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Topological properties of energy flow of light are fundamentally interesting and may introduce novel
physical phenomena associated with directional light scattering and optical trapping. In this Letter,
skyrmionlike structures formed by Poynting vectors are unveiled in the focal region of two pairs of
counterpropagating cylindrical vector vortex beams in free space. The appearance of local phase
singularities, and the distinct traveling and standing wave modes of different field components passing
through the focal spot lead to a Néel-Bloch-Néel transition of Poynting vector skyrmion textures along the
light propagating direction. By shaping the wave front of the incident beams with patterned amplitudes, the
topological invariant of the Poynting vector skyrmions can be further tuned in a prospective area. This work
expands the family of optical skyrmions and holds great potential in energy flow associated applications.
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Skyrmions acting as a typical branch of topologically
nontrivial textures were originally proposed by Skyrme [1]
and have been demonstrated in Bose-Einstein condensates
[2,3], nematic liquid crystals [4], and as a phase transition
in chiral magnets [5,6]. Especially, magnetic skyrmions
have been extensively studied and considered as promising
routes toward high-density magnetic information storage,
transfer, and spintronic devices [7-9]. Recently, optical
skyrmions have sprung up and expanded the family of
skyrmions [10]. Different types of optical skyrmions
formed by electromagnetic field [11-15], spin [16-21],
or Stokes vectors [22-25] have been demonstrated by the
interference of propagating surface plasmons on a metal
surface or by the interference of structured light in free
space, which greatly enriched the research field of topo-
logical optics. Furthermore, spin manipulation in an optical
skyrmion pair has been applied in a metrology system,
which is capable of attaining picometric sensitivity to
displacements [26]. This makes a good start for real
applications of optical skyrmions.

As another fundamental quantity, Poynting vector
describes the magnitude and direction of the energy flow
of light. It plays an important role in light scattering [27] and
optical force [28,29]. For example, in an optical tweezer
system, the motion trajectory of an absorbing particle
coincides with the orientation of the energy flow, and the
velocity of the particle motion is proportional to the
corresponding flow modulus [30-32]. With the develop-
ment of vector beams, complex behaviors of energy flow are
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unveiled under tight focusing conditions. Transversal toroi-
dal energy flow [33-35], longitudinal energy back-
flow [36—40], and topological structures of energy flow
[14,41,42], for example, the fractal-like energy flow of
supertoroidal light pulses, have been studied. Instinctively,
energy flow with skyrmionlike topological structures may
further enrich light-matter interactions with its unique vector
distribution and expand the family of optical skyrmions.

In this Letter, optical skyrmions formed by Poynting
vectors are theoretically demonstrated in the focal region of
two pairs of counterpropagating cylindrical vector vortex
beams in free space. A Néel-Bloch-Néel transition of
Poynting vector skyrmion textures is observed along the
light propagating direction within a subwavelength focal
volume. Through further modulating the amplitude of the
incident beams, the topological invariant of the Poynting
vector skyrmions can be tuned in a prospective area.

As shown in Fig. 1, two pairs of counterpropagating
cylindrical vector vortex beams, one with azimuthally
polarized electric field E and radially polarized magnetic
field H (Parts I and III), and the other one with radially
polarized electric field E and azimuthally polarized mag-
netic field H with a phase delay of z/2 supplied by a
homogeneous phase plate (PP1 and PP2) (Parts II and IV),
are focused through a 47z focal system. E, H, and their
propagating direction satisfy right-handed spiral relation-
ship. It can be inferred that the transversal and the longi-
tudinal components of the total electric field in the focal
plane can be modulated independently by Parts I+ III
and Parts II + IV, respectively, and vice versa for the
magnetic field. Considering the stability of light beams
during propagation, superposition of different types of
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FIG. 1. Schematic of the generation of Poynting vector sky-
rmions in the focal region of two pairs of counterpropagating
cylindrical vector vortex beams. The Poynting vectors experience
a Néel-Bloch-Néel transition of skyrmion textures along the light
propagating direction. The red arrows below indicate the direc-
tions of the projection of energy flux density.

Laguerre-Gauss modes is usually suggested to describe
incident beams [43]. In this manner, higher-order vortex
beams with vector polarizations have been successfully
constructed [44]. However, for simplicity, in our configu-
ration the first-order vortex phases are introduced by the
vortex phase plates (VPP1 and VPP2) placed directly at the
back apertures of the focal lenses, through which the
incident beams are focused immediately. This focusing
manner has been widely adopted for many scenarios to
investigate other optical structures, such as superoscillatory
focal spots, optical needles, and optical skyrmions, which
have been theoretically generated by encoding more com-
plex phase and polarization distributions to the incident
beams [15,39,45,46]. In simulation, equivalent and uni-
formly distributed light intensity is assumed for the two pairs
of incident beams, except for the polarization singularity in
the center where the light intensity is zero. The enlarged
view denotes the schematic of the Néel-Bloch-Néel tran-
sition of skyrmion textures along the light propagating
direction.

According to the Richards-Wolf diffraction theory [47]
and the characteristics of the field superposition of a 4z
focal system [48-50], the electromagnetic field in the focal
region can be expressed as

E;(r.e.2)

o ViW,+V,W,cos6 | e,
:Ae"ﬂ/ (VoW A+ V Wocos ) | e, x TdO, (1)
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z

Hy(r.¢.2)
" ) ViW,+V,W,cos0 | e,
_ _’_eiw/ " i(VaWy + VW cos0) | e, x Tdo,
c
Hoc o 20V, Wy sing | e.
(2)
where
Vi = Jo(krsin@) + J,(krsin8),
Vy = Jo(krsin@) — J,(krsin6),
V3 = J] (kl" sin 9), (3)
and
W1 — pikzcosd + e—ikzcosa’
W2 — pikzcos® __ ,—ikzcosd
T = vcosfsind, (4)

r, ¢, and z are the cylindrical coordinates in the focal
region. @ is the converging angle, which varies from 0 to
Omax- Omax = arcsin(NA) is the maximum converging angle
of the focal lens, and NA = 0.95 is the corresponding
numerical aperture. A is a complex constant. y, is the
permeability of vacuum and c¢ is the speed of light in
vacuum. e,, €,, and e, are the unit base vectors. k is the
wave number of the beams. J,, J;, and J, denote the Bessel
functions of the first kind. More detailed formula deriva-
tions are shown in Supplemental Material, Note 1 [51].
From Eqs. (1) and (2), it can be seen that, except for a phase
delay of 37/2 or a phase lead of 7/2, the focal magnetic
field H; has the same normalized field distributions with
the focal electric field E;. Subsequently, the Poynting
vector, namely the energy flux density, of the electromag-
netic field in the focal region can be calculated through
P(r,¢,z) = 1/2Re(E x H}), where H} is the conjugate

The whole picture of the generated Poynting vector
skyrmions is shown in Fig. 2. Figure 2(a) shows the
normalized amplitude and the unit vector projections of
the Poynting vectors on the x-y plane at different longi-
tudinal positions. Each subfigure is normalized to itself.
Within the red circles, complete skyrmion structures are
formed. Their three-dimensional vectorial structures
formed by unit vectors are shown in Fig. 2(b). It can be
seen that the Poynting vectors reverse from the “up” state in
the center to the “down” state at the periphery with different
skyrmion types. Figure 2(c) illustrates the normalized cross
sections of the individual components of the Poynting
vector skyrmions. It can be perceived that the azimuthal
component P, decreases gradually and outward-pointing
radial component P,.(>0) emerges from z=0 to
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z = 0.35A. Inversely, inward-pointing radial component
P,(<0) emerges from z=0 to z=-0351 At
z = 40.354, P, is almost vanishing in the central region
and the corresponding purity of the local Poynting vector
components in the r-z plane (P, and P,), calculated by
(IP.* +1P.)/(|P,? + P, + |P?) remains higher
than 97% within the whole skyrmion region, which is
illustrated in Supplemental Material, Fig. S1 [51]. These
results indicate that a Néel-Bloch-Néel transition of sky-
rmion textures can be observed along the light propagating
direction. The handedness of the Bloch-type Poynting
vector skyrmion can be reversed by introducing an addi-
tional phase of z to Parts II and IV.

P./|P| is the cosine of the orientation angle of the
Poynting vector with respect to the z axis. Figure 2(d)
shows the variation of P, /|P| along the radial direction from
the center to the periphery. It illustrates that P_/|P| varies
monotonically from 1 at r = 0 to —1 at the periphery within
the pink shadow area. If |z| > 0.354, forexample |z| = 0.44,
P_/|P| does not vary monotonically any more as indicated
by the red circle and hence breaks the skyrmion structure.

The skyrmion number (N ) can be written in an integral
form [8,11,16]

1 1 de, oe,
Nsk—a//ndS—‘m//ep (axxay)dxdy, (5)
s

where the area S covers the complete Poynting vector
skyrmion and n is the skyrmion number density. e,
represents the unit vector in the direction of the local
Poynting vector. The skyrmion numbers within the range
|z] £0.354 are calculated and shown in Fig. 2(e), all of
which are almost equal to 1. The deviations from 1 stem
from calculation errors.

The normalized amplitude and the unit vector projec-
tions of the Poynting vectors on the r-z plane are shown in
Fig. 2(f). From the enlarged area indicated by the red
square, changes of the azimuthal component of the
Poynting vectors, namely the transition between the black
arrows and the black dots along the z direction, can be seen.
This changing regularity is consistent with the Néel-Bloch-
Néel type transition of the Poynting vector skyrmions along
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FIG. 2. Simulated results of the Poynting vector skyrmions. (a) The normalized amplitude and the unit vector projections of the

Poynting vectors on the x-y plane at different longitudinal positions. Each subfigure is normalized to itself. (b) The three-dimensional
vectorial structures of the Poynting vector skyrmions formed by unit vectors within the red circles in (a). (c) The normalized cross
sections of the individual components of the Poynting vector skyrmions. Each subfigure is normalized to itself. (d) Variations of P,/|P|
versus 7. () Skyrmion numbers at different longitudinal positions. (f) The normalized amplitude and the unit vector projections of the

Poynting vectors on the r-z plane.
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FIG. 3. The phase distributions of the individual field compo-

nents in the x-y plane at different longitudinal positions. (a) The
phase distributions of E, and H,. (b) The phase distributions of
E, and H,. (c) The phase distributions of E_ and H_. The solid
red circles indicate both the singular lines of E.(H ) and the areas
within which complete Poynting vector skyrmions are formed.

The dashed red circles indicate the singular lines of E,.(H,) or
E,(H,).

the light propagating direction. The normalized energy
density of the electromagnetic field in the focal region are
shown in Supplemental Material, Fig. S2 [51].

To further explain the skyrmion texture transition, phase
distributions of the individual field components in the x-y
plane at different longitudinal positions are analyzed as
shown in Fig. 3. All of the field components are encoded
with a vortex phase with a topological charge of 1. The
polarization in the center is circular polarization, which has
been discussed in Ref. [52]. It can be seen that H; has a
phase delay of 37/2 or a phase lead of 7/2 compared with
E;. The vortex phases of E,(H,) and E,(H,) rotate
clockwise from z = —0.351 to z = 0.354, while that of
E.(H,) remains unchanged. This implies that the trans-
versal components evolve as traveling waves, while the
longitudinal component performs as a standing wave. This
is due to the polarization asymmetry of the counterpropa-
gating incident beams. They are not mirrorsymmetric with
respect to the focal plane, which can be perceived more
straightforwardly in Fig. S3 [51]. The polarization handed-
ness of the counterpropagating incident beams is opposite
when observing along the z axis. As for the longitudinal
components, E_(H_) is generated by Parts I + IV (Parts
I 4 III) only. In this case, there is only a z phase difference
between the counterpropagating radially polarized incident
fields, and hence the generated focal field is a standing
wave with a position shift compared to that generated by

mirrorsymmetric incident beams. The dependence of the
phases of E,(H,) and E,,(H ,), and the independence of the
phase of E. (H_) on the longitudinal position z can be also
verified by Egs. (1)—(4) analytically. During the phase
rotation of the transversal components, the vortex phase of
E,(H,) keeps delayed by /2 compared with E,(H,) and
these vortex phases experience a change of z/2 from z = 0
to z = £0.351. This changing regularity boosts the sky-
rmion texture transition of the Poynting vectors along the
light propagating direction, which can be understood by
analyzing the individual components of the Poynting
vectors in this phase changing process.

On the other hand, phase singularities are ubiquitous
phenomena in the interference of multiple electromagnetic
waves and provide additional insights into propagation and
interaction of electromagnetic waves [28]. In our case,
through the interference of two pairs of counterpropagating
cylindrical vector vortex beams, phase singularities emerge
for all of the field components and result in zero amplitude
distributions in the corresponding regions. As shown in
Fig. 3, the solid red circles indicate both the singular lines
of E.(H,) and the areas within which complete Poynting
vector skyrmions are formed. Along these solid circles, E,
and H, vanish and the other field components will only
result in Poynting vectors with the longitudinal orientation
(P,). Similarly, as indicated by the dashed red circles in
Figs. 3(a) and 3(b), when passing through the focal spot,
the alternate appearance of the local phase singularities of
E.(H,) and E,(H,) will lead to the alternate suppression
of P, and P,. These phase singularities determine the
spatial sizes of the Poynting vector skyrmions and con-
tribute to the skyrmion texture transition along the light
propagating direction.

The local singularities can also be achieved and modu-
lated through wave front shaping of incident beams, which
provides an effective means to tune topological invariants
of the Poynting vector skyrmions. In Figs. 4(al)—4(a3), we
demonstrate that three types of amplitude modulation rings
can be used to generate Poynting vector skyrmions with
certain skyrmion numbers. R, is the radius of the back
aperture of the focal lenses. R;, R;;, and R;, are the inner
radii of the amplitude modulation rings. The radius ratios of
the three modulation rings are 0.68:1, 0.3:0.83:1, and
0.88:1, respectively. The transmittances of the black and
the white regions are 0 and 1, respectively. Namely, the
incident beams are partly blocked by the black regions.
Both of the counterpropagating incident cylindrical vector
vortex beams experience the same amplitude modulations.
These amplitude modulations can help to select appropriate
angular spectrum to construct Poynting vector skyrmions
with different topological invariants.

As shown in Fig. 4(al), low spatial frequency compo-
nents are selected and the focal electromagnetic fields
oscillate slow in the focal plane within a prospective area,
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FIG. 4. Tuning the topological invariants of the Poynting vector skyrmion in a prospective area by modulating the amplitude of the
incident beams. (al)—(a3) The amplitude modulation of the incident beams. The transmittances of the black and the white regions are 0
and 1, respectively. R, is the radius of the back aperture of the focal lenses. R;, R;;, and R;, are the inner radii of the amplitude
modulation rings. (b1)~(b3) The cross sections of |E(H),, .| in the focal plane, which are normalized to |E | or [H |. The radius of the
prospective area is set to 1.254. (c1)—(c3) The projections of the Poynting vector structures formed by unit vectors along the radial
direction on the r-z plane. The dashed red lines indicate the boundary of the prospective area. (d1)—(d3) The corresponding three-
dimensional vectorial structures formed by unit vectors along the radial direction.

the radius of which is set to 1.251 as shown in Fig. 4(bl).
The cross sections are normalized to |E /| or [H|. In this
case, only one singular point of E,(H,) and two singular
points of E.(H,) appear within the prospective area, and
accordingly a Bloch type Poynting vector skyrmion is
generated. The projections of the Poynting vector structures
formed by unit vectors along the radial direction on the r-z
plane are shown in Fig. 4(c1). It can be seen that within the
prospective area indicated by the dashed red lines, the
topological invariant of the Poynting vector skyrmion is
approximately 1. The corresponding three-dimensional
vectorial structure is shown in Fig. 4(d1). Then, higher
spatial frequency components are added as modulated by
Fig. 4(a2). In this case, the oscillation frequency of E_(H )
is doubled and one more singular point of E,(H,,) appears,
which generate a Bloch type Poynting vector skyrmion
with a topological invariant of around 0 as the unit vectors
rotate back to the “up” state at the periphery as shown in
Figs. 4(b2), 4(c2), and 4(d2). Beyond the prospective area,
a skyrmionium structure (nested Poynting vector skyrmion)
can be noticed as the topological invariant changes between
1 and O in the entire focal plane. By further increasing the
proportion of high spatial frequency components as shown
in Fig. 4(a3), a singular point of E,.(H,) appears in the same
position with that of E_(H,) as indicated by the yellow
shaded area in Fig. 4(b3). This special point leads to a phase
jump, namely the singularity of Poynting vectors. Across

this point, Poynting vectors reverse orientations as shown
in Figs. 4(c3) and 4(d3), which results in a topological
invariant of around 2 within the prospective area. Beyond
the prospective area, the topological invariant increases
monotonically as the singularity of Poynting vectors
appears regularly in the entire focal plane. The correspond-
ing evolutions of the phase distributions and local singu-
larities along the propagating direction, which are similar to
the changing regularity presented by Fig. 3, are shown in
Fig. S4 [51]. This tunable feature by beam modulations
opens new avenues of fine and dynamic configuring of
optical skyrmion textures in the focal region. It is worth
noting that more systematic and complicated skyrmion
structures are obtainable through further amplitude, phase,
or polarization modulations.

In summary, as a new family member of optical sky-
rmions, Poynting vector skyrmions are constructed in the
focal region of two pairs of counterpropagating cylindrical
vector vortex beams in free space. Through analyzing the
variations of the vortex phases and the phase singularities
of the individual components of the focal electromagnetic
field along the light propagating direction, a Néel-Bloch-
Néel transition of Poynting vector skyrmion textures has
been observed. By further modulating the amplitude of the
incident beams, the skyrmion number of the Poynting
vector skyrmions can be tuned in a prospective area. We
envision that these theoretical results may expand the
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research scope of topological photonics and hold potentials
to realize energy flow associated applications such as
optical trapping, particle manipulation, and beam steering.
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