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We experimentally demonstrated an approach to generate arbitrary total angular momentum (TAM) states by
using two liquid crystal devices. Photons’ TAM, the sum of spin and orbital angular momenta (SAM and OAM)
under paraxial approximation, has found many applications in optics and attracted increasing attention in re-
cent years. Our approach is based on the orthogonality of two eigen SAM components, that arbitrary TAM
states will be produced through encoding different holograms in one system. The comparison with theoretical
predications yields an excellent agreement, including both the separable state and the non-separable state. The
proposed scheme takes a step forward for generating complex structured fields and broadens its application to
various fields like laser processing and large capacity data transmission.
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The concept of photons’ angular momentum was origi-
nally proposed by Poynting in 1909[1], which is known
as spin angular momentum (SAM)[2]. SAM has two eigen
values σ ¼ �1, corresponding to the right and left circular
polarizations of a beam, and the SAM value of each pho-
ton is S ¼ σℏ, with ℏ the Planck constant divided by 2π.
There is another kind of angular momentum for photons
simultaneously, known as the orbital angular momentum
(OAM), which associates with the spatial wavefront and
is independent of polarizations[3,4]. In 1992, Allen et al. first
pointed out that the Laguerre–Gaussian mode with a hel-
ical phase expðilϕÞ carrying the OAM, where l is an integer
called the topological charge and ϕ is the azimuthal angle[5].
The OAM value of each photon in such a mode is L ¼ lℏ.
The total angular momentum (TAM) is the sum of the
SAM and the OAM under the paraxial approximation,
which represents the angular momentum of each photon
with J ¼ ðσ þ lÞℏ, and thus describes the more complex
modes or optical fields.
For a beam carrying the TAM, one can divide it into

two categories according to whether it can be separated
or not[6]. The separable state can be written as a single
direct product of the spin state and the orbital state.
Otherwise, a beam is a non-separable state. Separable
states have a homogeneous polarization distribution
across their wavefront such that the spin and orbital states
can be determined separately, while the non-separable
states usually have an isotropic polarization. A scalar vor-
tex beam is a kind of separable TAM state, whereas non-
separable states have been found in vector vortex beams[7],
Poincaré beams[8], etc. Both scalar vortex beams and com-
plex structured OAM-carrying beams are widely used and
have various applications in optical communication[9],

rotation detection[10], optical tweezers[11], quantum entan-
glement[12], etc.

There are many methods used to generate TAM states,
such as a Sagnac interferometer[13], a Twymann–Green
interferometer[14], a Wollaston prism[15], and other meth-
ods[16–19]. However, all those methods focus on the TAM
states on one single Poincaré sphere. In other words, it
is unable to produce more complex TAM states on cas-
caded Poincaré spheres. Nowadays, a Q-plate (liquid crys-
tals device)[20], an S-plate (sub-wavelength device)[21], and
a J-plate (metasurface device)[22] have already been em-
ployed to accomplish spin to orbital conversion. Based
on their work, Huang et al. generated versatile TAM
states using cascaded J-plates and realized independent
phase control of two arbitrary orthogonal polarizations[6].
This device could generate four possible TAM states by
cascading two J-plates, and as the number of cascaded
waves increases, the number of the generated TAM states
increases. Nevertheless, these schemes still have restric-
tions inherent in their construction: the output TAM
states are constrained to fixed values (e.g., two J-plates
can generate up to four various TAM states). Besides, for
cascaded J-plate system, the more TAM states generated,
the more J-plates are employed and the more complex the
system is.

Liquid crystals (LCs) are a state of matter that has
properties between those of conventional liquids and solid
crystals. Due to its flexible characteristic of modulation,
there are many applications in optics such as a liquid crys-
tal spatial light modulator (LC-SLM). The most versatile
phase-only LC-SLMs can reconfigure the phase retarda-
tion of a beam transmitted through or reflected from
each pixel without changing its intensity. LC-SLMs have
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widespread applications ranging from three-dimensional
projection[23], quantum[24], to adaptive optics[25] and addi-
tive manufacturing[26].
In this Letter, we demonstrate a system consisting

of two cascaded LC-SLMs to generate arbitrary TAM
states. In the proposed system, such two LC-SLMs
determine multiple OAM states of two eigen SAM compo-
nents[27,28]. Based on Lin’s method[29] and pattern search
iteration algorithm[30], various holograms are computed and
can implement any complex OAM states and any phase
difference. Any TAM states can be performed through en-
coding different holograms without replacing any elements
in the system. We conduct theoretical derivations, and the
proof-of-concept experiment results fit well with theory,
which shows the feasibility of this system.
A Jones matrix is employed first to describe the math-

ematics behind the system. Here we use a pair of orthogo-
nal circular polarization bases jLi ¼ ð1; iÞT∕ ���

2
p

(left
circular polarization, LCP), jRi ¼ ð1;−iÞT∕ ���

2
p

(right cir-
cular polarization, RCP) for analysis. We write the azimu-
thal phase expðilϕÞ as jli for brevity and highlight that the
derivation is under a paraxial approximation. For horizon-
tally linear polarization, the incident light field Ψin can be
expressed as

jΨini ¼ jLij0i þ jRij0i: (1)

Arbitrary TAM states, including both separable and
non-separable states, universally read as

jΨouti ¼ jLi
X

ηjlLi þ jRi
X

ξjlRi; (2)

where jlLi and jlRi correspond to the OAM states of LCP
and RCP; η and ξ are the complex amplitudes of different
jlLi and jlRi, respectively. For generating arbitrary TAM
states, we need to separately modulate the left and right
circular polarization components. As for LC-SLMs, only a
specific polarization can be phase-only modulated[31] while
the corresponding orthogonal component is unaffected.
Due to LC-SLM’s polarization-sensitive properties, here
we use two LC-SLMs to modulate LCP and RCP compo-
nents separately and use jSLM1i and jSLM2i to briefly
describe the phase modulation. Such generation requires
some polarization devices like a half-wave plate (HWP)
and a quarter-wave plate (QWP), whose Jones matrices
are

M λ
2
ðθÞ ¼

�
cos 2θ sin 2θ
sin 2θ − cos 2θ

�
(3)

and

M λ
4
ðθÞ ¼

�
cos2θ þ isin2θ sin θ cos θð1− iÞ
sin θ cos θð1− iÞ sin2θ þ icos2θ

�
; (4)

where θ is the angle of the fast axis of the HWP or QWP.
As sketched in Fig. 1, by using two HWPs, one QWP, and
two SLMs, the conversion can be expressed as

jΨouti ¼ M λ
4
ð45°ÞjSLM2i−1M λ

2
ð45°ÞjSLM1iM λ

2
ðθÞjΨini

¼ eið−45°Þ cos 2θjLijSLM1i
þ eið45°Þ sin 2θjRijSLM2i−1: (5)

Here, jSLM2i−1 represents that SLM2 not only modu-
lates the incident beam, but also changes the chirality
through reflection. Compared with Eq. (2), we can find
that the amplitude and phase of the complex amplitudes
η and ξ are determined by θ (the rotation angle of HWP1)
and SLMs, respectively. The OAM states jlLi and jlRi are
determined by SLMs. By changing the rotation angle θ
and the holograms on SLMs, we can get arbitrary
TAM outputs.

To generate arbitrary TAM states following the above
procedures, various specially-designed holograms must be
encoded on two SLMs separately to generate controllable
multiplexed scalar vortex beams. This kind of light field
regulation needs both amplitude and phase modulation.
However, the SLM we used here is a phase-only device,
and phase modulation individually causes partial loss of
the incident beam[27]. Also, it is impossible to simultane-
ously import amplitude modulation and phase modulation
into one pixel. Therefore, the energy ratio between differ-
ent modes cannot fully satisfy the design requirements.

To accomplish the desired OAM proportion through a
single phase-only grating, iterations must be introduced.
Here Lin’s method[29] and pattern search iteration algo-
rithm[30] are employed. In the calculation by continuously
collecting and analyzing the practical OAM spectra of the
far-field construction from the holograms, the parameters
of the holograms are appropriately changed according to
the difference between the practically obtained mode and
the desired mode, thus to make the optical fields generated
from the hologram infinitely close to the desired fields.
We design three multimode mixed holograms whose OAM
state distributions are ðj− 1i þ j þ 2iÞ, ðj−4iþ j−3iþ
jþ1iÞ and ðj− 4i þ j− 3i þ j þ 1iÞeiπ, respectively. Such
holograms and their corresponding far-field diffraction
patterns and OAM spectra are given in Fig. 2.

Fig. 1. Principle of generating arbitrary TAM states.
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Figure 3(a) shows the experimental setup of generating
arbitrary TAM states. A fundamental Gaussian beam
with a wavelength of 1.6 μm is incident into a polarized
beam splitter (PBS), and then transformed into horizontal
polarization. The PBS can be replaced by a horizontally
placed polarizer. A half-wave plate (HWP) can modulate
the direction of linear polarization. Here, a rotatable HWP
(HWP1) is placed behind the PBS and is employed to

determine the direction of linear polarization, thus to
adjust the final output amplitude ratio of the two SAM
components (LCP and RCP). Next comes two LC-SLMs
(Holoeye, PLUTO-TELCO-013-C). The hologram on
SLM1 controls the OAM spectral distribution and the
phase of the horizontal polarization component (the final
output beam’s LCP portion). Another HWP, the HWP2
whose fast axis is 45° arranged, is placed between SLM1
and SLM2 to exchange the horizontal and vertical polar-
izations with each other. SLM2 is encoded by another
hologram to determine the OAM spectra and the phase
of the vertical polarization component (the final output
beam’s RCP portion). The fast axis of QWP1 is fixed
at 45° to transform the orthogonal linear polarization
bases into orthogonal circular polarization bases. Finally,
the TAM states are produced.

Next, we will discuss how to determine the parameters
in Eq. (2) through the proposed setup. Eq. (2) can also be
written as

jΨouti ¼ jηNORj
�
jLi

X
η0jlLi þ

jξNORj
jηNORj

jRi
X

ξ0jlRi
�
;

(6)

where η0 and ξ0 are the normalized complex amplitudes.
jηNORj and jξNORj are the normalization coefficients of
the complex-valued columns fηng and fξmg. One can find
easily from Eq. (6) that the generated TAM states are as-
sociated with both the multiplexed OAM states
and amplitude proportion of the orthogonal circular
polarization bases. In the cascaded two-SLM setup, the
multiplexed OAM states (Ση0jlLi and Σξ0jlRi) can be de-
termined directly through the holograms encoded on
SLM1 and SLM2 separately, and the intensity proportion
jξNORj∕jηNORj is controlled by rotating HWP1.

To investigate the generation performance of the pro-
posed scheme, two different TAM detection setups are
also built. Figure 3(b) shows the detection part of the
detecting vector polarization properties. An infrared
CCD camera (Xenics, Bobcat-320-star) is used to observe
the light field either with a polarizer (P) in the path
(placed in the directions of horizontal, 45°, and vertical)
or not. Figure 3(c) shows the detection part of the OAM
state distributions, where SLM3 encodes a 3 × 3 Damman
vortex grating[32–35]. The CCD camera is placed in the im-
aging plane of the lens (L) to capture the far-field diffrac-
tion patterns.

To examine the reliability of the system we focus on two
cases, the separable state and non-separable state. For the
separable state, at an instance the holograms that can pro-
duce the single OAM mode with l ¼ þ1 and l ¼ þ3 are
selected and encoded on SLM1 and SLM2, respectively.
According to Eq. (5), by rotating HWP1, the output beam
should be jLij þ 1i when the rotation angle θ ¼ 0° and
jRij þ 3i when θ ¼ 45°. Figure 4 shows the distribution
of these two states. They both have single-ring annuli in-
tensity profiles. The polarization state of the beam is a

Fig. 2. Holograms to generate multiplexed scalar vortex beams,
and their corresponding far-field diffraction patterns and OAM
spectra. The OAM state distributions are (a) ðj− 1i þ j þ 2iÞ,
(b) ðj− 4i þ j− 3i þ j þ 1iÞ, and (c) ðj− 4i þ j− 3i þ j þ 1iÞeiπ .

Fig. 3. The experimental setups for generating and testing arbi-
trary TAM states. LD, laser diode; PBS, polarized beam splitter;
HWP1 & 2, half-wave plate; SLM1–SLM3, liquid-crystal spatial
light modulator; QWP, quarter wave plate; P, polarizer; L, con-
vex lens; CCD, infrared CCD camera. (a) Generating arbitrary
TAM states. (b) Detection of vector polarization properties.
(c) Detection of OAM distributions.
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uniform circular polarization. Through a Damman gra-
ting, the far-field diffraction patterns of the incident beam
where the bright spots are present at the desired positions
can be observed in the detection part through the setup in
Fig. 3(c).
Then we consider the second case, non-separable states.

According to the OAM spectra of two eigen SAM compo-
nents, the non-separable states can be divided into two
conditions. One is expected to have homogeneous trans-
verse polarizations. Such states can be represented by
one or multiple cascaded Poincaré spheres[6], where the
north and south poles have identical OAM spectra. The
other has anisotropic transverse polarizations that result
from the different OAM spectra of the two eigen SAM
components. Such states are also known as vector vortex
beams or Poincaré beams[7,8,36].
Figure 5 gives the experimental results of generating one

of non-separable TAM states with homogeneous trans-
verse polarizations. In this case, the rotation angle of
HWP1 in Fig. 3 is fixed to 22.5° to obtain linear polariza-
tions. First, SLM1 and SLM2 encode the same hologram
that can produce coaxial multiplexed OAM to generate
non-separable TAM states jΨi ¼ jRiðj− 3i þ j− 1iþ
jþ 1i þ j þ 3iÞ þ jLiðj− 3i þ j− 1i þ jþ 1i þ jþ 3iÞ. Be-
cause of the identical amplitudes between LCP and RCP,
the output beam is horizontally linear polarized. It is evi-
denced by the distribution of the light field after passing
through the horizontally and vertically placed polarizers
[through the setup in Fig. 3(b)], as shown in Fig. 5(a).

After passing through a 3 × 3 Damman grating encoded
on SLM3, bright spots appear at the center of four diffrac-
tion orders,−3,−1,þ1, andþ3, indicating that the OAM
state distribution meets our desires. When we change
the phase difference of LCP and RCP into π through
replacing the hologram on SLM2, the output beam is
jΨi¼jRiðj−3iþj−1iþjþ1iþjþ3iÞþexpðiπÞjLiðj−3iþ
j−1iþjþ1iþjþ3iÞ, as shown in Fig. 5(b). Compared
with the state in Fig. 5(a), it turns out to be vertically lin-
ear polarizations, but with both intensity distribution and
OAM states unchanged. Actually, two generated TAM
states in Fig. 5 are located at two various points on the
equator of the same group of cascaded Poincaré spheres.

Figure 6 presents the experimental results of generating
non-separable TAM states with anisotropic polariza-
tions, namely, the complex vector vortex states (jΨi ¼
jRiðj− 1i þ j þ 1iÞ þ jLij þ 2i). Such TAM states can be
acquired if we encode different holograms on SLM1 and
SLM2, where SLM1 is to generate a scalar vortex j þ 2i
and SLM2 is to generate a two-fold multiplexed scalar vor-
tex ðj− 1i þ j þ 1iÞ. Meanwhile, the fast axis of HWP1 is
22.5° arranged. In this case, photons in the two SAM
components have different OAM state distributions,
and thus the polarization state of the beam should exhibit
an anisotropic distribution. The characterization of the
anisotropic distribution is that the beam intensity can
be observed in all polarization states. Results of this mea-
surement are also given in Fig. 6. We collect the beam
intensity in three typical polarization directions 0° (hori-
zontal), 45°, and 90° (vertical). The intensity distribution
can be observed in all three directions. For the OAM de-
tection, we rotate HWP1 to make sure that LCP and RCP
emit separately. Through the Damman grating, bright spots
appear at the center of the�1 diffraction order for RCP and
the þ2 diffraction order for LCP. Both the intensity distri-
bution and OAM states are consistent with the desired.

In summary, we have demonstrated a scheme of gener-
ating arbitrary TAM states through cascading two
SLMs. In the proof-of-concept experiment, both the sepa-
rable states and non-separable states are generated. All
these three examples fit well with the expectations.

Fig. 4. Experimental results of generating separable TAM
states. (a) jLij þ 1i and (b) jRij þ 3i.

Fig. 6. Experimental results of generating non-separable TAM
states with anisotropic transverse polarizations. The generated
TAM state is jΨi ¼ jRiðj− 1i þ j þ 1iÞ þ jLij þ 2i.

Fig. 5. Experimental results of generating non-separable TAM
states with homogeneous transverse polarizations. (a) jΨi ¼
jRiðj− 3i þ j− 1i þ j þ 1i þ j þ 3iÞ þ jLiðj− 3i þ j− 1i þ jþ 1iþ
jþ 3iÞ, and (b) jΨi ¼ jRiðj− 3i þ j− 1i þ j þ 1i þ j þ 3iÞþ
expðiπÞjLiðj− 3i þ j− 1i þ j þ 1i þ j þ 3iÞ.
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Although the implemented cases are relatively simply de-
signed, the design principles can be applied to any combi-
nation of SAM and OAM using different holograms. That
means the proposed single system can generate arbitrary
TAM states without replacing any elements. What we
should do is to change the two holograms on the two
SLMs, meanwhile adjusting the fast axis orientation of
HWP1. The proposed scheme paves the way for generat-
ing complex structured fields, and the flexible phase pro-
grammable idea will inspire tunable device generation and
beam shaping, with diverse applications in laser process-
ing, remote sensing, and so on.
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