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The ability to readily switch between optical pulling and pushing forces on micro-objects is both important
and fascinating for arbitrary optical manipulations. The bipolar optical force (namely, optical pulling versus
optical pushing) on an object can be achieved generally by elaborately tailoring illuminating optical fields and/or
surrounding media. Here, we propose an approach to achieve the temperature-reconfigured bipolar optical force
on a dipolar nanoparticle. The basic idea is demonstrated on a particle immersed in a Bessel beam and made
of material exhibiting a temperature-induced reversible transition, such as vanadium dioxide. Numerical results
based on the decomposed force expressions indicate that the optical pulling force originates from the recoil
force dominated by the coupling of electric and magnetic dipoles simultaneously excited on the particle, while
the optical pushing force comes mostly from the interception force, which surpasses the recoil force when the
excitation of the magnetic dipole is suppressed. Our dynamical simulations show that the nanoparticle can be
transversely trapped stably in the vicinity of maximum light intensity while longitudinally switchable between
the pulling against and pushing along light propagation. The bipolar characteristic does not require any change
of the manipulating light or ambient material, opening interesting possibilities in flexible optical manipulations.

DOLI: 10.1103/PhysRevB.108.134308

I. INTRODUCTION

When light shines on an object, it can exert an optical
force and thus push the object along its propagating direc-
tion. Known as radiation pressure [1-3], such a force was
first applied by Ashkin in 1970 to practical optical manipula-
tions [4]. A decade ago, a counterintuitive phenomenon, i.e.,
optical pulling force [5-9], was discovered and has captured
increasing interest, since it adds one significant manipulation
freedom [10-13]. In contrast to a conventional optical pushing
force, an optical pulling force can be thought of as a negative
type of radiation pressure, which points in a direction opposite
to the local wave momentum, or against the light propagation.

The discovery of an optical pulling force indeed suggests
a bipolar characteristic of the optical force, provided that the
optical pushing and optical pulling on the same object can be
conveniently switched to and fro. The bipolar trait is expected
to offer quite a few new functionalities and applications [14],
adding considerably to the diversity of flexible optical ma-
nipulation. A variety of approaches have thus demonstrated
the bipolar feature of the optical force. Up to now, such
approaches fall into two categories, either by elaborately

“hxzheng18 @fudan.edu.cn
Thuajinchen13 @fudan.edu.cn

2469-9950/2023/108(13)/134308(5)

134308-1

tailoring the illumination light field, or by intricately engineer-
ing the structured material background. The former category
relies on structured light [15] by tailoring the property pa-
rameters of the constituent waves that form the illumination,
such as polarizations [9,16], amplitudes and/or phases [8,17],
propagating directions [18], and wavelength [19]. The latter
employs hyperbolic metamaterials [20,21], plasmonic sub-
strates [22], and photonic crystals [23] as the structured
material background.

In this paper, we report an alternative method to realize
the reconfigurable bipolar optical forces (i.e., optical pulling
versus optical pushing) exerted on a dipolar nanoparticle,
which is accomplished through tuning the temperature of
the illuminated nanoparticle. As a proof-of-principle demon-
stration, we focus on a nanoparticle made of vanadium
dioxide (VO;), which is known for a reversible insulator-
metal transition, occurring at a critical temperature 7, about
340 K [24,25]. During the solid-solid phase transition be-
tween the low-temperature insulating monoclinic phase and
the high-temperature metallic rutile phase in a picosecond
timescale [26], VO, exhibits an ultrafast dramatic change of
optical properties as well as electrical conductivity. Such a
feature brings about many intriguing applications in fields
as varied as semiconductors [27] and metamaterials [28,29].
We here demonstrate the temperature-controlled bipolar opti-
cal force on a dipolar VO, particle illuminated by a Bessel
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FIG. 1. (a) Schematic illustration of temperature-switched bipo-
lar optical force on a VO, nanoparticle illuminated by a Bessel
beam propagating rightwards. The optical force exerted on the parti-
cle switched from pushing (rightwards) to pulling (leftwards) when
VO, undergoes a transition from metal to insulator. The two blue,
three-dimensional frames represent the molecular structures of a VO,
nanoparticle in the insulating monoclinic and metallic orthorhombic
phases, respectively. (b) The dielectric permittivity diagram of VO,
vs the wavelength in metallic (red lines) and insulating (blue lines)
phases, respectively.

beam. For other phase-transition materials accompanied by
a significant change of optical property, an approach for the
inverse design of an optical field [30] can be employed to
construct an optimized structured light field to implement the
temperature-switched bipolar feature.

II. RESULTS AND DISCUSSION

The schematic of a temperature-switched bipolar optical
force is illustrated in Fig. 1(a). Here, we consider a VO,
nanoparticle immersed in water (with a fixed refractive index
nrer = 1.33 supposed) and illuminated by a Bessel beam. The
VO, nanoparticle can be subject to a pulling or pushing force
when it undergoes a transition between the insulating mon-
oclinic (T < T,) and metallic orthorhombic (7" > T;) phases.
The electric field of the Bessel beam propagating along the z
direction is given by [31]

E(l’) = Eaxiseikzz{ex[JO(U) + J2(U )PLCOS 2¢]
+ ¢,[/2(0)PLsin2¢] — e [2iJ1(0)Pjcos ¢}, (1)

where E,yjs, dependent on the amplitude of the electric field
Ey, is the on-axis electric field component of the Bessel beam,
J; denotes the Bessel function of order j, o = kp sinay,
P = };ggfgg, | = 1483302(;0’ and k, = kcosagp, with k and
o being the wave number in the medium and cone angle
of the Bessel beam. (p, ¢, z) represent the cylindrical co-
ordinates. The VO, nanoparticle can be synthesized via a
template-free hydrothermal method [32], and its dielectric
permittivity versus the wavelength is presented in Fig. 1(b),
where solid and dashed lines represent the real and imaginary

parts, respectively. The red and blue lines are correspond-
ing to, respectively, the metallic phase and insulating phase,
agreeing with the results of Refs. [33-35].

To illustrate the temperature-controlled bipolar optical
force acting on a VO, nanoparticle, we compute the longi-
tudinal optical force F, based on the generalized Lorenz-Mie
theory [36]. The explicit force expression reads [37-39]

o0 n
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where Fy = 4me,E} /k* with &, being the permittivity in the
background. The indices n and m are both integers satisfying
n > 1 while —n < m < n. In all our numerical calculations, n
is truncated at nm, = 10. The constant coefficients ¢)), and
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The superscript * denotes the complex conjugate. (py.ns Gm.n)
and (ay.,, bm.») are the expansion coefficients of the incident
field (also termed the beam shape coefficients [36]) and the
scattering field in terms of the vector spherical wave function
(see, e.g., Ref. [37]), respectively.

Figure 2 shows the phase diagrams of the optical force F;
on the VO, sphere in the insulating and metallic phases as
functions of the incident wavelength A and the particle radius
R. Here, as an example, the polar angle of the Bessel beam
ap = 87°, and the field amplitude Ey = 8.68 x 10° V/m with
its intensity at the beam axis being 100 mW/um?. Under
illumination of such a beam, the temperature increase orig-
inating from the particle absorption-induced heating effect
is evaluated to be about a few Kelvin by using the method
proposed in Refs. [40—42], bringing it well below the critical
temperature. The particle can therefore well remain in an
insulating phase at low temperatures until the phase transition
method is utilized. For the insulating phase [Fig. 2(a)], the
colored and white regions denote the pulling (F; < 0) and
pushing (F; > 0) forces. For the metallic phase [Fig. 2(b)],
however, F; is always positive, indicating that the particle is
always subject to a pushing force. As a result, the bipolar
optical force is implemented in the color area in Fig. 2(a).
For the parameter space given in Fig. 2, the bipolar force will
totally vanish when oy < 77°.

To trace the physical origin of the bipolar optical force, we
decompose the longitudinal force into the interception ’ F, and
recoil RF, parts [6,39],

F.='F, +*F, Q)
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FIG. 2. Phase diagrams of longitudinal optical force F, on a VO,
particle vs the incident wavelength A and the particle radius R in the
cases where the particle is in (a) the insulating phase and (b) the
metallic phase. The F, < 0 and F, > 0 denote the optical pulling and
pushing forces, respectively. The color area in (a) indicates that the
particle is exerted by a pulling force in the insulator phase while it
is subject to a pushing force if in the metallic phase, as visualized in

(b).
with
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The interception force /F, arises from the coupling between
the multipoles excited in the particles and the incident field,
while the recoil force ®F, stems from the interaction between
various multipoles excited in the particles. In Fig. 3 we display
!F, (orange dotted-dashed line) and R F, (pink dashed line) ver-
sus the incident wavelength A for the cases where the particle
is in the insulating and metallic phases, taking a particle radius
R = 180 nm as an example. For both phases, the interception
force ’F, always points in the direction of light propagation
(with 'E, > 0). For the insulator phase, the recoil force *F, is
negative and its magnitude surpasses the positive interception
force, leading to optical pulling when A > 1150 nm. For the
metallic phase, however, although the recoil force is negative
in the range roughly from 900 to 1840 nm, it is much smaller
in magnitude compared with the interception force, leaving us
with a positive F, as illustrated in Fig. 3(b).

To gain further insight, we partition ®F, into contributions
from the couplings between various multipoles. Figures 3(c)
and 3(d) show the partitioned forces for the insulating and
metallic phases, respectively. They are F),,, which comes
from the interaction between electric and magnetic dipoles,
and Fy., (Fpn,) which arises from the coupling between an
electric (magnetic) dipole and electric (magnetic) quadrupole.
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FIG. 3. Longitudinal optical force F, and its interception ' F, and
recoil ®F, parts exerted on a VO, nanoparticle of R = 180 nm in the
(a) insulating and (b) metallic phases. (c) and (d) The decomposed
optical forces in Eq. (7) that contribute significantly to the recoil
force ®F, corresponding to (a) and (b), respectively. All other pa-
rameters are the same as those in Fig. 2.

The partitioned forces are given explicitly by

Fpon = —FyRe Z C, 1(amlb 1)

m=—1

Fpep=—FyRe Z 2 (amd ),
m=—1
1
Foum =—FyRe Y ¢ (bu1b, ). 7
m=—1

In both phases the negative recoil forces originate mainly from
the coupling between the multipoles of lowest order, namely,
between the electric and magnetic dipoles, as manifested by
F, displayed by the cyan lines in Figs. 3(c) and 3(d). For
the insulating phase, while the electric and magnetic dipoles
are simultaneously excited, multipoles of higher orders are
rather weak, resulting in an overwhelming and negative F,,
that brings about a pulling force in a certain range of manip-
ulating wavelengths. For the metallic phase, nevertheless, the
excitation of the magnetic dipole is substantially suppressed,
leading to a much smaller F,, that fails to predominate over
the positive interception force and thus leaving us with a push-
ing force. The temperature-induced switching between the
insulating and metallic phases stimulates and restrains the ex-
citation of the magnetic dipole, featuring the bipolarity of the
longitudinal force on a dipolar nanoparticle, without resorting
to the change of the manipulating light or the surrounding
material. It is noted that core-shell structures are usually em-
ployed to simultaneously excite electric and magnetic dipoles
for implementing optical pulling on nanoparticles [43,44].
In our case a homogeneous insulator (dielectric) particle is
found to support a pulling force with the same physical
mechanism.

A negative longitudinal force F; does not necessarily mean
stable optical pulling, unless it is in the coincident pres-
ence of transverse trapping that confines the particle in the
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FIG. 4. Transverse optical forces vs the particle position in the
transverse xoy plane for the (a) insulating and (b) metallic phases.
The yellow arrows denote the magnitude and direction of the
transverse forces. The intensity profiles are also presented as the

background. All other parameters are the same as those in Fig. 3
except that the illuminating wavelength is specified as A = 1550 nm.
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pulling area. To corroborate the stability, we compute the
transverse optical forces on the VO, nanoparticle for both
insulating and metallic phases. The results are displayed in
Figs. 4(a) and 4(b), where the arrows denote the magnitude
and direction of the transverse forces. Superimposed on the
graph are the intensity profiles of the electric field. The il-
luminating wavelength is A = 1550 nm as an example for
demonstration. Stable transverse trapping in the proximity
of intensity maxima (x, y) = (£250, 0) nm is visualized for
both phases, implying that the nanoparticle is stably sub-
ject to either optical pulling or optical pushing, exhibiting
an intriguing bipolar feature induced exclusively by tem-
perature, or, equivalently, triggered solely by an ultrafast
photoexcitation [26].

The dynamical simulations of the particle trajectories in
Fig. 5 provide a direct visualization of particle motion in
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FIG. 5. Dynamical simulation of the particle trajectories for the
(a), (c) insulating and (b), (d) metallic phases. The transverse and
longitudinal motions of the particle are displayed in (a), (b) and (c),
(d), respectively. The black crosses at the coordinate origin denote
the initial positions of the particle, and the three colors, green, blue,
and red, indicate three different periods of time. All other parameters
are the same as those in Fig. 4.

our situation. The processes are described by the Langevin
equation [45,46] m% =F(x,t)— yf’i—’t‘ + R. Here, x is the
center position of the particle on the beam plane, F(x, ¢) is
the corresponding in-plane optical force acting on the par-
ticle with mass m = pV, the p denotes the density, and V
is the volume of the particle. The damping coefficient y is
given by y = 6mnr, for a particle with radius ry, where n =
0.89 x 1073 Pas is the viscosity of the water. When perform-
ing the calculation at each time interval &, a new value of the
stochastic Brownian force R during the new interval should
be drawn from a Gaussian random generator with standard
deviation 0 = /2y kgT /h, where kg is Boltzmann’s constant
and T is the temperature of water.

The dynamical simulations for the insulating and metallic
phases are presented in Figs. 5(a), 5(c) and Figs. 5(b), 5(d).
The transverse (longitudinal) motions of the particle are dis-
played in Figs. 5(a) and 5(b) [Figs. 5(c) and 5(d)]. In either
phase, the particle, initially located at the coordinate origin
(x,y) = (0, 0), is driven by the transverse optical force to
near (x,y) = (—250, 0) nm, where it is trapped in the vicin-
ity of maximum light intensity, as visualized in Figs. 5(a)
and 5(b). Meanwhile, the particle is pulled against the light
propagation (in the —z direction) if it is in the insulating
phase, as shown in Fig. 5(c), while it is pushed along the
light propagation (in the +z direction) if it is in the metal-
lic phase, as shown in Fig. 5(d). The dynamical behavior
of the particle corroborates the bipolarity in the longitudi-
nal optical force with respect to pulling and pushing, which
can be triggered by a temperature change, or, equivalently,
through an ultrafast laser pulse in a timescale of several
picoseconds.

III. CONCLUSION

In summary, we have presented an in-principle demon-
stration of the temperature-switched bipolar optical forces
(optical pulling and pushing forces) with a dipolar particle
made of VO, material under the illumination of a Bessel
beam. The bipolarity is attributed to the ultrafast reversible
temperature-induced (or photoinduced) transition between the
insulator and metal phases of the optically manipulated parti-
cle. In either phase, the interception part F, of the longitudinal
optical force F, is pushing, with /F, > 0. While the recoil
part ®*F, of F, may be negative, only in the insulating phase
can it predominate over the 'F,, giving rise to an optical
pulling force F, < 0. The underlying physics lies in that un-
der the illumination of the Bessel beam, both the electric
and magnetic dipoles are efficiently excited on the nanopar-
ticle in the insulating phase, bringing about a substantial
enhancement of the dipole coupling that makes the surpassing
pulling contribution. In the metallic phase, on the other hand,
the excitation of the magnetic dipole is substantially sup-
pressed, resulting in conventional optical pushing. In addition,
the particle is transversely trapped, regardless of its phase,
in the proximity of maximum light intensity where optical
pulling and pushing occur for different phases, facilitating
optical manipulation. Finally, our dynamical simulation of
the particle motion further substantiates the bipolarity that
can be switched by temperature, or, equivalently, triggered
by ultrafast photoexcitation as well as the absorption-induced
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heating through tuning the beam intensity in practice. The
temperature-controlled bipolar effect of optical pulling and
pushing provides an additional degree of freedom for optical
manipulations. Although the bipolar force cannot be realized
with general Bessel beams of arbitrary order, it is expected
to be universal for many other phase-changing materials [47]
through designing structured light fields with the recently
proposed inverse design approach [30].
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