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We report a polarization-tunable holographic system in an azobenzene-containing liquid crystal film enabled by dual-
wavelength excitation. The 405-nm beam facilitates the accumulation of cis-isomers and enhances molecular mobility,
while the 532-nm beams induce photoisomerization and polarization-selective molecular alignment. Their cooperative
action yields a nonlinear holographic response, resulting in a twofold increase in diffraction efficiency compared to single-
wavelength excitation. By tuning the polarization states of the 532-nm beams, a continuous transition from an amplitude
to polarization grating is realized, together with passive all-optical switching. This approach offers a versatile strategy for
dynamic holographic modulation, with potential applications in tunable photonic elements, polarization-selective optical
devices, and reconfigurable optical switches driven by polarization control.
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1. Introduction

Conventional electronic computing faces energy and
speed limitations, hindering progress in advanced informa-
tion technologies.!!! In contrast, optical computing!>*! has
attracted significant attention due to its inherent advantages,
including high parallelism, low latency, strong resistance to
electromagnetic interference, and ultra-low power consump-
tion. The integration of photonic devices in data transmission,
processing, and storage is widely viewed as a critical path-
way to next-generation information processing systems.D!
Holography!®7! has emerged as a compelling approach for
functional optical computing, attributed to its unique capac-
ity for spatial modulation, multidimensional information mul-

8-101 By introducing

11]

tiplexing, and high-density data storage.|
the vectorial degree of freedom for information encoding,|

12-14] enables high-dimensional con-

polarization holography!
trol and significantly enhances information capacity, position-
ing it as a key focus in current research.

Azobenzene molecules, known for their strong light-
induced isomerization, have been widely incorporated into lig-
uid crystal systems, [!5-18] yielding azobenzene-containing lig-
uid crystals!!®?%! that exhibit pronounced photoresponsivity
and photoinduced anisotropy.'?!>*! Upon irradiation with lin-
early polarized light of appropriate wavelengths, the azoben-
zene molecules undergo reversible trans-cis-trans isomeriza-
tion, inducing molecular reorientation perpendicular to the in-
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cident polarization. The resulting anisotropic state is erasable
via thermal treatment or exposure to circularly polarized light,
enabling rewritable optical modulation.!?>! Such anisotropic
alignment has been employed, for example, to fabricate col-
orless birefringent polymer films.*®! Gelebart et al. further
demonstrated that embedded azobenzene derivatives exhibit-
ing rapid thermal relaxation can be incorporated into liquid
crystal networks to develop photoactive polymer films capable
of sustaining continuous, directional macroscopic deforma-
tion under uniform illumination.>”! These self-shadow-driven
feedback systems offer new opportunities for light-responsive
microsystem design. Moreover, polarization-sensitive holo-
graphic gratings can be inscribed in azobenzene liquid crystal
films by controlling the polarization state of the writing beams,
enabling the realization of tunable all-optical beam splitters
with adjustable splitting ratios.[?8] Such passive-response pho-
tonic elements are promising candidates for practical applica-
tions in optical switching and signal routing.

However, conventional holographic techniques based on
single-wavelength coherent interference often lack the flex-
ibility required for advanced optical modulation. To over-
come this limitation, Lv ef al. introduced a dual-wavelength

recording approach!?%-30]

in azobenzene films using a 532-
nm laser as the switching source and two non-absorbing 633-
nm lasers.[>!] Nevertheless, the reported maximum diffrac-
tion efficiency was limited to 11.97%, as both wavelengths

fall within relatively weak absorption regions. Thus, we
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propose a dual-wavelength synergistic holographic recording
scheme that combines a pair of 532-nm coherent beams with
an auxiliary 405-nm beam in azobenzene-based photorespon-
sive films. The 405-nm light, operating within the strong ab-
sorption band of azobenzene molecules, facilitates efficient
trans—cis isomerization and enhances refractive index modu-
lation in conjunction with the 532-nm beams. This synergis-
tic interaction enables up to a twofold increase in diffraction
efficiency relative to conventional schemes. Furthermore, by
tailoring the polarization state of the 532-nm pump beam, the
recorded grating can be tuned continuously from a phase grat-
ing to a polarization grating, enabling a passive, all-optical
switching functionality. These results open new avenues for
the development of polarization-controlled photonic compo-
nents and all-optical logic elements.

2. Experimental setup

The experimental setup is illustrated in Fig. 1. A 532-
nm laser (Nd:YAG laser, CW) was employed as the primary
pump beam and split into two beams of equal intensity via a
beam splitter. The polarization states of the two beams were
independently controlled using polarizers (P, P>) and half-
wave plates (H;, H»), and both beams were directed to simul-
taneously illuminate the sample surface at an angle of 5°, en-
abling holographic recording. A 405-nm laser (Diode Laser,
CW), incident normally, served as an auxiliary pump source.
Its power was modulated using a variable optical attenuator
(Att), and its illumination area was spatially overlapped with
that of the 532-nm beams. A 633-nm laser (He—Ne laser, CW,
2 mW/cm?) was used as the probe beam and was also normally
incident onto the same region. The diffracted signal was mon-
itored in real time using an oscilloscope (DPO 2022B Digital
Phosphor Oscilloscope, Tektronix).

532 nm
M1 NdZYAG
laser
Sample
M; Pi m, /

v —

My P ‘
405 nm Ay 633 nm
Diode, ‘ He—Ne
laser Mg Mg laser

Fig. 1. Experimental setup for dual-wavelength polarization-tunable holo-
graphic response in an azobenzene-containing film. (M: mirror; P: polarizer;
BS: beam splitter; H: half-wave plate; Att: attenuator. Sample: Azobenzene
liquid crystal thin film).

The sample comprised a self-assembled azobenzene-
containing liquid crystal film. It was prepared using Methyl
Orange (MO, Sigma-Aldrich) and a poly(ionic liquid) (PIL,
Sigma-Aldrich), by dropwise adding a 2-mg/ml aqueous so-
lution of PIL to an equal-concentration MO solution at a 1:1

molar charge ratio. After precipitation and filtration, the com-
plex was repeatedly washed with doubly distilled water to re-
move impurities, and then vacuum-dried at 60 °C for 12 hours.
The final powder exhibited a melting point of ~ 180 °C, with
clear Schlieren textures observed upon cooling, reflecting its
high orientational order. This film was confined between two
glass substrates with a thickness of 10 um and exhibited good
structural uniformity. Both the 405-nm and 532-nm beams lie
within the absorption band of the sample, whereas the 633-nm
probe beam lies outside the absorption range. 3%

3. Results and discussion

A comparative experiment was initially carried out to ex-
amine the influence of the auxiliary 405-nm pump beam on the
holographic recording process. Two coherent 532-nm beams
(30 mW/cm?, horizontal polarization) were employed in the
absence of the 405-nm illumination. Their interference gener-
ated a spatially modulated intensity profile on the sample sur-
face, which initiated trans—cis photoisomerization of azoben-
zene molecules and induced anisotropic molecular reorien-
tation, leading to the formation of a refractive index mod-
ulation grating. The effect of introducing a 405-nm beam
(20 mW/cm?2, horizontal polarization) in the presence of the
two 532 nm writing beams was also examined. The diffrac-
tion efficiency was determined by the ratio of the diffracted
power to the incident power of the 633-nm horizontally po-

(28] The temporal evolution of diffraction

larized probe beam.
efficiency under both conditions is presented in Fig. 2. In both
cases, the diffraction efficiency displays a biphasic growth:
a fast response followed by a slower process, which can be
explained by photoinduced birefringence.[?!->>! Initially, ran-
domly oriented azobenzene molecules rapidly align perpen-
dicular to the polarization of the incident light. As the side-
chain reorientation proceeds, it gradually drives the reorgani-
zation of the liquid crystal main chains, slowing the overall re-
orientation rate. Unlike the 532-nm coherent beams that form
an interference pattern, the 405-nm beam acts as a uniform ex-
citation source. Its higher photon energy effectively promotes
the trans—cis isomerization of azobenzene molecules. This sig-
nificantly accelerates the photoisomerization kinetics and en-
hances molecular activation, facilitating the rapid development
of anisotropic molecular alignment within the sample. Owing
to its increased conformational flexibility and molecular mo-
bility, the cis-isomer promotes localized structural relaxation,
which in turn enhances the dynamic responsiveness of the film.
This reduction in the reorientation energy barrier facilitates
more efficient alignment of trans-isomers along the direction
defined by the 532-nm interference field. As a result, the es-
tablishment of spatial anisotropy proceeds with greater rapid-
ity, contributing to the nearly twice enhancement in diffraction
efficiency observed under dual-wavelength illumination. This
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cooperative mechanism effectively combines the spatial mod-
ulation capability of the 532-nm coherent beams with the dy-
namic molecular excitation induced by the 405-nm auxiliary
beam, demonstrating a pronounced enhancement of photo-
induced anisotropy.

0.16
405 nm off
—— 405 nm on

0.14t
0.121
Beams off
0.10f

0.08}

0.06

0.0008]

0.0006]

0.04 |Beams on

Diffraction efficiency

0.0004]

0.0002]

0.02}

o

Photoinduced birefringence

(U . . . .
0 5 10 15 20
Time (s)

Fig. 2. Real-time diffraction efficiency with and without 405-nm light
assistance. Inset: photoinduced birefringence in the absence of 405-nm
light.

With both the 532-nm writing beams and the 405-nm
auxiliary beam horizontally polarized, the real-time evolution
of the diffracted power displayed a characteristic two-stage
growth across different 405-nm intensities, as shown in Fig. 3.
The maximum diffraction efficiency and the fastest initial
growth rate were both observed at 60 mW/cm?, demonstrating
the optimal synergistic enhancement under this condition. At
lower intensities (20 mW/cm? and 40 mW/cm?), slower pho-
toisomerization dynamics and reduced molecular reorientation
efficiency were observed, attributed to the limited number of
photoinduced molecules. In contrast, at 80 mW/cm?, the for-
mation of anisotropic structures was suppressed, which may

s.133] These re-

be attributed to overaccumulation of cis-isomer
sults suggest the existence of an optimal power window for
the 405-nm auxiliary beam, where sufficient molecular activa-
tion is achieved without compromising the structural stability,

thereby enabling enhanced diffraction efficiency.
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T
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Fig. 3. Dual-wavelength holographic responses under varying 405-nm
light power.
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Fig. 4. Dual-wavelength holographic responses under varying 405-nm
light polarization state.

The effect of the 405-nm auxiliary beam polarization on
diffraction performance was further examined, with both 532-
nm beams maintained at horizontal polarization. As shown in
Fig. 4, the diffraction efficiency showed minimal dependence
on the polarization state of the 405-nm beam. This behavior
can be explained by the fact that the 405-nm auxiliary beam
primarily excites the 7—7m* band of azobenzene moieties, driv-
ing rapid trans—cis photoisomerization and leading to a quasi-
randomized molecular orientation, rather than directly influ-
encing polarization-dependent alignment. 34!

Different combinations of polarization state of the two
532-nm writing beams were employed to modulate the inter-
ference field structure and analyze their effect on the diffrac-
tion response, with the intensity of the 405-nm auxiliary
beam fixed at 60 mW/cm? and that of the 532-nm beam
at 30 mW/cm?.!>! Parallel polarization of the two 532-nm
beams produced an interference field characterized by a well-
defined spatial intensity modulation within the sample.

Ey = {\@cose} .

) M

Here, 0 represents the optical phase. Periodic modulation of
the refractive index in the azobenzene liquid crystal sample
was established by the spatial intensity distribution, enabling
the inscription of a phase grating.

exp{iAg [l +cos(20)]} 0
0 exp{—iA@ [l +cos(26)]} |’

2
AQ =2nAnd /L. 3)

Here, An denotes the photoinduced refractive index, d is the
sample thickness, and A is the wavelength of the incident light.

Therefore, when the 633-nm probe beam is incident on
the grating,

1
P= [0] )

the diffraction efficiency is given by

) =A@ /4. (5)
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The real-time diffraction efficiency (dark blue dashed line in
Fig. 5) stabilized at 17.86%, representing the highest value
achieved. The parallel polarization combination was iden-
tified as the most effective in promoting anisotropic struc-
ture formation, resulting in a photoinduced birefringence An
of 0.0071. As the angle between the two polarization direc-
tions increased, the diffraction efficiency gradually decreased,
reaching a minimum under orthogonal polarization (inset of

Fig. 5), at which point a polarization holographic grating was

recorded
_ [exp[iA@cos(20)] 0
n= I 0 exp[—iA@cos(20)] | ©)
|
_ [ frexp{iA@[1+cos(20)]} + frexp[iA@cos(26)]
a 0

Here, f1 and f; are the coupling factors associated with the po-
larization states. The formation of these gratings involves si-
multaneous phase and polarization modulation. Regardless of
the specific modulation mechanism, the diffraction efficiency

exhibits a double-exponential temporal behavior>!

1N = ke[l —exp(—Pit)] +ks[1 —exp(—Bst)] +C. (9)

Here, ks and kg are the pre-factors for the fast and slow
processes, respectively, while B¢ and J are the rate con-
stants for these two processes, as fitted by the gray curves
in Fig. 5. At a polarization angle difference of approxi-
mately 20°, the diffraction efficiency demonstrates maximum
sensitivity, characterized by the most rapid response varia-
tion. This phenomenon results from the interplay between co-
operative molecular orientation and perturbative competition
mechanisms in the azobenzene medium. The strong depen-
dence of grating formation on the polarization state can be at-
tributed to the intrinsic sensitivity of azobenzene molecules to
polarization-modulated interference fields.

To further explore the wavelength dependence of the co-
operative recording mechanism, a modified writing configura-
tion was employed in which 633 nm light replaced 532 nm as
the primary writing wavelength, with 405-nm serving as the
auxiliary pump. Both phase and polarization-sensitive holo-
graphic structures were targeted under this dual-wavelength
exposure. However, no detectable holographic modulation
was observed. The diffraction efficiency is primarily deter-
mined by the wavelength of the writing beam (532 nm). The
405-nm auxiliary beam enhances the process but cannot drive
grating formation alone, whereas 633 nm, located outside the
major absorption region of azobenzene, contributes negligibly
to isomerization.

The diffraction efficiency is given by

N, =411 (Ag). ©)

Here, J; is the first-order Bessel function. As shown by the
light blue dotted line in Fig. 5, the final diffraction efficiency
stabilizes at 13.26%, with the corresponding photoinduced
birefringence An calculated to 0.0078. The higher diffraction
efficiency under parallel polarization results from optimal in-
terference, while the larger birefringence under orthogonal po-
larization is due to enhanced molecular reorientation. When
the polarization directions are between the two extreme cases,
the recorded structure exhibits features of both phase and po-
larization gratings, implying the formation of a hybrid grating.

0
. ®)

fiexp{—iA@ [l +cos(20)]} + faexp[—iA@cos(20)]

0.20
0.18} 4%
0.16 | —40°
0.14r %
0.12} —=90°
0.10}
0.08}
0.06
0.04}
0.02}

Beams off .

Diffraction efficiency

Diffraction efficiency

0.12

0 20 40 60 80
Polarization angle (°)

0 5 10 15 20
Time (s)

Fig. 5. Dual-wavelength holographic responses under varying 532-nm light
polarization state.

Table. 1. Polarization-controlled optical switching based on dual-
wavelength holographic writing.

Auxiliary

m Pump | Probe |Diffraction Logic state
pump beams beam beam g
beam
«—> «—>
0
> «—>

By carefully tailoring the polarization configuration of
the writing beams, binary modulation of the diffracted probe
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beam polarization can be achieved. Specifically, parallel lin-
ear polarization of the 405-nm and 532-nm beams (both hor-
izontal) induces a grating that preserves the polarization state
of the 633-nm probe beam, corresponding to a logic state of
“0” (Table 1). Conversely, mutually orthogonal polarization
of the 532-nm beams produces a polarization grating that ro-
tates the probe polarization to the vertical state, representing
a logic state of “1”. This polarization-encoded switching be-
havior demonstrates a reconfigurable output channel governed
solely by the polarization states of the writing beams, serving
as a fundamental mechanism for polarization-controlled opti-
cal switches and logic operations. The grating can be erased
and rewritten by adjusting the light polarization, allowing mul-
tiple switching cycles without significant degradation.

4. Conclusion

In conclusion, a dual-wavelength-induced, polarization-
tunable holographic recording system in an azobenzene-
containing liquid crystal film has been demonstrated. The syn-
ergistic effect of the 405-nm auxiliary beam, which enhances
molecular mobility, and the 532-nm pump beams, which drive
anisotropic molecular alignment, results in a twofold enhance-
ment in diffraction efficiency compared to single-wavelength
excitation. By tailoring the polarization configuration of the
pump beams, a continuous transition between phase and po-
larization gratings is achieved, allowing all-optical switching
modulation of the polarization state of the diffracted beam.
This work establishes a solid foundation for the development
of efficient, reconfigurable holographic system and paves the
way for a wide range of applications, including advanced pho-
tonic circuits, next-generation optical storage, quantum in-
formation processing, and dynamically reconfigurable optical
networks. Further improvements, such as material optimiza-
tion and beam parameter tuning, could help enhance perfor-
mance for practical implementation in these areas.
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