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3D Engineering of Orbital Angular Momentum Beams via
Liquid-Crystal Geometric Phase

Si-Jia Liu, Peng Chen,* Shi-Jun Ge, Lin Zhu, Yi-Heng Zhang, and Yan-Qing Lu*

Orbital angular momentum (OAM) provides a novel degree of freedom for
light, deeply inspiring versatile light-matter interactions and large-density
multiplexing computing. Recently, multimode and multichannel control of
OAM beams have aroused extensive curiosity, whereas their flexible
engineering in 3D space still remains challenging. Here, a new type of
liquid-crystal geometric phase optical elements is demonstrated to achieve
on-demand 3D tailoring of OAM beams. Via integrating binary and
continuous phase patterns into photo-aligned liquid crystals, customized 3D
lattices of identical or propagation-variant OAM beams are generated in an
electrically tunable broadband manner. By altering the incident spin, these
volumetric OAM beams can be switched among different states on the
higher-order Poincaré sphere. This work demonstrates a practical approach
toward efficient OAM harnessing with large channel capacity and high spatial
mode diversity, holding great potential for 3D optical manipulation, recording,

and microscopy.

1. Introduction

Light proves to be an “all-rounder” on account of its abundant
degrees of freedom (DOFs), such as amplitude, phase, wave-
length, and polarization. In addition, the newly discovered orbital
angular momentum (OAM) supplies an accessional DOF for
light,'=3] which has empowered numerous cutting-edge appli-
cations, including optical tweezers,[*l mode-division multiplex-
ing classical and quantum computing,>”7) and super-resolution
microscopy.®! Featured by a spiral phase front " and an OAM of
I per photon, the optical vortex is the most typical OAM-carrying
beam, where I denotes the topological charge and ¢ is the az-
imuthal angle. Another category of OAM beams, the cylindri-
cal vector beam,®! stems from the superposition of optical vor-
tices with opposite topological charges and orthogonal circular
polarization. These different OAM beams can be mapped to re-
spective points on the so-called “higher-order Poincaré (HOP)
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sphere.”l1%  Recently, multimode and

multichannel tailoring of OAM beams
have become two critical topics. The
former desires higher mode complex-
ity of each single OAM beam, such as
vector vortex beams!''?] and flower-
shaped beams.'3*] Meanwhile, the
latter pursues arbitrary and parallel ma-
nipulation in higher spatial dimensions,
creating diverse OAM beam arrays.
So far, spatial light modulators,>16]
metasurfaces,['?!] and liquid crystals
(LCs)[2223] have been utilized to achieve
multifarious OAM control. Among them,
LC devices stand out as a promising can-
didate thanks to their high efficiency,
stimuli responsiveness and cost-efficient
mass production.

LCs refer to the intermediate mat-
ters between liquid and crystals. Ow-
ing to their intriguing electro-optical
properties, LC devices have long been the dominator of the flat
panel display market and have already become a rising star in
the non-display field.?*?] In particular, the LC-mediated geo-
metric phase has drawn extensive attention in beam steering
with regard to multiple DOFs.[?] The geometric phase, namely
Pancharatnam-Berry (PB) phase, is correlated to photonic spin-
orbit interaction and is usually proportional to the orientation
angle of localized optical axes.?’] Common platforms for geo-
metric phase modulation include LCs, metasurfaces,['2% and
femtosecond laser written nanogratings.[?®! Recently, such a spin-
sensitive phase has been facilitating the innovation of LC planar
elements, ranging from nematic-LC-based transmissive ones to
chiral-LC-based reflective ones.[?>?%] When it comes to the ma-
nipulation of OAM beams, several attempts have been made via
LCs toward multimode and multichannel OAM harnessing.[*3")
However, those reported schemes are still restricted to low spa-
tial dimensions and lacking in mode diversity, which significantly
limits their potential in multiple optical tweezers,®!] 3D optical
recording,??] and parallel multiphoton microscopy.I*}] Therefore,
an LC element for 3D OAM beam engineering with improved ca-
pacity and flexibility is highly desired.

In this work, we propose and demonstrate a novel geomet-
ric phase optical element (GPOE) for 3D OAM beam engineer-
ing through photo-patterning LCs. Binary and continuous phase
structures of a 2D Dammann grating (DG), a Dammann zone
plate (DZP), a g-plate and an optional PB-lens are integrated
by a noninterleaved design. Theoretically, Jones matrix calcula-
tion is exploited to analyze the functionality of the proposed LC
GPOE. Experimentally, an OAM beam “cubic lattice” possessing
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Figure 1. a) LC orientation distribution (a) of the proposed LC GPOE and its four components. The color varying from black to white corresponds to
the LC orientation varying from 0 to x. b) Schematic generation of a space-variant 3D OAM beam array via the LC GPOE. Blue rods sandwiched by two
glass substrates represent photo-patterned LC molecules. Colors of green, yellow, and blue represent linear polarization (LP), left circular polarization
(LCP), and right circular polarization (RCP), respectively. Black arrows depict the localized polarization distributions. z, refers to the distance between

p
the p-th axial order and the convex lens. c) Illustration of the superposition of LCP and RCP optical vortices with [ = +1 into a radially polarized vector

beam.

64 spin-sensitive channels is generated without imprinting the
PB-lens. For the typical cases of circular and linear incident po-
larization, it can be switched between a 3D array of identical op-
tical vortices and vector beams. Moreover, a 3D OAM beam array
with modes varying across focal planes is created by rationally set-
ting the focal length of the imprinted LC PB-lens. Optical vortices
with opposite topological charges, radial and azimuthal vector
beams are generated simultaneously in a spin-controllable and
electrically-tunable broadband manner. Our proposed LC GPOEs
exhibit high efficiency, good flexibility, and large channel capacity
in OAM harnessing, and will open a promising avenue for soft
matter photonics.

2. Design and Principle

Dammann encoding is a widely used technique for beam mul-
tiplying, enabling both transverse and axial beam arrays with an
equal-energy distribution.>**! For example, by encoding a lin-
ear phase 2zx/A, (A, denoting the period) with the binary (0
or x) Dammann function y,,, a common DG with optimized
phase transition points is formed, which can produce a 1 x M
array in the x-direction. When the quadratic phase of a Fresnel
lens #r?/Af (* = x* + y?, f denoting the focal length) is encoded
with the same Dammann function, the so-called DZP is formed
to generate M equal-energy focal points coaxially (see more de-
tails about Dammann encoding method in Note S1, Supporting
Information).>*%”] Here, we imprint two binary and two contin-
uous phase patterns of a 2D-DG, a DZP, a g-platel®] and a PB-
lensP®! into a single LC GPOE, as shown in Figure 1a. Its LC
orientation distribution is expressed as

a = p_pg +apzp + aq—plate + Xpp_lens

2 (52) 7 ()

1 2 2
2 (xf)”‘“ 2frn &
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Wi Wy, and y, are the Dammann functions corresponding to
M, N and P equal-energy orders. A,, A, fand fpy are the pre-
set periods and focal lengths. g is the topological charge of the
encoded g-plate, and the azimuthal angle ¢ = arctan(y/x). The
central region of this LC GPOE is vividly shown by the blue rods
in Figure 1b.

The working principle of the proposed LC GPOE can be de-
duced by the Jones matrix calculation. Considering an arbitrarily
polarized incident light, it can be described as the superposition
of left and right circular polarization (LCP and RCP):

|u,) =cos(%)e‘iglL)-%sin(%)eiﬁR) (2)

where (O, @) denotes the spherical coordinates of the common
Poincaré sphere. |L) =[1 1]’/ \/E and |R) = /\/E repre-
sent LCP and RCP, respectively. After passmg through the LC
GPOE with a half-wave condition, the output light is expressed
as

|uout> = ]luin>

_ |cos( sin (2a) u)
- sm( @) —cos 2a)| "™

. _ e
= [cos (%) et |R+2q)elm + sin (%) et [L_,p)e 'm]

2ry

X f ﬁ 2 C, CCe< iy 3)

M=—00 N=—00 p=—00

J is the Jones matrix of the LC GPOE. |R,,,) = |R)e*4 repre-
sents an RCP optical vortex with [ = +2¢, and |L_,,) = [L)e *
represents an LCP optical vortex with [ = —-24. C,,, C,,, and C, are
the optimized complex coefficients of the (m-th, n-th) transverse
order and the p-th axial order. Equation (3) indicates the high flex-
ibility for 3D OAM beam tailoring (see more detailed derivation
in Note S2, Supporting Information). With the aid of a convex
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lens, both real and virtual focal planes (corresponding to nega-
tive and positive p values) of the output light can be extracted near
the lens focus. For the extreme case of f,; — o, i.e., without im-
printing the PB-lens, the output turns out to be a spin-dependent
MxNxP OAM beam lattice with identical OAM modes. 3D opti-
cal vortex arrays of |R,,,) and |L_,,) can be generated at the same
location for |u,, ) = |L) and |u;,) = |R), respectively. While for lin-
ear polarization (LP), cylindrical vector beams will appear due to
the superposition of |R,,,) and |L_,,) at each diffraction order.

When f, takes finite values, the LCP and RCP components of
the incident light acquire opposite additional phase of +77?/ Afpp,
thus evolving into two axially-shifted M X N X P optical vor-
tex arrays. Notably, in some special cases, these two axially
shifted arrays overlap again in certain orders and will result in a
propagation-variant OAM beam array. For example, when f;,; = f,
the output follows the expression:

+oo

(C] -2
|u0ut>= 2 |:COS<§>€ 2 p—1|R+2q>

p=—c0
. 0\ ;e ip%
+ sin 7)€’ Couallyg) | e

+oo +oo
mﬂJrnm)

3 ¥ el

=—00 N=—00

“)

In this case, 3D arrays of |R,,,) and |L_,,) are oppositely
shifted by exactly one axial order, with C,_; and C,,; becoming
their coefficients at z, (the p-th axial order). For LP incident light,
as illustrated in Figure 1b, the overlapped diffraction orders con-
struct cylindrical vector beams, while the non-overlapped ones
remain optical vortices, thereby forming an MxNX(P+1) space-
variant OAM beam lattice. Figure 1c depicts the construction of
a radially polarized beam by overlapping LCP and RCP optical
vortices with [ = +1. Through designing the phase difference be-
tween C,_; and C,,,, which contributes to the relative phase be-
tween |R,,) and |[L_, ) at z,, vector beams with various polariza-
tion distributions!'®] can be obtained in different focal planes.

3. Results and Discussion

Figure 2a exhibits the orientation distribution of an LC GPOE
(5.3 mm X 5.3 mm) without encoding a PB-lens, which integrates
a2D-DG (A, =A, =540 ym, M = N=4),a DZP (f=225 cm for
A=0632.8 nm, P =4), and a g-plate (g = 0.5). In experiments, the
in-plane variant LC orientation was realized via dynamic photo-
patterning technology.*"l Two indium-tin-oxide glass substrates
spin-coated with the photo-alignment agent SD1*!l were glued
together with a cell gap of 8 ym. Then, the cell was exposed to
polarized UV light by a multistep partly overlapping method, af-
ter which nematic LC E7 was filled in to achieve the designed LC
GPOE. Under crossed polarizers, the micrograph of the central
region of the fabricated GPOE is shown in Figure 2b. The spiral
structure provided by the imprinted g-plate contributes to the az-
imuthally varying brightness, while the binary structures of the
2D-DG and DZP result in square and circular disclination lines,
respectively. Figure 2c illustrates the optical setup to generate and
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analyze the spin-dependent 3D OAM beam array. L, (f; =5 cm)
and L, (f, = 25 cm) constitute a beam expander to get a beam
diameter of 5 mm. P, together with the wave plate is utilized to
control the incident polarization. Convex lens L, (f; = 10 cm) is
adopted to extract the generated virtual focal planes to real re-
gions. A CCD is mounted on a linear translation stage to capture
the diffraction patterns in different focal planes.

To keep the half-wave condition for the incident wavelength
(632.8 nm), a 1 kHz square-wave signal with a voltage of 2.9 V
is applied to the LC GPOE. When |u;,) = |L) as shown in Fig-
ure 2d (see magnified images in Figure S1a, Supporting Informa-
tion), a 4 X 4 X 4 optical vortex lattice of |R,;) is efficiently gen-
erated, with donut-like intensity profiles located at the periodic
lattice nodes in different focal planes (z_; =8.8 cm, z_; =9.6 cm,
z,; = 10.5 cm, and z,,; = 11.5 cm). By interfering with a plane
wave at z,,, the 4 X 4 optical vortices with identical [ = +1 are
well verified according to the number and direction of the fork-
shaped fringes (Figure 2f) (see interferometric results in each fo-
cal plane in Figure S1b, Supporting Information). As for hori-

zontal LP incident light (Ju;,) = (L) + |R))/\/§), a4XxX4x4ar

ray of radially polarized beams ((|R,;) + |L_;))/ \/E) is obtained
at the same location (Figure 2e; see magnified images in Fig-
ure Slc, Supporting Information). The polarization distribution
of this 64-channel 3D vector beam array is detected by inserting
an analyzer P,. Take z = z_, for example, lobed structures con-
sistently parallel to the transmission axis of P, are observed in
Figure 2g, indicating the identical radial polarization. Addition-
ally, large-capacity 3D arrays of identical LCP optical vortices or
other vector beams can also be created by altering the incident
polarization.

Through further imprinting a PB-lens with f,; = f, a space-
variant 3D OAM beam array can be expected according to Equa-
tion (4). Here, another LC GPOE is designed by incorporating
a2D-DG (A, = A, = 196 yum, M = N = 2), a DZP (f= 150 cm
for A = 632.8 nm, P = 4), a g-plate (9 = 0.5) and a PB-lens
(fop = 150 cm for 4 = 632.8 nm), whose LC orientation distri-
bution is shown in the middle of Figure 3a. Notably, for the im-
printed DZP, the involved Dammann function y, is optimized
with both reflection and translation symmetry,[**! leading to four
equal-energy axial orders (C_;, C_;, C,,, and C,;) with the re-
spective phase of either —z/2 or x/2 (Figure 3b). Localized mi-
crographs of this LC GPOE are exhibited in Figure 3a. Con-
tinuously variant brightness and regular disclination lines are
also observed, but the fan-shaped pattern in Figure 2b changes
into an “S”-shaped pattern due to the additionally imprinted PB-
lens. In optical characterization, for |u,,) = |L), an axially shifted
2% 2 x 4 optical vortex array of |R, ;) is generated at z_, = 8.8 cm,
z, =10.0 cm, z,, = 11.5 cm, and z,, = 13.3 cm (Figure 3d; see
magnified images in Figure S2a, Supporting Information), which
is well confirmed by interferometric measurements (Figure S2b,
Supporting Information). Its theoretical intensity spectrum of
|C,_1|* and phase spectrum of arg(C,_,) at different z, are cal-
culated in Figure 3¢, showing a one-order shift compared to that
in Figure 3b. While for |u;,) = |R), a 2 X 2 X 4 optical vortex array
of |[L_;) is observed at z_, = 7.8 cm, z_,, z,, and z,, (Figure 3f;
see magnified images and interferometric measurements in Fig-
ure S2¢,d, Supporting Information), with an oppositely shifted
spectrum of |C, ,|* and arg(C, ;) (Figure 3e).
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Figure 2. a) Designed orientation distribution of the LC GPOE without imprinting a PB-lens. b) Micrograph of the central region of (a) under a polarized
optical microscope. Crossed white arrows represent the orthogonal polarizer and analyzer. The scale bar is 200 um. c) Optical setup to generate and
analyze the 3D OAM beam array. L, and L,, lenses for beam expanding; P, and P,, polarizer and analyzer; WP, half-wave plate or quarter-wave plate; L3,
convex lens for extracting virtual focal planes; CCD, charge-coupled device. z refers to the distance between CCD and L;. Diffraction patterns in desired
focal planes of d) a 4 x 4 X 4 optical vortex array and e) a 4 X 4 X 4 vector beam array generated by LCP and horizontal LP incident light, respectively.
Insets are enlarged patterns of the selected diffraction order. White and yellow arrows represent the incident and output polarization distributions.
f) Diffraction pattern and corresponding interferometric result captured at z_; of (d). The fork-shaped fringes after interference with a plane wave are
marked by yellow lines. g) Diffraction pattern and polarization detection results captured at z_; of (e), with blue arrows labeling the different transmission

directions of P,.

Particularly, for LP incident light, the diffraction patterns can
be viewed as the superposition of Figure 3d,f. Take vertical LP
(luy,) =i(=|LY + |R))/ \/5) for example, Figure 3h shows the gen-
erated 2 X 2 X 5 space-variant OAM beam array (see magni-
fied images in Figure S3a, Supporting Information). According
to Equation (4), the corresponding OAM mode at 2, is given by

i(=CpqIR ) + cp+1|L,1>)/\/§. Atz_, and z,,, 2X2 optical vortex
arrays of |[L_,) and |R,,) are preserved, respectively, which can be
mapped to the south and north pole of the HOP sphere in Fig-
ure 3g. While atz_,, z,, and z,,, |R,;) and |L_,) totally coincide
and construct cylindrical vector beams, whose localized polariza-
tion distributions are determined by the relative phase between
IR,;) and |L_,;). Considering the complex spectrum of C,_; and
C,11 (Figure 3c.e), the relative phase at z_, and z,, is calculated
to be r, resulting in azimuthally polarized vector beams, while
the relative phase of 0 at z, gives rise to the radial polarization.
These two orthogonal OAM modes can be mapped to the equator
of the HOP sphere (Figure 3g). In total, four typical HOP sphere
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states are created simultaneously in a propagation-variant way.
Figure 3i presents the detection results in different focal planes.
Interferometric measurement is also adopted to detect the I of
optical vortices, and | = -1 at z_, and | = +1 at z,, are identi-
fied, respectively. P, is inserted to analyze the polarization distri-
butions of the generated vector beams. Lobed structures at z_,
and z,, keep perpendicular to the transmission direction of P,,
verifying the azimuthal polarization. Meanwhile, lobes at z, are
parallel to the direction of P,, indicating the radial polarization.
Actually, this spin-controllable LC GPOE can achieve any state on
the HOP sphere, holding great potential for 3D OAM tailoring.
The inherent achromaticity of the geometric phase and the
electro-optical tunability of LC materials promise the adaptable
working wavelength for the proposed GPOEs. Accordingly, the
sample in Figure 3a is further investigated at 532 nm via ad-
justing the half-wave voltage to 3.3 V. For horizontal LP incident
light, Figure 4a presents the generated high-quality 2 X 2 x 5
space-variant OAM beam array, whose focal planes move to
z,=81aem,z,=9.0cwm, z, =100 cm, z_, = 11.2 cm, and
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Figure 3. a) Designed orientation distribution and localized micrographs of the PB-lens-imprinted LC GPOE. All scale bars are 200 um. b) Optimized
Dammann function corresponding to four equal-energy orders and its Fourier spectrum. Normalized phase transition points are selected as 0, 0.2228,
0.2772, 0.5, 0.7228, and 0.7772. Yellow bars depict the normalized intensity spectrum, while blue circles depict the phase spectrum. Diffraction patterns
of d) RCP and f) LCP 2 x 2x 4 optical vortex arrays, with axially shifted intensity and phase spectrum shown in c) and e). White and colored arrows
represent incident and output polarization distributions, respectively. h) 2 X 2 X 5 space-variant OAM beam array generated by vertical LP incident
light, whose OAM modes correspond to four different points on g) a HOP sphere. Insets are enlarged patterns of different OAM beams from different
focal planes in (h). i) Detection results of (h) with interferometry or an analyzer labeled by blue arrows. Yellow lines mark the fork-shaped fringes after

interference with a plane wave at z_, and z 4.

z,, = 12.7 cm (see magnified images in Figure S3b, Supporting
Information). This array is also composed of LCP and RCP op-
tical vortices, and azimuthally and radially polarized beams, but
the latter two vector beams exchange their locations compared
with Figure 3h due to the orthogonal incident LP. The anticipated
polarization distributions are confirmed by the polarization de-
tection results at z_,, z,, and z,, (Figure 4b). Moreover, the rela-
tive intensity distribution of the generated 3D OAM beam array
is measured. As shown in Figure 4c, good uniformity is observed
in each focal plane and the intensity at z_, and z_, is about half of
thatat z_,, z,, and z,,, matching well with the theoretical analy-
sis. Some scattered light and imperfections of the diffraction can
be attributed to the influence of those unfocused orders and fab-
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rication deviations from the ideal structure, decreasing the over-
all efficiency. This issue can be well improved by employing the
photo-patterning system with much higher resolution and fur-
ther optimizing the structure design.

4, Conclusion

In summary, flexible OAM beam tailoring in 3D space has been
realized via the LC-mediated geometric phase. Through integrat-
ing several customized phase structures, spin-controllable 3D
OAM Dbeam arrays with identical or space-variant OAM modes
are generated with high quality and large capacity. A shift-and-
overlap method is proposed to improve the mode diversity of 3D
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Figure 4. a) 2 x 2 X 5 space-variant OAM beam array at 532 nm. b) Polar-
ization detection results of (a) at z_,, zy and z,,. Blue arrows indicate the
transmission direction of the analyzer. Insets are enlarged lobed intensity
profiles in corresponding focal planes. c) Relative intensity distribution of
the diffraction orders in (a).

OAM Dbeam lattices, and four typical HOP sphere states are pro-
duced simultaneously as an example. Actually, this method can
be extended to arbitrary directions, such as transverse and ra-
dial ones, which may enlighten more delicate designs. Besides,
the interleaving schemel** and the idea of spatial harmonic
beating!*! can also be introduced to achieve 3D control of OAM
beams. Compared with other material systems, our proposed LC
GPOEs are distinguished by cost-efficient fabrication, electrical
tunability, and dynamic switchability. This work provides a ver-
satile platform for multifunctional OAM harnessing via prepro-
grammed LCs, facilitating 3D operation in optical manipulation,
recording and microscopy.
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