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Many biological functions involve motion on the nanometer
length scale, which are fueled by biochemical enzymatic catalysis,
electrical energy derived from charge gradients, photochemical
energy, such as in photosynthesis, and photomechanical energy,
such as used in phototaxis. In the field of nanotechnology and in
the interest of developing nanomotors, clever demonstrations of
motion driven by different mechanisms have recently been dem-
onstrated. Whitesides and co-workers1 used gases produced in a
catalyzed chemical reaction to fuel the autonomous motion. Paxton
et al.2 used a gold-platinum rod that moves in H2O2 solution. The
platinum-catalyzed production of O2 breaks the hydrogen bonding
network in H2O, creating a gradient in the liquid surface tension
which induced the motion. Zettl and co-workers3 reported a
nanorotor based on converting electric energy into rotational motion
of a metal plate attached to a multi-walled carbon nanotube. Chien
and co-workers4 described a high-speed rotation of nanowires
suspended in water between four microelectrodes with applied ac
voltages, each out of phase by 90°.

In a recent Science paper,5 Habenicht et al. showed that
photomelting of nanoprisms on a quartz substrate with nanosecond
laser pulses leads to the lifting of the sphere from the substrate
with a velocity of 20 m/s. The gain from the surface energy and
the change in the center of mass during the melting process fueled
the nanoparticle’s lift off.

In the present communication, we report on the observation that,
when femtosecond laser pulses in resonance with the strong surface
plasmon oscillations are used for excitation, the rates of absorption
and heating become faster than the rate of melting of the
nanoparticle. The nanoprism is observed to fly away while
preserving its shape. SEM shows that it has a reduced bisector,
and AFM study shows that its thickness is also reduced. Further-
more, it is observed that the sizes of the nanoparticles that are
displaced from their original position are smaller than the space
they occupied prior to their exposure to the laser pulses. Of the
different mechanisms discussed, only the gold atom sublimation
mechanism can account for these observations. The gold rapid
sublimation could result in a rapid build up of an ultrahigh gold
atomic pressure underneath the prism, which enables it to fly.
Making few approximations, we calculate an average velocity of
160 m/s for the propelled nanoparticle that is irradiated under laser
intensity of 5.1 mJ/cm2.

The nanoparticles are prepared on a quartz substrate using
nanosphere lithography (NSL).6-8 The prepared prismatic nano-
particles have a bisector of 100 nm, a thickness of 34 nm, and a
weight of 4 fg each. We placed our sample substrate horizontally
with the nanoparticles on the top surface of the substrate. The laser
pulse irradiated the sample from the top.

Figure 1A is an SEM image taken in the region irradiated with
a laser pulse energy density of 4.1 mJ/cm2 at 800 nm. At this laser
irradiation intensity, the absorbed energy is not sufficient to lift

the particle from the substrate. It “stands up” on their bases. Particles
1 and 2 have enough energy to stand up perpendicular to the
substrate plane, while particle 3 is tilted. These particles receive
enough energy to release them from the substrate (i.e., to overcome
the adhesion energy) but not to enable them to lift off from the
substrate.

When the laser intensity is 5.1 mJ/cm2 at 800 nm, particle 1 in
Figure 1B lifts away from its original position, flies a certain
distance, and lands on top of another nanoparticle (indicated by
the green arrow in Figure 1B). The original position of particle 1
is shown by the dark image decorated by bright small gold clusters.
These clusters are formed during the gold deposition step of the
NSL technique by scattered gold atoms. From Figure 1B, it is clear
that the displaced particles (1, 2, and 3) are smaller in size than
the space they occupied before their movement. This could be due
to atomic sublimation or partial soft melting of the nanoprism.9

The former would decrease the thickness of the particle, while the
latter mechanism would increase the particle thickness and decrease
the bisector.

Figure 2A shows that a standing prism has a height which is
very comparable to the particle bisector. Figure 2B shows that a
displaced particle has a smaller thickness than the one that did not
leave its position. The AFM measurement of the nonirradiated
nanoparticles shows an average thickness of 34.1( 1.1 nm, while
the average thickness of the displaced nanoparticles is 30.8( 0.6
nm. These results suggest that displaced particles could involve a
mechanism based on rapid atomic sublimation.

There are a number of nonradiative relaxation processes that take
place following the surface plasmon excitation of nanoparticles.
Following electron-electron relaxation processes, which occur on
the femtosecond time scale, electron-phonon processes occur on
the 1 ps range in gold nanoparticles.10 Phonon-phonon processes
occur on the hundreds of picosecond time scale.11 As the energy
deposition rate increases above the phonon-phonon relaxation rate,
melting into spheres could take place. Gold nanorods melt in
colloidal solution into spheres at 10µJ pulse energies in tens of
picosecond.12

The most distinct difference between nonresonant nanosecond5

and our resonant femtosecond laser irradiation experiments is the
rate of energy deposition to the nanoprisms. With nanosecond laser

Figure 1. The dependence of the extent of the motion of the nanoprisms
on the laser pulse intensity used: (A) 4.1 mJ/cm2; (B) 5.1 mJ/cm2.
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irradiation, the optical excitation rate was such to allow sufficient
time for the lattice to melt. With the femtosecond laser excitation,
the melting channel is bypassed and higher energy channel takes
over, like multiphoton ionization, evaporation of absorbed water
in the prism or the quartz, or gold atom sublimation. Detailed work
is now going on to distinguish between these processes as
mechanisms for ejecting the nanoprism from the substrate surface.
If atomic gold sublimation is indeed the mechanism,13 the rapid
build up of the pressure underneath the nanoparticle could give
the nanoparticle a sudden impulse sufficient for it to break away
from the substrate and fly.

To examine gold atomic sublimation mechanism, we calculated
the decrease in the nanoprism thickness by atomic sublimation. We
observed that, at the observed flying energies, the pulse rate did
not change the damage pattern of the nanoprisms on the substrate.
This suggests that it is the energy spatial distribution of the first
laser pulse that governs the damage pattern on the substrate. From
the absorption spectrum and the special energy density distribution
of the laser pulse, we calculate that one flying nanoparticle can
absorb 7.37× 10-13 J of energy from 1 fs laser pulse. This energy
is sufficient to sublime 1.8× 10-18 moles of gold atoms, which
correspond to a thickness loss of 2.9 nm for the studied nanoparticle
(see Supporting Information). This calculated thickness loss is,
within experimental error, comparable to the thickness difference
observed in the AFM measurement between the displaced and the
undisplaced nanoparticles. This agreement could be taken as a
support of the gold atomic sublimation mechanism for the flying.
However, it is also possible that water desorption or electrostatic
forces resulting from multiphoton ionization could be the mecha-
nism of flying.

Irrespective of the mechanism responsible for flying, it is possible
to calculate the initial speed of the flying nanoprism that is irradiated
under laser intensity of 5.1 mJ/cm2 with the assumption that the
difference between the absorbed energy by any of the standing
nanoparticle (that is irradiated under laser intensity of 4.1 mJ/cm2

and does not fly) shown as particle 1 and 2 in Figure 1A and the
one that is able to fly (particle 1 in Figure 1B) is the kinetic energy
given to the flying nanoparticle. The energy difference is measured
to be 51( 15 fJ/particle (see Supporting Information). Thus, the

initial flying speed of particle 1 in Figure 1B can be∼160 m/s
(∼360 miles/h).

In summary, the mechanism of the lift of the photoenergized
gold nanoprisms from a quartz substrate and their final shape depend
on the rate of energy deposition and the wavelength of incident
laser. If the rate is relatively slow to allow the nanoprism to melt
into spheres (e.g., in the nanosecond pulsed laser nonresonant
excitation), the surface energy associated with the shape change
and the change in center of gravity lead to the lift off. If the rate
of energy deposition is fast (e.g., in the femtosecond pulsed laser
resonant excitation), energy channels higher than the melting one
can be reached by nonlinear absorption processes resulting in
multiphoton ionization or dissociation (sublimation), or inducing
water desorption. Rapid heating and evaporation of absorbed water
within the prism or in the attached quartz could take place. Of all
these mechanisms, only the atomic gold sublimation mechanism
could account for the observed reduction in the nanoprism size.
The rapid build up of the gold pressure underneath the particle could
propel the femtogram nanoprism to fly with a velocity>360 miles/
h. While the gold sublimation process accounts for the reduction
of the nanoprism size, it is still possible that the flying mechanism
and the size reduction mechanism involve different processes.
Studies to distinguish between the different mechanisms are now
in progress.

The observed trajectory of the flying nanoprisms must depend
on the anisotropy of the interaction between the nanoprism and
the quartz at the interface. This depends on the interfacial structure
between the gold nanoprism and the substrate. Particle 1 in Figure
1B must have undergone a large number of rotations and/or jumped
to a high level in its flying trajectory as the apparent displaced
distance is only∼200 nm, which is too small for an initial velocity
of 160 m/s. We are currently carrying out a study to understand
the details of this anisotropy, hoping to be able to control the
trajectory of the motion.
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Figure 2. (A) An AFM image of a standing nanoparticle. The height of
the standing particle is found to be very close to the value of its bisector.
(B) The AFM image of a displaced nanoparticle. Its thickness (indicated
by the red cursor) is smaller than the undisplaced one (indicated by the
green cursor). The scale bars represent 200 nm.
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