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Vector vortex beams (VVBs) have attracted significant attention in both classical and quantum optics. Liquid crystal (LC),
beyond its applications in information display, has emerged as a versatile tool for manipulating VVBs. In this review, we
focus on the functions and applications of typical LC devices in recent studies on controlling the space-variant polarized
vortex light. Manipulation of VVBs through patterned nematic LC optical elements, patterned cholesteric LC optical ele-
ments, self-assembled defects, and LC spatial light modulators is discussed separately. Moreover, LC-based novel optical
applications in the field of quantum information are reviewed.
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1. Introduction

Liquid crystal (LC) is an excellent electro-optic material with an
intermediate structure between liquids and crystalline solids. It
possesses large optical anisotropy, and its optical properties can
be easily modified by moderate external fields, allowing ampli-
tude and phase modulations of light. LC display based on mod-
ulations of the amplitude or polarization of light has turned out
to be a big commercial success. Meanwhile, many novel non-
display applications of LC devices have been explored in the field
of photonics[1–6]. LC optical elements have found a new role in
manipulating different degrees of light, especially in the engi-
neering of vector beams, with the advantages of simple configu-
ration, convenient use, low cost, and high conversion efficiency.
Vector fields[7–9], where the light polarization in the beam

transverse plane is space-variant, have attracted much attention.
Vector beams arise as natural solutions to the vectorial
Helmholtz equation. They are very often generated as the super-
positions of orthogonal scalar fields with orthogonal polariza-
tion states as

ψ�r� = 1
���

2
p �jϕ1ijRi � jϕ2ijLi�, (1)

where jRi and jLi represent the right and left circular polariza-
tion bases, and jϕ1i and jϕ2i are orthogonal scalar fields. One
special mode basis that has received great interest is orbital

angular momentum (OAM) modes. Light beams carrying
OAM are well known as vortex beams. Vortex beams usually
have a distribution of homogeneous polarization and possess
an azimuthal phase structure in the form of eimϕ, where m is
the optical topological charge. We have seen tremendous
progress and applications with such twisted photons[10–17].
Light beams with an azimuthally varying linear polarization sur-
rounding an optical vortex located on the beam axis, i.e., vector
beams with a phase singularity, are called vector vortex beams
(VVBs). VVBs are one of themost commonly used vector beams
in research nowadays[18–21]. The higher-order Poincaré sphere
or hybrid-order Poincaré sphere is usually used to geometrically
describe a generalized VVB[22–24]. Compared with the scalar
vortex beam and pure vector beam, the VVBs provide more
degrees of freedom (DOFs). More importantly, the vector vortex
modes are the eigenmodes in an optical fiber, which have robust-
ness of propagation[25,26] and are available for improving the
capacity of optical communication systems[27]. In addition, they
have applications in beam focusing, particle acceleration, vector
vortex filtering, material processing, and quantum information
processing[28–31]. Thus, the generation and engineering of vector
beams are of particular importance.
This review focuses on different LC elements and their roles

in the efficient generation and active control of VVBs. First,
we introduce several typical LC optical elements that have
been widely used and briefly review recent experimental
progress on controlling vector beams. Then, we talk about novel
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photonic applications in the quantum domain enabled by LC
devices.

2. Manipulation of VVBs by LC Devices

2.1. Patterned nematic LC optical elements

Q-plates are the most commonly used optical elements to gen-
erate vector beams[3]. They are also known as vortex retarders.
Q-plates are essentially a birefringent wave plate with an inho-
mogeneous distribution of the local optical axis in the transverse
plane, and the pattern of the optical axis distribution is defined
by a topological charge “q”, which can be an integer or half-inte-
ger. It is usually operated as half-wavelength spatially variable
retarders to achieve the maximum efficiency conversion for a
target wavelength.When a circularly polarized light beam passes
through a q-plate, 2qℏ amount of OAM is transferred into the
beam, with the sign determined by the input polarization helic-
ity[32–36]. Figure 1 shows three examples of q-plate geometries
and the illustration of the optical action of a q-plate on a circu-
larly polarized light beam.
Nematic LCs behave optically as uniaxial birefringent

media. The director orientation can be controlled externally
through electrical biases, optical fields, or surface interactions.
Commercially available q-plates utilize nematic LC polymers
and require accurate control of thickness during the manufac-
turing, and generally they are suitable for a single wavelength.
Such q-plates feature high integration and are easy to use in
the laboratory. Spectral performance of a zero-order LC
polymer commercial q-plate has been studied[37]. A recent study
has shown that by using different combinations of several

commercially available q-plates, different q values can be
achieved[38]. Electrically tunable LC q-plates fabricated using
photoaligned LC cells provide more flexibility with a wide oper-
ating spectrum range, and an arbitrary topological charge can be
obtained[39–42]. Radial micro-patterned LC structures fabricated
on the basis of the out-of-plane alignment technique also pro-
vide electrically tunable generation of VVBs[43].
VVBs can be obtained by simply using a non-circular polari-

zation input beam passing through a q-plate, and the physics
behind that is relatively straightforward. Consider a linearly
polarized beam carries zero OAM written as jViπj0io, where
π and o represent polarization and OAM DOF, respectively.
The input state can also be written as 1

��

2
p �jRi � jLi�πj0io.

After passing through a q-plate, one obtains[34]

1
���

2
p �jRi � jLi�πj0io !q−plate 1

���

2
p �jRiπj − 2qio � jLiπj2qio�: (2)

This represents a nonseparable state of the polarization and
OAM DOFs, which indicates the generation of VVBs.
Figure 2 shows a typical experimental setup to generate and

analyze VVBs[44]. Several q-plates with charge q = 0.5 are used
for the generation of VVBs. The waveplates and beam splitter
are used to project the beam polarization onto different polari-
zation bases in the analysis process, and a CCD records the cor-
responding intensity profiles.
Various schemes have been implemented to realize arbitrary

VBBs using the LC q-plate. Based on the polarization-guiding
effect of the twisted nematic LCs, Chen proposed an LC polari-
zation converter for arbitrary vector beam generation with the
combination of one uniformly aligned substrate and a space-
variant aligned substrate[44]. The obtained LC converters are
further utilized as polarization masks to implement vector-
photo-aligning, facilitating the preparation of a q-plate. A VVB
can also decompose into a vector beam and a vortex. Liu et al.

Fig. 1. (a) Three examples of q-plate patterns with α0 being the initial optical
axis orientation, reprinted with permission from Ref. [32], Copyright (2021) by
the American Physical Society. (b) Illustration of the optical action of a q-plate
with q = 0.5 on left circularly polarized light beam[33].

Fig. 2. Experimental scheme to generate and analyze VBBs[45]. The left inset
shows the optical axis orientation of one q-plate and the phase acquired by
the wavefront in the transverse plane. The right inset shows the intensity dis-
tribution of the generated VVB under different polarization. The sample prepa-
ration and analysis process are for studying the transmission of VVBs in
dispersive media in the original work. PBS, polarized beam splitter; QWP, quar-
ter-wave plate; HWP, half-wave plate; H, horizontal polarization; V, vertical
polarization; D, diagonal polarization; A, antidiagonal polarization; L, left circular
polarization; and R, right circular polarization.
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have proved that combining a q-plate and a spiral phase plate
can generate arbitrary VVBs on a hybrid-order Poincaré
sphere[46]. Controlled generation of higher-order Poincaré
sphere beams from a laser has also been achieved[47]. The
Dammann q-plate[48–50], by encoding binary phase into a
space-variant geometric phase through a dynamic photopat-
terning technique in LCs, provides a way for flexible creation
of parallel VVBs.Moreover, by combining the uniformly aligned
ferroelectric LC with the space-variant photo-patterned nematic
LC, the fast switching of OAM and VVBs can be realized[51].

2.2. Patterned cholesteric liquid crystal optical elements

Cholesteric LC (CLC) is a liquid crystalline phase where the rod-
like molecules self-assemble into a periodic helical structure and
form a natural one-dimensional (1D) soft photonic crystal. The
chiral superstructures exhibit a broadband Bragg reflection with
unique circular-polarization (spin) selectivity, so it is polychro-
matic and does not require tuning to maximize the conversion
efficiency. Thus, it supplies a new platform for broadband reflec-
tive geometric phase manipulation[52–57]. By encoding a specifi-
cally designed binary pattern, Chen et al. demonstrated an
innovative CLC optical vortex processor[58,59]. They extracted
up to 25 different vortices with equal efficiency over a wave-
length range of 116 nm. Recently, based on a chirality invertible
self-organized CLC superstructure, they demonstrated on-
demand beam tailoring and showed various light-driven geo-
metric phase elements such as deflector, lens, Airy beam, and
OAM generators[60]. These works advance the fundamental
understanding of ordered soft matter and allow us to explore
more fantastic applications.
For a long time, the vector beam generation has not been

announced by the CLC q-plate because flipping the incident
circular polarization state does not imply the Berry phase
reversal[61]. This fundamental limitation prevents the genera-
tion of vector beams from homogeneous linear polarization
based on a CLC device with monotonous chirality. With the as-
sistance of a rear mirror, Rafayelyan created a Bragg Berry
q-plate[62], which allows broadband spin-to-OAM mapping.

In their work, incident light with helicity σ =�χ is transmitted
through the cholesteric and then reflected by the rear mirror
with a flipped helicity. While for the incident helicity σ = −χ,
light propagating along the helix axis experiences helicity-
preserved Bragg reflection. As shown in Fig. 3(a), arbitrarily
polarized light is fully Bragg reflected for optical frequencies
inside the band gap, while only a fraction of the incident light
is Bragg reflected outside the band gap. Another work to
overcome the limitation of CLC reflectivity is by stacking two
opposite-handed CLCs with the same pitches and the same
surface azimuthal angles[63], as shown in Fig. 3(b). They demon-
strated the VVBs generation via input light with homogeneous
linear polarization interacting through the proposed structure.
These works verify that CLCs can also be used to generate vector
beams in a robust and direct way.

2.3. Self-assembled defects

LCs are capable of self-assembly due to their orientation elastic-
ity, and spontaneously formed LC topological defects under
external fields offer a nature-assisted route to the creation of geo-
metric phase optical elements. Through exploitation of topologi-
cal defects, optical vortex generation can be achieved by the
transfer of the topological singularity from the director structure
to the light phase[64–71].
Migara et al. demonstrated a simple method to create a stable

and rewritable defect in a vertically aligned LC cell using external
point pressure, and such an LC defect also serves as q-plates[67].
Using initially homogeneous nematic LC films under the influ-
ence of a magneto-electric external field, Brasselet demonstrated
self-engineered q-plates (shown in Fig. 4) with electrically tun-
able operating wavelength[72]. The process is technology-free
and results in high resolution.
Self-assembled topological defects could also operate as a

nonlinear protocol to manipulate high-dimensional spin-orbit
optical states. In practice, a q-plate is a linear optical element.
By exploiting both the giant optical orientational nonlinearities

Fig. 3. Different schemes to generate vector beams using CLC. (a) Generic
mirror-backed Bragg–Berry optical element, reprinted with permission from
Ref. [62]. Copyright (2021) by the American Physical Society. (b) Stacking two
opposite-handed CLCs, reprinted with permission from Ref. [63]. Copyright
(2019) by The Optical Society.

Fig. 4. Experimental scheme to generate self-engineered LC q-plates.
Reprinted with permission from Ref. [72]. Copyright (2021) by the American
Physical Society.
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of LCs and their ability to self-organize into topological defects,
control of vector beams in a nonlinear manner was proposed
and experimentally demonstrated[73]. A tunable optical vortex
generator based on a grid-patterned LC cell has been demon-
strated recently, with the ability to generate and manipulate
an array of optical vortex beams[74].
Compared to patterned nematic or CLC q-plates, extra orien-

tation techniques are not needed in such soft-matter self-organi-
zation processes. Besides, they are robust and cost-effective.
With the progress made in large-scale self-organization of
reconfigurable topological defect networks in LCs[75] and tuna-
ble two-dimensional (2D) self-organized patterns[76], the corre-
sponding applications in optical vector beam shaping are
promising.

2.4. Liquid-crystal spatial light modulators

Spatial light modulators (SLMs) are pixelated devices, and each
pixel can be programmed to introduce certain phase delay to the
output light. SLMs allow for real-time manipulation of both the
phase and amplitude of light field by computer-generated holo-
grams. It has become a powerful tool for on-demand generation
and analysis of arbitrary optical modes[77].
The basic principle to generate VVBs is by using a phase-only

SLM based on the superposition of two components with the
orthogonal circular polarization basis[78–82]. A beam incident
on an SLM is divided into two orthogonal polarization compo-
nents, each of which is imparted to the designed phase, and then
they are recombined to yield the desired vector beam. Despite
the flexibility in various photonic applications, the conversion

efficiency of SLMs is generally low because of the diffraction
process. However, one can select a blazing grating to improve
diffraction efficiency[8] or employ two SLMs in a common-path
architecture[79]. An optical arrangement containing a triangular
common-path interferometer [Fig. 5(a)] has been proposed to
overcome this problem, and the conversion efficiency is about
47% in the experiment[80]. Figure 5(b) shows another method
to efficiently generate VVBs with a single ultra-high-definition
phase-only SLM and a single polarized beam splitter (PBS)[81].
Besides the efforts to optimize the generation efficiency of the

structured light through SLM, simultaneous generation of many
vector beams using a single digital hologram was pursued[82]

[Fig. 5(c)]. The generation of perfect vectorial vortex beams
has been realized[83].
Although both LC-based q-plates and SLMs can generate

VVBs, they are different in principle, as the SLM is based on
dynamic phase manipulation, while q-plates are geometric
phase elements. However, by utilizing the sensitivity of SLMs
to polarization with a double pass experimental setup, a q-plate
equivalent system can be realized by a transmissive SLM, capable
of generating programmable vector beams with arbitrary q[84].

3. Applications of LC devices in quantum regime

LC optical elements have played important roles in the field of
quantum optics. Here, we mainly discuss their roles in the gen-
eration of various entanglement structures and their applica-
tions in the field of two-photon interference.

3.1. Generation of various entanglement structures

LC q-plates can be used in the generation of nonseparable states
in the quantum regime[85,86]. A key characteristic of vector fields
is the coupling between the polarization and the spatial mode: in
contrast to scalar fields, these DOFs are nonseparable. The con-
cept of classical entanglement or intra-system entanglement
is used to describe such properties of vector beams, as it is
mathematically equivalent to quantum entanglement. However,
non-locality is not involved in different DOFs of one entity.
A complete discussion about classical entanglement lies be-
yond the scope of this review; one can find details from
Refs. [87–92]. In the study of the state evolution of classically
entangled DOFs in atmospheric turbulence[93], entangled qubits
were encoded and decoded using q-plates. At the same time, the
nonseparability of vector vortex modes was measured by using
an SLM.
Utilizing patterned LC q-plates, Parigi et al. realized the stor-

age and retrieval of vector beams at the single-photon level in
laser-cooled atoms[94]. They used q-plates in both generation
and detection processes. The generated vector state was con-
verted to a polarization state and analyzed by exploiting a second
q-plate and standard polarization optics. Li et al. demonstrated
the heralded storage of single-photon hybrid entanglement in a
solid-state medium with the help of SLM[95].

Fig. 5. Experimental setups for generating vector beams using SLMs.
(a) Experimental setup for generating arbitrary vector beams via a triangular
common-path interferometer[80]; (b) generation of arbitrary vector beams by
interferometric methods using a single SLM, reprinted with permission from
Ref. [81]. Copyright (2019) by The Optical Society. (c) Schematic representation
to generate multiple vector beams by the use of an SLM, reprinted with per-
mission from Ref. [82]. Copyright (2019) by The Optical Society.
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Combining entangled photon pairs generated through a
spontaneous parametric down-conversion (PDC) process with
VVBs generated via q-plates, D’Ambrosio and coworkers have
thoroughly studied the properties of two entangled VVBs[96].
Their investigation indicates that the complex polarization pat-
tern is a manifestation of intra-system entanglement between
polarization and OAM. In contrast, the inter-system entangle-
ment between two vectorial fields can be used in different quan-
tum scenarios and is worth more exploration. An intra-city link
in Ottawa was built to test the high-dimensional quantum key
distribution outside of a laboratory, and q-plates were utilized in
the process to prepare the initial quantum states[97].
Graffitti et al. demonstrated a novel scheme for efficient gen-

eration of a complex entanglement structure between three
DOFs of light. Combining time-frequency mode (TFM) encod-
ing through a PDC process and VVB encoding via a q-plate, they
generated a simple yet high-quality source of TFM-VVB hyper-
entanglement[98]. The sketch of the biphoton hyperentangled
state is shown in Fig. 6.
The multiplexing of vector beams by SLMs has attracted

much attention lately[99–101], providing the potential to further
increase the data transmission rate. Otte and coworkers demon-
strated a practical example of engineered generation and propa-
gation of a light field enabled by such a multiplexing
technique[102]. By combining two orthogonal vector beams, a
light field with a z-dependent degree of entanglement is gener-
ated (Fig. 7), and such a field manifests itself through a change in
the degree of local entanglement during propagation in free
space. In their experiment, digital propagation of a light field
is also achieved by the use of an SLM and a lens based on the
Fourier transform.
LC devices also play an invaluable role in the research of

quantum walks for simulations of quantum dynamics[103–105],
which has been used to generate high-dimensional quantum
states lately[106–109]. Experimental engineering of arbitrary qudit
states based on quantum walks was demonstrated[107], with five
q-plates implementing the shift operator of the quantum
walk. Giordani proposed an entanglement transfer protocol
from low- to high-dimensional DOFs via quantum-walk-based

qubit–qudit dynamics[108]. The flexibility of LC devices has been
perfectly demonstrated in the field of high-dimensional entan-
glement generations.

3.2. Applications in two-photon interference

The Hong–Ou–Mandel (HOM) effect is a two-photon interfer-
ence effect and is widely regarded as the quintessential quantum
interference phenomenon in optics. It manifests as the bunch-
ing/antibunching of two indistinguishable photons uponmixing
at a mode splitter. It is fundamentally interesting, as it has no
classical counterpart, and it is at the heart of many applications
ranging from precision measurement to quantum computations
and communication[110].
LC optical elements offer a convenient way to control the

HOM effect. HOM interference of scalar OAM states has also
been demonstrated by the use of a q-plate[111]. In 2019, by tuning
two parameters of a q-plate, a tunable HOM interference
between vectorial modes of light has been achieved[112]. The
transformation induced by a q-plate on VVBs can be repre-
sented by an orbit on the corresponding hybrid Poincaré sphere
(Fig. 8). Two-photon interferences in high-dimensional mode
have also been studied. Three SLMs are used for spatial mode
generation, unitary transformation, and measurement sepa-
rately[113] (Fig. 9). These works prove the versatile application
of LC devices for quantum information tasks.

4. Summary and Outlook

In this short review, we have discussed and compared various LC
optical devices for the generation and manipulation of VVBs.
The quantum applications of LCs are reviewed, and the func-
tions of various LC devices are discussed in different scenarios.Fig. 6. Sketch of the biphoton hyperentangled state[98].

Fig. 7. Schematic representation of the investigated field with a z-dependent
degree of entanglement[102]. (a) Basic concept with a z-dependent degree of
entanglement. (b) Experimental scheme.
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In the future, with the advantage of their flexible tuning prop-
erty, LCs will continually serve as important tools for quantum
information tasks, notably in a controlled and programmable
fashion. Apart from its promising applications in engineering
complex entanglement structures and high-dimensional quan-
tum states, wavelength-tunable single-photon sources could also
be pursued[114,115].
Besides the applications of LC devices in the field of VVBs

engineering, manipulations of other types of vector beams are

worth exploring. For example, an LC q-symmetric-Airy plate
is fabricated to generate symmetric Airy vector beams[116].
Möbius strips of optical polarization have been successfully gen-
erated by tightly focusing the light beam emerging from a q-
plate[117], which expands applications of optical LC q-plates
from 2D field polarization structures to 3D cases. Moreover,
recent advances in active and multifunctional LC planar
optics[6] may offer new possibilities for photon shaping.
LC layers integrated into metasurfaces have attracted much

attention and brought additional active functionalities[118,119].
The graded-index waveguide has also been successfully fabri-
cated using LCs[120]. Novel structures taking advantages of both
LC and other materials may lead to promising applications in
integration optics. The collaboration of nonlinear processes in
lithium niobate and space-variant LC, allowing dynamic switch-
ing between the Airy beam and Airy vortex beam in the second-
harmonic generation process[121], provides a novel way to
achieve dynamic steering of nonlinear structured light.
Despite all the progress made so far, the potential of photon

engineering based on LC elements is far from fully exploited.
With the continuous innovation of LC technology, exciting
new applications will surely follow.
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37. M.M. Sánchez-López, I. Abella, D. Puerto-García, J. A. Davis, and I.Moreno,
“Spectral performance of a zero-order liquid-crystal polymer commercial q-
plate for the generation of vector beams at different wavelengths,”Opt. Laser
Technol. 106, 168 (2018).
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