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We demonstrate experimentally the manipulation of Airy surface plasmon beams in a linear potential. For this

purpose, we fabricate dielectric-loaded plasmonic structures with a graded refractive index by negative-tone

grey-scale electron beam lithography. Using such carefully engineered potentials we show that the bend-

ing of an Airy surface plasmon beam can be fully reversed by the potential. c© 2013 Optical Society of America

OCIS codes: 240.6680, 310.6845, 350.5500

Airy wavepackets and beams [1,2] have attracted con-
siderable attention with their unique properties: non-
diffracting within a diffraction free zone, self-accelerating
during propagation, and shape recovering behind obsta-
cles. Since the first experiments the field has experienced
a rapid development with the demonstration of, e.g., par-
ticle trapping [3], second harmonic generation [4] and
plasma generation [5] with Airy beams. Non-paraxial
analogues of such beams have been recently demon-
strated [6, 7].
Plasmonic Airy beams have also experienced a rapid

development with a number of theoretical [8] and experi-
mental studies [9–11]. Potential applications of Airy sur-
face plasmon polaritons (SPPs) are in the fields of plas-
monic circuitry [9–11] and hot-spot creation [12] for sur-
face trapping of nano-objects. For such applications, it is
strongly desirable to route Airy SPPs along engineered
trajectories without disturbing the non-diffracting prop-
agation. This can be achieved by introducing linear po-
tentials along the Airy trajectory [13]. In fact, the non-
diffracting nature of Airy wavepackets propagating in a
linear potential has already been suggested in Ref. [1]
and recently theroretically studied for Airy SPPs prop-
agating in a linear potential formed by a wedged metal-
dielectric-metal waveguide [14]. However, the experimen-
tal realization of Airy SPP manipulation by a linear po-
tential has remained out of reach, so far.
Here, we experimentally demonstrate the manipula-

tion of the Airy SPP trajectory by a linear potential
realized with a wedged dielectric-loaded plasmonic struc-
ture. In particular, we demonstrate a complete reversal
of the Airy SPP bending, opening new possibilities for
engineering the Airy SPP trajectory.
The idea to steer an Airy SPP in a linear potential

can be explained by considering a 2D mechanical ana-
logue: Particles are launched with a constant horizon-
tal velocity, Vx = const and vertical velocity depending
on the initial particle position, Vy = B

√−y0 (B is a
positive constant, y0 is the initial coordinate at x = 0)
[see Fig. 1(a)]. The path of an Airy SPP [Fig. 1(c)] can
be represented by the limiting caustic trajectory of the
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Fig. 1. (Color online) Airy beam manipulation. (a-b) Me-
chanical analogue of the Airy trajectory. (c-d) Airy beam
manipulation in a linear potential (paraxial approximation).

particle family [red line in Fig. 1(a)], which is parabolic.
Applying a constant force F (e.g. gravity) bends the tra-
jectories of the particles along the direction of the force
[Fig. 1(b)]. The limiting trajectory of the particle fam-
ily, however, still remains parabolic. Correspondingly, an
Airy SPP also changes its trajectory in a linear poten-
tial caused by a linearly graded refractive index. Impor-
tantly, the trajectory remains parabolic [Fig. 1(d)] and
the beam shape remains constant with propagation. By
varying the strength of the linear potential (the gradient
of the refractive index) it is then possible to control the
trajectory of the Airy SPP [14].
The experimental demonstration of Airy SPP ma-

nipulation requires a precise control of the local effec-
tive refractive index neff(r) of the SPP. It was shown
that a dielectric medium deposited on top of a metal
modifies the SPP dispersion relation and therefore al-
lows for the local control of the effective refractive in-
dex [15–17]. This method has been recently adopted by
several groups to demonstrate functional plasmonic ele-
ments based on gradient index (GRIN) plasmonics. De-
vaux et al. showed [15] that neff(r) can be tailored by
locally controlling the effective dielectric constant of the
dielectric layer. For this purpose, they decorated a gold
film with a varying density of deep sub-wavelength di-
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Fig. 2. (Color online) (a) Scanning electron micrograph of
a grating coupler for Airy SPPs (left) and a gradient index
structure (right). (b) Solid curve: Measured height profile of
the gradient index structure. Dashed curve: Height profile
used in the numerical calculations.(c) Corresponding profile
of the effective refractive index neff(r). (d) Schematic of the
leakage radiation microscopy setup.

electric protrusions. Alternatively, the SPP dispersion
relation can be modified by spatially varying the thick-
ness of a continuous dielectric film deposited on top of a
metal film [16, 17]. The latter approach avoids the need
for fabrication of deep sub-wavelength features and is
therefore less demanding from a fabricational point of
view and less prone to scattering losses. The dielectric-
loaded plasmonic structures with a spatially variable
thickness profile can be fabricated by grey-scale elec-
tron beam lithography. For example, this method has
been applied to the positive resist polymethyl methacry-
late (PMMA) to define plasmonic gradient index ele-
ments [17].
Here, we follow a similar approach and use resist struc-

tures with a variable thickness profile to control the lo-
cal effective refractive index neff(r) of the Airy SPPs.
All functional elements, i.e., the grating coupler as well
as the gradient index structure, have been defined by
grey-scale electron beam lithography on glass cover slides
coated with 1 nm chromium and 60 nm gold. In contrast
to Ref. [17], we use PMMA as a negative-tone resist. This
approach has the advantage that we only expose the ar-
eas containing functional elements. By accurate adjust-
ment of the local electron dose, we can continuously vary
the thickness h of the cross-linked PMMA resist in the
range from h = 0nm to h ≈ 200 nm.
Figure 2(a) depicts a scanning electron micrograph of

a typical sample. It consists of two functional elements:
A grating coupler to excite Airy SPPs on the gold-air in-
terface (left hand-side) and a gradient index structure to
manipulate the Airy SPP (right hand-side). The design
of the grating coupler follows references [9,12] for a main
lobe width w0 = 1.0µm and has been optimized for the
operation wavelength λ = 785 nm. The elements of the
grating have been defined as 100 nm high PMMA slabs.
In the same fabrication step we also define the gradient

index structure, consisting of a ramp whose thickness
increases almost linearly. Its topology as determined by
atomic force microscopy is shown in Fig. 2(b). To de-
termine the corresponding effective refractive index pro-
file, we numerically calculate the SPP dispersion rela-
tion of a four-layer system consisting of a layer of gold
(thickness: 60 nm) and a layer of cross-linked PMMA
(thickness: h) sandwiched between a glass and an air
half space. The dielectric constants of the four layers
were taken as ǫAu = −19.15 + 2.03ı, ǫPMMA = 2.56,
ǫGlass = 2.25 and ǫAir = 1.0, respectively. Fig. 2(c) de-
picts the resulting real and imaginary part of neff as a
function of position. Note, that the dielectric constant of
PMMA is assumed to be slightly larger than the litera-
ture value (ǫPMMA,lit = 2.22) to account for the modifi-
cation of PMMA due to cross-linking caused by negative-
tone grey-scale lithography.
The samples have been optically characterized with a

leakage radiation microscopy setup [18] [see Fig. 2(d)].
To launch the Airy SPPs on the gold-air interface, a TM
polarized laser beam with 785 nm wavelength has been
focused on the grating coupler. As the Airy SPP propa-
gates, a fraction of the SPP leaks through the gold film
and couples to radiating modes in the glass substrate.
This leakage radiation (as well as the directly transmit-
ted laser beam) has been collected with an oil immersion
objective (100×, numerical aperture NA = 1.49) and im-
aged onto a CCD camera.
Figure 3(a) depicts an experimental leakage radiation

microscopy image of the sample displayed in Fig. 2(a).
To the left, the Airy SPP propagates along the unstruc-
tured gold film. Its main lobe follows a curved trajectory
and bends upwards. The presence of the PMMA ramp
on the right hand-side of the grating significantly mod-
ifies the curvature of the trajectory. Here, we observe
a downward bending of the main lobe inside the ramp.
This behavior is a result of two counteracting effects.
The gradient of Re(neff) acts as a linear potential that
bends the trajectory in the direction of the gradient, i.e.,
downwards. In contrast, the gradient of Im(neff) causes
an asymmetry of the Airy SPP lobes that moves the
maxima of the lobes opposite to the loss gradient [14],
i.e., upwards. We can thus conclude that the bending of
the trajectory is dominated by the gradient of Re(neff).
However, stronger losses inside of the ramp reduce the
propagation length.
We compare our experiments with numerical calcula-

tions of the four layer system based on the commercial
FDTD software Rsoft. The ramp is approximated by a
wedge with linear height gradient ∆height/∆position =
0.008 which is a good approximation for the first part
of the ramp [see dashed line in Fig. 2(b)]. The optical
properties of the materials are described with the the
dielectric constants stated above. The Airy SPPs are ex-
cited with a plane wave source located 400 nm above
the metal surface. The source stretches across the whole
computational domain in y direction and ends 0.8 µm
behind the last PMMA slab in x direction. Due to mem-
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ory limitations we calculate the ramp and the bare metal
film separately and stitch them afterwards. The result-
ing square modulus of the total electric field distribution
(|E|2) taken at a distance of 10 nm above the metal film
is shown in Fig. 3(b). Here, we use different color scales
for the left and right parts (ramp part is brightened)
to compensate for the fact that in the experiment the
dielectric wedge confines SPPs tighter to the interface
which is accompanied with an enhancement of the leak-
age radiation intensity.
The overall agreement between experiment and calcu-

lation is very good. Deviations can be mostly traced to
the fact that the leakage radiation microscopy image is
taken from the glass side of the sample while the elec-
tric field is calculated slightly above the metal surface,
i.e., where the SPP is actually concentrated. This ex-
plains for example why the interference fringes appear
in the experimental images while there are absent in the
simulations. In the experiment, the fringes result from
the interference of the leakage radiation and the excit-
ing laser beam. The period of the interference pattern
corresponds to the SPP wavelength.
The curvature of the Airy SPP can be controlled via

the slope of the PMMA gradient index structure. In
Fig. 3(c), we depict extracted trajectories for two dif-
ferent PMMA ramps with gradients 0.008 and 0.011, re-
spectively, as well as for the bare gold film. As expected,
we observe a stronger bending of the trajectory in the
case of the larger gradient.
In conclusion, we have demonstrated experimentally

and numerically the manipulation of Airy SPPs by a lin-
ear potential induced by a wedged dielectric layer on top
of a gold film. Our results on reversing the Airy SPP tra-
jectory show that GRIN plasmonics is a powerful method
to control the non-diffracting propagation of Airy SPPs.
By this approach it will be possible to adapt many func-
tional elements from normal optics to Airy SPPs.
We acknowledge support from the Australian Re-

search Council and the Australian National Computa-
tional Infrastructure. Furthermore we thank Bert Kann
for the deposition of our gold films.
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