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Polarization-Dependent Optical Forces Arising from Fano
Interference
Yao Zhang,* Tianyue Li, Shuming Wang,* Zhenlin Wang, and Shining Zhu

A Fano resonance originates from the resonant coupling between interacting
multipoles inside nanostructures. It breaks the symmetry of spectral line
shape and enables Fano-resonant media to present unusual scattering
properties. However, understanding the mechanical effects of such multipolar
coupling systems is highly complex compared with the traditional simple
dipole. In this work, using single Si nanospheres as the Fano-resonant media,
optical forces arising from different types of Fano resonances including the
electric, magnetic, and magnetoelectric Fano resonances are investigated. It is
shown that the directions of these types of forces are tunable in three
dimensions. The necessary condition to realize a direction change of the
Fano-resonance-induced forces and elucidate the underlying physics are
presented. Furthermore, it is found that the Fano-resonance-induced forces
exhibit strong polarization-dependent properties which traditional optical
(dipolar) forces cannot possess.
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1. Introduction

The radiative interaction between
two multipoles results in a Fano
resonance.[1–3] An electric Fano reso-
nance (EFR) is generated by the interac-
tion between electric multipoles which
exist in plasmonic nanomaterials.[4] Mag-
netic multipoles are generally present
in “artificial magnetic” structures or
high-index dielectric nanomaterials such
as Si nanospheres.[5–7] The interaction
between the magnetic multipoles leads
to a magnetic Fano resonance (MFR).
Significant MFR or EFR can produce
unique scattering properties, rendering
Fano-resonant media particularly attrac-
tive for the development of chemical or
biological sensors and optical antenna
or switching.[2] Similarly, the magnetic

multipoles can interact with the electric multipoles, thereby, gen-
erating a magnetoelectric Fano resonance (MEFR).[8–10] Nanos-
tructures that support MEFR have been used for achieving unidi-
rectional scattering of light, which provides an efficient method
for controlling light at nanoscale and is important for light-on-
chip integration.[1,8–10] They are also exploited for advanced op-
tical manipulation, by harnessing the extraordinary optical mo-
menta, including the Belinfante’s spin momentum and imagi-
nary Poynting momentum.[5,7,11–14]

Since the Fano-resonant media can distinctively tailor the scat-
tered light, it should experience an unusual optical force in re-
sponse to the Fano resonance. Recently, several studies have
been performed on the Fano resonance force for a variety of Mie
nanostructures.[6,7,10,15–17] The force has also been explored for
pulsed light, by considering the nonlinear effects induced in the
materials.[18–20] It shows that the total optical force is sensitive
to the light wavelength and the size of the nanostructures. In
this letter, we offer a distinct perspective for the Fano resonance
forces, by highlighting their dependence on the phase difference
between interacting multipoles and on the polarization of a lin-
early polarized light. While the direction of polarization is usually
associated to the optical torque on asymmetric structures,[21] we
show that this fundamental characteristic of light controls also
the Fano resonance forces on isotropic homogeneous spheres.
Interestingly, the EFR, MFR, and MEFR forces exhibit different
dependence on the polarization direction.

2. Results

As single Si nanospheres (SiNSs) support both electric and
magnetic multipoles,[4–7] we use SiNSs of different sizes as the
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Figure 1. Multipoles inside a Si nanosphere (diameter: 120 nm) in water.
a) Partial scattering spectra contributed by a magnetic dipole (MD), a mag-
netic quadrupole (MQ), an electric dipole (ED), and an electric quadrupole
(EQ), respectively, as calculated via the Mie theory. b) Oscillating phases
of and phase difference between MD and MQ.

Fano-resonant media, with a permittivity of Si adapted from Ref.
[22]. Insight into the multipoles in a SiNS can be gained from
Figure 1, which shows the scattering cross-section Csca of the
SiNS (nominal diameter: 120 nm) in water, as determined via
the Mie theory[23]

Csca =
1

k2|||Einc
0
|||2

N∑
l=1

l∑
m=−l

(||pl,m
||2 + ||ql,m

||2) (1)

where |E0
inc|2 is the incident intensity, k is the wave number in

water, pl,m and ql,m denote the scattering coefficients associated
with magnetic and electric multipolar contributions, respectively.
Partial scattering spectra contributed by a magnetic dipole (MD),
a magnetic quadrupole (MQ), an electric dipole (ED), and an elec-
tric quadrupole (EQ) are shown while higher-order contributions
are negligible. A magnetic dipolar resonance (MDR) occurs at a
wavelength 𝜆 = 526 nm and an electric dipolar resonance (EDR)
occurs at 𝜆= 453 nm. In the short-wavelength region, a magnetic
quadrupolar resonance (MQR) and an electric quadrupolar res-
onance (EQR) occur at 𝜆 = 428 and 408 nm, respectively. Near
the multipolar resonance, the phase of the corresponding mul-

tipole is extremely sensitive to the light wavelength. Figure 1b
plots the phases of the MD and the MQ, as well as their phase
difference. When the light wavelength passes through the MDR,
the phase of the MD changes abruptly by ≈2 rad, but the phase
of the MQ (with resonance MQR spectrally separated from the
MDR) is almost constant. During this process, both multipoles
can oscillate with mutually orthogonal phases, i.e., with an MD–
MQ phase difference of 𝜋/2. Similarly, near the MQR, the phases
of the MD and the MQ can also be mutually orthogonal. Addition-
ally, the two multipoles can oscillate in phase, i.e., with a phase
difference of zero, at the blue side of the MQR. As will be shown
below, these two-phase relationships play an important role
in determining the direction of each Fano-resonance-induced
force.

The total time-averaged optical force acting on the SiNS can
be calculated by the integral of time-averaged Maxwell stress
tensor,[24] or the real part of Nieto–Xu equation[25]

Fi = ∫ sRe(Tij)njdS (2)

where nj denotes a component of a vector normal to the integra-
tion surface S and Tij = [𝜖Ei*Ej + BiBj* − 𝛿ij(𝜖|E|2 + |B|2)/2]/4𝜋.
Note that the electric and magnetic fields, E and B, correspond to
the total electromagnetic field that includes both the incident and
scattered fields. Using the generalized Lorenz–Mie theory,[26] the
incident field can be expanded in terms of vector spherical wave-
functions (VSWFs) as follows

Einc =
lmax∑
l=1

l∑
m=−l

almM(1)
lm + blmN(1)

lm (3)

where M(1)
lm and N(1)

lm are VSWFs characterized by spherical Bessel
functions, and the expansion coefficients alm and blm are deter-
mined by the parameters of the incident field. The scattered field
can also be expanded

Einc =
lmax∑
l=1

l∑
m=−l

almM(1)
lm + blmN(1)

lm (4)

where M(3)
lm and N(3)

lm are VSWFs based on spherical Hankel func-
tions of the first kind, and the scattering coefficients plm and qlm
are linked to alm and blm via Mie coefficients Pl and Ql

plm = Plalm = ||Pl
|| ||alm

|| exp[i(𝜙l + 𝛼lm)
]
, qlm = Qlblm

= ||Ql
|| ||blm

|| exp
[

i(𝜑l + 𝛽lm)] (5)

where ϕl, 𝜑l, 𝛼lm, and 𝛽 lm denote the phases for Pl, Ql, alm, and
blm, respectively. Note that for nonabsorbing particles, the phase
and modulus of the Mie coefficients are related, so that Pl and Ql
can be expressed in terms of single variables.[9,27,28]

Substituting Equations (3) and (4) into Equation (2) and apply-
ing numerous recursions, product, and the orthogonality of the
VSWFs yields the z component of the total optical force acting on
a nanosphere in water[26]
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Fz = − 𝜀

8𝜋k2

lmax∑
l=1

l∑
m=−l

{
Im(2pl+1,mp∗

lm + pl+1,ma∗
lm + al+1,mp∗

lm + 2ql+1,mq∗lm+ql+1,mb∗lm+

bl+1,mq∗lm)

√
l(l + 2)

l + 1

√
(l + m + 1)(l − m + 1)

(2l + 1)(2l + 3)
− Re(almq∗lm + plmb∗lm + 2plmq∗lm) m

l(l + 1)

} (6)

where 𝜖 is the dielectric constant of water. We can readily deter-
mine the Fano-resonance-induced force that is composed of the
products of the scattering coefficients. This force can be written
as the sum of three terms

FFano = FEFR + FMFR + FMEFR (7)

where

FEFR = − 𝜀

4𝜋k2

lmax∑
l=1

l∑
m=−l

||Ql+1
|| ||Ql

|| ||bl+1,m
|| ||blm

|| sin (Δ𝜙l+1,l + Δ𝛽l+1,lm)

√
l(l + 2)

l + 1

√
(l + m + 1)(l − m + 1)

(2l + 1)(2l + 3)
(8)

FMFR = − 𝜀

4𝜋k2

lmax∑
l=1

l∑
m=−l

||Pl+1
|| ||Pl

|| ||al+1,m
|| ||alm

|| sin
(
Δ𝜙l+1,l + Δ𝛼l+1,lm

) √
l (l + 2)

l + 1

√
(l + m + 1) (l − m + 1)

(2l + 1) (2l + 3)
(9)

and

FMEFR = 𝜀

4𝜋k2

lmax∑
l=1

l∑
m=−l

||Pl
|| ||Ql

|| ||alm
|| ||blm

|| cos
(
Δ𝛾l + Δ𝜒lm

) m
l (l + 1)

(10)

Note that we have expressed the scattering coefficients in terms
of the Mie coefficients using Equation (5), and the phase differ-
ences are given by

Δ𝜑l+1,l = 𝜑l+1 − 𝜑l,Δ𝜙l+1,l = 𝜙l+1 − 𝜙l,Δ𝛾l = 𝜙l − 𝜑l
Δ𝛽l+1,lm = 𝛽l+1,m − 𝛽lm,Δ𝛼l+1,lm = 𝛼l+1,m − 𝛼lm,Δ𝜒lm − 𝛼lm − 𝛽lm

(11)

The symbols used in this work are summarized in Table 1. The
MFR-induced force FMFR and the EFR-induced force FEFR origi-
nate from the products of multipoles of the same type with ad-
jacent orders, whereas the MEFR-induced force FMEFR is derived
from the products of the magnetic and electric multipoles with
the same order. For a given incident field, the phase differences
Δ𝛽 l+1, lm, Δ𝛼l+1, lm, and Δ𝜒 lm are fixed, so the directions of FEFR,
FMFR, and FMEFR are just determined by the phase differences
between corresponding interacting multipoles (Δ𝜑l+1, l, Δϕl+1, l,
and Δ𝛾 l). Equations (8)–(10) not only give us ways to calculate
the three types of forces that are based on distinct Fano reso-
nances, but their cumulative forms also reveal the force contribu-
tion from multipoles with specific orders. For example, by setting
l = 1 in Equations (9) and (10), one can obtain FMFR and FMEFR

originating from a dipole-quadrupole MFR and a dipolar MEFR,
respectively.

Figure 2 shows the wavelength dependence of the Fano-
resonance-induced forces and the phase differences of the inter-
acting multipoles for different-sized SiNSs. The forces along the
axial (left panels) and transverse (right panels) directions are cal-
culated by applying two different illumination systems based on
a TEM00 Gaussian beam (N.A. = 1.2) of linear polarization, as il-

lustrated in insets I and II. In inset I, the SiNS is placed at the
focus center of x-polarized light propagating along +z direction,
so that the forces in the z direction represent the axial forces. We
investigate the transverse forces via 90° rotation of the coordinate
system. In this case (see inset II), the light propagates along the
+x direction with polarization along the z axis and therefore, the
forces in the z direction are actually the transverse forces. To gen-
erate nonzero transverse forces, the SiNS is placed on the focal
plane, but is deviated from the axis by a displacement Δz = w0/2
along the +z direction (where w0 is the beam waist). Here, FMFR,
FMEFR, and FEFR considered here are derived from the MD–MQ,
MD–ED, and ED–EQ interactions (insets III-VI), respectively. In

Table 1. List of the quantities and corresponding symbols used in the pa-
per.

Quantities Symbols
(mag., elec.)

Symbols
for phase

Phase difference

Mie coefficients Pl, Ql ϕl, 𝜑l Δ𝜑l+1, l = 𝜑l+1 − 𝜑l,
Δϕl+1, l = ϕl+1 − ϕl,

Δ𝛾 l = ϕl − 𝜑l

IF coefficients alm, blm 𝛼lm, 𝛽 lm Δ𝛽 l+1, lm = 𝛽 l+1,m − 𝛽 lm,
Δ𝛼l+1, lm = 𝛼l+1,m − 𝛼lm,

Δ𝜒 lm = 𝛼lm − 𝛽 lm

SF coefficients plm , qlm – –

IF, incident field; SF, scattered field. The phase of SF coefficients are determined by
the phase of both the Mie and IF coefficients.
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Figure 2. Dependence of the Fano-resonance-induced forces on the phase difference between interacting multipoles in the axial (left panels) and trans-
verse (right panels) directions. a) Magnetic, b) magnetoelectric, and c) electric Fano-resonance-induced force and phase difference as a function of the
light wavelength and the diameter of the SiNS. Black dashed lines demarcate the zero-force positions or specific values of the phase differences. Insets
I and II show the illumination geometries used for calculation of the forces in the axial and transverse directions, respectively. Insets III–VI represent
schematics of the multipoles inside the SiNS.

this case, the phase differences between the interacting multi-
poles for MFR, MEFR, and EFR are Δϕ2,1, Δ𝛾1, and Δ𝜑2,1, re-
spectively.

In the axial direction, FMFR is zero when the phase of MQ is
orthogonal to that of MD (i.e., Δϕ2,1 = ±𝜋/2) (Figure 2a); FMFR is

positive for Δϕ2,1 > 𝜋/2 or Δϕ2,1 < −𝜋/2 and is negative for −𝜋/2
< Δϕ2,1 < 𝜋/2 (Figure 2a). However, in the transverse direction,
FMFR vanishes for in-phase oscillations (i.e.,Δϕ2,1 = 0), and is pos-
itive (or negative) for Δϕ2,1 < 0 (or Δϕ2,1 > 0). The sign of FMEFR
or FEFR exhibits the same dependency on the phase difference
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Figure 3. Polarization-dependent Fano-resonance-induced forces in the
transverse direction. Transverse force spectra arising from the a) elec-
tric Fano resonance, b) magnetic Fano resonance, and c) magnetoelectric
Fano resonance associated with different polarization directions 𝜃.

as that of FMFR (Figure 2b,c). Therefore, FMFR, FMEFR, and FEFR
are considered proportional to cosΔϕ2,1, cosΔ𝛾1, and cosΔ𝜑2,1,
respectively, in the axial direction, but proportional to sinΔϕ2,1,
sinΔ𝛾1, and sinΔ𝜑2,1, respectively, in the transverse direction. In
addition, both illumination geometries (insets I and II) yield the
same distribution of phase differences for MFR, MEFR, and EFR,
indicating that the phase difference is insensitive to light inten-
sity.

The polarization direction of the light is located in the trans-
verse plane and therefore, owing to symmetry, should have no
effect on the axial forces. However, we found that the transverse
forces are strongly dependent on the polarization direction. Fig-
ure 3 shows the transverse force spectra of a SiNS (diameter: D
= 120 nm) obtained for different polarization directions 𝜃 (0 ≤ 𝜃

≤ 𝜋/2) with respect to the +z direction (see the inset). The mag-
nitude of FEFR and FMFR can be varied by changing 𝜃. However,
with the changes of 𝜃, FEFR, and FMFR are changed with a con-
trary tendency. The magnitude of FEFR increases with increasing
𝜃 and is minimum and maximum at 𝜃 = 0 and 𝜃 = 𝜋/2, respec-
tively (Figure 3a). In contrast, the magnitude of FMFR decreases
with increasing 𝜃 and is minimum and maximum at 𝜃 = 𝜋/2
and 𝜃 = 0, respectively (Figure 3b). For FMEFR, both the sign and
magnitude can be tuned by changing 𝜃; FMEFR decreases with in-

creasing 𝜃, vanishes for 𝜃 = 𝜋/4, and is negative for 0 ≤ 𝜃 < 𝜋/4
and positive for 𝜋/4 < 𝜃 ≤ 𝜋/2 (Figure 3c).

3. Discussion

As reported in previous studies,[11–13,29–32] the optical force acting
on a dipolar particle consists of two main components: a canoni-
cal radiation pressure and an intensity gradient force. The former
is proportional to the optical orbital momentum (or phase gradi-
ent), whereas the gradient force is proportional to the light inten-
sity gradient and can change its sign, when the light wavelength
passes through the dipolar resonance. Therefore, forces acting on
these particles are insensitive to the light polarization; also, the
directions of these forces are expected to have only one turning
point when changing the light wavelength or the size of the par-
ticle. In contrast, the directions of the Fano-resonance-induced
forces have multiple turning points (Figure 2). Furthermore, the
direction of FMEFR as well as the magnitudes of FEFR and FMFR can
be tuned by the polarization direction (Figure 3).

These unique characteristics of the Fano-resonance-induced
forces would provide additional degrees of freedom for opti-
cal manipulation.[33–37] For example, achieving controllable op-
tical forces to actuate optomechanical devices is essential for
levito-dynamics systems.[38,39] Generally, the gradient force acts
as the actuation force and, hence, the force, and therefore the de-
vices, can be controlled by changing the light wavelength. Using
Fano-resonant media as optomechanical devices may constitute
a highly flexible optomechanical system, because the force can
be controlled by changing the polarization direction, which (in
practice) is more convenient than changing the light wavelength.

4. Conclusion

We have investigated the optical forces arising from the differ-
ent types of Fano resonances in three dimensions using SiNSs as
the Fano resonant media. Based on the types of interacting multi-
poles, the optical force associated with the Fano resonance can be
written as the sum of three terms: the pure magnetic contribution
(FMFR), the pure electric contribution (FEFR), and the contribution
from magnetoelectric hybridization (FMEFR). These three types of
forces exhibit different relations with the polarization direction
of light. In the transverse direction, the direction of FMEFR can be
tuned by light polarization. It is shown that light with orthogonal
polarization directions can exert FMEFR of opposite sense on the
SiNS. The direction and magnitude of both FMFR and FEFR are
invariant with and strongly dependent on, respectively, the po-
larization direction. The magnitudes of FEFR and FMFR decrease
and increase, respectively, when the polarization direction devi-
ates from the transversal displacement direction of the SiNS. The
three types of forces have similar dependencies on the phase dif-
ference between the interacting multipoles. In the axial direction,
each force is proportional to the cosine value of the phase dif-
ference between the multipoles, but is proportional to the sine
value of the phase difference in the transverse direction. Based on
these physical properties, the directions of these forces, in prac-
tice, can be tuned by changing the light wavelength and the size
of the SiNS. The underlining physics is the significant phase vari-
ation near the multipolar resonance. When the light wavelength
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passes through the resonance of one multipole, the phase of this
multipole will vary significantly, whereas the phase of the other is
almost maintained (Figure 1b). During this process, the two mul-
tipoles easily pass through a zero-phase difference or a 𝜋/2-phase
difference, leading to a change in the sign of the induced force
in a certain (axial or transverse) direction. The understanding of
Fano-based mechanical effects would facilitate new applications
of Fano resonances in the field of optical manipulation and op-
tomechanical systems.
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