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Effective gyration of polar vortex arrays controlled by high orbital angular momentum of light
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The electric field of an optical vortex (OV) beam displays a specific winding pattern determined by its spatial
variation and angular momentum. An OV beam can serve as a optical spanner, which exerts a force torque to
rotate particles around the beam axis. In this work, using first-principles-based calculations, we demonstrate that
an OV beam with high orbital angular momentum (OAM) can induce local electric dipoles to self-order and
form a vortex array distributed along azimuthal directions. More importantly, owing to its intrinsic symmetry,
the evolution of the vortex array with time can be viewed as an effective spinning around the central axis, while
its rotation speed is also connected to the OAM value. Our study thus presents an alternative approach for
manipulating polar vortices using the optical field apart from mechanical and electric stimuli, and especially for
a deterministic control of vortex dynamics that is critical in the application of memory devices.
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Light beams established on the Laguerre-Gaussian (LG)
mode set was invented in the laboratory by Allen et al. more
than three decades ago [1]. Such beams carry an orbital an-
gular momentum (OAM) defined by the phase factor eimφ ,
where φ is the azimuthal angle and m is an integer associated
with photon’s OAM mh̄. In addition to the helical wave front
denoted by eimφ , LG beams are characterized by an annular
profile of the light intensity ( r

w
)|m|e− r2

w2 . As a result, the inten-
sity gradient along the radial direction generates a “gradient
force” that drives small particles to move towards the beam
focus, while the phase gradient along the azimuthal angle
direction generates a “scattering force” that can circulate par-
ticles on the annular ring of LG beams via light absorption
[2–5]. Therefore, LG beams are also known as “optical tweez-
ers” or “optical spanners,” as they can manipulate the motion
of particles ranging from nanometers to micrometers [6,7].

For a circularly polarized LG light beam, its two-
dimensional (2D) electric or magnetic field is naturally
endowed with a winding number, −m · σ , where σ denotes
the helicity of the light [8]. The winding number, as an integer,
quantifies the number of times the vector field completes a
rotation of 2π as it encircles the center of the beam, where
the intensity of the field is zero and the direction of the
field cannot be defined [9]. This singularity, together with the
entire whirling configuration, presents the field as an SO(2)
“optical vortex” (OV), which cannot be smoothly deformed
into a linearly polarized light and is commonly recognized
as a topological defect in 2D space [10,11]. The vortexlike
structures manifest in various exotic phases and condensed-
matter systems, including superfluids, superconductors, and
magnetic media [12–15]. Rapid progress has also been made
in exploring ferroelectric vortices built by electric dipoles.
They were theoretically predicted in ferroelectric nanodisks
and nanodots in the early 2000s [16,17] and were not
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revealed in experiments until 2016: Yadav et al. showed
ordered arrays of vortex pairs formed in PbTiO3/SrTiO3

[18], which later exhibited fascinating phenomena such as
emergent chirality and negative capacitance [19,20]. Different
from the Dzyaloshinsky-Moriya interaction rising from the
interplay between spin-orbit coupling and superexchange in
magnetic systems [21,22], the complex dipolar textures in fer-
roelectrics emerge from the competition among electrostatic,
elastic, and gradient energies [23,24].

One critical step of utilizing polar vortices in applica-
tions is to robustly handle vortices with external control.
Experiments have shown that by applying the electric field,
conversion between vortex and stripe phases [25], and a re-
versal of chirality in polar vortices [26], can be achieved.
Beyond the static electric field, subpicosecond light pulses
with above-band-gap-excitation can convert the vortex array
into supercrystals [27]; the THz field can drive collective
sub-THz dynamics of polar vortices, such as a transverse
oscillation at 0.08 THz [28,29]. However, to the best of our
knowledge, how to move polar vortices in a controllable man-
ner still remains unknown.

In this work, using atomistic simulations based on first-
principles calculations, we validate the idea of converting
optical vortices to dynamical polar vortices, by making the
unique optical field–LG beams at THz frequency interact
with ferroelectric materials. Intriguingly, the beam not only
induces the formation of polar vortices but also manipulates
their motion in a controllable way. For a specific OAM value
m, the winding pattern of the electric field exhibits a sym-
metrical profile, and its coupling with electric dipoles gives
rise to the formation of a polar vortex array in ferroelectric
ultrathin films. Vortices with opposite chirality are positioned
next to each other on an annular ring, and their configurations
evolve with the time-dependent field. This can be equivalently
viewed as a spinning of the whole vortex array around the
beam center at the same frequency of the THz optical field,
which we call “effective gyration.”
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FIG. 1. Display of electric field patterns of various LG beams (first row) and of corresponding polar vortex arrays (second row) at t = pT .
The x and y axes correspond to site numbers along two in-plane directions of the film. (a)–(d) l = 0 and m = −2, −3, −4, and 3. (e) l = 1 and
m = −3. φin and φout denoting the respective azimuthal angles of ingoing and outgoing fields are highlighted by arrows in panels (a) and (b).
In panel (d), the electric field displays as an antivortex at the center of the plane. (f)–(j) Polar vortex arrays formed under corresponding LG
beams in the first row [in the order of panels (a)–(e)]. The out-of-plane Pz component is normalized and denoted with the colorbar. The core of
each vortex is highlighted by the yellow shaded area.

Electric field of the LG beam. The electric field of the LG
beam can be generally described as

�E (r, φ, z = 0) = E0 Clm
1

w

(√
2r

w

)|m|
e− r2

w2 L|m|
l

(
2r2

w2

)
[
cos (mφ − ωt )�ex − σ sin (mφ − ωt )�ey

]
. (1)

In the equation above, E0 and w denote the magnitude and
the beam radius of the electric field, respectively. Clm is
the normalization constant, L|m|

l is the generalized Laguerre
polynomial, and l is the node index. Here we adopt σ = +1
to fix the helicity as left-polarized.

We first examine fields with l = 0. In this instance, Clm =
1 is a constant. Figures 1(a)–1(c) illustrate the field config-
uration when m = −2, −3, and −4 at t = pT (where p is
a positive integer and T denotes the period of the field). To
have a better contrast between the field [Figs. 1(a)–1(e)] and
the response of on-site dipoles [Figs. 1(f)–1(j)], we plot both
fields and dipoles in the dimension of the simulation supercell
(introduced below). There is only one radial node (namely, the
local maximum intensity is on a ring with a radius of ∼√

2w),
and the field magnitude decreases radially from the ring in
both the inward and outward directions. At the center (the
origin of the cylindrical coordinates), E decreases to zero. At
t = pT , according to Eq. (1), the orientation of the field at
(r, φ) is fully determined by its azimuthal angle φ, and the
extent of �E (r, φ)’s rotation increases with the OAM magni-
tude |m|. In particular, for fields radially oriented towards or
away from the center of the beam, their azimuthal angles are
given by

−mφin = φin + (2n − 1)π,

−mφout = φout + (2n)π. (2)

In the equation above, n is an integer, and we use subscripts
“in” and “out” to denote the flowing direction of the field.
As shown in the plot, lines oriented along φin = (2n−1)π

(−m−1) and

φout = 2nπ
(−m−1) separate the whole plane into several subre-

gions: in each subregion, the out-going fields flow away from
the center along one boundary (φout), adjust their orientations
along the contour, and flow towards the center along the other
boundary (φin) to form a flux-closure domain. Symmetrywise,
in a 2D field, these lines serve as symmetry axes, relative to
which reflection operations can be performed between these
domains. In addition to reflection, twofold and threefold ro-
tations can also map one domain to another in Figs. 1(b)
and 1(c), indicating field patterns there belonging to two-
dimensional D2 and D3 groups, respectively. Note in Eq. (2),
no solution exists for m = −1; this is due to the fact that the
change of the field orientation for m = −1 cannot exceed 2π

even making a full contour. Thus, symmetric subregions fail to
develop, leading the field to exhibit varied shapes at different
t values [30].

We next examine cases when the field pattern is more
complicated.

(i) For m > 0, symmetric subregions form for all m (in-
cluding m = 1) with a symmetry of Cm+1,v , while each
subregion is an open-flux domain: the field flows in along
one boundary (φin), but exhibits an anticrossing behavior at
the center, and flows out along the other boundary (φout).
Similar to m < 0, φin = (2n−1)π

(m+1) and φout = 2nπ
(m+1) can be easily

derived for m > 0.
(ii) For l > 0, along the radial direction, there are l + 1

nodes with the local maximal intensity and l nodes with
zero field intensity, resulting in the formation of l bright
annular rings. We illustrate these two cases with l = 0 and
m = 3 and with l = 1 and m = −3 in Figs. 1(d) and 1(e),
respectively.
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The intriguing field patterns of LG beams enlighten us
to consider writing such symmetric optical textures in real
materials. An active response from the material to local optical
field at a microscopic level is required to achieve such a
goal. Order parameters, such as electric dipoles or magnetic
moments, reside continuously on lattices over a long range
and respond to optical fields promptly, naturally fulfilling this
criterion. Former studies have investigated the response of
magnetic materials to magnetic fields of LG beams [31–33];
here, we do not focus on magnetic compounds but rather on
nonmagnetic, ferroelectric materials, where the response to
the electric field part is more crucial.

Polar vortex array induced by the LG beam. Experimen-
tally observed polar vortex is at a scale of tens of unit cells
[18]. Therefore, we choose the prototype ferroelectric ultra-
thin films Pb(Zr0.4Ti0.6)O3 (PZT) in the 80 × 80 × 5 supercell
grown along the [001] direction as the modeling system,
where each unit cell has a lattice constant of 0.4 nm. The
unit of a polar vortex is an on-site electric dipole pi in cell i,
essentially representing an off-centering ion displacement ui.
In the ferroelectric phase transition, such displacements rise
from the condensation of soft modes. Therefore, we adopt the
effective Hamiltonian computational approach, which defines
a restricted Born-Oppenheimer potential energy surface with
soft modes and acoustic modes fitted from first-principles cal-
culations [34–36]. The method has demonstrated remarkable
success in predicting diverse exotic polar structures charac-
terized by atomic distortions in PZT systems [17,37–44]. We
perform molecular dynamics simulations to explore the poten-
tial energy landscape and all possible dipolar configurations
when the electric field of the LG beam is introduced in a
continuous wave form to a well-equilibrated monodomain
configuration at 10 K: with all dipoles aligning along [001̄]—
the out-of-plane z direction, we let the light propagate along
the z axis, so that the electric field, which only has in-plane
x and y components, interacts with the in-plane part of the
dipoles. The polarization magnitude in the poled monodomain
is computed to be 73 µC/cm2, close to experimental mea-
surements [45–47]. Considering the dimension of the system
and the response time of soft modes, we choose w = 5
unit cells (u.c.) and ω = 1 THz as the beam radius and the
light frequency, respectively. The maximal magnitude Emax

for different values of l and m is set with respect to an
experimental value at the order of 108 V/m [48,49]. Compu-
tational methods and details can be found in the Supplemental
Material [50].

Figures 1(f)–1(h) display the respective polar textures at
the bottom (001) layer captured at approximately t = pT
after dipoles establish a cyclic motion since fields shown in
Figs. 1(a)–1(c) are introduced to the system. A time delay
of approximately 0.1 ps is needed for dipoles to fully align
with field vectors (see Fig. S4 and relavant discussions in the
Supplemental Material [50]). In-plane components of polar
textures resemble electric fields in that they share similar
winding patterns and the same two-dimensional D|m|+1 sym-
metry. Side-view plots shown in Fig. S1 in the Supplemental
Material [50] reveal that the magnitude of Px developed in
the central region is comparable to that of Pz in the poled
monodomain. Nevertheless, differences between dipoles and
fields are notable: rather than strictly adhering to the

orientation of the on-site field and adopting a flux-closure
pattern, dipoles arrange their orientations and form a vor-
tex in each subregion. For example, in the case of m = −2
[Fig. 1(f)], dipoles at x = 40 and y = 41 and 42 point along
the +x direction and are antiparallel to dipoles at x = 40 and
y > 43 (e.g., φ = π

2 ), while all corresponding field vectors at
this azimuthal angle point along the −x direction [Fig. 1(a)].
In another case of m = −3 [Fig. 1(g)], in the yellow shaded
area within each quadrant, four neighboring dipoles change
their orientations continuously and overall rotate by 2π and
exhibit as the center of the vortex located in each quadrant,
while corresponding field vectors in Fig. 1(b) only differ by
an angle less than π

2 . Note with an increasing |m|, domains
confined by φin and φout get narrower along the azimuthal
direction, while the vortex in each domain extends along the
radial direction, as illustrated in the case of m = −4 shown in
Fig. 1(h). In all cases, dictated by orientations of field vectors
on the boundary of each domain, neighboring vortices display
opposite chiralities. Note that the generation of polar vortex
array remains robust even with a 1 order of magnitude reduc-
tion in the field magnitude (see Fig. S3 in the Supplemental
Material [50]).

Emergence of polar vortices can be explained as follows.
At sites where the electric fields Ei are relatively large, the
electrostatic energy −E i · pi is the dominant term; dipoles
thus tend to align with the on-site electric field in order to
minimize the electrostatic energy introduced by light and
reduce the total energy. In contrast, in the region where Ei

are small, other energy contributions, including polarization
gradient and polarization anisotropy [51], compete with the
electrostatic energy; such anisotropy energy can be lowered
by a progressive rotation of the polarization [18]. Addition-
ally, when r → 0, the orientation of the field undergoes a
significant alteration owing to the factor of mφ, despite the
field magnitude E → 0. If in-plane components of pi align
with Ei at r → 0, a large bound charge ρb resulting from
∇ · P will be created in the central region, which will substan-
tially increase the electrostatic energy [52,53]. Taken together,
this gives rise to the formation of vortices, where dipoles
change their orientations continuously and form closed loops
within each subregion. This is consistent with nanodomains
in ferroelectric ultrathin films, where vortices emerge to
preserve the charge neutralities at surfaces and to reduce
the electrostatic energy associated with the depolarization
field and the anisotropy energy [24,37,54,55]. For reference,
without showing energy relevant to phenomenological mod-
els, different energy terms in effective Hamiltonians based
on atomistic models, including on-site soft mode energies,
short-range interaction energies, elastic energies, elastic-soft-
mode coupling energies, dipole-dipole interaction energies,
and electrostatic energies from coupling to the external field,
have been plotted versus time in Fig. S2 in the Supplemental
Material [50].

When considering positive m, a dipolar antivortex with
notable in-plane components emerges in response to the
anticrossing electric field, while 2(|m| + 1) vortices are dis-
tributed in each sector of the antivortex [see Fig. 1(i) for
l = 0 and m = 3]. As vortices are located relatively dis-
tant from the center, the local electric fields are comparably
smaller, resulting in constituent dipoles of vortices possessing
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FIG. 2. The divergence of (a) the electric field of the LG beam
with l = 0 and m = −2, (b) dipole components Px,y (which is the
bound charge component ρb,xy), and (c) Pz (ρb,z).

minor in-plane components. Nevertheless, these modest in-
plane components manage to organize in a closed loop, giving
rise to the formation of vortices. Figure 1(j) illustrates the
dipolar pattern for l = 1 and m = −3. For the nodal index
l = 1, an additional ring of vortices emerges at a greater ra-
dius, encircling the inner vortex array of l = 0. The emerging
ring of vortices consists of four elliptical vortices, aligning
with the region where the field intensity approaches zero (also
in a ringlike shape). Consistent with the preceding analysis,
dipoles within this region can robustly adapt their orientations
and manage to form a closed loop alongside the significant
but antiparallel in-plane dipoles inside and outside the ringlike
area. The self-organized and widely distributed vortex textures
highlight the importance of the polarization gradient and the
anisotropy energy among all competing energy contributions.

We next focus on the out-of-plane (z) components of vor-
tices. While all z components are negative across the plane,
their magnitudes vary by locations and depend on the on-site
in-plane (x, y) components. Since only Px,y are directly cou-
pled with light, Pz varies more as a response to Px,y to ensure a
small bound charge ρb, which is the sum of ρb,xy and ρb,z.
These two latter charges are the divergence to Px + Py and
Pz, respectively. In a previous study, an LG beam with l = 0
and m = −1 induced the creation of “Neel”-type skyrmions at
specific times, of which Pz values near the plane center switch
their negative values to positive values [30]. The switching
results from the convergent or divergent form of Ex,y as well
as Px,y, and that causes a large bound charge ρb,xy emerging
at the center. To reduce the overall ρb, Pz varies drastically so
that ρb,z can compensate ρb,xy. For m �= −1, the chiral patterns
of Ex,y and Px,y exhibit divergence-free behaviors and only
a small ρb,xy is created. Therefore, a small ρb,z is induced
and Pz can maintain their negative values and vary smoothly
throughout the plane. Figures 2(a) and 2(b) present the di-
vergence of the electric field ∂Ex

∂x + ∂Ey

∂y and the divergence

of in-plane dipole components ∂Px
∂x + ∂Py

∂y (namely, ρb,xy) in
the case of l = 0 and m = −2, respectively. As revealed in
Figs. 1(a) and 1(f), Px,y follows a pattern close to that of Ex,y,

FIG. 3. The displayed dipole pattern for l = 0 and m = −2 at
different times t , as written in each panel. Yellow arrows denote the
rotation direction of polar vortex arrays.

so the divergence of Ex,y and the divergence of Px,y share
similarities, featuring two regions with opposite values along
the x axis. This further induces a ρb,z contrary to ρb,xy in
these regions [Fig. 2(c)], which finally determines that Pz at
the (001) bottom layer adopt large negative values on the left
side and small negative values on the right side of the x axis
[see Fig. 1(f)]. In areas in between, Pz undergoes a gradual
variation as a transition.

Effective gyration of polar vortex arrays. For a left-
polarized LG beam, phases of electric field vectors increase
by ωt as time progresses, leading to a counterclockwise rota-
tion at each site. In addition, with a negative OAM value of
m �= −1, the orienting angle of the on-site electric field vector
increases with the azimuthal angle φ as −mφ. Consequently,
electric field vectors situated at larger φ at earlier times will
align similarly to vectors situated at smaller φ at later times,
resulting in an overall appearance of a “clockwise rotation” of
the entire field pattern. Former have studies already demon-
strated that a LG beam can trap or displace a single particle
by gradient or scattering force [2–4]; now we wonder whether
this dynamical feature of optical fields can be utilized to
“spin” dipolar textures by driving a collective motion. Dipoles
reside continuously over the lattice so every dipole interacts
with the on-site field across the entire plane. Also, dipoles
can reorient their directions readily to the dynamical field at
THz frequency at all times. Thus, the “progressive rotation”
belonging to the dynamical optical field can be reproduced in
a vortex array.

Figures 3(a)–3(d) present the in-plane view about the
polar vortex array corresponding to l = 0 and m = −2 at
four different times starting from t = pT to (p + 3

4 )T with
an interval of 1

4 T . We use notations φin and φout, similar
to those we use for the electric field in Fig. 1, to denote
azimuthal angles where in-plane dipole components point
radially inward or outward, respectively. The sequence of
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snapshots witnesses a complete gyration of the vortex array
by an angle of 2π within a single period T , marked by the
variation �φin/out = π

2 within an interval of T
4 . Taking the

distance from the vortex core to the center of the plane rv as
3 u.c., the traveling speed of vortex array v can be approxi-
mated as v = 2πrv/T ≈ 6000 m/s, much faster than that of
a magnetic skyrmion [32,33].

It is evident that by adjusting the frequency ω and the
chirality σ of the light, the gyration speed and its di-
rection can also be modulated. Furthermore, we want to
point out that there is an intrinsic connection between
the gyration speed and the OAM value m. A “complete”
gyration refers to φin/out as the boundary of one subre-
gion moving to φin/out of the next subregion. Thus, based
on Eq. (1), depending on m, a general expression of
the gyration velocity can be given by

v = 2πrv

(−m − 1)T
(m < 0), v = − 2πrv

(m + 1)T
(m > 0). (3)

This indicates that an LG beam with a lower value of m can
actually spin the vortex array more efficiently.

In summary, we demonstrate the idea of converting optical
vortices to polar vortices in ferroelectric ultrathin films. Fur-
thermore, the time evolution of a THz dynamical field induces
a “gyration effect” of polar vortex arrays, causing them to
rotate around the central axis at a speed synchronizing with
the optical field. Our study presents an alternative scenario
for creating electric vortices and manipulating their motions
with optical signals.
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