Probing femtosecond plasmon dynamics with nanometer resolution
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ABSTRACT

In combining time-resolved two-photon photoemission (TR-2PPE) and photoemission electron microscopy
(PEEM) the ultrafast dynamics of collective eectron excitations in silver nanoparticles (localized surface plasmons —
LSP) is probed at femtosecond and nanometer resolution. In two examples we illustrate that a phase-resolved
(interferometric) sampling of the LSP-dynamics enables detailed insight into dephasing and propagation processes
associated with these excitations. For two close-lying silver nano-dots (diameter 200 nm) we are able to distinguish
small particle to particle variaions in the plasmon eigenfrequency, which typically give rise to inhomogeneous line-
broadening of the plasmon resonance in lateral integrating frequency domain measurements. The observed spatio-
temporal modulations in the photoemission yield from a single nanoparticle can be interpreted as local variation in the
electric near-field and result from the phase propagation of the plasmon through the particle. Furthermore, we show that
the control of the phase between the used femtosecond pump and probe laser pulses used for these experiments can be
utilized for an external manipulation of the nanoscale el ectric near-field distribution at these particles.
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1. INTRODUCTION

The physics of localized collective eectronic excitations in metallic nanostructures (often referred to as localized
surface plasmons (LSP) or Mieplasmons) has attracted considerable attention over decades. The complex
electromagnetic fields induced at the surface particularly at excitation in or close to the resonance of these LSP are
thought to be responsible for the enhancement of non-linear effects such as surface enhanced raman scattering (SERS),
surface second harmonic generation, and multi-photon photoemission. The most recent interest in this field has been
stimulated additionally by the potential of surface plasmons to concentrate and channd light inside subwavelength
structures to be used in nanoscopic photonic circuits.™ 2 An unambiguous experimental access to the physics of LSP
resonances, particularly with respect to nanoscale shape and size effects, typically requires well-defined and
monodisperse nanostructured samples which are then addressed using lateral integrating techniques.®” Alternatively,
microscopy techniques directly or indirectly sensitive to LSP may be applied to locally map the plasmon properties with
the advantage that also heterogeneous particle distributions can be addressed reasonably.? °

Photoemission eectron microscopy (PEEM) in combination with nonlinear photoemission, particularly two photon
photoemission (2PPE), has just recently attracted considerable attention due to its high sensitivity to local LSP
excitations combined with alateral resolution in the sub-100 nm regime.’®*3 As the photoemission yield is governed by
the local eectric field distribution it can be considered as adirect probe of the LSP induced field enhancement. A highly
promising further aspect is the potential of two-photon photoemission e ectron microscopy (2PPEEM) to be performed
in atime-resolved stroboscopic mode enabling real-time experiments at a temporal resolution in the sub 100 fs-regime.!*
This alows to directly monitor the spatio-temporal dynamics of the local field distribution associated with the decay of
the LSP mode. Even more, in a phase-resolved 2PPE mode accurate information on the relative phase of the LSP-mode
to an oscillating reference field such as the driving external light field can be achieved.™ In this means it may be
possibl e to obtain a complete picture of the near-field dynamics associated with plasmon excitationsin low-dimensona
nanostructures.
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In this paper we present two different experimental examples exemplifying the potential of phase- and time-
resolved two-photon photoemission electron microscopy (PRPEEM) in probing the plasmon dynamics in
nanostructured materials. The observation of the phase loss between the LSP excitations of two close lying particles
proofs the exceptional local and temporal sensitivity of this technique to small differences in the LSP response. In
mapping the spatio-tempora evolution of the 2PPE-yield within a single particle we are furthermore able to follow the
phase-propagation of a LSP through a particle on a sub-femtosecond time-scale. This latter example illustrates
furthermore how the phase-control of a laser field enables the manipulation of the local field-distribution in nanoscopic
systems.

2. EXPERIMENTAL

A schematic view of the
experimental setup is shown in
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Figure 1. The commercial laser pulse —
PEEM instrument used for our == characterization g
experiments (Focus |S-PEEM) 3 S k)
is described in  detail in \\\\\ A\ E:
reference [16]. The microscope \ PEEM 2
is mounted in a p-metal \\\\§ e
chamber to shidd external stray \ -
magnetic fields that would UHV chamber \\\

affect the imaging quality of the §

system with respect to the §  freduency
lateral resolution. The

resolution that can be achieved ﬁ

with the microscope has been
specified to < 40 nm. Two
different light sources have
been used to record PEEM

images: a conventional mercury

vapour UV source (high energy Fig. 1. The experimenta setup consists of a femtosecond Ti:Sapphire laser system
cut-off at 4.9 eV) and the including a high-resolution Mach-Zehnder interferometer for phase- and time-resolved
frequency doubled output of a experiments and a UHV-chamber equipped with a photoemission electron microscope.

femtosecond Ti:Sapphire laser system (800 nm, 80 MHz repetition rate, 30 fs pulsewidth (FWHM)). Using the mercury
vapor lamp, the latera digtribution of the near-threshold photoemission is imaged by the PEEM. At typical work
functions of the investigated silver nanostructures of about 4.5 eV the photon energy of the pulsed laser source (hv=3.1
eV) isnot sufficient for conventional photoemission. The high peak intensities of the femtosecond pul ses give, however,
rise to high two-photon photoemission (2PPE) yields so that we observe emission currents that are comparable to or
even higher than those achieved in threshold photoemission with the mercury lamp. The phase- and time-resolved
experiments are realized in a pump-probe configuration usng a Mach-Zehnder type interferometer. Here, the second
harmonic light is split into two pulses of equal intensity and polarization where a piezo-driven optical delay stage is
used to temporally delay one pulse with respect to the other pulse. This setup guarantees an accuracy in the relative
positioning of both interferometer arms of 20 nm corresponding to a tempord delay between the respective laser pulses
traveling through the different arms of 67 attoseconds. This allows to sample the local field digtribution at the surface
induced by the 400 nm light (oscillation period: 1.3 femtoseconds) with interferometric temporal resolution. The
performance of the interferometer has been checked by lateral integrating phase- and time-resolved 2PPE measurements
from a polycrystalline tantalum sheet (see Fig. 2). The displayed data were recorded using an electron energy analyzer at
a eectron kinetic energy of about 6 eV (sample bias: -4 V with respect to analyzer entrance) close to the high energy
cutoff of the 2PPE spectrum. The oscillation fringes due to the interference between pump- and probe pulse are clearly
resolved and the accurate periodicity reproduced for these measurements over the entire temporal delay proofs the
position stability of this setup.
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Small silver particles deposited on a 30 nm thick
ITO substrate on top of a 1 mm thick glass disk were 1.0 ‘ analyzer
prepared using electron beam lithography as described 0
in reference [17]. This procedure allows a controlled l’e
design of periodic arrays of nanoparticles at varying ——
shape and distances down to the sub-50 nm regime. Tantalum
For the present study two different periodic arrays
(sze 150 um * 150 pm) consisting of silver
nanoparticles (height: 50 nm, diameter: 200 nm) have ‘ ‘ -+ phase-integrated 2PPE
been prepared. SEM images of sample 1 (particle ‘ ‘\ HH\
pairs) and sample 2 (single particles) are shown in H’HMHH’ l””\\'.\'w’“ m
Figure 3. The periodicity of both arrangements is 750
nm. The centre to centre distance within the particle
pairs of sample 1 is 350 nm. The LSP resonance of T : T :
silver nanoparticlesisin generd located in the optical 0 25 50 8 100
regime and depends in detail on the size and the shape temporal delay 7{fs]
of the particle and the didectric response of the ] ] ]
surrounding of the particle® Two different dipolar  Fig 2 time- and phaseresolved 2PPE from a polycrystdline
LSP modes can be distinguished for the used single  {@ntalum sheet measured a an electron kinetic energy of 6.0 eV.

. . - The grey line is the measured 2PPE interferogram; the black dotted
partlcle_ geometry corresponding to an eXC|FaI|on line shows for comparison data as achieved in a conventional
perpendl_cular an_d pz_:\rallel to the wrface,_respectlvely. (phase-integrated) 2PPE measurement .

Calculations taking into account retardation effects as

well as the cylindrical geometry of the particles predict the resonance energies of the LSP modes to 3.1 eV
(perpendicular mode) and 2.1 eV (parallel mode), respectively. Extinction spectroscopy of the particle arrays performed
at normal incidence enable to experimentally determine the resonance energy of the paralld mode to 2.1 eV in very
good agreement with these predictions. Our calculations are therefore also a reliable estimate of the resonance energy of
the perpendicular plasmon mode. We conclude that for p-polarized excitation™® with the 400 nm laser light aresonant or
near-resonant coupling to this perpendicular mode is accomplished. For sample 1 the close vicinity of the particles
within theopalrs gives rise to dipole-dipole coupling between the particles resulting in a modification of the LSP-mode
spectrum.”” Depending on particle size and particle distance a splitting into a low-energy and a high-energy mode is
expected corresponding to in-phase and out-of-phase oscillation of the respective single particle modes. For the present
geometry our calculations predict only weak coupling accompanied by a energy splitting much smaller than theintrinsic
line-width of the LSP modes.
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Fig. 3: SEM images of the particle pairs (sample 1, left) and the single particles (sample 2, right);



3. RESULTSAND DISCUSSION

3.1 ParticlePairs

Figure 4 shows PEEM images of sample
1 recorded in the conventional PEEM-mode
(Fig. 4a) using the mercury vapour lamp
(threshold photoemission) and in the
2PPEEM mode (Fig. 4b) using p-polarized
400 nm light from the femtosecond laser
source. It is obvious that in both
photoemission modes the laterd resolution
of the PEEM enables a clear and
unambiguous imaging of these sub-
wavelength sized nanostructures (diameter g 4: PEEM images of particle pairs; a) threshold photoemission using 4.9
200 nm). Whereas the threshold image (Fig.  ev from a mercury vapour lamp; b) 2PPE image induced by 3.1 eV
43) indicates a rather homogeneous sample  femtosecond laser light.
pretending an array of amost perfect and
identical particle pairs, we observe in the 2PPE image (Fig. 4b) clear differences in the local photoemission response
from the particle pairs and particles. This enhanced sensitivity of the 2PPE mode to sample inhomogeneities arises from
the nonlinear (second order) dependence of the electron yield on the local field intensity of this photoemission process.
In this means, dight variationsin the field digtribution as modified e.g. by defects undergo an effective amplification in
contrast to the (linear) threshold photoemission case.

Figure 5 comprises a section from of a phase- and time-resolved 2PPEEM scan (interferogram) of a single particle
(image size: 420 nm * 420 nm) and covering a time regime corresponding to two oscillation periods of the exciting 400
nm laser light. The temporal delay between two consecutive images is 0.13 fs. The visible (periodic) intensity
oscillations result from the dteration between constructive and destructive interference between pump and probe laser
pulse as the tempora delay (or aternatively speaking the phase delay) between both pulses is scanned. However, the
mapped electron emission from the particle is in principle not governed by this externa laser-field but is rather
determined by the laser-field induced internal particle near-field related to the excitation of the LSP resonance.
Therefore, next to the pump-probe interference, the temporal variation in the electron emission yield contains also
information on the response of the LSP-induced near-fidld to the driving external laser-field. This LSP-related
dynamical properties can be highlighted, for instance, in comparing these data to a reference interferogram, such as the
interferogram of the pure externa field (approximated, for instance, by a measurement as displayed in Fig. 2) or,
aternatively, the local 2PPE interferogram of a neighbouring particle. In Figure 6 we quantitatively compare 2PPE
interferograms of two neighbouring particles of sample 1 close to time-zero (perfect temporal overlap between pump
and probe pulse, Fig. 6a) and at a temporal delay of about 50 fs (Fig. 6b). The interferograms were generated by
displaying the lateral integrated electron emission yield from the respective particles as function of temporal delay
between pump and probe pulse. Figure 6a shows that in the vicinity of the time zero of our measurement the local LSP
response of both particles to the external pump-probe field isidentical. Within the accuracy of our measurement we are
not able to identify any deviation between both traces. However, as the temporal delay between pump and probe pulse
increases, we observe a successive phase-loss in the response of the two particles so that for sufficient high temporal
delays (Fig. 6b) the phase response of one particle has been significantly delayed with respect to the neighbouring

Fig. 5: section of a single particle phase-resolved PEEM scan at an excitation energy of 3.1 eV. The images are displayed at a
tempord deay rate of 0.14 fs/frame.
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Fig. 6: comparison of sections of the 2PPE-interferograms of the two nei ghbouring nanoparticles of sample 1 displayed in the inset;
response of the two particles to the externa light field a) at time zero (temporal overlap of pump and probe pulse) and b) at large
tempora delays of about 55fs.

particle. At 55 fs this phase delay has achieved a value of about 1/40* 21t Note that even though this value seemsto be
rather small, it is, within the accuracy of our measurements, by far significant. A very important aspect in this meansis
that the imaging PEEM modus enables parallel data acquisition from both particles at the same time. For a given
temporal delay between pump and probe pulse, the data displayed in Figure 6 have been recorded under absolutely
identical experimental conditions so that systematic errors arising from the experimental approach are not necessary to
be considered for a comparison of the local response of both particles. A similar behaviour as observed for the different
response of the two neighbouring particles shown here has been reported before by Petek et. al.™® in a PR2PPEEM study
of small nanoparticles as formed by silver deposition onto mesa structures photographically formed on a quartz
substrate. In agreement with our data the authors observe a divergence of the relative phase for the electron emission
from different silver particles as the temporal delay increases. This behaviour is interpreted as follows: Close to time
zero the field amplitude of the ultrashort laser field is dominating the local field and forces the LSP-mode (and the
corresponding local near-field) to oscillate exactly at the laser frequency. As the time proceeds the laser field intensity
decreases due to the limited laser pulse width. However, due to the finite lifetime of a plasmon of about 10 — 15 fsin
case of silver particles, the LSP-mode is still oscillating for some time after the laser field has more or less
disappeared. Not forced any more by an external field it is evident that at that time the LSP mode will oscillate at its
particle characteristic eigenfrequency. In this view, the evolvement of a phase loss (dephasing) in the response between
different particles can be assigned to differences in the eigenfrequency of the studied particles. As the plasmon
eigenfrequency is governed by the size or the shape of the particles or the coupling of the particles to the underlying
substrate this observation is a direct evidence for a particle to particle inhomogeneity of the sample. In case of (latera
integrating)  frequency  domain
measurements these inhomogeneities
will for ingance give rise to an
inhomogeneous (Gaussian) line
broadening.

wu 0s.

As mentioned above, small
varigtions in the LSP mode
eigenfrequencies in case of close
lying particle pairs may also arise
from the splitting into a low-energy TR
and high-energy LSP-mode due to S : PRERCRSEREEEE R
the dipole-dipole coupling between 2.71s 2.83fs 2.96 fs 3.09fs
the particles. For the present casewe  Fig. 7: phase-resolved PEEM of three well-separated particles of sample 2 (particle
exclude that this effect is a dominant  diameter: 200 nm) highlighting particle-internal 2PPE-yield variations as function of
contribution to the observed thetempora delay between pump and probe laser pulse.
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dephasing process. Comparison of local interferograms of different particle pairs of the sample show that the particle-
particle deviationsin the phase response are arbitrary, whereat the magnitude of the phase differences aswell asitssign
changes from particle pair to particle pair. A characteristic property intrinsic to a particle pair, e.g. asresult of a dipole-
dipole coupling, should give rise to away more systematic behaviour.

3.2 Singleparticle sample

For the second experimental example we focused our attention to variations in the local 2PPE-yield within asingle
particle of sample 2. Figure 7 shows a series of images of three well separated particles recorded in a phase-resolved
scan at time steps of 0.13 fs per image frame. Clearly visible is a modification of the local intensity distribution as
function of the temporal delay between pump and probe pulse particularly for the centre particle. The image series
implies that the intensity maximum of the 2PPE yield propagates from the top right to the bottom | eft area of the particle
within a third of the oscillation period of the driving externa eectromagnetic field. As we associate the 2PPE intensity
with the local near field at the particle surface we can assign this observation to a property of the excited L SP mode of
the particle. We would like to mention that the intensity distribution shown in Figure 7 does not correspond to the actual
overall 2PPE-yield distribution but that the displayed results arise from a normalization of the local 2PPE yield at the
given delay by the corresponding local 2PPE yield recorded at time-zero delay. In this means any contributions to 2PPE
intensity variaions due to static (non-delay dependent) particle inhomogeneities related to contrast mechanism such as
topography or workfunction variations are cancelled out. This procedure enables an efficient enhancement of the small,
but significant variationsin the delay dependent 2PPE intensity distribution.

A quantitative analysis of these PRPEEM
resultsis displayed in Figure 8. The graph compares
laterally integrated 2PPE intensities from the top
right area (area B) and the bottom left area (area A)
of the centre particle as function of temporal delay
over two oscillation periods of the laser field (see
also inset in Figure 8). Clearly visible is the phase
shift in the response of area B in comparison to area
A. In contrast to the particle pair example, this phase
shift is not only observable at large temporal delay,
but it is also clearly visible at the time-zero of the
measurement. This shows that the underlying
mechanism is different from that one discussed in
case of the time-dependent particle pair data.
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!OeCPm.&‘ obvious, if the gffect . Of_ the PEEM- Fig. 8: Comparison of interferograms taken from different areas (A
Intrinsic, off-normal (grazmg quence) laser  and B, seeinset) of the center particle shown in Fig, 7 .
illumination of the particles is considered. As we

will seein the following, thisartificially induced symmetry-break in the light-particle interaction is a prerequisite for the
observation of a modulation in the lateral single-particle 2PPE-yield distribution. For the example displayed in Figure 7,
the white arrow indicates the direction of incidence of the laser pulses projected onto the substrate plane. Consider the
laser-light as plane wave incident from the right onto a particle where the electric field amplitude is determined by the
phase delay A¢(r) between pump and probe pulse as adjusted by the Mach-Zehnder interferometer. For the following it
is not necessary to consider the pulsed structure of the laser light so that the relevant tempora dependence of the total
incident oscillating electric field E,, (t) can bewritten as.

E, (t) = E @&“ + E, @40 )

E, and E, arethe amplitudes of the pump and probe laser field, wis the oscillation frequency corresponding to the
used photon energy of hv=3.1 €V. Incident from the right we expect the laser light to couple at first to the LSP-mode at



the right edge (r=0) of the particle. In a one-dimensional view this will induce at this point a locally oscillating field
E o (t,r =0)of theform:

E o(t,r =0) = Aw)e’™ [E, (t) = A¢™® [{E, [@“ + E, [@“*>") @)

A(a) can be considered as the field enhancement factor of the external field due to the coupling to the LSP mode. The
phase d &) is the (frequency dependent) phase shift of the LSP response to the external field. E, ,(t,r = 0) isthefield
that governs the measured 2PPE-yield from the right part of the particle mapped by the PEEM. The periodic variation in
the local 2PPE intensity as function of time directly reflects the change between constructive and destructive

interference of the pump and probe laser beam as the phase delay A¢ (the Mach-Zehnder interferometer, respectively)
is scanned.

The phase of both fields, E, (t)and E 4 (t,r =0), will propagate along the particle, however, a different phase

velocities. The external light field E,, (t) will giveriseto alocally varying particlefield E| o, (t,r) of the form:

Elo(t,r) = A(w,r)eC@ O E_(t) 3)

r denotes the location at the particleand p(r) = «/clr isthe phase difference with respect to the ‘right edge’ LSP-field
E, o (t,r =0) governed by the phase velocity c of the vacuum plane wave. In asimilar manner, the field induced at the
particle position r by the propagating L SP-mode can be written as

ELSD (t, r.) — A(C(), r)ei (3()+pe0 (1)) EEtot (t) (4)

where p o (r) = /v, [r is the propagation induced phase delay of E, g (t,r) with respect to E g (t,r = 0), this
time governed by the phase velocity V| o, of the plasmon mode in the particle. The total 2PPE yield at a given position
r is obviously determined by the interference between the fields E| ., (t,r) and E, o (t,r) . For a given pump-probe

delay 7 the detailed interference depends on the local phase difference o(r)- a.s(r) so that we expect in general the
overall local field amplitude E| o (t,r) + E o (t,r) to vary with position r. Only for o(r)=a.«(r) the phase difference

between E|, (t,r)and E, 4 (t,r) and consequently the total local field would stay constant over the entire particle. In

general, we expect the phase velocity V, o, of the collective excitation to be different from the vacuum phase velocity ¢

of light giving rise to a phase loss between the two fields and resulting in the local 2PPE intensity modulations as
observed in the experiment (Fig. 7). In this means, the particle internal structure visible in a sngle PEEM image of
Figure 7 isaresidual of the interference between externd light field and the particle characteristic LSP-field. As o(r) is
exclusively governed by the well-known vacuum properties of the incidence laser light we can in principle deduce the
magnitude of the LSP phase velocity v, o, from these intensity modulations. For an accurate estimate, however, a phase

shift between external light wave and LSP-mode of at least 11along the particle extension is required. Thisis obviously
not the case for the short 200 nm particles in this sudy, but requireslarger (preferably el ongated) particles.

So far, we considered exclusively the case of a fixed phase delay A¢ (fixed temporal delay 7) between pump and
probe pulse. The variation of the temporal delay 7 between the two light pulses in our phase-resolved 2PPE
experiments offers a further (external) degree of freedom with respect to the phase properties and therefore the local
interference conditions of the entire electric field at the nanoparticle. As we can see from a comparison of different
images recorded at varying 7 this additional phase contribution enables an efficient manipulation of the particleinterna
local electric field distribution. Comparison of Figure 7a and Figure 7e shows, for example, that the maximum field
amplitude can be shifted from one side of the particle to the other. We, therefore, consider the adjustment of the relative
phase between pump and probe pulse by the Mach-Zehnder interferometer as an efficient means of a coherent



manipulation of the local electric field distribution in nanoscale structures. In another PEEM experiment an efficient
approach for a controlled manipulation of the local fidd distribution (field enhancement) has just recently been
demonstrated by means of a defined structuring of nanoscale particles.™ The use of coherent light pulses for ananoscale
control of local fields has been predicted theoreticaly in several publications.? The presented results are a sucessful
experimental proof of this approach. We propose that the combination of both attempts, structuring and coherent control
of the exciting light, may in the future enable an extremely high flexibility in the nanoscale manipulation of local
electric fields. The photoemission electron microscopy may in this context play akey rolein identifying these effects.

4. CONCLUSIONS

Femtosecond time-resolved photoemission el ectron microscopy is arapidly evolving experimental technique with a
high potentia to become one of the leading techniques in the real-time imaging of ultrafast processes at nano-structured
surfaces. The two experimental examples presented in this paper highlight the capability of time- and phase-resolved
2PPEEM to map femtosecond dynamics associated with plasmon excitations at sub-wavel ength resolution. The paralle
image acquisition of PEEM guarantees in this context to resolve even very small laterd variaions in the local
dynamical behaviour as, for instance, shown in the case of the particle pair example. The identified evidence for a
phase-propagation of a plasmon mode through an extended nanoparticle is a first step towards a direct imaging of the
ultrafast dynamics of energy flow through nanoscopic devices, a task of high relevance e.g. for the understanding and
the optimization of nanoscopic photonic circuits. A further aspect that has been addressed in this paper is the external
manipulation of the lateral near-field distribution in nanoscale structures by the phase-control of the exciting
femtosecond laser field. We have shown that aso in this regard PEEM is the technique of choice to visualize and proof
such a control scenario. A very promising approach to perform these kinds of control experiments in the future will be
the application of feedback-controlled femtosecond pul se-shaping techniques.

5. ACKNOWLEDGEMENT

The authors would like to thank the Nano-Bio Center at the University of Kaiserdautern and the group of Prof.
Aussenegg (TU Graz) for their support in preparing the silver nanoparticle samples.

REFERENCES

A.V. Zayatsand |.l. Smolyaninov, J. Opt. A: Pure Appl. Opt 5 16 (2003).

W.L. Barnes, A. Dereux, and T.W. Ebbesen, Nature 424, 824 (2003).

B. Lamprecht, G. Schider, R.T. Lechner, H. Ditlbacher, JR. Krenn, A. Leitner, and F.R. Aussenegg, Phys.

Rev. Lett. 84, 4721 (2000).

S. Linden, J. Kuhl, K. Giessen, Phys. Rev. Lett. 86, 4688 (2001).

J. Lehmann, M. Merschdorf, W. Pfeiffer, A. Thon, S. Voll, and G. Gerber, Phys. Rev. Lett. 85, 2921 (2000).

H. Hovd, S. Fritz, A. Hilger, U. Kreibig, M. Vollmer, Phys. Rev. B 48, 18178 (1993).

F. Stietz, J. Bosbach, T. Wenzel, T. Vartanyan, A. Goldmann, and F. Tréger, Phys. Rev. Lett. 84, 5644 (2000).

J-C. Weeber, J. R. Krenn, A. Dereux, B. Lamprecht, Y. Lacroute, J. P. Goudonnet, Phys. Rev. B 64, 045411 1

(2001).

C. Sonnichsen, T. Franzl, T. Wilk , G. von Plessen, J. Feldmann, O. Wilson, P. Mulvaney, Phys. Rev. Lett. 88,

077402 (2002).

10. M. Cinchetti., D.A. Vadaitsev, A. Gloskovskii, A. Oelsner,, S.A. Nepijko, and G. Schonhense, J. Electr. Spec.
Rel. Phen. 137-140, 249 (2004).

11 M. Cinchetti, A. Gloskovskii, S. A. Nepjiko, G. Schonhense, H. Rochholz and M. Kreiter, Phys. Rev. Lett. 95,
047601 (2005)

12. G H. Fecher, O. Schmidt, Y. Hwu, and G. Schénhense, J. Electr. Spectr. Rel. Phen. 126, 77 (2002).

13. M. Munzinger, C. Wiemann, M. Rohmer. L. Guo, M. Aeschlimann, and M. Bauer, New J. Phys. 7, 68 (2005).

14. O. Schmidt, M. Bauer, C. Wiemann, R. Porath, M. Scharte, O. Andreyev, G. Schénhense, and M.
Aeschlimann, Appl. Phys. B 74, 323 (2002).

15. A. Kubo, K. Ondo, H. Petek, Z. Sun, Y.S. Jung, and H.K. Kim, Nano Letters 5, 1123 (2005).

wph P

©NO O A

©



16.

17.
18.

19.

20.

21.
22.

W. Swiech, G.H. Fecher, Ch. Ziethen, O. Schmidt, G. Schonhense, K. Grzelakowski, C.M. Schneider, R.
Fromter, H.P. Oepen, and J. Kirschner, J. Elec. Spec. Rel. Phenom. 84, 171 (1997).

W. Gotschy, K. Vonmetz, A. Leitner, and F.R. Aussenegg, Appl. Phys. B 63, 381 (1996)

U. Krelbig and M. Vollmer, Optical Properties of Metal Clusters, Springer Seriesin material science V. 25,
Springer, Heidelberg (1995).

for p-polarized light the dectric field vector of theincident laser pulseis oriented parallel to the plane defined
by the normal of the substrate surface and the k-vector of the laser pulse.

W. Rechberger, A. Hohenau, A. Leitner, J.R. Krenn, B. Lamprecht, and F.R. Aussenegg, Opt. Comm. 220, 137
(2002).

B. Lamprecht, A. Leitner, and F.R. Aussenegg, Appl. Phys B 68, 419 (1999).

M.I. Stockman, S.V. Faleev, and D.J. Bergman, Phys. Rev. Lett. 88, 067402 (2002); T. Brixner, F.J. Garcia de
Abajo, J. Schneider, and W. Pfeiffer, Phys. Rev. Lett. 95, 093901 (2005).



