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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 eV. 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 eV, 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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[. INTRODUCTION particles has been successfully employed on different cluster-
substrate combinations, e.g., on silver particles oi113)

The electronic and optical properties of small noble-metalRefs. 8 and § TiO,(110) (Ref. 10, and ALO;/NiAl(110)
clusters are dominated by strong collective electronic excitatRef. 11) or gold clusters on $111) (Refs. 9 and 1Rand
tions, well known as Mie plasmorisThe plasmon can be Al,05/NiAl(110) (Ref. 13.
viewed as coherent oscillations of the conduction electrons The advantage of a high lateral resolution in these experi-
relative to the immobile ion cores in the particle. Its reso-ments has, however, to be paid by an additional influence of
nance frequency sensitively depends on material, size, anfle STM tip on the cluster-excitation proc€sé.The prox-
shape of the cluster and interactions with the surroundingmity of tip and cluster changes the electromagnetic potential
medium. A controlled modification of these parameters en«g|t” by the plasmon and shifts the energy position of the
ables a shift of the plasmon resonance position from the visggjiective mode. Two effects of tip-sample interactions have
ible to the near-ultraviolet spectral range. This variability eX-iq pe considered.
plains the wide use of noble-metal clusters in different ;) The static electric field of the tunnel bias in the range
technological applications, for example, in optical and polar-4f some V/nm superimposes an additional restoring force on
ization filters, nonlinear optical devices or stained gfasSs.  the oscillating plasmon dipole. Additionally, the screening of

_From the experimental point of view, the investigation of yhis electric field at the cluster surface induces slight devia-
Mie plasmons in small metal aggregates still causes a numyions from the equilibrium electron density in the particle.
ber of difficulties, mostly connected with the limited lateral The role of electrostatic effects on the plasmon dipole can

resolution of conventional optical and electron spec-pe jnyestigated by modifying bias and polarity in the STM
troscopies. Since a certain size distribution in cluster eNzavity.

sembles on surfaces or matrices cannot be avoided, conven- (i) pynamic electromagnetic interactions between tip and
tional experimental methods usually give averaged values O8ample in an STM may also affect the Mie plasmon in a
energy position and width of the plasmon resonance. A direcheta| particle. The oscillating dipole in the cluster induces an
correlation between size and shape of a cluster and its optlc%age dipole in the metallic tip, depending on polarizability
behavior demands for a local spectroscopy, which allows thgnq dielectric losses of the tip material. The alignment and
examination of individual metal particles. The comblnatlonphase shift between the dipoles determine the strength of
of scanning tunneling microscopy and photon-emission speGgipole-dipole interactions and, therefore, resonance energy

troscopy (PSTM) represents a promising experimental ap-,4 Jifetime of the Mie plasmon in the cluster.
proach to fulfill these requiremerftd. The method benefits

from the possibility of exciting the plasmon by electron in-  The importance of tip effects on plasmon excitations be-
jection into a cluster and from the enhanced probability forcomes evident for light-emission processes from planar
radiating decays of the collective oscillation. The high local-metal surfaces, probed with an STM tip. Whereas surface
ization of the electron beam from an STM tip enables theplasmons in well isolated, flat electrodes do not couple to
controlled excitation of individual particles. The spectro-light fields because of parallel-momentum conservation, the
scopic analysis of photons emitted after electron injectiorelectromagnetic interaction between tip and sample in an
gives the requested properties of the Mie plasmon. BecaussTM causes an excitation of radiating interface plasnions.
of the fixed tip-sample geometry in an STM, electron injec-These tip-induced plasmoli§IP’s) are characterized by co-
tion into a cluster exclusively excites the plasmon mode osherent oscillations of the coupled electron gases in tip and
cillating perpendicular to the sample surfgdéed mode. The  sample, driven by inelastically tunneling electrdfis.

parallel oscillation(1,1 mode, normally lower in energy, Two borderline cases have, therefore, to be considered,
cannot be observed within these experiments. The STMwhen dealing with light-emission processes in an STM:
mediated investigation of plasmon excitations in small metaMie plasmons in supported metal particles, nearly unaffected

0163-1829/2002/68.1)/1154218)/$20.00 65 115421-1 ©2002 The American Physical Society



N. NILIUS, N. ERNST, AND H.-J. FREUND PHYSICAL REVIEW B55 115421

by the presence of the STM tip axid) 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 Au/Ti@as gained increasing
interest because of its high catalytic activity for CO oxida-
tion at low temperature@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 experimefitand theo-
retical point of view?°

FIG. 1. STM images of the clean T}QL10) surfacga) and Au
Il. EXPERIMENT clusters on TiQ(110) for different metal exposures: 0.5 Mb), 2
ML (c), and 5 ML, (d). Images have been obtained-a2 V tip bias
The experiments have been carried out in an UHV chamand 0.5 nA tunnel current. Image sizes are 2330 nm.
ber (p<2x 10 ° mbar), equipped with a Beetle-type STM
and standard surface-science methods for sample preparatishow STM topographies of the surface after exposure of 0.5,
and analysis. The STM head is surrounded by a paraboli2.0, and 5.0 monolaye(#1L ) of gold, estimated fronex situ
mirror, which collects photons emitted from the tunnel junc-quartz balance measurements. Cluster sizes from STM im-
tion. After passing a quartz window, the light is focused onages have been corrected for the effect of tip convolution.
the entrance slit of a grating spectrograph and detected witRor this purpose, the apparent broadening of substrate step
a liquid nitrogen cooled charge coupled device outside thedges was taken from STM topographies to deduce a mean
vacuum chamber. The optical arrangement allows the paratadius of the tip apex.
lel detection of emission spectra in an energy range between
1 and 6 eV. Details of the experimental setup have been ll. RESULTS AND DISCUSSION
described earliet 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 Emission spectra were measured for single gold particles
regime atU 4,,<20 V, which reduces tip-sample distances toselected from topographic STM images. Morphological
less than 2 nm. At these conditions, the excitation of archanges of the particles or drift of the tip position during the
individual particle is secured. For typical electron currents ofmeasurements could be excluded through repeated imaging
2 nA, a light accumulation time of 500 s is required to obtainof the surface region after each spectroscopic run. No photon
photon-emission spectra with acceptable signal to noisemission was detected from clean Fié tip voltages below
ratio. +20 V (Fig. 2 lower spectrum This experimental result has
A TiO, single crystal, oriented if110] direction, was to be explained by the absence of dipole-allowed transitions
used as substrate for the gold particles. Prior to STM experibetween the oxide band edges, responsible for a small cross
ments, a sufficient conductivity was adjusted in the ;TiO section of radiating electron-hole-pair recombinations via the
sample by reducing the oxide at 1000 K in UBAThe re-  gap?® However, the injection of electrons into an Au particle
duction procedure could be followed by monitoring changeded to the occurrence of a strong emission line in the spectra.
in the crystal color from transparent to blue. A cledi0 Peak positions were randomly distributed in a spectral range
surface was produced by alternating cycles of Ar sputteringpetween 1.6 and 2.3 eV and did not depend on the particle
and annealing to 800 K. Completing these preparation stepsljameter alone. Even subsequent experiments on the same
STM images of the surface showed large terraces coveredlu cluster resulted in different emission maxima. These in-
with parallel white lineqFig. 1(a)]. This characteristic line stabilities in the photon-emission behavior could not be con-
pattern in connection with ( 1)-superstructure reflexes in trolled by the excitation conditions of the cluster in the STM,
low-energy electron diffraction indicates the formation of ansuch as tip bias or tunnel current. Moreover, they appeared as
added row reconstruction on the reduced JiQL10  a consequence of accidental changes in the microscopic tip
surface?>?* Gold clusters were prepared by atom depositionconfiguration, for instance, due to material transport between
from the gas phase, followed by diffusion and nucleation tatip and sample. Fig. 2 shows emission spectra for two differ-
three-dimensional particles at room temperature. Oxide steently sized Au clusters on T0110), with a cluster diameter
edges served as preferential nucleation centers, leading tooh 12 nm[spectra(i) and(iii)] and 8 nm, respectivelyspec-
mean cluster density of 410 * cm™2. Figures 1b)—1(d) tra (i) and(iv)]. After completing measureme(i} and(ii), a

A. Photon emission from Au particles on TiO;:
General behavior
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FIG. 2. Photon-emission spectra of two Au particles on,TiO FIG. 3. Photon emission spectra @f) Mie plasmons in Au
(Ugp=—5V, I=1.5nA). Cluster diameters werg) 12 and(ii) 8 particles on TiQ, (ii) TIP modes in a W/Au andii) Au/Au tunnel
nm. Spectrdiii) and(iv) were obtained on the same particles after junction, calculated for-5 V tip bias and 2 nA electron current.
material transfer to the STM tip. The cluster diameter was set to 15 nm. Corresponding emission
mechanisms are illustrated in the insets.
tip change occurred, manifested in an enhanced lateral reso-
lution power of the tip. As a consequence, repeated spectr@ling of plasmon-induced absorption. A corresponding spec-
scopic runs on the same particles gave different peak posirum for Au/TiO, is shown in Fig. 3, curvei).
tions, redshifted from 2.28 to 1.67 eV for the larger cluster A consideration of the STM tip in the theoretical treat-
[spectra(i) and(iii )] and from 2.31 to 1.68 eV for the smaller ment of the Mie-plasmon affects the resonance position of
one[spectra(ii) and(iv)]. the collective mode in an Au particle. In a simplified picture,
Comparable shifts of peak energies have been observed the oscillating plasmon dipolep{,.) induces an image di-
a number of different experiments, independently of clustepole in the metallic tip jpr;,), depending on the polarizabil-
diameter or tunneling conditions. However, emission peakgy of the tip material”** For a parallel orientation of the two
from Au particles on TiQ remained localized in the spectral dipoles, the attractive dipole-dipole interaction leads to a de-
range between 1.6 and 2.3 eV. creasing resonance frequency of the plasmon. The magnitude
of this effect can be estimated, using the following equation:
B. Energy positions of the emission peaks

Two mechanisms are conceivable as explanation for light 1 0 7ip-sam= Tt Otie pé\ﬂiepTip
emission from supported Au particles, localized in the tunnel I Tip-samp
junction of an STM. Neglecting the influence of the STM tip, 3
electron injection into a cluster excites perpendicular 1,0 _ (pMierTiP'ngQ(pTiprT‘P'Samf)
modes of the Mie plasmon, to be viewed as collective oscil- I Tip-samp
lations of the gold electron gas along the tip-sample akis. 2) ool
energy position can be estimated by inserting the dielectric =h oyie— M 2
functions of particlé® [£,,(w)] and surrounding ;) into © ITipsamp

the resonance conditid: . . .
Consequently, a decreasing plasmon energy, implying a red-

1-L, shift of the photon-emission peak, is favored by a strong
8Au(w):8mL—- (1) induced tip dipole and a short tip-sample separation
(' Tip-samp - The limit of the tip-induced energy shift is given
In Eq. (1), L, is the depolarization factor, accounting for the by the resonance position of the tip induced plasribi®),
shape influence on the cluster polarizability perpendicular tavhereby the oscillator strength of the coupled dipoles is al-
the substrate. For a cluster height to diameter ratio of 0.5-most equally stored in the electron gases of tip and saffiple.
0.6, as derived from STM images, a depolarization factor oin this case, the polarizability of the system is not dominated
0.4 has to be used in the calculation. The cluster environmery the cluster polarizability alone and the resonance position
consists of 65% vacuume(,=1.0) and 35% TiQ (110  of the TIP mode is determined by the dielectric properties of
interfacé® (¢=6.48), yielding an averaged dielectric con- tip and sample as well.
stant ofe,,=2.95. Inserting these values, a resonance posi- The energy of the TIP can be calculated by solving the
tion of 2.38 eV is obtained for the 1,0 Mie mode in small Poisson equation in a nonretarded limit for the given tip-
gold clusters on Ti@. The calculated plasmon energy is cen-sample geometry in an STM. A detailed description of the
tered in the upper range of the spectral region, where photoritheoretical model can be found in the literatdté®>! As-
emission peaks from Au particles have been observed isuming a tip radius of 50 nm, much larger than the mean
present STM experiments. An extension of the resonanceadius of gold particle$10 nm), the actual geometry is ap-
condition in Eq.(1), according to Ref. 29, allows the mod- proximated by a semi-infinite metal plane in proximity to a
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gold sphere. At these conditions, the electromagnetic re- 0
sponse function in the tunnel cavity is calculated by using Plateau Mie-\ ]
experimental dielectric functions to describe material prop- Sp regon & energy ]
erties of tip and clustéf The presence of the TiGsupport is % et ]
neglected. Tip-cluster distances are determined by solving -10 .
the Schrdinger equation for a one-dimensional tunnel bar- o5 ]
rier, treating tip and sample in a free electron-gas model. 15 ¢ .
Values for tip bias and tunnel current are adapted to experi- ]
mental conditions. Due to strong interactions between tip and 20 F .- 3
sample in an STM, a dynamic electromagnetic field is in- Gold . Silver ]
. . L. . — Py
duced in the tunnel cavity, driving TIP’s in the electron gases 25k 3
of both electrodes. Radiating decays of the TIP’s give rise to e e ]
the emission of photons with a frequency distribution corre- 1.0 L5 20 25 3.0
Energy (eV)

sponding to the plasmon energy.
Figure 3, curve(ii) S,hOW_S a Calculated' em|§S|on spectrum FIG. 4. Real part of the dielectric function for gold and silver
of the TIP mode, excited in the tunnel junction between Wy, ref. 26.
tip and Au cluster. The data have been computed with the
following parametersU,=—5V, 1=2nA, cluster diam- are concentrated in a narrow spectral window of approxi-
eter 15 nm. The emission is dominated by a broad feature anately 0.1 eV. Furthermore, the peak positions are strongly
2.1 eV, indicating the resonance position of the W/Au plas-correlated with cluster size. Also for small Au particles on
mon mode. Additionally, a possible transfer of Au particlesAl,O3/NiAl(110), PSTM measurements showed photon-
from the sample to the tip can be introduced in the TIPemission peaks centered around 2.5'€W both cases, the
calculations. For this purpose, the tip material has to be reenergy position of observed emission peaks corresponds to
placed by the dielectric function of gold. Such a materialthe resonance frequency of Mie plasmons in the idealized
transport has repeatedly been observed in the experimentiuster-substrate system and is not noticeably perturbed by
and was associated with variations in the emission characteinteractions with the STM tip. The enhanced tip-cluster cou-
istics from Au/TiO,. The calculated emission behavior of a pling for Au/TiO, appears to be an exceptional property of
tip-induced plasmon in the Au/Au tunnel cavity is shown in this material combination. An explanation for this emission
Fig. 3, curve(iii). As a consequence of the high polarizability behavior can be found in the specific frequency dependence
and small dielectric losses in gold compared to tungsten, thef the gold dielectric function. As shown in Fig. 4, its real
plasmon-mediated-emission peak is redshifted to 1.8 eV anplart, £1(Au), passes a large plateau in the energy range be-
increased in intensity. Calculated peak positions from TIRween 1.8 and 2.3 eV, covering the spectral position of 1,0
modes in the W/Au or Au/Au tunnel junction lie in the lower Mie plasmons in Au particles on TiO Because of the small
spectral range, where light emission from Au particles haglispersion of the dielectric function in this region, the reso-
been observed in the present PSTM experiment. nance position of the plasmon mode is not fixed at a specific
Putting together what we have found so far, enables &nergy. This becomes intuitively clear by applying the plas-
consistent interpretation of STM-mediated, photon-emissionmon resonance condition given in E@). Small modifica-
processes from Au clusters on TiOEmission peaks cen- tions in the cluster environment, expressed by changes in its
tered at around 2.3 eV, have to be viewed as radiating decayBelectric constant,,, shift the plasmon energy over the
of Mie-like plasmons in the supported Au particles. Their plateau region of the gold dielectric function. Such perturba-
resonance frequencies are slightly modified by the electrotions in the electromagnetic properties of the cluster sur-
magnetic coupling to the STM tip and correspond approxitounding are produced by interactions with the STM'tlfs
mately to calculated plasmon energies for an undisturbeg@olarizability increases the value ef,,, thus shifting the
cluster-substrate system. Changes of the tip material enhancesonance frequency of the collective mode from the Mie
the importance of tip-cluster interactions and modify the navalue of 2.3 eV towards the opposite side of the plateau at
ture of collective electronic excitations in the STM cavity 1.8 eV. For this reason, the actual position of the plasmon
towards plasmons with stronger TIP character. In particularexcitation crucially depends on the interaction strength be-
the observed emission peaks between 1.6 and 1.8 eV can bgeen tip and cluster, which might cause the random distri-
understood as radiating decays of Au/Au tip-induced plasbution of observed emission lines from Au/Ti@ the pla-
mons, excited after a transfer of gold particles from theteau region.
sample to the tip apex. Therefore, the broad distribution of In contrast to gold, the dielectric function of silver exhib-
emission peaks around 2 eV is the consequence of a limiteits almost free electron-gas behavior in the energy range of
control over the microscopic configuration of the STM tip Mie plasmongFig. 4). The strong dispersion of the polariz-
and no intrinsic property of the gold particles. ability stabilizes the collective mode in Ag particles around
A comparable influence of the tip on the energy positionthe Mie value'?® despite of an additional influence of the
of collective electronic excitations has not been observed foSTM tip. The electromagnetic perturbations in the cluster
other cluster-substrate combinations, investigated by photosurrounding lead to similar changes in the plasmon reso-
STM to our knowledge. Photon-emission peaks from indi-nance condition, according to E(L). However, because of
vidual Ag clusters, supported on TiQRef. 10 or Al,O;,'  the stronger frequency dependencesgfAg), the energy
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FIG. 5. Photon-emission spectra of differently sized Au particles /G- 6- Resonance positions vs cluster diameter for collective
on TiO, (Uy,=—5V, I=15nA). The emission is dominated by modes with strong TIR®) and Mie (V¥) character in Au/TiQ.

decays of Mie-like plasmons. The spectra can be assigned to clusolid lines show fits of corresponding size dependences to experi-
ters labeled in the STM image in the indsize 130k 130 nn). mental data. The broken line represents a calculation of TIP modes

in an Au/Au tunnel junction(for further details see text

position of the collective excitation is much less affected.energy and cluster size have earlier been measured for Mie
Consequently, photon-emission measurements on Ag paplasmons in ensembles of Ag particle&g/Ar (Ref. 32,
ticles in a PSTM are less sensitive to modifications of theAg/Xe (Ref. 33, Ag/vacuun®) and in individual Ag clusters
tip-sample coupling and give the intrinsic properties of Agon Al,O3/NiAl. 1! The effect was explained as a conse-
Mie plasmons. guence of plasmon screening by localiz&dlectrons in the
cluster, which leads to a reduction of the resonance erfergy.
At the cluster surface, the depolarization influence of the
d-electron cloud vanishes, because localideglectrons can-

As outlined above, the energy position of emission peaksiot follow the spill-out tendency of delocalizesj p elec-
from individual Au clusters on Ti@is not directly correlated trons. With decreasing cluster size, the relative weight of
to corresponding cluster diameters, because of considerablmscreened surface-electrons increases, thus resulting in a
tip influence on the system. This restriction could be weakhigher plasmon frequency in smaller particles. Thée be-
ened for series of photon-emission measurements, taken kévior can, therefore, be understood as interplay between
one stable tip configuration. At these conditions, the relativesurface (<d?) and bulk effects €d®) in small metal
dependence of the plasmon energy on cluster size becomefusters' Corresponding blueshifts have also been found for
accessible to the experiment. However, the emission behawiie plasmons in Au cluster ensembl@sg., Au particles in
ior must not be associated with the intrinsic optical properglassi w(d)=2.2 eV+0.7 eVnmt(nm) (Ref. 36 and in so-
ties of an Au cluster alone, because it is still altered by dution % w(d)=2.3 eV+ 0.3 eVnmt(nm) (Ref. 37. The size
constant interaction with the STM tip. dependence of emission peaks around 2.3 eV, observed in the

Figure 5 shows a series of photon-emission spectra for gresent STM experiment, reproduces the general trend in the
number of differently sized Au particles on Tj(110). Each  plasmon energy shift as a function of cluster diameter. This
spectrum can be assigned to the cluster labeled in the STigreement gives a further indication to assign the photon
topography in Fig. 5. The cluster-size dependence of peakmission in this energy range to radiating decays of Mie-like
positions, obtained from this experimental run, is displayethlasmons in individual Au particles.
by black triangles in Fig. 6. Further data points from the The size dependence of the photon-emission behavior
same series have been added to the diagram. The peak enefianges completely, when the collective mode in an Au par-
gies around 2.3 eV are characteristic for Mie plasmons in Auicle is strongly influenced by the presence of the STM tip.
particles, where the collective mode is weakly modified byThe tip polarizability shifts the plasmon resonance in the
the presence of the STM tisee discussion in Sec. Il)B  tunnel cavity to values around 1.8 &/The emitted intensity
This interpretation is supported by the strong polarity depenfrom Au particles becomes similar for positive and negative
dence of measured peak heights, leading to intense emissi@mnel bias'®> Both observations indicate an increasing con-
peaks only for electron injection from the tip into the par- tribution of TIP modes to the emission procésse discus-
ticle. In constrast, emission processes with considerable comion in Sec. 1l B. For a representative series of measure-
tribution of tip-induced plasmons are independent of the dients, energy positions of TIP-like plasmons are shown as a
rection of tunneling electrons'> With decreasing cluster function of cluster diameter in Fig. 6illed circles. The
sizes, emission peaks from Au/TjGhift to higher photon spectra have been obtained after a transfer of gold particles
energies. The size dependerfce(d) can be fitted with a from the surface to the tip apex at high electron currents.
functional relation proportional to the inverse cluster diam-However, no changes in the tip configuration occurred during
eterd LA w(d)=2.18 e+ 1.06 eV nmd(nm) (Fig. 6, up-  the course of measurements. For the given tip-sample cou-
per solid ling. Similar d~* correlations between plasmon pling, the energy shift of the emission line can, therefore, be

C. Cluster-size dependence of emission peaks
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assigned to a relative cluster-size effect on the TIP. In con-
trast to Mie-like plasmons at 2.3 eV, plasmon peaks at lower
photon energy and stronger TIP character do not follow a

T
> 3
el
|

Y
~ v L
characteristiocd ! size dependence. Peak energies decrease é L AR z{ N h
approximately proportional to cluster size and can be fitted Z i v Z
by: %iw(d)=2.3 eV—0.02 eV/nm<d(nm). This modified s R T LR ]
size dependence demonstrates the physical nature of a col- = { " 1
lective electronic excitation, involving a considerable tip é
contribution in the STM cavity. At these conditions, the reso- E

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. — LS
For a qualitative description of the frequency shift as a func- 1.0 L5 2.0 2.5 3.0

tion of cluster diameter, two effects have to be consideligd. BipionEREy (V)

The dipole strength of the plasmon in the unperturbed cluster g, 7. photon-emission spectra of Au particles on 04
increases with diameter, thus leading to a larger image dipole —5 v/, | =1.5nA), measured with high spectral resolution of the

in the STM tip and an enhanced dipole-dipole attracti@.  spectrograph. Resonance positions result from an interplay between

The tip-sample separation slightly reduces with decreasingtrinsic cluster properties and interactions with the STM tip.
cluster size, which additionally influences the dipole-dipole

Inti'?cc?botgi2C§(r)1r((jalgt?mtgtiigzgf the size dependence of TIF§ure.(.j with high spectral ! esolution Of thg sp ectrograph. Peak
modes in an Au/Au tunnel junction, the Johansson modePOStions _result from_ an mte_rplay of intrinsic cluster proper-
from Sec. 11l B was used The model allows the calculation €S and tip-sample interactions and must not be assigned to
of resonance frequencies for collective modes, formed becluster diameter alone. For decreasing peak energies, a con-
tween differently sized metal spheres and a planar electrod@iderable narrowing of the line widths is observed. Whereas
representing the STM tip. The estimation gives reasonablghoton-emission peaks with strong Mie character around 2.3
results, as long as the tip radius is much larger than th@V display an FWHM of approximately 300 meV, the homo-
cluster diameter. For cluster radii below 10 nm, calculateddeneous line width is reduced to 125 meV for TIP-like
resonance positions of the TIP are shown as broken line imodes at 1.8 eV. Based on the uncertainty relation, the nar-
Fig. 6. The calculation reproduces the experimental trend ofowing of the emission lines can be interpreted as a lifetime
a TIP energy, linearly increasing with decreasing Au particleprolongation of the collective excitations from 4.2 to 10.2
size. However, compared to measured energy positions of Afs.*° The determination of line widths as a function of reso-
emission peaks, the simulation systematically overestimatasance frequency is reproducible and almost independent of
the size-dependent TIP energies. This deviation can be attribhe actual tip configuration. Figure 8 shows the increase of
uted to the neglect of the TiOsupport in the theoretical FWHM with energy of the emission peaks, derived from
model. In our experiment, the high polarizability of the oxide numerous measurements. Plasmon line widths for gold par-
additionally shifts the plasmon peak to lower energies. Aticles, embedded in a Tpmatri)(‘l and in solutior?” have
corresponding mechanism cannot be considered in the TIBeen added for comparison. The data point obtained for Au
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 #00 o AUTiO»-Matrix ~ ® ]
metal spheres, equivalent to large Au particles. At these con- 320 | E
ditions, retardation effects of the electromagnetic potential * AUTiO2(110)  »° 1yg
become important, which in turn lead to a further redshift of S 280 A Au/solution e =
the collective mode in the tip-sample syst&h. g 240 . 18
g - &
= °® 19
T 200 | ¢——— e I
D. Line widths of emission peaks E * . 3 g
Experiments on photon emission from individual, FiO 160 (512+—2522)_ g»
supported Au particles allow the determination of homog- 120 1"
enous line widths without additional line broadening effects - 3
due to the cluster-size distribution on the surface. As dis- 8010' = '1'5' = '2'0' = '2'5' =

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 |G, 8. FWHM vs resonance position for emission peaks from
in the particle. However, a strong and systematic correlatiolmu/Tio,. Data points have been added for Au particles in a,TiO
was observed between full-width at half-maxim@WHM)  matrix (Ref. 41 and in solution(Ref. 37. The solid line represents

and energy position of emission peaks, independently of théhe bulk dielectric loss function for gold, calculated from data in
actual cluster size. Fig. 7 shows four emission spectra, medaef. 26.

Photon energy (eV)
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in a TiO, matrix was derived from a scanning nearfield op-be rationalized. The electronic structure of bulk gold is char-
tical microscope experiment; clusters in solution were invesacterized by the onset of the galdands with a high density
tigated by extinction cross-section spectroscopy. of states at 2.3 eV below the Fermi leJ&lin this energy
Since the Au particle size neither exclusively determineg€gion, strong absorption occurs due to interband transitions
position nor width of the corresponding emission line, from thed bands to unoccupied states above the Fermi level.
cluster-size effects cannot be considered to interpret the o-he necessary energy quantum can be provided by the plas-
served linewidths, although they certainly have a contribumon oscillation, resulting in enhanced damping and broad
tion. Therefore, our explanation concentrates on bulk dampemission lines of the collective mode. The probability of a
ing processes, responsible for the decrease of plasmdhasmon decay increases as its energy approaches the inter-
lifetime and the line broadening. A variety of decay mecha-band transitions at 2.3 eV. The model is compatible with the
nisms has to be considered for collective modes in the STNhort lifetime of collective modes with strong Mie character
cavity’”?® Inside an Au particle, dielectric losses or at around 2.3 eV compared to TIP-like modes at 1.8 eV.
electron-phonon scattering cause a dephasing and decay ldpwever, a determination of absolute time constants for the
the plasmon mode. Because of the large time constants félifferent plasmon decay channels demands for more sophis-
electron-phonon coupling in the order gf,,,o+> 100 fs, this  ticated theoretical models and is beyond the scope of this
contribution can be neglected for the total lifetiffeThe  paper.
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 IV. CONCLUSIONS

resopanceofrequencwe|) and mean dipole lengtfdf,,) ac- The present experiments demonstrate the importance of
cording td tip-sample interactions for collective electronic modes in
3 3 small Au particles, excited with the local electron beam from

TRad™ =* 35— (3y an STM tip. Whereas electronic properties of idealized
2 daywpL cluster-substrate systems are dominated by Mie-plasmon ex-
0(fitations, the presence of a polarizable metal tip in proximity

For an Au cluster of 10 nm diameter and a plasmon energy he ol derably redshifts th ¢
2.3 eV, the calculated lifetime contribution ef,s>270 fs is to the ¢ uster.conS| erably reash s t. € resonance Irequency
of the collective mode. For single TiGsupported Au par-

also far too long to explain the broad homogenous line; o - . ot
widths observed for Au particles on TjOAdditional decay ticles, a transition from Mle-llk_e electronic excitations cen-

channels may be opened by plasmon interactions with th red at around 2.3 eV to TIP_'“ke P'ﬁsmon mo_des at .1'8 ev
TiO, substrate and the STM tip. Ti@nediated damping can as been observed as a function of tip-sample interaction and

essentially be ruled out, because the maximum plasmon emicroscopip tip configurlation_. This yariability in the_ emis'
ergy of 2.3 eV is not sufficient to excite electron-hole pairs inS'on behavior of Au particles is explained by a peculiarity of

. ; L the gold dielectric function, which passes an extended pla-
the 3 eV band gap of Ti The importance of tip-sample teau in the energy range between 1.8 and 2.3 eV. The negli-

interactions on the lifetime of collective modes cannot be ble dispersion makes the plasmon resonance in Au par
estimated in an easy manner. However, with increasing tig P P P

: - ._Ticles sensitive to external electromagnetic perturbations, as
coupling, responsible for the low-energy TIP modes, an in- - . '
crease of the tip-induced damping efficiency is expected'ndu.ced by the presence of the STM tip. Concluswe!y, STM-
which is in contrast to experimental observations. mediated phqton-emssmn §pectroscopy Ca”F‘Ot. Q|rectly be

These arguments suggest a concentration on electroﬁ-mp.loyed to _investigate optical properties of individual Au
electron scattering processes inside an Au particle to explaiﬂartICIes on TiQ. In this case, the measured resonance fre-

the short plasmon lifetime®. Bulk dielectric losses are de- quencies of collective excitations results from an interplay

scribed by the imaginary part of the gold dielectric function t_)etween intrinsic cluster properties and interactions with the

(¢,), which includes absorption in the free electron gas an ip in the STM cavity. For materials characterized by a strong

energy dissipation due to interband transitiéhsSurface dlspersflon in the|r<?|eItT|ctr|tg funcﬂgn, 5”"? %.Sl.s'l\éer’l the {est(r)]-
scattering processes as a function of cluster size are n nce frequency of collective modes IS stabrlized close 1o the

considered® In a rough estimation, the damping efficiency ie value and less sensitive to tip-sample interactions. For

due to bulk dielectric losses becomes proportional tothese systems, photon emission peaks measured in a PSTM

£5(0)/(812+£,9).%° The corresponding functional relation can indeed bg correlated with intrinsic optical properties of

has been added to Fig. 8. The strong increase in the electroW—e metal particles.

electron-damping efficiency at energies above 2.0 eV repro-

duce; the trend in the r_neasured FWHM fo_r Au/TiOhe _ ACKNOWLEDGMENTS
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