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This study aims to test and validate the modern orientation approach of Saphiannikova et al. within the
context of viscoplastic photoalignment (VPA) modeling. We focus on the formation of topographical
structures under interference patterns featuring spatially varying elliptical polarization. By comparing our
VPA modeling results with the asymmetric height profiles reported by Pagliusi et al., we observe a
pronounced coupling effect between elliptically polarized light and the anisotropic orientation of azo-
chromophores induced by this light. Our findings suggest that the photoinduced birefringent layer
deviates the azimuth of elliptically polarized light, which in turn rotates the main axis of the anisotropic
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orientation in a chiral propagating structure. This self-induced rotation of light polarization influences
the spatial dependence of interference profiles as a function of depth within the film. This research not
only reinforces the importance of polymer backbone reorientation in azopolymer films but also
enhances the predictive capabilities of VPA modeling in designing complex, light-driven topographical
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Introduction

Azobenzene (azo) chromophores are famous for their ability to
transform the energy of light into the energy of mechanical
switching and rotation."” These molecules constitute a great
variety of photosensitive materials widely applied in science and
modern technologies. The structural changes, electronic properties
and optical properties of molecular switches have been studied
using density functional theory and molecular dynamics simula-
tion to provide valuable insights into how their performance can
be translated to macroscopic information of high interest in the
fields of organic electronics, photonics and optomechanics.>® A
system of small organic molecules with incorporated azo-
chromophores can undergo a reversible order-disorder transition
in response to the light of different wavelengths.”® Polarized
visible light has been successfully applied to induce disorder-order
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transitions, often accompanied by noticeable surface and bulk
deformations. Especially, in side-chain azopolymers, the direction
of deformation can be precisely controlled by light polarization.
For example, the linear polarization dictates deformation along the
electric field vector, while circularly polarized light evokes defor-
mations along the light propagation direction.>*?

Projected on the thin azopolymer films, the interference
pattern of laser light produces a unique periodically varying
orientation state of azo-chromophores, which manifests itself
as a birefringence grating. If the film is ultrathin (a few
nanometers)™ or squeezed between two slides, a large variety
of planar optical elements can be produced, depending on the
polarization state of interfering beams."*™'” However, if the film
is deposited on the substrate slide and has the other surface
free, a peculiar phenomenon of periodic superficial restructur-
ing is usually observed. The growth of these surface relief
gratings (SRGs) has a strong temporal delay with respect to
the birefringence grating. This is clearly seen when a glassy
azopolymer film is irradiated with the SP interference pattern
(i.e. orthogonal/parallel to the plane of incidence), which
inscribes the SRG with a half-periodicity compared to that of
the birefringence grating.'®° The SRG continues to grow after
30 minutes of irradiation, while the amplitude of birefringence
grating saturates after one minute.”'

It seems that there is no limit nowadays in the variety of
inscribed patterns. Inscription with a few different wavelengths
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of light can be done either simultaneously®” or in a multi-stage
procedure,”>* resulting in beat-like structures. This allows the
encoding of structural colours and hierarchical Fourier topogra-
phies, with great potential for augmented/virtual reality displays,®
energy harvesting, bio-adhesion and bio-manipulation surfaces.””
Two-dimensional surface restructuring can be achieved by applying
the interference pattern of multiple beams,'”?® spatial light
modulators'®'7**?%3! or computer-generated holography.*®>* The
latter allows programming the complex irradiation patterns with the
intensity and polarization of light varying in each point. Spectacular
possibilities are provided when ordered arrays of micropillars are
used instead of continuous azopolymer films.**°

Irradiation of individual objects such as azopolymer micro-
pillars and colloids not only opened the way to new practical
applications but also advanced the scientific understanding of this
peculiar phenomenon. This is because the effect of light-induced
stresses in individual objects is not hindered by the boundary
conditions that are always present in continuous films. Combined
experimental and modeling studies*®** on the photodeformation
of individual objects helped to confirm that the local direction of
optomechanical stresses follows the predictions of the modern
orientation approach, as discussed in a recent theoretical review.**
The idea is quite simple: the unique orientation state of azo-
chromophores, imposed by the interference pattern, is comple-
mented by the reorientation of polymer backbones. Their mere
tendency to reorient along the polarization of light creates a
precisely defined field of light-induced stresses that plasticize the
material and gradually bring it into its final shape. In this context,
the temporal delay between birefringence grating and SRG can be
explained by the extremely long rotational time of the polymer
backbones compared to azo-chromophores.*®

The orientation approach is a powerful tool to predict
directional deformations induced by homogeneous irradiation
with linearly and circularly polarized laser beams. The theore-
tical predictions are in excellent agreement with the experi-
mental results, in which the linearly polarized light has been
applied by spatially varying its intensity or polarization
direction.””*® On the other side, a vast pool of experiments
exists, where the superficial restructuring of azopolymer films
has been caused by irradiation with interference patterns of
spatially varying elliptical polarization.”*?®%” A prominent
example is the interference patterns produced by two beams
with orthogonal linear (OL) polarization.*® The resulting polar-
ization is characterized by an ellipse with constant orientation
of principal axes. However, its ellipticity varies continuously
between the two limiting states of linear and circular polariza-
tions. To be able to predict the restructuring of azopolymer
films under this and similar interference patterns, it is neces-
sary to develop the orientation approach for the general case of
elliptical polarization. This is the first theoretical part of our
study. In the second part, we perform viscoplastic photoalign-
ment (VPA) modeling of azopolymer films irradiated by the
interference pattern of two beams with the OL polarization.
Comparison with the experimental findings of Pagliusi
et al.”®*® reveals the presence of additional asymmetry in the
light patterns, which we ascribe to the effect of self-induced
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light polarization rotation. After correcting on this effect, we
achieve rather good agreement between the modeling and
experimental results. The paper is closed by a discussion on
further perspective applications of the orientation approach
and its implementation into the VPA modeling.

Theoretical approach

To predict the restructuring of azopolymer films under arbitrary
interference patterns, we develop the orientation approach for the
general case of elliptical polarization. Recently, we derived an
expression for the effective orientation potential induced by the
elliptically polarized light (EPL), presented as a superposition of two
orthogonally polarized waves propagating along the same axis z:

E,(t) = Exocoswt and E,(f) = E, o sinwt (1)

The amplitudes of the two waves, E, , and E; ,, are equal to
the principal semi-axes of the polarization ellipse; @ is the
angular frequency of the light. Since the trans—cis isomerization
events generated by the two linearly polarized waves are inde-
pendent processes, the effective potential u.¢ acting on azo-
benzenes can be presented as a superposition of the potentials
produced by these two waves:

Uet = Vo(prcos® O, + p,cos”0,) (2)

Here, V, is the strength of potential; the weight factors, p,
and p, = 1 — p,, are the relative contributions of the linearly
polarized waves to the total light intensity. The angles, 0, and
0y, are formed by the long axis of azobenzenes with the x and y
axes. The effective potential Ue acting on the rigid segments in
polymer backbones can be recalculated from wu.¢ as follows:

Uetr = gmVo[p:(u%)* + (1 — py)(u)’] ®)

Here, we take explicitly into account the molecular archi-
tecture of azopolymers: the number m of azobenzenes in a rigid
segment and their average orientation with respect to the long
axis of the rigid segment, described by the shape factor ¢.*"*°
The cosines of angles formed by the long axis of rigid segments
with the x and y axes are presented in eqn (3) with the help of
unit orientation vectors: u of the segment and x and y of the
corresponding axes.

A general expression for the 2nd order orientation tensor
a, = (uu) of rigid segments in the presence of effective potential
Uesr can be found in the textbook “Dynamics of Polymeric
Liquids” by Bird:>°

032 _ ) a 1

o [0V,
ot 3JR AR

u -+ u8 Uetr (4)
6kTig\ Ou du

Here, & is the unit tensor and /Ay is the rotational time of
backbone segments in the absence of light. First of all, it is
necessary to transform the tensorial relationship (4) into a
system of three equations for the diagonal components of a,
(non-diagonal components are equal to zero due to symmetry
considerations). This can be done following the derivation
steps, as documented in the supporting information of previous
studies.*** An important intermediate result expresses the rate
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of change of the orientation state via the products of the
polarization tensor EE with the 2nd and 4th order orientation
tensors a, and a, = (uuuu):

832 o a SVi(an A A A A

- 2B Ay b a BE-2BEa ) (5

b T LR SIS
where V, = 2gmV,/5kT is the strength of reduced potential. This
is a very general result which is valid for any polarization state.
In the case of EPL,

Eﬁ = pxﬁﬁ + (1 - Px)f’f’ (6)

and eqn (5) transforms into the following system of differential
equations:

/IR(?%!;Z) _ % — () + Vel [pe (1) = 1) + py(u?)]

20 )4 V) )+ () — 1)

ot
1R8<(;l;2> _ % — <u22> + Vr<uz2> [px<uxz> +17),v<u},«2>]

)

This system can then be solved numerically using MATLAB
or ANSYS software to obtain time evolution of the diagonal
components of a, for the light of changing ellipticity. The light-
induced stress tensor is defined by the rate of change of these
components:

O{as)

T =3nkTir o (8)

! YA
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In the general case, the EPL produces a biaxial ordering of
azobenzenes and polymer backbones.’" Such an ordering man-
ifests itself through the inequality of three diagonal elements of
the 2" orientation tensor (u,”) # (u,”) # (x.”) and hence the
light-induced stress tensor ., # Ty, # Ts.

The regions of EPL are present in the interference pattern of
two beams with the OL polarization.>"*”*® The orientation of
the axes of the polarization ellipse is constant, while its
azimuth (i.e., the angle of the major axis and the x axis) takes
only two discrete values fi, = 0 £+ 45°, dependent on the angle
0 made by the linear polarization of one of the interfering
beams (the other’s being at 0 + 90°) with the x axis, coinciding
with the grating vector direction (Fig. 1a).*®* When 6 = 45°, the
Jones vector of the interference field is

isino
EoL(45°) = \/5{ } )
cos o

where the phase é = x/D-180° is defined by the optical period D.

Fig. 1b shows the appearance of the polarization ellipse for
0 = 45° at different positions x inside one period. The principal
axes are oriented along x and y directions, whereas the weight
factor p, = sin®$ is modulated along the x axis. The tip of the
electric field vector rotates anti-clockwise (left handed) for 6 <
90° and clockwise (right handed) for 6 > 90° when looking
against the propagation direction z. Polarization patterns for
other angles can be obtained by the appropriate rotation of the
pattern for 0 = 45°:

Eoi(0) = R(0 — 457)Eo(45°) (10)

’Z

sample

4 X

Fig. 1

(a) A schematic diagram of the two-beam holographic recording with orthogonal linear (OL) polarization. The electric fields are oriented at 6 and

0 + 90° with respect to the x axis. (b) The polarization pattern generated by the interference of two orthogonal linearly polarized beams, oriented at
0 = 45° and 135° to the grating vector. The polarization of light varies continuously between vertical linear (§ = 0°and 180°), circular (d = 45° and 135°) and
horizontal linear (0 = 90°). The intensity is constant; the color code stands for a phase.

This journal is © The Royal Society of Chemistry 2025
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where R is the rotation matrix. To capture the rotation of light
polarization, the coordinate system of each finite element in
ANSYS software is rotated on the angle 0,, = 0 — 45° with
respect to the global coordinate system (GCS).

All these patterns are symmetric around é = 90° and, when
implemented in the VPA modeling, produce symmetric grat-
ings (see Fig. S1 in the ESIT). However, it is observed that the
patterns for 0 = 15° and 0 = 30° inscribe highly asymmetric
SRGs.”®*® Beside the photoanisotropic gradient force model
proposed by Pagliusi et al,*® a further explanation of the
asymmetric SRGs is possible in the framework of the orienta-
tion approach, by taking into account the effect of the self-
induced rotation of EPL, discovered by Nikolova et al. for thick
azopolymer films.”* There, a significant rotation of the polar-
ization azimuth f was observed as a function of the input
ellipticity e of the recording beam which propagates through
azopolymer films, while inducing a photobirefringence in it.
Since the assignment of coordinate axes in ref. 52 is ambiguous
and the sense of azimuth rotation controversial, we briefly
repeat the calculations here (see the ESIf). The rotation
AB = B(z,0) — Po of the azimuth f with respect to the input
value fy, as shown in Fig. 2a, has a common expression for all
the polarization patterns of eqn (10):

AB = —TI,sin2¢ =T ,sin 26 (11)

where

_ 180°Anyz

Iy
0 7

(12)
is the half-phase retardation (between the extraordinary and
ordinary waves) experienced by the inscribing beam of wave-
length / after a propagation depth z inside the film,
Ang = no, — no,, is the linear birefringence induced by a
linearly polarized beam (i.e. for e = 0), and ¢ = tan ‘e is the
ellipticity angle. As can be seen from eqn (11) and (12), the

B)=Bo+aB [ | -

-/

B = R(B0)[ /5]

Fig. 2

View Article Online

Journal of Materials Chemistry C

rotation of the polarization azimuth is a linear function of the
propagation depth z and photoinduced birefringence An,.

Assuming that An, < 0, as in most azopolymers and in ref.
48 as well, the positive and negative rotation Af occurs for
right- (¢ > 0) and left- (¢ < 0) handed polarization, respectively.
The azimuth of the polarization ellipse impinging on the film
Bo(0,0) is corrected by the rotation angle Af throughout the film
thickness, see Fig. 2b.

Here, the rotation angle of azimuth is calculated with the
same parameters as in the experiment:*® the film thickness & =
6.4 um and the wavelength A = 458 nm. The value of linear
birefringence An, = -0.01 is estimated from previous optical
measurements on the same amorphous azopolymer.>® Accord-
ingly, the coordinate system of each finite element is rotated on
the angle Oxy = 0 — 45° + Af(z,6) with respect to the GCS. The
regions with linear polarization (i.e., 6 = n-90°, n € [) are not
affected, since according to eqn (11) Af = 0° for ¢ = 0. The
largest corrections are predicted for the regions with circular
polarization (i.e., o = (n + 1/2)-90°, n € [). At first glance, this
appears counterintuitive. However, the azimuth of circularly
polarized light is undefined>® and hence large correction angles
for regions with the highest ellipticity do not affect the appear-
ance of the pattern.

Since the sense of rotation of the azimuth angle depends on
the sign of ellipticity of the input polarization, all the polariza-
tion patterns become asymmetric around 6 = 90° as they
propagate inside the photobirefringent film (see Fig. 3), except
the polarization pattern for 0 = 45°.

Viscoplastic photoalignment modeling

In the following, we present the results of viscoplastic photo-
alignment modeling of azopolymer films irradiated by the
interference pattern of two beams with the OL polarization
and compare these results with the experimental findings of

30

0 15 30 45 60 75 90 105 120 135 150 165 180
9§, degrees

(a) Schematic diagram of an elliptically (right-handed) polarized beam, whose azimuth f rotates while passing through a photobirefringent film.

(b) Azimuth rotation angle Af calculated at the exit of film versus the phase d (see eqn (11)) for the OL interference fields (egn (9) and (10)). A film thickness
of h = 6.4 um, a laser wavelength of 1 = 458 nm and a linear birefringence of Ang = —0.01 have been considered. Note a change of sign at 6 = 90°, when
the rotation of the azimuth changes from negative (clockwise) to positive (anti-clockwise), while the polarization changes from left-handed to right-

handed.
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Fig. 3 Polarization patterns corrected by the effect of self-induced light polarization rotation. The angle 0 describes the orientation of the interference
pattern with respect to the grating vector in the absence of correction (see Fig. 1a). The horizontal axis represents the phase ¢ in degrees. The transparent
lines correspond to the polarization at the film entrance, while the solid lines represent the polarization at the film exit. A film thickness of h = 6.4 um, a
laser wavelength of 4 = 458 nm and a linear birefringence of Ang = — 0.01 have been considered.

Pagliusi et al.*® To ensure negligible intensity modulation and
the confinement of the polarization ellipse in the xy plane, as
described in eqn (9), the interference angle between the beams
in the experiment*® was chosen to be quite small, yielding a
period of the optical grating D of about 20 pm.*® Since model-
ing of the gratings with such a large periodicity is computa-
tionally expensive, a smaller optical period of 5 pum is
implemented using ANSYS software. Several experimental stu-
dies show a significant increase in grating height with an
increasing optical period for D < 4 um.’>® The viscoplastic
modeling of grating growth supports this observation and
predicts a saturation of grating growth for optical periods larger
than D = 4 um.*®

The modeled sample is 20 pm along the x axis, its width
along the y axis is 15 pm and its height along the z axis is 1 um.
The illuminated spot contains three optical periods along the
grating vector (here the x axis) and is 12.5 pm wide along the
translational symmetry axis (here the y axis), see Fig. 4. The
material parameters of azopolymers are close to those used in
the previous studies: the Young’s modulus of 1 GPa and the
yield stress of 5 MPa. The light-induced stress is 12.5 MPa. The
rotational time of backbone segments Az = 1000 s and
the viscosity parameter y = 0.01 s~ * in the viscoplastic material
model (Perzyna) are chosen in such a way to speed up the
process of inscription compared to its rate in the experiment. A
description of the Perzyna model can be found elsewhere.*>**

This journal is © The Royal Society of Chemistry 2025

Starting from the initial isotropic state, the time evolution of
the backbone orientation and the light-induced stress is calculated
for the interference patterns characterized by four different angles
0, similar as it was done in the real experiment.*® The modeling is
stopped after 50 s, at which moment the gratings reach a
significant height comparable to that observed in the experiment
of Pagliusi et al.*® after 12 minutes of exposure with an intensity of
200 mW cm >, A longer modeling of up to 100 s results in the
appearance of non-sinusoidal features at the peak positions, also
observed in some experiments at longer inscription times.**"> The
overall appearance of superficial deformations is seen in the
screenshots on Fig. 4, left. Not only the illuminated spot becomes
deformed but also the unilluminated area around. The interfer-
ence pattern with 0 = 0° creates a grating with half the optical
period, in which the elongated protrusions (bright green) push the
material alternatively along the positive and negative directions of
the y axis. This leads to a growth of small peaks (red) in the
unilluminated area at the sample borders. The surface deforma-
tions are symmetric with respect to the y axis only in the central
area of the illuminated spot. The patterns with 0 = 15° and 30°
produce asymmetric gratings. The peaks in the unilluminated area
move in the direction of the protrusion with the larger height. The
interference pattern with 6 = 45° inscribes a grating with a period
equal to the optical one, with the peaks in the unilluminated area
positioned symmetrically on each side of the elongated protru-
sions (orange).
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Fig. 4 (Left) Screenshots of sample deformation after 50 s of irradiation with the OL interference patterns corrected by the effect of light-induced

polarization rotation. (Right) Modeled height profiles (solid lines) taken along the central path of an illuminated area at y = 7.5 pm are compared with
experimental profiles (dashed lines). The modeled profiles are stretched by a factor 3.8 along the x axis and compressed by a factor 0.65 along the z axis

for all angles 0. The experimental data are without any manipulations.

The vertical deformations along the z axis are scanned along
the central path of an illuminated area (at y = 7.5 pm) to obtain
the modeled height profiles. They are stretched along the x axis
by a factor of 3.8 to have the same periodicity D = 19 um as in
the experimentally measured profiles. Additionally, the same
vertical rescaling of 0.65 is applied for all profiles to facilitate
the comparison with the experimental data, as shown in Fig. 4,
right. It is amazing how closely the VPA modeling reproduces
the overall shape of experimental profiles, when the polariza-
tion patterns are only corrected for the effect of self-induced

1268 | J Mater. Chem. C, 2025, 13, 1263-1271

light polarization rotation (all gratings are symmetric in the
absence of correction, see Fig. S1, ESIT). The best agreement is
observed for the two sinusoidal gratings inscribed by the
interference patterns with 0 = 0° and 0 = 45°. The symmetric
shape of the grating with half the optical period is explained by
the sinusoidal dependence of the light-induced strain along the
x axis at 0 = 0° (see Fig. S2, ESIt).

Also quite a good agreement is obtained for the asymmetric
profile at 0 = 30°. Here, the VPA modeling only slightly over-
predicts an asymmetry of the profile that has a tiny shoulder on

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc04226c

Open Access Article. Published on 11 November 2024. Downloaded on 1/23/2026 6:34:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

the right slope. A shoulder is also seen in the spatial depen-
dence of light-induced strain (Fig. S2, ESIt), but on the left side
of the peak. Finally, the results of VPA modelling reproduce
rather well the positions of major and minor peaks in the
asymmetric profile at § = 15°. The discrepancy seen on the very
right is explained by the edge effects caused by the unillumi-
nated area. The height of major peaks and the depth of valleys
are greater in the modeled profiles, which is probably explained
by a shorter optical period D = 5 chosen for modeling.

In any case, the predictions of viscoplastic photoalignment
modeling can be judged quite satisfactory, especially considering
that no fitting parameters are used to reproduce the appearance
of asymmetric profiles. To correct all the interference patterns, a
common expression (11) is used, which accounts for the effect of
self-induced light polarization rotation.

Conclusions

The orientation approach pursued by Saphiannikova et al
delivered recently a couple of decisive proofs*"*>*® that the
reorientation of polymer backbones along the light polarization
direction should be a main reason for photoinduced deforma-
tions in azopolymer films. Our intention in this study was to
put this modern orientation approach to the test by applying it
in the viscoplastic photoalignment modeling of topographical
structures under the interference patterns with spatially varying
elliptical polarization. Comparison with the asymmetric SRG
profiles measured by Pagliusi et al.,*® reveals a strong coupling
effect between the EPL and the anisotropic orientation state of
the azo-chromophores. The photoinduced birefringent layer
deviates the azimuth of EPL which in turn rotates the main
axis of the anisotropic orientation in a supramolecular chiral
structure. The described effect of self-induced light polarization
rotation makes the interference profiles spatially dependent on
the propagation depth within the film. To correct the profiles
by this effect, we derive a rather elegant analytical expression
that is a function of the wavelength and the linear birefringence
value. Good agreement between modeled and experimentally
measured profiles can only be achieved by incorporating the
resulting 2D polarization state into the VPA modeling.

After successful testing of the orientation approach on the
asymmetric gratings inscribed by two orthogonally polarized
beams, it would be interesting to apply it to even more complex
interference patterns. A logical further development would be VPA
modeling of two-dimensional topographical structures generated
by multi-beam interference with constant resulting intensity.>*>*
The challenge here lies in the correct implementation of the 3D
polarization state in a sample with a large surface area.
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