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Tunable transverse optical force via nonreciprocity
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The transverse optical force adds an extra degree of freedom for optical manipulation. In this paper, based
on the full wave simulation, we find that an achiral sphere can experience a transverse optical force in the field
of a circularly polarized or linearly diagonally polarized electric dipole source in the vicinity of a doped InSb
substrate. When the dipole is circularly polarized, the transverse force results from the asymmetrical distribution
of the excited surface waves. However, when the dipole is linearly diagonally polarized, the transverse force
stems from the combined effect of the surface waves and asymmetrical propagating waves. More importantly,
the magnitude and direction of the transverse force can be adjusted by applying a magnetic field parallel to the
InSb substrate, due to the generated additional nonreciprocity. Our paper expands the scope of transverse optical
force by nonreciprocity.
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I. INTRODUCTION

Recently, significant research interest has emerged in the
transverse optical force. This force typically emerges from
the breaking of some form of symmetry. Examples include
inherent asymmetry in chiral material or chiral structure sys-
tems [1–3], broken symmetry in geometry [4,5], the breaking
of electric-magnetic symmetry [6], scattering asymmetry in-
duced by spin-orbit coupling [7–9], directional Belinfante
spin momentum or transverse spin angular momentum of the
incident field [10–12], and others [13–16].

An evanescent wave is a typical optical field that generates
transverse optical force. It can be generated through total
internal reflection at the interface between two media [12,17–
21]. One notable advantage of this mechanism is its ability
to produce evanescent waves with various polarization states
[10,12,19–22]. It has been found that an evanescent wave with
circular or diagonal linear polarization can induce a transverse
optical force on an achiral spherical particle, where both the
incident field and the illuminated particle exhibit no apparent
left-right asymmetry [10,12]. However, the amplitude of the
transverse optical force generated by this evanescent wave
is relatively small [12]. Surface-plasmon polaritons (SPPs),
propagating at the interface between dielectric and metallic
materials, are also a type of evanescent wave. These sur-
face waves can be generated using configurations such as the
Kretschmann and Otto configurations [23]. The optical force
within this field can be significantly enhanced due to its high
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local energy density [23,24]. However, SPPs are typically
limited to the transverse magnetic polarization mode. This
limitation arises from the requirement of continuity in elec-
tromagnetic boundary conditions at the interface between the
two media [24,25]. As a result, the generation of a transverse
optical force from the reciprocal SPPs is forbidden [12]. Thus,
designing a system that combines enhanced optical fields with
a flexible tuning mechanism to generate a transverse optical
force becomes important.

In this paper, as illustrated in Fig. 1(a), we consider a
physical system comprising an electric dipole source near a
doped InSb substrate and a manipulated particle. The dipole
source positioned above the substrate provides the manipu-
lated particle with an optical field containing rich polarization
information [11,29,30] and high local energy density [23–25],
among other characteristics [31–33]. This radiation source
could be an optical probe of a scanning near-field optical mi-
croscope [34,35], a small illuminated particle in the Rayleigh
limit [36,37], or something similar [2,38,39], with a diverse
wave-vector distribution [37,40]. The dipole sources can si-
multaneously generate propagating and evanescent waves.
When the dipole source is in close proximity to a substrate,
it can excite the surface waves. Due to the conservation of
momentum, the surface waves exhibit the same asymmetry as
the evanescent components of the dipole source [37,40–44].
Furthermore, the surface waves on the InSb substrate can be-
come nonreciprocal [asymmetric dispersion ω(k) �= ω(−k)]
and tuned when a magnetic field is applied parallel to its
surface (along the y direction). To generate surface waves
on the doped InSb substrate and ensure that these waves
respond well to a magnetic field, we use a dipole source with
a radiation wavelength of 50 µm. This parameter setting aids
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(a)

(b)

FIG. 1. (a) Schematic plot illustrating a manipulated polystyrene
sphere in the optical field of an electric dipole source near a doped
InSb [26,27] substrate. (b) The real part of InSb’s dielectric tensor
components vs the wavelength at a magnetic field of B = 1 T. Refer
to the inset for the specific form of the dielectric tensor [28]. The
shaded area indicates the approximate locations of SPhPs.

in achieving combined modulation of various mechanisms
on the transverse optical force. The excited surface waves
in this instance are mainly the surface phonon polaritons
(SPhPs) [45], as shown in Fig. 1(b). SPhPs result from the
coupling between electromagnetic waves and optical phonons
of polar materials. They are active in the midinfrared and
share similar characteristics with SPPs, such as propagation
along a boundary, and high field density at the surface, among
others [45,46].

We explored the transverse optical force under the inter-
play of multiple mechanisms based on full wave simulations.
It is found that, in the absence of magnetic field, the prop-
agating component of a circularly polarized electric dipole
radiation [p = (1, 0, i)] is symmetrical in the x direction while
it exhibits a asymmetric spectrum in its evanescent compo-
nent. When it is placed in proximity to the InSb substrate,
the surface waves are excited by the evanescent component.
Then the particle on the y axis will experience transverse
optical force due to asymmetric surface waves. In the case
of a linearly diagonally polarized electric dipole source
[p = (1, 0, 1)], the propagating waves are asymmetrical in
the x direction, generating the transverse optical force on
the particle placed on the y axis. Although the surface wave
does not display evident left-right asymmetry, the oblique
linear polarization properties of the total field along the y
axis will still generate a transverse optical force on the par-
ticle. This total field primarily consists of the SPhPs excited
by the p-polarized component of the electric dipole source,

as well as the propagating wave from both the p- and s-
polarized components of the electric dipole source. Hence,
the transverse optical force on the particle results from the
competition between these two mechanisms. Additionally, the
magnetic field applied in the InSb substrate introduces another
nonreciprocal [46–49] competition mechanism. We discover
that the magnitude and sign of the transverse optical force
can be further controlled by the magnetic field in both the
circularly polarized and linearly diagonally polarized electric
dipole cases.

II. TRANSVERSE OPTICAL FORCE WITHOUT
MAGNETIC FIELD

Before investigating the transverse optical force exerted
on the manipulated particle in Fig. 1(a), we first analytically
analyze the optical field generated by an electric dipole in
free space. For an electric dipole p = (px, py, pz ) placed at
h = (0, 0, z0), the radiated electric field E can be expressed
using the angular spectrum as follows [25,29,42,50]:

E(x, y, z) =
∫∫ ∞

−∞
E(kx, ky; z0)ei(kxx+kyy+kz |z−z0|)dkxdky, (1)

in which the time dependence e−iωt has been assumed and
omitted for simplicity. When projected onto the s- and p-
polarized basis vectors (ês and ê±

p ), the angular spectrum of
the electric field can be written as the sum of the s- and
p-polarized components [37]:

E(kx, ky; z0) = ik2

8π2ε0

1

kz
[(ês · p)ês + (ê±

p · p)ê±
p ], (2)

where + and − symbols in ê±
p indicate the fields calculated

above and below z = z0, respectively. ês and ê±
p are defined as
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(
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)
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Here, k represents the wave number in the background
medium, and kρ =

√
k2

x + k2
y satisfies k2

ρ + k2
z = k2.

The angular spectrum of electric dipole radiation, as
described in Eq. (2), offers direct insights into the direc-
tionality of both evanescent and propagating components.
The p-polarized components of the angular spectrum for
a circularly polarized and a linearly diagonally polarized
electric dipole along kx (assuming ky = 0) are plotted in
Figs. 2(a) and 2(b), respectively. As shown in Fig. 2(a),
a circularly polarized dipole [p = (1, 0, i)] in the xz plane
shows symmetry for the propagating component (|kx| < k,
as also shown in the inset for dipole radiation in free
space) and asymmetry for the evanescent part (|kx| > k).
Conversely, Fig. 2(b) presents a linearly diagonally polar-
ized dipole [p = (1, 0, 1)] in the xz plane, which displays
asymmetry for the propagating component (|kx| < k, as also
depicted in the inset) and symmetry for the evanescent
part (|kx| > k). In addition, Eqs. (2) and (3) reveal that for
both polarization states of the dipole source considered, the
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FIG. 2. The absolute values of the angular spectrum for the p-polarized component along kx (ky = 0) are displayed for an electric dipole
source with circular polarization (a) and diagonal linear polarization (b). The insets illustrate the amplitude of the electric field for the dipole
source radiating in free space. (c, d) Electric field induced by an electric dipole source in the presence of a doped InSb substrate with
the permittivity described by the Drude model [26,28]. The dipole source is positioned at z0 = 0.5 µm above the substrate surface. The
source displays circular and diagonal linear polarization in (c) and (d), respectively. The color map and white arrows signify the amplitude and
direction of the electric field. The dipole sources used in (c) and (d) and the insets in (a) and (b) have a radiation wavelength of 50 µm, with a
dipole strength of 2.544 × 10−14 C m. The color bars for (c) and (d) and for the insets in (a) and (b) are unified, as shown in (c).

s-polarized component of the angular spectrum always main-
tains symmetry about kx for both propagating and evanescent
components [37]. Hence, the directionality of the electric
dipole’s radiation is determined exclusively by the p-polarized
component.

The evanescent component (|kx| > k) of the p-polarized
angular spectrum can play a crucial role [37,40–42] when
the dipole source is near the doped InSb substrate. When
we consider the midinfrared wavelengths, because of mo-
mentum conservation, this evanescent component matches
the parallel wave vector of the substrate-supported surface
phonon, efficiently exciting the SPhPs [37,42,45,46]. These
SPhPs demonstrate the same asymmetry as the evanescent
component of the dipole source. Figures 2(c) and 2(d) dis-
play the electric field induced by an electric dipole source
in the presence of the doped InSb substrate, as calculated by
the numerical solver COMSOL MULTIPHYSICS. The color map
denotes the amplitude of the electric field, while the white
arrows indicate its direction. We can clearly see that the SPhPs
are excited. When considering a circularly polarized dipole
source, the excited SPhPs show asymmetry along the x axis
[see Fig. 2(c)]. This asymmetry arises from the evanescent
component of the dipole source, which is asymmetric along kx

[refer to the solid black line in Fig. 2(a)]. However, when us-
ing a linearly diagonally polarized dipole source near the InSb
surface, the excited SPhPs exhibit symmetry as the evanescent
component of the source [see Fig. 2(d) and the solid black line
in Fig. 2(b)].

In addition to the SPhPs above the InSb substrate, there
are also the propagating waves from the dipole source. Hence,
when a manipulated particle is positioned above the substrate,
the resulting optical force on the particle is affected by the
source’s propagating waves and the excited surface waves.
In the following, we mainly concentrate on the transverse
optical force exerted on the manipulated particle when there
is no applied magnetic field as shown in Fig. 1(a). The optical
force is calculated by integrating the Maxwell stress tensor
along a closed boundary around the particle [51,52], which is
normalized by the power radiated by the dipole source (Prad =
ω4|p|2/12πε0c3 [11,36,50,53]). The total optical fields are
computed by the full wave simulation via COMSOL MULTI-
PHYSICS.

We first consider a scenario where the electric dipole
source is circularly polarized [p = (1, 0, i)]. It is found that an
isotropic polystyrene sphere on the y axis (x = 0, z = 15 µm)
experiences a nonzero transverse optical force (Fx) as shown
in Fig. 3(e). This is due to the excited asymmetrical SPhPs
as presented in Fig. 2(c). The asymmetrical distribution of the
optical field can also be found in the xy plane in Fig. 3(a).
Since the optical field is primarily distributed in the +x direc-
tion, its induced transverse optical force on the polystyrene
sphere is positive. As expected, the transverse optical force
decreases when the polystyrene sphere moves away from the
electric dipole source due to its decaying property.

Interestingly, we discover that when the electric dipole
source becomes linearly diagonally polarized [p = (1, 0, 1)],
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FIG. 3. Transverse optical force exerted on a polystyrene sphere [see the system depicted in Fig. 1(a)]. (a), (b) Electric field, induced by
an electric dipole source in the presence of a doped InSb substrate, plotted on the xy plane with z = 15 µm. The dipole source is positioned
at z0 = 0.5 µm above the substrate surface, with a radiation wavelength of 50 µm and a strength of 2.544 × 10−14 C m. The source carries
circular and diagonal linear polarization in (a) and (b), respectively. The color map denotes the electric field’s amplitude. The white arrows in
(b) represent the x component of the complex Poynting vector’s imaginary part within the considered region on the y axis (x = 0, z = 15 µm).
(c), (d) Instantaneous distribution of the real electric field propagating along the y axis (x = 0) in the case of an electric dipole p = (1, 0, 1)
without and with a doped InSb substrate. The purple arrows represent the projection of the electric field on the xz plane. (e), (f) Transverse
optical force when a polystyrene sphere is located on the y axis (x = 0, z = 15 µm) in the optical fields of (a) and (b). The polystyrene sphere
has a permittivity of 2.52 and a radius of 10 µm.

the same polystyrene sphere positioned on the y axis can expe-
rience either a positive or negative transverse force depending
on its positions. The numerical results are shown in Fig. 3(f).
Contrary to the results from the circularly polarized dipole
source, the transverse optical force initially is negative and
gradually shifts to positive values along y axis. This can be
understood as follows. As illustrated in Figs. 2(b) and 2(d),
only the propagating component of the electric dipole radia-
tion along the x axis is asymmetrical, and it tends to propagate
in the −x direction at the region z > z0. This raises a question:
why can the optical force take positive values? The asymmetry
of the amplitude of the electric dipole radiation’s propagation
component along the x axis is critical for generating transverse
optical forces. However, its polarization state is also impor-
tant. As shown in Fig. 3(c), the propagation component of
the electric dipole [p = (1, 0, 1)] remains linearly diagonally
polarized in the xz plane. In the presence of the doped InSb
substrate, the total field decays in the z direction with an
oblique linear polarization characteristic [see Fig. 3(d)]. In
contrast, the total field has an imaginary longitudinal y com-
ponent, which results in rotations of the electric field in the
propagation yz plane. This generate a nonzero transverse spin
stemming from the complex Poynting vector’s imaginary part
along the x axis, Im[p̃x] [see the white arrows in Fig. 3(b)],
leading to the generation of a transverse optical force [10,12].
Therefore, as depicted by the red squares in Fig. 3(f), the
transverse optical force results from the competition between
the two mechanisms. Specifically, the asymmetry of the mag-
nitude of the propagating component generates a −x direction

transverse optical force on the polystyrene sphere placed
on the y axis. Meanwhile, the complex Poynting vector’s
imaginary part of the total field induces an +x direction trans-
verse optical force. Consequently, two transverse optical force
mechanisms compete with each other. When the polystyrene
sphere is near the electric dipole source, the asymmetry of
the dipole radiation’s propagating component is dominant,
resulting in a negative transverse force on the sphere. As the
sphere moves away from the electric dipole source, the impact
of the propagating component reduces. The transverse optical
force mechanism, caused by the oblique linearly polarized
total field, becomes increasingly dominant. Consequently, the
force exerted on the polystyrene sphere turns positive. Finally,
as the distance between the sphere and the electric dipole
source further increases, both the propagating component and
the surface waves weaken, leading to a reduction in the optical
force.

III. TUNING OF TRANSVERSE OPTICAL
FORCE VIA MAGNETIC FIELD

Besides enhancing the optical field, another benefit of us-
ing a doped InSb [28,54–56] substrate is its effective response
to applied magnetic fields. As illustrated in Fig. 4(a), the
InSb substrate supports reciprocal SPhPs along the x axis
when there is no magnetic field [refer to the solid orange line
in Fig. 4(a)]. When a magnetic field is applied along the y
axis (using the Voigt configuration), due to the breaking of
time-reversal symmetry, the SPhPs becomes nonreciprocal as
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FIG. 4. (a) The dispersion of SPhPs vs kx with ky = 0 supported by the doped InSb substrate. The solid orange line depicts the symmetric
dispersion of SPhPs with zero magnetic field, while the dashed red and dotted blue lines show the asymmetric dispersion of SPhPs with
magnetic fields of B = 1 and −1 T, respectively. The horizontal gray dashed line corresponds to the frequency used in this paper. (b, c) The
electric field generated by an electric dipole source in the presence of an InSb substrate plotted on the xy plane at z = 15 µm when a magnetic
field of various values is applied along the y axis (the Voigt configuration). The dipole source is situated 0.5 µm above the substrate surface,
with a radiation wavelength of 50 µm and a strength of 2.544 × 10−14 C m. The electric dipole source carries circular and diagonal linear
polarization in (b) and (c), respectively. The color map represents the amplitude of the electric field. (d), (e) Transverse optical forces vs the
magnetic field. The polystyrene sphere with a permittivity of 2.52 and a radius of 10 µm is located at (x/λ, y/λ, z/λ) = (0, 2.7, 0.3), as shown
by the white dashed circles in (b) and (c).

shown by the dashed red and dotted blue lines in Fig. 4(a).
This nonreciprocity, induced by the magnetic field, introduces
another mechanism to further tune the transverse optical force.

In the case of a circularly polarized electric dipole source,
the transverse optical force arises from the asymmetric ex-
citation of SPhPs, according to the discussion in the above
section. In the absence of a magnetic field, the amplitude of
SPhPs propagating in the +x direction is larger [see Fig. 3(a)].
Therefore the polystyrene sphere on the y axis experiences
a transverse optical force pointing in the +x direction [see
Fig. 3(e)]. When a magnetic field along the −y direction is
applied, the linear momentum of SPhPs propagating in the +x
direction is larger than that of SPhPs propagating in the −x
direction [see Fig. 4(a)]. Thus, both the electric dipole source
and the magnetic field modulate the asymmetric propagation
of SPhPs, enhancing the optical field propagating in the +x
direction [see the first two columns of Fig. 4(b)]. As the mag-
nitude of the magnetic field along the −y direction increases,
the asymmetric propagation of the optical field along the +x
direction also increases, leading to an increased transverse
optical force in the +x direction [see Figs. 4(b) and 4(d)]. The
direction and length of the turquoise arrows in Fig. 4(b) rep-
resent the direction and relative magnitude of the force on the
polystyrene sphere at that location. However, when a magnetic
field along the +y direction is applied, the magnetic field’s

control of the SPhPs dispersion and the asymmetric excitation
of SPhPs by the electric dipole source are opposite. The re-
sultant competition between these two mechanisms leads to a
decreased positive transverse optical force. As the strength of
the magnetic field continues to increase, the direction of the
transverse optical force eventually reverses, as shown in the
last two columns of Figs. 4(b) and 4(d). It is worth mentioning
that the transverse optical forces are asymmetric with respect
to B, i.e., Fx(B) �= Fx(−B). Therefore, the doped InSb sub-
strate can operate as a transverse optical force rectifier when
the dipole is circularly polarized.

In the case of a linearly diagonally polarized electric dipole
source, the magnitude and direction of the transverse optical
force are now determined by three mechanisms. These mech-
anisms include the asymmetry of the source’s propagating
component, the complex Poynting vector’s imaginary part
of the total field, and the nonreciprocal dispersion of SPhPs
due to the magnetic field. For instance, in the absence of
a magnetic field, when the polystyrene sphere is located on
the y axis [coordinates are (x/λ, y/λ, z/λ) = (0, 2.7, 0.3)],
the transverse force resulting from the source’s propagating
component asymmetry is directed in the −x direction. In
contrast, the transverse force stemming from the complex
Poynting vector’s imaginary part of the total field points in
the +x direction. This results in a net transverse force toward
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FIG. 5. (a) The ratio of the transverse force to the longitudinal force (Fx/Fy) vs the polystyrene sphere’s position on the y axis (x = 0, z =
15 µm) for both circularly polarized and linearly diagonally polarized dipole source cases. (b) The longitudinal force Fy and (c) the optical
force Fz perpendicular to the substrate, exerted on a polystyrene sphere vs the spheres’ position on the y axis (x = 0, z = 15 µm). (d) The
transverse optical force exerted on a polystyrene sphere located at (x/λ, y/λ, z/λ) = (0, 2.7, 0.3) vs the distance between the dipole source
and substrate surface. (e, f) Fx and Fz exerted on a polystyrene sphere located at (x/λ, y/λ) = (0, 2.7) vs the spheres’ radius. The polystyrene
sphere in (e) and (f) is positioned 5 µm away from the z = 0 plane at their base. The polystyrene sphere (with a permittivity of 2.52) has a
radius of 10 µm in (a)–(d). The dipole source, with a radiation wavelength of 50 µm, is positioned at z0 = 0.5 µm above the substrate surface
except in (d). In (a), (d), and (e), the results in the cases of circularly polarized and linearly diagonally polarized dipole sources are presented
in the left and right vertical axes, respectively.

the +x direction, as shown in Figs. 3(f) and 4(e). When a
magnetic field is applied, the intensity of the optical field and,
consequently, the transverse force, is affected. For instance, a
magnetic field in the −y direction intensifies the optical field
propagating in the +x direction and increases the transverse
force towards the +x direction [see Figs. 4(c) and 4(e)]. How-
ever, a magnetic field along the +y direction increases the
optical field propagating in the −x direction, causing the trans-
verse force in the reverse direction. Comparing Figs. 4(d) and
4(e), the transverse optical forces are less asymmetric with
respect to B when the dipole is linearly diagonally polarized.

IV. DISCUSSION ON THE ENHANCEMENT
OF TRANSVERSE OPTICAL FORCE

In the above, a polystyrene sphere is chosen to effectively
clarify the physical mechanism of transverse optical force.
Although the ratio of transverse to longitudinal force (Fx/Fy)
varies between 0.2 and 0.6 in the case of a circularly polar-
ized electric dipole source, it falls within a range of 0.1 for
a linearly diagonally polarized source [see Fig. 5(a)]. This
indicates that the transverse optical force can be comparable
to the longitudinal optical force. However, the magnitudes
of both the transverse [Figs. 3(e) and 3(f)] and longitudinal
forces [same for both polarized dipole sources, see Fig. 5(b)]
exerted on the polystyrene sphere are relatively small due to
the minor difference in permittivity between polystyrene and
background air. Moreover, the optical force Fz exerted on the
polystyrene sphere in the direction perpendicular to the sub-
strate is negative [same for both polarized dipole sources, as

shown in Fig. 5(c)]. This means it points towards the substrate,
aligning with the direction of gravitational force. This causes
the polystyrene sphere to position extremely close to the sub-
strate surface, resulting in a larger van der Waals force. These
may make the polystyrene sphere difficult to manipulate. To
enhance the transverse optical force for easier manipulation,
we further investigate the effects of various parameters, such
as the material and radius of the sphere, as well as the distance
between the dipole source and substrate, etc.

First, we examine the effect of the dipole source-substrate
distance on the transverse optical force. As shown in Fig. 5(d),
the transverse force decreases as the dipole source moves
away from the substrate, regardless of the type of polarization
of the dipole source. This decrease is due to the decay of
evanescent components that can effectively excite SPPs or
SPhPs before reaching the substrate, reducing the coupling
efficiency between source photons and surface plasmons or
phonons. However, it should be noted that a closer distance
between the dipole source and substrate is not necessarily bet-
ter. The intrinsic loss mechanisms in nonradiative processes
caused by interband transitions, electron scattering loss, and
electron-hole excitation can also lower the coupling efficiency
[2]. Taking into account the calculation accuracy and effi-
ciency, we set the dipole source at z0 = 0.5 µm (z0/λ = 0.01)
above the substrate surface.

Next, we investigate the effect of the radius on the
transverse optical force. As seen in Fig. 5(e), the transverse
optical force Fx exerted on a polystyrene sphere, due to
the excited asymmetrical SPhPs, gradually increases with the
sphere’s radius when the electric dipole source is circularly
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FIG. 6. (a) Transverse optical forces exerted on a silicon sphere
(with a permittivity of 12.25 and a radius of 10 µm) located at
(x/λ, y/λ, z/λ) = (0, 2.7, 0.3) vs the applied magnetic field. (b) The
z component of the optical force exerted on a silicon sphere located at
(x/λ, y/λ) = (0, 2.7) vs the spheres’ radius. The dipole source, with
a radiation wavelength of 50 µm, is positioned at z0 = 0.5 µm above
the substrate surface in (a) and (b). (c) Transverse optical forces ex-
erted on either a silicon or polystyrene sphere vs the sphere’s radius.
(d) The z component of optical forces (pure gradient force) exerted
on either a silicon or polystyrene sphere vs the sphere’s radius.
The incident light in (c) and (d) is a linearly diagonally polarized
evanescent wave, which propagates along the y direction and decays
in the z > 0 half space. The evanescent wave’s exponential decay
rate is set to 0.6k, with a wavelength of 50 µm, and the intensity
is 1 mW/µm2 at the z = 0 plane. Both the silicon sphere and the
polystyrene sphere in (b), (c), and (d) are situated 5 µm away from
the z = 0 plane at their base.

polarized. However, in the case of a linearly diagonally
polarized electric dipole source, the transverse optical force
on the sphere changes sign with increasing radius. This
change is a consequence of the competition between two
mechanisms under varying radius conditions: the source’s
propagating component’s asymmetry, and the total optical
field’s complex Poynting vector’s imaginary part. Despite the
increase of transverse force, manipulating the polystyrene
sphere remains a challenge. This difficulty arises because
the force Fz on the polystyrene sphere also increase and is
less than zero [see Fig. 5(f)], resulting in significant adhesion
forces that impede the sphere’s manipulation.

We then select particle materials with a distinct permittivity
difference from the background, such as a silicon sphere, to
calculate the transverse optical force, as shown in Fig. 6(a).
In the case of a circularly polarized or a linearly diago-
nally polarized electric dipole source, the transverse optical
force can increase to several hundred fN/W, compared to the
polystyrene sphere scenario [see Figs. 4(d) and 4(e)]. Addi-
tionally, the direction of the transverse optical force is also
tunable. Interestingly, the transverse optical force behavior of
the silicon sphere in Fig. 6(a) differs from that of polystyrene
[see Figs. 4(d) and 4(e)]. To understand this, we calculate the
transverse optical forces on the sphere in a linearly diagonally

polarized evanescent wave. In this scenario, the transverse
optical force entirely results from the imaginary part of the
Poynting vector of the incident evanescent wave [10,12].
As illustrated in Fig. 6(c), the resulting transverse optical
forces on silicon and polystyrene spheres are exactly opposite
due to their different electromagnetic properties. Moreover,
Fig. 6(d) reveals that, for a particle radius of 10 µm in such a
wave, the optical forces (pure gradient forces) on silicon and
polystyrene spheres in the decay direction are also opposite.
The polystyrene sphere is drawn towards the region of highest
intensity by the gradient force, whereas the gradient force
on the silicon sphere pushes it away from this area. Due to
similar reasons, in the optical field of an electric dipole source
near a doped InSb substrate, the transverse optical forces
exerted on silicon and polystyrene spheres exhibit different
behaviors. However, not all silicon sphere sizes are suitable
for optical manipulation. As Fig. 6(b) illustrates, not all silicon
sphere radii yield a positive Fz. By selecting an appropriately
sized silicon sphere, the Fz it obtains is positive, opposing the
gravitational force direction. This allows the silicon sphere to
keep a certain distance from the substrate surface, effectively
reducing the van der Waals force.

V. CONCLUSION

We have studied the transverse optical force on an achiral
particle in an electric dipole source field near a doped InSb
substrate. Since we specifically examine the transverse force
on a particle located on the y axis, we employ two types of
electric dipole sources polarized in the xz plane for near-field
manipulation. These sources are a circularly polarized electric
dipole source [p = (1, 0, i)] and a linearly diagonally polar-
ized electric dipole source [p = (1, 0, 1)]. Our findings show
that the transverse force arises from the symmetry breaking
of the optical field along the x axis and is the outcome of
a competition between four mechanisms. These mechanisms
include the asymmetry of the source’s propagating compo-
nent, the asymmetric excitation of SPhPs from the source’s
evanescent component, the complex Poynting vector’s imag-
inary part of the total optical field, and the nonreciprocal
dispersion of SPhPs due to the applied magnetic field. For
a circularly polarized electric dipole source, the transverse
force results from the competition between the second and
fourth mechanisms, while in the case of a linearly diagonally
polarized electric dipole source, it results from the first, third,
and fourth mechanisms. More importantly, the magnetic field
can effectively tune the magnitude and sign of the transverse
optical forces in both dipole source cases. Furthermore, by
choosing an isotropic sphere with a significant permittivity
difference from the background, the transverse optical force
can be enhanced. Additionally, by selecting suitable radii for
this sphere, adhesion forces can be reduced. Our paper intro-
duces means to generate and control transverse optical forces.
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