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We achieve long-range and continuous optical pulling in a periodic photonic crystal background, which
supports a unique Bloch mode with the self-collimation effect. Most interestingly, the pulling force reported
here is mainly contributed by the intensity gradient force originating from the self-induced backaction of
the object to the self-collimation mode. This force is sharply distinguished from the widely held conception
of optical tractor beams based on the scattering force. Also, this pulling force is insensitive to the angle of
incidence and can pull multiple objects simultaneously.
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Since the pioneering work of Ashkin [1-3], the con-
cepts and techniques of matter trapping and manipulation
by an optical force have experienced impressive progress
in the past decades [4-7]. Optical tweezers have become
an indispensable tool in various disciplines, including
biology [8-10], optics [11-13], and condensed matter
[14], as well as quantum physics [15]. In traditional
optical trapping, however, it is extremely challenging to
scale down below 100 nm due to both the diffraction-
limited focusing of light and the r— decaying law of the
optical force with the radius r of small particles. Under
these circumstances, by setting the trapping operation
inside a nanocavity, the self-induced backaction optical
trapping was proposed in nanoapertures [16-22], which
can trap objects of tens of nanometers, or even smaller,
thanks to the active feedback of the trapping objects to the
trapping system.

Despite its power in nanometric trapping, the self-induced
backaction method has not been explored in long-range
optical pulling (or as optical tractor beams), because it
enhances the intensity gradient component of the trapping
force in a nanoaperture, while a tractor beam relies on the
scattering component in a translation-invariant structure. A
tractor beam, initially proposed in acoustics by Marston et al.
[23-25], is an intensity gradientless beam along the propa-
gation direction, which can transport objects towards the
source over a long distance rather than push them away. The
counterintuitive optical pulling [26-28] raises increasing
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attention due to its sophisticated underlying physics and
potential applications [26—48].

In the extensive studies up to now, except for the
photophoretic forces [49,50], all optical pulling forces
have been regarded as optical scattering forces, like in
the schemes of structured light beams [26-33,40], exotic
media [41,42,51,52], inhomogeneous background media
[38,53], and guiding mode scattering [34,44,54].

In this Letter, we propose a novel approach based on the
self-induced backaction-generated gradient force that
achieves long-range optical pulling in a periodic photonic
structure, namely, in a photonic crystal (PC) [55,56].
Interestingly, the pulling force arising in the PC is not
predominantly contributed by the scattering force as reported
before but induced by the intensity gradient force generated
by the dynamic interaction of the object with the self-
collimation (SC) mode of the PC [57-59]. The SC mode is a
unique kind of Bloch mode with a finite transversal size that
can propagate infinitely long without diffraction. Hence, our
results are sharply distinct to the widely held conception that
the optical pulling force should be a scattering force, and
shed new insightful concepts concerning the optical force
and momentum physics and technologies.

To illustrate the underlining physics, we address a two-
dimensional PC structure with a square lattice as illustrated
in Fig. 1. Figure 1(a) shows the outline of the entire
configuration. The SC mode is excited by a Gaussian beam
at an angle of incidence 6;, and propagates along the +x

© 2018 American Physical Society
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FIG. 1. (a) Schematic of the optical pulling force enabled by the
SC mode in a PC. The upper inset shows the intensity envelopes
across the SC mode axis without (gray dashed line) and with (red
solid line) the object. The green ellipse shows the object.
(b) Detailed structure of the square lattice (lattice constant a)
PC and the object. The parameters are n, = 3.4, n, = 1.33,
n, = 1.5, r = 0.1a, and semiaxes of r, and r,. (c) The second
band in the reduced Brillion zone for the TM mode (electric field
perpendicular to the xy plane). For @ = 0.5(2zc/a), the equi-
frequency contour is square, which is the distinguishing charac-
teristic of the SC mode. (d) SC mode propagation analysis when a
light beam is incident on the PC. Here, Ky, ., (Vi s> Oin ) are the
wave vectors (group velocities, angles) of the incident, reflected,
and transmitted beams, respectively. (e) Distribution of E_(x,y)
for the SC mode when excited by a Gaussian beam at normal
incidence. The small circles show the position of the PC rods.

direction without diffraction. The upper inset illustrates the
envelope of the mode intensity along its symmetry axis
when the object is either embedded (red and solid lines) or
absent (gray and dashed lines). Figure 1(b) shows the
detailed geometry and parameters of the system. The square
latticed PC is composed of silicon nanorods (n, = 3.4) in
water (n, = 1.33), and the radius of the nanorods is
r=0.1la, a being the lattice constant of the PC. A
cylindrical object of refractive index n, and semiaxes r,
and r, is embedded in the lattice, centered on the symmetry
axis of the SC mode.

The equifrequency contours of the PC are obtained using
the plane wave expansion method [60], as shown in
Fig. 1(c) (the second band). At @ = 0.5(2zc/a), the
equifrequency contour has a square shape with straight
sides, which is the key feature of the SC mode. According
to the definition of group velocity v, = V,w(k), this SC
mode propagates only along the x or y directions.

When a Gaussian beam is incident on the surface of the
PC, the excitation of this SC mode can be understood as
shown in Fig. 1(d). Its Poynting’s vector will always be
along the x direction if the angle of 0;, is less than the
critical angle, which is approximately £30° for the current
structure. Figure 1(e) shows the electric field distribution of
the SC mode propagating a distance over 100a, where no
diffraction is observed. It should be noted that we have
set x =0 at 20a inside the PC in order to remove the
influence of the lattice surface. In principle, this distance
without diffraction is infinite, thus being limited only by
the physical length of the structure, which guarantees a
long-range pulling.

When the object is illuminated by the SC mode, the time-
averaged total optical force can be obtained by integrating
the Maxwell’s stress tensor on a closed surface surrounding
it [61]:

<Ftotal> :/<T>‘dS with
S
<T>:%RG[D(X)E*+H®B*—%Y(E.D*+H.B*)]'
(1)

Here, (-) means time average, ® stands for dyadic

operation, and (i) is the unit tensor. All electromagnetic
fields in Eq. (1) are obtained using the finite-difference
time-domain algorithm.

Since the shape of the object plays an important role
in the optical force [62-66], we present in Fig. 2 the
dependence of the total optical force F ., on the central
position x, and the shape of the scatterer. The other
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FIG. 2. Illustrating how the total optical force F, ., changes
with the shape of the object. r, = 0.1 um is fixed, and r, varies
from 0.1 to 2.4 pm. (a) Changes of F i Vs (x,, 7). The regions
with positive forces are in white. (b) Optical force for
r, = 0.1 ym (black dashed curve) and r, = 0.2 um (blue curve).

(c)—(e) show the same as (b) except for different r,.
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parameters are n, = 1.50, r, = 0.1 ym, and r, varies from
0.1 to 2.4 yum. When r, is small, F, ., alternates its
direction from the positive to negative with period a, as
shown in Fig. 2(b). This is easy to understand if we notice
that the intensity distribution of the SC mode is periodic
also. As r, increases, however, the negative forces become
more and more significant, while their positive components
occur only in very narrow regions (around x = 0.75a,
1.75a, etc.), as shown in Fig. 2(c). More intriguingly,
F, o1 can be continuously negative for some values of r,,
as shown in Figs. 2(d) and 2(e). This pulling force is unique
to the SC mode, which is absent even for the negative
refraction frequency of the photonic crystal [67].

Now, we proceed to decompose the total optical force
into the gradient and scattering components. This allows us
to better understand the nature of the pulling force. For a
dipole sphere with radius r, the optical gradient force is [5]

2an,r (,/nb—l
VI
c ( 2/n2 +2 (e.)

_ V3”b ( ny/np —
2/n2 +2

F

grad —

>VI(X y) V. fgrad- (2)

Here I(x,y) o« |E(x,y)|> is the light intensity. Since
V = 4xr}/3 is the volume of the object, foraa can be
regarded as the gradient force density inside the scatterer. In
the current situation, the object is large and cannot be
considered as a single dipole. In this situation, according to
the concept of the discrete dipole approximation [68,69],
we divide the whole object into multiple dipoles and
calculate the gradient force Fyp,q; of the ith dipole from
Eq. (2). Then, the total gradient force can be obtained by
the summation of F,,q; over all these dipoles. In the limit
case, the total gradient force can be calculated by volume
integration of f,,q over the object, i.e.,

Fgrad = /// fgraddv
object
3n,,< /nb—1>//
VI(x,y,z 3
2/”b+2 object > ) ( )

The results of the calculation following Eq. (3) are
shown in Fig. 3(a), which agree well with the total optical
force F o calculated by Eq. (1). The small differences
between F o and Fy orq. confirm that the pulling force at
r, = 1.9 um is predominately due to the gradient compo-
nent (for other cases of r,, the differences may be slightly
larger, but the gradient force is still the dominant compo-
nent). This is in contrast with the widely held conception
that the optical pulling force would be a scattering force
[26,27]. Also, this is a surprising result, since so far it was
believed in all research work that the intensity gradient
force can be used only to trap objects, like in standard
optical tweezers, but not, as shown here, for the trans-
portation over a long range.
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FIG. 3. (a) The solid (blue) curve is the total optical force
calculated by Eq. (1), and the dashed (red) curve shows the
gradient force calculated by Eq. (3), at normal incidence. The
parameters are r, = 0.1 ymand r, = 1.9 ym, and x,; and x,, are
two typical positions of the object center that are further analyzed
in Fig. 4. (b) Variation of F, vs the incidence angles of 6;, = 0°,
6°, and 9°.

It is now interesting to explore how the gradient force can
result in a continuously optical pulling force over a long
range. Figure 4(a) shows the intensity pattern of the SC
mode scattered by the object located at x,; [cf. Fig. 3(a)].
The inset shows the details by a zoom around the object, in
which the integration path for the force calculation is also
shown for reference. In order to clearly observe the active
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FIG. 4. (a) Self-induced backaction of the object on the SC

mode at normal incidence. The inset shows an enlarged image of
the object, where the integration path (black and dashed lines) for
the force calculation is also shown. The object is centered at

X, = 1.9a [cf. Fig. 3(a)]. All the other parameters are the same as
those in Fig. 3(a). (b) Section of (a) along the SC beam axis
y = 0. The blue curve (solid) shows the SC intensity envelope.
Since the object locates in the negative gradient region, it will
be pulled by the negative gradient force towards the source.
(c) Enlargement of the negative intensity profile of (b) around
the object. (d) The same as (c) except for the object centered at
X, = 2.4a [cf. Fig. 3(a)].
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backaction of the object on the SC mode, we also plot the
cross section of Fig. 4(a) in Fig. 4(b). One can see both in
Figs. 4(a) and 4(b) that the backaction of the object
significantly modifies the SC mode profile, and the
negative gradient region and self-recovering region are
formed. As a result, the left side of the object (around
x ~ 0a) locates in a higher-intensity region, while the right
side (x ~5a) locates in a much lower-intensity region.
Thus, the object experiences a negative intensity gradient
and, in turn, a pulling force. Here, it is noted that there is
momentum exchange between the SC mode and the PC
lattice locally. This can be verified by calculating the force
exerted on the lattice atoms in the vicinity of the object.

When the object shifts from x,; to x,,, the intensity
envelope shifts synchronously following the object dis-
placement [see Figs. 4(c) and 4(d)]; thus, the local gradient
pulling of the object is maintained. This is what makes the
gradient force continuously negative during the pulling
process. This feature is sharply different from those in
tractor beams reported before, where the scattering force
and the forward momentum enhancement dominate the
pulling force. For example, for the interfacial tractor beam
proposed in Ref. [38], the gradient force component does
not predominate in the total pulling force (see Sec. 1 in
Supplemental Material [70] for more details).

Actually, the optical pulling force stemming from the
intensity gradient also exists in ordinary optical tweezers.
When an object enters the region ahead of the focus of the
optical tweezers, it also experiences a negative gradient force
towards the focal point. However, the pulling force cannot
be maintained once the object arrives at the focus, where
the object is trapped; i.e., the potential in the tweezers is
achieved by external lenses, which can only pull the object
transiently and finally trap it to the focus. By contrast, the
intensity gradient force presented here is generated by
the object itself rather than by an external system. Thus,
the object can also “see” the well, but it can never reach and
be trapped there, since it is induced by and moves synchro-
nously with the object. Therefore, it can pull the object
continuously and endlessly. In other words, the object in the
current situation is not only the entity to be manipulated, but
it also acts as a focusing lens that generates the intensity
gradient. From this point of view, the object is pulled by the
intensity gradient formed by itself. This is the reason that
makes the gradient force continuously negative during the
long-range pulling process.

From Figs. 4(a) and 4(b), it is observed that the SC mode
can recover itself through the self-recovering region (cer-
tainly, there is a small scattering loss induced by the object).
This feature is similar to the self-healing property of the
Bessel beam, though the mechanism is different [71]. This
suggests that the tractor beam can manipulate multiple
objects simultaneously (see Sec. 2 in Supplemental
Material [70] for more details).

The pulling force reported here is not difficult to observe
in experiments, because the SC mode is insensitive to
frequency detuning, small random deviations in the lattice,
and the incident angle of the source. Figure 3(b) displays
the pulling forces at different angles 0;, = 0°, 6°, and 9°,
and optical pulling is obtained in all these cases. This is
understandable, since the SC mode can be excited within a
wide range of 6,,. However, as ;, increases, the amplitude
of the pulling force diminishes due to the decrease of the
coupling efficiency at larger 6;,. Apart from the pulling
force in the x direction, the force in the y direction is found
to be a restoring one within the range of y, € [—0.1a,0.1a],
which binds the object to the symmetry axis of the SC
mode. This means that the pulling manipulation is stable.
For experimental observation, one may replace the two-
dimensional PC adopted here using more realistic PCs
[57,58], where the SC modes have been predicted theo-
retically and also demonstrated experimentally (see Sec. 3
in Supplemental Material [70] for more details).

The optical pulling operation proposed here exhibits
several features different from its conventional counterparts
reported before. First, optical tractor beams have been
achieved by gradientless optical beams before. By contrast,
the current tractor beam’s local intensity periodically
oscillates. Second, the pulling force is mainly due to the
gradient component rather than to the scattering force.
Third, the tractor beam based on the SC mode is in standard
PCs and can be excited with a single Gaussian beam within
a large range of incidence angles. Finally, it is flexibly
scalable in the whole spectrum by engineering the perio-
dicity of the PC and can pull multiple scatterers simulta-
neously. This unique optical pulling force can find broad
applications in microfluidic environments, such as an
optical conveyor [31,34], which is highly desired in the
transportation of small particles. It can also be used as
optical sorting, since the force direction varies with the
particle size [29,52].

In conclusion, we have put forward a novel optical force
in a tailored photonic crystal background which hosts a
self-collimating beam to function as an optical tractor beam
that can continuously pull one or multiple objects to the
source over a long spatial range. Our systematic analyses
reveal that the pulling force originates mainly from a new
mechanism based on the local intensity gradient induced by
the active backaction of the object to the self-collimation
mode rather than by a standard scattering force. In addition
to this well-distinguished underlying mechanism, this
new tractor beam exhibits significant exciting merits. For
example, the self-collimation frequency can be easily
devised in a photonic crystal lattice as well as efficiently
excited using an ordinary Gaussian beam within a wide
range of incidence angles. Hence, the concept and results
presented in this work provide a novel, insightful, and
practically feasible method to tailoring optical forces,
leading to more general procedures of optical manipulation.
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