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Spin-orbital optical phenomena are closely related with light-matter interactions and have
been of great interest in the last few years. Here, the effect of optical orbital angular
momentum (OAM) on polarized waves carrying spin angular momentum (SAM) has been
investigated experimentally by means of orbital polarization holography and analyzed with
Jones matrices theoretically. We report that all-optical OAM-to-polarization manipulation
can be realized with a controllable holographic grating recorded through the interference of
orthogonally polarized beams in various helical modes in a kind of photo-alignment
supermolecular liquid-crystalline films. The polarization states of diffraction beams can
be controlled through adjusting the spatial degree of freedom of the recording light field.
The OAM-controlled polarization manipulation is discussed in terms of Jones matrices and
photoinduced birefringence. Because of the realization of OAM-to-SAM conversion, this
work may find applications in a variety of devices.
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INTRODUCTION

Transfer of optical angular momentum (AM) has been proposed in the last few decades as an
effective tool to achieve optical manipulation, quantum communication and so on [1, 2].
Generally, there are two kinds of AM carried by light, spin AM (SAM) and orbital AM (OAM).
SAM is inherent in light beams with circular or elliptical polarization states and depends on the
field vector rotations that take place in every point of the beam cross-section [3]. When the light
is right- or left-handed circularly polarized (RCP or LCP), SAM equals +h per photon,
respectively [4]. Polarization is a fundamental property of electromagnetic fields and the
polarization state of light has substantial influence in an increasing number of optical
experiments and theoretical models [5]. In the field of optics, the polarization state of light
can significantly affect the propagation of many fully or partially coherent paraxial light fields.
Moreover, optical communications, laser science, microscopy and metrology demand control of
light polarization [6-8]. On the other hand, optical vortex has become increasingly important
recently [9, 10]. A vortex beam, with the spiral phase of exp(il¢) with [ being the topological
charge (TC) and ¢ being the azimuth angle, possesses intrinsic OAM [11]. OAM can be added to
a Gaussian beam through a spiral phase plate (SPP) which is typically a high refractive index
substrate that is shaped into the spiral phase ramp [3, 12]. The incident Gaussian beam is not
deviated in direction and directly converted to a vortex beam. Like polarization, OAM of light
provides the spatial degree of freedom, which can be of great benefit in many fields, such as
holography [13, 14].
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FIGURE 1 | (A) Schematic setup of orbital polarization holography. BE, beam expander; M, mirror; BS, beam splitter; P, polarizer; Q, quarter-wave plate; H, half-
wave plate; SPP, spiral phase plate. (B) Absorption spectrum and molecular structure of the photo-alignment liquid-crystalline film. (C) Diagram of the polarization ellipse
with « being the azimuth and e being the ellipticity. (D) Spatial intensity distribution of the recording light with TC of 0, 1, 2, 3 and 4 (from left to right) measured by CCD.
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There are two important kinds of holography, namely
polarization holography and OAM holography. In terms of
polarization holography, the recording beams can be
orthogonally circularly polarized and the interference field
possesses constant light intensity with periodically distributed
polarization in space [15-17]. Then, the polarization pattern is
recorded and stored in photo-alignment materials. Polarization
holography is an attractive technique for its unique capacity of
recording intensity, phase, and polarization of a wave
simultaneously along with the function of polarization
modulation [18]. With the development of optical vortex,
OAM holography also emerges as an effective method for data
storage and information processing [19, 20]. Recently, there has
been enormous interest in spin-orbit interactions of light [21, 22].
These are striking optical phenomena in which the polarization
and spatial degrees of freedom of light affect each other.
Traditionally, spin-orbit interactions in optics usually describe
an influence of the polarization degree of freedom of light on its
spatial properties [23-26]. However, the reverse process,
i.e, OAM controls SAM, still needs more research.

In this article, polarization manipulation enabled by the spatial
degree of freedom of light has been investigated experimentally
by means of angular momentum holography, where SAM-OAM
coupling takes place within the optical interference field during
the process of light-matter interactions, resulting in the formation
of a kind of photoinduced periodic birefringence structure in
photo-alignment liquid crystals, namely the orbital polarization
holographic grating (OPHG). We report that the polarization
states of diffraction light from the recorded OPHG can be
controlled through the spatial degree of freedom of recording
light. The mechanism of OAM-to-SAM manipulation and the
diffraction properties of OPHG are analyzed in terms of Jones
matrices, and the photoinduced birefringence generated through
SAM-OAM coupling as well as the transmission matrix of OPHG

are calculated in order to interpret the effect of OAM-controlled
polarization manipulation.

MATERIALS AND METHODS

Sample Preparation

A kind of photo-alignment material through ionic self-assembly
of poly ionic liquid and methyl orange dyes is chosen as the
sample in this experiment because of the properties of strong
photoinduced anisotropy and good thermal stability [27]. The
charged polymer poly (1-butyl-vinylpyridinium bromide) is
selected as the main chain and the methyl orange dye is
selected as the building unit, as shown in Figure 1B. For the
preparation of ionic self-assembly complex, 2 mg/ml poly ionic
liquid aqueous solution is added to methyl orange aqueous
solution at the molar charge ratio of 1:1. The precipitated
complex is filtrated and washed several times with doubly
distilled water, then dried in vacuum at 60°C for 12h. The
thickness of the liquid-crystalline film is 2 pm.

Experimental Setup

The experimental setup is depicted in Figure 1A. A 532 nm beam
with the power density of 250 mW/cm” from a Nd:YAG laser is
selected as the pump light, according to the absorption spectrum
of the sample in Figure 1B. The pump light passes through a
beam expander and is divided by a 50:50 beam splitter. The two
recording beams, marked as R; and R,, are controlled to keep left-
and right-handed circularly polarized, respectively. Then, an
extra spiral phase is added to R; or R, in order to generate a
vortex recording beam. The two recording beams interfere at the
surface of the sample at an angle of 4° and the recording time is
100s. The diffraction property of the recorded OPHGs is
investigated through a 633 nm probe light with the power
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FIGURE 2 | Light intensity distribution within the orbital polarization
holographic recording field when the value of TC increases from 1 to 4. The
total intensities of the interference fields are the sum of the intensities of the two
recording beams without interference fringes.
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density of 150 mW/cm? from a He-Ne laser. The diameters of the
two recording beams are both 1.6 mm and the size of the probe
light is controlled to be the same with that of the Gaussian
recording beam in order to illuminate the whole OPHG. The
spatial intensity distribution and polarization state of light are
measured with CCD (CINOGY, CinCam-1201) and free-space
polarimeter (THORLABS, PAX5710VIS-T), respectively. As
shown in Figure 1C, the polarization state detected with the
polarimeter is presented as a polarization ellipse that can be
described with two parameters, azimuth « and ellipticity ¢, related
to Stokes parameters. In terms of the spatial intensity distribution
of the vortex recording light in Figure 1D, there is no change for
the laser spot when the polarization state varies from LCP to RCP
under all four TC conditions. The polarization state also keeps
constant with TC being manipulated [28]. For ease of description,
the recorded OPHG is expressed as OPHG (Ig; = n) with R; being
the vortex recording light and » being the value of TC. The
distributions of light intensities under four TC conditions are
presented in Figure 2. Because the two recording beams are
orthogonally polarized, the total light intensities of the
interference fields are the sum of the intensities of R; and R,
without interference fringes and only the polarization state
changes periodically in space [29].

RESULTS

Orbital-Dependent Polarization

Manipulation

First of all, OPHG (Ig; = I) is recorded. The probe light is linearly
polarized and the polarization direction is rotated
counterclockwise through a half-wave plate, ie, a, is
modulated from —90° to 90°. The polarization state of probe

Orbital Polarization Holographic Manipulation

light changes in the same way in subsequent experiments. As
OAM is added to the holographic recording field, the polarization
state of the zeroth-order diffraction light is controlled to be left-
handed elliptically polarized, as reported on the Poincaré sphere
in Figure 3A, which is different from the convention holographic
grating whose polarization state is not modulated. The zeroth
diffraction order of OPHG (Ig; = 1) is regulated to possess SAM
and the ellipticity almost remains constant (-21.75°<e < -19.48°)
as the polarization direction of the probe light rotates in a circle.
Then, we remove the SPP and record another polarization
holographic grating (PHG) as a comparison and the
experimental results are presented in Figure 3B. According to
Figures 3A,B, the polarization state of the zeroth-order
diffraction light from PHG keeps the same with that of
incident light, and thus SAM manipulation is attributed to the
spatial degree of freedom of recording light through orbital
polarization holography. Besides, Figure 3C presents that, for
OPHG (Ig; = 1), the azimuth of the elliptically polarized zeroth-
order diffraction light is not regulated by OAM and keeps the
same with that of the probe light.

As the probe light illuminates the recorded OPHG (Ig; = 1),
the + 1°* diffraction orders with the diffraction efficiency of 9.83%
are detected and the polarization states are presented in Figure 4.
It can be noticed that both of the + 1* order diffraction beams are
modulated to be elliptically polarized by OPHG (l; = 1) and the
value of ellipticity varies with the polarization direction of probe
light. The diffraction property of the recorded OPHG is also
different from that of PHG under the same experimental
conditions [17]. As OAM is added to the holographic
interference field, the polarization state of diffraction light
from OPHG (lg; = 1) can be modulated and the modulation
depth is dependent on the spatial degree of freedom of
recording light.

Then, OPHG (lg; = 1) is erased through the heating method.
The sample is heated up to 60°C, in which thermally randomizing
the molecular orientations occurs. This writing-erasing cycle
could be repeated over 100 times on the same spot of the film
without fatigue. Another OPHG (I, = 1) is recorded and the
diffraction efficiency of the + 1** diffraction order is 12.82%. The
polarization states of the + 1** order diffraction light from OPHG
(Igz=1) are presented in Figure 4. The —1* order diffraction light
is modulated to be right-handed elliptically polarized while the
other one becomes left-handed elliptically polarized. The
experimental results indicate that polarization manipulation
enabled by the spatial degree of freedom of light still exists
when the handedness of SAM within the orbital polarization
holographic recording field is reversed. However, the polarization
changing behaviors of the 1** order diffraction light are not the
same with those of OPHG (lg; = 1). Firstly, the ellipticity of the
same diffraction order from the two OPHGs is investigated. In
Figure 4A, it can be noticed that the changing behaviors of
ellipticity of the -1* order diffraction beams from OPHGs (Ig; = 1
and Ig, = 1) are symmetrical as a, increases from —90° to 90° at an
interval of 5°. In terms of the +1* diffraction order, similar
experiment results are obtained, as shown in Figure 4B. As
the ellipticity of the polarized diffraction light from OPHG
(Iz; = 1) increases or decreases, the ellipticity of the same
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FIGURE 3 | (A) Orbital-to-spin AM manipulation through OPHG (/r; = 1) presented on the Poincaré sphere. S;-S3 are normalized Stokes parameters. (B)
Unmodulated polarization states of the zeroth diffraction order from PHG recorded through the holographic light field without spatial degree of freedom as a comparison.
(C) The azimuth of the elliptically polarized zeroth-order diffraction light from OPHG (/z; = 1) is not regulated by OAM and remains the same with that of the probe light.
Moreover, the value of ellipticity almost keeps constant as the polarization direction of the probe light rotates at an interval of 5°.

diffraction order from OPHG (Ig, = 1) goes through the reverse
process. Moreover, the symmetrical variation behavior also
occurs to the azimuth of the polarization ellipse, as presented
in Figures 4C,D. With the polarization direction of the probe
light rotating, the azimuth of the same diffraction order from the
two OPHGs varies conversely.

After reversing the handedness of SAM within the orbital
polarization holographic recording field in the previous section,
we investigate the effect of spatial degree of freedom of light on
polarization manipulation. Similar to OPHGs (Iz; = 1 and I, =
1), +1° order diffraction beams from OPHGs are detected as
OAM increases and the diffraction efficiency is listed as: 7.53%
(Ir1 =2),13.47% (Ir> = 2), 5.36% (Ig; = 3), 13.18% (I, = 3), 3.08%
(Ir; = 4) and 10.82% (I, = 4). Firstly, the ellipticity of the +1°**
order diffraction light from the recorded OPHGs is measured and
the results are presented in Figure 5. In terms of OPHGs (Ig; = 2
and I, = 2) in Figures 5A,B, the ellipticity of the same diffraction
order is still manipulated symmetrically due to the handedness

change of the SAM in the spin-orbital interference field. However,
as the effect of OAM continues to be enhanced, the symmetry is
broken and the changing behaviors of ellipticity of the 1** order
diffraction beams from OPHGs (I; = 3 and I, = 3) (Figures
5C,D) and OPHGs (Ip; = 4 and I, = 4) (Figures 5E,F) tend to be
controlled synchronously. For example, in terms of the +1* order
diffraction beams from OPHG (Ilg; = 4) and OPHG (Iz, = 4) in
Figure 5F, the ellipticity of both diffraction beams start to
decrease first, then becomes larger, and decrease again in one
period. On the other hand, the ellipticity of the zeroth-order
diffraction light almost keeps constant and the measurements are
listed as: (—11.13°<e < —9.46°) for OPHG (Iy; = 2), (-7.49°<e < -5.16°)
for OPHG (I; = 3), (-14.64’<e < —12.15°) for OPHG (lz; = 4),
(~6.24°<e < —4.57°) for OPHG (I, = 2), (12.26’<e < 14.73°) for OPHG
(Ip=3) and (5.19°<¢ < 7.41°) for OPHG (I, = 4). Then, we focus on
the situation that SPPs with different TCs are fixed in R; optical path,
as shown in Figures 5G,H. Taking the +1% diffraction order from
OPHGs (I; = 1-4) as an example (see Figure 5H), the ellipticity
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decreases first and then keeps an upward tendency with TC increasing
from 1 to 4, regardless of the polarization direction of the probe light.
Similarly, the ellipticity of the diffraction light from OPHGs (Ig, = 1-4)
is also controlled by OAM to vary synchronously.

In addition to ellipticity, the azimuth of the +1* diffraction
order is also modulated by OPHGs, as shown in Figure 6.
Analogue to the orbit-controlled ellipticity in Figures 5G,H,
the azimuth of diffraction light also tends to be regulated
synchronously by OAM when the SPPs are fixed in one
optical path. Figures 6A,B report the changing behaviors of
azimuth of the +1* order diffraction light from OPHGs (lg; =
1-4), respectively. The values of azimuth all go through the
increasing-decreasing-increasing processes as TC rises from 1
to 4, whatever the polarization direction of the probe light is. In
contrast, for the zeroth diffraction order, the azimuth increases
with that of the probe light and there is no obvious difference
under four TC conditions, as shown in Figure 6C. On the other
hand, OAM-controlled azimuth modulation also occurs to the 1**
diffraction order of OPHGs (Iz, = 1-4). When TC = 2 in Figures
6D,E, the azimuth of the +1% order diffraction light from OPHGs
(Ir; = 2 and I, = 2) is still modulated to change symmetrically. In
terms of the +1° order diffraction light from OPHGs (I; = 3 and
Ir> = 3) in Figures 6F,G, the symmetry no longer holds and the
variation of azimuth tends to be consistent because of the

variation of spin-orbit interaction within the recording light
field, where the effect of OAM on the polarization state of the
diffraction light is enhanced. Similar results can also be obtained
for OPHGs (Ig; = 4 and I, = 4) in Figure 6H. In this section, the
effect of spatial degree of freedom of light on polarization
manipulation is demonstrated experimentally by means of
orbital polarization holography.

Jones Matrix Discussion

Orbital polarization holography in photo-alignment liquid
crystals is attributed to the interaction between the optical
torques induced by SAM (75) and OAM (7o) which leads to
molecular reorientation, resulting in the formation of a kind of
AM-induced birefringence in the sample. Firstly, in terms of the
effect of SAM on molecular reorientation, the absorption

probability of the trans-isomers of liquid crystals is
proportional to N [30]
N = ((P- M(LQ))*) = M (LQ){cos’ 0 M)

With < > representing the statistical average, P being the unit
vector of the polarization of the interference light field, M(LQ)
being the electric dipole transition moment of liquid crystals and
0 being the angle between P and M(LQ). According to Eq. 1, when
Nis not equal to 0, liquid crystals will absorb pump light and tend
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to be reoriented under the force of 5. During this process,
reversible trans-cis-trans photoinduced isomerizations of liquid
crystals take place under the action of polarized light. Due to the
angular-selective character of light absorption, liquid crystals
become uniaxially oriented in a plane perpendicular to the
polarization direction of incident light after numerous
repetitive isomerization cycles [15]. By virtue of the 7g-induced
reorientation process, SAM-induced birefringence Angyy, is
formed in the sample. Because the polarization direction
within the RCP-LCP interference field varies periodically,
Angapr changes regularly with P. On the other hand, when the
polarized light field contains OAM, the orientation of liquid
crystals is also forced by an OAM-induced torque 7o that is in
the azimuthal direction of OAM [31]. Under the effect of OAM,
To-induced deflection of molecular reorientation occurs and the
liquid crystals are no longer perpendicular to the polarization
direction, which exerts an influence on the SAM-induced
birefringence. Thus, molecular rearrangement within the
orbital polarization holographic recording field is based on g
and affected by 7, leading to the formation of a kind of AM-
induced birefringence Anyy,. The periodically distributed AM-
induced birefringence generated through spin-orbit coupling is
contributed to the formation of OPHG and its diffraction
properties.

Based on the discussion above, the value of Any,, is
calculated to  interpret = OAM-enabled  polarization
manipulation. We start from the transmission matrix of
OPHG. Let us consider the Jones matrix of a general
anisotropic element

T,(0) = _ 2

The anisotropic phase retardation is Ag = 27And/}A, with
An being the photoinduced birefringence, A, being
the wavelength of probe light and d being the thickness of
the sample. When the anisotropy axis is oriented at an angle
of y in x-y plane (see Figure 1A), the transmission matrix
turns to

T.(y) = R(=y) - T.(0)- R(y) 3)
cosy

Where the rotation matrix is R(y) = < . sy
siny cosy

of PHG, Ag is only induced by SAM (Ag@ga,) and the anisotropy-
axis orientation varies periodically in x-direction, expressed as
y=19,+y(x). From Eq. 3, T5M = T5*M ;+ T$AM and the 1%
order transmission matrix of PHG is

o _ iexp (* 2iy) sin(A(PSAM)< Lo#i > @
= 2 2 +i -1

. In terms

The polarization state of the 1% order diffraction light is
calculated as

_ TSAM _pp _ mSAM [ COS&p
oere e (90)
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+1

iexp(x 2iy)2exp(i iocp) SiH(A(PSAM>< 1 > ©)

2 i

Where Rp represents the Jones vector of the linearly polarized
probe light. According to Eq. 6, the LCP and RCP components of
the probe light are divided and converted into RCP and LCP,
respectively.

In terms of OPHG, SAM-induced molecular reorientation
is affected by 7o and OAM-induced birefringence is
formed within the recording area. In this case, Ag,,, =
2nAnayd/d, is formed through SAM-OAM coupling.
According to Eq. 3, the transmission matrix of OPHG can
be expressed as [21].

A A .
cos(i(PAM ) i sin<7(PAM )e’z'y
2 2

TSAM-0AM _ N N @)
i sin(—q)AM )em cos<—¢AM )
2 2

In order to calculate the value of Anyy, we start from the
zeroth-order transmission matrix

\/ﬂ—ei60 COS (g COS & —isinagsingy | _ TsAM-0am( COSQp
o . ; . =T, .
sin o cos € + 1 €os g sin sina,
(8)

With §, and #, being the phase and diffraction efficiency of the
zeroth diffraction order, respectively. Based on the experimental
results, the azimuth of the zeroth-order diffraction light «, is not
modulated by OPHG and we obtain

COS &
isin g

—isin g ) )

SAM-0AM _ %
Ty = Ve ( cos &
With ¢, being the ellipticity of the zeroth-order diffraction light.
Then, AM-induced birefringence An4y can be calculated as
follows

B - E., \ gide €08 Cuy COS €4y — isin o sin e,
+1 — - - . . .
* E., a1 SIN 41 COS €41 + 1 COS (tyy SIN €4

(10)

In which a , ;, € + 1, § + ; and 5 . ; represent the azimuth,
ellipticity, phase and diffraction efficiency of the +1°* order
diffraction light, respectively. According to Eqs 7, 9, 10, the
equation of Anayy is

) (A¢AM> o€ sin g + i[(EHX +E 1 )sina, - (Eﬂy + E,ly) cos ocp]
sin = :
e — 2 cos (2y)sin’a,

(11)

Similar to the SAM condition, the phases of the £1° order
diffraction light are the functions of y and «,. Based on the
experimental data, the plural numerator is proportional to
the plural denominator in Eq. 11 and the ratio is a real
number. The values of Anay, under our experimental
conditions are calculated to equal 0.068 (Angaps), 0.063
(Ig; = 1), 0.072 (Igy = 1), 0.055 (Ig; = 2), 0.074 (Ig, = 2),
0.046 (Ig; = 3), 0.073 (Igs = 3), 0.035 (Ig; = 4), 0.066 (Ig, = 4),
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FIGURE 7 | Simulated curves and experimental data of orbital polarization holographic manipulation in terms of OPHGs (/z; = 1 and /zo = 1). Figures 7A-D and
Figures 4A-D are in one-to-one correspondence. There is an agreement between the theoretical analysis and experimental results.
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respectively. Taking OPHGs (Ig; = 1 and Iz, = 1) as examples,
theoretical simulations of orbital polarization holographic
manipulation are presented in Figure 7, and there is a good
agreement between the theoretical analysis and experimental
results. Moreover, it can be noticed that An,,, is always
smaller than Angy,, and continues to be attenuated when Iy;
increases from 1 to 4. In contrast, the value of Anyy
increases with the enhancement of OAM carried by R,
recording light at first, while starts to decrease when
Ir>=3. The reason is that, when SPPs are placed in the
optical path of R;, the effect of OAM weakens the
component of SAM-induced birefringence in the sample
during the process of spin-orbit coupling. On the other
hand, when TC increases, the size of singularity of the
vortex recording beam becomes larger and the light
intensity within the spatially limited interference area
decreases. Under the combined weakening effects of OAM
and light intensity, An,, decreases significantly from 0.068
to 0.035 when I; rises to 4. When R, becomes the vortex
light, SAM handedness of the interference field is reversed
and the SAM-induced birefringence is enhanced by OAM,

leading to the increase of Anyy,. In the case of I, = 3 and 4, though
the value of TC becomes larger, the weakening effect of light
intensity is greater than the enhancing effect of OAM, leading to
the decrease of Anuy. In this section, the mechanism of
polarization manipulation enabled through orbital polarization
holography has been explained theoretically.

DISCUSSION

In conclusion, all-optical polarization manipulation through
orbital polarization holography has been demonstrated
experimentally and analyzed theoretically with Jones matrices.
The polarization states of diffraction light from the recorded
OPHGs are able to be controlled regularly under the effect of
spatial degree of freedom of recording light because of optical
SAM-OAM coupling during the process of light-matter
interactions, resulting in the formation of a kind of
periodically distributed AM-induced birefringence structure in
photo-alignment liquid crystals. Furthermore, the transmission
matrix of OPHGs and the value of AM-induced birefringence are
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calculated with Jones matrices in order to interpret the
mechanism of orbit-controlled polarization manipulation.
Based on the previous research on SAM-to-OAM conversion,
orbit-induced polarization modulation is realized in this work,
which may enrich the field of optical manipulation.
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