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Mode-Symmetry-Assisted Optical Pulling by Bound States in the Continuum
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Aside from optical pushing and trapping that have been implemented successfully, the transportation of
objects backward to the source by the optical pulling forces (OPFs) has attracted tremendous attention,
which was usually achieved by increasing the forward momentum of light. However, the limited
momentum transfer between light and object greatly constrains the amplitudes of OPFs. Here, we present a
mechanism to generate strong interactions between object and background through the bound states in the
continuums, which can generate large OPFs without increasing the forward momentum of light. The
underlying physics is the extraction of momentum from the designed background lattice units assisted by
mode symmetry. This work paves the way for extraordinary optical manipulations and shows great
potential for exploring the momenta of light in media.
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Light usually transports objects forward due to the
positive radiation pressure when it acts upon an object
[1,2]. Recently, the optical pulling forces (OPFs), which
drag objects toward the source direction, have attracted
widespread attention due to their fascinating physics and
potential applications [3-28]. From the perspective of
momentum conservation, the key point to get pushing-
pulling forces is to break the forward-backward symmetry
and redistribute the momentum of scattering light [29,30].
Therefore, the mainstream method to obtain OPFs is to
increase the forward momentum of light, for instance, using
structured light fields with off-axial momentums that may
be redirected to the axial direction when scattered by
objects [3,14,15,18].

Despite those extensive studies, however, the efficient
generation of OPFs is still constrained by harsh restrictions
on the light beams and/or objects [18,19,29]. It is predicted
that the background engineering should also be an alter-
native scheme for OPF [4,31]. For instance, in a dielectric
interface, a plane wave can generate a pulling force on
macroscopic objects by amplifying the momentum of
photons when light is scattered from one medium into
another with a higher refractive index [5,23]. Interestingly,
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through the topological structure engineering of light
momentum in the background, robust OPFs can also be
obtained by a plane wave [10,24,32]. However, in all these
configurations, the forward momentum enhancement still
plays the key rule, constrains the amplitude of the pulling
force, and also lacks flexibility.

In this Letter, we propose an elegant mechanism to
realize large OPFs inspired by the driving force of maglev
trains, which is distinguished from the background-enabled
OPFs mentioned above, where the forward momentum
enhancement of light was still the key factor. The new
physics reported here lies in the mode-symmetry-depen-
dent interaction, which is akin to the distributed propulsive
forces experienced by maglev trains. For the first time, we
realized large and long-range OPFs in the case of optical
total reflection, which demonstrates the explicit utilization
of background momentum, but not the forward momentum
enhancement of light used in previous research. Here, the
used mode is the bound states in the continuums (BICs),
which have attracted extensive attention due to their
advantages in strong light confinement and potential
applications [33—47]. It is noted that, although some works
have explored the optical forces in strong resonant

© 2024 American Physical Society


https://orcid.org/0000-0002-7377-1549
https://orcid.org/0000-0002-8225-2951
https://ror.org/01yqg2h08
https://ror.org/03rc6as71
https://ror.org/04c4dkn09
https://ror.org/05t8y2r12
https://ror.org/023hj5876
https://ror.org/02yxnh564
https://ror.org/01tgyzw49
https://ror.org/03y3e3s17
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.253802&domain=pdf&date_stamp=2024-06-20
https://doi.org/10.1103/PhysRevLett.132.253802
https://doi.org/10.1103/PhysRevLett.132.253802
https://doi.org/10.1103/PhysRevLett.132.253802
https://doi.org/10.1103/PhysRevLett.132.253802

PHYSICAL REVIEW LETTERS 132, 253802 (2024)

(@) (b)
Symmetry mode II F E';“

p

Anti-Symmetry

Integration path of MST.

TObject \'

Incidence |

-_—p

" Mode pattern

u
Epin y I{ i
F T_,x A row of units:
©

(d) Mode pattern
AP x,background F x,background ¥
= - ] O-
AP o A[‘mm Incid’ e
J i
AP, liaht
AP, [f L -

FIG. 1. Schematic of optical pulling force assisted by mode
symmetry. (a) The attractive force by the symmetry mode (upper
part), and the repulsive force cause by the antisymmetry mode
(lower part). (b) When an object is placed near a row of discrete
units (the open squares), an OPF may be realized provided the
mode pattern is excited properly. The white and black arrows
illustrate the repulsive-attractive force elements on an integrating
path of Maxwell’s stress tensor surrounding the object (the
dashed rectangle). In the y direction, however, the object is
unstable and will be dragged toward the units. (c) Stable pulling is
obtained by the distributed pulling forces of each unit in a double-
array structure, while the pushing force acting on the surrounding
units is expected. (d) Explicit momentum transfer among light,
object, and background lattice occurred in the current optical
pulling mechanism (upper part), rather than limited between light
and object only used in previous researches (lower part). In this
case, even if the momentum of light decreases also (such as being
reflected), OPF is still possible due to the introduction of
background momentum, and the force amplitude may be large.

structures and using BIC modes [48-55], the key points are
quite different from the present work. Those works mainly
utilized the resonance generated strong localizations of
light, which naturally results in enhanced optical trapping
or deforming of objects (unit cells or isolated spheres,
cylinders, and nanorods) [48—55], but not for efficient OPF
generation.

Figure 1 illustrates the principle of the operation. As
shown in Fig. 1(a), optical modes excited in nanophotonic
structures can induce attractive (symmetric mode, upper
part) or repulsive (antisymmetric mode, lower part) forces
between them [56-58]. Suppose an object is set near a row
of units fixed on the substrate, it can experience an OPF
even in the case of plane wave incidence, provided the
mode symmetry is excited and engineered properly, as
shown in the Fig. 1(b). In this case, the background units
contribute to the pulling force due to the engineered mode
symmetry, as illustrated by the force elements (white and
black arrows). However, the pulling is unstable in the y
direction (will be dragged toward the array), and long-range
operation is also challenging. More information about the
characteristics of optical pulling force on the object near the
single array units can be found in Sec. I in Supplemental
Material [59].

Inspired by the stable and long-distance traveling maglev
train, we envision to form a double array to realize long
range and stable OPFs, as shown in Fig. 1(c). Because of
the lateral symmetry, the net force along the y direction will
be canceled out, and the object will be pulled stably. More
importantly, since there is a strong interaction between the
object and the background units, the forward momentum
enhancement of light is not required anymore, which is the
necessary condition to obtain OPF in previous research, as
illustrated in Fig. 1(d). Now, the linear momentum transfer
is among the three bodies of light, object, and the back-
ground units [upper part of Fig. 1(d)], but not between light
and object only as before [lower part of Fig. 1(d)]. From
Fig. 1(d), one can also find that the limitation on the
amplitude of OPF is loosed. Now, two key factors remain:
(1) how to form a lossless light channel by only a double
array, and (2) how to extract the background momentum
into optical manipulation, and (3) how to switch the mode
symmetry synchronously to keep a continuous pulling
when the object moving through.

Here, Fabry-Pérot (FP)-BICs mode is found to be the
best candidate to fix the above two key factors properly, due
to the perfect localization of light inside the channel. We
use the following parameters to demonstrate the results
quantitatively, i.e., n, =3.55, n, =1.33, [ =160 nm,
a,=2251, and a, =2.2a,. The band structure of TM
polarization is calculated and shown in Fig. 2(a), where the
gray region above the light line means light can radiate into
the surrounding medium. We then calculate the quality
factor (Q) for the second and the third bands by using
eigenmode analysis [66] and find three modes of BIC, ; ;
having huge Q factors, as shown in Fig. 2(b), which means
that the leaky modes gradually evolve into BICs modes
and light is trapped in the channel perfectly. The insets in
Fig. 2(b) show the field distributions of |E.|? for the three
BICs modes, respectively. It is seen clearly that these
guided modes are all well confined in the structure. The
BIC; mode is concentrated inside the unit array, which is an
at-I' BICs mode with a zero k.. The BIC, (BIC,) mode is an
off-I' BIC mode and satisfies the transverse Fabry-Pérot
resonance condition of k,a, = nzwithn = 1(n = 2). More
information about the characteristics of the FP-BIC mode
can be found in Sec. II in Supplemental Material [59].

Now, we place an ellipsoid dielectric object in the
centerline of the channel and excite the BIC modes from
the left port. The refractive index of the object is n = 1.75,
and the radii of the object in the x and y axis are r, =
1.8 pm and ry, = 0.2 pm, respectively. The optical force on
the object can be calculated by integrating the Maxwell
stress tensor (MST) on a closed contour surrounding the
object, i.e.,

(F) = ]{ <?> -nds, (1)
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FIG. 2. Characteristics of the BIC modes and corresponding
pulling forces. (a) Band structure of the double-array units for the
TM mode. Parameters of the double-array units: n, = 3.55,
n, = 1.33, 1 = 160 nm, a, = 2.25 [, and a, = 2.2a,. The nor-
malized frequencies (with unit 2zc/a,) marked by BIC;,3
are w; = 0.3273, @, =0.4119, w; = 0.4422, respectively.
(b) Q factor for the second and the third bands. The values
for the modes of BIC, ;5 tend to infinite. The insets show the
distributions of |E,|> of BIC modes. (c) Distribution of |E,|*
(BIC; mode) when the object is introduced in the channel. The
small square array shows the units and the larger ellipse is the
object. The incident energy is almost totally reflected (R ~ 95%).
(d) For the BIC; mode, the maximum force exerted on the object
exceeds —3 pN/mW. The forces induced by the BIC, and BIC;
modes are very small due to the weak light distributions inside the
channel.

(T)=5ReDQE'+B@H —_1(D-E'+B-H")|,
(2)

where (-) means the time average over an oscillation period,;
® stands for dyadic operation; n is the normal unit vector

of the closed surface S, and I is the unit tensor.

Figure 2(c) shows that the BIC; mode in the channel is
almost completely reflected by the object (R = 95%).
Usually, a total reflection gives a maximum pushing force.
Here, OPFs exceeding —3 pN/mW are obtained, as shown
in Fig. 2(d), which is more than one order of magnitude
larger than those obtained in previous mechanisms
[3,10,13,18,25,67]. In case of the BIC, mode, the optical
forces are also negative. However, the amplitude is very
small due to the weak localizations of the light field inside
the channel (mainly localized in the units). The BIC; mode
is a regular symmetry protected at I" BICs without pro-
pagation momentum along the x direction, and the force
acting on the object tends to zero, as expected. The
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FIG. 3. Physical origin of the enhanced OPFs. (a) Distributed
OPFs on the object. The distribution of H, is also shown for
clarity. The red and blue arrows symbolize the attractive forces
between the units and the object (the repulsive forces between the
object and the background units are not shown here for
simplicity). The purple arrow represents the net force on the
object. The numbers below the unit cells show the optical forces
(the x components) on the corresponding unit cell (in units of
pN/mW). (b) Maximum pulling forces on the object at different
misalignments § = d/a,. (c1)~(c3) Distributions of H, at § =
1/6, 1/3, and 1/2, respectively. (d) Optical forces and linear
momentum conservation in the system. The black solid curve is
the OPFs on the object, F gyjecis- The blue line (with “+7) is the
force on the unit cells F, ;. The red line (with “0”) shows the
sum of Fygum = Fy objects + Frunitss Which is consistent with
the force calculated by the linear momentum conservation in
case of optical total reflection, F, grg. The inset shows the linear
momentum conservation between light, object, as well as back-
ground units.

scattered field distributions of BIC, and BIC; modes by
the object are shown in Sec. III Supplemental Material [59]
for reference.

To investigate the physical origins of these large OPFs,
we plot the magnetic field distribution of H, around the
object in Fig. 3(a). Here, the optical attraction by the mode
symmetry between the object and the surrounding units is
depicted. Since the x components of attractive forces on the
object are all negative, a net large OPFs on the object is
obtained naturally. Although the BIC; mode is robust to the
misalignment J, the pulling force of the BIC; mode exerted
on the object changes sensitively, as shown in Fig. 3(b).
This is because the contribution from the upper- and lower-
unit arrays could be canceled out in case of misalignment,
as shown in Fig. 3(c). For instance, when the misalignment
is 6§ = 1/3, the top and bottom layers both have attractive
forces, but in opposite directions. Therefore, the total force
on the object is reduced greatly compared to the case of
0 = 0 in Fig. 3(a).
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To understand the role of the background units more
comprehensively, we explore the momenta transfer in the
OPFs. When the incident mode is almost totally reflected
by the object, the momentum change of light is AP, jiop ~
—2P, ine < 0. The negative OPFs mean the object also gets
a negative impulse of AP, .. < 0. According to linear
momentum conservation, an extra momentum must be
balanced by the units of the background units, and large
OPFs on the discrete grating units is expected.

To verify this viewpoint, we calculate the forces on the
units near the object, as shown in Fig. 3(d). The net forces
on these units are all positive. When adding the optical
forces on the object and those on the discrete units, we find
the total force F, qy, is consistent with the force caused
by light momentum decrease in case of total reflection
(FyotRr), 1.€., the momentum conservation relation is

APobject + APphotons + APbackground
= (Fx.object + Fyrods T Fx.OTR)At
= 0. (3)

It is evident that the background units explicitly partici-
pate in the interaction between light and object, and the
momentum transfer in this procedure is among the light,
object, and background units. It is noted that the discrete
feature of the unit array is vital to extract background
momentum because the longitudinal component of light
momentum on a planar slab is conservative, as demon-
strated in Sec. IV of Supplemental Material [59].

Notably, the elliptical particle is chosen to clarify the
interaction between the object and the background units.
In reality, it is shown that the optical pulling forces are
almost immune to the particle size and shape (Sec. V of
Supplemental Material [59]). The mechanism reported here
provides a new road map for extracting background
momentum into long-range optical manipulation, which
is beneficial for manipulating arbitrarily shaped objects.
What is more, the bidirectional transport can be realized
easily by switching the polarization of the incident source
(Sec. VI of Supplemental Material [59]).

When a particle passes through the channel, it causes
reflection and scattering loss transforming the BIC mode
into a quasi-BIC mode. To measure the effect of the quasi-
BIC quantitatively, Fig. 4(a) shows the maximum pulling
force on the object with the tuning of a, and the incident
frequency w. The Q factor is the appropriate parameter to
measure the deviation from perfect BIC condition, which
can also be tuned by a, or w, and the results are shown in
Figs. 4(b) and 4(c), respectively. From the cases of
Q = 500, 1000, 5000, and oo, one can observe that the
magnitudes of OPFs depend on the resonant strength of the
structure. Interestingly, even in the case of the small Q
factor of Q = 500, the amplitudes of OPFs are still larger
than those reported previously [13,67]. These results show
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FIG. 4. Changes of the OPFs with the resonant strength
(Q factor). (a) 3D map of | max(F,)| exerted on the object as
a function of incident frequency @ and the width a,. Other
parameters are the same as those in Fig. 3. (b) Changes of OPFs
with resonant strength through selecting proper incident fre-
quency, while the width of a, = 2.22 a, is fixed. (c) The same
as (b) except for by tailoring @, and keeping the frequency of
® = 0.3273 2zc/a, fixed.

that the OPF achieved by this strategy is very efficient and
robust to parameter deviations.

Based on the above analysis, we can attribute the large
OPFs to the interaction between the object and discrete
background units, akin to the distributed propulsion of a
maglev train through the magnetic poles between the train
and the track. In this scenario, the momenta of the back-
ground units play a crucial role in the OPFs and explicitly
contribute to the linear momentum conservation among the
object, light, and background. This mechanism stands apart
from previous mechanisms, which focus on the forward
momentum enhancement of light. Notably, the OPFs dem-
onstrated here greatly exceed the magnitudes observed in
prior studies by more than one order of magnitude and
represent a general mechanism valid in various BICs
systems (see Sec. VII in Supplemental Material [59]) and
for various particle shapes (Sec. VIII in Supplemental
Material).

In summary, we have demonstrated a novel mechanism
for achieving large and long-range OPFs. The underlying
physics hinges on the symmetry-dependent interaction
forces between the object and the background units,
facilitating the transfer of linear momentum among the
object, incident light, and background. This contrasts with
previous investigations, which primarily focused on
momentum transfer between the object and the incident
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light alone. Additionally, we have showcased the resilience
of OPFs to variations in system parameters. For the first
time, we have harnessed the BICs mode to enable long-
range optical manipulation, distinct from traditional forms
of force enhancement and optical trapping in BICs systems.
The principles and findings presented in this study open
new avenues for optical manipulations and provide fresh
insights into the interplay between light and matter.
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