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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

Interference is by far one of the most intriguing phenom-
ena of the submicron world. The holographic information
carried by two interfering waves/particles—i.e., the ampli-
tude and phase of the resulting field—has brought about
many interesting applications in fields such as microscopy1

and optical sensors.2 In addition, surface modes of metals3–5

have played a central role in scanning probe microscopy
sSPMd and continue to be the subject of numerous recent
studies.6 An important category herein is the study of scat-
tering and interference7,8 of the surface plasmons9,10 and how
they may be probed.11,12 We present in this paper a theoret-
ical analysis, experimental observation, and imaging of
standing-wave surface plasmons. These standing waves can
be envisioned as the collective analog of electron holography
and can open up new applications. In particular, due to the
long coherence length of the standing waves, the potential of
such phenomena for the detection of scattering centers can
be used in single-molecule detection on smooth metal sur-
faces. However, the consequent spatially modulated elec-
tronic configurations need to be characterized. Such elec-
tronic modes and their associated periodicities may be
studied by their surface electromagnetic fields. Reddick,
Warmack, and Ferrell13 showed that the signal generated in a
photomultiplier tube by the action of photon tunneling from
an evanescent field into a dielectric medium may provide a
means of studying the topography, spectral characteristics,
and electrodynamics of the hosting interface. However, the
probing medium often interacts with the probed material in
such a way that the surface modes and their resonance con-
ditions may be modified.14,15

In this report, we study the influence of a dielectric probe
on the surface plasmon dispersion relations of a thin metal
film, which, owing to the relevant subwavelength dimensions
involved, can be considered in the nonretarded limit. We thus
begin Sec. II with the dispersion relations of the
Kretschmann configuration,16 followed by the analytical cal-
culation and numerical evaluation of the new dispersion re-
lations for the composite Kretschmann-probe system. The
aim of our calculations is to provide qualitatively an estimate

of the effect of the probe on the surface modes of metal
substrate. In order to verify the experimentally observed in-
terference pattern, due to two surface plasmons of opposite
momenta, Sec. II ends with an analytical expression for the
fringe separation. Having established the negligible distor-
tion imposed by a dielectric probe, we, in Sec. III, using a
photon scanning tunneling microscope, present and discuss
the experimental observations in the near field of the stand-
ing surface plasmons, excited in a wide spectral range from
the ultraviolet to infrared, as depicted schematically in Fig.
1. A conclusion is given in Sec. IV.

II. THEORETICAL DISCUSSIONS

We first note that the dispersion relation, for a dielectric
setd bounded metal filmsof thicknessdd with a local dielec-
tric functionesvd residing on a dielectric substrate of dielec-
tric function es, can be calculated by solving the wave equa-
tion for the entire system and satisfying the boundary
conditions on the fieldsDsvd=esvdEsvd at the charge-free
f¹ ·Esvd=0g interfaces, yielding

2k2d = lnF fesk2 − esvdk3gfk2et − k1esvdg
fesk2 + esvdk3gfk2et + k1esvdgG , s1d

which after some algebra can also be expressed as the fol-
lowing transcendental equation:

e2svd + cothk2dS es

k3
+

et

k1
Dk2esvd + eset

k2
2

k1k3
= 0, s2d

where kisvd=fk2−eisvdv2/c2g1/2, i =1,2,3, with e1=es, e2

=esvd, ande3=et. For a vacuum-bounded foil,et=1. Assum-
ing the upper surface of the metal resides atz=0, we next
show how Eq.s2d is altered as a result of the presence of the
dielectric probe in the subwavelength region of the metal
surface. We take into account the finite curvature of the tip of
the dielectric probe by modeling it as a single-sheeted hyper-
boloid of revolution in the prolate spheroidal coordinate
system.17 Using the Mehler-Fock integral transform,18 we
have derived a new infinite integral expansion19 in order to
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satisfy the conventional Dirichlet-Neumann boundary condi-
tions at the substrate surface. We thus show analytically,
within the local dielectric theory, that the nonretarded modes
of the thin metal-film substrate system are modified in such a
way that the new modes are dictated by19

e2svd + cothkdfes + 1 +Tq
msmtdgesvd + esf1 +Tq

msmtdg = 0,

s3d

whereTq
msmtd is defined as the tip influence function and is

explicitly given by

Tq
msmtd = 2S 1

aq
msmtd

− 1D−1

, s4d

where

aq
msmtd = S et − 1

et − eq
msmtd

D P−1/2+iq
m smtd

P−1/2+iq
m s− mtd

s5d

measures the polarizability of the probe andeq
msmtd

= ueq
msmdumt

, with

eq
msmd =

]mP−1/2+iq
m smd

]mP−1/2+iq
m s− md

, s6d

where]m partially differentiates the functionsP with respect
to the coordinatem. The conical functionsP can be repre-
sented by the hypergeometric functions for various ranges of
its argument or by an integral representation.20 The influence

function Tq
msmtd has the limiting property thatTq

msmtd→0
when et→1 corresponding to a reduction of Eq.s3d to the
nonretarded limit of Eq.s2d fkisvd=k, i =1,2,3, andet=1.0g,
that is,

e2svd + cothkdses + 1desvd + es = 0, s7d

in the absence of the probe. Here, the argument of the influ-
ence function is defined asmt=cosut, whereut is the angle
between an asymptote to the probe hyperboloid and its axis
of revolution s“tip angle,” shown in Fig. 2d, while for each
surface plasmon modek, the superscriptm corresponds to
the discrete azimuthal eigenfunctions and the subscriptq rep-
resents a continuous spectrum of the eigenvalues of the
probe. Curve fitting to scanning electron microscope images
of the probe provides the experimentally used numbers forut
in our work. The tip-film distance is defined byzmin
=z0 cosut, wherez0 is a scale factor. Forz0=100 nm and a
probe angleut=46°, the gap size iszmin=69.5 nm, which is
in the near zone.

The influence functionTq
msmtd, a complicated function of

the conical functions,21 is studied numerically to determine
the influence of the probe as shown in Fig. 3. As can be seen
from Fig. 3sad, only for smallq values is there an observable
influence fTq

msmtdÞ0g. For q=0 scorresponding to large
wavelengthsd, Fig. 3sbd displaysT0

msmtd as a function of the

FIG. 1. Schematic representation of the experiment for imaging
standing surface plasmons in the Kretschmann configuration using a
photon scanning tunneling microscope. The leftsLd and right sRd
portions of the incident beam stimulate the same region of the film
to excite two counterpropagating surface plasmons which will in-
terfere to set up standing surface plasmons.

FIG. 2. Schematic representation of the probe-substrate geom-
etry for imaging standing surface plasmons. The involved material
domains are characterized byet for the probeshere taken as quartzd,
esvd for the metalshere goldd, andes for the quartz substrate. The
angleut is the angle between the symmetry axisz and an asymptote
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 by ±k, while the excitation wave
vectork=2p /l.
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dielectric constant of the dielectric probe medium. Foret
=s1.46d2=2.13, corresponding to a quartz silicon multimode
fiber used, we getT0

msmtd,0.45, whereas for largeet the
influence increases so as to reach a maximum in the metallic
tip limit. In this limit however, nanometer-sized probes do
not represent a perfect conductor at optical frequencies, and
plasmon excitations in the probe resulting in localsprobe-
geometry-dependentd field enhancement result in further
complications of the dispersion relations of the system. This
is further shown in Fig. 4 for thesm=1d eigenmodes that
satisfy Eq.s3d. We note that in the nonretarded limit, Eq.s3d
is no longer transcendental, and the lower indices 1 and 2 for
e1,2

m in Fig. 4 label the two resulting solutions of Eq.s3d.
Alternatively, assuming a free electron model for the metal
coating, the dispersion relations can be expressed as
v1,2

m sq,kdd=vpf1−e1,2
m sq,kddg−1/2, where vp denotes the

plasma frequency.
In the limit of vanishing probe, the modes in Fig. 4sad

reduce to the symmetric modes of a thin foil on a dielectric
substratesgiven by −cothkd/2 for a vacuum bounded foild
and those in Fig. 4sbd to the antisymmetric modessgiven by
−tanhkd/2 for a vacuum bounded foild. We also note that
the calculations presented here may be extended to include a

study of the influence of a metal-coated dielectric probe on
the surface modes of the Kretschmann configuration, a case
for which optical access in the visible has been reported.19,22

Through a comparison with the fully retarded Cartesian
cases, we note that the inclusion of retardation has the effect
of pushing the modes below the light line in the small mo-
mentum limit sfor a fixed film thicknessd. These modes are
however more photon like.4

Furthermore, with the metal surface defined by thez=0
plane, we can show that when the charge density
4prsx,z,td=kdszdc0szdexpfisvt−kx+p /2dg associated with
the excitation of the surface plasmons of wave vectork en-
counters a counterpropagating charge oscillation of wave
vector −k, the resulting charge density will have a periodic-
ity dictated by cosfs2kÎessinuspdxg, so that the fringes are
separated byDx=p /kÎessinusp, and are distributed along the
interface at locationsxm=mDx, m=0, ±1, ±2, . . ..Here,k is
the momentum of the excitation photons andusp is the reso-
nance angle.

FIG. 3. The simulated behavior of the influence function, Eq.
s4d. sad The higher the magnitude ofTq

msmtd for a probe defined by
mt=cosut, the higher the extent to which the surface modes of the
configuration in Fig. 2 deviate from those of an unperturbed foil.
Noting that for a particular mode of the influence function repre-
sented by the pairsm,qd, the closer to the surface and blunter the
probe, the higher the magnitude above zero as expected. In the
absence of the probe—that is, whenet=0—thenTq

msmtd=0 for all
sm,qd. This is particularly shown insbd for the strongest modes
fcorresponding toq=0; seesadg, the effect being largest in the me-
tallic tip limit e→`.

FIG. 4. Them=1 modification of the dispersion relation of a
thin metal film on a dielectric half space corresponding to the sym-
metric sad and antisymmetricsbd modes of the surface charge dis-
tribution. As can be seen for a fixed film thicknessd, only a small
momentum region experiences a negligible alteration, a behavior
observed in all the roots of Eq.s3d. The visible range 400–700 nm
corresponds to thekd range sfor a 45-nm-thick metal filmd of
0.71–0.40.
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III. 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 mountedsvertical film
planed on a voltage-controlled rotation stage in order to ac-
curately set the resonance angle. The photon scanning tun-
neling microscopesPSTMd scanner headspiezotube includ-
ing the optical fiber probed is also side mounted on the
rotation stage such that the head and film plane can rotate
with respect to thep-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 ultraviolets325 nmd to infrareds1550 nmd. For the ul-
traviolet to visible range, the tunneling signal is detected via
a photomultiplier tubesHamamatsu, with a spectral response
in the range 185–850 nm and a peak response atlp
=530 nm, while a sensitive infrared detector module
sHamamatsu, InGaAs, noncooled-type, matched preamp-
lifier, spectral response in the range 1.1–1.7mm and a peak
response atlp=1.55mm, sensitivity=106 V/W at lpd is
used for the infrared measurements at 1550 nm. By placing a
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 l=632.8 nm line of a helium-neon laserswith an
output power of 10 mWd, incident at 46° with respect to the
film’s plane. Figure 6sad represents the PSTM signal created
by standing surface plasmons, excited on a 25-nm gold film
with thel=442 nm line of a helium-cadmium laser, incident
at 46.6° sKimmon, 10 mW output power measured at the
film planed. 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 system isuc
=43.2°, and thus any resonance anglesat the peak absorp-
tiond larger than 90.0°−43.2° =46.8° will couple out and the
interference will not be installed. Nevertheless, because of
the broad absorption band of the 442 nm excitation, we ob-
tained the standing surface plasmons, as depicted in Fig.
6sad, by working off the peak absorption, which resulted in a
weakening of the signal magnitude, but large enough to
sense the pattern. We thus note that the results for this wave-
length can be improved by the use of a spectrally optimized
film thicknesss24 nm for Au, and 45 nm for Agd, in a dif-
ferent arrangement, where the two interfering beams are de-
livered independently as in the case of classical holography,
without the aforementioned angular limitation. Figure 6sbd
displays the standing surface plasmons stimulated by thel
=1550 nm line of a continuous-wave lasersStreamline-RL,
Spectra-Physics, with an output power of,100 mW mea-

sured at the film planed, incident at 46° at a 29.5-nm gold
film. Prior to each measurement, an exponentially decaying
surface plasmon field is detected and examined. For the case
of Fig. 5, the normalized tunneling current can accurately be

FIG. 5. Standing surface plasmons excited atl=632.8 nm on a
55-nm gold foil is sensed by the probe of a photon scanning tun-
neling microscope. When imaging the field of the plasmons, the
presence of the dielectric probe has negligible effect on the modes
of the metal film and plasmon interference can be sustained in ar-
bitrarily large regions in comparison with the excitation wave-
length. The formation of the interference pattern due to the standing
surface plasmons in the metal film is further supported by a de-
crease in the intensity of the fringes upons1d a continuous variation
of the polarization state of the incident field fromp→s, s2d an
inhibition of either L or R beam, ands3d a shift away from reso-
nance of the angular or spectral position of the excitation beam. No
image processing was performed on the presented data.
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described byfszd=a+b exps−czd, wherea=0.0909±0.0002,
b=0.9240±0.0006, andc=0.012962±1.63310−5, for a rela-
tive initial distance to the foil surface. Such exponential be-
havior is clearly absent in the case of scattered fields. The
fast Fourier transformsFFTd of the images presented no
other periodicities in the data displayed in Figs. 5 and 6. For
clarity, this is shown in Fig. 7sad for a direction parallel to the
x component of the surface plasmon wave vector and is re-
inforced by the power spectral density along a line perpen-
dicular to the fringes displayed in Fig. 7sbd, for the 632.8 nm
wavelength. A fringe separation ofDx=302 nm can be ob-
tained from the fast Fourier transform analysis of thenl
3nl images withn up to 15. For the parameters of our
experiment, the predicted fringe separationsfrom Sec. Id is
Dx=301.3 nm, which is in good agreement with the experi-
mental value. The observed images can be described by the
function cossx,yd, with a similar responsesdouble spiked in
their Fourier space. No fringes can be observed if the polar-
ization state of the plasmon excitation beam is changed from
p to s, a portion of the excitation laser beam is inhibited, or
if the resonance characteristicssangular or spectral positiond
are shifted. No image processing was performed on the pre-
sented images. For example, low-pass filtering of the images

will readily remove the scan lines presented in all the im-
ages.

IV. CONCLUSIONS

We have investigated the generation and imaging of large-
area standing surface plasmons in thin metal films in a
straightforward arrangement. We conclude from the behavior
of the nonretarded dispersion relations for the surface plas-
mons in the probe-metal system that the energy of the sur-
face plasmon “grating” is negligibly altered by the approach-
ing dielectric probe. From our results we conclude that
plasmon interference can be sustained in an arbitrarily large
region in comparison to the excitation wavelength. This
knowledge can be important when evaluating the smoothness
of the film surface or when seeking the relative distance be-
tween two scattering centers such as the presence of micron
or submicron structures. The far-field radiation intensity of
the interference pattern due to scattering yields a measure of
the surface roughness. If one of thesk or −kd plasmons or
both scatter inelastically before or during interference on a

FIG. 6. Photon scanning tunneling microscope images of stand-
ing surface plasmons over a 4l34l region, excited, respectively, at
sad l=442 nm using a 25-nm gold film andsbd l=1550 nm using a
29.5-nm gold film. The scale bars indicate the relative range of the
amplitude of in the detected signal.

FIG. 7. sad A line profile ssymbolsd in the direction parallel to
the plasmon wave vectorkx. The fitted function usxd=2.1
−18.9 coss20.4x+0.3d ssolid curved yields a period of 0.3mm. We
note that this tunneling signal, detected by the probe and photomul-
tiplier combination, is a direct consequence of the plasmon field
amplitudes. In particular, we note the difference of this signal from
the traditional PSTM signal, where the tunneling photons are pro-
vided by the evanescent field produced by total internal reflection at
the sample/substrate interface.sbd Power spectral density along a
line perpendicular to the fringes. The inset shows the two-
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.
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smooth foil, then it is conceivable that a void or a distortion
will appear in the near-field pattern shown in Figs. 5 and 6.
Such spatially modulated giant field magnitudes can be use-
ful in surface enhanced Raman scatteringsSERSd. The rela-
tively simple experimental configuration can be appropriate
for surface plasmon holography and lithography, where a
photoactive material on the surface of the metal film can
record the pattern. Surface plasmons with wavelengths
smaller than the exciting light and multiple wavelength ex-
citations may be used to create a grating with variable peri-
odicity, an application in optical signal processing. Important
advances in these areas may be possible if the direction of
the surface plasmons grating can be altered or modulated.

Access to the film surface may be useful for sensing appli-
cations, scanning probe microscopy, and nanotechnology re-
search. Variations in physical quantities such as temperature,
volume, and elasticity that cause either of the two interfering
beams to vary in phase or amplitude may be detected using
the method described.
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