
Abstract The hi gh fi eld strength of fe mtosecond laser pulses 
leads to non I incar effects during the interacti on with condensed 
matter. One such e ffect is the ab latio n process, which can be 
initiated he low the threshold of common thermal ahlation if the 
excitation pul ses are suffic iently short . This effec t leads to struc
ture formation, which is an isotropic because of the polari zation 
properties of the near fie ld and can result in pattern sizes below 
the resolu tion limit of light. These effects are explored by tempo
rall y reso lved sca ttering methods and by post-mortem analys is 
to show the non-therma l and ani 'otropic nature of thi s proce~s. 
The near- fie ld distribution of plasmon modes can be tailored to 
a large ex tent in order to obtain contro l of the pattern format ion . 
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Ablat ion imract of a srherical rolystyrcnc parti cle on a s il 
icon surface (left) as visuali zed by atomic force microscopy 
and the change in the scattering pattern of a gold nanopa rti 
c le (right) bo th irradiated with s ingle femtosecond pul ses. The 
ani sotropy in hoth images is a result of the near- fi eld-enhanced 
sub-threshold ab lation process. 
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1. Introduction 

Photonic appli cati ons with nanostructures have seen a large 
inc rease in interes t within the las t years. A wealth of phe
nomena is connected to the linear interacti ons of li ght with 
structura l features of materi als below the wave length of 
li ght. Photoni c crystals are such key elements that hold the 
promise to manipulate li ght and quantum objects in a sim
il ar manner as in semiconductor electronics . Plasmonics 
is a second fi e ld that targets the enhancement e ffects o f 
li ght and the boost of nonlinear reacti ons compared to the 
linear descripti on. Ultra-short lasers are key components in 
thi s fi eld as they favor fi eld-dependent reac tions relative to 
intensity-dependent pathways. Onc pathway for materi a l 
machining is the ablation process . Tn general , laser abla
ti on by pulsed sources is considered as a non-equilibrium 
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therm al phenomenon, wherehy the rapid deposition of heat 
into the materi al Icads to melting and boiling. 

The energy is depos ited in the materia l fas t enough 
so that energy diss ipati on can be neg lected. Tn thi s case 
the materi al is isochorically superheated to temperatures 
ahove the hoiling point. Phase separation sets in during the 
expansion phasc, when the system crosses the liquid-gas 
coex istence. As a consequence, material is ejected vi olently 
due to the increased vapor pressure. Transparent materi als 
can be structured by ablation if the laser fluence exceeds 
the plas ma-formation threshold . Multiphoton e ffects play 
a prominent ro le in the energy deposition. Conceptually 
new phenomena can ari se if the structures are sma ller than 
the wavelength of li ght and the electromagnetic energy 
is concentrated by so-ca ll ed near-fi eld effects. Whil e in 
the far fi e ld the concentrati on of energy is limited by the 
wave length of the radi ati on, on a local sca le a large en-
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hancement can occur at curved interfaces to a spati al scale 
much smaller than the wavelength . 

This arlicl e reviews work done to establish the near
field enhanced ablat ion on nanostructures and structured 
surfaces. A part icul ar emphas is is g iven on the determi
nation of the fundamental mechani sm, which includes the 
definition of' thermal and non-thermal phenomena. The 
post-mortem analys is of ablated patterns from structured 
materials can serve as an imaging method for near-field 
distributions, while an unique time resolved X-ray scatter
ing technique has been employed to f'ollow the s tructura l 
dynamics with hi gh time reso lution. 

Sect. 2 will serve to summarize the basic mechani sm in 
the genera l laser ablation process , in particular with short 
pulses . In Sects. 3 and 4 the interac tion of highly curved 
struc tures with e lectromagnetic waves will be sketched, 
which leads to the definition of the field enhancement and 
plasmon resonances. Sect. 5 wi 11 demonstrate that the struc
turin g mechani sm on nanoparli c les can be unders tood as 
a nonlinear process with strong corre lations to an ab la
ti on process, but with a non-thermal mechani sm behind it. 
The relevancc of using particles on surfaces for structuring 
issues by tak in g advantage or the nonlinearity is finally 
presented in Sect. 6. 

2. Recapitulation of thermal ablation 
from surfaces 

Laser-based ablation processes arc of eminent importance 
f'or contactless machining o f' materials and are there fore 
well studied [1 - 3]. In particular, short-pul se ablation with 
picosecond or femtosecond pulses (nanosecond pul ses in 
the case of soft matter) can y ield very selective and lo
cali zed materi a l emiss ion due to the confinement con
ditions at early times of the exc itat ion. Thus , the heat
affected area near laser-drill ed holes can he minimi7.ed, 
or organ ic materials can be ab lated very gently for use in 
molecular di agnosti cs (such as matrix-assisted laser desorp
ti onli onizati on) [4]. 

Opaque materials can be eas ily heated to temperatures 
above the boiling point of the materi al by short laser pulses . 
The heating of sur races is isochori c, i.e. under vo lume con
servati on for laser pulse leng ths shorter than the acoustic 
transient time of the excited materi al. If during the heating 
time the temperature of the material exceeds the boiling 
temperature a viol ent expans ion and nucleation of vapor 
bubbles wi II occur. This phase change, often called exp lo
sive boiling or phase explos ion, supplies the pressure for the 
ejection of the heterogeneous material. It can be shown by 
experiments or molecular dynamics studi es [5-Hl that this 
nucleation causes the em ission of materia l clusters before 
sublimation starts to set in (9). In particular, simulations are 
extremely help ful to visualize the dy nami cs during thermal 
abla ti on, as shown in F ig. I . An appl icati on o f this elTect 
is the production of nanoparti c les from irrad ia ting solid 
targets of a large variety of materials, which can be done in 
vacuum as well as in liquids [10] . 

Figure 1 Visualizat ion of Illolecul ar dynamics simul ations show
ing snapshots of atolll coordin ates during the ejection frOIll a 
s ili con surface at different pulse durations of light pulses at 266-
nlll wavelength : a-c) at a fluence of 375 J/m 2 fo r 500-fs pulses 
and d) for a longer pul se of 50 ps, which begins at t == 0 but 
at 550 J/m2 The dark balls mark crystalline s ili con, the light 
grey particles are in a molten region. During picosecond ab lation 
the material shows a larger amount o r melting and vapuri zation. 
Reprinted from [6] with permission from APS. 

A central characterist ic of the phenomenon is that the 
process is strongly ftuence dependent, i.e. there ex ist sharp 
thresholds for the ablation process, which are linked to 
the phase transition 1111 . These thresholds arc specific to 
the very materia l and well known. The ab lation thresh
o ld for gold is found above 4000 J/m2

, for si I icon above 
1500J/m2 [11 , 12) . 

Transparent materials can also be ablated when the elec
trical fi e ld strength surpasses the breakdown thresho ld Ill . 
Multiphoton and avalanche processes play an important 
role in the mechanism of light absorption. Dielectric break
down for fused s ili ca is observed above 2000l/m2 [I] . In 
this case multiple ion ization and nonlinear absorpt ion cre
ate a plasma. This plasma formation will become dominant 
for very short pulses in the femtosecond range. For metals 
the thermal ablation th reshold will nevertheless be below 
the plasma-formation threshold [1 41. 

Therlllolllechan ica l and photomechanical effects can 
also play a ro le in laser ablati on [2] . Perez and Lewis [15] 
pointed out that ablati on can also be induced by a mechan
ica l effect, rather than a thermal phase transition. In that 
case the rapidl y released therllloelastic stress can surpass 
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the physica l strength of the material during stress confine
ment, which leads to rupture and material ejection. 

In essence, the thermal ablation method is character
ized by a transfer of the deposited energy to the phonon 
bath and a description of the equation of state by means 
of dcfincd tcmpcraturc and pressure. Therefore, the phe
nomenology of abl ation should not be different for any 
laser pulse tha t is shorter than the transfer of the energy 
from the electron gas to the lattice , as this transfer is the 
rate-limiting step with electron-phonon scattering times in 
the range or some 0.5 to 5 picoseconds [16, 17] . The larger 
values apply for a strong excitation with a prolonged time 
span for complete energy transfer to the lattice [18]. The 
threshold fluence for ablation will a lso be independent of 
pulse leng th ror sub-picosecond pulses as long as thermal 
dynamics is concerned . 

In semiconductors an additional non-thermal pathway 
of phase transformation has been described, which a llows 
for melting within a few femtoseconds [19,20]. This so
called non-thermal melting is ascribed to the mass ive excita
tion of charge carriers into the conduction band, converting 
the interatomic forces into antibonding states. It has indced 
been observed that after rapid femtosecond excitat ion of 
silicon or germanium the latti ce order disappears within 
about a hundred femtoseconds [2 1- 23], which has been 
interpreted as an initi al ballistic atom disordering due to the 
lack orremaining binding forces [23] or anharmonicity [24]. 
This ultra-fast melting is considered as one important aspect 
in the ablation mechani sms of semiconductors as well. 

3. Tip-enhanced patterning 

The enhancemen t of an electrical fi eld at a metallic tip is 
generally a well-known effect, which is explored in fie ld ion 
microscopes such as the so-called 3D atom probe [25,26]. 
In thi s instrument a fine tip is ana lyzed atom by atom, by 
appl ying a strong electrical field to it, which extracts atoms 
from the surface. These are then resolved spati a lly by the 
projection or the fli ght path onto an imaging device to re
construct the initial material composition. Efforts have been 
made to improve the field emission by additionally apply
ing laser pulses to the tip [27 ,28]. Vella et al. [29 , 30] have 
shown theoreti cally and experimentally that material can be 
ejected from laser-exc ited tips in an atom-probe confi gura
tion at low fluences. They connected the field enhancement 
also to an optical rectification process. In the same line the 
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Figure 2 (online color at: www.lpr
jOllrnal.org) Yield of the 800-n111 flln 
damentallight scattering , nonlinear light 
emi ss ion, and photoelectrons (from left 
to right) when scanning the focused laser 
spot along a fine gold tip (dashed lines). 
Reprinted from [\ 3] with permi s sion 
from APS. 

ablation from a fl at surface can be enhanced and the flu
ence threshold can be reduced for very short femtosecond 
pulses . Dachraoui and Husinsky [31 ] have observed the ab
lation by means of changed pulse lengths and double-pulse 
experiments and discerned different regimes of electronic 
(or non-thermal) ablation , plasma-mediated ablation , and 
thermal ablation. 

Tt has been shown that electron emiss ion from curved 
surfaces follows tightly the field enhancement [13 ,32,33], 
which has even heen proven a valuahle tool for the mea
surement or the near- fi eld enhancement or even to con
trol the field distribu tion by phase-shaped femtosecond 
pulses [34--36]. In Fig. 2 such an enhancement of both light 
and electron emission close to the apex of a shaq) gold tip 
has been visualized. While the fundam ental li ght scatte ring 
is seen all over the go ld tip, the source for second-harmonic 
generation is located particularly at the tip, due to the non
linear enhancement in the same way as photoelectron emis
sion. 

The selective excitati on of resonantly enhanced modes 
at shaflJ tips such as in scanning probe microscopes 
promises to open new ways to structure material s hy lasers 
below the wavelcngth-resolution limit. Nolte et al. 1371 
have demonstrated that a surface can be nanostructured 
by coupling intense femtosecond pulses into the fiber tip 
of a scanning optical near field mi croscope (SNOM). The 
improvement of this arrangement led to the development 
of the aperture less SNOM, in which a metal tip guides the 
appli ed li ght to the tip [38-40]. The first experiments which 
reported the manipulation of a surface hy the coupling of 
intense nanosccond pulses to such mctal tips, by Jerseh and 
Dickmann [41], were simpl y expli cable by thermal effects. 
A tip is brought c lose to a surface to be modifi ed and a 
laser pulse is coupled to it. With a considerable thermal 
expansion the tip could be forced into the material, caus ing 
permanent structures [42-44]. Some very recent results in
di cate that a contribution to tip-induced structuring can be 
attrihuted to optical enhancement effects [45] . 

4. Field enhancement near 
plasmonic structures 

4.1. General Mie theory 

The electromagnetic response of di electric or metallic par
tieles can be desc ribed via Maxwell's equations in e ither 



438 

analytical or numerical solutions . Mie [46] has g iven the 
first analytical result in spherical coordinates, i.e. for spher
ical particles. The response in absorption and scattering is 
developed in a series of multipole expansions taking the 
complex index of refraction as input. In the first (dipole) 
approximation the response of a parti cle much smaller than 
the wavelength A can be expressed as 

9VErr:/2. WE2(W) 
(Text = C. (Cl(W) + 2cm)2 + C2(w)2' (1) 

with the spherical particle volume V, the speed of li ght 
c, the light frequency w, and the dielectric constant Ern of 
the surrounding medium. The functions El and E2 descrihe 
the real and imaginary parts of the wavelength-dependent 
dielectric function of the particle material [47,48]. The so
called surface plasmon resonance (SPR) is expected when 
the denominator of Eq. I becomes small , i.e. near E2(W) = 
- 2f m . This is the case for a number of metals, while for 
selected metals the resonance becomes very strong and 
sharp (silver, gold, aluminum, or copper [49]) . 

The SPR line is homogeneous ly hroadened due to 
the ultra-fast dephasing of the osci ll ation of the conduc
tion e lectrons, which has been clarified in a number of 
studies [50- 52]. Furthermore, an inhomogeneous broad
ening in ensembles is caused by size and shape inhomo
geneiti es [53,54 1. Gold particles show as wcll a band due 
to interband absorption , which is present for wave lengths 
shorter than 520 nm [55] . A usefu l feature of the SPR is 
the dependence of the position and width on the particle 
size. The main effect comes from retardat ion effects of the 
li ght-matter interaction, when the particle size approaches 
the wavelength of light [49] . This size effect is seen as 
a red shift for increas ing particle sizes and is important 
1'0 1' particles above a di ame ter D of 20- 30 nm. For larger 
ani sotropi c particles no ana lytical so lution ex ists; in stead , 
numerica l approximations are used. Such methods, whi ch 
do not need the symmetry of the system, are the finite dif
thence timc domain (FDTD) method 156 1 or the discrete 
dipole approximati on (DDA) [57,58]. In the latter the ob
ject is divided by a fine grid (a few nanometers wide) on 
which interacting dipoles are located [59- 61]. 

4.2. Examples of spheres and triangles 

Some calcul ati ons o r near- fi eld distributi ons are shown in 
F ig. 3 for sphe rical particles. The full multi pole seri es is 
included and the dielectric functions for gold have been 
taken from [47]. As the calcul ated gold particles are rather 
sma ll , a dipol e approx imation for the plasmon resonance is 
still a good description . One observes that the plasmon res
onance peak for 38-nm particles is around 530 nm in water, 
whil e the limiting value for small er particles tends towards 
520 nm [49,62,63]. The near- fi e ld distribution illustrates 
the effect that the enh ancement is of dipo lar nature along 
the polari zation of the incomin g li ght. As the oscillator 
strength is hi gh, even at the shown wavelength of 400 nm 
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Figure 3 (online color at: www.lpr-journal.org) Calcul ated near
fi e ld distribution IEI around a gold nanoparti c le with a Mie param
eter of 7r . nm . D / A = 0.397 corresponding to a D = 38 nm gold 
sphere in water. Top : the e lectrical field distrihution for a plane 
e lectrom agneti c wave at 400 nm propagating in the x direction , 
the y-z plane is located in the sphere center. Middle : the field 
di s tributio n in the x-z plane and incoming li ght polari zati on in 
the plane. Lower: the field distribution in the y-z plane, but in 
contact just behind the sphere. The color encodes in each case the 
field enhancement re lat ive to the incoming wave. 

(frequent-excitation conditi on for exc itation with frequency
doublcd fcmtosecond pulses from titanium-sapphire lasers), 
there is a local focus ing o r the field strength at the poles o f 
the sphere, which amounts to about II times the incoming 
field . Right at the plasmon position this factor will amount 
to up to 40 . The upper image shows the situat ion in a plane 
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Figure 4 (online color at: www.tpr-journa l.org) Calculated near-field distribution IE2 1 around a gold nanotriangle in the plane of the 
sili con substrate [61] for a laser polariza tion aligned horizontally (left) and vertically (right). The dielectric response of the substrate is 
fully taken into account. Reprinted from [6 1] with permission from Springer. 

th rough the particle cen ter perpendicular to the Poyn tin g 
vector of the incoming radiation. In the second image a cut 
along the beam-propagation direction is depicted, show
ing that the dipole is already slightly distorted towards the 
beam directi on. This di stortion will increase with panicle 
size, showing the effect of the higher multipole contribu
tions to the Mie series. Finally, at even larger particles the 
focusing in the forward direction will merge with geo met
ri ca l optics, identical to a geometrical focusing condition. 
This focus has been well employed to drill small ho les 
in a substrate by irradiating dielectric spheres attached to 
the substrate [64,65]. 

Finally, the lowest image in Fig. 3 shows a field distri
bution behind the particle in a plane, whi ch wou ld be part 
of a substrate, whi ch supports the particle when irrad iati ng 
the struclure at perpendicular incidence. The dipolar char
acter is sti ll preserved , while the en hancemen t is certainly 
lower, amounting for a factor of two. There is, however, 
a non-ana lytical problem with supported particles. As the 
dielectric medium is no longer homogeneous, one would 
have to use the approximate methods for the calculation , 
which is not included in the shown data. 

For more complex structures the above-melllioned nu
merical finite e lement ca lcu lations are used to show some 
simil ar effects. A triangle is an example of a non-trivial 
structurc and rclcvant in thc app li cation of prcstructurcd 
periodic nanostructures. The field is enhanced in a direction 
rough ly parallel to the laser polarization (Fig. 4). The tips 
that are nol oriented along the laser polarization do not 
cxpcricncc such a ficld strcngth. Thc strongcst cnhancc
ment builds up at points of strong surface curvature and the 
absolute value of the enhancement can large ly exceed the 
spherical case due to the larger oscillat ing volume re lative 
to thc curvaturc. 

Further modifica tions of the optical spectra are expected 
if particles come close to each other so that the resonances 
couple. An intuitive description uses the hybrid ization of 
modes [66-69], whereby parallel or antiparall el coupling of 
the modes of two adjacent particles causes red shifts or blue 
shifts, respectively, of the delocali zed resonance. In prac
tice, the red shift is most commonly observed in aggregates 
or coupled plasmonic structures [70]. The coupling bears an 
important consequence, in that the space between adjacent 
structures can see an increased fie ld-enhancement factor 
due to the delocali zation of the plasmon resonance [69]. Ad
vantage of this effect is taken in surface en hanced Raman 
scalleri ng (SERS) detection o f trace amounts o f organ ic 
molecules near rough or structured metal surfaces. A manip
ulation of the interparticle distance and thus the evolution 
of the complex plasmon hyhridi7.at ion scheme have been 
demonstrated recently by approaching two triangles by 
the aid of an atom ic force mic roscope (AFM) [71]. These 
so-called bowtie an tennae are very efficient in coupling 
li ght in the interparticle space for near-field optical micro
scopes [72] . 

5. Dynamics of near-field-induced ablation 

The field-di stribution effects around nanostructures wi ll 
dominate the structure evolution once the laser power is in
creased towards irrevers ible reactions . Kaempf'e, Podlipen
sky et al. [73-75] have seen a manifold of subtle effects 
on s ilver particles in a glass matrix, lead ing to a variable 
sample coloration and even d ichro ic optical properties. One 
determi ni ng structural moti I' lurned oul to be an elongation 
of initi all y spherica l parti c les with fixed a lign ment to the 
laser polarization . Thi s e longation cou ld be either parallel 
or perpend icular to the electrical field depend ing on the 
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Figure 5 a) Optical ex tinctio n spec tra of a s ilve r nanoparti cle 
containing glass before irradiation with femtosecond laser pulses 
at 400 nm and for two polarizations relative to the laser polari za
ti on. b) Further irradiation with a 530-nm laser beam enhances 
the plasmon peak shift observed in the first irradi ation. The inset 
displays a T EM image of one part icle with its aureo le of smaller 
clusters. Reprinted from 175 1 with permission from Springer. 

irradiation conditions (fluence and number of pul ses). As 
most of the analysis was done post mortem, the mechani sm 
could not be directly ded uced. The polari zation however 
pointed to the coupling of the laser field to the di chro ic 
spectra l properties of ani sotropic nanopartic le ensembles . 

Thc opti cal analysis of irradi atcd samples post mortcm 
as well as in situ is parlicularly dirfi cult, as the optical fin ger
prints of different structural moti fs overl ap in the same spec
tral region . The plas mon resonance of metal particles such 
as silver or gold is gcnerally a good indicator for structure
re la ted properti es, such as size, shape [49,76, 77] , inter
particl e correlations [78], or latti ce excitations [50,79- 8 1]. 
After irradiat ion of the embedded particles, Podlipensky et 
al. [75] found by transmission e lectron microscopy (TEM) 
that the initial particles were del"ormed and additionally an 
aureole of new ly formed c lusters appeared around them, 
which add to the spectral fingerprint. A corresponding TEM 
mi crograph is shown in Fig. 5 together with the extinction 
spectra before and aner irradi aLi on. The plasmon position 
suffered a blue shift for a polari za tion perpendicul ar and 
a red shift para ll el to the irrad iation laser field. This is in
terpreted as an elongation of the particle in the direction of 
the e lec trica l field and is round to happen on a time scale 
of hundreds of picoseconds [82,83]. This could be induced 
at a re latively low fluence of 500 J 1m2 and with repeti
tive cxc itation . In contras t, at larger fluenccs, even with a 

single pulse, anisotropy could be induced , s hortening the 
parallel axis [84]. 

The Coulomb explosion of small clusters is an effect 
that is e loscly related to a non-thermal laser ablation pro
cess . In this case [85] the intense fe mtosecond rad iation 
leads to mass ive photoelectron emission along the dipo
lar excitat ion , which des tabilizes the ion attractive poten
tial completely. 

5.1. Technical realization of a structural 
pump-probe experiment 

The understanding of the phenomenon of anisotropic struc
ture formation is so far unsatisfactory as th e kinetics and 
thermodynamics of the structural transformation are not re
solved . 

Ultra-fast time-resolved X-ray scatterin g experiments 
have been performed by using laboratory-based laser 
plasma sources [2 1, 86, 87]. They allow for an excell ent 
time resolution but do not deliver by far the demanded 
X-ray flux for the performance of scattering in disordered 
samples as in the case of nanoparticles. The lattcr has been 
rea li zed at the synchrotron light source ESRF (European 
Synchrotron Radi ation Fac ility) , which delivers very in
tense and collimated radiation . The radiation is natura lly 
pulscd due to the radi o-frcquency longitudina l acceleration 
of the electrons in the storage ring. These pulses have a 
tempora l width of 50- 150 ps and a femtosecond laser can 
he locked on the time structure of the emiss ion . At the 
beamline ID09B 188,89 1 a femtosecond osc illator is phase 
stabilized to the bunch clock to a precision better than 5 ps, 
as sketched in Fig . 6. Its re lat ive de lay can be tuned by a 
phase shiner that changes the pulse-arrival time in steps 
of 5 ps in the range of 11 .8 ns, the inverse of the repetiti on 
frequency of the laser osc illator (MIR A, Coherent Inc .) . 
Larger temporal delays can be effected by amplify ing a 
different chosen seed pulse in the regenerative amplifier 
(Hurricane, Spectra Physics) . Thus in fac t a large span in 
time delays can be realized, on ly limited by the repetition 
rate of the experiment, which was I kHz in the present case 
as imposed hy the laser system. 

As the inserti on devi ce (undulator with 17-mm period) 
in the storage ring emits at least at a frequency of 357 kHz 
(corresponding to the round-trip time for electrons), the 
pulse train has to be diluted down to the l -kHz laser repe
titi on rate . This is be ing done with a mechani cal rotating 
wheel , which opens for at smallest 300 nanoseconds and 
runs in synchrony at I kI-Iz. The X-ray beam is further
more focused by a toro idal mirror [90] down to a O. l -mm 
foca l size. Optionally, a monochromator can be used fo r 
high-resolution experiments, which are necessary for the 
measurement of the powder scatteri ng of the exc i ted go ld 
partic les to determ ine the lattice spacing. For time-reso lved 
small-angle X-ray scattering (SAXS) [9 1] the radiation can 
be used without further monochromati zation due to the in
herent lower resolution necessary in the di sordered sample. 
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Figure 6 (online color at : www.lpr-journal.org) Experimenta l reali zation of the laser pump-X-ray probe experiment at the storage 
ring ESRF with the femtosecond laser heing e lectron ica lly coupled to the ri ng time structure by means of the bunch clock, a phase 
shi fter ( I), and de lay units. The laser pulses coming from the oscill ator-ampl ifi er unit are frequency doubled (2) and led through a phase 
plate-po larizer combinat ion (3+4) for intensity contro l and then optionally stretched by propagation in a fused-s ilica rod (5). A lens (6) 
fin ally focuses the rad iation onto the sample. The X-rays are shaped by an optional monochromator and focusing mirror (not shown). 
Selected pulses in synchrony to the laser emiss ion are transmitted through the chopper. A 2D detector fina lly records the X-ray scattering. 

The laser beam is frequency doubled in a nonlinear 
crys tal and passed through a motori zed combinat ion of a 
half-wave phase retarder and a polarizer to scan the laser 
in tensity. The effects of the short pulses are con trolled hy 
stre tching the pulse length in a fused-sili ca pri sm fro m 
100 1's to about I ps. Fina lly, a lens focuses the radiation to 
a size of 2.5 times the X-ray size to ensure a homogeneous 
fluence di stri buti on across the probed sample reg ion. 

Gold nanopartic les can be conveniently prepared by 
chemical synthes is methods in suspension. Some of these 
techniques such as the Brust-Schiffrin method a ll ow pro
duc in g a high dens ity of particles, whi ch are stabili zed 
by surl'ac tants, but are ava il ab le only as small sizes be
low 10 nm . The other hi stori cal method was developed by 
Turkev ich et a l. [92,93] in the 1950s and all ows us after 
some adaptations [63,94] to derive well-monodi spersed sus
pensions with tun ab le sizes. As these particles are charge 
stabili zed, their density is limited to 1- 2 mM gold- ion con
tent. 

As the ablation process is irreversib le, such an experi
ment has to be des igned as a s ing le-shot exposure. While 
the suspension is pumped at suffic ient speed through an 
X-ray capill ary the pump (l aser) and probe (X-ray) pul ses 
hi t a refreshed portion at each pul se pair. 

By comparing the scallering pattern from the sample 
before the laser excitati on and after excita tion the pure dif
fe rence signal due to the structure changes can be isolated, 
whil e external sources of scattering or stray radi ation van ish. 
A post-mortem study of parti cles on a sUlface has been per
formed at the beamline cSAXS at the Swiss Light Source . 

Particle alTays on a surface could be prepared either 
by sc lf-asscmbly mcthods of prcsynthcs izcd partic lcs or 
by lithography processes. One e legant way is used f re
quen tly to form tri angul ar structures of vari able sizes and 
aspect ratios. Thi s so-ca lled nanosphere li thography uses 
preassembled polystyrene partic les to evaporate gold onto 

the substrate through the thus- formed mask [95-97]. These 
struc tures have been used in a number of in teresting pho
toni c applications [98]. Surface-enhanced Raman scattering 
allows us to detect small traces of molecul es that are lo
cated in the near fi eld of these plasmoni c structures, wh ich 
boosts the probability for the Raman process by several 
orders of magnitude. 

5,2, Establishment of the thermal kinetics 

The experiments using pulsed X-ray scattering described 
in the previous section havc mcasurcd the lattice expan
sion as a fun ction of time and also as a function o f flu
ence. It should be added that in the case of fe mtosecond 
exc itat ion the fluence is a mean ingful value rather than 
othcr in tcnsity-rclatcd paramctcrs, such as lascr pcak powcr, 
etc., as the two-temperature model for the electron and lat
tice sub-systems in metals predi cts that heat is transferred 
from the electron gas to the latti ce within the electron
lattice equilibration ti mc, which is much slowcr than thc 
laser pulse length . Therefore, all energy is deposited before 
any structural reaction. The flu ence is thus proporti onal to 
lattice temperature ass uming a thermal eq uilibrium. The 
proportiona li ty constant is sole ly determined by absorp
ti on coeffi cient and spec ific heal. For a time de lay after 
laser exc itat ion less than the charac teri sti c cooling time 
(whi ch ranges fro m 0 .3 to 2 ns in the d iscussed range of 
sizes [99- 102]) one can test the ca loric relati on between 
Iluence and lallice expans ion. Tt is indeed found that thi s 
re lati on holds to a very good level [1 03- 105], which is 
seen in Figs. 7 and 8 in the uppermost graphs. For the sus
pended particles the agreement is quantitat ively good . For 
surface-supported (free) parti cles the absorption coeffi cient 
is not known in the present case [1 06]. One problem here 
concerns the kn owleclge of surface coverage and distribu
tion of interparticle spacing, which prohibits the calcul ation 
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Figure 7 (online color at: www.lpr-journa1.org) Determination 
of the lattice state in a flow ing nanoparticie suspension (38-nm 
particles) at a lOO-ps delay from the time-resolved powder scatter
ing. a) The lattice expansion as a function of applied laser f1uence 
(dots) , the line is a calculation of the expans ion from material 
parameters . b) Integrated intensity of the (I l l) powder ring as a 
function of f1uence (dots) . the line is a calculation of the Debye
Wailer reduction of the scattering intensity. c) Anisotropy or the 
SAXS patterns indicating an anisotropic particle deformation . 

of the sing le-particle extinction . The experiment itself can 
still serve to adapt thi s single parameter to again derive 
the proportional relationship of fluence and lattice tempera
ture (shown in Pig. 8 ror supported particles). Pinally, the 
thresholds for particle melting can be determined using the 
temperature scale and the observation of vanishing of the 
Bragg pcaks. Whilc a reduction of scattering intensity is 
expected when raising the temperature (by the so-called 
Debye-Wailer factor) a massive reduction is seen in the 
middle part of Figs . 7 and 8 at the melting fluence. 

So rar, the observations have been of regu lar therma l 
phenomena including laser heating of the particles and melt
ing at the expected threshold . A particular anomaly occurs 
in Fig. 8 in the upper graph, where lattice expansion levels 
oil rar be low the melting point. This is , however, an artiract 
of the repetitive excitation during that experiment and a 
slow s inter ing with increased number of shots. The same 
experiment repeated with single-shot excitation shows regu
lar expansion along the predicted line. The melting fluence 
is then determined at the point of the intersection of the ther
mal expansion versus fluenc e with the maximum possible 
expansion in gold, which amounts to about 1.8 % [107] . 
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Figure 8 (on line coJor at: www.lpr-journa l.org) Determination 
of the lattice state of a partic le monolayer on a silicon substrate at 
a I ~O-ps de lay from the time-resolved powder scattering. a) The 
lattice expansion as a function of applied laser f1uence (dots), the 
line is a calculation of the expansion from material parameters . 
The change of expansion with Auence at around 90 J/m2 is due to 
an in situ changing absorption cut:f'ficient during s intcring, which 
is absent in sing le-shot excitation (ope n circles). b) Integrated 
intensity of the ( I l l ) powdcr ring as a function of Ilucncc (dots), 
the line is a calculation of the Debye-Waller reduction of the 
scattcring intensity. c) Ani sotropy of the SAXS patterns indicating 
an ani sotropic particle deformation. 

Tn order 10 rea ll y identify the mechanism of material 
transformation one needs to establish procedures to charac
terize the structural state of the sample, such as the lattice 
state to hi gh spatial and, speaking of short-pulse phenom
ena, as well Lo high temporal resolution. This has been done 
first with optical methods [19 ,20, 109], which are, however, 
limited in the inte rpretation of melting , in particular on 
the nanoscale [80] . Experiments with plasma-produced X
rays [21] have been quite successful 1'01' the analysis or 
sing le-crystal surfaces and the ir melting properties on a 
suh-picosecond time scale. However, on a nanoscale the 
inherent disorder in the system and the small amount of 
material prevent the application of thi s method , albeit it 
offers up to now the hi ghest time resolution . Ultra-fast elec
tron diffraction (UED) [ 110] has been used for ultra-fast 
structure determinati on of photoexcited species such as 
molecules [Ill] , nanoparticles [108], or films [16, 112] . 
The time resolution for U ED can be in the range of one 
picosecond and the high scattering cross section facilitates 
the detection of the nanoparticle si gnal. 
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Ruan et aL [1081 have probed the latti ce state of fem
tosecond laser exci ted gold particles on a surface by pulsed 
e lec tron scatte ring using a laser-tri ggered photocathode. 
The access ihility of severa l Bragg re fl ections (powder 
ring) for the particle ensemble even allowed transform
ing the scattering data into real-space atomic corre lations 
(see Fig. 9). The lattice expansion is a direc t indicator for 
phonon and thermal excitation. They could reproduce some 
carlier reported fi ndings on vibrational excitation and cool
ing kinetics [100 , 103, 11 3]. In addition to that, the rea l
space data gave further hints of even more subtl e structural 
phenomena, such as surface melting. 

5.3. AbLation and non Linearity 

While the latti ce state is mai nl y an indicator for the thermal 
excitation the morphological changes, such as ablati on, are 
visible by shape changes. In a post-mortem analysis thi s 
would be visualized by real-space me thods such as elec
tron mi croscopy or atomi c force mi croscopy. Here we deal 
with dynamica l phenomena which favor an in situ probe, 
such as time-resolved small-angle scattering. Tt has been 
applied to the go ld-parti c le suspens ion in the described 
pump-probe scheme [9 1]. 

The difference in scattering at very low momentum 
transfer Q ~ 1/ D w ith the system dimension D (e.g. the 
particle size) is a direct fingerprint of the size or shape trans
formations. It has been observed that the exc itat ion by a sin
gle laser pulse can induce a drast ic di fference signal [ 11 4]. 
Thi s signal will show areas or intensity increase or decrease, 
which in a narrow-fluence region ex hibits an anisotropic 
pattern. This anisotropy is shown to be aligned with the 
laser polari za ti on (see Fig. 10). It should be recalled that the 
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F igure 9 Con iine color at: www.lpr
journal.org) Real-space transforma
tio n of electron-scattering data on 
laser-excited gold nanoparticles into 
the atomic pair correlati on fun ction . 
The me lting at the higher fluence is 
seen on the right-hand s ide as a dis
appearance of all the ordered lattice 
planes, whi le at the lower fluence 
on ly the long-range correla ti ons are 
reduced, which is interpreted as sur
face melting. Reprinted from (lOg I 
with permission from ACS. 

F igure 10 (online col or at: www.lpr-journal.urg) Difference 
scattering patterns of a gold-nanoparticle suspension of 38 nm 
at 2 ns a lkr the f'cmtosecond lase r !l ash as measured by SAXS. 
The scattering patterns only differ by the laser polarization Cle ft to 
middle) and the pulse length ( 100 fs for the left-hand and middle 
images, I ps for the right-hand image) , but not the laser fluence, 
whi ch was all in three cases 95 .I /m2

. 

part icles are initi ally spherica l. If after the reaction e ither 
the single particles remai n spherica l or the ensemble o r 
ani sotropic particles is random ly ori ented, only symmetri
ca l modifications of the scattering would be expected. We 
see two lobes of positive intens ity in the direction of the 
laser polarization accompanied by a decrease in the cen
ter and a re latively unchanged meridian perpendicular to 
the laser polarization. The explanati on for this pattern is 
a reduction in size of the particles from a nat ive sphere to 
a rOlational spheroid, where the ax is a long the laser polar
izat ion is reduced in size. A reduction in real space causes 
a widening of the scattering function in reciprocal space 
(i n the Gu inier region 111 51 Q < 7r / R. w ith R being the 
particle rad ius). Thus, it induces an intensity increase in 
that direction, while due to the reduced total mass of the 
particles the forward-scattering region (center of the im
ages in Fig. 10) shows an intensity red uc ti on. The direct 
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conclusion is that the axis of size reduction is along the two 
lobes of photoinduced intens ity increase in the images in 
rig. 10. This finding is confirmed by the calculations of the 
scattering modification for a transition of a sphere into an 
ellipsoid . The amount of change can be quantified by the 
scaling to the total scattering of a particle ; a 20% reduction 
of the ax is para llel to the laser polarization is deduced. 

This finding of a particle modifi cation in the laser field 
is st ill not very instructive, as long as the very mechan ism is 
unclear. Onc could imagi ne a kind of "hole burning" effect 
of selectively molten particl es in an inhomogeneous ensem
ble, or a semielastic response of the surface energy after 
melting or surface melting. The first check is the tuning 
of the pulse length of the laser rad iation. A propagation of 
the pulses through a 300-mm silica rod caused a stretch
ing from an initi al 100-fs pulse to almost I ps. The latter 
is sti ll shorter than the electron-phonon eq uilibration for 
high ly exc ited particles and should therefore not impact 
on any thermal phenomenon . Despite this, the stretchin g 
causes the observed anisotropy almost to disappear, show
ing the nonlinear and in this case non-thermal origin of the 
structure-formation process (r ightmost image in Fig. 10). 
In fact, the e lectron-lattice coupling is the same for both 
pulses, but the elec tri cal field of the laser pulse changes 
according to the pulse length , i.e. it is decreased by a factor 
of 10 upon pulse stretching. For deducing the fi eld strength 
at the particle surface, we make use of the Mie equati ons 
by calcul ating the enhancement described in Sect. 4. The 
field within the duration of the laser pulse is then found 
to approach values of 1.2 x 10 10 Vim. Adding an opti cal 
rec tifi cation e lTect at the interface, Vella el a!. [30] even 
derived up to lOll Vim. This is clearly a magnitude which 
surpasses reversible interactions . It had been shown that 
material transport can be induced at these levels, e ither in 
field-emission selups or in laser-exciled nanoscale tips wilh 
applied e lectrica l fields [27,28]. 

Th is tells us that the particles are shape transformed 
by massive material ejection from the poles of the spheres 
wilh the e leclri cal field of the laser pulses as driving force . 
This is postulated as an ab lation process. Even more infor
mative is the inclusion of the known thermal conditions 
of the different aspects of excitation exp la ined above. The 
observation of a struc tura l ani sotropy is limited by two 
thresholds. T he lower threshold, at whi ch the ablati on pro
cess sets in , may be related to a threshold in field strength, 
but in terestingly is close to the bubble-formation threshold 
in the surround ing liquid [104, 11 6] . The second threshold, 
upon wh ich the ani solropy disappears on increasing the 
laser fluence , is located at the melting point of the particles 
as seen by the comparison with F ig. 7. Thi s g ives a proof 
lhat during the ablali on process the panicles are slill in a 
solid state and the deformation process is not connected to 
a melting scenari o. When surpassing the melting threshold , 
ablation sti ll occurs, but the relaxation of the liquid drops 
to spheres hides the ani solropy of the process . 

We explain the lower threshold, which coincides with 
the bubble-formation threshold, by the restri ction of the 
liquid rather than a class ical ablation threshold. In classical 

ablation from solids the threshold is normally connected to 
the explosive boiling of the ablated material [8,9] or plasma 
form alion [I]. In our case an e lTec tive mate ri allranspon 
can only occur if the sun'ounding liquid is removed by the 
formation of huhhles . 

6. Irradiation experiments on particles 
on surfaces 

While particles in suspension show a very well traceable 
structural transformation it is more appealing to regard sur
faces with nanoscale resonating structures o n them. Gain
ing control over the laser-induced transformations of lateral 
structures, one obtains interesting tools for nanomachining. 
Both sub-wavelength features are achievable as well as a 
parallel patterning process in self-assembled structures. 

6.1 . Spherical particles 

The first approach has been to use large dielectric colloids 
as microlenses to pattern the underlying suhstrate [I Ill, I 19] . 
On reducing the size of the co llo ids below the wavelength 
of light the supposed s ingle hole (through geometrical 
focusing) develops into a dumbbell structure with clear 
anisotropy, as seen in Fig. I L [11 7] . The mechanism is read
il y explained by the dipolar lobe of near-fi eld enhancement 
even without plasmonic excitation. The enhancement still 
amounts to a factor of two, which is within the same order 
of magnitude as the off-resonant excitation of gold spheres 
as calculated in Fig. 3. Nedyalkov et a!. 11 20 1 and Evcrsolc 
et a!. [121] have irradiated single gold particles on a silicon 
surface and seen si milar two-lobe structures . 

The initial particle has been destroyed completely and 
additionally holes have apparentl y been carved into the sub
strate, as show n in Fig. 12. The near field has consequently 
induced damage to the underlying suhstrate. As these stud
ies are done post mortem, there is no direct connection to 

Figure 11 (on line co lo r at : www. lpr-journal. org) (Left) Fie ld 
di strihution IEI helow a spher ical particle in the plane of the suh
sU'ate as fal se-color distribution . The field enhancement relative 
to the incoming field amou nts to a factor of up to 2. 1; the effect 
of the substrate is neglected. (Right) Topographical image fro m 
the ab lation crater below such a spherical particle as determined 
by an AFM. Reprinted from [117] with permission from AlP. 
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Figure 12 (online color at: www.lpr
journal.org) Surface topography of a sili 
con surface with an iso lated gold pa rticle 
after irradiation with a femtosecond pul se 
at 780 nm with a fluence of 1280 11m2 to
gether with a he ight profile o n the r ight. 
The scale bar on the left is 200 nm . The e l
evated structures are debris from the gold 
particle . Reprinted fwm [1 2 1] with per
miss ion fro m Springer. 
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the therma l kinetics of thc substratc. Desp ite thi s, advan
tage has been taken of the fac t that the ablation threshold of 
silicon is a well-known quantity and can be identifi ed in the 
experiments iF a Gaussian-shaped laser profile is applied 
onto thc sample. The ablation threshold will be spatially 
identi fied by an ablation crater which is sharply encircled 
by the iso intensity line at the threshold iluence. In [121] the 
threshold is derived to be 19 j 0 11m2 . At the same ti me, ab
lation beneath the gold nanoparticles occurs at a iluence of 
8211m2 at optimal polarization. Further analysis shows that 
thi s ablation process a lso bears a nonlinear component, as 
the threshold scales with the peak electrical fi eld rather than 
with the depos ited intensity. Everso1c et al. 11211 showed 
in a very didac tic way that by tilting the laser incidence 
angle with respect to the surFace one pole of the near fi e ld 
points downwards onto the surface, which increases the 
lield enhancement in the surface plane to a factor of 24. 

A similar process is he ing used to drill holes into a 
lI a l substrate. Nedyalkov e t a!. [1 20, 122, 123] have em
ployed larger partic les where the multipole con tributions 
to the Mie resonances are more evident to form a forward 
focusin g of the near-field intensity mainly located below 
the particles, if the laser impinges perpendicularly fro m the 
top of the structure (see the sketch in F ig. 13). This effec t 
converges to the classical limit of focusing spherical lenses 
when increasing the particle size further, as demonstrated 
by polymeric spheres from patterning surfaces [2, 119, 124J. 
In this limit the appli cation of re la tively long laser pulses 

0« ,. 

Figure 13 Coniine color at: www.lpr-journal.org) Develop
ment of the field distribution from very small particles (diameter 
D « A) on a surface to increas ing s ize (D approaching A) and 
consequently additio nal mUltipole resonances , which focus more 
light direc tly below the particles. 

from nanosecond sources would still result in a patterning 
of the surface [1 25- 128], while only femtosecond lasers 
have hi gh enough electrical fields to cause ablation even 
for small structures, which then di spl ay the dipolar fea
turcs 11 2 1, 129 1. 

In most of the above cases the particlcs arc co mpletely 
des lroyed and re moved from the surface, whil e only lhe 
indentations on the surface and some residual materi a l are 
left behind. Clar ity about the orig in of the residuals can 
be obtained by selective e tching of organic or metallic 
parts or the surrace and repetitive imaging. The s tructures 
observed in Fig. j I are identified as partly oxidized silicon 
redeposited at the elevated rims. 

The kinetics of the structural transiti on can be clarified 
in a similar way as for the gold spheres in suspension as pre
senled in Sect. 5.2. A single-shol excilalion can be realized 
by a fast di splacement of the substrate under the repe titive 
laser excitation . As the substrate has to be homogeneously 
covered by gold particles a self-assembly process has been 
chosen lo deposil a submonol ayer coverage or particles on 
a glass substrate [78 , 130] . One peculi ar issue with thi s self 
assembly is that the particles are positioned randomly on 
thc surfacc with a finitc probability to touch cach other. For 
a method lhal probes the ensemble average lhis has lhe 
consequence that a plasmon coupling can exert forces on 
the particles and also the positional correlati on. Both motifs 
arc seen in structural methods such as SAXS [106]. 

For a SAXS pump-probe experiment as discussed in 
Pig. 14 we come to the conclusion thallhe irradiation pro
cess of small go ld particles on a surface leaves behind an 
ani sotropic struc ture. The thresholds are comparable to 
the irrad iati on of gold partic les in water, as seen by the 
comparison or the anisotropy and la llice expansion as a 
fun ction of laser iluence. In Fig. 8 the thermal lattice expan
sion is compared to the anisotropy in the scattering image 
as an indi cator for nonlinear ablation. Compared to the 
relevant resull in suspension in Fig. 7, the anisolropy per
s ists to hi gher latti ce temperatures, where the particles are 
presumed to be melted . The scattering pattern, while also 
showing an ani sotropy as before, is qualitatively different 
rrom the counlerparl in suspension. The seemingly inverled 
contras t is a result of the close pos itional correlation of 
adjacent particles. The laser field provides a repulsive fo rce 
to particles tha t are oriented along the fi e ld polari za tion, 
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F igure 14 (online calor al: www.lpr-journaLorg) S imulation of the SAXS scattering cross section I (Q) along a scattering vcctor along 
whi ch the morphology o f the parti c le is changing. The uppermost plot a) shows a decreas ing particle radius and bel ow the resul ting 
di fference scattering b). The third plot c) depicts the change of the scattering function from correlated parti cles on a surface to iso lated 
ones after fusion (which increases the parti cle size). The lowest frame d) fi nally shows the di fference scattering from this modifica tion. 
While fo r isolated parti cles a decrease in scattering in tensity is observed for low Q, an inc rease will be observed for the supported 
parti c les. Di ffe rence scattering patterns (2-ns delay) of a gold nanoparti cle suspension of 38 nm e) compared to a s imi lar se tu p of 
si ngle-pulse exc itation of parti cles on a glass surface at a delay of 100 ps f) . For compari son, the pos t-mortem analys is is shown in the 
ri ght-hand image g). The hatched area is inaccess ible due to the blocked direc t beam (Q = 0) . 

whil e they can fuse perpendicul arly to the fi eld polari zati on 
when the melting po int is approached. The similarity of 
the ultra-fas t data 100 ps after laser excitat ion with the cor
responding post-mortem ana lys is in F ig. 14 supports thi s 
finding [L06]. 

The corresponding effect is shown in F ig. 14c and d , 
with a corre lati on peak at Q x R '::::' 3 that di sappears af
ter exci tation, whil e the scatterin g for sma ll Q increases 
due to the separat ion of the partic les. Thi s is caused by 
the initia l suppress ion of the forward-scatterin g intensity 
for closely pos itioned partic les , whi ch becomes less im
portant after cxcitation. The rcsul ting changc in scattcring 
is shuwn tugether w ith the rull scallering be rure and a r
ter laser exc itation and matches the regions o f intensity 
increase and decrease in the 2D d iffe rence maps along a 
radial coordinate from the centcr of symmctry (F ig. 14c- g). 

As bottom I i ne, laser irradi ati on of particle-covered sur
races all ows us to create ani sutropic structures both be luw 
and above the parti cle melting point. Near-fi eld ablation and 
the modul ati on of the parti cle- fusion process by near-fi eld 
forces both play a ro le in the morphology mod ifi cation. 

6.2. Advanced geometric structures 

There is a s trong inte rest in tailored parti cles from the ap
plicati on po int of view, where field ani sotropies can be 
tuncd by the shape. The fi e ld enhanccment can be much 

hi gher than for spheri cal particl es. Nanorods or nanotri an
gles serve as antennae for the concentration of the radi ati on. 
Tn order to understand the fi eld di stribution a method had 
to be employed to ex perimenta lly veri fy the local fi e ld . 
Photoemission electron mi croscopy (PEEM) has been suc
cess full y used to image the fie ld-enhanced photoelectron 
emi ssiun around arrangements u r nanus truc tures in bu th 
space and ti me. The ablation, on the other h and, can a lso 
be used as a very local tool to imprint the near-field pat
tern onto the underly in g surface. From a pract ica l po int 
o f view thi s represents a template 1'0 1' the s truc turing pro
cess [1 24, 13 1] in parall el fashi on as compared to a sequen
ti al structuring as fo r AFM-tip patterning or e lectron-beam 
lithography. Here the attempt can he made to use the ah
lated pattern as a "photographic" negative fo r the imag ing 
of the peak fi eld di stributi on at irradi ation. 

When lookin g at these tri angles one can indeed observe 
pronounced ho les in two o r the three corners after irradi at
ing the structure with a fe mtosecond pulse at 800 nm. At a 
first view thi s agrees well with the calcul ated fie lds (Fig. 4) . 
T he size o f the holes is seemingly much sma ller than the 
waveleng th u r li ght and cumpati b le with the range u r the 
near-field enhancement of a coupl e of nanometers . One 
shoul d nevertheless be aware that there may be a resolution 
limi tati on in thi s " imagi ng" process, whi ch scales with the 
size of an ab lated spot even at delta- like excitati on. Nor is it 
a linear process, as already ex plained. The experiment nev
erthe less shows that thi s materi al-re lated resolution allows 
for the imag ing of nanometer-sized field di stributions. 
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Figure 15 (online color at: www.lpr-journal.org) (Top) AFM images from an array of 
large gold nanotriangles formed by nanosphere lithography from 1500-nm polystyrene 
colloids. The left-hand im age shows the native periodic pattern , while the middle 
image is taken after single-shot laser irradiation. On the left-hand side the res idual gold 
contamin ation has been etched away, leaving behind the ab lation crater. The ablation 
pattern is ori ented perpendicularly to the laser polarization (a rrow). (Bottom) AFM 
image of the ab lated structure from smalle r triang les that are templated by 420-nm 
coll oids. The ablation is aligned with the laser polarization. The gold thi ck ness was 
25n m in each case. Reprinted from 111 7 1 and 16 11 with permission from AlP and 
Springer, respectively. 

Looking closer at the compari son between experiment 
and simula ti un, an as tuni shing dilTerence can be ubserved 
(Fig. 15, top). The array has been irradiated with the laser 
polarization along the dimeric orientation of a triangle pair. 
Here the field en hance ment would naturally be expected 
to appear in the space between the two adjacent tips . This 
would be the consequence of a deloca li za tion of the plas
monic excitation on the particles as coupled oscilla tors. 
Despite this. no ablation is visible at all within this gap, but 
instead at the rar edges urthe tri angles. After an etching pro
cess (right-hand image) the holes in the substrate are more 
eas ily identifi ed. This behavior is not re fl ected by any calcu
lat ions of isolated tri angles as described in Sect. 4. On the 
other hand, it has been said that conceptually new phenom
ena arise when plasmonic particles couple e lectronica lly. 
Here we see one consequence that the near fi e ld shows 
a more complicated structurc. Indced, a repetition of the 
experim ent at an iso lated tri angle harmoni zes the s ituati on, 
the ablation patterns and thus the fie ld enhancement appear 
now along the polarization direction . As the triangles are 
far apa rt compared to the di stances of the near fields, one 
can exclude near-field coupling. This happens as well with 
smaller stnletures, which are further below the wavelength 
of light. As depicted in F ig. 15, bottom image, at these three 
times small er structures the ahlation craters are ali gned in 
a dipo lar fashion along the laser polarization . Therefore, 
it was proposed that the peri od ic arrangement of the parti
cles leads to eFfic ient diffraction [6 1]. The di ffracted wave 
interacts with the incoming wave and introduces an inho
mogeneous excitation of the triangles . This interpretation 
is Further st rengthened by the experimenta l observation of 
near-fi e ld distributions that do not appear in the simulations. 
There, the general lateral distrihution does not change with 
size of the particles while in th e experiment near- fi e ld en
hancements in the middle of a triangle s ide appear [11 7]. 
Thus, it can be concluded that the periodic arrangement of 
plasmoni c components may change the near fields. 

A great variability li es in the interaction of li ght fi e lds 
with cumpli cated nanustructures. This shuuld g ive mure 
freedom of intentional manipulation of the nanostructures, 
but also allows us to es tabli sh tools to understand these 
non-trivial reactions by stepwise increas ing the level of 
complex ity and imaging the near fi e ld. 

A study by EI-Sayed and coworkers [1 32, 133] has more 
deeply examined the fate of the gold trian g les of s imilar 
periodic structures at fluen ces be low the modification of 
the suhstrate. They have found a very suhtle dependence of 
the particle dynamics on the wavelength of the laser excita
ti on. When irradiating with 400-nm light far away from the 
(coupled) plasmon resonanees the go ld trian gles just start 
to melt and finally relax to spheres when dosing the light in 
l11ultiple laser pulses. The situation changes dras ti cally for 
700-nl11 or 800-nm laser light. The particles start to lift off 
the substrate and fly completely unmodifi ed off the support. 
While this has heen explained hy some evaporation effects, 
it is appealing to rel ate the lift-off process to thc near- field 
e nhancement close to the substrate. Thus, this effect also 
puts a handl e on the forces between the particles and/or the 
suhstrate. 

7. Conclusion 

Near fields are present in any nanometer-patterned struc
ture and shoul d be p roperly taken into account in order to 
understand the interac tion with intense laser pul ses. T hi s 
near fi e ld ampli fi es any laser effect. In particular, resonant 
interact ions such as plasmon exc itations boost the near
field amplification of the electromagneti c fi e ld . Plasmon
ies of nanostrnctures is a fasc ina ting field , which unites 
sub-wavelength phenomena with non linear materia l- li ght 
interaction. It is worth the effort to understand li ght-matter 
interacti ons more deeply as it gathers non-trivi al but at the 
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Figure 16 Electron micrographs from irradiated nanosphere 
lithugraphy structures with JilTerent wavt:lengths u r the laser light. 
At the upper image 400-nm light was used at 3 W/cm2 for 180000 
shots equa l to a Iluence o r 30 J/m 2 11 32 1. The heating leads to 
partial melting and dewelting fro m the substra te. The lower two 
images were taken a rter single-shot excitatiun with 800-nm pulses 
at 4 1 A) and 5 1 B) 11m2 [1 33]. Here the wavelength of the light is 
c losc to the pl asmon resonances and therehy cxerts large fo rces on 
the tips of the triang les due to the fi e ld e nhanceme nt. Reprinted 
with permission from ACS. 

same time educative description. It is also of imminent im
portance for present-day photonic applications, which make 
use of the non linear type of interaction . Surface-enhanced 
Raman spectroscopy is one of the fields, but plasmonic 
s tructures in genera l serve in a number of applications as 
probes for very short ranged interactions and structura l fea
tures, e.g. in biophotonic appli cations. Amongst the efforts 
to understand and use the field-depe ndent pheno mena are 
non-reversible laser patternin g methods, which both use 
and create fi e ld-enhanced structures. We have shown that 
understanding of the laser-induced reacti ons can be gained 
to a deeper level by resolving the structural dynamics of 
the laser-exc ited structures and comparing them to the ther
ma l kinetics. The near-fi eld-induced ab lation process is 
observed to modify the morphology of the excited particles 
and also a nearby substra te. It is a nonlinear (and as well 
a non-thermal) effect that can be well correlated w ith the 
field di stributi o n in these nanostructures. C lassieallimita
tions in feature sizes of optically induced structures can be 
overcome easil y by utilizing the near fi elds in a nanoscopic 
environment. The near fi e ld decays typically within tens of 
nanometers , res tricting the impact of the laser modifi cation 
to thi s length scale. 

Acknowledgements We express our gratitude to coll aborato rs 
V. Kotaidi s, A. Siems, O. Sehubert , and 1. Konig-Rirk , who he lped 
with some of the ex periments. We thank M . Wu lff a nd Q. Kong 
for the ass istance at the heamlines I009B (ESRF) and A. Menze l 

at the beamline cSAXS (SLS) and ESRF and SLS fo r support. 
Thi s project was fu nded by the DFG through SFB 5 13 and the 
Center for Junior Research Fellows Konstanz. 

Anton Plech received hi s dipl oma and 
Ph. D . a t the L udw ig-M ax imili ans 
Uni versity in Munich. After a re
search s tay at the E uropean Syn
chro tron Rad ia tio n Fac ility (ES RF) 
in Grenoble (France) he jo ined the 
Physics Department at the U niversity 
of Konstan7. as leader o f a Juni or Re
search gro up, where he rece ived hi s 

habilitati on. Since 2008 he has been a scientist a t the 
Institute for Synchrotron Radiati on within the Karlsruhe 
lnstitute o f Techno logy. Hi s main interests are dyn am
ics o f condensed matter, partic ularly nanopartic les. He 
is working o n time resolvedmcthods bo th in ultrafast 
lascr spcctroscopy and pulsed X-ray scattering . In 2004 
he received the "Young Sc ienti st Award" a t the ESRF. 
He is an a uthor or co-author o f more than 50 papers in 
rcfereed journa ls. 

Paul Le ide rer rece ived hi s diplo ma 
and Ph . D . in 1973 at the Techni cal 
University o l'Munich (T UM ). Al'ter 
a research s tay a t Com e ll in Ithaca, 
New York, and hahilita ti on at TUM 
he was appo inted pro fessor in Mu
ni ch in 198 1 and at the U niversity of 
Mainz in 1982. S ince 1988 he has 
been a full professor fo r ex perimen

tal physics at the Univers ity o r Konstanz. Hi s research 
interests are surface and low te mpe rature sc ience and 
nanostructures/coli oidal science with a stro ng emphasis 
on laser induced pheno mena. He is a me mher of the 
senate of the German Sciencc Foundation, the research 
council of the Swiss Nati onal F und , and a member of thc 
Heidelberger Akademie del' Wissenschaften and the Ger
man Academy o f Sc iences Leopo ldina . He is an author 
or co-author of more than 100 papers in re fereed jour
nals. 

Johannes Boneberg received hi s 
dip lo ma at the Lud wig-M aximili ans 
U ni vers ity in Muni ch in 1988 . In 
1989 he joined the Univcrsity or Kon
stanz, where he obtained his Ph . D. 
in 1993 and hi s habilita ti on in 1998. 
A ft er a IWO year trip 10 the opti cal 
industry in Switzerl and he rcturned 
to the physics departmen t at the U ni

versity of Kon~ t an7, where he wa~ appo i nted associate 
pro fessor in 2006. Hi s research interests are nanostruc
turcs and their intcrac ti o n with li ght. He is an author or 
co-author o r more Ihan 80 papers in re Fereed journals. 



References 

[I] B. C. Stuart, M. D. Feit, S. Herman, A. M. Rubenchik, 
B. W. Shore, and M. D. Perry, J. Opt. Soc. Am. B 13,459 
(1996). 

[2] D. Biiuerle, Laser Processing and Chemistry (Springer, 
Berlin, 2000). 

[3] S. Georgiou and A. Koubenakis, Chem. Rev. 103, 349 
(2003). 

[4] L. V. Zhigilei and E. Leveugle, Chem. Rev. 103, 321 (2003). 
[5] P. Lorazo, L. J. Lewis, and M. Meunier, Phys. Rev. Lett. 91, 

225502 (2003). 
[6] P. Lorazo, L. J. Lewis, and M. Meunier, Phys. Rev. B 73, 

134108 (2006). 
[7J T. E. Glover, G. D. Ackerman, R. W. Lee, and D. A. Young, 

Appl. Phys. B 78, 995 (2004). 
[8] B. J. Garrison, T. E. Itina, and L. V. Zhigilei, Phys. Rev. E 

68,041501 (2003). 
[9] A. Miotello and R. Kelly, Appl. Phys. A 69, 67 (1999). 

[10] F. Mafune. J. Kohno, Y. Takeda, and T. Kondow, J. Phys. 
Chem. B 106.7575 (2002). 

[11] A. Cavalleri, K. Sokolowski-Tinten, J. Bialkowski. 
M. Schreiner, and D. von der Linde, J. Appl. Phys. 85, 
330 I (1999). 

[121 J. Bonse, S. Baudach, .T. Kriiger, W. Kautek, and 
M. Lenzner, Appl. Phys. A 74, 19 (2002). 

[13] C. Ropers, D. R. Solli, C. P. Schulz, C. Lienau, and T. EI
sacsscr, Phys. Rcv. Lctt. 98, 043907 (2007). 

[14] D. von der Linde and K. Sokolowski-Tinten, Appl. Surf. 
Sci. 154-155, I (2000). 

[15] D. Perez and L.J. Lewis, Phys. Rev. Letl. 89, 255504-1 
(2002). 

[16] B. J. Siwick, J. R. Dwyer, R. E. Jordan, and R. J. D. Miller, 
Science 302, 1382 (2003). 

[17] A. Arbouet, C. Voisin, D. Christofilos, P. Langot, N. D. Fatti, 
F. ValJee, 1. Lerme, G. Celep, E. Cottancin, M. Gaudry, 
M. Pellarin, M. Broyer, M. Maillard, M. P. Pileni, and 
M. Treguer, Phys. Rev. Letl. 90(17), 177401 (2003). 

[18] J. Hodak, 1. Martini, and G. V. Hartland, Chem. Phys. Lett. 
284, 135 (1998). 

[19] K. Sokolowski-Tinten,.T. Bialkowski, and D. von der Linde, 
Phys. Rev. BSI, 14186 (1995). 

[20] C. V. Shank, R. Yen, and C. Hirlimann, Phys. Rev. Lett. 50, 
454 (1983). 

[211 K. Sokolowski-Tinten, C. Blome, C. Dietrich, A. Tarase
vitch, M. H. von Hoegen, D. von der Linde, A. Cavalleri, 
1. Sqllicr, and M. Kammler, Phys. Rev. Letl. 87, 225701 
(2001). 

[22] A. Rousse, C. Rischel, S. Fourmaux, I. Uschmann, S. Seb
ban, G. Grillon, P. Balcou, E. Flirstcr, 1. Gcindrc, P. Audc
bert, 1. Gauthier, and D. Hulin, Nature 410,65 (2001). 

[23] A. M. Lindenberg, 1. Larsson, K. Sokolowski-Tinten, 
K.l. GalTney, C. Blome. O. Synnergren, J. Sheppard, 
C. Caleman, A. G. MacPhee, D. Weinstein, D. P. Lowney, 
T. K. Allison, T. Malthews, R. W. Falcone, A. L. Cava
lieri, D. M. Fritz, S. H. Lee, P. H. Bucksbaum, D. A. Reis, 
J. Rlldati, P. H. Fuoss, C. C. Kao, D. P. Siddons, R. Pahl, 
J. Als-Nielsen, S. Dllesterer, R. Ischebeck, H. Schlarb, 
H. Schlllte-Schrcpping, T. Tschentscher, J. Schneider, 
D. von der Linde, O. Hignette, F. Sette, H. N. Chap
man, R. W. Lee, T. N. Hansen, S. Techert, J. S. Wark, 

449 

M. Bergh, G. Huldt, D. van der Spoe, N. Timneanu, J. Ha
jdu, R. A. Akre, E. Bong, P. Krejcik, J. Arthur, S. Brennan, 
K. Luening, and J. B. Hastings, Science 308,392 (2005). 

[24] E. S. Zijlstra, J. Walkenhorst, and M. E. Garcia, Phys. Rev. 
Letl. 101, 135701 (2008). 

[25] M. Miller, Atom Probe Tomography (KIllwer Academic, 
New York, 2000). 

[26] D. Blavetle, A, Bostel, J. M. Sarrall, B. DeconihoUI, and 
A. Menand, Nature 363, 432 (1993). 

[27] c. S. Chang, W. B. Su, and T. T. Tsong, Phys. Rev. Lett. 72, 
547 (1994). 

[28] B. Gault, F. Vurpillot, A. Bostel, A. Menand, and B. De
conihout. Appl. Phys. Lett. 86, 094101 (2005). 

[291 A. Vclla, M. Gilhert, A. Hideur, F. Vurpillot, and B. De
conihout. Appl. Phys. Letl. 89, 251903 (2006). 

[30] A. Vella, B. Deconihout, L. Marmcci, and E. Santamato, 
Phys. Rev. Lett. 99, 046103 (2007). 

[31] H. Dachraoui and W. Hllsinsky, Appl. Phys. LetL 89, 
104102 (2006). 

[32] M. Merschdorf, C. Kennerknecht, K. Willig, and W. Pfeif
fer, New 1. Phys. 4, 95.1 (2002). 

[33] T. Fennel, T. D6ppner, J. Passig, C. Schaal, 
J. Tiggesbaumker, and K. H. Meiwes-Broer, Phys. 
Rev. Lett. 98, 143401 (2007). 

[34] M.1. Stockman, S. V. Faleev, and D. 1. Bergl11an, Phys. Rev. 
Lett. 88, 067402 (2002). 

[35] M. Aeschlil11ann, M. Bauer, D. Bayer, T. Brixner, F. Javier 
Garcia de Abajo, W. Pfeiffer, M. Rohl11er, C. Spindler, and 
F. Steeb, Nature 446, 301 (2007). 

[361 M.l. Stockman, M. F. Kling, U. Kleineherg, and F. Krausz, 
Nature Photon. 1, 539 (2007). 

[37] S. Nolte, B. N. Chichkov, H. Welling, Y. Shani, K. Lieber
man, and H. Terkel, Opt. LetL 24, 914 (1999). 

[38] F. Zenhausern, Y. Martin, and H. K. Wickramasinghe, Sci
cnce 269. 1083 (1995). 

[39] T. Kalkbrenner, M. Ramstein, 1. Mlynek, and V. Sandogh
dar, 1. Microsc. 202, 72 (2001). 

[401 T. Kalkbrenner. U. H. Kanson, A. Schadle, S. Burger, 
C. Henkel, and V. Sandoghdar, Phys. Rev. LetL 95, 200801 
(2005). 

[41] 1. Jersch and K. Dickmann, Appl. Phys. Lett. 68, 868 
(1996). 

[42] J. Boneberg, H.J. Miinzer, M. Tresp, M. Ochmann, and 
P. Leiderer, Appl. Phys. A 67, 381 (1998). 

[43] R. Huber, M. Koch, and J. Feldl11ann, Appl. Phys. Lett. 73, 
2521 (1998). 

[44] A. Kirsanov, A. Kiselev, A. Stepanova, and N. Polushkin, 
J. Appl. Phys. 94, 6822 (2003). 

[45] A. Chil11malgi, C. Grigorupolllus, and K. KomvopOlllos, J. 
Appl. Phys. 97. 104319 (2005). 

[46] G. Mie, Ann. Phys. 4,377 (1908). 
[47] P. B. Johnson and R. W. Christy, Phys. Rev. B 6, 4370 

(1972). 
[48] D. Lynch and W. Hunter, Handhook of Optical Constants 

of Solids (Academic Press, New York, \985). 
[49] U. Kreibig and M. Vollmer, Optical Properties of Metal 

Clusters (Springer, Berlin, 1995). 
[501 M. Perncr, P. Bost, U. Lel11rner, G. von Plessell, J. Fcld

mann. U. Beeker, M. Mennig. M. Schl11itt, and H. Schmidt, 
Phys. Rev. Lett. 78, 2192 (1997). 



450 

[51] 1. Hodak, I. Martini, and G. V. Hartland, Chem. Phys. LelL 
284, 135 (1998). 

[52] N. del Fatti, C. Voisin, F. Chevy, F. VaIlee, and C. Flytzanis, 
1. Chem. Phys. 110, I 1484 (1999). 

[53] T. Klar, M. Pemer, S. Grosse, G. von Plessen, W. Spirkl, 
and J. Fcldmann, Phys. Rev. Lell. 80, 4249 (1998). 

[541 c. Sonnichsen, T. Franzl, T. Wilk, G. von Plessen, and 
1. Feldman, New 1. Phys. 4, 93. I (2002). 

[55] R. Rosei and D. W. Lynch, Phys. Rev. B 5, 3883 (1972). 
[56] A. Tatlove, Computational Electrodynamics: The Finite

Difference Time-Domain Method (Artech House, Boston, 
MA,1995). 

[57] B. T. Draine and P. 1. Flatau, J. Opt. Soc. Am. A 11, 1491 
(1994). 

[58] K. L. Shuford, M. A. Ratner, and G. Sehatz, 1. Chem. Phys. 
123,713 (2005). 

[591 R. C. Jin, Y. C. Cao, E. C. Hao, G. S. Metraux, G. C. Sehatz, 
and C. A. Mirkin, Nature 425,487 (2003). 

[60] c. L. Haynes, A. D. MeFarland, L. Zhao, G. C. Sehatz, 
R. P. Van Duyne, L. Gunnarsson, 1. Prikulis, B. Kasemo, 
and M. Kall, 1. Phys. Chem. B 107,7337 (2003). 

[61] J. Boneberg, J. Konig-Birk, H.l. Miinzer, P. Leiderer, 
K. Shuford, and G. C. Schatz, Appl. Phys. A 89, 299 (2007). 

[62] S. Link and M. A. EI-Sayed, 1. Phys. Chem. B 103,4212 
(1999). 

[63] 1. Kimling, M. Maier, B. Okenve, V. Kotaidis, H. Ballot, 
and A. Plech, J. Phys. Chem. B 110(32), 15700 (2006). 

[64] R. Denk, K. Piglmayer, and D. BauerIe, Appl. Phys. A 74, 
825 (2002). 

[651 D. Brodoceanu, L. Landstr()m, and D. Biiuerle, Appl. Phys. 
A 86, 3 I 3 (2007). 

[66] E. Prodan, C. Radloff, N. 1. Halas, and P. Nordlander, Sci
ence 302, 419 (2003). 

[67] P. Nordlander, C. Oubre, E. Prodan, K. Li, and M. Stock
man, Nano Letl. 4(5), 899 (2004). 

[68] M. Pelton, J. Aizpurua. and G. Bryant, Laser Photon. Rev. 
2, 136 (2008). 

[69] K. Ueno, S. luodkazis, V. Mizeikis, D. Ohnishi, K. Sasaki, 
and H. Misawa, Opt. Express 15, 16527 (2007). 

[70] P. K. lain, W. Huang, and M. A. EI-Sayed, Nano LetL 7, 
2080 (2007). 

[71] 1. Merlein, M. Kahl, A. Zuschlag, A. Sell, A. Halm, 
1. Boneberg, P. Leiderer, A. Leitenstorfer, and R. Brats
chitsch, Nature Photon. 2, 230 (2008). 

[72] 1. N. Farahani, D. W. Pohl, H. J. Eisler, and B. Hecht, Phys. 
Rev. Letl. 95, 017402 (2005). 

[73] M. Kaempfe, T. Rainer, K..T. Rerg, G. Seifert, and 
H. Graener, Appl. Phys. Lett. 74, 1200 (1999). 

[74] M. Kaempfe, H. Graener, A. Kiesow. and A. Heilmann. 
AppJ. Phys. LetL 79, 1876 (200 I). 

[75] A. Podlipensky, A. Abdolvand, G. Seifert, and H. Graener, 
Appl. Phys. A 80, 1647 (2005). 

[76] c. 1. Murphy, T. K. Sau, A. M. Gole, C. J. Orendorff, J. Gao, 
L. Gou, S. E. Hunyadi, and T. Li, 1. Phys. Chem. B 109, 
13857 (2005). 

[77] C. Sonnichsen, B. M. Reinhard, J. Liphardt, and 
A. P. Alivisatos, Nature Bioteehnol. 23, 741 (2005). 

[78] J. Schmitt, P. Miichtle, D. Eck, H. Mohwald, and 
C. A. Helm, Langmuir 15, 3256 (1999). 

[791 M. Pemer, S. Grcsillon, 1. M~irz, G. von Plessen, J. Feld
mann, 1. Porstendorfer, K. 1. Berg, and G. Berg, Phys. Rev. 
Lett 85, 792 (2000). 

[80] G. V. HartIand, M. Hu, and J. E. Sader, 1. Phys. Chem. B 
107,7472 (2003). 

[81] S. Link and M. A. EI-Sayed, Int. Rev. Phys. Chem. 19,409 
(2000). 

[82] G. Seifert, M. Kaempfe, K. J. Berg, and H. Graener, Appl. 
Phys. B 71, 795 (2000). 

[83] G. Seirert, M. Kaempre, K. 1. Berg, and H. Graener, AppJ. 
Phys. B 73, 355 (2001). 

[84] H. Graener, A. PodIipensky, G. Seifert, M. Leitner, and 
B. Scpiol, Quantum Electronics and Laser Science Confer
ence 2007 (QELS '(7), 1-2 May 2007. 

[85] T. Doppner, T. Fennel, T. Diederieh, 1. Tiggesbaumker, and 
K. H. Meiwcs-Rroer, Phys. Rev. Lctt. 94, 013401 (2005). 

[86] C. Rischel, A. Roussc, I. Uschmann, P. A. Albouy, 
J. P. Geindre, P. Audebert, J. C. Gauthier, E. Forster, 
1. L. Martin, and A. Antonetti, Nature 390, 490 (1997). 

[87] K. Sokolowski-Tinten, C. Blome, .T. Blums, A. Caval
leri, C. Dietrich, A. Tarasevitch, I. Usehmann, E. Forster, 
M. H. von Hoegen, and D. von der Linde, Nature 422,287 
(2003). 

[88] F. Schotte, S. Techert, P. A. Anfinrud, V. Srajer, K. Mof
fat, and M. Wulff, in: Third-Generation Hard X-ray Syn
chrotron Radiation Sources, edited by D. Mills (John Wiley, 
Berlin, 2002). 

[89] M. Wulff. F. Sehotte. G. Naylor, D. Bourgeois, K. Moffat, 
and G. Mourou. Nue!. Instrum. Methods Phys. Res. A 398, 
69 (1997). 

[90] L. Eybert, M. Wulff, W. Reiehenbaeh, A. Pleeh, F. Sehotte, 
E. Gagliardini, L. Zhang, O. Hignelle, A. Rommeveaux, 
and A. Freund, Proc. SPIE 4782, 246 (2002). 

[91] A. Plech, V. Kotaidis, K. Istomin, and M. Wulff, 1. Syn
chrotron Radial. 90, 022905 (2007). 

1921 J. Turkcvich, P. C. Stevenson, and J. Hillier, Discuss. Fara
day Soc. 11, 55 (195 I). 

[93] J. Turkevich, P. C. Stevenson, and J. Hillier, Discuss. Fara
day Soc. 57, 670 (1953). 

[94] G. Frens, Nature Phys. Sci. 20, 241 (1973). 
[95] U. C. Fiseher and H. P. Zingsheim, J. Vac. Sci. Technol. 19, 

881 (1981). 
[96] F. Burmeister, C. Schiitle, T. W. Matthes, M. Bohmisch, 

J. Boneberg, and P. Leiderer, Langmuir 13, 2983 (1997). 
[97] F. Burmeisler, C. Sehaefle, B. Keilhofer, C. Beehinger, 

J. Boneberg, and P. Leiderer, Chem. Eng. Technol. 21. 761 
(1998). 

[98] A. D. McFarIand, M. A. Young, J. A. Dieringer, and 
R. P. V. Duync, J. Phys. Chem. B 109, 11279 (2005). 

[99] O. M. Wilson, X. Hu, D. G. CahiII, and P. V. Braun, Phys. 
Rev. B 66, 22430 I (2002). 

[100] G. V. Hartland, J. Chem. Phys. 116, 8048 (2002). 
[101] A. Plech, M. Wulff, S. Kuerbitz, K.J. Berg, G. Berg, 

H. Graener, S. Gresillon, M. Kaempfe, J. Feldmann, and 
G. von Plessen, Europhys. Lett. 61, 762 (2003). 

[102] Z. Ge, D. G. CahiIl, and P. V. Braun, J. Phys. Chem. B 108, 
18870 (2004). 

[ I 031 A. Plcch, V. Kotaidis, S. Grcsillon, C. Dahmcn, and G. von 
Plessen, Phys. Rev. B 70, 195423 (2004). 

[104] V. Kotaidis, C. Dahmcn, G. von Plessen, F. Springer, and 
A. Plcch, J. Chcm. Phys. 124, 184702 (2006). 

[105] O. Ekiei, R. K. Harrison, N. J. Durr, D. S. Eversolc, M. Lee. 
and A. Ben-Yakar, J. Phys. D: AppJ. Phys. 41, 185501 
(2008). 



[106] A. Plech, A. Siems, V. Kotaidis, and A. Menzel, Proc. SPIE 
6879. 68790H (2008). 

[107] Y. S. Touloukian, R. K. Kirby, R. E. Taylor, and P. D. Desai, 
in: Thermal Expansion - Metallic Elements and Alloys (IFI 
Plenum, New York. 1975). 

[108] c. Y. Ruan, Y. Murooka, R. K. Raman, and R. A. Murdick, 
Nano Lett. 7, 1290 (2007). 

[109] J. Boncbcrg, J. Bischof, and P. Lcidcrcr, Opl. Commun. 
174, 145 (2000). 

[1101 A. H. Zewail, Annu. Rev. Phys. Chcm. 57, 65 (2006). 
[Ill] H. Thee. V. A. Lobastov, U. M. Gomez, B. M. Goodson, 

R. Srinivasan, C. Y. Ruan, and A. H. Zcwail, Scicncc 291, 
458 (2001). 

r 112] S. Nie, X. Wang, H. Park, R. Clinite, and J. Cao, Phys. Rev. 
Lett. 96, 025901 (2006). 

[113] A. Plech, S. Gresillon, G. von Plessen, K. Scheidt, and 
G. Naylor, Chem. Phys. 299,183 (2004). 

[114] A. Plech, V. Kotaidis, M. Lorenc, and 1. Boneberg, Nature 
Phys. 2, 44 (2006). 

[115] A. Guinier and G. Fournet, Small-angle Scattering of X
rays (John WHey, New York, 1955). 

[116] V. Kotaidis and A. Plech, Appl. Phys. Lett. 87, 213102 
(2005). 

[117] P. Leiderer, C. Bartels, 1. Konig-Birk, M. Mosbacher, and 
1. Boneberg, Appl. Phys. Lett. 85, 5370 (2004). 

[118] M. Mosbacher, H. I. Mtinzer, J. Zimmermann, 1. Solis, 
1. Boneberg, and P. Leiderer, Appl. Phys. A 72, 41 (2001). 

[119] H. 1. Mtinzer, M. Mosbacher, M. Bertsch, J. Zimmermann, 
P. Lcidcrcr, and I. Bonebcrg, J. Microsc. 202,129 (2001). 

451 

[120] N. Nedyalkov, T. Sakai, T. Miyanishi, and M. Obara, J. 
Phys. 0 39, 5037 (2006). 

[121] D. Eversolc, B. Luk'yanchuk, and A. Bcn-Yakar, Appl. 
Phys. A 89. 283 (2007). 

[122] N. Nedyalkov, P. A. Atanasov, and M. Obara, Nanotechnol
ogy 18, 305703 (2007). 

[123] N. N. Nedyalkov, T. Miyanishi, and M. Obara, Appl. Surf. 
Sri. 253, 6558 (2007). 

[124] H. Takada and M. Obara, Jpn. J. Appl. Phys. 44, 9773 
(2005). 

[125] O. w. 0, T. Tkawa, M. Hasegawa, M. Tsuchimori, and 
Y. Kawata, Appl. Phys. Lctt. 79, 1366 (2001). 

[126] T. Tkawa, T. Mitsuoka, M. Hasegawa, M. T. O. Watanabe, 
and Y. Kawata, Phys. Rev. B 64, 195408 (2001). 

[127] S. Theppakuttai and S. Chen, Appl. Phys. Lett. 83, 758 
(2003). 

[128] B. S. Luk'yanchuk, N. Arnold, S. M. Huang, Z. B. Wang, 
and M. H. Hong, Appl. Phys. A 77, 209 (2003). 

[129] T. Sakai, N. Nedyalkov, and M. Obara, J. Phys. D: Appl. 
Phys. 40, 7485 (2007). 

[130] A. Plech, T. Salditt, C. Mtinster, and 1. Peisl, 1. Colloid 
Interface Sci. 223, 74 (2000). 

[131] K. Ueno, V. Mizeikis, S. luodkazis, K. Sasaki, and H. Mis
awa, Opt. Lett. 30, 2158 (2005). 

[132] W. Huang, W. Qian, and M. A. EI-Sayed, 1. Chem. Phys. 
98, 114301 (2005). 

[133] w. Huang, W. Qian, and M. A. EI-Saycd, 1. Am. Chem. 
Soc. 128, 13330 (2006). 


	20110728_1358231
	20110728_1358232
	20110728_1358233
	20110728_1358234
	20110728_1358235
	20110728_1358236
	20110728_1358237
	20110728_1358238
	20110728_1358239
	20110728_13582310
	20110728_13582311
	20110728_13582312
	20110728_13582313
	20110728_13582314
	20110728_1359181
	20110728_1359182
	20110728_1359183
	20110728_1359184

	Text1: First publ. in: Laser & Photonics Reviews 3 (2009), 5, pp. 435-451
	Text2: Konstanzer Online-Publikations-System (KOPS)URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-88599


