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Following the impact of a single femtosecond light pulse on nickel nanostripes, material deformations—or “nano-
bumps”—are created. We have studied the dependence of these nanobumps on the length of nanostripes and
verified the link with plasmons. More specifically, local electric currents can melt the nanostructures in the hot-
spots, where hydrodynamic processes give rise to nanobumps. This process is further confirmed by independently
simulating local magnetic fields, since these are produced by the same local electric currents. © 2013 Optical
Society of America
OCIS codes: (240.6680) Surface plasmons; (260.7120) Ultrafast phenomena.
http://dx.doi.org/10.1364/OL.38.002256

In the last decade, metallic nanostructures have been
shown to exhibit remarkable optical properties, with
very important impact on a variety of scientific disci-
plines, such as medicine [1], chemistry [2,3], and physics
[4,5]. In material science and engineering, metallic nano-
structures, which are at the basis of metamaterials, have
opened the way for all optical communication [6,7],
cloaking [8], and the perfect lens [9,10]. In all of these
instances, one of the main properties of metallic nano-
structures, which is behind new concepts and applica-
tions, is the surface plasmon resonance.
Surface plasmons are coherent electron oscillations,

which can occur in metallic nanostructures, for visible
light excitation. One of the reasons that light can effi-
ciently excite surface plasmons resides in the fact that
the electric field component of light can induce charge
polarization at the surface of the nanostructures. In a per-
fectly spherical nanoparticle, with a radius much smaller
than the wavelength, the electron cloud is essentially
pushed away from the direction of the electric field of
light, and it oscillates in response to the frequency of
light. Should this nanostructure become elongated, it
would form a resonant cavity, whereby, depending on
the wavelength of light and on the length of the nano-
structure, consecutive plasmon resonance modes would
be excited. In highly absorbing materials, such as nickel,
the plasmonic currents bounce from the edges and can
result in reinforced hotspots, whereas hotspots toward
the middle of the nanostructure can be attenuated due
to absorption of the plasmonic currents. Because these
resonance modes govern the optical properties of nano-
structures, recently, a considerable effort has been
devoted to their experimental visualization. For instance,

cathodoluminescence [11] and electron energy loss spec-
troscopy [12] both offer the high resolution of a scanning
electron microscope, though they can only be used in
vacuum. An alternative can be found in apertureless,
scanning near-field scattering-type optical microscopy
(s-SNOM) [13], although the interaction between the
tip of the microscope in this case can be an important
complication.

Two years ago, a new method for visualizing near-field
excitations in metallic nanostructures was proposed,
whereby ultrafast laser pulses can be employed to imprint
thepatternof thenear fieldon thesurfaceof thenanostruc-
tures [14]. It was immediately apparent that the method
could be very promising for visualizing plasmons, combin-
ing speed, robustness, and ease of use. Then, a fewmonths
later, it was demonstrated that the imprints are due to hy-
drodynamic processes occurring in metallic nanostruc-
tures under the impact of ultrafast laser pulses [15]. This
demonstration was performed for a single laser wave-
length, on fairly complex, G-shaped nanostructures.

In order to unambiguously demonstrate the sensitivity
of the imprinting method to plasmons, here, we present a
study of very straightforward geometries: nanostripes.
Upon varying the length of these nanostripes, different
plasmon modes are excited, resulting in different nano-
bumps in the nanostructures. By comparing these nano-
bumps to rigorous numerical simulations, we show that,
following charge separation, local electron currents are
responsible for raising the temperature of the nanostruc-
tures. Moreover, the oscillation of these charges gives
rise to local magnetic fields, which coincide with both
the maxima in electric currents and the regions of
temperature increase in the samples.
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The samples were prepared by electron beam lithogra-
phy following the method described in [16]. The overall
geometry is that of a nanostripe, with dimensions
indicated in the scanning electron microscopy (SEM)
micrographs. The nanostructures were deposited on a
substrate made of SiO2 (100 nm) on top of Si (001). A
Cr (5 nm) adhesion layer was used, prior to the deposi-
tion of the nanostructures, which were made of Ni
(35 nm), as this is a strongly absorbing material, well
suited for imprinting. The nanostructures were separated
by a distance of 1000 nm, edge to edge, in order to ensure
that they do not influence each other upon illumination.
Figure 1(a) presents a schematic diagram of the experi-
mental configuration. The illumination was performed
with single ultrafast laser pulses (60 fs), at a wavelength
of 800 nm and at normal incidence. The illumination area
on the sample was a square of 6 by 6 μm; i.e., it covered
all the nanostructures. Other details on the laser chain
and the optical setup can be found in [15].
In our experiments, the energy of the laser pulses

(1.4 · 1012 W∕cm2) is not sufficient to melt the nanostruc-
tures. However, due to plasmon excitation and near-field
enhancement in the hotspots, melting can occur locally,
as demonstrated by the numerical simulations of temper-
ature in Figs. 1(b) and 1(c). The temperature distribution
within these nanostripes is governed by the heat source
density [17]. The latter was determined via finite-
difference time-domain calculations based on open
source implementation of MEEP [18]. Subsequently,
the diffusion equation was solved to obtain the temper-
ature increase. Within the hotspots, this temperature in-
crease gives rise to hydrodynamic processes. As a
consequence, nanobumps appear in the nanostructures,
as shown in the SEM image in Fig. 1(d). The exact nature

of the hydrodynamic processes that produce nanobumps
is under discussion [19,20]. Because these nanobumps
are not easily distinguished upon observation from the
top, SEM was performed at 45°. From this angle, a very
clear shape deformation of the nanostructure can be ob-
served; the nanostructure appears to bend upward, in the
middle of the front side. An identical shape deformation
is situated on the opposite side of the nanostructure,
although it is not clearly distinguishable, due to the tilt
of the SEM image. These nanobumps are due to the im-
pact of single femtosecond pulses with polarization par-
allel to the length of the nanoparticle. Similar nanobumps
can be seen for a polarization perpendicular to the length
of the nanoparticle, as illustrated in Fig. 1(e). Because
these nanobumps are not situated in the corners of the
nanostripes, they are more likely to be associated with
plasmons than with the lightning rod effect. Moreover,
in this type of structure, plasmons are well known to de-
pend on the length of the nanostripes. What then is the
effect of increasing the nanostructures’ length?

In Fig. 2, four nanostructures with different length
have been studied. The figure shows SEM images, again
performed at 45°, of the four nanostructures. The images
were taken following single pulse illumination, with the
direction of light polarization parallel and perpendicular
to the nanostructures, in Figs. 2(a) and 2(b), respectively.
In each case, the direction of polarization is indicated
with double arrows on the figure. It is immediately appar-
ent that, for parallel polarization and a length of 750 nm,
there are only two nanobumps, situated in the middle,
just as is the case in Fig. 1(b). However, for a nanostruc-
ture with 900 nm length, there is a difference in the nano-
bump pattern, whereby four nanobumps can now be
observed. These four nanobumps remain visible for
lengths of 1100 and 1200 nm. At variance, in the case
of a polarization perpendicular to the nanostructures,
the pattern of nanobumps remains the same regardless
of the lengths. The origin of the nanobump patterns
can be investigated with numerical simulations [21].

Because the nanobumps are attributed to local melting
of the nanostructures, which is caused by local electric
currents, we simulated the distribution of such currents
in four nanostripes with identical dimensions to those in
Fig. 2. These simulations were performed with MAGMAS
[22,23], for a plane wave illumination at 800 nm, and the

Fig. 1. (a) Schematic diagram of the experimental configura-
tion. The electric field of light causes charge separation in the
nanostructure, and the associated local electric current oscilla-
tions induce heating and melting in the hotspots. The temper-
ature increase in these hotspots is evaluated by numerical
simulations in (b) and (c), where the direction of linear polari-
zation is indicated with a double arrow. The melting results in
the formation of nanobumps, as shown by the SEM image in
(d). For a polarization oriented perpendicularly to the nano-
structures, the position of the nanobumps is shown in (e).

Fig. 2. For incident light with 800 nm wavelength, different
plasmon modes are excited, depending on the dimensions of
the nanostructures. In (a) SEM shows the pattern of nano-
bumps that are induced by single light pulses with polarization
oriented along the nanostructures. The nanobumps that are in-
duced for perpendicular polarization are shown in (b).
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results are shown in Figs. 3(a) and 3(b), for light polari-
zation parallel and perpendicular to the nanostructures,
respectively. The simulations demonstrate that there is
an unambiguous match between the maxima of local
electric currents and the nanobumps.
Next, in order to test the robustness of our results, we

performed independent simulations of the local magnetic
fields in the nanostructures. Indeed, just as the local elec-
tric currents cause local heating, they also induce local
magnetic fields. Consequently, the positions of the maxi-
mal local magnetic field amplitude should coincide with
the positions of the maximal local currents and with the
nanobumps. The magnetic fields were simulated with
Lumerical, for a plane wave at 800 nm, and the results
are displayed in Figs. 3(c) and 3(d), for the case of light
polarization parallel and perpendicular to the nanostruc-
tures, respectively. These results are in excellent agree-
ment with our expectations.
In conclusion, we have studied the nanostripe length

dependence of plasmon-induced nanobumps, in the case
of nickel nanostructures. The pattern of nanobumps is
related to the plasmon behavior. Nanobumps occur in
the regions of high electric currents, which are respon-
sible for local melting and hydrodynamic processes.
Because the same electric currents give rise to local mag-
netic fields, simulating the magnetic fields provides an
alternative method for mapping the nanobumps.
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Fig. 3. Both the positions of local electric currents and the in-
duced magnetic fields in the nanostructures match the pattern
of the nanobumps. For the case of incident light, polarized
along the nanostructures, numerical simulations of the local
electric current and of the induced magnetic fields are shown
in (a) and (b), respectively. For the case of light polarization
perpendicular to the nanostructures, the local electric currents
and the induced magnetic fields are presented in (c) and (d),
respectively.
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