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We report an ingenious mechanism to obtain robust optical pulling force by a single plane wave via
engineering the topology of light momentum in the background. The underlying physics is found to be the
topological transition of the light momentum from a usual convex shape to a starlike concave shape in the
carefully designed background, such as a photonic crystal structure. The principle and results reported here
shed insightful concepts concerning optical pulling, and pave the way for a new class of advanced optical
manipulation technique, with potential applications of drug delivery and cell sorting.
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Optical manipulations using various forms of optical
force have been widely used in diverse disciplines, includ-
ing biology [1–6], atom physics [7–10], quantum physics
[11–15], and nanotechnology [16–19]. Recently, the
counterintuitive optical pulling force (OPF) has attracted
broad interest due to its intriguing physics underlying and
potential applications [20–26]. An OPF can transport
objects towards the source over a long range, rather than
pushing them away, which provides a new freedom of
optical manipulation beyond trapping and pushing.
According to the conservation of linear momentum, the
realization of OPF requires the increase of forward
momentum of the incident light when scattered by the
object, which is the common challenge to be solved in all
the mechanisms of OPF generation.
Except for exotic media, such as optically active medium

[27–30], chiral medium [31–33], PT symmetry objects
[34,35], resonant objects [36,37], and negative refractive
index objects [38–40], various structured optical beams are
always needed in order to get an OPF, including non-
paraxial Bessel beams [21,22,41–43], chiral beams [31–
33,44–46], interference fields of multiple beams [47–49],
the eigenmodes in a waveguide [50,51] or near an interface
[52–54]. The common feature of these engineered fields is
their off-axial alignment (relative to the average Poynting
vector) of the incident momentum, as shown in Fig. 1(a).
When the beam is scattered by an object, the off-axial
momentummay be redirected partially or even totally to the
incident direction. In this case, the light momentum

projection on þx direction increases obviously due to
the convex shape of the isofrequency contour, as illustrated
in Fig. 1(b), and the OPF is generated according to the
linear momentum conservation. Actually, this has been the
standard mechanism to get an optical pulling force, which
was first proposed by Marston in acoustics more than ten
years ago [55,56]. Certainly, we can get an effective OPF
using the thermal effect of light on an absorptive object or
background [57,58], which is, however, not due to the
transfer of light momentum, but due to the Brownian
motion.
From Figs. 1(a) and 1(b) and the above discussion, we

find that the key factor that prevents the generation of an
OPF by a plane wave is the convex-shaped isofrequency
contour, which forbids the forward light momentum
increase of the plane wave. This is also the reason of
structured beams being indispensable in most previous
OPF investigations. In order to surmount this restriction,
we propose to engineer the intrinsic feature of light
momentum in an artificial background, where the isofre-
quency contour is concave, rather than convex, as shown in
Figs. 1(c) and 1(d).
The change of isofrequency contours in k space from one

shape to another is called topological transition in the
research of optical metamaterials [59–61]. Since k is
proportional to the light momentum p by p ¼ ℏk
[62–65], the shape of isofrequency contour can be named
as the topology of light momentum (TLM). In Fig. 1(c),
when the incident plane wave is scattered by the object
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from axial to off-axial directions, the projection of the light
momentum on the þx direction will increase obviously
(rather than decrease) due to the concave-shaped TLM, as
illustrated in Fig. 1(d). As a result, the object will
experience an OPF according to the linear momentum
conservation.
This mechanism focuses on the engineering of the TLM

of the background medium, but not the incident light beam.
Thus, it can be regarded as the complementary mechanism
comparing to the widely used mechanism adopting struc-
tured light beams. From this point of view, our proposal is
conceptually significant, and valuable for further under-
standing of optical pulling force and the light momentum in
medium [62,66]. For these reasons, we except this work
will stimulate further research, and open new possibilities
for advanced optical manipulation techniques.
In order to get a medium with the concave-shaped TLM,

photonic crystal (PC) is the best candidate according to its
powerful capacity demonstrated in band engineering [67–
70]. Physically, the relations between the TLM and the
parameters of the PC are complicated. However, the
following principles are helpful in the design of the PC.
(I) Since the concave-shaped EFC means highly aniso-
tropic, a modified square lattice (i.e., rectangular lattice)

with ax ≠ ay should be selected, because it has a lower
rotational symmetry (C2 symmetry) than the triangular and
square lattices (C6 and C4, respectively). (II) Selecting the
source frequency in the second band of the PC, because the
PC behaviors like an isotropic medium for the low
frequencies in the first band (effective medium approxi-
mation). (III) Using a numerical method to check the TLM
and tune the structural parameters finely (the lattice con-
stants and/or the radius of the atoms) to get an optimized
PC matching the target source frequency.
The designed rectangular PC for the target wavelength

(λ0 ¼ 1064 nm is used as an example) is shown in Fig. 2(a)
The lattice constants are ax ¼ 310 nm and ay ¼ 2.13 ax.
The radius and refractive index of the silicon rods are r ¼
0.25 ax and n ¼ 3.4, respectively. The whole structure is
immersed in water (nb ¼ 1.33). Figure 2(b) shows the
TLM of the second band of TE polarization (with electric
vector along the z direction), which is calculated by using
the plane wave expansion method [71]. Clearly, the TLM is
concave in a wide frequency range from 0.21ð2πc=axÞ to
0.33ð2πc=axÞ, and for the OPF along the x direction, the
frequency between 0.27ð2πc=axÞ and 0.33ð2πc=axÞ should
be selected.

FIG. 1. Illustration of optical pulling force by a plane wave on
an ordinary object via engineering the shape of the isofrequency
contour, which is named as topology of light momentum (TLM),
in the background medium. (a) An engineered light beam with
wave vectors (kin) nonparallel to energy flow S, such as a Bessel
beam, is scattered by an object. After scattering, part of the off-
axis momentum may be redirected to the þx direction. Here we
show the extreme case of all the momenta being redirected on the
þx direction, i.e., Skkscat. (b) The forward linear momentum of
incident light (red arrows) is increased after scattering by the
object (green arrow), thus a pulling force is achieved. (c) Scatter-
ing of a single plane wave by an ordinary object in an engineered
background. The incident momentum is along the þx direction,
and is scattered to off-axis directions by the object. (d) Optical
pulling force analysis by the plane wave. The blue curve
represents the concave-shaped TLM in the engineered back-
ground medium. The forward linear momentum of light is
increased, rather than reduced, when it is scattered to off-axis
directions by the object. Thus, a negative radiation pressure is
exerted on the object.

(a) (b)

(d)(c)

FIG. 2. Light scattering in a concave-shaped TLM environ-
ment, which is formed in water by embedding a photonic crystal
(PC). (a) Schematic structure of the engineered ambient in water
(with a refractive index of nb ¼ 1.33) with silicon rods (na ¼ 3.4
and radius r ¼ 0.25 ax) array. The lattice constants along the x
and y directions are ax ¼ 310 nm and ay ¼ 2.13 ax, respectively.
A triangular-shaped object made of Al2O3 (no ¼ 1.75), base
length l ¼ 0.2 μm, and height h ¼ 1 μm is set between two
neighboring rows. A plane wave is launched from the left-handed
side. (b) TLM in the background medium for TE polarization,
(electric vector along the z direction). In the normalized fre-
quency: (0.27∼0.33) (2πc=ax), the concave-shaped TLM is
available. When the light is scattered from the axial direction
ΓB to an off-axial direction ΓA, the wave vector will increase
from 0.217ð2π=axÞ to 0.276ð2π=axÞ. (c) Distribution of electric
field amplitude (upper part) and phase (lower part) of the incident
field of Ez in the PC. The incident frequency is 0.29ð2πc=axÞ.
(d) Distribution of jEzj of scattered field by the triangular object
located at x ¼ 5 and y ¼ 0 μm. The white arrows indicate the
directions of the Poynting vectors (�40°). The small gray circles
represent the photonic crystal lattice.
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A plane wave, TE polarized, with normalized frequency
ω ¼ 0.29 (2πc=ax) is launched into the structure from the
left-handed side, which corresponds to the target wave-
length of 1064 nm (in vacuum). Fig. 2(c) shows the electric
field amplitude (upper part), and phase distributions (lower
part), and a plane wave front can be observed clearly. Here,
the finite difference in the time-domain (FDTD) algorithm
is used in simulation. Periodic boundary condition, and
perfectly matched layers (PML) are set in the x and y
directions, respectively [72], which ensures the incident
light momentum being along the þx direction.
A triangle-shaped dielectric object with its base length

l ¼ 0.2 μm, height h ¼ 1 μm, and refractive index of no ¼
1.75 (such as Al2O3) is set along the symmetry axis y ¼ 0,
as shown in Fig. 2(a). The triangular shape is selected
because, according to the viewpoint of geometrical optics,
it can reflect the incident plane wave to off-axial directions
without backscattering. Although the geometrical method
is not rigorous in the present situation, it can yield a rather
good approximation as shown in Fig. 2(d), which depicts
the mode pattern jEzj of the scattered field (the incident
field is excluded from the total field) by the triangular
particle. One can observe that the incident field is sym-
metrically scattered into two main directions without
obvious backscattering. According to the analysis above,
the momentum of light along theþx direction will increase,
and the object should experience an OPF.
We quantitatively evaluate the optical pulling force using

the linear momentum conservation law (LMCL), as shown
in Fig. 3(a) by the dotted (red) curve. Suppose NðθÞ
photons are scattered to the direction of θ from the incident
direction of θ ¼ 0, then the x component of the momentum
imparted to the object is

ΔPx ¼ Ninℏk0 −
Z

ℏkxðθÞNðθÞdθ; ð1Þ

where ℏ is the reduced Plank constant, and k0 is the wave
vector of the incident wave. kxðθÞ is the x component of the
wave vector in the θ direction. For an incident power P, the
number of photons incident on the object in Δt is
Nin ¼ PΔt=ðℏωÞ. Suppose the scattering probability at
angle θ is SðθÞ, then the number of photons scattered in
the θ direction is NðθÞ ¼ NinSðθÞ. Therefore, the total
optical force Fx exerted on the object is

Fx ¼
ΔPx

Δt
¼ P½Ninℏk0 − R

ℏkxðθÞNðθÞdθ�
Ninℏω

¼ P
ω
½k0 −

Z
kxðθÞSðθÞdθ�: ð2Þ

According to the scattered field distribution in Fig. 2(d),
the incident light is mainly scattered into �40°, while the
scattering to other directions (including the reflection), can
be neglected in the first order approximation. According to

Fig. 2(b), the wave vectors along incident direction θ ¼ 0°,
and scattering direction of �40° are 0.217ð2π=axÞ and
0.276ð2π=axÞ, respectively. Substituting these values in
Eq. (2), a pulling force of about −0.9 pN=mW is obtained
(see Sec. I in the Supplemental Material [73] for more
calculation details), as shown by the dotted line (in red) in
Fig. 3(a). In Eq. (2), we have assumed that the pulling force
is mainly acted on the object, but not on the nanorods of the
background lattice (see Sec. II in Supplemental Material
[73] for more details).
The OPF calculated from Eq. (2) agrees very well with

the numerical results obtained by integration of the
Maxwell stress tensor (MST) on a closed path L surround-
ing the object [74], i.e., hFtotali ¼

H
LhTi · dl where

hTi¼ 1

2
Re½D⊗E� þH⊗B�−1

2
I
↔
ðE ·D� þH ·B�Þ�: ð3Þ

Here, h·i means time average, ⊗ stands for dyadic

operation, and I
↔

is the unit tensor. The resulting OPF

FIG. 3. Optical forces exerted on the object defined in Fig. 2.
(a) Fxðx; 0Þ on the object. The dashed line (in red color) shows
the force directly calculated from the linear momentum con-
servation law [see Eq. (2)]. The inset shows the wave vectors of
the incident field (θ ¼ 0°) and scattered field (θ ¼ 40°). The solid
curve (in black) corresponds to the pulling forces obtained by
integration of Maxwell’s stress tensor [see Eq. (3)]. (b) Wide-
band feature of the optical pulling force at three different
normalized frequencies (in unit of 2πc=ax) of ω1 ¼ 0.30,
ω2 ¼ 0.29, and ω3 ¼ 0.28. (c) Transverse stability of the optical
pulling force when the object is at off-axis positions. FyðyÞ is
always a restoring force, and FxðxÞ is always a pulling one when
the object is at off-axis positions of y ¼ 5 and 10 nm.
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are shown by the solid curve (in black color) in Fig. 3(a),
where the object moves from x ¼ 0 to x ¼ 3ax. Clearly, the
optical force along the x direction is always negative, which
means the object will be continuously pulled by the
incident wave.
Although there is more than one light momentum

formula that can be selected in optical force calculation,
the Minkowski momentum (rather than the Abraham
momentum) has been used for the following reasons.
(i) It has been revealed that the Minkowski momentum
is carried by the combined system of light and matter, while
the Abraham momentum is carried by the light wave only
[62]. It has been theoretically verified that the momentum
associated with the matter also contributes to the optical
force on an immersed (and semi-immersed) object [75].
Second, in several other similar experimental configura-
tions, such as the interfacial tractor beam [52], and radiation
pressure on mirrors immersed in liquids [76,77], the
application of Minkowski momentum has been experimen-
tally justified. According to these two reasons, the
Minkowski momentum is used here in order to get the
optical forces consistent with experimental observations.
The OPF also has several other merits of stable, broad-

band, and robust to the parameters, which are extremely
desirable in experiment. In Fig. 3(b), the OPF for different
incident frequencies (in units of 2πc=ax) of ω1 ¼ 0.30,
ω2 ¼ 0.29, andω3 ¼ 0.28, are shown by the red, black, and
blue curves, respectively. Clearly, OPFs are achieved for all
the three frequencies. More importantly, the force ampli-
tude at ω3 ¼ 0.28 is the largest, while that at ω1 ¼ 0.30 is
the smallest, which agree well with the shape of the
isofrequency contours in Fig. 2(b). In addition, the operation
frequency can be easily scaled to the other bandby tuning the
lattice constant. For example, when ax ¼ 450 nm, the
wavelength will shift to 1550 nm for ω ¼ 0.29. This
wide-band feature is very useful in experiments, which also
makes the OPF robust to material dispersion (see Sec. III in
Supplemental Material [73] for more details).
Figure 3(c) shows the transverse stability of this pulling

manipulation. When the object is shifted along the y
direction to y1 ¼ 5 and y2 ¼ 10 nm, the forces
Fyðx; y1;2Þ are shown by the black (y1 ¼ 5 nm) and red
(y2 ¼ 10 nm) lines, respectively. Clearly, Fy is a restoring
force driving the object to the equilibrium position of
y ¼ 0. Actually, Fy is an intensity gradient force pointing to
the middle line of two neighboring rows of rods [78], which
can be observed in Fig. 2(a).
Although we have used a triangular-shaped object in the

above analysis to reduce the harmful backscattering, the
OPF is not sensitive to the shape and refractive index of the
object. In Fig. 4(a), we present max½Fxðx; 0Þ� on an
elliptical object with semiaxes rx and ry. The refractive
index no varies from 1.4 to 2.6, and rx changes from 0.1 to
1 μm (ry ¼ 0.1 μm is fixed for convenience). In most
regions in the parametric space (no, rx), the optical force is

pulling. Figures 4(b) and 4(c), respectively, show the
scattered fields for the objects of P1 and P2 marked in
Fig. 4(a), where only the half spaces of y > 0 are shown
due to the symmetry. The absence of pulling force at P2 can
be attributed to the harmful backscattering of the object,
which generates a pushing force larger (in amplitude) than
the pulling force.
In this new mechanism, OPF by a single plane wave

becomes ubiquitous in a medium with concave-shaped
TLM, which makes the forward momentum increase easy
and efficient, just like the optical pushing force in an
ordinary medium (with a convex-shaped TLM). This
mechanism not only provides a new avenue for OPF
generation, also greatly contributes to the further under-
standing of light momentum in medium. The potential
applications of this new result include particle sorting, drug
deliverance, and even diseased cell diagnosis (see Sec. IV
in Supplemental Material [73] for more details).
In conclusion, we have uncovered a novel mechanism to

achieve optical pulling forces by tailoring the topology of
light momentum (TLM) in a designed background. When
the TLM is a starlike concave shape, rather than the convex
shape in ordinary medium, the light momentum scattered
by the object to off-axis directions will be larger than the

FIG. 4. (a) Changes of max½Fxðx; 0Þ� exerted on different
elliptical objects (see the inset). The refractive index varies from
1.4 to 2.6, and the semiaxis rx changes from 0.1 to 1 μm,
(ry ¼ 0.1 μm is fixed for convenience). In the colored region, the
objects experience continuous pulling forces when they shift
along x axis. P1 and P2 are two representative objects analyzed in
detail in (b) and (c). (b) Scattered field by the object P1. Because
of the symmetry of the structure, only the half space of y > 0 is
shown. Forward scattering occurs which generates a continuous
pulling force. (c) Scattered field by the object P2. Backward
scattering results in a pushing force and cancels the pulling force
generated by the forward scattering.
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incident momentum. As a result, the forward momentum of
the incident plane wave increases, and an optical pulling
force is obtained. In a rectangular lattice photonic crystal
made of silicon rods in water, we theoretically and numeri-
cally demonstrated the transversely stable, long range,
object insensitive, and wide-band optical pulling force.
We expect the mechanism and results reported here will
open a new avenue in the field of optical manipulation
technology and in its development, also playing a relevant
role in related areas.
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