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Light emission from a scanning tunneling microscope is used to investigate the electromagnetic
coupling (EMC) of a metal tip and a metal sample. Subatomic scale modifications of the tip-sample
region cause spectral shifts of the fluorescence as demonstrated for a monatomic step and by variation
of the tip-sample distance. For sharp tips the EMC is confined to a lateral range of a few nm. The results
are consistent with model calculations of the electromagnetic response of an appropriate tip-sample

geometry.
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The electromagnetic interaction between objects in
nanometer proximity plays a central role in surface en-
hanced Raman scattering. Moreover, it is vital to scan-
ning probe techniques such as noncontact atomic force
microscopy (AFM) [1] or scanning near-field optical
microscopy [2]. The electromagnetic coupling of the tip
and the sample leads to the formation of new, localized
electromagnetic modes. In a scanning tunneling micro-
scope (STM), these modes can be excited by inelastic
electron tunneling and give rise to the emission of char-
acteristic fluorescence [3—8]. Spectral analysis of this
fluorescence can be used to study the electromagnetic
coupling on an atomic scale. Here we address the inter-
action of these modes with a simple model structure,
namely, an atomic step. More specifically, we report the
gradual changes that occur in fluorescence spectra while
the STM tip passes a monatomic step in a lateral direc-
tion. From the spectral shifts as a function of the distance
to the step the lateral extension of the surface plasmon
mode induced at the cavity is estimated. The data are
analyzed quantitatively using model calculations where
the tip is assumed to be a revolution hyperboloid with a
radius of curvature of a few nm. We note that results for
simple structures such as steps may also be useful in
understanding more complex situations where the electro-
magnetic coupling (EMC) at the cavity is also altered by
the presence of an atomic scale modification such as an
adsorbed molecule. Indeed, the fluorescence spectra re-
corded from some particular molecules can hardly be
distinguished from those of the metal substrate except
for a small overall shift of the spectrum [9]. The shifts
observed here also bear similarity to electrostatic inter-
action forces in AFM of monatomic steps [10].
Understanding the implications of subatomic modifica-
tions of the cavity and its spatial extension is therefore
relevant for a variety of situations.

Fluorescence measurements were performed with a
STM in ultrahigh vacuum (UHV) at low temperature
(5 K) equipped with a lens system along with a CCD
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camera and a grating spectrometer [11]. Auand Ag (111)
surfaces as well as Au and Ag-covered W tips were
prepared in UHV by standard Ar ion sputtering and
annealing cycles. The status of the surface was verified
before and after all experiments with STM to rule out
modifications during the measurement.

Figure 1 shows experimental data recorded from a
monatomic step on Ag(111). This step was straight over
a distance of = 300 A. The solid line represents a cross-
sectional profile of a constant current topograph. At each
STM image point a fluorescence spectrum was recorded.
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FIG. 1. Cross-sectional profile of a constant current topo-
graph from a monatomic step on Ag(111) (line) at a sample
voltage V =29 V and a tunneling current / = 5 nA, along
with peak positions (circles) from fluorescence spectra re-
corded at each STM image point. Model calculations for an
axially symmetric step are indicated by dots (A Aiganq)-
Corrected values for a one-dimensional step are plotted as
squares (A Agep). Vertical dashed lines delimit the immediate
proximity of the step where significant vertical tip motion
occurs.
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From the spectra overall shifts of the emission are ob-
served while the spectral shape remains unaffected. To
quantify these shifts, Fig. 1 (circles) displays the wave-
lengths of the peak versus the tip position. As the tip
approaches the step from the upper atomic terrace, the
emission shifts to shorter wavelength, whereas a redshift
occurs when approaching from the lower terrace. The
shifts are detected up to a lateral distance of =50 A
from the step, which is consistent with model calculations
for the extension of the mode at the cavity [12].

To interpret this spectral shift we connect the lateral
extension of the surface mode induced at the cavity with
the vertical tip-sample distance d. If we consider the
modes of a vacuum gap of width d between a semi-infinite
free-electron metal sample and a sharp tip, the lowest
energy mode disperses with d according to fiw ~ d'/",
where n depends on the geometry of the tip [13]. This
mode, which corresponds to charges of opposite signs on
the boundaries, causes the light emission in STM [4]. For
increasing tip-sample distance d a blueshift occurs as
observed on the upper terrace when the tip is approaching
the step. Apparently, the presence of the down step causes
an effective increase of d shifting the fluorescence peak
position accordingly. Since the shift in the emission peak
appears as a consequence of the interaction of the surface
mode with the step, we estimate the extension of the mode
as the distance where the shift becomes noticeable, in our
case =~ 50 A.

To test experimentally the spectral shift as a function
of tip-sample distance d, we also varied d over a perfectly
flat surface sample, i.e., in absence of steps, and simulta-
neously recorded fluorescence spectra. However, as d
increases, the tunneling current /, which serves to excite
the photon emission, decreases exponentially. In addition,
d should not be too small since large currents eventually
cause sample damage. Thus, low-photon count rates pre-
viously prevented spectrally resolved measurements.
Using an efficient detection scheme, this limitation can
to some extent be overcome, and statistically significant
fluorescence spectra can be acquired over a range of
distances.

For reference, Fig. 2 shows a fluorescence spectrum
obtained at a sample voltage V = 3 V on an extended,
defect-free terrace of a Au(lll) surface. An intensity
peak occurs at a wavelength A = 660 nm with broad tails
to both sides, which corresponds to the plasmon reso-
nance for the given d and tip shape. V was chosen suffi-
ciently large to have the peak fully developed. The
spectrum is similar to previously reported and calculated
spectra from Au tips on Au samples [14,15].

Starting from the conditions used in Fig. 2, some 680
fluorescence spectra were recorded at increasing tip-
sample distances. In addition to an expected exponential
variation of the intensity, we observe an overall blueshift
of the emission while the spectral shape remains
unaffected. Figure 3 displays the mean emission wave-
length A versus the tunneling current and the associated
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FIG. 2. (a) Wavelength dependent detection efficiency of the

optical setup. (b) Fluorescence spectrum of a flat Au(111) sur-
face and a Au tip at a sample voltage V = 3 V and a tunneling
current / = 34 nA as measured (circles) and corrected for the
detection efficiency (dots).

tip excursion. Here A is defined as A=
[AP(X)dA/( [ P(X)dA), where P is the spectral density
of the fluorescence. Using this definition, smaller shifts
can be resolved [16]. The peak position is offset from A by
(—20 = 4) nm. The uncertainty of the peak position is
the root mean square or combined standard uncertainty of
the statistical uncertainty (less than =1 nm), and the
systematic uncertainty ( = 4 nm). We observe an approxi-
mately linear blue-shift of A with the tip excursion Ad, at
a slope of 3 nm/A [17].

For a quantitative analysis, we model the tip as a hyper-
boloid with aperture angle ¢ and tip apex parameter b
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FIG. 3. Mean wavelength of emission A (and emission peak
position) vs tunneling current and associated vertical tip dis-
placement, as measured (dots) and calculated (circles). The
inset shows the tip shape used for modeling the data.
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located at a distance d above the flat surface (see inset of
Fig. 3) [12]. The radius of curvature of the tip is R =
b tan(¢). In our model the emission peak is an incoherent
sum of the inelastic transitions of energy fiw between tip
and sample states at energies E, and E; associated with
the current density j, (7, w) weighted by the field en-
hancement at the cavity G(7/, w). The radiated power per
photon energy and solid angle is

d’p w? . 2
= 7 G 7, o 7
d0d(7w) Sw2soc3%f P iR, ) julF o) |

X 8(E, — E, — hw), (D

where c is the velocity of light. The field enhancement
factor G(7/, w) determines the modes at the cavity which
can decay into photons, and is calculated numerically
with a boundary element method using bulk dielectric
functions [18]. This approximation is acceptable [19]. The
tunneling current is obtained from the model of Tersoff
and Hamann extended to high energy losses [12,20]. On
the surfaces considered here most of the spectral structure
is due to G, while—at eV sufficiently larger than the
energy of the plasmon resonance—the spectrum of Fis
causes only small modifications.

All geometrical parameters describing the tip (¢, b,
and d) influence the peak position, but the overall aper-
ture of the tip ¢ is responsible for the rough position of
the emission peak. Small changes of this parameter can
lead to wavelength changes of several 10 nm. On the other
hand, the tip-sample distance d and the apex length
parameter b control a fine tuning of the peak position. b
also affects the shift of the peak with vertical tip excur-
sion from =~ 3 nm/A for sharp tips (R = 10 A) up to
~ 10 nm/A for blunt tips (R > 150 A). Once ¢ and b
are chosen to be consistent with the experimental spectra,
d is varied as in the experiment. The resulting calculated
peak positions are shown in Fig. 3 (circles). We obtain a
quantitative agreement with the experiment for an open
tip (¢ = 40°) with a sharp apex (R = 10 A) which is a
typical value for atomic resolution tips [21].

Having determined the effect of the tip-sample dis-
tance d on the fluorescence spectra of a perfectly flat
surface, we are now in a position to further analyze the
data of Fig. 1 near the step. To model tip positions outside
the immediate proximity of the step [22], the straight step
of the experiment is replaced by a cylindrical hole (or
island) of height hy = 2.36 A [Ag(111) interlayer spac-
ing] as shown in Fig. 4(a) (top). While this geometry
clearly overestimates the influence of a step, its symmetry
keeps the numerical expense acceptable. The radius p of
the hole (or island) is set to the experimental, lateral
distance from the step. As in the experiment, the calcu-
lated spectral shape does not change as p is varied while
there are clear overall shifts. The shifts evaluated from
the spectra are indicated by dots in Fig. 1. In agreement
with experiments we find a blueshift when the tip is
located on the top of a progressively narrower island
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FIG. 4 (color online). (a) Geometries used to model light
emission near a step. Top: Step showing azimuthal symmetry
to obtain Ay,,q in Fig. 1. Bottom: One dimensional step used
for obtaining the corrected Ay, in Fig. 1. (b) Cross section of
the calculated surface charge densities (solid lines) at the
sample for three lateral distances (p = 15, 35, and 55 A) of
the tip to the step marked with arrows. Topography is indicated
by a dotted line. The surface charge density is more strongly
modified as the tip is located closer to the step (p = 15 A).

and a redshift when it is located on the bottom of a
progressively narrower hole. Figure 4(b) shows the calcu-
lated sample charge densities of the mode responsible for
light emission in the present experiment together with the
sample topography for three distances to the step (p =
15, 35, and 55 A). We define the EMC to be the spatial
extent of the induced surface plasmon. For a tip with
radius R = 10 A, the EMC extends over a lateral range
of only = 20 A as determined by the full width at half
maximum of the plasmon charge density, although the
tail of the plasmon extends up to more than twice this
value, as shown in Fig. 4(b). The localized mode at the
sample surface suffers a stronger modification as the
center of the mode (tip position) is closer to the mona-
tomic step. When the lateral distance to the step is of the
order of the mode extension or larger, the surface charge
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density is not affected any more and the emission of a
perfectly flat surface is recovered. From the calculations
in Fig. 4, it is noticeable that this limit is already being
reached at a lateral distance of p = 55 A. The lateral
distance where the shift becomes discernible is therefore
connected with the range of the interaction of the plas-
mon mode with the step. Both the model calculations
presented in Fig. 4(b) and the experimental extension
agree at a value of =~ 50 A.

As expected, the calculated shifts for this model are
larger than the experimental data. This discrepancy can
be corrected as follows. We demonstrated that a change
Ad of the tip-sample distance leads to a linear shift of the
spectral maximum: AA ~ Ad. From the calculation we
find a lateral extension of the plasmon on a nanometer
scale (=50 A). Any variation of the surface height /(¥)
within this range will effectively change the average tip-
sample distance. Therefore, we define an effective dis-
tance dgsr given by der = d + Ad s where

Adg = f o (W), @)

o, is the normalized [ [ o (F)d°F = 1] charge density of
the plasmon mode on the sample surface as calculated.
This convolution of height change and surface charge
density accounts for any surface variation over the area
where the surface plasmon extends. For a hole (or island),
h = 0 within a circle of radius p, and h = *h, outside
(see top of Fig. 4). Similarly, for the case of a one-
dimensional ascending or descending step at x = p, we
have h = *h, for x > p and i = 0 elsewhere (bottom of
Fig. 4). The shift Ay, originally calculated for the
case of an axially symmetric step is then corrected by the
right convolution with the more realistic geometry:
Ad
Mgy = L Adigtand- 3
step A disland island ( )

The resulting data shown as squares in Fig. 1 are close
to the measured spectral shifts. We note that the presence
of a second descending step at the position 125 A is also
taken into account in calculating A e,

In summary, we have demonstrated experimentally
that the electromagnetic coupling of a metal tip and a
metal sample varies upon sub-A variations of their dis-
tance, leading to measurable spectral shifts of the lowest
localized plasmon resonance. This effect explains spec-
tral shifts occurring near atomic steps on the sample
surface and allows a direct measurement of the lateral
extension of the localized surface plasmon on the surface.
For sharp tips we find lateral extensions of the coupling in
the range of a few nanometers, consistent with model
calculations of the electromagnetic response of a tip-
sample geometry.
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