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Abstract – We propose to control the motion of nanoparticles using phase-gradient metasurfaces. The latter are used to generate surface waves, which put the particles into motion, when
illuminated by a normally incident plane wave. We present an initial study of the force and
acceleration acting on these particles due to their interactions with the surface wave.
I. I NTRODUCTION
The manipulation of nanoparticles through optical forces has attracted major attention since the first experimental demonstration of optical trapping [1]. Since then, a myriad of techniques have been proposed to transport
and trap nanoparticles [2]. In the context of this work, we are mostly interested in the optical forces generated by
structured surfaces [3–7] and evanescent fields [8–15]. Our goal is to leverage the amazing field engineering capabilities of metasurfaces to control electromagnetic forces [16]. More specifically, we propose to use phase-gradient
(PG) metasurfaces [17, 18] to generate surface waves in order to manipulate nanoparticles. The metasurfaces may
be made of several PGs so as to form a path that the particles would have to follow. Moreover, anisotropic PG
structures may also be used to control the direction of motion by tuning the polarization of the illumination.
II. O PTICAL F ORCE D UE ON A S MALL PARTICLE TO A P HASE -G RADIENT M ETASURFACE
Let us consider a phase-gradient metasurface lying in the yz-plane at x = 0. The phase-gradient exhibits a
progressive phase increase in the positive z-direction such that a normally incident plane transforms into a forwardpropagating surface wave on top of the metasurface, as depicted in Fig. 1. A small particle, placed at a distance
d from the top of the surface, is subjected to electromagnetic forces due to its interactions with the incident wave
and the surface wave. In what follows, we concentrate our attention on the time-averaged transverse force, Fz , that
acts on the particle due to the presence of the surface wave. We derive an expression for this force based on the
assumption that the particle is small compared to the wavelength.
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Fig. 1: Small particle being pushed forward due to a surface wave. The latter is produced by the interaction of
normally incident plane wave with a phase-gradient metasurface.
In a non-relativistic scenario, the electromagnetic force acting on a given object is found by integrating the divergence of the Maxwell stress tensor over a volume V surrounding that object [19]. Accordingly, the electromagnetic
force acting on the object is
Z
hF i =

∇ · hT em i dV,

(1)
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where T em is the Maxwell stress tensor, which reads
1
T em = DE + BH − I(D · E + B · H),
(2)
2
and where D, B, E and H are the total fields in the volume V and I is the identity. In our case, we are interested in
computing the force acting on a nanoparticle. We thus assume that the particle is small compared to the wavelength
such that its electromagnetic response may be conveniently modeled by a superposition of electric and magnetic
dipolar moments. This assumption transforms (1) along with (2) into [20]


1
k04 c0
∗
∗
∗
hF i = Re (∇ ⊗ Einc ) · p + (∇ ⊗ Hinc ) · m −
(p × m ) ,
(3)
2
6π
where, for a bianisotropic particle, the electric and magnetic moments are respectively given by
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(4)

In relations (3) and (4), the fields E and H and Einc and Hinc respectively refer to the total fields and the
incident fields only. Let us now consider that the small particle to be moved has a spherical shape and that its
dominant dipolar response is of electrical nature. In that case, its response may be modeled by an isotropic electric
polarizability such that (4) reduces to p = αee E and m = 0. For such a kind of small spherical particle, the
electric polarizability may be expressed as [21]
(0)

αee =

αee
1+

(0)
with αee
= 0 r 3

(0)
j 320 k 3 αee

r − 1
,
r + 2

(5)

where r is the radius of the particle and r is its relative permittivity. We now derive the expression of the force due
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Fig. 2: Computed (a) electromagnetic force, Fz , in N and (b) corresponding acceleration of the particle, az , in
m/s2 . In these two figures, we have used the following parameters: E0 = 1 V/m, kz = 1.5k, d = 0 m, r = 2 and
ρ = 2650 kg/m3 .
to the surface wave. We start by defining the electric field of the surface wave, which for p-polarization is given by
Ex = E0

kz −αx−jkz z
e
k

and Ez = E0

jα −αx−jkz z
e
,
k

(6)
p
where α = Im{ k 2 − kz2 } and kz > k since it is a surface wave. Next, we substitute (6) into (3) using (5), which
leads to
3
r6 kz k(kz2 + α2 )(1 − r )2
,
(7)
hFz i = 0 E02 e−2αd
4
4(9 + k 6 r6 ) + 4(9 − 2k 6 r6 )r + (9 + 4k 6 r6 )2r
where we have assumed that p = αee E ≈ αee E inc . As expected, the force is oriented in the same direction as
that of the propagation of the surface wave. For a given arbitrary set of parameters, we now plot in Fig. 2a the
force (7) versus the wavelength and the particle diameter. In Fig. 2b, we plot the acceleration of the particle, which
is calculated using az = Fz /m and where the mass of the spherical particle of density ρ is m = 4/3πr3 ρ.
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III. C ONCLUSION
This work presents an initial study on the capabilities of phase-gradient metasurfaces to control the motion of
nanoparticles. This study reveals several trade-offs that must be considered to successfully achieve this goal. We
notably have to consider: the size of the particle with the respect to the wavelength and to the dimension of the
metasurface scattering particles, the material constituting the nanoparticles and the strong near-fields produced
by the scattering particles which may interfere with the surface wave. We are currently working towards an
experimental demonstration whose results will be presented at the conference.
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submicrometer objects in a motional standing wave,” Phys. Rev. B, vol. 74, p. 035105, Jul 2006.
[11] W. Zhang, L. Huang, C. Santschi, and O. J. F. Martin, “Trapping and sensing 10 nm metal nanoparticles using plasmonic
dipole antennas,” Nano Letters, vol. 10, no. 3, pp. 1006–1011, 2010.
[12] K. Wang, E. Schonbrun, and K. B. Crozier, “Propulsion of gold nanoparticles with surface plasmon polaritons: Evidence
of enhanced optical force from near-field coupling between gold particle and gold film,” Nano Letters, vol. 9, no. 7, pp.
2623–2629, 2009.
[13] R. Quidant, D. Petrov, and G. Badenes, “Radiation forces on a rayleigh dielectric sphere in a patterned optical near field,”
Opt. Lett., vol. 30, no. 9, pp. 1009–1011, May 2005.
[14] S. Kawata and T. Tani, “Optically driven mie particles in an evanescent field along a channeled waveguide,” Opt. Lett.,
vol. 21, no. 21, pp. 1768–1770, Nov 1996.
[15] S. Lin, E. Schonbrun, and K. Crozier, “Optical manipulation with planar silicon microring resonators,” Nano Letters,
vol. 10, no. 7, pp. 2408–2411, 2010.
[16] K. Achouri and C. Caloz, “Metasurface solar sail for flexible radiation pressure control,” arXiv preprint arXiv:1710.02837,
2017.
[17] K. Achouri, M. A. Salem, and C. Caloz, “General metasurface synthesis based on susceptibility tensors,” IEEE Trans.
Antennas Propag., vol. 63, no. 7, pp. 2977–2991, Jul. 2015.
[18] K. Achouri, B. A. Khan, S. Gupta, G. Lavigne, M. A. Salem, and C. Caloz, “Synthesis of electromagnetic metasurfaces:
principles and illustrations,” EPJ Applied Metamaterials, vol. 2, p. 12, 2015.
[19] A. Ji, T. V. Raziman, J. Butet, R. P. Sharma, and O. J. F. Martin, “Optical forces and torques on realistic plasmonic
nanostructures: a surface integral approach,” Opt. Lett., vol. 39, no. 16, pp. 4699–4702, Aug 2014.
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