques
in the excitation and detection of SPP’s
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modes that characteristically have wave vectors larger than
that of free electromagnetic radiation. BPF(A,) BPF(),)
More commonly, scanning probe studies of plasmon reso-
nances have used a probe or tip as a local detector, while the —| PMT1 FC PMT2 Feedback-
excitation process itself has been by means of a far-field gantmol.unt

optical input. The use of metallic probe for localized inter-
action with an optically excited SPP mode was exploited in Fibre tip ——T . PZT
the scanning plasmon near-field microscope reported by N
Spechtet al,*° a type of inverse arrangement of light emis-
sion from STM&?® optical resolution of\/200 was claimed. z
This scheme was further investigated by Kénal,? while a zY
variant of the experiment, using atomic force microscopy ¢ PP X
(AFM) probing of SPP’s has also been repoé@he STM
was the first scanning probe instrument to be applied
specifically?>?* to the study of SPP propagation. The pres-
ence of the SPP is detected indirectly via additional contri-
butions to the _tulnnel current due to therf“a' expansion eﬁeCtgample comprises a Ag film deposited on silica slide interfaced to a
as reportgd erglnally by A_mer, Skumanich, apd Rlﬁﬁ@d coupling prism with index-matching gel. The beam from the red
the rectification of the optical frequency ac field of the SPPo_ne laser )\, =632.8 nm, is first expanded, then focused to a
that occurs on account of the nonlingal/ characteristic of  tjght spot centered on the SPP resonance angle to give localized
the STM tunnel junctiori®*” Exploiting these effects Kroo jaunching of SPP's. The unfocused beam from the green He-Ne
et al”® and Thostet al?* measured SPP propagation lengthsjaser, x ,=543.5 nm, incident at the SPP resonance angle for this
of 13.0 and 29.7um at\ = 632.8 nm on 40- and 55-nm-thick wavelength, is used for the regulation of the tip-sample distance.
Ag films, respectively, and of 374m for a 30-nm-thick Au  The various system components are denoted by the following an-
film at A\=2.64um. notations: PP, prism polarizer; BE, beam expander; BFL, best-form
Early work applyingoptical probes to SPP modes on laser lens; PZT, piezoelectric scanner tube; F& 22fiber coupler;
metal films focused attention on the characterization andBPF, optical bandpass filter; PMT, photomultiplier tube. The trian-
analysis of the enhanced electromagnetic fields associat@lar section prism was used in case of sei€kig. 5 and sample
with the excitationg®?® Subsequently, we exploited the C (Fig. 6) and the semicylindrical prism in the case of serfes
PSTM in a focused-beam Kretschmann-Raether configurdFig. 3.
tion to generate three-dimensional images of propagating
SPP mode&’~*?In addition to these basic propagation stud- «10-5pa onto clean sections of silica slidézsx 18 mm,
ies there has been particular interest and progress in the arggproximately. These films readily formed a surface layer of
of elastic scattering of SPP's from surface structdfes}  gjyer sulfide, AgS, hence the complete structures examined
spawning the idea of the two-dimensional micro-optics Ofyere of the form silica substrate/Ag/A8. The silica slides
SPP’s: _Afascmatmg branch of thls f_leld has been the study,yere coupled to silica prisms using index-matching gel in
of multiple scattering and localisation of SPPs on_roughyqer o facilitate wave-vector matching between the incident
metal films®’ including those exhibiting fractal structut®. light beams and the SPP mode at the Ag//gir interface.
There has been a parallel set of activities “Siﬂg scanningets of samples covering the thickness range 25—70 nm were
probe techniques in the excitatitrand dgtecho‘f’? of lo- repared and examined. Here we report results on two such
calized plasmon resonances on metallic nanoparticles. Olyats series and seriesS: within each series the samples are
servations have included a determination of the homogeyaniified asA1—A3 and B1-B3, in order of decreasing

neous line broadening of the plasmon resonance of a Singlﬁickness. A further sampleC, for which Ag,S thickness
nanoparticlé’ and a squeezing of the optical near field anngwaS kept to a minimum was, examined. All measurements
a line of coupled nanoparticlés. were taken in air. ’

The object of the current investigation is to make a rigor- - e pSTM arrangement is shown in Fig. 1. The important
ous connection, on a sound physical basis, between the Mz re is that the tip-sample distance regulation is derived
croscopic optical probéPSTM data on SPP propagation, from an evanescent field at a different wavelength, from

a.nd the macroscopic, far-field .optical characterizationthat of the localized launch measurements. Rjecontrol
yielded by ATR measurements. It is important, in our VieW, paam is unfocused and thus covers a macroscopic(area

that the results of the scanning probe techniques do not exﬁmz)_ On the bare coupling prism, without the sample in
in isolation. Although of a basic nature, this type of study is lace, the control-beam evanescer}t field is that due to the

missing_in the Iite_rature on th? SL.ijeCt to date. The work th otal internal reflection of light incident a#>#6.. On the
follows is essentially a quantitative development and analyy,jn Ag films, the control beam is coupled to the SPP at the
sis of the SPP propagation studies presented by us in Ref. 3 etal/air interfaceat internal angledsps> 6) and the eva-

nescent field is that associated with the SPP mode. Indeed, it

is possible to set up the control-beam evanescent SPP field
The samples in this study comprise thin Ag films depos-so that it extends across a metal film etfge across a gentle

ited by thermal evaporation at a base pressuresd  step on a metal filff without significant radiative scattering,

<+— HeNe laser
(A, =543.5 nm)

4— HeNe laser
(A, =632.8 nm)

FIG. 1. Schematic diagram showing optical inputs to the PSTM.

Il. EXPERIMENT
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for the purpose of studying the interaction of locally with the focused probe beam had to be set up with some
launched SPP’s with such features. careful manipulation to ensure that it was incident at an

The arrangement of a separate control beam means thahgle centred at- fsppand that it fell near the center of the
the probe beam at; can be independent with respect to ~1-mn? footprint of the control beam. The setting-up pro-
spatial extent, polarization, and time duration. In this experi-cedure and the taking of results meant that a sample was in
ment the red probe beam, of wavelength=632.8nm, is the PSTM for a period of typically several days to a week.
focused to a tight spot within the footprint of the green con-The consequence of the delay between the PSTM and ATR
trol beam of wavelength,=543.5 nm. The probe beam was measurements, in terms of sample aging, is given careful
first passed through a prism polarizer in order to select theonsideration, particularly in the case of serisvhere the
p-polarized state and then expand@Dx) prior to being delay was more protracted, 2—3 weeks. SeBesamples
focused, through the coupling prism, onto the Ag substratevere examined first chronologically, prior to our realization
surface using a best form laser lens of focal length 190 mmof the degree of sample aging in the working environment.
This setup offers the necessary degree of probe beam con- The lateral(X-Y) calibration of the PSTM scanner tube is
finement(on the order of 1Qum), along with a reasonable clearly very important. Since the PSTM setup had only op-
working distance between the bench optical components arntital feedback to regulate the tip-sample distatie, there
the PSTM head. If a bare coupling prism of triangular secis no other distance regulation mechanism such as shear
tion is used, the probe-beam evanescent field, as monitorddrce), the calibration was carried out using a specially pre-
by the PSTM, is well confined but of an elliptical footprintin pared glass substrate, patterned with an array of well-
the plane of the substrat®the elliptical shape arises simply separated, square protrusions of sider and separation 8
form the non-normal incidence of the input beam. If a semi-um. Although there is obviously some scattering of the eva-
cylindrical coupling prism is used, there is additional focus-nescent field at the sides of the squares, the repeated optical
ing of the probe beam in one plane only. Thus, with thepattern facilitated calibration of the lateral range 1®%
focusing optimized along th¥ direction(refer to Fig. 3, the  over the tube scanner range of gfh. The system software
evanescent field intensity is spread out in a long ridge in theould compensate for nonlinearity ¥rtandY displacements
Y direction! A semicylindrical prism was used with th®  and indeed also foK-Y cross-talk. Absolute calibration of
series of samples, while triangular prisms were used withhe vertical movement is less important than the integrity of
seriesB and sampleC. its linearity since only relative heightintensitie$ are com-

The signals at the two different wavelengths are indepenpared; the calibration was performed using both broad step
dently detected using a ¢22) fiber coupler in conjunction features on a patterned glass substrate and an interferometric
with optical bandpass filters of appropriate center wavedisplacement technique.
lengths. The fiber tips used in the experiment were directly There are two important points of a more general nature
etched on the input fibers of the coupler. The tips were bareglating to the experiment:

i.e., the sides wermot coated with metal, the effective aper-  (a) First, the PSTM makes use of a nonperturbative, bare
ture being determined by the tip profile and the exponentiabptical fiber tip, as opposed to a metallic tip or metal-coated
decay of the electromagnetic field away from the sampldiber tip. A variety of theoretical methotfs* concur to
surface. The PSTM images of SPP propagation are shown ishow that for a sharfradius<0.1\), uncoated, dielectric tip,
Figs. 3, 5, and Ginse}. the tip-sample coupling is negligible and the detected inten-

For ATR analysis the samples are mounted on triangulassity is proportional to the squared modulus of the near field
silica coupling prisms, so that no beam focusing takes placealculated at the position of the tip apex in the absence of the
at the input face and the angle of incidence remains welprobe.
specified at the sample face. The ATR rig comprises two (b) Second, in the dual-beam PSTM technique that we
coaxially mounted, stepper-motor driven rotary tables, onénave developed the signal indicating the presence of the SPP
supporting the sample and the other a Si photodiode thahode is generatedirectly through local scattering of the
tracks and monitors the reflected beam. Prior to the samplI8PP evanescent field itself. There is an advantage here rela-
the beam is split to yield an intensity reference signal that igive to STM measurements of SPP propagafittf, which
divided into the reflected signal. Reference to total internately on second-order effects-?’ The technique is also more
reflection on an uncoated section of the substrate establishefaightforward in principle than the far-field ATR study of
an absolute reflectance scale. Up to 1000 points per angtbe localized launching of SPP modes. In the ATR approach,
scan range are recorded. In their final form the data are présoth a directly reflected component of the stimulating light
sented as graphs of reflectan@®rrected for reflections at (the focused beam fills, or even overfills, the angular width
the input and output faces of the prisis a function of the of the SPP resonance centredéabp and a component of
internal angle of incidence in the pristrigs. 2, 4, and light reradiated from the SPP mode propagating along the

The PSTM had only one rotary table incorporated in itssurface are necessarily detectéd’ Interference between the
design. This had two important consequences. First, detailedvo components means that even simple information on
ATR measurements could not be madesitu, and so were propagation is not intuitively presented and must be de-
performed in a separate syste(described abovyeafter convoluted from the reflected beam profile. An adjunct is
completion of the PSTM measurements. The second was th#iat there is no real prospect of studying the full gamut of the
only the control beam could be set up conveniently and rapSPP micro-optics in a tractable manner.
idly in the PSTM. The more cumbersome optics associated In summary, we emphasise the point that the crucial fea-
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FIG. 2. ATR curves for serie8-samples A1—-A3) taken using
a silica coupling prism of equilateral triangular section. Crosses are
experimental data and the solid line is the best-fit calculated curve
in each case. Optical data derived from the fitting procedure are
given in Table I.

ture concerning the PSTM measurements here is not sub-
wavelength resolution, but the direct, relatively nonperturba-
tive probing of the SPP evanescent field. This, combined
with the X-Y scanning capability of the instrument, means
that there is a graphic, three-dimensional representation of
the SPP evanescent field intensity, rendering propagation
away from the localized launch site directly observable in a
very intuitive fashion.

(b)

FIG. 3. PSTM images of SPP propagatifigft to right) from
localized launch site at;=632.8 nm, the semicylindrical coupling
ll. RESULTS AND DISCUSSION prism used in the setup is shown in Fig. 1. The scan range is 36
X 36um. () SampleAl; measured & propagation length is 19.5

Figure 2 presents the ATR data for seri&swhile the um. (b) SampleA3: measured # propagation length is 4.5m.

PSTM images for samples1l andA3 (longest and shortest
propagation lengths, respectivere shown in Fig. 3. Like- of crosses(every fifth point typically, while the best-fit
wise the ATR data for serieB and the PSTM images for computed curve is represented as a solid line. The data thus
samplesB1 andB3 are shown in Figs. 4 and 5, respectively. derived from the ATR curves are summarized in Table |,
In the PSTM images SPP propagation is clearly evidencedlong with the propagation length&'RLgpp, calculated on

by the elongated tail section that decays exponentially awaghe basis of those dat@s outlined in Sec. Il B and the
from the localized launch site. With regard to the ATR lengths, PS™L¢pp, measured directly from the PSTM im-
curves it is understood intuitively that the broader the SPRyges.
resonance, the more heavily damped the excitation and there- .
fore the shorter its propagation length. This is graphically 1.0
seen to be the case from a cross-comparison of the ATR 0.9 &
curves and PSTM images. 0.8 ¥
0.7
06|
05|

A. Analysis of the ATR curves—optical and thickness data

From the ATR plots it can be seen that the range of Ag SERIES B

REFLECTANCE

film thickness covered conditions ranging from undercou- & %4 [T SrervENT W ]
pling (samplesAl, B1, andC) (Fig. 6) through optimum 031 THEORY ' ]
coupling(samplesA2 andB2 approximate to this conditign 02r ]
to overcoupling(samplesA3 andB3). With decreasing film 011 » ]
thickness it is also seen that the reflectance deré, de- 0.0 oomme Py T — T T 8
fl:re:?a?j giving rise to a progressively more pronounced fea INTERNAL ANGLE (DEGREES)

..

Thin film optical and thickness data are generated by fit- F|G. 4. ATR curves for serieB-samplegB1-B3) taken using a
ting calculated reflectance curves to the experimental datajlica coupling prism of equilateral triangular section. Crosses are
This procedure is done with the aid of a minimization experimental data and the solid line is the best-fit calculated curve
routing’® with user-defined constraints on the data. In Figs. 2jn each case. Optical data derived from the fitting procedure are
4, and 6, the experimental ATR data are depicted in the frongiven in Table I.
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FIG. 6. ATR curve for sampl€ taken using a silica coupling
prism of equilateral triangular section. Crosses are experimental
data and the solid line is the best-fit calculated curve. Optical data
derived from the fitting procedure are given in Table I. The inset
shows a two-dimensional PSTM image of SPP propagation; the
scan range is 4040 um.

(sA923=8.5+i2.0). In view of such variation, the optical

data for the AgS “adlayer” were loosely constrained in our
semiautomatic fitting procedur@alue ranges of 5-10 and
0-5 for the real and imaginary parts @,{QZS, respectively,

as was the thickness. The fitting procedure yielded an aver-
age value ofsAgzsz 8.69+12.72 across all samples, except

B1. SampleB1 was the most awkward to fit and produced a
value ofsAgzs=9.86+i4.50, out of line with those of the

other samplegsee Table )l SeriesB samples are generally
more contaminated than seridssamples(average value of
tag,s=2.06nNm as opposed to 1.27 pmwhile sample

FIG. 5. PSTM images of SPP propagatifieft to right) froma ¢ (tag,s=0.85nm) is the least contaminated, as intended. In

Iocallz_ed launch site _at1:632.8_nm, _the triangular coupling prism ddition, in seriesB, the magnitude of, for the Ag film
used in the setup is shown in Fig. 1. The scan range is 3t Ifis | than f io% and <. whil
X36um and insets show two-dimensional views of images. IISEIT IS 1ess than for Series and Sample, While £; assumes

a greater value. This indicates a possible degradation of the

SampleB1; measured & propagation length is 13.&m. (b) . . . ; .
SampleB3; measured & propagation length is 4.am. ﬁ‘g f'(ljm _'tg,fgg as the sulfide ingresses along Ag grain
oundaries”™

Before addressing the comparison of the differently de-

rived propagation lengths, it is necessary to consider the B. Determination of propagation lengths
ATR-based optical dielectric function and thickness data.
The first important point is that the inclusion of a Aysur- 1. PSTM data

face layer is found to be essential; the thin-film system is |y the PSTM images the dpropagation length for SPP’s,
thus modeled as a four-media, three-interface, siIicaPSTMLSPP, may be measured directly from the exponentially
AglAg,Sair structure(The growth of AgS is not surprising,  decaying tail outside the launch site. For each image, several
since the laboratory was situated in the vicinity of a coal-jine scans in the exponential tail section are extracted. A
burning plantl In all cases the optical data for Ag was tightly simple exponential decay curve is fitted to each set of data
constrained in the fitting procedure, taking as guidance theas were straight lines to the corresponding(imtensity)
typical values cited in the literatuf@>" the film thickness pjots]. The quality of the individual fits is generally very
was loosely constrained. Extant data for the,3glielectric  good with a variance in the range 0.01—0.1. The small varia-
functior?* > display a real part in the range 5.8-9.0 and anjon in PS™_ ¢, between different line sections taken from
imaginary part that varies from 1.8 to 6.7 a&632.8nm.  the same image appears random in nature and is not, for
Several investigations have addressed SPP monitoring @xample, related to the launch intensity. The variation gives
Ag,S growth?***5" with Wilson™ producing eag,s=7.34  rise to estimated errors of betweer2.5% for the longer
+i6.70, while other®5” have actually utilized the long- propagation length$14—20 um) and +5% for the shorter
standing ellipsometric data of Bennett and co-workers propagation lengthé~5 um).
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TABLE I. Summary of ATR and PSTM data. The thin-film optidaielectric function and thickness data for the Ag film and /8
adlayer are based on optimized fits of calculated to experimental ATR c(Figss 2, 4, and 6 The 1£ SPP propagation length calculated
on the basis of the ATR thin-film parametées described in the texis denoted*™RL spp, While that observed directly in the PSTM images
is denoted™S™L gpp.

SPP 1¢ propagation
SPP 1¢ propagation length  length measured from

Optical and thickness data determined from ATR calculated from ATR data PSTM data
tag tag,s

Sample €ag (nm) €Ag,S (nm) ATRL spp (um) PS™ML spp (um)
Al —17.93+i0.79 61.6 8.7+i2.98 1.17 19.3 19.5
A2 —17.18+i0.74 52.6 8.92i2.57 1.57 13.7 13.6
A3 —16.99+i0.79 27.1 8.6412.69 1.07 3.2 4.5
Bl —16.54+i0.95 55.0 9.86-14.50 2.65 7.5 13.8
B2 —16.69+10.94 37.2 8.63i2.82 2.02 4.0 7.8
B3 —16.62+i0.94 25.9 8.19i3.11 1.52 2.2 4.9
C1 —17.65+i0.73 57.0 9.03-i2.17 0.85 20.7 18.8

2. ATR data say the normal modes of the thin-film system are calculated.

The values of S™_¢ppmay then be compared with val- The caIc_uIa'Fion is thus pertinent to the regipn outside the
ues based on the ATR measuremeft&L¢pp, that are de- launch site in the PSTM experiments—that is why care is
rived as follows. The optical and thickness data arising fronfaken to derive values df*™Lgppfrom only the decaying
the fitting procedure on the ATR curvéSec. Ill A) are input tail section outside the launch region in the PSTM images.
to a program to calculate the SPP dispersion and dampinghe dispersion/damping relation relevant to the samples ex-
properties. The program is based on the well-known SPRmined here is that for a four-media, three-interface system,
multilayer damping/dispersion relatiors These equations which accommodates the presence of the thin contaminating
are set up such that a driving field is not included, that is tdayer of AgS on the surface of the Ag film,

1 -1 -1 0 0 0
80 81 81
— - = — 0 0 0
Ko Ky Ky
0 eh e kil -1 -1 0
0 L ekidy e kidi  _ g2 g2 o~ 0. @
kl 1 k2 k2

0 0 0 eked2 e ket -1

€2 €2 _ €3
0 0 0 Z2 kod, £2 —kyd, Z3

Ky © Ky © ks

|
Further details on the calculation are given by Connolly and C. Analysis of propagation lengths

Dawson® The program yields a value dfsp=k,+ik;,
wherek, andk; are the real and imaginary parts of the SPP
wave vector, determining the dispersion and damping of the Examining the propagation lengtti$able |, it is clear
mode, respectively.(Propagation in theX direction is that there is good agreement between those calculated from
assumed—see Fig. 1—and no explicit vector notation ighe ATR curves,ATRLgpp, and those extracted from the
therefore used.The 1k propagation length is related to the PSTM images”S™Lgpp, for the case of sampleal, A2,
damping term through™RL gp= 1/(2k;). andC. The agreement is less good for sampR while for

1. Series A and sample C
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TABLE II. SPP propagation lengths, calculated on the basis of the optical data yielded by analysis of the ATR curves for samples
A1-A3 andC. Sample labels and thicknesses of Ag and,&\dpyers are given in columns 1 and 2, respectively. For each sample the
propagation length is calculated for the actual film struct@f8Lg,,. column 6—as in Table)land for three other notional cases using the
optical properties specified in Table(s) Ag of semi-infinite optical thicknesgaken as 200 ninwith no Ag,S overlayercolumn 3; (b) Ag
of the characterized film thickness with no &goverlayer(column 4; and(c) Ag of semi-infinite optical thickness with a A§ overlayer
of characterized film thicknegsolumn 5. The values ofAL specify the decrease in propagation length due to reradiation IGssesns
7 and 10 and to intrinsic damping by addition of the 4§ layer(columns 8 and Rin proceeding from the optimum length .., , [SPP
on optically thick, clean Adcolumn 3] to that for the actual Ag/Ags film structure via two different pathways.

1 2 3 4 5 6 7 8 9 10
AL AL
thg Ag..—Ag; AL AL AQ..— Agi+Ag,S
and ATRLgpp  reradiation AgQ.,—Ag+Ag,S Ag.—Ag..+Ag,S reradiation
tag,s Lagey Lagny Lagemgs Ag(t)/Ag:S loss Ag,S loss Ag,S loss loss
Sample (nm)  (um)  (um) (em) (em) () (em) (em) (pm)
AL RS g7 200 232 19.3 -8.7 ~9.7 ~145 -3.9
A2 i’zss’ 368 208 203 13.7 ~16.0 —71 ~165 ~6.6
AS 21 w7 37 223 3.2 ~300 05 ~11.4 ~19.1
c 878'2 394 262 28.9 20.7 -13.2 -55 -105 —8.2

samplesB1-B3 the value of"S™_ o is approximately and add the AgS layer the propagation length reduces from
double that of*™RLgpp. To aid the discussion on the factors 29.0 to 19.3um.

that influence the propagation length, Table Il is presented, (b) The second consideration is reradiation of the locally
in which values of propagation length are calculated for varidlaunched SPP mode that occurs in the PSTM setup. As the
ous scenariogseriesA and sampleC only). These consist of SPP propagates along the surface of the Ag (ittside the

an ideal semi-infinite Ag/air system in which there is nolaunch site it can couple back to radiation in the silica sub-
contaminating AgS layer and examples of thin-film struc- strate. This constitutes a loss of energy from the mode and
tures intermediate between the ideal case and the sampl#is decreases the propagation length. This loss mechanism
actually observed. The value @fyy., cited for the semi- is necessarily always present since there must be finite cou-
infinite Ag/air case is based on the actual Ag optical data ap!ing, across the metal film, between free electromagnetic
derived from the ATR measurements for the particularradiation in the substrate and the SPP mode on the outer
sample concerned. This may be regarded as the maximugurface of the sample in order to excite the mode in the first
achievable propagation length on the material of that samplealace. The magnitude of the reradiation is simply a function
It can be seen from Table Il thdtsy., is actually quite of the thickness of the film supporting the SPP mode and

sensitively dependent on the value&gf; . may be assessed from the data in Table Il. For sagle
The fact that™™_¢pp is significantly less tharl o)  for example, the reradiation loss accounts for a reduction in
requires consideration of several important issues. propagation length by 8.%m from Lage)=37.7um for

(@) The first pertinent issue is the influence of the,8g clean, semi-infinite Ag to 29.Qum on a clean Ag film of
layer. The fact that a polarizable medium is adjacent to thehjckness, 61.6 nm.
interface supporting the SPP leads to a redistribution of the AR examination of Table Il shows clearly that it is not
mode electromagnetic energy such that damping in the megasible to identify separately the loss in propagation length
tallic substrate actually increases, leading to shorter propaggrelative to the ideal cagelue to surface contamination and
tion lengths. The effect is well documented in the literattire ragiative damping. The two loss mechanisms are interrelated
and is the basis for SPP sensors of various types. Equaliynd it is a matter of choice how one notionally progresses
importantly here, however, the A§ layer has a significant  from the ideal system with 5., to the experimental system
value of the imaginary part of its dielectric function. It is \ith PSTM_¢pp. However, it is clear that both damping
thus an optically “lossy” medium and is responsible for nechanisms play comparably large roles.
significant internal damping of the SPP energy. Considering (¢) The third important point relates to the calculation of
the data for samplé1 in Table II, it can be seen that the the SPP dampintand dispersionthat is crucial to the analy-
ideal-case propagation lengthag.,=37.7um, is reduced sjs of our measurements since it makes the link between the
to 23.2 um by the addition of just 1.17 nm of A§ of di-  data obtained under the condition of a driving field being
electric functionsAgzsz 8.71+i2.98. Similarly, if we start presenfATR casé and where such a field is absé¢RSTM
from a clean Ag film of the actual thickness of the samplecase, outside the localized launch sit¢/e comment on the
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solution of the SPP dispersion relation for a thin-film system
with reference to the work of Wendler and Hadptwho
present two “virtual mode” SPP solutions. Their type | so-
lution corresponds to a pole in the reflectance of the standard
Fresnel reflectance function, where the denominator appar-
ently goes to zero. Physically this situation corresponds to no
driving field being present and is taken to represent free SPP
propagation. Equationi2) expresses this condition for the
four-media, three-interface case. Type Il solutions, in the ter-
minology of Ref. 61 correspond to the case of a zero in the
numerator of the reflectance function—here there is a driving
field, but no reflected field and this condition is taken to offer
an accurate description of the data obtained in ATR experi-
ments. Unfortunately in Ref. 61 it was found that the value
of k; became negative for small coupling gdps., the thick- FIG. 7. Cross sections of the PSTM image of Fige)5f SPP
ness of the metal film itself in the Kretschmann-Raether conpropagating on samplB1, taken normal to the direction of propa-
figuration, implying an unphysical SPP energy amplification gation at various distances along the SPP path: —, center of launch
process. Mathematically we find that this behavior is allow-site;], ~10 um; A, ~20 um; and X, ~30 um from the center of
able but we constrain the damping term to increase withe launch site. Sections are normalized to same maximum intensity
decreasing thickness. Thus the difference between the valy@lue.

of k; for the case of a semi-infinite metal and the larger

value at finite thickness is taken to represent damping due tef EQ. (2) will lead to a small overestimation of the value of
reradiation into the substrate. This leads to a satisfactory' Lspp, cOmpared with the theory developed by Baida, Van
situation physically. For example, at the thickness for opti-Labeke, and Vigoureal Second, comparison was made
mum coupling in the ATR geometry,,, the radiative and With the significantly smaller value OfS ™ gpp=13.7um
internal damping components are exactly equalt this found experlmentallﬁ'? The authors surmised correctly that
point the Haupt and Wendler value &f passes through the condition of the metal surface is responsible for the large
zero) Conversely, in terms of free SPP propagation on a filmdiscrepancy. Following the analysis pertaining to E).

of thicknessf,y, the mode has a propagation length exactlyhere, we may retrospectively add a layer of ;Bgwith
one-half of that which it attains on the surface of a semi-£ag,s=8.69+12.72,taq s=1.27 nm(averaged data for series
infinite sample for which the radiative damping term is zero.A here to the Ag film of Ref. 30, but using the actual Ag

Our procedure works well for films in the thickness rangedata derived here for the seriéssamples §5,=—17.37
from semi-infinite (taken here as 200 nnto slightly less  +i0.77). This procedure modifies the calculated propagation
thant,,. However, for films of thickness significantly less length,"™RL spp, from 24.3 to 22.Qum for the clean Ag film
thant,, (overcoupled ATR regimethe damping appears to and decreases it to 14,8m for the AgS-contaminated film.
run off rapidly leading to shorter values 6fRLgppthan  The significant discrepancy between the experimental value
should be the caséThe computer routine can also becomeof Ref. 30 and that found by Baida, Van Labeke, and
unstable for very thin films, generating spurious valueskfor Vigoureu® is thus largely resolved.
andk; .) We consider this to be the primary reason for the
disagreement between the calculated valué''61.spp and 2. Series B
PSTM_¢ppin the case of sampla3.

Finally in relation to point(c) it is important to note also
the recent work of Van Labeke, Baida, and Vigouf&and
Baida, Van Labeke, and VigoureG%®* which replicates
very well the type of resultéi.e., PSTM imagespresented

Normalized intensity

Distance in Y-direction (pm)

The comments in relation to samph3 with regard to
underestimation of*"RLgpp, apply to sample®3 and B2
(slightly overcouplefito some extent also. However, in the
case of the serieB-samples, the overriding reason for the

H ™ ATR H
here and in our previous PSTM work on SPPs*In those Slrf;s%;??figtt:tb?mefgngLZ?Ptigdsaml_pslgglsbSutﬁetog?orv(\e/z: of
articles the full three-dimensiondBD) Gaussian nature of éﬂther AGS between the PSTM and ATR measurements. To

the input beam is rigorously taken into account, as are th monstrate th int.if th laver haracterized on
detailed launching conditions and the subsequent SPP prop gmonstrate the point, e 29 layer, as characterized o

gation. For a set of conditions that mimic the experimentalsample_Bl’ is replaced by a Iaye_r of the average dielectric
ones reported in Ref. 3(0.e. Gaussian beam of width 7.9 2nd thickness data for the senAssampIes(aAgzsz 8.69
M, tay=53NM, z,,=—17.9+i0.7) Baida, Van Labeke, +12.72, tag,s=1.27) then the value ofATRL ¢pp increases
and Vigoureau®® find "®°™_gp=22.5um. There are two from 7.5 to 12.7um, in much better agreement with the
important points of comparison in relation to this value.value of "S™_ gp=13.8um.

First, it was remarkef that it can be compared to a theoret-  Finally, we consider Fig. 7 and the SPP behavior inYhe
ical limit of 24.3 um. The latter figure refers to the case of direction, i.e., normal to the propagation direction. The figure
the Ag film as outlined above, but for the case of infinite shows sections of the evanescent field intensity for sample
plane-wave SPP propagation, the assumption that underpisl as monitored by the PSTM in thédirection. The four

the analysis performed here. In other words, the applicatiorross sectiongderived from the image of Fig.(8] were
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taken at approximately 1m intervals along the propaga- cited propagation lengths from adjacent features on the same,
tion path with the first section being taken across the centeB0-nm-thick Ag film range from 7 to 3@m. For a clean,

of the launch site; the line profiles are all normalized to the80-nm-thick Ag film the SPP propagation length is 3
same maximum value. Figure 7 illustrates that, even on &using our best case, sampledata,epg= —17.65+i0.73);
Ag,S-contaminated surface, the SPP remains extremely welb obtain propagation lengths of 30 andum would, for
confined in the original launch direction. The high degree ofexample, require the presence of 0.50 and 5.5 nm gBAg
confinement in propagation is confirmed from samg&s  respectively, based on our average,8glata,eaq,s=8.69
andC, but sampleB3 displays rather too short a propagation +i2 72. We do not consider such variation in the ,8g
length to make any such measurements very meaningful. thickness on immediately adjacent regions of the same Ag
may be concluded that there is no significant elasticim to be physically reasonable.

SPP-SPP scattering that is strongly directional; significant  |n summary, this investigation has demonstrated the con-
forward scattering, for example, would lead to a broadeninthection between conventional, macroscopic characterization
of the successive pI’OfileS in F|g 7. HOWeVer, an angularl)bf SPP’s using ATR and SPP propagation properties as de-
isotropic scatteringdetectable outside the specular beam retermined from PSTM measurements. In the undercoupled to
flection in ATR measurementsvould give rise to a small optimally coupled regiméthicker Ag films good agreement
background intensity outside the main SPP beam and mayas been achieved on the SPP propagation lengths derived

not be readily detectable in the PSTM images. from the two types of measurements. The analysis highlights
limitations on the propagation length due to enhanced intrin-
IV. SUMMARY AND CONCLUSIONS sic energy dissipation from A§ growth and reradiation of

This investigation was confined to the issue of SPP pro the SPP back into the prism. In addition, it was observed
. vestig . . PrOP35m the PSTM images that even for these contaminated Ag
gation. Without a proper understanding of this most basic o

physical properties and ultimately of the optimization of samples, excellent directionality of the SPP propagation

PSTM___ 'the prospects for multicomponent manipulation of V&Y from the launch site is preserved.
SPP’s and hence SPP micro-optics are very limited. Indeed,
it may not be possible to properly understand and interpret
images of the SPP interaction with even single surface fea- We would like to acknowledge the financial support of
tures. For example, in a further stifdyn which we address the CNRS and the Royal Society under the European Science
SPP propagation over a gentle Ag step structure, it is clearlxchange Program to facilitate the inception of this work,
important to characterize the propagation on the thinner andrhich is currently supported by the U.K. Engineering and
thicker plane film regions either side of the step, in order toPhysical Sciences Research Council under Grant No. GR/
ascertain SPP properties across the step. On the other hah®1937. B.A.F.P. would like to thank the European Social
the SPP “flashlights” reported in Ref. 34 constitute, we be-Fund and Queen’s University, Belfast for financial support.
lieve, a case of image misinterpretation. The authors clainin addition, we are very grateful for the excellent technical
the flashlights arise from the launching of propagating SPP’support offered by Yvon Lacroute, Christof Aquilina, and
from asperities on the surface of a metal film. However, theTerry McKenna.
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