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We have measured the maps of isochromat photon intensity induced by scanning tunneling microscopy
~STM! from noble metal particles~Au! on a graphite surface. The map is obtained simultaneously with the
STM topography image using an optical band-pass filter. The photon map changes depending on the wave-
length of the light collected. The isochromat photon maps show that the spectra are varied with the tip position
on the particles. This spectra variation is explained by the effect of the change in the tip curvature radius on the
spectra of a local plasmon.@S0163-1829~96!02543-X#

I. INTRODUCTION

The photon emission from metal surfaces induced by
electron tunneling in scanning tunneling microscopy~STM!
is a phenomenon which is related to surface dielectric prop-
erties and electromagnetic coupling between the STM tip
and the surface. This phenomenon has attracted considerable
interest for the surface analysis in a nanometer scale because
the intensity map reflects various surface properties in a high
resolution of STM.1–7,14,15Some researchers have succeeded
in obtaining the STM induced photon maps in ultrahigh
vacuum3,6,14,15 as well as in air.4,5 Berndt et al.2 and Ito
et al.7 have also measured some spectra for metals. The
spectra, however, have been recorded separately from the
recording of the STM image. The measurement of spectral
resolved photon map has not been made so far.

The photon emission from STM junction is conceived as
the radiation from the local plasmon which is excited by
inelastic electron tunneling near the local region between the
STM tip and the surface of the sample metal.2 The nature of
the plasmon is determined with the boundary condition of
potentials of the STM tip and the metal surface.8–10,12Then
the spectra from the local plasmon should be closely related
with the geometric structure of the STM tip and the sample
metals. In order to study this geometric effect on the STM
induced photon spectra as well as the local electronic struc-
ture of various materials in a nanometer scale, we need to
carry out the spectral mapping of the STM induced light with
a simultaneous measurement of an STM image.

In this paper, we report the spectral resolved mapping of
STM induced light. The isochromat photon maps show that
the spectra are varied with the tip position on the particles.
The results indicate the effect of the geometric asymmetry of
the STM tip shape on the spectra.

II. EXPERIMENT

A photon mapping measurement is carried out in UHV by
a homemade STM combined with a photon detection system.
For the STM control and the photon data acquisition, a digi-
tal computer system which consists of two microcomputers

and a digital feedback controller is adapted because various
and complicated data acquisition is realized by changing the
software without a significant change of the hardware.11 We
have used a digital signal processor~DSP; TMS320C30,
Texas Instrument! for the digital feedback control of the
STM.

Photon emitted from the tip-sample junction is collected
using an ellipsoidal mirror which is placed such that the tip
apex lies at one of its foci, and focused on the second focal
point outside the vacuum chamber. Then the focused photon
is guided to a photomultiplier~Hamamatsu, R943-02!
through optical fibers.

An isochromat photon map is measured by using an opti-
cal band-pass filter with the center of the wavelength of 700
and 650 nm and the bandwidth of 80 nm and 30 nm, respec-
tively. The photon map image with 64364 pixels is obtained
simultaneously with the STM topography image with
2563256 pixels. The gold metal films are prepared on the
graphite surface by thermal evaporation in a high vacuum of
about 131027 Torr, and transferred to a UHV chamber for
STM measurements without exposing them to air, and mea-
surements are performed at room temperature. The tunneling
tips used in the experiments were made by electrochemically
etched tungsten wire.

III. RESULTS AND DISCUSSION

Various photon maps and topography images are obtained
from gold particles on the graphite surfaces. The photon
count is integrated for 0.1 sec at each point of 64364 points
in the scan region. The time for obtaining a photon image is
limited by the time for photon counting, and is about 7 min.
The photon intensity was recorded at the sample bias of
12.0 V. The photon intensity ranges from 1000 to 20 000
cps at the tunneling current of 10 nA, depending on the con-
dition of the tip and the sample surface. Photon maps ob-
served have shown a spatial resolution of 1 nm at least.

Figures 1~a!–1~d! show a topography image of Au grains
~a! and simultaneously recorded photon maps@~b!, ~c!, ~d!#
of the corresponding area to a STM image with and without
a different optical band-pass filter. Figure 1~b! shows an in-
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tegrated photon map without a filter, Fig. 1~c! an isochromat
photon map with a filter of 700 nm, and Fig. 1~d! an iso-
chromat map with a filter of 650 nm. The image of Fig. 1~a!
is recorded simultaneously with the photon map of Fig. 1~b!,
so these images have a point to point correspondence be-
tween them. The isochromat photon maps of Figs. 1~c! and
1~d!, however, are measured in separate scans of the same
area as Fig. 1~a! after the integrated photon map@Fig. 1~b!# is
recorded, hence a few nanometer drift of the images appear
between photon maps.

The nearly spherical Au particles of the size ranging from
10 to 20 nm in diameter are observed both in the STM image
and the photon maps. The integrated photon map@Fig. 1~b!#
shows a close correlation between the topography and the
photon intensity. The detailed comparison between different
photon maps@~b!–~d!#, however, reveals different correla-
tions between the photon intensity and the topography as
follows: As seen in Fig. 1~c!, the photon intensity with 700
nm filter is slightly reduced near the center of some grains,
and the dark regions are observed on the right side of the
grains. In the 650 nm photon map@Fig. 1~d!#, on the other
hand, the photon intensity tends to increase as it goes from
the left to the right sides of the grains. Almost all grains
reveal similar asymmetric contrast. In an integrated photon
map in Fig. 1~b!, such an asymmetry in photon intensity
along the grains is not seen, but a symmetric contrast is seen.
These results suggest that the location of the tip has an in-
fluence on the spectra radiated there. The cross sections of
the STM image and the photon map along the line shown in
Fig. 1~a! are plotted in Fig. 3~a!. These profiles are com-
monly observed on almost all grains.

On the basis of the above observation, a speculative
sketch of the tip location dependent spectra is shown in Fig.
2. If the tip had a symmetric shape, this kind of influence

should not be caused. Then, this phenomenon should be re-
lated to the asymmetry of the apex of the STM tip. In fact, as
shown in Fig. 3~a!, a cross section of the STM image from
left to right side of a grain reveals a bilateral asymmetry. It is
reasonable to assume that this asymmetry is attributed to a
tip shape asymmetry because a bilateral asymmetry of all
grains is hardly considered. Based on this fact, if the shape of
grains is assumed to be nearly spherical, the tip should have
an asymmetric shape as schematically shown in Fig. 3~b!.
The tip in the present experiment has a larger curvature ra-
dius on right side of the tip than left side. The observed
change in the contrast of the isochoromat photon map in
Figs. 1~c! and 1~d! is explained by considering that the larger
tip radius causes the increase in intensity of the larger wave-
length of the spectra~see Fig. 2!. When the tip is located on
the right side of the grains, a part of the tip with a smaller tip
radius contributes to the plasmon excitation by electron tun-
neling. Then this situation of plasmon causes a decrease in
the intensity of light with the larger wavelength and an in-
crease in that with shorter wavelength, resulting in the ob-
served contrast of photon maps in Fig. 1~c! and Fig. 1~d!,
respectively. This explanation on the basis of the redshift of
spectra due to larger tip radius is consistent with the theo-
retical prediction of the spectra of the local plasmon, in
which the emission spectra is obtained by calculating the
power spectrum of the radiation from the effective dipole13

produced at the STM junction by the Green function
method.10 In the interpretation of the result, we may consider
the effect of the contamination on the STM tip. If the tip is
partially coated with gold from the sample then the spectra
would be expected to depend on the tip position above the
gold particles. This effect, however, can be distinguished
from the tip-radius effect in the above observation since the
gold on the tip causes a more drastic change in the spectra
than the tip-radius effect based on the calculation of the
emission spectra as described in the next paragraph. This
effect may be found in the dark region in Fig. 1~c!. There-
fore, the present study presents an experimental observation
of the tip-radius effect on the spectra of the local plasmon in
STM junction.

The dark regions on the right side of grains in Fig. 1~c!
may be attributed to a different origin. The dark regions are
observed only in the 700 nm photon map, indicating a drastic
change in the spectrum for the dark regions. This fact sug-

FIG. 2. A speculative sketch of tip location dependent spectra.
A redshift with increase in the tip curvature radius is schematically
shown.

FIG. 1. ~a! STM image of gold particles~current 4 nA, sample
bias12 V, scan area 50350 nm2). ~b! Photon intensity map with-
out an optical filter.~The intensity scale is 20 K cps.! ~c! Isochromat
photon map with a filter of 700 nm.~The intensity scale is 2 K cps.!
~d! Isochromat photon map with a filter of 650 nm.~The intensity
scale is 5000 cps.!
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gests that the emission in the dark regions has a rather nar-
row spectral width which is different from the spectra in
other regions. Therefore the dark regions may be originated
from an impurity on the left side of the tip apex, such as a
gold adhesion from the sample. This interpretation is sup-
ported by a calculation of an emission spectrum by the
method as mentioned above for the tunnel junction of the Au
tip and the Au sample. The calculation shows a narrow spec-

trum with the width of about 26 nm in contrast to the broad
spectrum for the W tip and the Au sample.

Ito et al.have made spectral measurements at different tip
positions on the Au grain,7 and they have reported that a
spectral mode with a shorter wavelength is enhanced at the
grain edge. They suggest that the enhancement of this mode
at the grain edge is attributed to the excitation of a multipole
mode of the plasmon. Their discussion is based only on the
geometry of the sample. The present results, however, have
suggested that the spectral mode of STM induced light de-
pends not only on the sample geometry but also the tip ge-
ometry. In order to clarify further the mechanism of light
emission in STM, a two-dimensional mapping of the spectra
is in progress.

IV. CONCLUSION

In conclusion, maps of isochromat photon intensity in-
duced by STM are obtained simultaneously with the topog-
raphy image. The detailed comparison between the isochro-
mat photon maps and the topography shows that the
variation in contrast of the photon map is influenced by the
tip geometry which induces the change in the spectra: a red-
shift of the spectrum with increase in a tip radius. This result
is in a qualitative agreement with a theoretical prediction.
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FIG. 3. ~a! A cross section of the STM image and the photon
maps from the left to the right side of a grain. An asymmetry of the
STM image and isochromat photon maps is observed. These pro-
files are commonly observed on almost all grains.~b! A tip shape
speculated from the cross section of the STM image.
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