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Abstract. In this paper we present a combined STM, SEM and time-resolved PEEM study of silver clusters
on a nano-patterned HOPG-substrate, exhibiting areas of different defect type and defect densities. The
areas show small but distinct differences in the femtosecond dynamics associated with electronic excitations
in the clusters. We assign these differences to variations in the cluster size distribution and variations in
the cluster-substrate interaction as governed by the bonding to the different defect types.

PACS. 73.22.Lp Collective excitations — 79.60.Jv Interfaces; heterostructures; nanostructures — 61.46.+w
Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

The ultrafast dynamics associated with the excitation of
the electronic degrees of freedom in supported nanoparti-
cles and clusters has been the focus of several studies in
the past [1-6]. Frequency domain as well as time-domain
measurements have been used to address the decay and de-
phasing of single electron excitations and collective (plas-
mon) excitations in these systems [7]. Of specific interest
in some of these works has been the role of the support
with respect to potential decay channels for these elec-
tronic excitations. A striking example is silver clusters on
and embedded in SiO5 where the cluster substrate inter-
action leads to a drastic change in the line width of the
plasmon resonance [8]. Corresponding studies regarding
the population decay of single electron excitations have
been performed, for example, for silver clusters on nanos-
tructured HOPG [4,9]. For a detailed understanding of the
relevant mechanism in the cluster-substrate interaction,
a controlled variation of the relevant substrate parame-
ters is desirable. This involves, for instance, the prepara-
tion of defined defects as bonding sites for the clusters
and their manipulation in terms of type, dimensionality
or size. An experimental access to probe the differences
in the ultrafast dynamics as governed by these modifica-
tions is difficult within a conventional (lateral integrating)
spectroscopic scheme. Frequency domain measurements
tend to be blurred by inhomogeneous broadening effects,
whereas for time-domain measurements the typical life-
times of electronic excitations of a few femtoseconds are
very close to the temporal resolution that can be achieved
with these techniques. The identification of any differences
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in the decay dynamics due to the substrate modifications
is therefore a challenging task. One of the main sources
limiting the sensitivity and the resolution of a technique
are systematic errors in the measurements arising from
undesired temporal drifts of the experimental parameters.
Application of an experimental scheme that is capable of
addressing the controlled substrate variations in a parallel
fashion (at the same time) will enable the suppression of
the influence of such systematic errors and will give rise
to a significant improvement of the achievable resolution.
Such an approach may involve a nano-structuring tech-
nique for a defined and highly local variation of relevant
substrate parameters and a high resolution microscopy
technique to achieve the required parallel data acquisi-
tion [10,11].

In this paper we present a combined scanning tun-
neling microscopy (STM), scanning electron microscopy
(SEM), and time-resolved photoemission electron mi-
croscopy (TR-PEEM) study of silver clusters deposited
on a HOPG (highly oriented pyrolytic graphite) substrate
which has been locally manipulated by means of focused
ion beam etching. We are able to show that the parallel
acquisition mode of the PEEM enables us to resolve vari-
ations in the ultrafast cluster dynamics with a very high
accuracy at a lateral resolution in the nanometer regime.
Yet, the time-domain analysis of the data is performed in
a qualitative manner by mapping the FWHM of the lo-
cal two-photon photoemission autocorrelation trace. The
method enables us to resolve changes in the FWHM of
1 fs and below. The interpretation of the mapped inhomo-
geneities in the local electron dynamics is possible because
of the additional information obtained from the comple-
mentary SEM and STM measurements.
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Fig. 1. Schematic view of the experimental set-up used for the
time-resolved PEEM experiment.

2 Experimental set-up

A schematic view of the PEEM set-up used for the fem-
tosecond studies at high lateral resolution is shown in
Figure 1. The commercial PEEM instrument used for
our experiments (Focus IS-PEEM) is described in detail
in references [12,13]. The microscope is mounted in a
p-metal chamber to shield external stray magnetic fields
that would affect the imaging quality of the system with
respect to the lateral resolution. The optimum resolution
that can be achieved with the microscope has been spec-
ified to <40 nm. The femtosecond dynamics associated
with the electron excitations in the clusters can be ad-
dressed in the PEEM experiment using the time-resolved
two-photon photoemission technique (TR-2PPE) [11]. A
two-step excitation process involving intermediate excited
electron states (single electron excitations and/or collec-
tive (plasmonic) excitations [6,14]) enables the access to
the ultrafast dynamics associated with the dephasing and
population decay of these kinds of excitations.

For the 2PPE we use a commercial pulsed femtosec-
ond laser system (Spectra-Physics, Tsunami) that delivers
30 fs light pulses (FWHM) at 800 nm with a repetition
rate of 80 MHz. These pulses are frequency doubled in a
0.2 mm thick BBO crystal to photon energy of 3.1 eV. To
compensate for material induced group velocity dispersion
(BBO crystal, air, focusing lenses and entrance viewport
to the UHV chamber) and to achieve a minimum pulse
length (30 fs corresponding to 45 fs FWHM of the mea-
sured autocorrelation trace) at the surface of the sample
a pulse compressor consisting of a fused silica prism pair
is used [15].

For the time-resolved measurements the 400 nm light
pulses are split to equal intensity into pump and probe
pulses. The probe pulse is temporally delayed with respect
to the pump pulse by an optical delay stage. This com-

puter controlled stage can be positioned with an accuracy
of 100 nm corresponding to a temporal delay of 0.3 fs.
After collinear combination of both beams by a second
beam-splitter the light is finally focused onto the sample
surface. The lateral resolution as offered by the PEEM
enables one to adjust the spatial overlap of both beams at
the sample surface with an accuracy of better than 5 pm
at a spot diameter of about 150 pm.

The laterally resolved lifetime results obtained within
a time-resolved PEEM experiment are visualized in so-
called lifetime maps which are created as follows: For each
pump-probe delay addressed within a time-resolved 2PPE
scan, a corresponding Two-Photon-PEEM (2P-PEEM)
image is recorded so that a time-series of PEEM images
is produced (Fig. 2a). This time-series defines for each
pixel a characteristic 2PPE-autocorrelation trace which
contains the relevant information about the local electron
dynamics (see Fig. 2b). A detailed, quantitative analysis
of these traces requires a complex deconvolution proce-
dure of the laser-autocorrelation. A qualitative picture of
the involved femtosecond dynamics, which is particularly
useful in comparing studies, can already be achieved from
the full width at half maximum (FWHM) of the autocor-
relation traces.

As arule of thumb one finds that the FWHM of a trace
increases as the excited state lifetime increases, where the
broadening is typically of the order of the increase in
the lifetime. Due to the large number of pixels per im-
age and, hence, for autocorrelation traces to be analyzed
per time-series, we restricted our data analysis to the lat-
ter approach which can be performed with a standard PC
within a reasonable time-interval. A pixel-by-pixel plot of
the FWHM of the autocorrelation trace enables us to pro-
duce a lifetime map of the sample as shown in Figure 2c
for the case of a homogeneous 200 nm thick silver film. The
measured FWHM of about 54 fs corresponds to an energy
integrated excited state lifetime of about 10 fs. As evident
from this lifetime map we observe a gradient in the local
autocorrelation FWHM from the top right to the bottom
left of the image. This gradient is observed for each time-
series independent of sample material or sample structure
and is therefore assigned to a characteristic feature of the
laser pulses rather than to a characteristic of the sample.
The gradient highlights a small spatial chirp of the inci-
dent laser beam (the dependence of the laser pulse width
within the beam profile) most likely induced by inhomo-
geneities of the used UHV entrance window. It is of the
order of only 3 fs over the entire beam diameter. All other
lifetime maps which have been recorded under identical
laser conditions have been corrected for this distortion.
With this method we are able to resolve differences in the
FWHM of the autocorrelation trace within a single map
with an accuracy of better than 1 fs.

For characterization of the surface and the nanome-
ter sized pits we used a low temperature Scanning
Tunneling Microscope [16]. For stable imaging it was
used at liquid nitrogen temperature. The silver evapo-
ration was accomplished with a Knudsen cell-type evap-
oration source and a quartz thickness monitor. After
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the TR-PEEM experiment, high resolution Scanning-
Electron-Microscopy images were recorded with a com-
mercial SEM system (Raith e-LiNE, 1540 Gemini Column,
with 5 kV).

3 Sample preparation

The HOPG substrate used for our investigations exhibits
several micrometer sized areas, each covered with nano-
pits of characteristic size and density. These areas are in-
terrupted by regions of native HOPG. With this sample
it is possible to address cluster properties in interaction
with varying substrate conditions in a parallel experimen-
tal approach (as offered by the PEEM technique). The
main steps for the nano-pit production consist of a produc-
tion of a defined density of atomic defects in the graphite
surface with the focused ion beam technique (FIB) and
a subsequent oxidation procedure following reference [17].
The ions in the FIB instrument (Raith ionLiNE) are pro-
duced with a Liquid-Metal Ion Source (LMIS) using gal-
lium [18,19]. The ion beam is focused on the substrate and
is then deflected laterally to perform the pre-programmed
nano-patterning on the sample. The FIB-column is capa-
ble of a resolution below 10 nm. Following the FIB treat-
ment the HOPG samples are oxidized in an oven (which
has been cleaned in nitrogen atmosphere at 1000 °C be-
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(b) Fig. 2. Principle scheme of the time-
resolved PEEM experiment (a) PEEM
images are recorded at different tem-
poral delays between the femtosecond
pump and probe laser pulse. From this
image series pump-probe autocorrela-
tion traces for each pixel can be ex-
tracted. (b) The FWHM of these trace
is taken as a qualitative measure for
the probed ultrafast electron dynam-
ics. (¢) The color coded plot of these
FWHM values at the corresponding
pixel position maps the local varia-
tion of the femtosecond dynamics of
the imaged surface within a laterally
resolved life-time map (homogeneous
silver film).

fore inserting the sample). The oxidation procedure is per-
formed for 200 min at a well defined temperature of 540 °C
in an Ar/O; mixture (2% oxygen). By maintaining a con-
stant gas flow rate across the oven the oxygen density
is kept constant and leads to a controlled growth of the
nano-pits up to a diameter of a few nanometers. The pits
for the samples used here have a statistical variation in
their depth between 1 to 3 ML. More details about the
FIB technique and the oxidation procedure can be found
in references [20-22]. Two different nano-structured ar-
eas have been investigated in this study (sample 1, see
Fig. 3a and sample 2, see Fig. 3b). Sample 1 (sample 2)
has been written in a point pattern structure at a dose of
120 ions (480 ions) per point with 150 nm (300 nm) pe-
riodicity. After oxidation, the topography of the resulting
nano-structured HOPG surfaces is examined with scan-
ning tunneling microscopy (STM). Figure 3a shows a STM
image of sample 1. Two distinct pit size regimes can be
distinguished: pits of a diameter between 520 nm which
appear with a density of 100/ym? and pits in the size
regime below 5 nm diameter with a density of 900/um?.
Figure 3b is a STM image of sample 2 (after oxidation).
For this area a clear periodic structure is visible, which is
caused by the line by line scan of the ion beam at a pe-
riodicity of 300 nm during the writing process. Within a
written line, which is 150 nm wide, the 5-20 nm diameter
pits appear with a density of 400/um?, the 5 nm diameter
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pits appear with a density of 1500/um?. 2P-PEEM of the
surface prior to the deposition of the silver clusters shows
a slightly increased (however, overall very small) photoe-

missivity from the nanostructured areas in comparison to
the native HOPG.

Evaporation of 4 monolayers (ML) of silver at room
temperature results in the condensation of silver clusters
in the native and the artificially created defects in the
HOPG surface.

For high resolution imaging of the clusters we used
SEM instead of STM. For silver evaporated at room tem-
perature at native HOPG surfaces it is well known that
a stable STM imaging of the surface is not possible due
to the small binding energy and the corresponding high
mobility of the silver clusters [23,24]. Figure 5a shows an
SEM image of the cluster decorated HOPG surface at the
border of sample 1 in comparison to a corresponding 2P-
PEEM image (Fig. 5b). To the left of both images, the
nanostructured areas are clearly visible where the pat-
tern periodicity of 150 nm, due to the writing process, is
well resolved in the SEM image. The region to the right
as well as an interstitial area interrupting the nanostruc-
tured region correspond to the cluster decorated native
HOPG. High Resolution SEM allows quantifying cluster
size, cluster size distribution (see Figs. 4a, 4b, 4c and 4d)
and cluster density. For cluster decoration of the nanos-
tructured areas (native HOPG areas) we find a density of
800/pm? dominated by cluster diameters between 12 and
7 nm (200/pm?, from 20 nm diameter to sizes below the
resolution limit of the SEM). The nonlinear photoemissiv-
ity from both areas (nanostructured as well as native) af-
ter silver evaporation has increased by orders of magnitude
in comparison to the undecorated surface. We therefore
conclude that the photoemission signal as mapped within

(b)

Fig. 3. (a) 700x700 nm? STM image within sample 1 of the nano-patterned sample exhibiting two characteristic pit sizes.
Pits in the size regime between 5 nm and 20 nm diameter appear at a density of 100/ pum?, pits with a diameter below 5 nm
appear at a density of 900/um?. (b) A 700 x 700 nm? STM image within sample 2. The lines that have been written with a
periodicity of 300 nm in the initial FIB process are clearly visible as areas of increased pit density. These lines have a width of
about 150 nm and exhibit two characteristic pit sizes similar to sample 1. The large pits are found at a density of 400/um?, the
small pits are found at a density of 1500/um?. The depth of the pits varies between 1-3 ML.

the 2P-PEEM experiment (e.g., Fig. 5b) originates dom-
inantly from the silver clusters and not from the HOPG
substrate. For sample 1 we are not able to resolve the
150 nm periodicity in the PEEM experiments. The lim-
itation in the PEEM resolution arises from the reduced
extractor voltage that could be applied between the sam-
ple and the entrance lens of the PEEM in the present
experiment (max 5 kV as opposed to 15 kV in the opti-
mum case). For voltages >5 kV, leakage currents due to
field emission from macroscopic defects in other areas of
the HOPG prevented the imaging of the sample. Clearly
resolved, however, are steps of the HOPG in the native
areas, which are decorated by silver clusters.

Figures 6a and 6b show corresponding SEM and 2P-
PEEM images of the border region of sample 2, this time
for identical regions of the sample. The 300 nm periodicity
of the patterning is also resolved in the 2P-PEEM image.
Furthermore, steps of the HOPG substrate decorated with
Ag clusters (see lines labelled A, B and C) are clearly vis-
ible in the SEM image. Analysis of high resolution SEM
images show that in this region the nanostructured areas
(native HOPG areas) exhibit a cluster size distribution be-
tween 10 and 8 nm at a density of 1300/um? (from 20 nm
to below the resolution limit at a density of 200/um?).

4 TR-PEEM results and discussion

Figure 7a shows a lifetime map of the area marked in the
2P-PEEM image in Figure 5b. It is important to keep in
mind that the lifetime map is a priori not related to the
local photoemission yield distribution (2P-PEEM map).
It is a measure for the local variations in the ultrafast
dynamical response associated with the electronic excita-
tions in the cluster as probed by the 2PPE autocorrelation
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Fig. 4. Abundance spectra of the clus-
ters at (a) nano-patterned sample 1
area 1, (b) nano-patterned sample 2
area 1, (c) native HOPG substrate
area 2 (for both samples nearly iden-
tical) and (d) interstitial area 3 (for
both samples nearly identical, the blue
lines mark the boarder to the nano-
patterned area; for the definition of ar-
eas 1, 2 and 3 see Fig. 7).

Fig. 5. (a) SEM image of the border
region of sample 1 after cluster con-
densation. The nano-patterned area 1
corresponds to the two fields at the
top left and bottom left of the image.
(b) 2P-PEEM image of (another) bor-
der region of sample 1, the red rect-

:17um

trace. Even though this lifetime contrast is weak, the pat-
terning of the structure as displayed in the SEM and the
2P-PEEM image is clearly reproduced. It is a direct proof
that the interaction of the clusters with the different sub-
strate properties offered by the nano-patterned HOPG af-
fects the detailed electron dynamics of the silver clusters.

We are able to discriminate three different regions
in the lifetime map: area 1 corresponding to the nano-
structured area, area 2 corresponding to native areas at

angle marks the clipping displayed as
lifetime-map in 7a).

(b)

adequate distances from the nano-structured area, and
area 3 corresponding to native HOPG areas in the close
vicinity of the nano-structured areas.

The actual contrast mechanism responsible for the ap-
pearance of these regions in the lifetime map becomes
more evident from a statistical analysis of the three re-
gions as shown in Figure 7b. The three graphs display the
distribution (histograms) of the FWHM pixel counts of
the local autocorrelation traces for the respective regions.
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Fig. 6. (a) SEM image of the border region of sample 2 after
cluster condensation. Clearly visible are the lines written in the
FIB process with a periodicity of 300 nm. A, B, and C label
steps in the HOPG substrate decorated with silver clusters at a
high density. (b) 2P-PEEM image of the identical border region
of sample 2 including the SEM imaged area (white rectangle
in (b). The cluster decorated steps A, B, and C as well as
the periodicity of the nano-structured region are well resolved.
The red rectangle marks the clipping displayed as lifetime-map
in 8a).

It enables us to discriminate two separate contrast mech-
anisms between different areas: The differences in the
peak position of the FWHM distribution (correspond-
ing to average lifetime) and the difference in the width
of this distribution (variation of lifetime, fwhm = His-
togram FWHM). A comparison between area 1 and area 2
shows, for instance, that the visible contrast arises rather
from the distribution width (fwhm) than from the mean
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Fig. 7. (a) Lifetime map of the PEEM image clipping in Fig-
ure 5b (sample 1). The measured FWHM of the autocorrelation
traces for every pixel vary among 53.5 fs and 60.4 fs. The three
graphs in (b) show histograms of area 1, 2 and 3 marked in the
lifetime map (fwhm = Histogram FWHM).

FWHM value of the autocorrelation trace. Area 3, in con-
trast, also shows a significant shift in the mean FWHM
in comparison to area 2 and area 3. Note that the very
small differences in the mean value and the width of the
distribution of about 1 fs and even less can only be re-
solved due to the parallel data acquisition mode as offered
by the PEEM technique. Only this approach guarantees
that systematic errors within the measurements, for in-
stance, due to drifts in the laser characteristics (pulse-
width or spectrum) are completely cancelled out when
comparing different areas. Similar lifetime contrast pat-
terns as recorded for sample 1 are also observed in the
sample 2 lifetime map as shown in Figure 8a. Again, a
comparison between the structured (area 1) and unstruc-
tured (area 2) HOPG shows that the lifetimes contrast
is dominated by the spread in the FWHM distribution



M. Rohmer et al.: Mapping the femtosecond dynamics of supported clusters with nanometer resolution 7

1 :
1 average = 56.0 fs | 7
1 fwhm = 1.4 fs 3
[7Z] 1 3
-~ ;
= 7
= r
o 7
o r
60
120-: y 2' ' average = 55.7 fs
100 area fwhm = 1.9 fs
¥ 80 -
‘5' 60 -
404
8 20]
0 : iy
53 54 55 56 57 58 59 60
100-. a;ea'3 N o average = 54.8 fs
" 80 fwhm=25fs
€ 60 ]
3 401 1
h 20-. .
0L e R i
53 54 55 56 57 58 59 60
FWHM [fs]
(c)

Fig. 8. (a) Lifetime map of the PEEM image clipping in Fig-
ure 6b. The measured FWHM of the autocorrelation traces
for every pixel vary among 53.5 fs and 60.4 fs. The cluster
decorated steps A, B, and C as well as the periodicity of the
nano-structured region is visible as lifetime contrast. (b) Clip-
ping of (a) showing area 1 with the 300 nm periodicity in the
lifetime map. Dotted lines are added to guide the eye. The
three graphs in (c) show histograms of area 1, 2 and 3 marked
in the lifetime map (fwhm = Histogram FWHM).

(fwhm) rather than by the mean value (average of the
histograms) of the FWHM. We also reproduce the shift
of the mean value in area 3 to smaller FWHM values in
comparison to area 1 and area 2. Two further points are
noticeable in Figures 8a and 8b. Firstly, the periodicity of
the structure pattern of 300 nm is resolved in the lifetime
map, indicating different electron dynamics in the high
density regions of the pattern structure in comparison to
the low density regions. Furthermore, the step decorated
areas labelled with A, B, and C in the SEM and the 2P-
PEEM image give rise to a clear lifetime contrast. From
the lifetime maps of the nano-patterned HOPG samples it
is evident that the detailed electron dynamics of the silver
clusters is governed by the properties of the underlying
substrate. To gain insight into the relevant mechanism for
these differences it is helpful to briefly review the kind of
electron dynamics that is probed in a time-resolved 2PPE
experiment. Conventionally, this technique is used to ad-
dress the electron dynamics at a single crystalline surface.
For these systems the 2PPE technique probes the dephas-
ing and relaxation dynamics of single electron excitations
such as bulk electron excitations [25], image states [26] or
adsorbate excitations [27]. In the case of nanoscale metal-
lic structures such as the silver clusters probed in this
study, collective electronic excitations, so-called localized
surface plasmons (LSP) also have to be considered for a
complete description of the time-resolved 2PPE process.
As shown by Pfeiffer and coworkers [5] the plasmon exci-
tation governs the amplitude, the phase and the temporal
width of the particle internal field induced by the incident
laser pulse. It is this plasmon induced internal field which
is responsible for the single electron excitation finally giv-
ing rise to the measured 2PPE yield. Consequently, the
shape and width of the 2PPE autocorrelation from a sil-
ver cluster is determined by both the dynamics of the
plasmon excitation as well as the dynamics of the single
electron excitations. This involvement of different excita-
tion scenarios makes a closed interpretation of the data at
this point rather challenging. Still, particularly the com-
parison of the lifetime data with the SEM images allows
for some first qualitative statements about the microscopic
origin of the detected local lifetime variations.

The increased spread in the FWHM distribution for
clusters supported by the native HOPG surface (see
Figs. 7b, 8c area 2) in comparison to the nanostructured
HOPG results (see Figs. 7b, 8c area 1) is clearly corre-
lated with an increased spread in the cluster size distribu-
tion (histograms Figs. 4a, 4b, 4c, 4d). The decay dynam-
ics of single electron excitations in clusters is governed by
the detailed electronic structure of the cluster. However,
for the investigated size regime the electronic structure
can be considered to be bulk like and size independent
so that it cannot account for any size (distribution) de-
pendence in the probed femtosecond dynamics. The same
argumentation is true for the Landau damping of the LSP
mode, which accounts for the decay of a plasmon due to an
electron-hole pair excitation in the cluster. An alternative
decay channel for the LSP excitation is radiation damp-
ing, which corresponds to the loss of excitation energy by
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the emission of coherent light induced by the collective
(dipolar) oscillation of the electron cloud in the cluster.
Radiation damping exhibits clear size dependence, scaling
linearly with the volume of the cluster [3,28]. Even though
radiation damping is not the dominant decay channel in
the investigated cluster size regime it still may be suffi-
ciently strong to account for the observed small difference
between area 1 and area 2.

Of further interest is the periodic contrast modula-
tion visible in the sample 2 at a periodicity of 300 nm re-
flecting the nano-pattering induced by the FIB treatment.
Again it is possible to relate these lifetime variations to
differences in the cluster size distribution. The average
cluster size in a region is determined by the competition
between evaporated material and the number of pits avail-
able for the condensation of a cluster. Therefore, for the
same (nominal) silver coverage the low density pit areas of
the grating should exhibit a larger mean cluster diameter
than the areas of high pit density. A detailed inspection
of high-resolution SEM images confirms this view. Follow-
ing the discussion of the lifetime contrast between native
and nano-structured HOPG areas, we therefore assign the
grating modulation to the increased radiation damping of
the large clusters in the low density areas. Note that such
an interpretation agrees well with the dark appearance
of these areas in the lifetime map corresponding to lo-
cal autocorrelation traces with a small FWHM, indicative
of slightly shorter lifetimes. In a similar manner we can
also understand the bright appearance of the cluster dec-
orated HOPG steps A, B, and C (see labelling in Figs. 5a
and 5b) in the lifetime map. The SEM images give evi-
dence for a high density condensation of clusters at these
steps and consequently small cluster radii, which intrinsi-
cally exhibit a reduced coupling efficiency to the radiation
damping channel.

Finally, we also would like to consider area 3 (in both
lifetime maps) which gives rise to the most pronounced
lifetime contrast in the lifetime map with respect to the
FWHM mean value. Even though the analysis of the SEM
images from this region indicates identical properties with
respect to cluster size distribution and cluster density
in comparison to the native HOPG area 2, a significant
shift of the mean FWHM of the autocorrelation traces to
smaller values is observed. Note also that in contrast to the
lifetime maps the 2P-PEEM and SEM images do not show
any specific contrast of this region with respect to the rest
of the native HOPG. We conclude that the individual clus-
ter properties cannot account for the observed contrast. It
is therefore tempting to assign these modifications to the
interaction of the cluster with the surrounding substrate.
For plasmonic excitations of clusters it has been shown in
the past that an efficient coupling to the substrate can sig-
nificantly affect the lifetime [8]. Yet, this does not explain
the contrast between area 2 and area 3 which are both sup-
posed to be regions of native HOPG. However, it is likely
that areas in the vicinity of the nano-pattered region be-
come structurally and/or chemically modified by the FIB
treatment of the sample. Such modifications may offer ad-
ditional decay channels to the cluster excitations which

then give rise to the observed lifetime quenching. However,
more detailed experiments are necessary to identify these
decay channels and to confirm this interpretation. The
spectroscopy mode of the PEEM and the STM will help
to efficiently distinguish between single electron excitation
properties and LSP properties. An advantage is also the
potential to locally correlate time-resolved PEEM, SEM
and also STM [24]. As of now, we are able to correlate pho-
toemission signatures in the PEEM images to areas in the
SEM image containing about 10 clusters. For optimized
substrate conditions that allow us to apply the full resolu-
tion potential of the PEEM (maximum extractor voltage)
we expect that such a correlation should even be possi-
ble with an accuracy of a single cluster. Furthermore, the
use of a gas-aggregation cluster source for these experi-
ments will enable a better control of the cluster properties
including a homogeneous deposition of the clusters with
respect to cluster size and independent of the substrate
properties. By this means an efficient discrimination be-
tween cluster-substrate coupling effects and cluster size
effects will become possible.

5 Summary

We have investigated local variations in the femtosecond
dynamics with nanometer resolution associated with elec-
tronic excitations in silver clusters as governed by inho-
mogeneities of the supporting HOPG substrate. A highly
local and defined control of these inhomogeneities could be
achieved by a nanoscale preparation of the substrate us-
ing the focused ion beam technique. The complementary
use of STM, SEM and time-resolved PEEM enabled us to
identify the potential microscopic mechanisms responsible
for the local differences in the ultrafast cluster dynamics.

We thank our co-workers at the Raith GmbH for their help
with the FIB structuring of the HOPG samples using the ion-
LiNE instrument. This work was supported by the Deutsche
Forschungsgemeinschaft through SPP 1153.
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