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Imaging standing surface plasmons by photon tunneling
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We present a direct method for optically exciting and imaging delocalized standing surface plasmons in thin
metal films. We show theoretically that when imaging the field of the plasmons with a photon scanning
tunneling microscope, the presence of the dielectric probe has a negligible effect on the surface modes of the
metal film. We demonstrate that plasmon interference can be sustained in arbitrarily large regions of the metal
film in comparison to the excitation wavelength. This knowledge can be important when seeking the relative
distance between two scattering centers such as the presence of micron or submicron structures.
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I. INTRODUCTION of the effect of the probe on the surface modes of metal

Interference is by far one of the most intriguing phenom_substrate. In order to verify the experimentally observed in-
ena of the submicron world. The holographic informationterference pattern, due to two surface plasmons of opposite
carried by two interfering waves/particles—i.e., the ampli-momenta, Sec. Il ends with an analytical expression for the
tude and phase of the resulting field—has brought aboufinge separation. Having established the negligible distor-
many interesting applications in fields such as microstopytion imposed by a dielectric probe, we, in Sec. lll, using a
and optical sensorsin addition, surface modes of metafs  photon scanning tunneling microscope, present and discuss
have played a central role in scanning probe microscopyhe experimental observations in the near field of the stand-
(SPM) and continue to be the subject of numerous recening surface plasmons, excited in a wide spectral range from
studies® An important category herein is the study of scat-the ultraviolet to infrared, as depicted schematically in Fig.
tering and interferenéé of the surface plasmoh&and how 1. A conclusion is given in Sec. IV.
they may be probet:'?We present in this paper a theoret-
ical analysis, experimental observation, and imaging of II. THEORETICAL DISCUSSIONS
standing-wave surface plasmons. These standing waves can i ) ) ) ] ]
be envisioned as the collective analog of electron holography e first note that the dispersion relation, for a dielectric
and can open up new applications. In particular, due to thé€) bounded metal filn{of thicknessd) with a local dielec-
long coherence length of the standing waves, the potential dfC function e(w) residing on a dielectric substrate of dielec-
such phenomena for the detection of scattering centers cdfC function &, can be calculated by solving the wave equa-
be used in single-molecule detection on smooth metal sution for the entire system and satisfying the boundary
faces. However, the consequent spatially modulated ele€onditions on the field®(w)=€(w)E(w) at the charge-free
tronic configurations need to be characterized. Such eledV-E(w)=0] interfaces, yielding
tronic modes and their associated periodicities may be [eds — e(@)ks][koe; - Kye(w)]
studied by their surface electromagnetic fields. Reddick, 2k,d = In[ 72 3llfo& ~ M €w } (1)

[esko + e(w)ks][Kz€ + ki e(w)]

Warmack, and Ferréff showed that the signal generated in a
photomultiplier tube by the action of photon tunneling from , 1i-h after some algebra can also be expressed as the fol-
%wing transcendental equation:

an evanescent field into a dielectric medium may provide
means of studying the topography, spectral characteristics,

and electrodynamics of the hosting interface. However, the & & 4
probing medium often interacts with the probed material in €(w) + cothkyd Ka + K. koe(w) + fsftﬁ =0, (2
such a way that the surface modes and their resonance con- $ s
ditions may be modified**5 where ki(w) =[K*— €(w)0?/c?]M?, 1=1,2,3, with €,=¢€;, €

In this report, we study the influence of a dielectric probe=e(w), ande;=¢,. For a vacuum-bounded foi¢,=1. Assum-
on the surface plasmon dispersion relations of a thin metahg the upper surface of the metal resideszad, we next
film, which, owing to the relevant subwavelength dimensionsshow how Eq(2) is altered as a result of the presence of the
involved, can be considered in the nonretarded limit. We thuslielectric probe in the subwavelength region of the metal
begin Sec. Il with the dispersion relations of the surface. We take into account the finite curvature of the tip of
Kretschmann configuratiolf,followed by the analytical cal- the dielectric probe by modeling it as a single-sheeted hyper-
culation and numerical evaluation of the new dispersion reboloid of revolution in the prolate spheroidal coordinate
lations for the composite Kretschmann-probe system. Theystem'’ Using the Mehler-Fock integral transforth,we
aim of our calculations is to provide qualitatively an estimatehave derived a new infinite integral expansfom order to
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FIG. 1. Schematic representation of the experiment for imaginge FIG. 2. Schematic representation of the probe-substrate geom-
standing surface plasmons in the Kretschmann configuration usingé\gy for imaging standing surface plasmons. The involved material

photon scanning tunneling microscope. The I&ft and right(R)

portions of the incident beam stimulate the same region of the fil

m

mains are characterized byfor the probehere taken as quaitz
e(w) for the metal(here gold, and ¢ for the quartz substrate. The

to excite two counterpropagating surface plasmons which will in_angleat is the angle between the symmetry axind an asymptote

terfere to set up standing surface plasmons.

to the probe. The upper surface of the film is defined by the plane
z=0, whilez=-d defines the bottom plane. The counterpropagating
plasmon wave vectors are denoted hy while the excitation wave

satisfy the conventional Dirichlet-Neumann boundary condiectork=2/\.
tions at the substrate surface. We thus show analytically,

within the local dielectric theory, that the nonretarded mode
of the thin metal-film substrate system are modified in such

way that the new modes are dictatedy
() + cothkd[ s+ 1 + 77 () Je(w) + ed1 + T ()] =0,
(3

where?Q“(,ut) is defined as the tip influence function and is

explicitly given by

-1
75“<m>=2( T —1) : @
where
m - &1 ) PTl/ZHq(/'Lt) 5
aq(’ut) (ft-eg”(m) PTl/ZHq(_Mt) ®

measures the polarizability of the probe amg‘(,ut)
= egl(,u)|ﬂt, with

3P 1 240(1) ©)
aMPTI/ZHq(_ :u*)
whered, partially differentiates the function with respect
to the coordinatew. The conical function$® can be repre-

€ (p) =

zunction T;”(,ut) has the limiting property thaTZ';“(Mt)—>0
when ¢, — 1 corresponding to a reduction of E@) to the
nonretarded limit of Eq2) [ki(w)=«,i=1,2,3, and;=1.0],

that is,
X(w) + cothkd(es+ 1) e(w) + €,=0, (7)

in the absence of the probe. Here, the argument of the influ-
ence function is defined gs=cosé,, where 6, is the angle
between an asymptote to the probe hyperboloid and its axis
of revolution (“tip angle,” shown in Fig. 2 while for each
surface plasmon mode, the superscriptn corresponds to
the discrete azimuthal eigenfunctions and the subsgtigp-
resents a continuous spectrum of the eigenvalues of the
probe. Curve fitting to scanning electron microscope images
of the probe provides the experimentally used numberg,for

in our work. The tip-film distance is defined b¥y,

=z, cosé, wherez, is a scale factor. Fozy=100 nm and a
probe angleg,=46°, the gap size i%,,=69.5 nm, which is

in the near zone.

The influence functior7g'(x,), a complicated function of
the conical functiond! is studied numerically to determine
the influence of the probe as shown in Fig. 3. As can be seen
from Fig. Ja), only for smallq values is there an observable

sented by the hypergeometric functions for various ranges dhfluence [7g(u,) #0]. For q=0 (corresponding to large

its argument or by an integral representafidithe influence

wavelengthy Fig. 3b) displays7g(w,) as a function of the
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FIG. 3. The simulated behavior of the influence function, Eq.

(4). (& The higher the magnitude df&‘(,ut) for a probe defined by
M =cosé,, the higher the extent to which the surface modes of the
configuration in Fig. 2 deviate from those of an unperturbed foil. (b)
Noting that for a particular mode of the influence function repre-
sented by the paifm,q), the closer to the surface and blunter the
probe, the higher the magnitude above zero as expected. In tqﬁi
absence of the probe—that is, wher O—thenTE”(,ut)=0 for all

FIG. 4. Them=1 modification of the dispersion relation of a

n metal film on a dielectric half space corresponding to the sym-

(m,q). This is particularly shown ir(b) for the strongest modes m_etri_c () and antisymmetrich) “.“Odes. of th_e surface charge dis-

[corresponding t@=0; see(a)], the effect being largest in the me- tribution. As car_l be seen_for a fixed f||r_n _thlcknedssoply a small .
momentum region experiences a negligible alteration, a behavior

llic tip limi . . 2
tallic tip fimit. €= observed in all the roots of E3). The visible range 400—700 nm

dielectric constant of the dielectric probe medium. Fpr corresponds to thecd range (for a 45-nm-thick metal film of
=(1.46?=2.13, corresponding to a quartz silicon multimode0.71-0.40.
fiber used, we getZ((u,) <0.45, whereas for large, the
influence increases so as to reach a maximum in the metallic
tip limit. In this limit however, nanometer-sized probes do study of the influence of a metal-coated dielectric probe on
not represent a perfect conductor at optical frequencies, ariie surface modes of the Kretschmann configuration, a case
plasmon excitations in the probe resulting in lo¢ptobe-  for which optical access in the visible has been repotiéd.
geometry-dependentfield enhancement result in further Through a comparison with the fully retarded Cartesian
complications of the dispersion relations of the system. Thisases, we note that the inclusion of retardation has the effect
is further shown in Fig. 4 for thém=1) eigenmodes that of pushing the modes below the light line in the small mo-
satisfy Eq.(3). We note that in the nonretarded limit, E8) mentum limit (for a fixed film thickness These modes are
is no longer transcendental, and the lower indices 1 and 2 fdfowever more photon liké.
€1', in Fig. 4 label the two resulting solutions of E¢B). Furthermore, with the metal surface defined by v
Alternatively, assuming a free electron model for the metaplane, we can show that when the charge density
coating, the dispersion relations can be expressed abmp(X,z,t)=kd(2)yP(2)exdi(wt—kx+/2)] associated with
sz(q,Kd):wp[l—ETz(q,Kd)]_llz, where w, denotes the the excitation of the surface plasmons of wave veat@n-
plasma frequency. counters a counterpropagating charge oscillation of wave
In the limit of vanishing probe, the modes in Figla#  Vvector —«, the resulting charge density will have a periodic-
reduce to the symmetric modes of a thin foil on a dielectricity dictated by co2kyesin 6p)x], so that the fringes are
substrategiven by —cothkd/2 for a vacuum bounded fil  separated bx=7/kyesin 05 and are distributed along the
and those in Fig. @) to the antisymmetric moddgiven by interface at locationg,,=mAx, m=0,+1,+2,....Here,k is
—tanhkd/2 for a vacuum bounded foil We also note that the momentum of the excitation photons afig is the reso-
the calculations presented here may be extended to includerance angle.
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IIl. EXPERIMENTAL RESULTS AND DISCUSSIONS

Our experimental arrangement is represented schemati-
cally in Figs. 1 and 2. The Kretschmann configuration is used
to optically excite surface plasmons by directly evaporating a
thin metal film onto a right-angled quartz prism. An ex-
panded and spatially filtered incident laser beam is used to
create the standing surface plasmons by internally splitting
the laser beam by the prism itself, as shown in Fig. 1. This
film-substrate system is then side mounteertical film
plane on a voltage-controlled rotation stage in order to ac- ~. - :
curately set the resonance angle. The photon scanning tun- y 10 ™0, ‘“,«\\
neling microscopdPSTM) scanner headpiezotube includ- (a) ' '
ing the optical fiber probeis also side mounted on the
rotation stage such that the head and film plane can rotate
with respect to the-polarized incident laser beam. We have
carried out the experimental measurements in the near field
of the standing surface plasmons in the wavelength range
from ultraviolet(325 nmnj to infrared(1550 nnj. For the ul-
traviolet to visible range, the tunneling signal is detected via
a photomultiplier tubéHamamatsu, with a spectral response
in the range 185-850 nm and a peak responsenat
=530 nm, while a sensitive infrared detector module
(Hamamatsu, InGaAs, noncooled-type, matched preamp-
lifier, spectral response in the range 1.1—-4&1M and a peak
response at,=1.55um, sensitivity=16 V/W at \p) is
used for the infrared measurements at 1550 nm. By placing a (b)
microscope objective near the film surface, we have also
observed the interference pattern in the far-field radiation
originating from roughness induced scattering of surface
plasmons. However, the aim of this work is to present a field
pattern originating from the interference of surface plasmons
in the near field.

Figure 5 displays the results for a 55-nm gold film excited
with the A\=632.8 nm line of a helium-neon laséwith an
output power of 10 mV) incident at 46° with respect to the
film’'s plane. Figure 6) represents the PSTM signal created
by standing surface plasmons, excited on a 25-nm gold film
with theA=442 nm line of a helium-cadmium laser, incident
at 46.6° (Kimmon, 10 mW output power measured at the
film plane. We note that the resonance angle, under these (¢)
conditions, is 60°; however, the right-angled geometry does
not allow the use of angles larger than 46.8°. This is due to
the fact that the critical angle for the prism-air systen®ds

Tunneling [arb. units]

Tunneling [arb. units]

Tunneling [arb. units]

FIG. 5. Standing surface plasmons excited a632.8 nm on a

_ o 55-nm gold foil is sensed by the probe of a photon scanning tun-
=43.2°, and thus any resonance angiethe peak absorp- neling microscope. When imaging the field of the plasmons, the

tion) larger than 90.0°-43.2° =46.8° will couple out and thepresence of the dielectric probe has negligible effect on the modes

interference will not be installed. Nevertheless, because Off the metal film and plasmon interference can be sustained in ar-
the broad absorption band of the 442 nm excitation, we Obpjrarily large regions in comparison with the excitation wave-
tained the standing surface plasmons, as depicted in Figangth. The formation of the interference pattern due to the standing
6(a), by working off the peak absorption, which resulted in asyrface plasmons in the metal film is further supported by a de-
weakening of the signal magnitude, but large enough t@rease in the intensity of the fringes updn a continuous variation
sense the pattern. We thus note that the results for this wavef the polarization state of the incident field from—s, (2) an
length can be improved by the use of a spectrally optimizednhibition of either L or R beam, an@B) a shift away from reso-
film thickness(24 nm for Au, and 45 nm for Ag in a dif- nance of the angular or spectral position of the excitation beam. No
ferent arrangement, where the two interfering beams are démage processing was performed on the presented data.

livered independently as in the case of classical holography,

without the aforementioned angular limitation. Figur@)6 sured at the film planeincident at 46° at a 29.5-nm gold
displays the standing surface plasmons stimulated bythe film. Prior to each measurement, an exponentially decaying
=1550 nm line of a continuous-wave lag@treamline-RL, surface plasmon field is detected and examined. For the case
Spectra-Physics, with an output power €fl00 mW mea- of Fig. 5, the normalized tunneling current can accurately be
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0.0 pA FIG. 7. (a) A line profile (symbols in the direction parallel to
== the plasmon wave vecto,. The fitted function u(x)=2.1
0 —-18.9 c0$20.4x+0.3 (solid curve yields a period of 0.3um. We
0 1 2 3 4 note that this tunneling signal, detected by the probe and photomul-
(b) x [A] tiplier combination, is a direct consequence of the plasmon field

amplitudes. In particular, we note the difference of this signal from
FIG. 6. Photon scanning tunneling microscope images of standthe traditional PSTM signal, where the tunneling photons are pro-
ing surface plasmons over a & 4\ region, excited, respectively, at Vided by the evanescent field produced by total internal reflection at
(a) N=442 nm using a 25-nm gold film ar{t) A=1550 nm usinga  the sample/substrate interfage) Power spectral density along a

29.5-nm gold film. The scale bars indicate the relative range of théine perpendicular to the fringes. The inset shows the two-
amplitude of in the detected signal. dimensional FFT spectrum of the image in Fig. 5. The off-vertical

axis placement of the spikes is a result of the small angle of the

) fringes with respect to the horizontal axis in image of Fig. 5.
described byf(z)=a+b exp(-c2), wherea=0.0909+0.0002,

b=0.9240+0.0006, and=0.012962+1.6X 10°, for a rela- will readily remove the scan lines presented in all the im-
tive initial distance to the foil surface. Such exponential be'ages
havior is clearly absent in the case of scattered fields. The®
fast Fourier transformFFT) of the images presented no

other periodicities in the data displayed in Figs. 5 and 6. For
clarity, this is shown in Fig. (&) for a direction parallel to the

x component of the surface plasmon wave vector and is re- We have investigated the generation and imaging of large-
inforced by the power spectral density along a line perpenarea standing surface plasmons in thin metal fiims in a
dicular to the fringes displayed in Fig(ly, for the 632.8 nm  straightforward arrangement. We conclude from the behavior
wavelength. A fringe separation dfx=302 nm can be ob- of the nonretarded dispersion relations for the surface plas-
tained from the fast Fourier transform analysis of tile  mons in the probe-metal system that the energy of the sur-
XN\ images withn up to 15. For the parameters of our face plasmon “grating” is negligibly altered by the approach-
experiment, the predicted fringe separatiom Sec. ) is  ing dielectric probe. From our results we conclude that
Ax=301.3 nm, which is in good agreement with the experi-plasmon interference can be sustained in an arbitrarily large
mental value. The observed images can be described by thegion in comparison to the excitation wavelength. This
function co$x,y), with a similar responsédouble spiké in knowledge can be important when evaluating the smoothness
their Fourier space. No fringes can be observed if the polaref the film surface or when seeking the relative distance be-
ization state of the plasmon excitation beam is changed frortween two scattering centers such as the presence of micron
p to s, a portion of the excitation laser beam is inhibited, oror submicron structures. The far-field radiation intensity of
if the resonance characteristi@ngular or spectral position the interference pattern due to scattering yields a measure of
are shifted. No image processing was performed on the prehe surface roughness. If one of the or —«) plasmons or
sented images. For example, low-pass filtering of the imagelsoth scatter inelastically before or during interference on a

IV. CONCLUSIONS
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smooth foil, then it is conceivable that a void or a distortion Access to the film surface may be useful for sensing appli-
will appear in the near-field pattern shown in Figs. 5 and 6cations, scanning probe microscopy, and nanotechnology re-
Such spatially modulated giant field magnitudes can be usesearch. Variations in physical quantities such as temperature,
ful in surface enhanced Raman scatteriB§ERS. The rela-  volume, and elasticity that cause either of the two interfering
tively simple experimental configuration can be appropriatdbeams to vary in phase or amplitude may be detected using
for surface plasmon holography and lithography, where ahe method described.

photoactive material on the surface of the metal film can

record the pattern. Surface plasmons with wavelengths ACKNOWLEDGMENTS
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