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Atomic-site-dependent light emission from Au„110…-„2Ã1… surface induced
by scanning tunneling microscope
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~Received 21 December 2001; revised manuscript received 24 July 2002; published 25 October 2002!

We have investigated the scanning-tunneling microscope~STM! light-emission mechanism of the
Au(110)-(231) surface. We found that the light stimulated by the STM is emitted through three different
channels. The first channel is the emission through excitation of localized surface plasmons~LSP!. The other
two channels are through the recombination ofd-band holes ands-p electrons in Au. When the sample bias
voltage is positive~i.e., electrons are injected into the sample!, d-band holes are created by impact ionization.
The intensity due to this process is greater when the tip is located between the Au atomic rows than over the
row. This process is the origin of the atomic-site-dependent spectra that we reported in a previous paper@Y.
Uehara, T. Fujita, and S. Ushioda, Phys. Rev. Lett.83, 2445~1999!#. When the bias voltage is negative,d-band
holes are created by tunneling ofd electrons from Au to the tip. The light-emission intensity due to the
recombination of thesed holes withspelectrons is about twice as strong as that emitted through the excitation
of LSP.

DOI: 10.1103/PhysRevB.66.165420 PACS number~s!: 68.37.Ef
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I. INTRODUCTION

The scanning-tunneling microscope~STM! has proven to
be a very powerful tool for visualizing surface nanostructu
with atomic spatial resolution. However, its ability to ide
tify atomic species is limited. While an atom or a molecu
adsorbed on a surface can be visualized by a STM, one
not identify its species from the STM image alone. The
cent development of STM light-emission spectroscopy~STM
LES! originated by Coombset al.1 allows one to identify
surface species from the emission spectrum. Indeed, hy
gen adsorbed on Si,2 oxygen on Cu,3,4 oxygen on Ni,5 and
C60 on Au ~Refs. 6 and 7! have been identified by STM LES
with atomic spatial resolution. From these investigations i
now clear that several STM light-emission channels are
sponsible for the characteristic emissions from atomic or m
lecular species. To establish a systematic methodology
identification of surface adsorbates by STM LES, it is imp
tant to understand different light-emission processes.

STM light emission from the Au surface has been inv
tigated extensively, and it is generally understood that
emission is mediated by localized surface plasmons~LSP’s!
confined in the tip-sample gap.8–12 The properties of LSP’s
confined in a nanometer scale region were first investiga
by Rendell and Scalapino.13 When one models the tip and th
sample of the STM by a sphere with a radiusa and a flat
substrate with a semifinite thickness, the lateral exten
LSP confined in the gap is approximately given byAad,
whered is the distance between the bottom of the sphere
the substrate surface~i.e., the gap distance!.13 The numerical
value ofAad is a few nanometers even for a very sharp
with a;5 andd51 nm. This value is larger than the lattic
constant of Au~0.408 nm!. Hence one expects that the ST
light emission from the Au surface should not show a
atomic-site dependence.
0163-1829/2002/66~16!/165420~6!/$20.00 66 1654
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In contrast to this prediction, Berndtet al.14 found that the
STM light-emission intensity changes following the atom
corrugation along the@ 1̄10# direction on the Au(110)-(2
31) surface. We also found that the STM light-emissi
spectra of the Au(110)-(231) surface show atomic-scal
tip-position dependence.15 When the tip was located over a
atomic row, the observed spectrum agrees well with that
pected for the LSP-mediated emission. However, when
tip was located over the valley between the atomic rows,
extra spectral structure was superimposed on that of the L
mediated emission. In this paper we attempt to elucidate
mechanism of STM light emission whose spectra depend
atomic sites.

II. EXPERIMENT

The sample was a single crystal of Au with the~110!
surface. The surface was cleaned by repeated cycles of a
ion sputtering~500 eV! and annealing~300 °C!.16 The recon-
struction of the (231) surface structure17 was confirmed by
low-energy electron diffraction. No contamination was d
tected by Auger electron spectroscopy and~x-ray photoemis-
sion spectroscopy!. Then the sample was loaded to a low
temperature STM housed in an ultrahigh vacuum cham
The experiments described here were performed at 80 K.
STM tip was made of tungsten wire.

The STM light-emission measurements were made
bias voltages from 2.0 to 3.0 V and a constant tunnel
current of 2 nA. The visible light emitted from the spot und
the tip was passed through an infrared IR cut window o
liquid-nitrogen shield and then made into a parallel beam
a lens of focal length 150 mm. The beam was focused b
lens of 120-mm focal length into the entrance slit of a sp
trograph. The solid angle of collection of the optical syste
was 0.05 sr. The IR-cut window had the pass band betw
©2002 The American Physical Society20-1
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1.72 and 3.87 eV with transmission better than 10%. T
spectra were detected by a one-dimensional charge-cou
device ~CCD! with an intensifier. The exposure time wa
200-s per spectrum. No change of the STM image was
served after each light-emission measurement; i.e., no d
age was caused by the tunneling current during the op
measurement. The dark counts of the CCD detector h
been subtracted from all the spectra shown here. The rela
sensitivity of the light detection system had been calibra
by use of a standard lamp. The theoretical spectra sh
here were multiplied by this relative sensitivity factor to a
low direct comparison with the experimental results.

III. RESULTS

Figure 1 shows a typical constant current image of
Au(110)-(231) surface, showing the missing row atom
structure. Individual atoms along the@1̄10# direction are well
resolved. A clear atomic image is obtained only when the
condition is optimal, and often the image did not show in
vidual atoms on the row.

The solid curves in Fig. 2 show the STM light-emissio
spectra for a positive sample bias voltage of 2.3 V with
spect to the tip~i.e., the electrons were injected from the t
to the sample! and a constant tunneling current of 2 nA
Figures 2~a! and 2~b! correspond to the spectra with the t
located over the atomic row and between the row
respectively.15 The dotted curves in Fig. 2 are the theoretic
results discussed later.

The emission spectra for a negative bias voltage of 2.
with respect to the tip are shown in Fig. 3 by the so
curves. In this case the electrons were extracted from
sample. The dotted curves are the theoretical results
cussed in the next section. Figures 3~a! and 3~b! correspond
to the spectra for the tip positioned over the atomic row a
between the rows, respectively.

IV. DISCUSSION

Let us first compare the experimental results shown
Figs. 2 and 3 with the dielectric theory that describes
light emission through LSP.18,19 This theory assumes a two
step light-emission process. In the first step the tunne
current excites an oscillating dipole in the STM tip-samp
gap. Then light is radiated by the oscillating dipole. T
strength of dipole excitation and consequently the emiss

FIG. 1. Constant current image of Au(110)-(231) with an
atomic-scale spatial resolution.
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intensity are enhanced when the LSP resonance lies in
relevant energy range. The imaginary part of the dielec
constant of noble metals such as Au is small in the visi
range. Thus they have strong LSP resonances that enh
light emission in the visible energy range.20 Let us call the
light emission due to the excitation of LSP resonances ‘‘LS
mediated emission.’’ The dielectric theory is a macrosco
description that only contains the LSP-mediated emiss
and does not involve the specific atomic structure of
Au~110! surface.

FIG. 2. STM light-emission spectra for a sample bias voltage
12.3 V with respect to the tip. The tip was located over the atom
row in ~a! and between the rows in~b!. The solid curves correspon
to the experimental results. The dotted curves were calculated
the dielectric theory. The two vertical dotted lines indicate the pe
positions.

FIG. 3. STM light-emission spectra for a sample bias voltage
22.3 V with respect to the tip. The tip was located over the atom
row in ~a! and between the rows in~b!. The solid curves correspon
to the experimental results. The dotted curves were calculated
the dielectric theory. Note that the dielectric theory does not ag
with the experiment.
0-2
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The input parameters for the numerical calculation of
emission spectra are the radius of curvature of the tip,
tip-sample distance, the dielectric functions, and the w
functions of the tip and the sample. The radius of curvat
of the tip was determined to be;50 nm by a scanning elec
tron microscope. The STM gap distance was taken to b
nm.21 The work functions and the dielectric functions of A
and W were taken from the literature.22–25The dotted curves
in Figs. 2 and 3 show the theoretical curves normalized
each experimental curve. We note that several sets of die
tric functions are reported including those used in the pres
work.26,27The sensitivity of our optical detection system h
a peak at 2.4 eV and decreases monotonically toward
lower-energy side. As a result the calculated spectra m
plied by the sensitivity factor have a single peak within t
energy range of 50 meV for all choices of dielectric fun
tions. The choice of the dielectric function does not sign
cantly affect the following discussion. If the sensitivity of th
low-energy side is improved in the future, it will be interes
ing to investigate which dielectric function gives the theor
ical spectra that best fit the experimental data.

Let us first discuss the case of positive bias polarity. T
theoretical spectrum due to the LSP-mediated emission~i.e.,
the theoretical result by the dielectric theory! agrees well
with the experimental spectrum when the tip is located o
the atomic row@Fig. 2~a!#. Hence we know that the spectru
shown in Fig. 2~a! is radiated by LSP’s. On the other han
the experimental spectrum for the tip located between
atomic rows does not agree with the theoretical spectrum
the spectral range around 1.9 eV@Fig. 2~b!#; there is an extra
peak structure.

The lateral size of LSP’s estimated by the dielect
theory13 ~i.e., Aad) is ;7 nm for the present geometry (a
550 andd51 nm). This scale is much greater than the d
tance between the adjacent atomic rows lying in the@001#
direction ~;0.8 nm! on the Au(110)-(231) surface. Thus
the difference between the spectra from the top of the ato
rows and the valley between the rows cannot be explaine
the LSP-mediated emission mechanism or the dielec
theory. That is to say, this extra structure around 1.9 eV is
caused by LSP’s but by local electronic states on the Au~110!
surface.

The solid and the dotted curves in Fig. 4 show the exp
mental and calculated emission spectra, respectively, for
voltages of 3.0 V@Fig. 4~a!# and 2.0 V@Fig. 4~b!#. Since the
conditions of the tip used for these measurements were
good enough to achieve atomic resolution~STM images are
not shown!, these spectra were measured while the tip w
being scanned over the surface. Thus the spectra here co
the emission detected over the rows as well as between
rows. In Fig. 4~a! we can find the extra structure~i.e., dis-
agreement between the experimental and the theore
spectra! around 1.9 eV. We recall that the extra peak a
peared at 1.9 eV when the bias voltage was 2.3 V. T
means that the peak energy of the extra structure is inde
dent of the bias voltage. The observed spectrum of Fig. 4~b!
for the bias voltage of 2.0 V agrees well with the theoreti
curve. This agreement shows that the light is emitted o
through the LSP-mediated emission channel independen
16542
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the tip position, and that the extra structure is not exci
when the bias voltage is 2.0 V. Let us consider the lig
emission mechanism that satisfies this bias voltage de
dence.

The Au(110)-(231) surface has several surface ele
tronic states above as well as below the Fermi level.28–30It is
possible that the extra peak around 1.9 eV is excited b
transition of tunneling electrons to one of the unoccup
surface electronic states. If the energy difference betw
the Fermi level of the tip and one of the unoccupied surfa
electronic states is around 1.9 eV, one may expect
light emission excited by such a transition around 1.9
The peak energy of the emission based on this mechan
should shift to the higher-energy side with increase of
bias voltage, because the Fermi level of the tip rises w
respect to the surface electronic states as the bias volta
increased. In contradiction to this picture, the extra peak w
observed around 1.9 eV for both bias voltages of 2.3 and
V. Hence we exclude this process involving surfa
electronic states.

Mooradian31 reported the photoluminescence~PL! of Au
in the spectral range we are concerned with. This lumin
cence was explained by the emission arising from the rec
bination of s-p-band electrons andd-band holes created b
the exciting light~Ar-ion laser!. Thus if d-band holes can be
created by the electrons injected from the STM tip~i.e.,
through impact ionization processes!, light emission through
the recombination process can be expected in the same s
tral range as PL. Let us call the light emission based on
mechanism the ‘‘d-band impact ionization channel.’’

When the bias voltage is 2.3 V the maximum ener
Einjected, of the injected electrons is 2.3-eV above the Fer
level of Au. Hence to created-band holes by impact ioniza
tion, the energy differenceEd bandbetween the Fermi level o
Au and the top edge of thed band must be smaller tha

FIG. 4. STM light-emission spectra for sample bias voltage
13.0 V ~a! and12.0 V ~b!. Both spectra were measured while th
tip was being scanned over the surface. Hence the spectra co
the emission detected over the rows as well as between the r
The solid curves are the experimental results, and the dotted cu
were calculated by the dielectric theory.
0-3
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Einject. Figure 5 shows the ultraviolet photoemission sp
trum ~UPS! of the Au(110)-(231) surface measured alon
the surface normal. We see thatEd band is about 1.8 eV from
this UPS. Thus the injected electrons with the bias voltage
2.3 V can created-band holes by impact ionization. We argu
that thesed-band holes and thes-p-band electrons recombin
to emit the photons in the spectral range around 1.9 eV
Fig. 3~b!.

STM light emission through impact ionization mech
nisms is known forn-type GaAs and GaN samples.32,33 In
these cases the electrons injected from the STM tip cr
valence-band holes through impact ionization when the b
voltage is greater than a certain threshold value. Then ligh
emitted through the recombination of majority carriers~i.e.,
conduction-band electrons! with the holes. When this mecha
nism is operative, the light intensity increases with bias vo
age above the threshold.

Based on the analogy with the GaAs and GaN cases,
predicts that the ‘‘d-band impact ionization channel’’ shoul
have a threshold for impact ionization. It must be grea
thanEd band and the emission intensity through this chann
should increase with bias voltage above the threshold va
Indeed, the extra peak observed for the bias voltage ofV0
52.3 V was not seen at all forV052.0 V. This result clearly
indicates the existence of a threshold voltage. By compa
the spectra for the bias voltages of 2.3 V@Fig. 2~b!# and 3.0

FIG. 6. Illustration explaining thed-electron tunneling emission
~see text for details!. Light is emitted by the recombination of th
s-p-band electron with thed-band hole that is generated by tunne
ing of thed electron to the tip.

FIG. 5. UPS of Au(110)-(231) emitted along the surfac
normal.
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V @Fig. 4~a!#, we see that the extra structure~the difference
between the experimental and the theoretical spectra! in-
creases its intensity with bias voltage. Thus the trend p
dicted for the ‘‘d-band impact ionization channel’’ is consis
tent with the experimental results.

Ho and Bohnen calculated the density of states~DOS!
of an Au slab structure of three atomic layers with (231)
and (131) surfaces, and found that the density of sta
~DOS! of the d band is smaller for the (231) surface than
for the (131) surface in the relevant energy range~i.e.,
around the top edge of thed band!.34 This decrease of the
DOS for the (231) structure relative to that of the (131)
structure must be caused by a large separation of Au at
on the (231) surface. The distance between the adjac
atomic rows lying in the@001# direction of Au(110)-(2
31) is about 0.8 nm. Hence the overlap integral between
d electrons located in different rows must be small. As
result the local density of states of thed band on the row
must be significantly smaller than that between the ro
This means that the ‘‘d-band impact ionization channel’’ be
comes significant only when the tip is located between
rows as observed in Fig. 2~b!.

Next let us discuss the spectra for negative bias pola
shown in Fig. 3. In this case the electrons are extracted f
the sample surface. The dotted curves in Fig. 3 are the re
obtained by the dielectric theory. The agreement between
experiment and theory is not as close as for the case of p
tive bias polarity shown in Fig. 2~a!. Furthermore, we note
that the intensity for negative bias polarity~Fig. 3! is about

FIG. 7. STM light-emission spectra for a sample bias voltage
22.3 V with respect to the tip. The tip was located over the row
~a! and between the rows in~b!. The experimental results are show
by the solid curves~same as in Fig. 3!. The calculated spectra
through LSP-mediated emission andd-electron tunneling emission
are shown by the dash-two-dotted curves and the dash-do
curves, respectively. The dotted curves are the sum of the sp
due to the two processes.
0-4
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ATOMIC-SITE-DEPENDENT LIGHT EMISSION FROM . . . PHYSICAL REVIEW B66, 165420 ~2002!
three-times greater than that for positive polarity~Fig. 2!. In
the dielectric theory the change of bias polarity correspo
to the interchange of the work functions of the source and
counter electrodes. Since the difference in the work functi
between Au and W is small, this theory predicts almost
same level of light intensity for both bias polarities. Thus t
large intensity difference seen in Figs. 2 and 3 cannot
explained by the dielectric theory. The light-emission mec
nism for negative bias polarity must be different from th
for positive bias polarity. Now we consider the cause for t
difference.

When thed electrons in Au~110! tunnel to the tip, holes
are created in thed band. Then light is emitted through th
recombination of thed-band holes withs-p-band electrons as
indicated schematically in Fig. 6. Let us call the emiss
through this process ‘‘d-band tunneling emission,’’ and ca
culate the spectrum of emission from this process. The g
eration efficiency ofd holes at energyEd is proportional to
the product of the DOS,rd(Ed) at Ed , and the tunneling-
probability Tkq(Ed) of d electrons atEd to the tip. Here the
subscriptsk andq represent the electronic states of the sou
and the counter electrode~STM tip!, respectively. The light-
emission intensityI (hn) for photon energyhn can be
written

I ~hn!}E rs-p~Ed1hn!u~EF2~Ed1hn!!

3M ~Ed1hn;Ed!rd~Ed!Tkq~Ed!dEs , ~1!

where rs-p(E) is the DOS of thes-p band at energyE;
M (Ed1hn;Ed) is the recombination probability of thes-p
electron with energyEs-p5Ed1hn and thed-band hole with
energyEd . The Heaviside functionu in Eq. ~1! represents
the fact that thes-p band is occupied by electrons below th
Fermi energyEF .

In the numerical calculations of Eq.~1!, Tkq(Ed) was ob-
tained by the WKB method for the gap distanced51 nm to
take into account the barrier height dependence of tunne
The energy dependence ofrd(E) andrs-p(E) was estimated
from the UPS; andM (Ed1hn;Ed) was assumed to be con
stant. The numerical results are shown in Fig. 7 by the da
R
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u
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n
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dotted curves. The dash-two-dotted curves in Fig. 7 are
spectra calculated by the dielectric theory. They are the s
as those shown in Fig. 2. The dotted curves are the sum
the spectra from the two processes. The relative weigh
the two contributions was adjusted to fit the data. We n
that the contribution from the ‘‘d-band tunneling channel’’ is
nearly twice as strong as the LSP-mediated emission for
negative bias case. The observed spectra for the negative
polarity shown by the solid curves~same as in Fig. 3! agree
well with the dotted curves for both tip positions. From the
considerations we conclude that the spectra for negative
polarity arise through two channels. One is through the LS
mediated emission and the other is through the ‘‘d-band tun-
neling emission.’’

V. CONCLUSION

We have investigated the STM light-emissio
mechanisms from the Au(110)-(231) surface. We conclude
that the STM light is emitted through three differe
light-emission channels. The first channel is the emiss
through the localized surface plasmons~LSP-mediated
emission!. The other two channels are the emission cau
by the recombination ofd-band holes ands-p-band electrons.
When the electrons are injected into the sample~positive
bias polarity!, d-band holes are created by impact ionizatio
The experimental results show that the efficiency ofd-band
hole generation is higher for the tip located between
rows than the that located over the row. For negat
bias polarity, d-band holes are created by tunneling ofd
electrons from Au to the tip. The light intensity due to th
recombination ofd-band holes ands-p electrons is about
two-times greater than that through the localized surf
plasmons.
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