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Tip influence on plasmon excitations in single gold particles in an STM
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Photon-emission spectra have been measured for individual titania-supported gold particles excited by the
electron current from an STM tip. Depending on the interaction strength between tip and cluster, the emission
behavior changes from excitations with Mie-plasmon character at 2.3 eV to modes of tip-induced plasmons at
1.8 ¢V. The strong tip influence on plasmon excitations in Au particles results from the almost constant
dielectric function of gold between 1.8 and 2.3 €V, making the plasmon resonance sensitive to small changes
in the electromagnetic environment. The lifetime of collective modes, derived from homogeneous linewidths,
is governed by dielectric losses in gold, in particular, by gold interband transitions.
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L. INTRODUCTION

The electronic and optical properties of small noble-metal
clusters are dominated by strong collective electronic excita-
tions, well known as Mie plasmons.! The plasmon can be
viewed as coherent oscillations of the conduction electrons
relative to the immobile ion cores in the particle. Its reso-
nance frequency sensitively depends on material, size, and
shape of the cluster and interactions with the surrounding
medium. A controlled modification of these parameters en-
ables a shift of the plasmon resonance position from the vis-
ible to the near-ultraviolet spectral range. This variability ex-
plains the wide use of noble-metal clusters in different
technological applications, for example, in optical and polar-
ization filters, nonlinear optical devices or stained glass.2™

From the experimental point of view, the investigation of
Mie plasmons in- small metal aggregates still causes a num-
ber of difficulties, mostly connected with the limited lateral
resolution of conventional optical and electron spec-
troscopies. Since a certain size distribution in cluster en-
sembles on surfaces or matrices cannot be avoided, conven-
tional experimental methods usually give averaged values on
energy position and width of the plasmon resonance. A direct
correlation between size and shape of a cluster and its optical
behavior demands for a local spectroscopy, which allows the
examination of individual metal particles. The combination
of scanning tunneling microscopy and photon-emission spec-
troscopy (PSTM) represents a promising experimental ap-
proach to fulfill these requirements.” The method benefits
from the possibility of exciting the plasmon by electron in-
jection into a cluster and from the enhanced probability for
radiating decays of the collective oscillation. The high local-
ization of the electron beam from an STM tip enables the
controlled excitation of individual particles. The spectro-
scopic analysis of photons emitted after electron injection
gives the requested properties of the Mie plasmon. Because
of the fixed tip-sample geometry in an STM, electron injec-
tion into a cluster exclusively excites the plasmon mode os-
cillating perpendicular to the sample surface (1,0 mode). The
parallel oscillation (1,1 mode), normally lower in energy,
cannot be observed within these experiments. The STM-
mediated investigation of plasmon excitations in small metal

0163-1829/2002/65(11)/115421(8)/$20.00

65 115421-1

PACS number(s): 73.22.Lp, 78.67.Bf, 68.37.Ef, 68.47.]n

particles has been successfully employed on different cluster-
substrate combinations, e.g., on silver particles on Si(111)
(Refs. 8 and 9), TiO,(110) (Ref. 10), and Al,0,/NiAl(110)
(Ref. 11) or gold clusters on Si(111) (Refs. 9 and 12) and
Al,0,;/NiAl(110) (Ref. 13).

The advantage of a high lateral resolution in these experi-
ments has, however, to be paid by an additional influence of
the STM tip on the cluster-excitation process.”!* The prox-
imity of tip and cluster changes the electromagnetic potential
“felt” by the plasmon and shifts the energy position of the
collective mode. Two effects of tip-sample interactions have
to be considered.

(i) The static electric field of the tunnel bias in the range
of some V/nm superimposes an additional restoring force on
the oscillating plasmon dipole. Additionally, the screening of
this electric field at the cluster surface induces slight devia-
tions from the equilibrium electron density in the particle.
The role of electrostatic effects on the plasmon dipole can
be investigated by modifying bias and polarity in the STM
cavity.

(i) Dynamic electromagnetic interactions between tip and
sample in an STM may also affect the Mie plasmon in a
metal particle. The oscillating dipole in the cluster induces an
image dipole in the metallic tip, depending on polarizability
and dielectric losses of the tip material. The alignment and
phase shift between the dipoles determine the strength of
dipole-dipole interactions and, therefore, resonance energy
and lifetime of the Mie plasmon in the cluster.

The importance of tip effects on plasmon excitations be-
comes evident for light-emission processes from planar
metal surfaces, probed with an STM tip. Whereas surface
plasmons in well isolated, flat electrodes do not couple to
light fields because of parallel-momentum conservation, the
electromagnetic interaction between tip and sample in an
STM causes an excitation of radiating interface plasmons.'®
These tip-induced plasmons (TIP’s) are characterized by co-
herent oscillations of the coupled electron gases in tip and
sample, driven by inelastically tunneling electrons.'®

Two borderline cases have, therefore, to be considered,
when dealing with light-emission processes in an STM: (i)
Mie plasmons in supported metal particles, nearly unaffected
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by the presence of the STM tip and (ii) tip-induced plasmons
excited in the cavity due to enhanced tip-sample interactions.
The following paper presents light-emission spectra obtained
from individual titania-supported gold particles in an STM
cavity. The emission behavior as a function of cluster size is
used as a measure of tip-sample coupling in the STM. Gold
particles have been chosen because of a particularity in the
frequency dependence of their dielectric function, making
the energy position of plasmon modes sensitive to small
changes in the electromagnetic environment of the cluster.
On the other side, the system Aw/TiO, has gained increasing
interest because of its high catalytic activity for CO oxida-
tion at low temperatures (Refs. 17 and 18). There have been
studies to connect the catalytic properties of small Au par-
ticles with their electronic structure, especially the metal to
nonmetal transition, both from the experimental'® and theo-
retical point of view.2

II. EXPERIMENT

The experiments have been carried out in an UHV cham-
ber (p<2X 107" mbar), equipped with a Beetle-type STM
and standard surface-science methods for sample preparation
and analysis. The STM head is surrounded by a parabolic
mirror, which collects photons emitted from the tunnel junc-
tion. After passing a quartz window, the light is focused on
the entrance slit of a grating spectrograph and detected with
a liquid nitrogen cooled charge coupled device outside the
vacuum chamber. The optical arrangement allows the paral-
lel detection of emission spectra in an energy range between
1 and 6 eV. Details of the experimental setup have been
described earlier.?! Light emission from selected gold par-
ticles is excited by electron injection from the STM tip, elec-
trochemically etched from a polycrystalline tungsten wire.
The STM is operated in the tunneling or near field-emission
regime at U,y <20 V, which reduces tip-sample distances to
less than 2 nm. At these conditions, the excitation of an
individual particle is secured. For typical electron currents of
2 nA, a light accumulation time of 500 s is required to obtain
photon-emission spectra with acceptable signal to noise
ratio.

A TiO, single crystal, oriented in [110] direction, was
used as substrate for the gold particles. Prior to STM experi-
ments, a sufficient conductivity was adjusted in the TiO,
sample by reducing the oxide at 1000 K in UHV* The re-
duction procedure could be followed by monitoring changes
in the crystal color from transparent to blue. A clean (110)
surface was produced by alternating cycles of Ar sputtering
and annealing to 800 K. Completing these preparation steps,
STM images of the surface showed large terraces covered
with parallel white lines [Fig. 1(a)]. This characteristic line
pattern in connection with (2 X 1)-superstructure reflexes in
low-energy electron diffraction indicates the formation of an
added row reconstruction on the reduced TiO, (110)
surface.”?* Gold clusters were prepared by atom deposition
from the gas phase, followed by diffusion and nucleation to
three-dimensional particles at room temperature. Oxide step
edges served as preferential nucleation centers, leading to a
mean cluster density of 4X 107! cm™2. Figures 1(b)-1(d)
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FIG. 1. STM images of the clean TiO,(110) surface (a) and Au
clusters on TiO,(110) for different metal exposures: 0.5 ML (b), 2
ML (c), and 5 ML, (d). Images have been obtained at —2 V tip bias
and 0.5 nA tunnel current. Image sizes are 130X 130 nm.

show STM topographies of the surface after exposure of 0.5,
2.0, and 5.0 monolayers (ML) of gold, estimated from ex situ
quartz balance measurements. Cluster sizes from STM im-
ages have been corrected for the effect of tip convolution.
For this purpose, the apparent broadening of substrate step
edges was taken from STM topographies to deduce a mean
radius of the tip apex.

M. RESULTS AND DISCUSSION

A. Photon emission from Au particles on TiO,:
General behavior

Emission spectra were measured for single gold particles
selected from topographic STM images. Morphological
changes of the particles or drift of the tip position during the
measurements could be excluded through repeated imaging
of the surface region after each spectroscopic run. No photon
emission was detected from clean TiO, at tip voltages below
+20 V (Fig. 2 lower spectrum). This experimental result has
to be explained by the absence of dipole-ailowed transitions
between the oxide band edges, responsible for a small cross
section of radiating electron-hole-pair recombinations via the
gap.”> However, the injection of electrons into an Au particle
led to the occurrence of a strong emission line in the spectra.
Peak positions were randomly distributed in a spectral range
between 1.6 and 2.3 ¢V and did not depend on the particle
diameter alone. Even subsequent experiments on the same
Au cluster resulted in different emission maxima. These in-
stabilities in the photon-emission behavior could not be con-
trolled by the excitation conditions of the cluster in the STM,
such as tip bias or tumnel current. Moreover, they appeared as
a consequence of accidental changes in the microscopic tip
configuration, for instance, due to material transport between
tip and sample. Fig. 2 shows emission spectra for two differ-
ently sized Au clusters on TiO,(110), with a cluster diameter
of 12 nm [spectra (i) and (iii)] and 8 nm, respectively [spec-
tra (ii) and (iv)]. After completing measurement (i) and (ii), a
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FIG. 2. Photon-emission spectra of two Au particles on TiO,
(Ugp=-35V, I=1.5nA). Cluster diameters were (i) 12 and (ii) 8
nm. Spectra (iii) and (iv) were obtained on the same particles after
material transfer to the STM tip.

tip change occurred, manifested in an enhanced lateral reso-
lution power of the tip. As a consequence, repeated spectro-
scopic runs on the same particles gave different peak posi-
tions, redshifted from 2.28 to 1.67 eV for the larger cluster
[spectra (i) and (iii)] and from 2.31 to 1.68 eV for the smaller
one [spectra (ii) and (iv)].

Comparable shifts of peak energies have been observed in
a number of different experiments, independently of cluster
‘diameter or tunneling conditions. However, emission peaks
from Au particles on TiO, remained localized in the spectral
range between 1.6 and 2.3 eV.

B. Energy positions of the emission peaks

Two mechanisms are conceivable as explanation for light
emission from supported Au particles, localized in the tunnel
junction of an STM. Neglecting the influence of the STM tip,
electron injection into a cluster excites perpendicular 1,0
modes of the Mie plasmon, to be viewed as collective oscil-
lations of the gold electron gas along the tip-sample axis.! Its
energy position can be estimated by inserting the dielectric
functions of particle?® [ ,,(w)] and surrounding (z,,) into
the resonance condition:?’

1 _LJ.
sAu( w) T &y L . (1)
1

In Eq. (1), L, is the depolarization factor, accounting for the
shape influence on the cluster polarizability perpendicular to
the substrate. For a cluster height to diameter ratio of 0.5-
0.6, as derived from STM images, a depolarization factor of
0.4 has to be used in the calculation. The cluster environment
consists of 65% vacuum (£,,.=1.0) and 35% TiO, (110)
interface®® (£=6.48), yiclding an averaged dielectric con-
stant of £,,=2.95. Inserting these values, a resonance posi-
tion of 2.38 eV is obtained for the 1,0 Mie mode in small
gold clusters on TiO, . The calculated plasmon energy is cen-
tered in the upper range of the spectral region, where photon-
emission peaks from Au particles have been observed in
present STM experiments. An extension of the resonance
condition in Eq. (1), according to Ref. 29, allows the mod-
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FIG. 3. Photon emission spectra of: (i) Mie plasmons in An
particles on TiO,, (ii) TIP modes in a W/Au and (iii) Auw/Au tunnel
junction, calculated for —5 V tip bias and 2 nA electron current.
The cluster diameter was set to 15 nm. Corresponding emission
mechanisms are illustrated in the insets.

eling of plasmon-induced absorption. A corresponding spec-
trum for AwWTiO, is shown in Fig. 3, curve (i).

A consideration of the STM tip in the theoretical treat-
ment of the Mie-plasmon affects the resonance position of
the collective mode in an Au particle. In a simplified picture,
the oscillating plasmon dipole (pp;,) induces an image di-
pole in the metallic tip (pr;), depending on the polarizabil-
ity of the tip material.”"* For a parallel orientation of the two
dipoles, the attractive dipole-dipole interaction leads to a de-
creasing resonance frequency of the plasmon. The magnitude
of this effect can be estimated, using the following equation:

PMieP Tip
ﬁwﬁ -SampzﬁmMie+ 3
It -Samp

_ 3(Pmie” Txp-Samp)(pTipr Th -Samp)

£+ -Samp

2 iPMie| |pTip‘
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@
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Consequently, a-decreasing plasmon energy, implying a red-
shift of the photon-emission peak, is favored by a strong
induced tip dipole and a short tip-sample separation
(7 Tip-Samp) - The limit of the tip-induced energy shift is given
by the resonance position of the tip induced plasmon (TIP),
whereby the oscillator strength of the coupled dipoles is al-
most equally stored in the electron gases of tip and sample.'6
In this case, the polarizability of the system is not dominated
by the cluster polarizability alone and the resonance position
of the TIP mode is determined by the dielectric properties of
tip and sample as well. :

The energy of the TIP can be calculated by solving the
Poisson equation in a nonretarded limit for the given tip-
sample geometry in an STM. A detailed description of the
theoretical model can be found in the literature.'®*%! As-
suming a tip radius of 50 nm, much larger than the mean
radius of gold particles (10 nm), the actual geometry is ap-
proximated by a semi-infinite metal plane in proximity to a
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gold spbere. At these conditions, the electromagnetic re-
sponse function in the tunnel cavity is calculated by using
experimental dielectric functions to describe material prop-
erties of tip and cluster.® The presence of the TiO, support is
neglected. Tip-cluster distances are determined by solving
the Schrodinger equation for a one-dimensional tunnel bar-
rier, treating tip and sample in a free electron-gas model.
Values for tip bias and tunnel current are adapted to experi-
mental conditions. Due to strong interactions between tip and
sample in an STM, a dynamic electromagnetic field is in-
duced in the tunnel cavity, driving TIP’s in the electron gases
of both electrodes. Radiating decays of the TIP’s give risc to
the emission of photons with a frequency distribution corre-
sponding to the plasmon energy.

Figure 3, curve (ii) shows a calculated emission spectrum
of the TIP mode, excited in the tunnel junction between W
tip and Au cluster. The data have been computed with the
following parameters: Uy,=~5V, I=2nA, cluster diam-
eter 15 nm. The emission is dominated by a broad feature at
2.1 eV, indicating the resonance position of the W/Au plas-
mon mode. Additionally, a possible transfer of Au particles
from the sample to the tip can be introduced in the TIP
calculations. For this purpose, the tip material has to be re-
placed by the dielectric function of gold. Such a material
transport has repeatedly been observed in the experiments
and was associated with variations in the emission character-
istics from Auw/TiO,. The calculated emission behavior of a
tip-induced plasmon in the Au/Au tunnel cavity is shown in
Fig. 3, curve (iii). As a consequence of the high polarizability
and small dielectric losses mn gold compared to tungsten, the
plasmon-mediated-emission peak is redshifted to 1.8 eV and
increased in intensity. Calculated peak positions from TIP
modes in the W/Au or Au/Au tunnel junction lie in the lower
spectral range, where light emission from Au particles has
been observed in the present PSTM experiment.

Putting together what we have found so far, enables a
consistent interpretation of STM-mediated, photon-emission
processes from Au clusters on TiO,. Emission peaks cen-
tered at around 2.3 eV, have to be viewed as radiating decays
of Mie-like plasmons in the supported Au particles. Their
resonance frequencies are slightly modified by the electro-
magnetic coupling to the STM tip and correspond approxi-
mately to calculated plasmon energies for an undisturbed
cluster-substrate system. Changes of the tip material enhance
the importance of tip-cluster interactions and modify the na-
ture of collective electronic excitations in the STM cavity
towards plasmons with stronger TIP character. In particular,
the observed emission peaks between 1.6 and 1.8 eV can be
understood as radiating decays of Aw/Au tip-induced plas-
mons, excited after a transfer of gold particles from the
sample to the tip apex. Therefore, the broad distribution of
emission peaks around 2 eV is the consequence of a limited
control over the microscopic configuration of the STM tip
and no intrinsic property of the gold particles.

A comparable influence of the tip on the energy position
of collective electronic excitations has not been observed for
other cluster-substrate combinations, investigated by photon
STM to our knowledge. Photon-emission peaks from indi-
vidual Ag clusters, supported on TiO, (Ref. 10) or AL,O;,!
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FIG. 4. Real part of the dielectric function for gold and silver
from Ref. 26.

are concentrated in a narrow spectral window of approxi-
mately 0.1 eV. Furthermore, the peak positions are strongly
correlated with cluster size. Also for small Au particles on
A1203 /NiAl(110), PSTM measurements showed photon-
emission peaks centered around 2.5 eV."* In both cases, the
energy position of observed emission peaks corresponds to
the resonance frequency of Mie plasmons in the idealized
cluster-substrate system and is not noticeably perturbed by
interactions with the STM tip. The enhanced tip-cluster cou-
pling for Aw/TiO, appears to be an exceptional property of
this material combination. An explanation for this emission
behavior can be found in the specific frequency dependence
of the gold dielectric function. As shown in Fig. 4, its real
part, £,(Au), passes a large platean in the energy range be-
tween 1.8 and 2.3 eV, covering the spectral position of 1,0
Mie plasmons in Au particles on TiO, . Because of the small
dispersion of the dielectric function in this region, the reso-
nance position of the plasmon mode is not fixed at a specific
energy. This becomes intuitively clear by applying the plas-
mon resonance condition given in Eq. (1). Small modifica-
tions in the cluster environment, expressed by changes in its
dielectric constant z,,, shift the plasmon energy over the
plateau region of the gold dielectric function. Such perturba-
tions in the electromagnetic properties of the cluster sur-
rounding are produced by interactions with the STM tip.” Its
polarizability increases the value of &,, thus shifting the
resonance frequency of the collective mode from the Mie
value of 2.3 eV towards the opposite side of the plateau at
1.8 eV. For this reason, the actual position of the plasmon
excitation crucially depends on the interaction strength be-
tween tip and cluster, which might cause the random distri-
bution of observed emission lines from Auw/TiO, in the pla-
teau region.

In contrast to gold, the dielectric function of silver exhib-
its almost free electron-gas behavior in the energy range of
Mie plasmons (Fig. 4). The strong dispersion of the polariz-
ability stabilizes the collective mode in Ag particles around
the Mie value,"”® despite of an additional influence of the
STM tip. The electromagnetic perturbations in the cluster
surrounding lead to similar changes in the plasmon reso-
nance condition, according to Eq. (1). However, because of
the stronger frequency dependence of £;(Ag), the energy
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FIG. 5. Photon-emission spectra of differently sized Au particles
on TiO, (Ugp=—5V, I=1.5nA). The emission is dominated by
decays of Mie-like plasmons. The spectra can be assigned to clus-
ters labeled in the STM image in the inset (size 130X 130 nm).

position of the collective excitation is much less affected.
Consequently, photon-emission measurcments on Ag par-
ticles in a PSTM are less sensitive to modifications of the
tip-sample coupling and give the intrinsic properties of Ag
Mie plasmons.

C. Cluster-size dependence of emission peaks

As outlined above, the energy position of emission peaks
from individual Au clusters on TiO, is not directly correlated
to corresponding cluster diameters, because of considerable
tip influence on the system. This restriction could be weak-
ened for series of photon-emission measurements, taken at
one stable tip configuration. At these conditions, the relative
dependence of the plasmon energy on cluster size becomes
accessible to the experiment. However, the emission behav-
ior must not be associated with the intrinsic optical proper-
ties of an Au cluster alone, because it is still altered by a
constant interaction with the STM tip.

Figure 5 shows a series of photon-emission spectra for a
number of differently sized Au particles on TiO,(110). Each
spectrum can be assigned to the cluster labeled in the STM
topography in Fig. 5. The cluster-size dependence of peak
positions, obtained from this experimental run, is displayed
by black triangles in Fig. 6. Further data points from the
same series have been added to the diagram. The peak ener-
gies around 2.3 eV are characteristic for Mie plasmons in Au
particles, where the collective mode is weakly modified by
the presence of the STM tip (see discussion in Sec. III B).
This interpretation is supported by the strong polarity depen-
dence of measured peak heights, leading to intense emission
peaks only for electron injection from the tip into the par-
ticle. In constrast, emission processes with considerable con-
tribution of tip-induced plasmons are independent of the di-
rection of tunneling electrons.”'> With decreasing cluster
sizes, emission peaks from Aw/TiO, shift to higher photon
energies. The size dependence % w(d) can be fitted with a
functional relation proportional to the inverse cluster diam-
eter d :hw(d)=2.18 eV+1.06 eVnm/d(nm) (Fig. 6, up-
per solid line). Similar ™! correlations between plasmon
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FIG. 6. Resonance positions vs cluster diameter for collective
modes with strong TIP (@) and Mie (V) character in Aw/TiO,.
Solid lines show fits of corresponding size dependences to experi-
mental data. The broken line represents a calculation of TIP modes
in an Aw/Au tunnel junction (for further details see text).

energy and cluster size have earlier been measured for Mie
plasmons in ensembles of Ag particles [Ag/Ar (Ref. 32),
Ag/Xe (Ref. 33), Ag/vacuum®®) and in individual Ag clusters
on Al,O3/NiAlL!! The effect was explained as a conse-
quence of plasmon screening by localized 4 electrons in the
cluster, which leads to a reduction of the resonance energy.>
At the cluster surface, the depolarization influence of the
d-electron cloud vanishes, because localized 4 electrons can-
not follow the spill-out tendency of delocalized s, p elec-
trons. With decreasing cluster size, the relative weight of
unscreened surface-electrons increases, thus resulting in a
higher plasmon frequency in smaller particles. The 4 ! be-
havior can, therefore, be understood as interplay between
surface (xd?) and bulk effects (xd>) in small metal
clusters.! Corresponding blueshifts have also been found for
Mie plasmons in Au cluster ensembles (e.g., Au particles in
glass iw(d)=2.2 eV+0.7 eVnn/d(nm) (Ref. 36) and in so-
lution fi w(d)=2.3 €V+0.3 eVnm/d(nm) (Ref. 37). The size
dependence of emission peaks around 2.3 €V, observed in the
present STM experiment, reproduces the general trend in the
plasmon energy shift as a function of cluster diameter. This
agreement gives a further indication to assign the photon
emission in this energy range to radiating decays of Mie-like
plasmons in individual Au particles.

The size dependence of the photon-emission behavior
changes completely, when the collective mode in an Au par-
ticle is strongly influenced by the presence of the STM tip.
The tip polarizability shifts the plasmon resonance in the
tunnel cavity to values around 1.8 eV.*® The emitted intensity
from Au particles becomes similar for positive and negative
tunnel bias.!* Both observations indicate an increasing con-
tribution of TIP modes to the emission process (see discus-
sion in Sec. IIIB). For a representative serics of measure-
ments, energy positions of TIP-like plasmons are shown as a
function of cluster diameter in Fig. 6 (filled circles). The
spectra have been obtained after a transfer of gold particles
from the surface to the tip apex at high electron currents.
However, no changes in the tip configuration occurred during
the course of measurements. For the given tip-sample cou-
pling, the energy shift of the emission line can, therefore, be
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assigned to a relative cluster-size effect on the TIP. In con-
trast to Mie-like plasmons at 2.3 €V, plasmon peaks at lower
photon energy and stronger TIP character do not follow a
characteristic 4~ ! size dependence. Peak energies decrease
approximately proportional to cluster size and can be fitted
by: fiw(d)=2.3eV—0.02 eV/nmXd(nm). This modified
size dependence demonstrates the physical nature of a col-
lective electronic excitation, involving a considerable tip
contribution in the STM cavity. At these conditions, the reso-
nance frequency of the collective mode is no longer deter-
mined by intrinsic properties of the metal particle, but domi-
nated by the size dependence of the tip-cluster interaction.
For a qualitative description of the frequency shift as a func-
tion of cluster diameter, two effects have to be considered. (i)
The dipole strength of the plasmon in the unperturbed cluster
increases with diameter, thus leading to a larger image dipole
in the STM tip and an enhanced dipole-dipole attraction. (ii)
The tip-sample separation slightly reduces with decreasing
cluster size, which additionally influences the dipole-dipole
interaction according to Eq. (2).

To obtain an estimation of the size dependence of TIP
modes in an Aw/Au tunnel junction, the Johansson model
from Sec. III B was used.>® The model allows the calculation
of resonance frequencies for collective modes, formed be-
tween differently sized metal spheres and a planar electrode
representing the STM tip. The estimation gives reasonable
results, as long as the tip radius is much larger than the
cluster diameter. For cluster radii below 10 nm, calculated
resonance positions of the TIP are shown as broken line in
Fig. 6. The calculation reproduces the experimental trend of
a TIP energy, linearly increasing with decreasing Au particle
size. However, compared to measured energy positions of Au
emission peaks, the simulation systematically overestimates
the size-dependent TIP energies. This deviation can be attrib-
uted to the neglect of the TiO, support in the theoretical
model. In our experiment, the high polarizability of the oxide
additionally shifts the plasmon peak to lower energies. A
corresponding mechanism cannot be considered in the TIP
model, leading to an artificial blueshift of collective modes
in the calculation. On the other side, the reliability of the
nonretarded model certainly breaks down in the limit of large
metal spheres, equivalent to large Au particles. At these con-
ditions, retardation effects of the electromagnetic potential
become important, which in turn lead to a further redshift of
the collective mode in the tip-sample system.*

D. Line widths of emission peaks

Experiments on photon emission from individual, TiO,
supported Au particles allow the determination of homog-
enous line widths without additional line broadening effects
due to the cluster-size distribution on the surface. As dis-
cussed for the energy position of emission peaks, also line
widths cannot be correlated to the cluster diameter alone,
because of the variable-tip influence on electronic excitations
in the particle. However, a strong and systematic correlation
was observed between full-width at half-maximum (FWHM)
and energy position of emission peaks, independently of the
actual cluster size. Fig. 7 shows four emission spectra, mea-
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FIG. 7. Photon-emission spectra of Au particles on TiO; (Usp
=—5YV, I=1.5 nA), measured with high spectral resolution of the
spectrograph. Resonance positions result from an interplay between
intrinsic cluster properties and interactions with the STM tip.

sured with high spectral resolution of the spectrograph. Peak
positions result from an interplay of intrinsic cluster proper-
ties and tip-sample interactions and must not be assigned to
cluster diameter alone. For decreasing peak energies, a con-
siderable narrowing of the line widths is observed. Whereas
photon-emission peaks with strong Mie character around 2.3
¢V display an FWHM of approximately 300 meV, the homo-
geneous line width is reduced to 125 meV for TIP-like
modes at 1.8 eV. Based on the uncertainty relation, the nar-
rowing of the emission lines can be interpreted as a lifetime
prolongation of the collective excitations from 4.2 to 10.2
£5.4° The determination of line widths as a function of reso-
nance frequency is reproducible and almost independent of
the actual tip configuration. Figure 8 shows the increase of
FWHM with energy of the emission peaks, derived from
numerous measurements. Plasmon line widths for gold par-
ticles, embedded in a TiO, matrix*! and in solution,’’ have
been added for comparison. The data point obtained for Au
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FIG. 8. FWHM vs resonance position for emission peaks from
AwW/TiO,. Data points have been added for Au particles in a TiO,
matrix (Ref. 41) and in solution (Ref. 37). The solid line represents
the bulk dielectric loss function for gold, calculated from data in
Ref. 26.
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in a TiO, matrix was derived from a scanning nearfield op-
tical microscope experiment; clusters in solution were inves-
tigated by extinction cross-section spectroscopy.

Since the Au particle size neither exclusively determines
position nor width of the corresponding emission line,
cluster-size effects cannot be considered to interpret the ob-
served linewidths, although they certainly have a contribu-
tion. Therefore, our explanation concentrates on bulk damp-
ing processes, responsible for the decrease of plasmon
lifetime and the line broadening. A variety of decay mecha-
nisms has to be considered for collective modes in the STM
cavity.""? Inside an Au particle, dielectric losses or
electron-phonon scattering cause a dephasing and decay of
the plasmon mode. Because of the large time constants for
electron-phonon coupling in the order of 7pygpen=> 100 f5, this
contribution can be neglected for the total lifetime.*> The
emission of photons from an oscillating dipole leads to a
weakening of the dipole strength and gives rise to the radia-
tion damping. The corresponding decay time is dominated by
resonance frequency (wp) and mean dipole length (d,,) ac-
cording to*

3 3
=—*—§-—T-
TRad 2 dyjwp

©)

For an Au cluster of 10 nm diameter and a plasmon energy of
2.3 eV, the calculated lifetime contribution of 75,4>270 fs is
also far too long to explain the broad homogenous line
widths observed for Au particles on TiO,. Additional decay
channels may be opened by plasmon interactions with the
TiO, substrate and the STM tip. TiO,-mediated damping can
essentially be ruled out, because the maximum plasmon en-
ergy of 2.3 eV is not sufficient to excite electron-hole pairs in
the 3 eV band gap of TiO,. The importance of tip-sample
interactions on the lifetime of collective modes cannot be
estimated in an easy manner. However, with increasing tip
coupling, responsible for the low-energy TIP modes, an in-
crease of the tip-induced damping efficiency is expected,
which is in contrast to experimental observations.

These arguments suggest a concentration om electron-
electron scattering processes inside an Au particle to explain
the short plasmon lifetimes.** Bulk dielectric losses are de-
scribed by the imaginary part of the gold dielectric function
(=,), which includes absorption in the free electron gas and
energy dissipation due to interband transitions.”® Surface
scattering processes as a function of cluster size are not
considered.”® In a rough estimation, the damping efficiency
due to bulk dielectric losses becomes proportional to
g3(w)/(g,2+£,%).%° The corresponding functional relation
has been added to Fig. 8. The strong increase in the electron-
electron-damping efficiency at energies above 2.0 eV repro-
duces the trend in the measured FWHM for Aw/TiO,. The
qualitative agreement gives a strong indication of the domi-
nant plasmon decay channel, determined by dielectric losses
in the Au particle.

Also from a microscopic point a view, the enhancement of
plasmon damping with increasing resonance frequency can
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be rationalized. The electronic structure of bulk gold is char-
acterized by the onset of the gold 4 bands with a high density
of states at 2.3 eV below the Fermi level.* In this energy
region, strong absorption occurs due to interband transitions
from the d bands to unoccupied states above the Fermi level.
The necessary energy quantum can be provided by the plas-
mon oscillation, resulting in enhanced damping and broad
emission lines of the collective mode. The probability of a
plasmon decay increases as its energy approaches the inter-
band transitions at 2.3 €V. The model is compatible with the
short lifetime of collective modes with strong Mie character
at around 2.3 eV compared to TIP-like modes at 1.8 eV.
However, a determination of absolute time constants for the
different plasmon decay channels demands for more sophis-
ticated theoretical models and is beyond the scope of this

paper.

IV. CONCLUSIONS

The present experiments demonstrate the importance of
tip-sample interactions for collective electronic modes in
small Au particles, excited with the local electron beam from
an STM tip. Whereas electronic properties of idealized
cluster-substrate systems are dominated by Mie-plasmon ex-
citations, the presence of a polarizable metal tip in proximity
to the cluster considerably redshifts the resonance frequency
of the collective mode. For single TiO, supported Au par-
ticles, a transition from Mie-like electronic excitations cen-
tered at around 2.3 eV to TIP-like plasmon modes at 1.8 eV
has been observed as a function of tip-sample interaction and
microscopic tip configuration. This variability in the emis-
sion behavior of Au particles is explained by a peculiarity of
the gold dielectric function, which passes an extended pla-
teau in the energy range between 1.8 and 2.3 eV. The negli-
gible dispersion makes the plasmon resonance in Au par-
ticles sensitive to extemnal electromagnetic perturbations, as
induced by the presence of the STM tip. Conclusively, STM-
mediated photon-emission spectroscopy cannot directly be
employed to investigate optical properties of individual Au
particles on TiO,. In this case, the measured resonance fre-
quencies of collective excitations results from an interplay
between intrinsic cluster properties and interactions with the
tip in the STM cavity. For materials characterized by a strong
dispersion in their dielectric function, such as silver, the reso-
nance frequency of collective modes is stabilized close to the
Mie value and less sensitive to tip-sample interactions. For
these systems, photon emission peaks measured in a PSTM
can indeed be correlated with intrinsic optical properties of
the metal particles.
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