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Tunable transverse optical radiation forces induced by hybridization
of electric and magnetic modes
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Transverse radiation forces acting on the silicon nanoparticles illuminated by a tightly focused laser beam
are investigated by using the Maxwell stress-tensor method combined with generalized Lorenz-Mie theory.
It is found that the radiation force can be tuned flexibly by electric-magnetic multipolar resonances and the
hybridization of the both kinds of resonances, and the nanoparticle receives a negative or positive transverse
radiation force. We also analyze theoretically the far-field scattering patterns and the contributions of each
typical electric—magnetic resonance and hybridization of electric and magnetic modes to the radiation forces
on silicon nanoparticles with the multipolar expansion method. The simulation research results show that the
negative (positive) transverse radiation forces mainly originate from the asymmetric far-field scattering when the
particles are positioned at different positions in the focus plane. Our findings cannot only provide an effective
strategy to enhance the efficiency of optical trapping of nanoparticles with the excitation of electric-magnetic
resonances but also facilitate the optical sorting, selective trapping, and assembling of nanoparticles with a single

tightly focused laser beam.
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I. INTRODUCTION

Optical tweezers have been widely used in biology [1,2],
biochemistry [3-5], and physics [6—8] because of the de-
sirable capability of remote and noninvasive trapping and
manipulation of mesoscopic nanoobjects since the radiation
force was first applied to accelerate and trap macroscopic
dielectric spheres by Ashkin in the 1970s [9]. In recent years,
the trapping abilities of optical tweezers have extended from
micrometer to nanometer scale with the advances of nan-
otechnology [10,11]. However, trapping and manipulation of
a nano-object with single tightly focused laser beam still
remains greatly challenging due to the diffraction-limited
trapping volume [12]. Compared to nonresonant nanoparticles
(polystyrene and glass nanoparticles) in the visible region,
resonant nanoparticles such as plasmonic nanoparticles and
high refractive index nanoparticles, have been experimentally
and theoretically proved much easier to be trapped and ma-
nipulated by enhancing the interaction between nanoparticles
and the focused laser beam [13-16]. For the former, a typi-
cal case is that some plasmonic nanorods can be effectively
trapped and manipulated by a single focused laser beam with
the excitation of the localized surface plasmonic resonance
[17,18]. Interestingly, the trapped nanorods can be aligned and
rotated by tuning the polarization directions of the trapping
laser beam due to dominant nonconservative force exerted
on the gold nanorods [19], which is a consequence of the
polarization-dependent surface plasmonic resonance and very
different from the optical gradient force. Z. Li et al. theo-
retically demonstrated that the polarization-dependent optical
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force can be enhanced up to 2.7x contrast to the gradient
force because of the excitation of Fano resonance in plas-
monic nanoparticles [20]. Based on these researches, a new
strategy for selectively trapping nanoparticles was proposed
by exciting the resonances of the trapped nano-objects.

For the latter, as a competitive alternative to plasmonic
nanoparticles, dielectric nanoparticles with high refractive in-
dex have attracted great interest during the past several years
for supporting electric and magnetic resonances from the near
ultraviolet to near infrared with almost no dissipative losses
[21-23]. The desirable overlapping of multipolar resonant
modes of these nanoparticles can be used for a variety of
applications such as sensors [24], surface enhanced Raman
detections [25], and energy-harvesting technology [26]. Re-
cently, selectively optical trapping and controlled printing of
silicon nanoparticles under the excitation of optical resonance
have been experimentally demonstrated in the silicon colloid
[27], which has been proven to be an alternative for fabrication
of ordered nanoantenna arrays and multifunctional metasur-
faces for these applications mentioned above. Therefore, in
order to realize the precise trapping and controllable printing
of silicon nanoparticles, it is of paramount important to inves-
tigate theoretically the optomechanics of silicon nanoparticles
in the optical trap. Most recently, the directional scattering and
multipolar contributions to optical forces on silicon nanopar-
ticles were investigated by using the transfer matrix method
[28]. However, only effects of electric and magnetic dipolar
resonance on the axial radiation forces have been considered
in that paper [28].

In this work, we investigate the contributions of multipolar
resonances (up to the third order) and interferences between
multipolar resonances to transverse optical radiation forces
acting on silicon nanoparticles illuminated by a single focused
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FIG. 1. (a) Schematic showing the Si nanoparticle excited with a focused linearly polarized Gaussian beam. The focused linearly polarized
Gaussian beam illuminates the Si nanoparticles along with +, direction and the directions of electric and magnetic fields are along with x
and y directions, respectively. Spectra of scattering cross section and corresponding multipolar decomposition when the silicon nanoparticle
is positioned at P; (b) and P, (c). (d) Spectrum of scattering cross section and corresponding multipoles’ contributions when the same silicon

nanoparticle is illuminated by a plane EM wave.

laser beam with the Maxwell stress-tensor (MST) combined
with the generalized Lorenz-Mie theory (GLMT) approaches.
First, the scattering spectra and the contributions of multipolar
resonances of silicon nanoparticles located at different posi-
tions in the focus plane of the Gaussian beam are examined
with GLMT [29]. Second, the total transverse radiation forces
exerted on the silicon nanoparticles and the decompositions of
the total optical forces corresponding to the contributions of
each resonance and interference between adjacent multipolar
resonances can be calculated by integrating all the scattering
components of multipolar resonant modes by using the MST
approach [30-32]. In contrast to previous work, a kind of
magnetic polarization-dependent optical transverse radiation
force, as the counterpart of electric polarization-dependent
optical transverse forces, is demonstrated by investigating the
evolution of the optical radiation force when the nanoparti-
cles are put in electric and magnetic polarization directions,
respectively. Finally, to understand the underlying physics,
we also observe the far-field scattering patterns including the
forward, backward, and side scatterings as the nanoparticles
are positioned in the corresponding locations in the focus
plane.

II. RESULTS AND DISCUSSION

In this paper we only consider the transverse optical ra-
diation forces acting on the silicon nanoparticles located in
the focus plane of the Gaussian beam, as shown in Fig. 1(a).

The beam-waist radius W, of the Gaussian beam is set to be
0.5 um. The incident power is set to be 10 mW. The dielectric
permittivity of silicon was taken from a textbook (Ref. [33]).
All calculations were performed assuming a homogeneous
aqueous surrounding medium (n; = 1.33).

In order to investigate the effect of the single electric
(magnetic) resonance on the scattering and the transverse
optical force, we start from the multipolar decomposition
of the scattering spectrum when a silicon nanoparticle with
radius of R = 125 nm is positioned at x = Wy/2,y =0,z =0
(marked as P;) and x =0,y = W,y/2, z = 0 (marked as P,),
respectively. For comparison, the multipolar decomposition of
the scattering spectrum of the same sized silicon nanoparticles
illuminated by a plane electromagnetic wave is also provided,
as shown in Fig. 1(d). One can see that besides the dipolar
modes, the higher-order multipolar resonances are excited
with the decreasing of the light wavelength. It should be
mentioned here that we only provide multipolar resonances up
to third order and neglect the higher-order resonances because
of the weak resonant response in the considered wavelength
range. To contrast with the case that the silicon nanoparticles
are excited with a plane electromagnetic wave, as shown in
Fig. 1(d), it can be seen clearly that the resonant peak of each
mode remains unchanged as the silicon nanoparticle is placed
in both positions, while the contributions from the electric and
magnetic multipolar resonances to the total scattering spec-
trum are totally different from each other. Close inspections
of Figs. 1(b) and 1(c) show that a polarization-dependent
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FIG. 2. The total transverse radiation force and the corresponding decomposition when the Si nanoparticle is placed at P;. (a) The total
transverse radiation force and the contributions from the magnetic (totalyr) and electric (totalgr ) multipoles and interferences of both modes
(totaljyer). The red dotted lines indicate the wavelengths, for which the far-field patterns are presented in Fig. 5. (b) The contribution from
the magnetic multipoles and the corresponding decomposition (MD, MQ, and MO). (c) The contribution from the electric multipoles and the
corresponding decomposition (ED, EQ, and EO). (d) The contribution from the interference of both kinds of modes and the corresponding

decomposition (EM, MM, and EE).

contribution to the scattering intensity can be realized when
the silicon nanoparticle is positioned in the electric- and
magnetic-field directions. It can be seen that the electric mul-
tipolar resonances provide more contributions to the total
scattering spectrum as the silicon nanoparticle is positioned at
P, than that of the case when the silicon nanoparticle is placed
at P,. Similarly, when the silicon nanoparticle is located at P,
the contributions to the total scattering from the magnetic mul-
tipole resonance can be improved correspondingly. Therefore,
Fig. 1(b) displays that the electric quadrupole (EQ) resonance
provides almost the same contribution to the scattering cross
section as that of the magnetic quadrupole (MQ) resonance.
Similarly, this effect is also manifested in Fig. 1(c), where
the scattering contribution from the MQ is larger than that of
the EQ, and even larger than that of the electric dipole reso-
nance mode (ED).

From Eq. (A7) in the Appendix, we can see that the contri-
bution of each resonance to scattering is mainly dominated
by not only the Mie scattering coefficients a, and b, but
also the beam-shaped coefficients o/, and b . The former
determines the resonant peaks in the considered wavelength
range. Hence, we can see from Figs. 1(b) and 1(c) that all
these multipolar resonant peaks for the case of excitation
with a Gaussian beam are similar to that of the case of ex-
citation with a plane electromagnetic wave [see Fig. 1(d)].
However, the latter corresponding to the geometric characters
of the focused plane can tune the relative strength of each

multipolar resonance when the nanoparticles are placed in
different positions in the focused laser beam. Therefore, the
relative scattering strength of electric—-magnetic multipole res-
onances can be selectively enhanced or suppressed when the
silicon nanoparticle is placed in the electric-magnetic polar-
ization direction.

In this section the transverse radiation forces are consid-
ered when a silicon nanoparticle is located in the focus plane
of Gaussian beam. We first consider two typical cases men-
tioned in the Sec. II that the silicon nanoparticle is placed at P
and P, respectively. Figure 2(a) presents the total transverse
radiation force spectra and the total contributions from electric
and magnetic multipole modes and the interferences between
multipole resonances when the Si nanoparticle is placed at P,
where the total transverse radiation force and the total con-
tributions from electric and magnetic multipole modes, and
the interferences are represented with total, totalgg, totalyg,
and totaljnr, respectively. It can be seen that the nanoparticles
receive a large negative (—x direction) radiation force when
the wavelength is longer than A = 0.683 um and a relatively
small positive (+x direction) radiation force with the decrease
of the wavelength from A = 0.683 um. The maximum value of
the negative radiation force is 1.7 pN at A = 0.947 um, which
is three orders of magnitude larger than that of the Brownian
force that is about 0.005 pN at room temperature [34]. From
the decomposition of the total radiation force, as shown in
Eq. (A12), it can be seen that the total transverse radiation
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force is dominated not only by the magnetic and electric
multipole modes but also the hybridizations between different
resonant modes. In order to investigate the contributions from
a single mode or single interference, we further decompose
the total force from magnetic (electric) resonant modes into
the contributions from MD (ED), MQ (EQ), and magnetic
octupole MO (electric octupole, EO) respectively, as shown
in Figs. 2(b) and 2(c). Similarly, the contributions for the
interferences can also be divided into the contributions from
the interferences between two magnetic (electric) multipole
modes (MM and EE) and magnetic and electric multipole
modes (EM), as shown in Fig. 2(d). Close inspections of force
spectra of magnetic and electric multipole modes in Figs. 2(b)
and 2(c) show that each mode can provide positive and neg-
ative contributions with the variation of the wavelength, and
it should be pointed out that the largest force contributions do
not take place at magnetic or electric resonance wavelengths.
Compared with the decomposition of the total scattering spec-
trum [see Fig. 1(b)], it can be seen that the main negative
contributions from the magnetic and electric multipole modes
locating at A = 1.003 um for MD and ED, A = 0.706 um,
A = 0.619 um for MQ and EQ, and A = 0.572 wm for MO,
which, respectively, correspond to the dipole, quadrupole, and
octupole Kerker conditions, whereas these multipole modes
provide the main positive contributions, positioned at A =
0.870 um, A = 0.670 um, and A = 0.560 um for MD, MQ, and
MO, and A = 0.688 wm and A = 0.576 wm for ED and EQ,
which, respectively, correspond to the dipole, quadrupole, and
octupole anti-Kerker conditions. These dynamics behaviors
are totally distinct from the cases that the nanoparticles are
put on the propagation of the Gaussian beam [28] and the case
that the nanoparticles are excited by the plane wave [35].

Besides the contribution of magnetic and electric mul-
tipoles, the interferences among different multipolar modes
also provide a prominent contribution to the total transverse
radiation force, as shown in Eq. (A12). From Fig. 2(a), it
can be clearly seen that the interferences between multipole
modes mainly introduce negative contributions to the total
transverse radiation force. By further decomposing the total
contribution from the interferences into three components
from EM, MM, and EE [see Fig. 2(d)], we can see that the
contribution from the interferences is mainly dominated by
the EM and EE, while the MM only provides a tiny contribu-
tion in the short wavelength. These results can be explained
by the decomposition of the total scattering spectrum [see
Fig. 1(b)] that the same order magnetic and electric mul-
tipole modes can support prominent interaction in a wide
wavelength range. For the EE, although there is a magnetic
multipole resonant mode between the adjacent order electric
multipole modes, a certain interaction can also be realized
because of their wide resonant spectra. However, due to the
narrow resonant spectra width and a large separation between
neighboring magnetic multipole modes, no obvious interac-
tion can be achieved.

Now let us consider the case that the nanoparticle is located
at P>. Similar to the case discussed above, we just consider
only the y component of radiation force due to symmetry
of the electric field and geometric shape. It can be seen that
the total radiation spectrum presented in Fig. 3(a) is totally
different from that of the first case even though the total

radiation force is also dominated by magnetic, electric mul-
tipole modes, and the interaction between different multipole
modes. The nanoparticle also receives alternative negative and
positive radiation force with the decrease of wavelength. By
comparison with Figs. 2(b) and 2(c), one can see that the
decomposed force contributions of the magnetic and electric
multipole modes remain the same variation trend as that of the
first case, and the largest negative and positive radiation forces
exist at the wavelengths fulfilling the Kerker and anti-Kerker
conditions, as shown in Figs. 3(b) and 3(c). It is worth noting
that the electric multipole modes provide more contribution
to the total radiation force than the magnetic ones, which is
just reverse of the first case. For the contribution of multipole
mode interference [see Fig. 3(d)], the interference-induced
radiation force is dominated by the EM and MM, and the EE
totally has no contribution to the radiation force. Interestingly,
the EM provides the positive contribution, while the MM
induces the negative contribution, which results in a totally
positive contribution to the total radiation force.

In order to explore the underlying physical insights about
the modulations of the radiation forces in Kerker (anti-Kerker)
conditions. We calculate the far-field scattering patterns at
the wavelengths fulfilling the Kerker and anti-Kerker condi-
tions which are indicated by short dashed lines in Figs. 2(a)
and 3(a) when the nanoparticle is, respectively, positioned at
Py and P;. Figure 4 presents the far-field scattering patterns
when the nanoparticle is placed at P;. It can be seen that
the forward scattering can be dramatically improved and the
backward scattering is totally suppressed by the destructive
interference between the MD and ED for the dipolar Kerker
condition (A = 1.003um) [36-38], as shown in Fig. 4(a). On
the contrary, for the dipolar anti-Kerker condition (A = 0.870
wum) shown in Fig. 4(b) one can see that the forward scattering
can be partly suppressed, leading to an enhanced backward
scattering. From Figs. 2(a) and 2(b), it can be seen that the
high-order Kerker condition, such as the quadrupolar Kerker
condition, cannot be achieved due to the off-resonance con-
tribution of ED and MD, but another multipolar Kerker and
anti-Kerker conditions, which originate from the constructive
and destructive interferences of dipoles (ED and MD) and
quadrupoles (EQ and MQ) can be partly fulfilled [39,40]. For
the case considered in this work, the multipolar Kerker and
anti-Kerker conditions take place at A = 0.706 um and A =
0.53 um. The far-field radiation patterns which correspond to
the dipolar-quadrupolar Kerker and anti-Kerker conditions are
shown in Figs. 4(c) and 4(d). For A = 1.003 um there are four
radiation lobes corresponding to the forward, backward, and
side scattering, where the sidelobes oriented along the H po-
larization direction (y axis) are leading by MQ [41], as shown
in Fig. 4(c). For the multipolar anti-Kerer condition, however,
the backward scattering is completely suppressed due to the
destructive interference between the dipoles and quadrupoles.
An interesting feature shown in Fig. 4 is that the total far-field
scattering patterns in the E-K plane demonstrate asymmet-
ric distributions referring to the beam propagation direction
(K direction) due to the asymmetry of the electric field when
the nanoparticle is placed at P;, which provides scattering
component pointing to the x direction. But, for the H plane,
it can be seen that the far-field scattering shows completely
symmetric distribution at all considered wavelengths, which
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FIG. 3. The total transverse radiation force and the corresponding decomposition when the Si nanoparticle is placed at P,. (a) The total
transverse radiation force (total) and the contributions from the magnetic (totalyig) and electric (totalgg ) multipoles and interferences of both
modes (totaliye). (b) The contribution from the magnetic multipoles and the corresponding decomposition (MD, MQ, and MO). (c) The
contribution from the electric multipoles and the corresponding decomposition (ED, EQ, and EO). (d) The contribution from the interference
of both kinds of modes and the corresponding decomposition (EM, MM, and EE).

causes no net momentum in the y direction. Hence, there is scatterings, which in turn dominates the directions of the
no transverse radiation force acting on the nanoparticle in transverse radiation forces exerted on the nanoparticle. For
the y direction. As a result, the total radiation moment along the dipole Kerker condition, one can see from Fig. 4(a) that
with the x positive or negative directions depends on not the total scattering component in x directions along with the
only the side scattering but also the forward and backward positive direction, which leads to a negative radiation force
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FIG. 4. The three-dimensional (3D) and two-dimensional (2D) far-field scattering patterns for the silicon nanoparticle positioned in P, at
the four typical wavelengths: (a) A = 1.003 um, (b) A = 0.870 um, (c) A = 0.706 um, and (d) A = 0.530 um. The far-field scattering pattern in
E plane and H plane indicated by black and red lines.
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FIG. 5. The 3D and 2D far-field scattering patterns for the silicon nanoparticle positioned in P, at the four typical wavelengths: (a) A =
1.003 um, (b) A = 0.870 um, (c) A = 0.706 wm, and (d) A = 0.530 um. The far-field scattering pattern in E plane and H plane indicated by

black and red lines.

acting on the nanoparticle, as shown in Fig. 2(a). For the
dipole anti-Kerker condition, one can see that for the total
radiation moment in the x direction remains pointing to the
x positive direction though the backward scattering is en-
hanced in some degree, as depicted in Fig. 4(b). Therefore,
the nanoparticle still receives the negative radiation force,
as shown in Fig. 2(a). Similar to the dipole Kerker con-
dition, for the case of dipole-quadrupole Kerker condition
(A =0.706 um) one can see from Fig. 4(c) that the trans-
verse scattering is mainly controlled by the ED; the transverse
scattering collimates in the x positive direction, which also
introduces a negative transverse pulling radiation force on the
nanoparticle. It should be mentioned that owing to the light
intensity inhomogeneity in the focus plane of the Gaussian
beam, the total radiation force calculated in this paper also can
be decomposed of the gradient force and the scattering force
[28]. For the above three cases shown in Figs. 4(a)—4(c), the
negative scattering force and the gradient force collectively
enhance the pulling action on the nanoparticle, and result in a
negative radiation force [Fig. 2(a)]. For multipole anti-Kerker
condition (A = 0.530 um), it can be seen from Fig. 4(d) that
the radiation moment in the x direction mainly focuses in the x
negative direction, which means that the nanoparticle receives
a repulsive scattering force and this force is large enough to
balance the gradient force. As a consequence, the nanoparticle
receives almost no transverse radiation force, as presented
in Fig. 2(a), while in the H plane it can be seen that the
far-field scatterings, either the MD or MQ, at all considered
wavelengths show completely symmetric distribution which
causes no net momentum in the y direction. As a result, there
is no y-component radiation force acting on the nanoparticles.

Figure 5 presents the far-field scattering patterns at Kerker
and anti-Kerker conditions when the silicon nanoparticle is
positioned on P». One can clearly see that the far-field scatter-
ing patterns at corresponding wavelengths remain unchanged,
while the asymmetry of the far-field radiation referring to the
K direction, which determines the total transverse radiation
force, is transferred from the E plane to the H plane. For

the case of dipole Kerker condition (A = 1.003um), one can
see from Fig. 5(a) that the forward scattering direction de-
viates from the K direction to the positive direction of the y
axis due to the asymmetry of the magnetic field, which in
turn introduces a negative transverse radiation force acting
on the silicon nanoparticle, as shown in Fig. 3(a). However,
for the anti-Kerker condition (A = 0.870 um), the scattering
component in the —y direction is greater than that in the
+y direction, resulting a large scattering force along with
the +y direction. Therefore, it can be seen from Fig. 3(a)
that a positive radiation force exerted on the nanoparticle,
although there is a gradient force acting on the nanoparticle.
For the multipolar dipole-quadrupole Kerker and anti-Kerker
conditions, one can see from Figs. 5(c) and 5(d) that the
scattering component along with the y direction is not only
dominated by the dipole mode, and the quadrupole mode also
plays an important role in tailoring the optical radiation force
on the nanoparticle, which is totally different from the case
that the nanoparticle is positioned in P;. As for the dipole-
quadrupole Kerker condition, it can be seen from Fig. 5(c)
that the transverse y-scattering component includes two parts:
one is from the forward scattering and backward scattering in
the z direction, and the other comes from the side scattering
along with the y direction. Obviously, the scattering intensity
pointing to the y-positive direction is much larger than that in
the inverse direction, which results in a negative transverse ra-
diation force acting on the nanoparticle, as shown in Fig. 3(a).
From the case of the multipole anti-Kerker condition, it can be
seen from Fig. 5(d) that the side scattering almost dominates
transverse scattering with the suppression of the backward
scattering; the scattering component in the —y direction is
slightly larger than that in the +y direction, resulting in a
positive scattering force acting on the nanoparticles. Obvi-
ously, the scattering force is not large enough to balance the
gradient force. Therefore, we can see from Fig. 3(a) that the
nanoparticle receives a negative transverse radiation force.
All these results discussed above manifest that a tunable
radiation force acting on the Si nanoparticle can be induced
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FIG. 6. The distribution of the total transverse radiation force, Fi,, of the focus plane at 0.891 um (a), 0.706 um (b), 0.666 um (c), and
0.540 um (d), respectively. The arrows in figures represent the direction of the force, and the length (the color) represents the relative magnitude

of the force. The unit of force (color bar) is pN.

by the hybridization of electric and magnetic modes, which
also means that the Si nanoparticle can show totally different
dynamic behaviors when it is excited by tightly focused laser
beams with different wavelengths. In order to further con-
firm this conclusion, we calculate the distribution of the total
transverse radiation force in the focus plane at four typical
wavelengths (0.891, 0.706, 0.666, and 0.540 um) which are
shown in Fig. 6. As for A = 0.891 um, it can be seen from
Fig. 6(a) that the nanoparticle can receive a pulling force in the
x direction, while it receives a pushing force in the y direction.
On the contrary, as for A = 0.540 um, the nanoparticle can
obtain a pushing force in the x direction and a pulling force in
the y direction, as shown in Fig. 6(d). For the other two cases,
the nanoparticle will receive the same type of radiation force
either in the x direction or in the y direction. For the case of
A = 0.706 um, one can see from Fig. 6(b) that the nanoparticle
receives a total pulling force that can be applied to strength of
the transverse trapping efficiency of the optical tweezers. But,
for L = 0. 666 um, it can be seen that a total pushing force
acts on the nanoparticle which can find potential application
in sieving of nanoparticle.

It is well known that the higher-order Mie resonances can
be excited as the size of the nanoparticle increases, which
means that the hybridizations among different multipoles and
the induced transverse scattering forces acting on the nanopar-
ticle can be enriched. In the view of practical trapping of
nanoparticles, the laser wavelength and the trapping efficiency
are the most considered factors. Thus, it is very important
to examine the evolution of the transverse radiation force
with the increase of the size of the nanoparticle. Based on
the analysis above, we calculate the evolutions of the total
transverse radiation forces, the total contribution from electric
and magnetic modes corresponding to the Kerker and anti-
Kerker conditions, and the contribution from the interferences
between electric and magnetic modes as a function of the size
of the nanoparticle and the wavelength when the nanoparti-
cle is positioned in P; and P,. The results are presented in
Fig. 7. It can be seen that there exist more bands where the
nanoparticle can receive transverse pulling or pushing force
when more high-order multipoles are excited effectively with
the increase of the particle size in the considered wavelength
range (0.4-1.8 um), as shown in the left column of Fig. 7.
By comparing the contributions to the total radiation force
from the electric and magnetic resonances (shown in the

middle column of Fig. 7), the nanoparticles with different
sizes mainly receive the transverse pushing force in the con-
sidered wavelength range (except for the dipole Kerker point)
in the x direction, while in the y direction, the transverse
pulling force dominates the dynamics of the nanoparticles in
almost all wavelengths and there is only a narrow band where
the nanoparticles receive the transverse pushing force. But, for
the contribution from the hybridization of electric and mag-
netic multipoles, only transverse pulling force (pushing force)
acts on the nanoparticles in x direction (y direction), as shown
in the right column of Fig. 7. In addition, it can be seen that the
maxima of transverse radiation forces (pulling and pushing
forces) shift to the long-wavelength side with the increase of
the size, resulting that Si nanoparticles with different size can
receive totally different radiation force, which can be used to
direction guide transportation, selected optical trapping, and
sieving of nanoparticles.

III. CONCLUSION

We investigate theoretically the transverse radiation force
acting on the Si nanoparticles with the illumination of a lin-
early polarized Gaussian by using the MST method combined
with GLMT. It is demonstrated that the radiation force can
be tuned flexibly by electric-magnetic multipolar resonances
and the hybridization of the both kinds of resonances. By
decomposing the radiation force into three components from
the electric multipolar resonances, magnetic multipolar res-
onances, and the interference among different resonances,
it can be found that the nanoparticle can receive the trans-
verse pulling force and pushing force due to the Kerker and
the anti-Kerker effects. In order to explore the insight about
the modulations of radiation force by the Kerker and anti-
Kerker effects, we calculate the far-field radiation patterns
at these wavelengths fulfilling the Kerker and anti-Kerker
conditions. The results show that transverse pulling and the
pushing forces mainly originate from the asymmetric distri-
bution of the far-field radiation pattern. The results presented
in this work can shed light on the dynamics interaction
between nanoparticles with high refractive index and the
tightly focused laser beam. Other applications, such as the
enhancement of the optical pulling force or pushing force
in the optical trapping, can also be realized by using Si
nanoparticles.
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FIG. 7. Total transverse force Fi, (the first column), the contribution from the electric resonances (ER) and magnetic resonances (MR)
Fiowl r+MR) (the second column), and the contribution from the hybridization of electric and magnetic multipoles (EE, EM, and MM)
Fowl @E+EM+mmy (the third column) as a function of the wavelength and the radii of the nanoparticle when the nanoparticle is placed at P,
(the upper panel) and P, (the lower panel), respectively. The color in this figure represents the magnitude of the force with a unit of pN.
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APPENDIX

1. Scattering cross section and optical radiation
forces calculation

We define the original beam-coordinate system Oy, so that
the center of the Gaussian beam waist is located at point
O, and the particle is illuminated by an x polarized at the
waist Gaussian beam propagating in the z-axis direction. The

center of the particle is located at the point O of a Cartesian
coordinate system O/X/yrzr, and the Cartesian coordinates of
O’ in the system Oy, are (xo, Yo, z0). And, we can expand
the electromagnetic component of the incident Gaussian beam
(designated by the superscript i) using spherical vector wave
functions (SVWFs) as follows [42]:

= EOZ Z Com [P, M) (K1, 0, 9) + d, N (kr, 6, 9],

n=1 m=—n
(AD)

where Ej is the electric field strength, 6 and ¢ are the po-
lar and azimuthal angles of the spherical coordinate system,
respectively; the wave number is denoted by k = 27 /A, and
Chm are normalization factors, which can be obtained by

n—1 2n+1
c l n(n+1)° m 2 0 (A2)
L (—1)ylml Gty 201 0
(n— \ml)' n(n+1)°
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() are the SVWFs, which are calculated as [43]

nm

and M) and N

pm 0), dP" 0 ) D (k )
M) (kr.0, @) = 2" (kr)| im== (cos0)y _ dhitcosh), MN) (kr. 6. ) = n(n + 1) ( r)P,T(cose)e’m“’?
in 0 do kr
1 d(rz®Pk pP" 0 dP" 0).] .
1 (rz,’(kr)) im (.cos )(2)+ " (cos )9 oo (A3)
kr dr sin 6 do

in which z\’(x) represents an appropriate kind of spherical Bessel functions: the first kind j,, or the third kind (" denoted by
I =1, or 3, respectively; P*(cos ) is the associated Legendre function of the first kind.

And, a! and b are called beam-shaped coefficients, which are obtained through the localized approximations with sum of
series given by Doicu [42]; the detailed description on the localized approximation can be found in Refs. [44,45].

i T Doopn\ D00 0n
|:Zlmnj| — (_ 1 )m_lKnmw(())elkzo E |:el(m—1)<pjm_l <2 QIOOf ) ﬂ:ez(171+1)(me+l (2 Ql;;)Ozp )i| ’ (A4)

Wo 0

where

v = iQ exp(—iQpo®/wo*)exp[—iQ(n + 0.5)*/ (K*wo?)],

n(ﬂ-(’t)‘ls), m = O n + O 5 ZZ — X
Kp={ 0% o = ‘,poz\/m,gz(i__%) p—arcan. (A5)
(=) W,m750 k kwy Yo

The electromagnetic component of the scattered field (designated by the superscript s) can be expanded in terms of the SVWFs
as [43]

o0 n
E'=E )y Y [A,M)kr0.0)+ B, NGO k.0, 9)). (A6)
n=1 m=—n

S

where A;, and By, are called Gaussian beam-scattering coefficients, and for uniaxial isotropic spherical particles, they can be
derived in the textbook of Ref. [46]:
Azm = nmai,man» B, = Cnmbinnbna (A7)

in which a, and b, are the scattering coefficients of plane wave; if we take the permeability of the particle and the surrounding
medium to be the same, then [47]

MY (mx ), (x) — Y (X)W, (mx)

O (g (x) — Ex O, (mx)

_ Yu(mx)y, (x) — my, ()9, (mx)
Ya(mx)&, (x) — m&, ()P, (mx) ’

where the size parameter x = 2w N,,a/X, and a is particle radius, XA is wavelength of incident light; the relative refractive index

m = N,/N,, and N, and N, are the refractive indices of particle and medium, respectively; v, (x) and &,(x) are Riccati-Bessel

functions.
We can obtain the Gaussian beam-scattering cross section Cy, by the expression [46]

by

(A8)

n

R 2n4+1 (n+ |m|)! D2 ;o2
Ca=—52, D {lanl?1ahy,|” + 1bal* 18,17} (A9)

nn+1)(n—|m|)!

n=1 m=—n

When a strongly convergent laser beam illuminates a particle, part of the momentum will be transferred from the laser beam to
the particle due to the process of scattering. The time-averaged optical radiation force (F) can be computed by the integration
of the Maxwell stress tensor T over the surface S enclosing the particle [48],

(F) = 7{ (T - 7)dS, (A10)

s
where tensor T = sEE + puHH — 1/2(¢E? 4+ wH?)8, and § is a unit matrix; 7 is the normal unit vector pointing out from the
surface; and ¢ and p denote the permittivity and permeability of the surrounding medium, respectively. The electromagnetic

field includes the incident and scattered field E = E? + ES, H = H' + H*. Moreover, in spherical coordinate system, formula
(A10) can be written as

1
(F) = f <sE,-E + uHH — E(SEZ + qu)?>dS- (A1D)
N
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Using the relations between coordinates of Cartesian coordinate system and sphere coordinate system, substituting the
expressions of the incident and scattered field and then utilizing the orthogonality of associated Legendre functions and
trigonometric functions and the approximate expressions of Riccati-Bessel functions at » 3> A, we can obtain the analytical
expressions of the transverse radiation forces F; and F, and axial radiation force F; as follows [49]

Ef + lF’ - k2 2 Z Z (n - m)(n +m+ l)N anml+l (antf;:rH—l + blnmAiS;;-&-l
0 0 n=1 m=—n
+ Bnm nm+1 +AS bnm+1 + 2AszZTTI+1 + 2Bnm nm+1)
. (n—m—l)(n—m) I a7— S S5k
- l\/ (2)’1 . 1)(2]’1 4 1) ( - 1)(1’! + 1)N Nn lm+l( A —1m+1 +bntn Im+1
F Ay gt + BBt A 245,A5 1y + 2B, BY )
jn+m+1)((n+m+2) Lare S
- l\/ (2}’1 + 1)(2}’1 + 3) I’l(l’l + 2)N Nn+1m+l( nmArH-lm+l + bntanm-H
+ Anm rﬁ-lm-H + Bftmbl;’t*+lm+l + ZAZmA:tilmﬂ-l + ZB;Vlmetilm-ﬁ-l)] (A12)
NP - m—m+Dm+m+1_
F, = n(n+ 2 N, N A%
z nck2w0 ;m;n |:l ( )\/ (2l’l+ 1)(2n+3) n+lm( n+1m nm
+ bn+1m nm +An+1m nm + Bn+1m nm + 2An+1m nm + 2BnHm nm)
= 11N, (@ B + B, + 2Af,mB?::n)] (A13)

“ EL)

where the superscript sign
the incident Gaussian beam, and

*” represents the conjugate of the variable, c is the speed of light in vacuum, P denotes the power of

Nuw =/ Qn+ D)(n —m)!/[Ax(n+m)!], (m =0, £1,... +n). (Al14)
2. Far-field radiation pattern based on the GLMT
Based on the GLMT [46], the far-field radiation pattern can be calculated with the following equation:
IF_ 2 18P
= — AlS
¥~ a2 || s ) (Al5)
where S| and S, can be calculated with the following expressions
oo n
2n+1 . P"(cos ) . dP"(cosf) .
S — AS bl BS 1 n
=22 e [ T e
o0 n
2n+1 de(cose) . P"(cos6) .
S — S‘ bl n BY 1
0= 30 3 gy At T Bl B optime)
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