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Electromagnetic Interactions of Metallic Objects in Nanometer Proximity
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The chemical and proximity dependence of electromagnetic interactions of various metallic bodies
at nanometer separations is probed through photon emission from a scanning tunneling microscope.
The role of local dielectric properties is determined and the strength of the electromagnetic coupling
in the cavity between tip and sample is investigated. The experimental results compare well with
model calculations and show the relative role of the dielectric functions of both electrodes as well

as the influence of proximity.
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Recent experiments with scanned probe microscopies
have demonstrated the fabrication of structures on sur-
faces with dimensions in the nanometer range [1]. These
structures are hoped to exhibit interesting physical prop-
erties compared with those of bulk materials owing to
modifications of their elementary excitations. The scan-
ning tunneling microscope (STM) introduces the ability
to perform local experiments to explore such phenomena.

We demonstrated in a recent Letter that the close prox-
imity of tip and sample in the STM gives rise to dipolar
tip-induced plasmons (TIP). These are localized electro-
magnetic modes which can be readily excited by inelas-
tic electron tunneling [2,3]. Optical emission from TIP
modes provides a direct probe of the electromagnetic in-
teraction of two mesoscopic objects in nanometer prox-
imity for which a theoretical model can be established.
The phenomena of surface-enhanced Raman scattering
(SERS) [4] are examples of a system that is critically
influenced by similar local electromagnetic interactions.
Such interactions also play an important role for clusters
[5] and nanostructured materials [6]. The resonance fre-
quency and the strength of TIP modes are determined
by a variety of factors, which are experimentally accessi-
ble using photon emission from tunneling junctions. The
geometry of the tip-sample region on a length scale given
by the lateral extent of TIP modes and by the tip-sample
distance is relevant for the electromagnetic coupling, and
the system can be considered a model cavity structure.
The TIP mode is determined by the dielectric properties
of tip and sample material as well as the radius of the tip
R and the gap spacing s.

To test these concepts directly, we used optical spectro-
scopic techniques to investigate the effect of the tip ma-
terial on photon emission. We performed simultaneous
measurements of tunneling characteristics and photon
emission spectroscopy to study the distance dependence
of the electromagnetic enhancement within the cavity of
tip and sample. The experimental results are compared
with model calculations.

The experimental configuration we use has been de-
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scribed in detail previously [7]. Briefly, our custom-built
STM is surrounded by an ellipsoidal mirror to focus light
from the tip region, which lies in the principal focus of
the reflector, in the second focal point outside the vac-
uum chamber. Photomultipliers or a grating spectrom-
eter and intensified diode array detector are used to de-
tect and spectrally resolve the emission. Tip and sample
preparation and experimentation were performed under
ultrahigh vacuum (UHV) conditions (base pressure in the
10711 mbar range). It should be noted that under ambi-
ent conditions the accessible range of tunneling voltages
and currents is severely limited by instabilities due to
junction breakdown involving material transfer between
tip and sample [8]. Ag(111) and Au(110) surfaces were
prepared by repeated cycles of Ne ion bombardment and
subsequent annealing. X-ray photoelectron spectroscopy
and low-energy electron diffraction were used to monitor
surface contamination and ordering. Etched W tips were
heated in UHV to 1000 K and then sharpened by Ne ion
bombardment. Noble metal tips were prepared by evap-
orating thick layers (d ~ 1000 A) of Ag or Au onto W
tips.

The important role in photon emission played by the
tip manifests itself in modifications of emission spectra
depending on the tip material. Figure 1 displays the
effect of tip materials on optical emission spectra from
Ag(111) surfaces. Spectrum (a) was measured with a
W tip and exhibits a single, broad maximum with a tail
extending far into the long wavelength range. Although
the tip plays a crucial role by inducing a coupled mode,
the dielectric properties of the W tip do not give rise to
pronounced structures in fluorescence spectra. This we
ascribe to the nature of the dielectric function € of W in
the visible range, which exhibits strong damping as is ev-
ident from the large imaginary part of e. Consequently,
the tip material in this case mainly affects the width
of the emission peak. For a Ag-covered tip [Fig. 1(b)],
however, strikingly different emission characteristics are
found using identical tunneling parameters. Two inten-
sity maxima at 550 and 670 nm are clearly visible. The
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FIG. 1. Effect of tip material on fluorescence spectra from
Ag(111) surfaces. (a) and (b) display experimental results
at a tip voltage of V; = —3 V for W and Ag tips. (c) and
(d) show the corresponding theoretical findings. Spectra have
been normalized using the factors given in the figure.

peaks in Fig. 1(b) are significantly sharper (full width at
half maximum < 70 nm) than the maximum in 1(a), and
the intensity is higher by more than 1 order of magnitude.
The peak positions as well as intensities varied strongly
when measured with different Ag-covered tips but the
intensities were consistently higher than those measured
with W tips. The spectra measured with various W tips,
in contrast, show consistent similarities to each other in
both spectral structure and intensity. For a single Ag
tip, variations in spectra are observed occasionally and
can be attributed to structural instabilities of these tips
when tunneling.

Figures 1(c) and 1(d) show theoretical model calcula-
tions of photon spectra for W and Ag tips (tip radius
R = 300 A) on a Ag surface for the same bias volt-
age where the detector response has been included in the
calculation [9]. The qualitative similarity between ex-
periment and theory is encouraging considering that we
have not attempted to optimize the fit. First, due to the
instabilities of Ag tips mentioned above, the dimensions
of a particular tip are not known experimentally. Sec-
ond, our nonretarded calculations are valid for tip radii
R <500 A. For a Ag tip, the model predicts several
well-resolved emission peaks as observed experimentally.
The lowest-energy resonance occurs when approximately
half of a wavelength of an interface plasmon between two
flat Ag surfaces fits into the cavity formed between tip
and sample surface. The radius of this cavity is approx-
imately equal to the distance away from the symmetry
axis where the tip-sample separation is twice its minimal
value. The additional peaks at higher photon energies
result from higher-order modes having nodes inside the
cavity. For a Ag tip both the theoretical and experimen-
tal emission spectra are redshifted with respect to those
obtained with a W tip. This may be understood qualita-
tively as follows: The W tip has no well-defined plasmon
modes of its own and its role in the formation of the in-
terface plasmon is passive. Ag tips, on the other hand,
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FIG. 2. Effect of tip material on fluorescence spectra from
Au(110) surfaces. (a) and (b) display experimental results for
W and Au tips. (c) and (d) show the theoretical findings for
identical bias. Spectra have been normalized using the factors
given in the figure.

have unique plasmon resonances which on approaching a
Ag surface couple with sample plasmon modes. Hence,
coupled TIP modes acquire lower frequencies.

The measured emission lines for Ag tips are sharper
and more intense than the ones observed with W tips.
This is mainly due to the smaller internal damping in Ag.
The difference between Ag tips and W tips is even more
pronounced in the theoretical results. Likely reasons for
this difference between theory and experiment are (i) in
the experiment the inner part of the tip is W, which is
strongly damping; (ii) the Ag coating leads to additional
damping due to surface scattering; and (iii) the Ag-Ag
cavity is a high-quality oscillator. Consequently radia-
tion damping, which is not included in our nonretarded
theory, becomes important.

We performed similar experiments on a Au surface
[Figs. 2(a) and 2(b)] with a W tip and a Au-covered tip.
As for Ag, the emission intensity increases by 1 order of
magnitude when the tip is covered with Au and the Au-
Au emission maximum is shifted to a wavelength which
is /100 nm longer than for W-Au in agreement with the
qualitative argument given above for Ag on Ag. We also
note that the sharp drop in intensity observed at A &= 550
nm with a W tip is replaced by a shoulder for the Au-Au
junction. The observed redshift, the change in spectral
shape, and the variation in emission intensity are closely
reproduced in the theoretical data calculated for iden-
tical tunneling parameters [Figs. 2(c) and 2(d)] lending
further support to our interpretation.

Measurements of total photon intensity as a function of
tunneling voltage, conducted in air, have been reported
for several combinations of tip and sample materials [10].
These results differ from results obtained in UHV with
isochromat spectroscopy, which was performed over a
wide range of photon energies [11,12]. We attribute these
differences of measurements in air most notably to the ef-
fects of contamination and the resulting tunneling char-
acteristics as well as to electrical breakdown at elevated
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voltages.

The observability of photon emission from metal sur-
faces in the STM operated in the tunneling regime is
a direct consequence of the high electromagnetic field
strength of TIP modes confined in the narrow cavity be-
tween tip and sample. The field enhancement of TIP
modes may be readily explored by varying the tip-sample
distance in a controlled manner. Variation of the tunnel-
ing gap also gives rise to a variation in tunneling cur-
rent. Simultaneous measurements of the tunneling cur-
rent and the isochromat photon intensity as a function of
tip-sample distance consequently provide a unique probe
into the role of the geometry of the cavity and is displayed
in Fig. 3(a) for a W tip on Cu(111). To obtain these
data the STM feedback loop was temporarily disabled
and the vertical tip position was varied while current
and intensity were recorded at constant tip voltage V;.
The tunneling current [lower curve in Fig. 3(a)] displays
an exponential dependence on distance. The detected
isochromat intensity [upper curve in Fig. 3(a)] also ex-
hibits a very similar dependence on distance as expected.
The measured photon intensity is, however, not exactly
proportional to the tunneling current.

To emphasize this deviation the photon yield is shown
in Fig. 3(b). Despite the scatter of the data a decrease
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FIG. 3. (a) Simultaneous measurement of current I; (cir-
cles) and isochromat photon intensity (A = 600 nm) (trian-
gles) as a function of vertical tip displacement As at fixed
tip bias V; = 2.4 V. A W tip was used on a Cu(111) surface.
The initial tip-sample distance (As = 0) is determined by the
tunneling parameters set before disabling the STM feedback
loop (V; = 24 V, I, = 8 nA). As > 0 corresponds to in-
creased tip-sample distance. Straight lines have been fitted
to both data sets. (b) Yield (defined as intensity divided by
current). The result of our model calculation (scaled by an ar-
bitrary factor in the y direction and shifted in the z direction)
is represented by a solid line.

in yield with increasing distance is visible over the range
of tip excursion used (2 A). In our model, the intensity
reduction per angstrom calculated from the experimental
parameters used [cf. solid line in Fig. 3(b)] is ~7%, which
is in close agreement with the experimental observation.
The decrease of the field enhancement in the cavity be-
tween tip and sample is predicted to result in a larger
drop of the emitted intensity (~ 30%/A). However, with
a larger gap between tip and sample, tunneling electrons
interact with the TIP mode over longer distances [13].
Consequently, the effect of the reduced field enhancement
on the photon yield is compensated to some extent by the
longer tunneling distance between tip and sample which
enters the calculation through the transition matrix ele-
ments between initial and final states.

The data in Fig. 3 permit a direct comparison of tun-
neling characteristics of the elastic and inelastic channels.
From the variation of the tunneling current I; with tip
displacement As, an apparent barrier height ®.; may be
deduced according to ®e(eV) = 0.952[dInI(A)/ds(A))?
[14]. ®; may be considered a property of the elastic
tunneling channels since the tunneling current is predom-
inated by their contributions [2]. Photons, however, are
generated by electrons which tunnel inelastically [2,3],
suggesting that an apparent barrier height for inelastic
tunneling ®;e¢ can be derived from the intensity data.
It is important to note that a change in tip-sample dis-
tance affects the strength of tip-induced modes as demon-
strated above; the photon emission spectrum for Cu,
however, remains nearly unaffected. The behavior of I; at
small tip-sample separations [cf. Fig. 3(a)] indicates that
no collapse of the apparent barrier ®¢; occurs in the range
covered by our experiment. This permits us to equalize
the tip excursion which is controlled experimentally with
the actual change in tip-sample distance. From Fig. 3(a)
we obtain ®o; = 3.8 eV. Similarly, from the photon in-
tensity curve [Fig. 3(b)], we calculate an apparent barrier
height for the inelastic photon signal ®jey = 3.8 €V. The
deduced barrier heights for the elastic and inelastic chan-
nels are identical within the experimental uncertainty.

At first glance, identical barrier heights for elastic and
inelastic channels contradict the simple expectation that
an electron suffering an energy loss should “see” a higher
tunnel barrier given that the matrix elements for inelas-
tic tunneling involve final states with an energy that is
~2-2.5 eV below the initial state [15]. On the basis of
our experimental and theoretical evidence we propose a
mechanism that explains why observed elastic and in-
elastic barrier heights are similar. An electron tunneling
inelastically transverses most of the tunnel barrier at its
initial energy and then it emits a photon. In effect it en-
counters a similar barrier as an electron tunneling elasti-
cally. In the quantum mechanical calculation this causes
the transition matrix elements for inelastic processes to
obtain their largest contribution from the region of the
tunneling gap closest to the electron-collecting electrode.
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A related observation is known from inelastic tunneling
spectroscopy of molecular vibrational modes, where a
clear asymmetry in peak height in d2I;/dV;? spectra was
observed depending on bias polarity [16].

In summary, the electromagnetic interaction of two
metallic bodies in nanometer proximity has been investi-
gated by observing photon emission from an STM. The
chemical role of junction materials has been illustrated
by measuring of fluorescence spectra using different tip-
sample combinations. Comparison of the e
tal results with model calculations yields a qu=3:
agreement of both spectral shape and relative intensi-
ties for Au and W tips with Au substrates, and qualita-
tive similarities for Ag and W tips on Ag. These find-
ings provide evidence that tip-induced plasmon modes
are sensitive probes for the electromagnetic properties
of nanoscopic cavities. Tunneling characteristics and
isochromat spectroscopy are used to illustrate that these
modes, which are similar to those active in the classical
description of SERS, can be readily adjusted by chang-
ing experimental parameters such as the cavity geometry
and chemical composition.
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