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Resonant binding of dielectric particles to a metal surface without plasmonics
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A high index dielectric spherical particle supports the high-Q resonant Mie modes that result in a regular series
of sharp resonances in the radiation pressure. The presence of a perfectly conducting metal surface transforms
the Mie modes into extremely high-Q magnetic bonding or electric antibonding modes for the close approach of
a sphere to a surface. We show that an electromagnetic plane wave with normal incidence results in repulsive or
attractive resonant optical forces relative to a metal for the excitation of electric bonding or magnetic antibonding
resonant modes, respectively. A magnitude of resonant optical forces reaches the order of 1 nN of magnitude
for micron-sized silicon particles and a power of light 1 mW/μm2 that exceeds the gravitational force by four
orders. However, what is the most remarkable is there are steady positions for a sphere between the pulling and
pushing forces that give rise to the resonant binding of the sphere to a metal surface.
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I. INTRODUCTION

The illumination of a dielectric spherical particle by a plane
wave with a definite wave vector gives rise to radiation pres-
sure which drags the particle along the wave vector because
of the preservation of momentum. Irvine has shown that a
regular series of sharp resonances in the radiation pressure
superimposes on this placid background of radiation pressure
caused by the excitation of Mie resonant modes with a high-Q
factor in dielectric spherical particles [1]. In 1977, Ashkin
and Dziedzic reported the first precise observation of these
resonances based on force spectroscopy [2]. The illumination
of spherical particles by spatially structured beams can even
pull particles because of the absence of definite longitudinal
momentum [3–5]. However, irrespectively there are no equi-
librium positions for particles over the axis of a beam.

Obviously, the presence of a surface which reflects an
incident plane wave can drastically change a situation with the
equilibrium positions for the particles, i.e., the surface can trap
outside particles. A dielectric surface can trap particles using
the evanescent tails of waveguide modes [6] while a metal
surface can trap particles due to the unidirectional excitation
of surface plasmonic waves (SPWs) by oblique plane waves
[7–14]. A similar way to trap dielectric particles is based on
the excitation of SPWs and volumetric hyperbolic waves on
hyperbolic surfaces [15]. A key issue in particle trapping by
evanescent tails is the formation of a stable equilibrium in the
transverse direction which is rather close to the surface while
in the direction along the surface the stability of the particles
remains in question.

In the present Letter we show that a metal surface can
trap dielectric spheres with a high refractive index (silicon)
in two ways. In the first way the surface strongly absorbs
the spheres at a minimal distance around magnetic antibond-
ing resonances. The particles can also be trapped at finite

distances between the surface and spheres when a plane wave
excites the high-Q electric bonding modes, causing levitation
of the spheres over a metal surface. Resonant trapping occurs
for a perfectly reflecting metal as for a real metal (silver)
where electromagnetic waves scattered by a sphere excite the
surface plasmon waves, which however are not relevant for
resonant trapping at normal incidence of the plane waves. For
the case of a perfectly conducting metal the problem of scat-
tering can be solved by resorting to image theory, according
to which a field scattered into an accessible half space by a
sphere in the presence of a reflecting surface coincides with a
field scattered by a compound object that includes the particle
and its image, provided the exciting field is the superposition
of the actual incident field and of the field that comes from the
image source [16]. Therefore the problem can be considered
as a scattering of electromagnetic (EM) waves by two spheres.
The presence of a second particle or any scattering object
leads to multiple scattering between the object and particle
and can then lead to the optical binding of the particle to the
object even under the illumination of one beam. This peculiar
manifestation of optical forces is often referred to as optical
binding, and it was first discovered by Burns et al. on a system
of two plastic spheres in water in 1989 [17]. For the case
of a silver metal substrate we use a multipolar approach by
Takemori et al. [18] which was subsequently compared to
results obtained by COMSOL PHYSICS.

Sharp features in the force spectroscopy, causing a mutual
attraction or repulsion between successive photonic crys-
talline layers of dielectric spheres under illumination of a
plane wave, have been presented by Antonoyiannakis and
Pendry [19]. Each layer is specified by extremely narrow
resonances which transform into bonding and antiboding
resonances for the closely approaching layers. It was re-
vealed that lower-frequency bonding resonance forces push
the two layers together and higher-frequency antibonding

2469-9926/2021/103(5)/L051501(5) L051501-1 ©2021 American Physical Society

https://orcid.org/0000-0002-8690-0100
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.103.L051501&domain=pdf&date_stamp=2021-05-26
https://doi.org/10.1103/PhysRevA.103.L051501


BULGAKOV, PICHUGIN, AND SADREEV PHYSICAL REVIEW A 103, L051501 (2021)

FIG. 1. Force normal to a silver surface acting on a silicon sphere
with radius a = 0.55 μm and refractive index n = 3.464 at a distance
L = 1.2a between the center of the sphere and surface under illumi-
nation of a plane wave with intensity P = 1 mW/μm2. The black
dotted line shows the radiation pressure acting on a bare sphere,
the red solid line shows the case of an ideal metal, and the blue
dashed-dotted line shows the case of a silver metal with refractive
index n = 0.14 + 11i at λ = 1.5 μm. Subindices enumerate the or-
bital momentum l of the Mie resonances of a bare sphere. The inset
shows a sphere above the metal surface and its image below.

resonance forces pull them apart. These conclusions are based
on an analogy of the Maxwell’s equations with the quantum
mechanics, in particular with molecular orbitals. Later we
reported these disclosures for coupled photonic crystal slabs
[20], two planar dielectric photonic metamaterials [21], two
silicon spheres [22,23], and two coaxial disks [24]. Similarly
for the case of a dielectric sphere with a large refractive index
at a perfectly conducting surface the high-Q Mie resonant
modes transform into bonding transverse magnetic (TM)-type
or antibonding transverse electric (TE)-type modes which
give rise to attractive or repulsive resonant forces because of
the boundary conditions. What is important is that these forces
considerably exceed by two orders of magnitude the resonant
pushing forces in the case of a bare sphere [1,2].

II. OPTICAL FORCES

The problem is solved by the T -matrix approach [25] that
allows us to calculate the optical force acting on the particle
via the stress tensor [26],

Fα =
∫

TαβdSβ,

Tαβ = 1

4π
EαE∗

β − 1

8π
δαβ |E|2 + 1

4π
HαH∗

β − 1

8π
δαβ |H|2.

(1)

In what follows we consider a plane wave incident normally
to the metal surface as shown by the red wavy line in the inset
of Fig. 1. That makes the system equivalent to two identical
spheres in air in the superposed standing wave E0

−→e x sin kz
with an even solution for Ez and an odd solution for Hz.

FIG. 2. Absolute values of components of the EM field of reso-
nant modes at a distance L = 1.2a from an ideally conducting surface
shown by the black solid lines with corresponding complex resonant
frequencies.

Respectively we have odd or even solutions for the tangential
components of EM fields. The results of the calculations are
presented in Fig. 1 where the dotted line shows the radiation-
pressure force onto a bare sphere in air with peaks located at
the Mie resonant modes indexed by the orbital momentum l .
That approach differs from the consideration of optical forces
effecting the dielectric particles by metal surfaces due to the
excitation of the surface plasmon modes by oblique plane
waves [8–10,27].

When two spheres in air are approaching, the Mie res-
onances of each sphere are split and their resonant modes
are hybridized, forming bonding and antibonding resonant
modes irrespective of polarization. Respectively, a sign of
optical force between two spheres follows these modes [23].
For the present case of one sphere near the metal surface the
Mie resonances are not split when the sphere approaches the
surface but are only shifted, as force spectroscopy shows in
Fig. 1. The reason is related to the odd standing-wave field
sin kz affecting the sphere and its image can excite only odd
resonant modes for tangential components of the electric field.
One can see that for the TE resonances the shift is positive
with repulsive optical forces while for the TM resonances the
shift is negative with attractive forces. In order to comprehend
this rule we show in Fig. 2 the resonant modes TE5 and TM5

from a perfectly conducting surface. For the TE5 one can
see the transverse components of the magnetic field dominate
compared to the Ez in space between the sphere and surface.
Therefore the stress-tensor component can be approximated
as Tzz ≈ − 1

8π
(|Hx|2 + |Hy|2) < 0. Then we can consider that

the force Fz ∼ Tzzσ > 0. Here, σ is a small area at the bottom
of the sphere directed oppositely to the z axis and inside of
which the magnetic field dominates. Therefore the excitation
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FIG. 3. The optical force between a sphere and an ideally con-
ducting surface vs the frequency and distance for illumination of the
plane mode with normal incidence. Dashed (solid) lines show steady
(unsteady) positions of the sphere.

of the TE resonances results in a positive force, i.e., the re-
pulsive force that indeed fully agrees with Fig. 1 for TE reso-
nances. As for the resonant mode TM5 one can see from Fig. 2
that Ez dominates over the magnetic field at the bottom of the
sphere to have Tzz ≈ 1

8π
(|Ez|2 − |Hx|2 − |Hy|2) > 0. There-

fore the excitation of the TM resonances result in an attractive
force, as also agrees with Fig. 1. These results hold also for the
case of a real silver metal surface with a refractive index n =
0.14 + 11i with however slightly reduced values of the optical
force, as shown in Fig. 1 by the blue dashed-dotted line.

In Fig. 3 we show the results of calculations of the opti-
cal force versus the frequency of a plane wave with normal
incidence and power 1 mW/μm2 and distance between the
sphere and metal surface. Because of the oscillating behav-
ior of the optical force [23,28] one can see that attractive
resonant forces around the TMl−1 resonances are substituted
by repulsive forces around the TEl resonances. Similar to
Figs. 1 and 3 manifests force spectroscopy by Ashkin and
Dziedzic [2]. Figure 3 shows also equilibrium positions versus
the frequency and the distance between the sphere and metal
surface.

The insets in Fig. 3 demonstrate a considerable enhance-
ment of optical forces up to hundreds of pN that exceed the
gravitational forces by four orders for micron-sized silicon
particles. Expectedly, such an enormous enhancement of res-
onant forces is the result of extremely large Q factors of the
resonances as was considered in Refs. [19,29]. If the resonant
amplitudes of EM fields are proportional to

√
Q, the resonant

forces grow linearly with Q, as follows from Eq. (1). On the
other hand, the Q factor of the Mie modes rapidly grows
with large l [30] to expect similar behavior for the radiation
pressure. However, as shown by the dotted line in Fig. 1, we
have no such dependence of peaks of the radiation pressure on
l . Besides the Q factor, the coupling constant of the incident
plane field with the corresponding resonant mode contributes
to the resonant optical force. Because of the increase of the
number of nodal surfaces in the resonant modes with l , the

1 1.5 2 2.5 3
0

1

2

3

4

5
x 10

4

L/a

Q

TE5

(a)
TE6

1 1.5 2 2.5 3

0

400

800

1200 (b)

FIG. 4. (a) The Q factor and (b) resonant force, vs the distance
between a particle and metal silver surface for the case of excitation
of the TE5 and TE6 resonant modes by a plane wave with power
1 mW/μm2.

coupling has a tendency to decrease. In particular, Liu et al.
have observed already that the higher-Q state exhibits a much
weaker coupling to the external radiation [29]. Figure 4 also
demonstrates the absence of a strict correlation between the Q
factor and force in the present case. Moreover, the presence
of a metal surface contributes to a difference between forces
at the top of a sphere and at the bottom that complicates the
behavior of the resonant forces with l . For example, forces
resulting by excitation of the TM5 and TE6 resonances yield
forces by the TM4 and TE5 resonances.

III. RESONANT SORTING OF SPHERES

The subplots of force around resonances with high index l
in Fig. 3 demonstrate that the equilibrium positions of a sphere
relative to a metal surface can be resonant over L, which
however are crossed by the areas almost independent of L. In
order to see these observations in a more comprehensive way,
we present the potential relief versus frequency and distance
between a sphere and metal surface by integrating the force Fz

over z. The fragment of potential is shown in Fig. 5(a), which
demonstrates an extremely deep confining potential around
the electric bonding resonance TE5 and a large potential bar-
rier absorbing the sphere at the metal surface if the frequency
of incident light is close to the magnetic antibonding res-
onance TM4. The potentials around other resonances show
similar behaviors. One can see that both cases enormously

FIG. 5. (a) Potential relief in degrees Kelvin normalized to the
Boltzmann constant kB vs the frequency of incident light and distance
between a perfectly conducting metal surface and center of a sphere
in the vicinity of TM4 and TE5 resonances.
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exceed room temperature. Therefore we can conclude that a
metal surface can strongly absorb silicon spherical particles
under normal incidence of a plane wave with a relatively small
power of 1 mW/μm2 provided that a laser beam excites the
magnetic antibonding resonances TMl . That case is shown by
the solid lines in Fig. 5(b). On the other hand, excitation of
the electric bonding resonances gives rise to the levitation of
spheres over the metal surface at definite distances as depen-
dent on the orbital momentum l . That case is shown by the
dashed lines in Fig. 5(b). Since the frequency is measured in
terms of the sphere radius as ka, we can conclude that the
processes of binding or repulsion of spheres are very sensitive
to the sizes of the particles as Fig. 3 clearly shows. If we were
to assume that the spheres of different sizes are flowing in
a viscous liquid, a plane wave with a definite frequency will
mostly repel particles except those particles whose radii fit
to the TMl resonances. Therefore some fracture of spheres
of definite radii will be trapped on definite distances from
the metal surface, which can pave a way for the resonant

sorting of particles by size. That brings a different potential
to exploit these results for optical trapping and for optical
resonant sorting [31–35].

One can expect that the larger optical forces will take
away the sphere into positions far from resonance in or-
der to diminish the forces. Indeed, this conclusion holds for
resonances with lower l . However, for extremely high-Q res-
onances with angular momentum l = 5, 6, . . . one can see
that the steady distances of silicon spheres from the metal
surface are close to the resonant frequencies. That tendency
for particles to be placed into positions close to resonance
was revealed also in a Fabry-Pérot resonator with movable
mirrors [36].
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