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A different paradigm is proposed to selectively manipulate and transport small engineered chiral
particles and discriminate different enantiomers using unstructured chiral light. It is theoretically shown
that the response of a chiral metamaterial particle may be tailored to enable an optical conveyor-belt
operation with no optical traps, such that for a fixed incident light helicity the nanoparticle is either steadily
pushed towards the direction of the photon flow or steadily pulled against the photon flow, independent of
its position. Our findings create distinct opportunities for unconventional optical manipulations of tailored
nanoparticles and may have applications in sorting racemic mixtures of artificial chiral molecules and in
particle delivery.
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I. INTRODUCTION

The optical manipulation and trapping of micro- and
nanosized particles or atoms is an important topic of
research [1–3] with applications in laser cooling of neutral
atoms, trapping of single cells, biosensors, particle trans-
port, and in microfluidic cell sorting [4,5]. These manip-
ulations usually rely on tightly focused laser beams (optical
tweezers [6]) and in field-intensity gradients, which allow
one to precisely position and move neutral particles or
atoms [7,8]. In recent years, unconventional light-matter
interactions relying on unstructured light (i.e., with no
gradient along the direction of propagation) have received a
great deal of attention. Conventional wisdom suggests that
when a polarizable particle is illuminated by a light beam
the momentum transfer should always push the particle
downstream, i.e., along the direction of the light flow.
Remarkably, different works shattered this understanding
and demonstrated the counterintuitive opportunity of hav-
ing optomechanical interactions that induce pulling forces
which drag a particle in a direction opposite to the light
flow [9–15]. Usually, this is done by engineering the form
in which the particle scatters light in such a manner that the
forward scattering is maximized, so that the wave
momentum is effectively reinforced in the forward direc-
tion [12–15]. To compensate for the increased light
momentum in the forward direction, the object experiences
a pulling force that drags it towards the light source. A
diffractionless light beam with the ability to exert a
negative radiation pressure is typically referred to as
a “tractor beam.”

Other solutions to obtain negative radiation pressures
and related phenomena have also been proposed, both
theoretically and experimentally [16–26]. For instance, it
was demonstrated—relying either on the interference of
two co-propagating or counterpropagating waves—that it is
possible to sort, organize, or have a bidirectional transport
of submicron particles [16–18]. In particular, it was shown
that by actively controlling the relative phase between two
co-propagating Bessel beams it is feasible to have an
optical conveyor-belt operation such that micron-sized
particles can be transported both in the upstream and
downstream directions [18].
Here, inspired by our previous work [27], we propose a

different paradigm for an optical conveyor belt that does not
require a complex dynamic relative phase control of two
beams as in Ref. [18]. We theoretically prove that by using
a single light beam (e.g., a plane wave) and an opaque (fully
reflective) mirror, it is possible to have either a persistent
pulling force or a persistent pushing force acting on an
engineered chiral particle, such that the force sign is
independent of the particle position with respect to the
light source. Moreover, the sign of the optical force can be
controlled simply by switching the helicity of the incident
light. These findings generalize the theory of Ref. [27],
wherein an analogous optical conveyor-belt regime was
demonstrated for a chiral slab infinitely extended along the
directions parallel to the mirror. Here, it is proven that the
same working principles can be exploited even for small
chiral particles wherein the diffraction and scattering
mechanisms are more complex. It should be noted that
the emergence of negative pulling forces in chiral particles
has been previously discussed in the literature relying on
Bessel beams [25]. Moreover, it has also been proven both
theoretically and experimentally that chiral microresonators
may experience optical forces and torques strongly
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dependent on the wave polarization [28]. Recently, it was
also shown that chiral particles standing on the top of a
dielectric substrate can experience an anomalous lateral
force [26].
This article is organized as follows. In Sec. II a

theoretical formalism is developed to characterize the
optical force when a chiral particle placed in front of a
fully reflective mirror is illuminated by unstructured chiral
light. The chiral particle is modeled as a superposition of
electric and magnetic dipoles. It is theoretically demon-
strated that by tailoring the chiral and magnetic responses it
is possible to have an optical conveyor-belt operation with
no optical traps. To illustrate the proposed effect, in Sec. III
we present a numerical study of the optical force exerted on
a conjugated-gammadion chiral particle. Finally, in Sec. IV
the conclusions are drawn. The time dependence of the
electromagnetic fields is assumed of the type e−iωt.

II. PASSIVE OPTICAL CONVEYOR BELT

The idea to realize a passive optical conveyor belt is to
illuminate an engineered chiral particle in front of an
opaque mirror with unstructured chiral light [27]
(Fig. 1). The word “opaque” is used with the meaning
of fully reflective. The chiral particle must have a strongly
asymmetric response such that it is approximately trans-
parent to light with a specific helicity [let us say, left-
circularly polarized (LCP) light], whereas it should
strongly absorb light with the opposite helicity [let us
say, right-circularly polarized (RCP) light]. Under these
conditions, one may expect that if the incident wave is RCP
then the particle will be able to extract a significant
momentum from the incident beam and hence it will be
pushed downstream towards the mirror. On the other hand,
if the incident wave is LCP it will interact weakly with the
particle, as it is approximately transparent for this polari-
zation. Interestingly, upon reflection on the mirror the wave
polarization is switched from LCP to RCP. Thus, the wave
reflected on the mirror interacts strongly with the chiral
particle and hence will impart a negative momentum on it,

originating in this way a pulling (upstream) force [27].
Therefore, depending on the incident-wave polarization the
chiral particle is either steadily pushed downstream
(positive force) or upstream (negative force). Note that
this optical conveyor-belt operation is passive in the sense
that for a fixed direction of particle delivery the incident-
wave properties do not require any type of control. To
investigate under which conditions the proposed intuitive
picture may have correspondence with the real electromag-
netic situation, next we rigorously determine the optical
force acting on a chiral particle modeled as a point dipole.

A. The optical force

The optical force exerted on electrically small particles
standing in free space depends on the local electromagnetic
field, i.e., the field that effectively polarizes the particle, and
on the electric and magnetic dipole moments, pe and pm,
respectively. We define pm as pm ¼ μ0m, where m is the
standard textbook magnetic dipole moment with units of
A × m2. The ith component of the time-averaged optical
force can be written in a compact manner as [12,29–31]

F i¼
ε0
2
Re

�
P� ·∂iFloc− 1

6π

ω4

c2
η0ðpe×p�

mÞ·ûi

�
; ði¼x;y;zÞ

ð1Þ

where ûi is a unit vector along the ith direction, ∂i ≡ ûi · ∇,
ε0 is the vacuum permittivity, μ0 is the free-space per-
meability, and η0 is the free-space impedance. In the above,

the six-component vector Floc ¼
� Eloc

Hlocη0

�
represents the

local electromagnetic fields that excite the particle, and P ¼
�peε

−1
0

pmc

�
is a six-component vector with the dipole-

moment components. The second term in Eq. (1) is the
recoil force due to the self-interaction of the electric and
magnetic dipoles which was derived in Ref. [30]. In the
examples considered in this article the second term is
negligible.
The dipole moments P excited in the chiral particle are

related to the local field Floc as follows:

P ¼
�

¯̄αee ¯̄αem
¯̄αme ¯̄αmm

�
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

¯̄α

· Floc; ð2Þ

where ¯̄α is a 6 × 6 matrix with subcomponents ¯̄αee, ¯̄αem,
¯̄αme, ¯̄αmm, which are the 3 × 3 polarizability tensors of the
particle and have dimensions of volume ½m3�. The crossed
polarizabilities ¯̄αem and ¯̄αme determine the magnetoelectric
response and may be nonzero for particles without
inversion symmetry. For example, the magnetoelectric
response is nonzero for particles that cannot be

l

x

z

y

FIG. 1. A chiral particle standing in free space at a distance l
from a fully reflective mirror is illuminated along the normal
direction by an incident circularly polarized plane wave.
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superimposed on their mirror images, e.g., chiral particles
[32]. Because chiral particles have an intrinsic handedness
their electromagnetic response depends on the wave hel-
icity. As a consequence, chiral-type structures enable
phenomena such as polarization conversion [33], polari-
zation rotation (optical activity) [34–36], polarization-
dependent negative refraction [37–40], and a strongly
asymmetric transmission of electromagnetic waves
[27,41–44]. It is well known that for reciprocal media,
¯̄αem and ¯̄αme are required to satisfy ¯̄αme ¼ − ¯̄αTem, where the
superscript “T” denotes the operation of matrix trans-
position [32].
The incident wave radiated by the light source is

assumed to be a circularly polarized plane wave propagat-
ing along theþz direction, so that the incident field satisfies

FincðrÞ ¼
�

EincðrÞ
η0HincðrÞ

�
¼

�
e�

−ð�iÞe�

�
Einceik0z; ð3Þ

where Einc is the complex amplitude of the incident field,
e� ¼ ðx̂� iŷÞ= ffiffiffi

2
p

, and k0 ¼ ω=c is the free-space wave
number. The subscript � determines the polarization state
of the incident wave, so that it is either RCP (þ) or LCP
(−). Evidently, without the mirror the local field is
coincident with the incident field: Floc ¼ Finc. However,
in the presence of the mirror (at z ¼ 0) the local field must
also include the total field scattered by the mirror, which
can be conveniently decomposed as Fscat ¼ Fref þ Fs;dip,
where Fref and Fs;dip represent the waves generated upon
reflection of the incident plane wave and of the field
radiated by the point particle, respectively. Hence, we can
write

Floc ¼ Finc þ Fref þ Fs;dip: ð4Þ
Without loss of generality, it is assumed that the mirror

can be approximated by a perfect electric conductor (PEC).
Therefore, Fref is given by

FrefðrÞ ¼
�

ErefðrÞ
η0HrefðrÞ

�
¼ −

�
e�

ð�iÞe�

�
Eince−ik0z: ð5Þ

The calculation of the wave Fs;dip is more elaborate, and
is discussed in the next subsection.

B. The field created by the point particle

The field created by the chiral particle is the super-
position of the wave radiated by the particle in free space
(Fdip) and the corresponding wave scattered by the mirror

(Fs;dip). The field Fdip ¼
� Edip

η0Hdip

�
is the wave radiated by

the electric and magnetic dipole moments pe and pm,
respectively, and satisfies the Maxwell equations

∇ ×Edip ¼ iωμ0Hdip − jm; ð6aÞ

∇ ×Hdip ¼ −iωε0Edip þ je; ð6bÞ

where jeðrÞ ¼ −iωpeδðr − r0Þ is the electric current
density associated with the electric dipole,
jmðrÞ ¼ −iωpmδðr − r0Þ is the magnetic current density
associated with the magnetic dipole, and r0¼ðx0;y0;z0Þ
is the position of the point particle. Using the super-
position principle, the field Fdip can bewritten in terms of the
free-space Green function Φðr; r0Þ ¼ eik0jr−r0j=ð4πjr − r0jÞ
as follows:

Fdipðr; r0Þ ¼
�
Geeðr; r0Þ Gemðr; r0Þ
Gmeðr; r0Þ Gmmðr; r0Þ

�
· P; ð7Þ

with

Geeðr; r0Þ ¼ Gmmðr; r0Þ≡ ð∇∇þ 1k20ÞΦðr; r0Þ; ð8aÞ

Gmeðr; r0Þ ¼ −Gemðr; r0Þ≡−ik0∇Φðr; r0Þ × 1; ð8bÞ

where 1 is the 3 × 3 identity dyadic.
The mirror scatters the wave Fdip creating in this manner

a reflected wave Fs;dip. It is well known that for a PEC
mirror Fs;dip can be calculated using the image method [45].
Specifically, the field Fs;dip may be regarded as the field
radiated in free space by fictitious image dipoles p0

e, p0
m

placed at the image point r00 ¼ ðx0; y0;−z0Þ (Fig. 2).
For a PEC mirror the dipole moments of the fictitious

image dipoles are related to the dipole moments of the point
particle as [45]

P0 ≡
�
p0
eε

−1
0

p0
mc

�
¼

� ð−1t þ ẑ ẑÞ 0
0 ð1t − ẑ ẑÞ

�
· P; ð9Þ

where 1t ¼ x̂ x̂þŷ ŷ. Evidently, the field radiated by the
image dipoles Fs;dip can be obtained from Eq. (7) by
replacing P → P0 and r0 → r00, so that

Fs;dipðr; r00Þ ¼
�
Geeðr; r00Þ Gemðr; r00Þ
Gmeðr; r00Þ Gmmðr; r00Þ

�
· P0. ð10Þ

In particular, using Eq. (9) it follows that Fs;dip calculated
at the position of the point particle can be written as

Fs;dipðr0Þ ¼ Cintðr0; r00Þ · P; ð11Þ

where

Cintðr0; r00Þ ¼
�
Geeðr0; r00Þ Gemðr0; r00Þ
Gmeðr0; r00Þ Gmmðr0; r00Þ

�

·

� ð−1t þ ẑ ẑÞ 0
0 ð1t − ẑ ẑÞ

�
ð12Þ

is by definition the interaction matrix.
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C. The dipole moments

At this point, we are ready to determine the dipole
moments induced by the incident wave on the point
particle. From Eqs. (4) and (11), one sees that the local
field can be written as

Flocðr0Þ ¼ Fincðr0Þ þ Frefðr0Þ þCintðr0; r00Þ · P: ð13Þ

Then, from the constitutive relation (2) that determines
the electromagnetic response of the dipole, it is found
that

P ¼ M · ðFinc þ FrefÞ; with

M ¼ ½ ¯̄α−1 −Cintðr0; r00Þ�−1: ð14Þ

Hence, for a given position of the particle r0 it is possible
to compute the induced dipole moments using the above
equation, and the optically induced force using Eqs. (1) and
(13). In the absence of the mirror the force is obtained by
setting Fref ¼ 0 and Cintðr0; r00Þ ¼ 0.

D. Condition for the optical conveyor-belt operation

When the dipole is sufficiently far away from the mirror,
the contribution of the mirror dipoles to the local field is
expected to be negligible, i.e., Cint ≈ 0. In this situation the
local field can be approximated by Flocðr0Þ ≈ Fincðr0Þ
þFrefðr0Þ, which gives

Floc ≈ 2iEinc

�
sinðk0z0Þe�−½� cosðk0z0Þ�e�

�
: ð15Þ

Using P ≈ ¯̄α · Floc in Eq. (1) and neglecting the self-
interaction between the electric and magnetic dipoles it is
found that the optical force can be approximated by

F z ¼ 2k0ε0jEincj2Re
��

sinðk0z0Þe�−½� cosðk0z0Þ�e�

�
·

�
¯̄αee ¯̄αem
¯̄αme ¯̄αmm

�
T
·

�
cosðk0z0Þe�

½� sinðk0z0Þ�e�

���
: ð16Þ

Using the reciprocity constraints, it follows that for an isotropic chiral particle the force reduces to

F z ¼ 2k0ε0jEincj2Re
��

sinðk0z0Þ−½� cosðk0z0Þ�
�
·

�
αee −αem
þαem αmm

�
·

�
cosðk0z0Þ

½� sinðk0z0Þ�
��

; ð17Þ

being the “þ” sign (“−” sign) associated with an RCP
(LCP) incident wave. Thus, after straightforward simplifi-
cations it is found that

F z;LCP

2k0Winc
av

¼ Refαee − αmmg sinð2k0z0Þ þ 2Refαemg;

ð18aÞ

F z;RCP

2k0Winc
av

¼ Refαee − αmmg sinð2k0z0Þ − 2Refαemg;

ð18bÞ

where Winc
av ¼ ðε0=2ÞjEincj2 is the time-averaged energy

density associated with the incoming wave. It is interesting

to note that the difference between the optical forces
associated with the two circular polarization states is
always independent of the particle position F z;RCP−
F z;LCP ¼ −8k0Winc

av Refαemg. The derived formulas show
that the optical force has two components. The first
component (“gradient force”) depends on the specific
position (z0) of the particle and is determined only by
the reactive response of the particle. The second compo-
nent (“scattering force”) is completely independent of the
particle position and depends only on the absorption
emerging from the magnetoelectric coupling (Refαemg).
Remarkably, in the presence of the mirror the scattering
force is completely independent of the loss terms Imfαeeg
and Imfαmmg because the radiation pressure due to these
terms has a different sign for waves traveling along

x

z
y

l

0z

l

mpep mpep

FIG. 2. Electric and magnetic dipoles pe, pm with coordinates
r0 ¼ ðx0; y0; z0Þ are at a distance l ¼ −z0 from a metallic
mirror (z ¼ 0). From the image method, the mirror may
be replaced by fictitious image dipoles p0

e, p0
m with coordinates

r00 ¼ ðx0; y0;−z0Þ without affecting the electromagnetic field
distribution.
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the þz and –z directions. It can be shown that
without the mirror the optical force is given by F z ¼
Winc

av k0½Imfðαee þ αmmÞg − ð�2ÞRefαemg� for an incident
wave traveling along theþz direction. As before, the þð−Þ
sign is associated with the RCP (LCP) polarization state.
For an incident wave traveling along the −z direction the
force flips sign.
Importantly, Eq. (18) unveils a quite interesting pos-

sibility: if the reactive response of the chiral particle is
designed to be balanced, such that Refαee − αmmg ¼ 0,
then the optical force becomes independent of the particle
position and has opposite signs for RCP and LCP incident
waves. Remarkably, the absorption of electromagnetic
radiation and the fully reflective mirror are essential to
harness the sign of the optical force. A semitransparent
mirror would create a less intense reflected wave and hence
would lead to weaker negative optical forces. It should be
mentioned that other authors have shown that balanced
chiral particles standing in free space (satisfying a set of
conditions more restrictive than ours) can be transparent
to an incident circularly polarized electromagnetic field
[46,47].
The optical conveyor-belt operation is possible even when

the chiral particle is unbalanced (Refαee − αmmg ≠ 0).
Indeed, it is easy to check that the signs of F z;LCP and
F z;RCP are independent of z0 provided

jRefαee − αmmgj < 2jRefαemgj: ð19Þ

III. NUMERICAL EXAMPLE

Next, the theory of Sec. II is applied to characterize the
optical force acting on an artificially engineered (meta-
material) chiral particle. The cuboid metamaterial particle
under analysis is formed by two conjugated gammadions,
as sketched in Fig. 3. Even though the particle is not
isotropic, it is expected to behave effectively as an isotropic
chiral particle when the incoming wave propagates along
the z direction.
In our design, the gammadions are made of silver and are

embedded in polyimide. The polyimide and the gamma-
dions are encapsulated between two layers of silicon, as
shown in Fig. 3. Silver is modeled using the experimental
data available in the literature [48]. The particle dimensions
are optimized so that the magnetoelectric response is
boosted near λ0 ¼ 1.55 μm, where high-power solid-state
lasers are available. For this wavelength the dimensions
of the chiral particle, ax ¼ ay ¼ a ¼ 202.4 nm and
az ¼ 189.6 nm, are deeply subwavelength so that the
dipole approximation is justified.
The polarizability matrix of the conjugated-gammadion

cuboid is calculated using the approach described in
Ref. [49]. The basic idea is to excite the cuboid with a
set of linearly polarized incident plane of waves and
analyze the scattered far field.

Specifically, the chiral cuboid is illuminated by plane
waves with the electric field oriented either along the x
direction (Einc ¼ E0x̂) or along the y direction
(Einc ¼ E0ŷ), and that propagate either along the þz
direction or along the −z direction, corresponding to a
total of four different scattering problems. For each
scattering problem, we determine the scattered far field
along the �z directions, and finally the particle polar-
izabilities are written in terms of these scattered fields [49].
The scattered far fields are obtained using the commercial
full-wave electromagnetic simulator CST Microwave
Studio [50]. The numerically calculated polarizabilities
of the chiral cuboid are represented in Fig. 4. The computed
polarizabilities correspond to αij ≡ x̂ · ¯̄αij · x̂ ¼ ŷ · ¯̄αij · ŷ
with i, j ¼ e, m. The polarizabilities of the chiral particle
are resonant near λ0 ¼ 1.53 μm and the electric resonance
(αee) dominates. Crucially, the magnetoelectric response is
nonzero and αem ¼ −αme is the second strongest polar-
izability. In particular, Refαemg (related to the material
loss) is peaked near λ0 ¼ 1.53 μm suggesting a strong

(a)

(b)

gd

hl

xa

ya

x

z

za

 

Sil

md

w

l

Si

h

x

y

z

FIG. 3. (a) Geometry of the metamaterial particle. The length of
the central arm of the gammadions is l ¼ 151.8 nm and the width
is w ¼ 12.2 nm. (b) Side view of the particle: the gammadions
are made of silver with thickness dm ¼ 25 nm and are separated
by a distance dg ¼ 11.6 nm. The conjugated gammadions are
embedded in a polyimide slab with thickness lh ¼ 88.4 nm and
permittivity εh ¼ 6.25ð1þ i0.03Þε0 [35]. The polyimide slab is
encapsulated between two layers of silicon, with permittivity
εSi ¼ 11.9ð1þ i0.004Þε0 and thickness lSi ¼ 50.6 nm. The total
thickness of the cuboid along the z direction is az ¼ 189.6 nm,
and along the x and y directions is ax ¼ ay ¼ a ¼ 202.4 nm.
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discrimination between the optical forces induced by
RCP and LCP incident waves (F z;RCP − F z;LCP ≈
−8k0Winc

av Refαemg). To highlight the strongly asymmetric
response of the chiral particle under LCP and RCP plane-
wave incidence, we calculate the spatial distribution of the
electric field at the resonance (Fig. 5).
As seen in Fig. 5, when the incident wave is LCP the

incident field interacts weakly with the cuboid particle,
whereas for an RCP excitation there is a resonant inter-
action leading to a strong absorption of light by the
metamaterial particle. This confirms that the conjugated-
gammadion particle interacts, indeed, very differently with
RCP and LCP waves.

Using the formalism of Sec. II we calculated the optical
force acting on the cuboid chiral particle when it stands
alone in free space. We used the approximation that the
electromagnetic response is isotropic, which, as previously
mentioned, is expected to be very satisfactory because the x
and y components of the fields are dominant. Figure 6
shows the normalized optical force (F z=a2Winc

av ) exerted by
RCP and LCP downstream excitations as a function of the
particle position for λ0 ¼ 1.53 μm. Note that by symmetry
the lateral force must vanish, and hence the only nontrivial
component of the force is directed along z.
The results depicted in Fig. 6 confirm that the chiral

response induces asymmetric optomechanical interactions.
In the present scenario, the optical force is constant and
positive, so that the particle is always pushed towards the
downstream direction. Moreover, the optical force is about
2.5 times larger for RCP light because of the stronger light
absorption for this polarization.
As outlined in Sec. II, one can take advantage of the

peculiar electromagnetic response of the chiral cuboid to
realize a passive optical conveyor belt. This is illustrated in
Fig. 7(a), which represents the optical force calculated
when the particle is placed in front of the mirror. As seen, in
agreement with the general findings of Sec. II. D, because
the response of the chiral cuboid is unbalanced
(Refαee − αmmg ≠ 0) the force varies with the particle
position. We show the force only up to a distance equal
to l ¼ az because the particle has a certain thickness
(az ≈ 0.124λ0) and the dipolar model is meaningless for
shorter distances. Indeed, for shorter distances the effect of
higher-order multipoles needs to be taken into account, and
a more sophisticated calculation method is required. In the
range l > az, we find that the results obtained with
Eqs. (18) [dashed curves in Fig. 7(a)] follow very closely
the value of the force calculated with the exact formula
(solid lines). In our calculations it is assumed that the
orientation of the particle with respect to the incoming
wave is fixed. In general, the macroscopic optical
anisotropy or even the Brownian dynamics may influence
the stability of the particle orientation. This issue can be

(a)

(b)
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m

Re ee

Im em

Re mm

Im ee

Im mm

Re em

20

3

10

m

FIG. 4. (a) Reactive and (b) loss components of the polar-
izabilities αee (blue curves), αem (black curves), and αmm (green
curve) of the chiral particle as a function of the wavelength.

x

z
10

0

4

1

10

0

4

1

(a)

(b)

FIG. 5. (a) Density plot of the electric field (in arbitrary units)
when the incident wave is RCP. (b) Similar to (a) but for an
incident LCP wave.
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z
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FIG. 6. Normalized optical force F z=a2Winc
av as a function of

the particle position when the chiral particle stands alone in free
space at λ0 ¼ 1.53 μm. Blue curves, LCP incident light; Green
curves, RCP incident light.
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avoided with the proper engineering of the chiral particle,
for example, by considering a truly isotropic (omnidirec-
tional) chiral design [28,51].
Importantly, the sign of the optical force for a fixed

helicity of the incoming wave is always the same. Indeed, it
can be checked that the polarizabilities of the chiral particle
satisfy the constraint (19). In particular, for RCP incidence
the optical force is always positive so that the particle is
steadily pushed towards the mirror, whereas for LCP
incidence the force is repulsive so that the particle is
steadily pulled towards the light source. Thus, the proposed
configuration allows for an optical conveyor-belt operation
without optical traps. In agreement with this property, the
potential energy V ¼ − R

F zdz varies monotonically with
the distance to the mirror for both polarizations [Fig. 7(b)].
Thus, by controlling the intensity and polarization of the
incident wave it may be possible to judiciously control the
position of the particle. High-power lasers under continu-
ous-wave operation may generate a light intensity Sinc ≈
20 GW=m2 [52] at λ0 ¼ 1.55 μm, and hence the peak
optical force can be on the order of F z ≈ 15 pN, which has
a magnitude estimated to be about 5.6 × 104 times larger
than the gravity force acting on the chiral cuboid. The
optical force usually obtained with optical tweezers spans
from subpiconewtons to 100 pN [7].
To highlight the unique optical manipulations enabled

by chiral particles, we contrast the response of the
gammadion particle with that of an electrically small

dielectric sphere. We consider a sphere with radius
r ¼ az made of polyimide. The electromagnetic response
of a small dielectric sphere is completely characterized by
the electric polarizability αe ¼ 1=ðα−10 − ik30=6πÞ, being
α0 ¼ 4πr3½ðεh − 1Þ=ðεh þ 2Þ� the quasistatic polarizability
given by the Clausius-Mossotti relation [45,53]. The
calculated optical force acting on the dielectric sphere at
λ0 ¼ 1.53 μm is depicted in Fig. 7(c). The results reveal
that the sign of the force depends on the distance of the
nanoparticle with respect to the mirror, which is markedly
different from the optical conveyor-belt regime. This
behavior can also be understood from Eq. (18). Indeed,
in the absence of a magnetoelectric response, the optical
force is the same for both polarizations and has a sinus-
oidal-type spatial variation of the form sinð2k0z0Þ.
Importantly, the coexistence of repulsive and attraction
regions leads to the formation of potential wells wherein the
dielectric sphere can be trapped. This feature is demon-
strated in Fig. 7(d), where we show the potential energy as a
function of the distance to the mirror. This regime is
analogous to the standard optical traps [54] wherein
particles can be trapped in the locations wherein the optical
field has an intensity maximum.

IV. CONCLUSION

We theoretically propose a different approach to
transport-tailored metamaterial nanoparticles using a

FIG. 7. (a) F z as a function of the distance l to the mirror at λ0 ¼ 1.53 μm for LCP incident light (blue curves) and RCP incident light
(green curves) calculated with the exact formalism (solid curves) and neglecting the contribution from the image dipoles (dashed
curves). (b) Potential (in arbitrary units) as a function of the distance l. (c) and (d) Similar to (a) and (b), respectively, but for a dielectric
(polyimide) sphere with radius r ¼ az.
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single-beam optical conveyor belt. It is demonstrated that
by controlling the helicity of the incoming wave it is
possible to switch between persistent attractive or repulsive
optical forces, with signs independent of the particle
position. In the ideal case the nanoparticle should be
balanced, such that the real parts of the electric and
magnetic polarizabilities are identical. In such a situation
the gradient force vanishes and the intensity and the sign of
the optical force are independent of the particle position
with respect to the mirror. We derive a simple condition that
ensures a passive optical conveyor-belt operation for
unbalanced particles [Eq. (19)]. The theory is numerically
illustrated by considering a tailored metamaterial cuboid
formed by two conjugated gammadions. Even though our
design is not optimized and the particle response is not
balanced, the simulations indicate that there is a strong
discrimination between the optical forces acting on the
metamaterial particle for incoming waves with different
helicities. Remarkably, for realistic values of the incoming
light intensity the peak optical force exceeds the gravity
force by about 4 orders of magnitude in the regime where
the force is negative. Hence, we believe that an exper-
imental verification of our proposal may be within reach.

ACKNOWLEDGMENTS

This work was partially funded by Fundação para
Ciência e a Tecnologia under Projects No. PTDC/EEI-
TEL/4543/2014 and No. UID/EEA/50008/2013.

[1] A. Ashkin, Acceleration and Trapping of Particles by
Radiation Pressure, Phys. Rev. Lett. 24, 156 (1970).

[2] A. Ashkin, Atomic-Beam Deflection by Resonance-
Radiation Pressure, Phys. Rev. Lett. 25, 1321 (1970).

[3] S. Chu, Nobel Lecture: The manipulation of neutral par-
ticles, Rev. Mod. Phys. 70, 685 (1998).

[4] W. D. Phillips, Nobel lecture: Laser cooling and trapping of
neutral atoms, Rev. Mod. Phys. 70, 721 (1998).

[5] M.M. Wang, E. Tu, D. E. Raymond, J. M. Yang, H. Zhang,
N. Hagen, B. Dees, E. M. Mercer, A. H. Forster, I. Kariv,
P. J. Marchand, and W. F. Butler, Microfluidic sorting
of mammalian cells by optical force switching, Nat.
Biotechnol. 23, 83 (2005).

[6] A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and S. Chu,
Observation of a single-beam gradient force optical trap for
dielectric particles, Opt. Lett. 11, 288 (1986).

[7] O. M. Maragò, P. H. Jones, P. G. Gucciardi, G. Volpe,
and A. C. Ferrari, Optical trapping and manipulation of
nanostructures, Nat. Nanotechnol. 8, 807 (2013).

[8] K. Dholakia and T. Čižmár, Shaping the future of manipu-
lation, Nat. Photonics 5, 335 (2011).

[9] S.-H. Lee, Y. Roichman, and D. G. Grier, Optical solenoid
beams, Opt. Express 18, 6988 (2010).

[10] S. Sukhov and A. Dogariu, On the concept of “tractor
beams”, Opt. Lett. 35, 3847 (2010).

[11] A. Salandrino and D. N. Christodoulides, Reverse optical
forces in negative index dielectric waveguide arrays, Opt.
Lett. 36, 3103 (2011).

[12] J. Chen, J. Ng, Z. Lin, and C. T. Chan, Optical pulling force,
Nat. Photonics 5, 531 (2011).

[13] A. Novitsky, C.-W. Qiu, and H. Wang, Single Gradientless
Light Beam Drags Particles as Tractor Beams, Phys. Rev.
Lett. 107, 203601 (2011).

[14] S. Sukhov and A. Dogariu, Negative Nonconservative
Forces: Optical “Tractor Beams” for Arbitrary Objects,
Phys. Rev. Lett. 107, 203602 (2011).

[15] A. Novitsky, C.-W. Qiu, and A. Lavrinenko, Material-
Independent and Size-Independent Tractor Beams for
Dipole Objects, Phys. Rev. Lett. 109, 023902 (2012).

[16] T. Čižmár, V. Garcés-Chávez, K. Dhokalia, and P. Zemánek,
Optical conveyor belt for delivery of submicron objects,
Appl. Phys. Lett. 86, 174101 (2005).

[17] T. Čižmár, V. Kollárová, Z. Bouchal, and P. Zemánek,
Sub-micron particle organization by self-imaging of non-
diffracting beams, New J. Phys. 8, 43 (2006).

[18] D. B. Ruffner and D. G. Grier, Optical Conveyors: A Class
of Active Tractor Beams, Phys. Rev. Lett. 109, 163903
(2012).

[19] O. Brzobohatý, V. Karásek, M. Šiler, L. Chvátal, T. Čižmár,
and P. Zemánek, Experimental demonstration of optical
transport, sorting and self-arrangement using a ‘tractor
beam’, Nat. Photonics 7, 123 (2013).

[20] V. Kajorndejnukul, W. Ding, S. Sukhov, C.-W. Qiu, and
A. Dogariu, Linear momentum increase and negative
optical forces at dielectric interface, Nat. Photonics 7,
787 (2013).

[21] C. E. M. Démoré, P. M. Dahl, Z. Yang, P. Glynne-Jones, A.
Melzer, S. Cochran, M. P. MacDonald, and G. C. Spalding,
Acoustic Tractor Beam, Phys. Rev. Lett. 112, 174302
(2014).

[22] A. Mizrahi and Y. Fainman, Negative radiation pressure on
gain medium structures, Opt. Lett. 35, 3405 (2010).

[23] K. J. Webb, Shivanand, Negative electromagnetic plane-
wave force in gain media, Phys. Rev. E 84, 057602 (2011).

[24] V. Shvedov, A. R. Davoyan, C. Hnatovsky, N. Engheta, and
W. Krolikowski, A long-range polarization controlled opti-
cal tractor beam, Nat. Photonics 8, 846 (2014).

[25] K. Ding, J. Ng, L. Zhou, and C. T. Chan, Realization of
optical pulling forces using chirality, Phys. Rev. A 89,
063825 (2014).

[26] S. B. Wang and C. T. Chan, Lateral optical force on chiral
particles near a surface, Nat. Commun. 5, 3307 (2014).

[27] D. E. Fernandes and M. G. Silveirinha, Optical tractor beam
with chiral light, Phys. Rev. A 91, 061801(R) (2015).

[28] M. G. Donato, J. Hernandez, A. Mazzulla, C. Provenzano,
R. Saija, R. Sayed, S. Vasi, A. Magazzù, P. Pagliusi, R.
Bartolino, P. G. Gucciardi, O. M. Maragò, and G. Cippar-
rone, Polarization-dependent optomechanics mediated by
chiral microresonators, Nat. Commun. 5, 3656 (2014).

[29] M. Nieto-Vesperinas, J. J. Sáenz, R. Gómez-Medina, and L.
Chantada, Optical forces on small magnetodielectric par-
ticles, Opt. Express 18, 11428 (2010).

[30] P. C. Chaumet and A. Rahmani, Electromagnetic force and
torque on magnetic and negative-index scatterers, Opt.
Express 17, 2224 (2009).

DAVID E. FERNANDES and MÁRIO G. SILVEIRINHA PHYS. REV. APPLIED 6, 014016 (2016)

014016-8

http://dx.doi.org/10.1103/PhysRevLett.24.156
http://dx.doi.org/10.1103/PhysRevLett.25.1321
http://dx.doi.org/10.1103/RevModPhys.70.685
http://dx.doi.org/10.1103/RevModPhys.70.721
http://dx.doi.org/10.1038/nbt1050
http://dx.doi.org/10.1038/nbt1050
http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1038/nnano.2013.208
http://dx.doi.org/10.1038/nphoton.2011.80
http://dx.doi.org/10.1364/OE.18.006988
http://dx.doi.org/10.1364/OL.35.003847
http://dx.doi.org/10.1364/OL.36.003103
http://dx.doi.org/10.1364/OL.36.003103
http://dx.doi.org/10.1038/nphoton.2011.153
http://dx.doi.org/10.1103/PhysRevLett.107.203601
http://dx.doi.org/10.1103/PhysRevLett.107.203601
http://dx.doi.org/10.1103/PhysRevLett.107.203602
http://dx.doi.org/10.1103/PhysRevLett.109.023902
http://dx.doi.org/10.1063/1.1915543
http://dx.doi.org/10.1088/1367-2630/8/3/043
http://dx.doi.org/10.1103/PhysRevLett.109.163903
http://dx.doi.org/10.1103/PhysRevLett.109.163903
http://dx.doi.org/10.1038/nphoton.2012.332
http://dx.doi.org/10.1038/nphoton.2013.192
http://dx.doi.org/10.1038/nphoton.2013.192
http://dx.doi.org/10.1103/PhysRevLett.112.174302
http://dx.doi.org/10.1103/PhysRevLett.112.174302
http://dx.doi.org/10.1364/OL.35.003405
http://dx.doi.org/10.1103/PhysRevE.84.057602
http://dx.doi.org/10.1038/nphoton.2014.242
http://dx.doi.org/10.1103/PhysRevA.89.063825
http://dx.doi.org/10.1103/PhysRevA.89.063825
http://dx.doi.org/10.1038/ncomms4307
http://dx.doi.org/10.1103/PhysRevA.91.061801
http://dx.doi.org/10.1038/ncomms4656
http://dx.doi.org/10.1364/OE.18.011428
http://dx.doi.org/10.1364/OE.17.002224
http://dx.doi.org/10.1364/OE.17.002224


[31] L. Novotny and B. Hecht, Principles of Nano-Optics,
2nd ed. (Cambridge University Press, Cambridge, 2012).

[32] I. V. Lindell, A. H. Sihvola, S. A. Tretyakov, and A. J.
Viitanen, Electromagnetic Waves in Chiral and Bi-isotropic
Media (Artech House, Boston, 1994).

[33] M. G. Silveirinha, Design of linear-to-circular polarization
transformers made of long densely packed metallic helices,
IEEE Trans. Antennas Propag. 56, 390 (2008).

[34] M. Decker, M. Ruther, C. E. Kriegler, J. Zhou, C. M.
Soukoulis, S. Linden, and M. Wegener, Strong optical
activity from twisted-cross photonic metamaterials, Opt.
Lett. 34, 2501 (2009).

[35] R. Zhao, Th. Koschny, E. N. Economou, and C. M. Sou-
koulis, Comparison of chiral metamaterial designs for
repulsive Casimir force, Phys. Rev. B 81, 235126 (2010).

[36] R. Zhao, L. Zhang, J. Zhou, Th. Koschny, and C. M.
Soukoulis, Conjugated gammadion chiral metamaterial with
uniaxial optical activity and negative refractive index, Phys.
Rev. B 83, 035105 (2011).

[37] J. B. Pendry, A chiral route to negative refraction, Science
306, 1353 (2004).

[38] S. A. Tretyakov, A. V. Sihvola, and L. Jylhä, Backward-
wave regime and negative refraction in chiral composites,
Photonics Nanostruct. Fundam. Appl. 3, 107 (2005).

[39] J. Zhou, J. Dong, B. Wang, T. Koschny, M. Kafesaki, and
C. M. Soukoulis, Negative refractive index due to chirality,
Phys. Rev. B 79, 121104(R) (2009).

[40] T. A. Morgado, S. I. Maslovski, and M. G. Silveirinha,
Uniaxial indefinite material formed by helical-shaped wires,
New J. Phys. 14, 063002 (2012).

[41] V. A. Fedotov, P. L. Mladyonov, S. L. Prosvirnin, A. V.
Rogacheva, Y. Chen, and N. I. Zheludev, Asymmetric
Propagation of Electromagnetic Waves through a Planar
Chiral Structure, Phys. Rev. Lett. 97, 167401 (2006).

[42] R. Singh, E. Plum, C. Menzel, C. Rockstuhl, A. K. Azad,
R. A. Cheville, F. Lederer, W. Zhang, and N. I. Zheludev,
Terahertz metamaterial with asymmetric transmission, Phys.
Rev. B 80, 153104 (2009).

[43] C. Menzel, C. Helgert, C. Rockstuhl, E.-B. Kley, A.
Tünnermann, T. Pertsch, and F. Lederer, Asymmetric
Transmission of Linearly Polarized Light at Optical Meta-
materials, Phys. Rev. Lett. 104, 253902 (2010).

[44] F. R. Prudêncio and M. G. Silveirinha, Optical isolation of
circularly polarized light with a spontaneous magnetoelec-
tric effect, Phys. Rev. A, 93, 043846 (2016).

[45] J. D. Jackson, Classical Electrodynamics, 3rd ed. (John
Wiley, New York, 1999).

[46] J. Vehmas, Y. Ra’di, A. O. Karilainen, and S. Tretyakov,
Eliminating electromagnetic scattering from small particles,
IEEE Trans. Antennas Propag. 61, 3747 (2013).

[47] I. Semchenko, S. Khakhomov, A. Balmakou, and S.
Tretyakov, The potential energy of non-resonant
optimal bianisotropic particles in an electromagnetic field
does not depend on time, Eur. Phys. J. Appl. Metamater. 1, 4
(2014).

[48] M. A. Ordal, R. J. Bell, R. W. Alexander, Jr., L. L. Long,
and M. R. Query, Optical properties of fourteen metals
in the infrared and far infrared: Al, Co, Cu, Au, Fe, Pb, Mo,
Ni, Pd, Pt, Ag, Ti, V, and W, Appl. Opt. 24, 4493 (1985).

[49] V. S. Asadchy, I. A. Faniayeu, Y. Ra’di, and S. A. Tretyakov,
Determining polarizability tensors for an arbitrary small
electromagnetic scatterer, Photonics Nanostruct. Fundam.
Appl. 12, 298 (2014).

[50] CST GmbH 2016 CST Microwave Studio, http://www.cst
.com.

[51] R. Zhao, Th. Koschny, and C. M. Soukoulis, Chiral Meta-
materials: Retrieval of the effective parameters with and
without substrate, Opt. Express 18, 14553 (2010).

[52] Seminex, Seminex Laser Diode T09-118 datasheet, http://
www.seminex.com.

[53] B. T. Draine, The discrete-dipole approximation and its
application to interstellar graphite grains, Astrophys. J.
333, 848 (1988).

[54] M.M. Burns, J.-M. Fournier, and J. A. Golovchenko,
Optical Binding, Phys. Rev. Lett. 63, 1233 (1989).

SINGLE-BEAM OPTICAL CONVEYOR BELT FOR CHIRAL … PHYS. REV. APPLIED 6, 014016 (2016)

014016-9

http://dx.doi.org/10.1109/TAP.2007.915428
http://dx.doi.org/10.1364/OL.34.002501
http://dx.doi.org/10.1364/OL.34.002501
http://dx.doi.org/10.1103/PhysRevB.81.235126
http://dx.doi.org/10.1103/PhysRevB.83.035105
http://dx.doi.org/10.1103/PhysRevB.83.035105
http://dx.doi.org/10.1126/science.1104467
http://dx.doi.org/10.1126/science.1104467
http://dx.doi.org/10.1016/j.photonics.2005.09.008
http://dx.doi.org/10.1103/PhysRevB.79.121104
http://dx.doi.org/10.1088/1367-2630/14/6/063002
http://dx.doi.org/10.1103/PhysRevLett.97.167401
http://dx.doi.org/10.1103/PhysRevB.80.153104
http://dx.doi.org/10.1103/PhysRevB.80.153104
http://dx.doi.org/10.1103/PhysRevLett.104.253902
http://dx.doi.org/10.1103/PhysRevA.93.043846
http://dx.doi.org/10.1109/TAP.2013.2256299
http://dx.doi.org/10.1051/epjam/2014005
http://dx.doi.org/10.1051/epjam/2014005
http://dx.doi.org/10.1364/AO.24.004493
http://dx.doi.org/10.1016/j.photonics.2014.04.004
http://dx.doi.org/10.1016/j.photonics.2014.04.004
http://www.cst.com
http://www.cst.com
http://www.cst.com
http://dx.doi.org/10.1364/OE.18.014553
http://www.seminex.com
http://www.seminex.com
http://www.seminex.com
http://www.seminex.com
http://dx.doi.org/10.1086/166795
http://dx.doi.org/10.1086/166795
http://dx.doi.org/10.1103/PhysRevLett.63.1233

