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Abstract: The radiation force from paraxial beams possessing helical phase fronts causes twists
on the surface of an azobenzene polymer sample, and leads to the formation of micro-scale
structures. Here, we theoretically investigate the radiation force generated by spatially structured
optical beams on a dispersive-absorptive substrate. We derive an analytical expression for the
radiation force from spatially structured polarized beams, including, lemon, star, monstar and
vector vortex beams in the paraxial regime. Finally, we extend our calculation for non-paraxial
beams - optical beams under the tight-focusing regime - and simulate the transverse radiation
forces numerically at the focal plane.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Structured light - electromagnetic waves possessing well-engineered amplitude, polarization, and
spatial modes - has received increasing interest during the last few decades [1,2]. For instance,
beams carrying orbital angular momentum (OAM) have been used in optical microscopy (ranging
from optical spanners to stimulated emission depletion microscopy) [3.4], telecommunications
[5-8] and quantum information [9,10]. The interaction of structured light beams and their
induced optical forces for beams, such as Bessel beams [11-13] Airy beams [13,14], Airy sheets
[15] and Poincaré beams [16,17], have been widely explored with very promising results during
the last decades. Very recently, the interaction between spatially structured optical beams and an
a medium with complex electrical susceptibility has been studied at the quasi-continuous wave
(CW), pico-, nano- and femtosecond regimes [18-22].

Among all the possible materials, azo-polymers - organic polymers containing azo functional
groups - have recently attracted much attention from the scientific community due to the exhibited
reversible photo-induced isomerization [23]. It has been shown that a photoinduced mass
transport phenomena is triggered when an azo-polymer film is illuminated with light in the
ultraviolet or visible wavelengths, leading to controlled deformations on the polymer film [24-27].
Such modifications of the surface relief has been proven to be wavefront-sensitive [28]. In
particular, it has been shown that beams carrying optical angular momentum (spin and OAM)
can induce mass-transport and produce nano-scale helical structures [29-32]. Nevertheless,
since the isomeric transitions are reversible, this photoinduced writing can be erased by heating
or irradiating the sample with incoherent light [33]. This photoresponsive property makes the
azo-polymers highly suitable for multiple applications, such as reversible storage materials,
holographic gratings and micro-scale machining [25,33-36]. A simple analytical approach for
the photoinduced surface relief formation based on the macroscopic optical radiation force by a
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continuous-wave vortex beam was used to explain the spiral shaped deformations formed in the
azo-polymer film in paraxial approximation [31].

Here, we extend this analysis from vortex beams to space-varying polarized light beams. The
induced-force density due to structured optical beams onto the surface of a dispersive-absorptive
medium is calculated at both paraxial and non-paraxial regimes. First, we present the calculations
for the coherent superposition of optical vortices having opposite polarization states, e.g. the
Cylindrical (CV) Vector beams [37] and the Full-Poincaré (FP) beams (including lemon, star and
monstar polarization topologies) [38]. We have allocated the optical properties of an arbitrary
azo-polymer in our calculations. Later on, a numerical analysis for the non-paraxial case of tightly
focused vector beams is provided. Due to the combination of the inhomogeneous polarization
and phase distributions, we predict the possible formation of significantly more complex patterns
on the azo-polymer.

2. Optical forces due to structured light

The time-averaged optical radiation force density F, which arises from optically induced electric
polarization in a dielectric material, is expressed as, [31]

F = (p,E +j, XB), (1

where E and B are respectively the electric field and magnetic flux density, p, is the polarization
charge density, j, is polarization current density, and (-) stands for time-average. For an isotropic
and homogeneous material, such as azo-polymers when they are illuminated with a low power
source, the surface polarization charge density is equal to zero (p, = 0), and the polarization
current density (for a monochromatic beam) can be written as j, = —iwey yYE. Here, ¢ is the
dielectric constant in vacuum, w is the angular frequency of the optical field, and y = x, + iy; is
the complex electric susceptibility of the material. Therefore, Eq. (1) can be expressed as,

F = (iwep YE X B)

? [y, Im(E x B) + y;Re(E x B*)]. @

Here, the first term that is proportional to y; is a scattering force, while the second term which
is proportional to y; is related to the absorption. Note that for the sake of simplicity, we
have considered monochromatic electric fields with frequency w. Using the Maxwell-Faraday
equation, which dictates the relationship between the magnetic density flux and the electric field,
i.e. B=(-i/w)V X E, Eq. (2) yields,

F- 6—20 [~ x,Re(E x V X E) + yiIm(E x V x E*)], 3)
in which the time-averaged optical radiation force is expressed in terms of just the electric
field and properties of the materials. It should be noted that Eq. (3) is a general expression for
the optical force when an arbitrary electromagnetic field (with electric field E) illuminates an
azo-polymer film. The complex electric susceptibility y = x, + ix; can be obtained from the
transmission spectrum and Kramers-Kronig relations [39].

For the specific case of structured light, we consider an electric field formed by the coherent
superposition of two optical vortices having opposite circular polarization states, i.e.,

E=E +E; = [cos a LG;‘1 (r,¢) ér + € sina LG;i(r, 1) éL] ek, @)

where {€g, €1, } are unit vectors of the circular polarization basis, and k = 271/ A is the wavenumber.
The relative amplitude and phase between both beams can be tuned by the parameters a € [0, /4]
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and § € [0, 2x], respectively. The normalized amplitude of the optical vortices in cylindrical
coordinates (r, ¢, z) at a given plane (plane of interaction, i.e. z = 0) is described by Laguerre-
Gauss (LG) modes,

[€]
T DR N R R P NN A
LG”(r’¢)’\Jn(p+|€|)!wO(wO) AP b el h ©)

where wy is the waist of the Gaussian envelope at the plane z = 0, Lllfl(.) is the generalized
Laguerre polynomials with azimuthal and radial indices of ¢ and p, respectively. The field
described by Eq. (4) allows us to produce spatially variant polarization patterns, which are
characterized by the topological index of the polarization singularity 7 [40]. n, the polarization
topological index, is the amount of rotation of the polarization ellipse in a closed path around a
point of circular polarization divided by 2x, and its quantity for a continuous field is half-integer.
It is easy to show that Eq. (3), the induced force density, can now be written as

2 2
F:% —xrRe [ > Eix VxEf | + y;Im ZEixVxEj’.‘) . (©)
iy iy
The vector quantity in Eq. (6), i.e. E; X V X E;, is given by,
aja; €9 LGY (r,
E xVXE =— nlr9)
2
—ioj¢p l] _[j 6 _gj .5 A
X et - LG, '(r,¢) + O'J'E (LGP,. (r, ¢>)) (—io&+9) 7

~ kLG, (r. ¢)(ci05 + 1)2},

where a,(;) are superposition weights (i.e. cos a and sin ), o) = %1 are the beams’ helicities,
and ¢j; is the relative phase between E; and E;.

For simplicity we assume LG modes with zero radial index, i.e. p = 0. Intensity of these
beams is characterized by a single-ring shape (e.g., see Fig. 1), and it is invariant under free-space
propagation. The above expression for LG modes with p = 0 reads,

(1,'(1]' eidij LGgi(r, ¢)LG6£I(7‘, ¢)

E;xVXE =
J 2
G+l 20r ®
x {e-“’f‘/’ L —gl (~oX +§) — ik(oy0; + 1)2}.
r WO

It should be noted that the optical radiation force density in the the transverse plane varies slowly
upon propagation — this can be seen in Eq. (4), where the field varies slowly in z, i.e. paraxial
approximation. The previous expression can be substituted in Eq. (6) to obtain an analytical
expression for the force density. Numerical simulations are used to calculate the optical radiation
forces exerted on an azo-polymer film substrate. In these simulations, we assume the incident
beam carries low power (below <50 mW), and an optically linear substrate where y, = y; are
constant for a certain wavelength in the visible domain. As a first example, we consider the
exerted force for the CV beams, which are recovered from Eq. (4), when one sets @ = /4 and
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¢, = —{, = { for non-zero {s, i.e.,

1 elo )
— LG{(r, ¢) &g + —= LG (r, ¢) &1, | ™. 9)
V2o v ol

The intensity of these beams is a doughnut shape with a space-varying linear polarization. The
orientation of the linear polarization on the intensity ring changes azimuthally, and it possesses a
topology with |£|-fold symmetry, here (57| = 1). Intensity and polarization distributions for two
classes of the CV beams are shown in Figs. 1 and 2 - see bottom row. The transverse optical
force density for these two beams, using Eq. (3), is calculated and shown in the upper row of
Figs. 1 and 2. It can be noted that the absorption-dependent contribution, of the force vanishes
for every value of €. Furthermore, it is evident that for the case of a radially polarized light, the
optical force density only exists in the z-direction, as seen in the first column of Fig. 1 - the force
density does not have transverse components. In particular, for the case of £ = 1 as the value of ¢
reaches to 7, the magnitude of the exerted force on the surface increases independently of the
polymer’s absorption. The magnitude of the optical radiation force vanishes in the presence of
polarization dislocations, creating a 2|¢ — 1| petal-like pattern in Fig. 2. Variations in the relative
phase between the beams induce a rotation on the local polarization ellipse, as it can be observed
in Figs. 1 and 2. Moreover, for positive values of £, the force lines point towards the vortex
singularity, and this direction is inverted when the topological charge is negative. Following
these results, it is evident that the use of CV beams in the formation of complicated landscapes
on the surface of an azo-polymer film independently of the absorption coeflicient is possible.

Ecv =

2 2 2 9’11

Q

@

1 1 1 5

5 z g g
0 ) =0 E,

N N N =
1 1 1 &
9 9 9 £

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
X/wy X/Wo X/wy

Fig. 1. Transverse optical radiation force density of a CV beam with £ = 1 for 6 = 0, 7/2, 7.
The colormap indicates the force magnitude, whereas the arrows indicate the force direction.
The lower row shows the corresponding polarization distribution and intensity profile over
the beam’s transverse plane.

In a similar fashion, the induced optical radiation force is calculated for another set of space-
varying polarized beams: Full-Poincaré (FP) beams [38]. In contrast with the CV beams, the
polarization distribution of FP beams spans the entire surface of the Poincaré sphere while the
beams’ intensity is a quasi-uniform (flat-top) profile - see the first column of Fig. 3(a), (b), (c).
Two possible types of polarization dislocations with non-integer ; arise from Eq. (4): lemon and
star topologies. However, a hybrid, nevertheless, independent topology, called monstar, can be
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Fig. 2. Transverse optical radiation force density of a CV beam with £ = —1 for various
values of § = 0,7/2, . The colormap indicates the force magnitude, whereas the arrows
indicate the force direction. The lower row shows the corresponding polarization distribution
over the intensity profile.

obtained when a third optical vortex is added to, Eq. (4) [41,42]
Epp = {cos a' [cos BLGL (r, ¢) - sin BLG; ' (r, ¢)] ér + € sina LG (r, ) éL} % (10)

Polarization Absorption-dependent

. Scattering force Total force
distribution force
2
1
£
a1
-2
2 2 2
3]
o
2 2 8
@
1 1 =}
@
£ o £ E.
-1 -1 5
-2 2 ;
-2 2 -1 0 1 2 -2 1 0 1 2 -
X/wy X/wy
2 2 2
1 1 1
£ £ Z 0
-1 -1 -1
-2 -2 -2
2 -1 0 1 2 2 -1 0 1 2 -2 1 0 1 2
X/w X/wy X/w

Fig. 3. Transverse optically induced force density of FP beams for (a) star (8 = 0), (b)
monstar (8 = 7/4), and (c) lemon (8 = 7/2) polarization topologies. The colormap indicates
the force magnitude, whereas the arrows indicate the force direction. The first column shows
the corresponding polarization distribution over the intensity profile. The red and blue colors
of the ellipses indicate their handedness, left- and right-handed, respectively.
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where 8 € (0,7/2). Equation (8) is still valid and can be used to calculate the induced force
density. As it is shown in Fig. 3, both the scattering and absorption-dependent force contributions
exert an non-trivial effect on the surface relief of the azo-polymer. Notice that the absorption-
dependent force density for the star topology is formed by two rings with opposite directions — the
force is counterclockwise for inner ring and clockwise for the outer ring. In this case, the induced
force contribution is significantly smaller than that exerted by the scattering part. However, this
symmetry is broken for any other configuration. In fact, for the case of lemon topology, the
contribution due to y;, i.e. the absorption force, overcomes the scattering forces.

3. Optical forces of tightly focused space-varying polarized beams

Heretofore, we have considered paraxial beams whose polarization distribution exclusively lies
on a transverse plane. However, it is well-known that when optical beams undergo focusing
by means of a high numerical aperture (NA) lens, i.e. tight-focusing regime, a longitudinal
component of the beam arises [43]. Indeed, the beam wavefront is tilted, and thus the beam
polarization (which is locally transverse) possesses a component along the beams propagation
direction. Under these conditions, it has been shown that the non-paraxial polarization structure
generates complex and exotic 3-dimensional polarization topologies, such as Mdbius strips or
ribbons [44,45]. As a result of the creation of this non-negligible longitudinal component in
the electric field, the cylindrical symmetry of the vector beam’s intensity is broken for most of
the cases [46] — see Fig. 4(b). Therefore, we present an analysis of the optical force exerted by
the space-varying polarized beams, namely those beams studied in the previous section, under
tight-focusing regime.

Ein
Ercf
r=fsinf .
9 >
» Z
o E
Yy
L.
Cz —

Fig. 4. Tight focusing of optical beams: (a) Schematic diagram of the coordinate system
transformation used to calculate the tightly focused fields, (b) Input field and its corresponding
focal field distribution intensity.

The electric field E¢(p, ¢, z) at the focal plane of an aplanatic lens with focal length £, is given
by Richards and Wolf’s diffraction integral, [47]

ikf a7 kz cos 0-+ikp sin 0
E(p.p.2)=—5 ¢ /0 /0 Eref(¢, )8 O+ikosin0cos@-¢) sin gdg dg, (1)

where ® = arcsin(NA/n) is the maximum angular aperture of the objective, n is the refractive
index of the medium, NA is the lens numerical aperture, and E.¢(0, ¢) = T Ej,(0, ¢) is the
transformation of the incident field E;, after the objective, see Fig. 4. The transformation matrix
T for Ein = (Ex(6, ¢), Ey(6, ¢), O)T - T stands for transpose - is given by,

—cos® ¢ cosf +sin®¢p —cospsinp(cosd +1) —cospsinf
T = Vcos 6 | —cos psinp(cos@ + 1) cos> p —sin’ ¢ cosd  —singsinb | . (12)

cos ¢ sin 8 sin ¢ sin 8 —cosé
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Here, the input field E;, does not have a z-component; however, the transformation matrix T is
given in its general form. It must be noted that despite E;;, is a solution to the paraxial equation,
Es satisfies Maxwell’s Equations. Since closed analytical solutions for Eq. (11) are hard or even
impossible to obtain, the components of the electric field under tight focusing in air (n = 1) are
calculated by numerical integration of Eq. (11) when the incident field is given by Eq. (4). In
addition to the assumptions of the previous section, we consider a microscope objective with
NA= 0.95 and the waist of the beam follows the relation wy = f NA/n in order to fill completely
the back of the microscope objective. Likewise, very short exposure times have been considered
in order to avoid photo-bleaching, substrate degradation or damage due to the high-intensity
irradiation.

In order to offer a more complete comparison between the paraxial and non-paraxial regimes,
we have performed numerical calculations for the optical induced forces due to tightly focused
Laguerre Gauss modes with radial index p = 0 and uniform polarization distribution. First, we
present the results for an LGg mode with different polarization states on the Poincaré sphere.
The results of numerical calculations are shown in Fig. 5. For a linearly polarized LG8 beam,
the induced force is associated to the real part of the electrical susceptibility, i.e. scattering
force. The exerted force creates stretching-compressing effects on the surface of the azo-polymer
film, whose direction depends on the inclination angle of the linear polarization state of the
incident beam Ej,. A rotation is induced on the transverse optical radiation force density when

Absorption-dependent

Total force
force

0
x/A

Scattering force

1 1t 1

< o ‘ S0

-1 -1t -1

-1 0 1 -1 0 1

o . > ‘ .

-1 0 1 -1 0 1 -1 0 1

-1 1

[m-e] opnjuSewr oo10;

2

yA
- =)

X o ‘
yA
o

) ’

Fig. 5. Transverse optical radiation force density of a tightly focused LGg beam having
different polarization states at the focal plane of an objective lens with numerical aperture of
0.95. The colormap indicates the force magnitude, whereas the arrows indicate the force
direction.
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the polarization state moves along different latitude lines of the Poincare sphere By changing
the polarization state from linear to elliptical and then to circular - going from equator to poles -
an absorption-dependent contribution that is pointing in the azimuthal direction appears. The
direction of this force is directly related to the helicity of the polarization state. Moreover,
the absorption-dependent force overcomes the scattering force for the case of purely circular
polarization states.

Similarly, we numerically calculate the induced optical forces exerted due to a tightly focused
LG(I), Laguerre Gauss mode with azimuthal index of +1, when it carries different uniform
polarization states. The results of numerical calculations are shown in Fig. 6. In contrast to the
previous case, i.e. induced force due to LG, an absorption-dependent component of the force in
the azimuthal direction exists for the case of a uniform linear polarization. It must be noticed
that, as in the case of a fundamental Gaussian beam, the absorption-dependent force overcomes
the scattering component for the case of circular polarization. However, the optical radiation
force density for both circular polarization states is different due to the generated spin-orbit
coupling [48] during the tight focusing process. When the helicity and the topological charge of
the optical vortex have the same sign, the direction of the force is uniform in the transverse plane.
While, when the signs are opposite to each other, an inversion on the force’s direction happens at
a certain distance r from the beam axes.

Absorption-dependent

Total force
force

Scattering force

yA
)
- @

=
—
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<
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.
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Fig. 6. Transverse optical radiation force density of a tightly focused LG(I) beam carrying
different polarization states at the focal plane of an objective lens with numerical aperture of
0.95. The colormap indicates the force magnitude, whereas the arrows indicate the force
direction.
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As a next step, we calculate the induced force density for tightly focused CV beams. The results
of numerical simulations are shown in Fig. 7 and Fig. 8 for CV beams with { = 1 and ¢ = -1,
respectively. As in the paraxial counterpart, see Fig. 1 and Fig. 2, the absorption-dependent
contribution is zero for all values of . Note that as ¢ increases, the induced force density in the
transverse plane experiences a counter-clockwise rotation of §/2, while the direction of the force
varies according to 6. In particular, the optical radiation force density for £; = —{, = 1, if formed
by two rings with opposite directions, leading to extrusion or compression of the azo-polymer
film when 6 = 0 and 6 = m, respectively. During the transition (0<d <), the material experiences
a torsion, whose direction depends on the sign of ¢. It must be noted that the force density of the
CV beams exhibits the same type of symmetry as its corresponding intensity distribution.

®> @ o
l D

Fig. 7. Transverse optical radiation force density of a tightly focused CV beam with £ = 1
for various values of § = 0,7/2, 7 at the focal plane. The colormap indicates the force
magnitude, whereas the arrows indicate the force direction. The lower row shows the
corresponding intensity profile at the focal plane.

[m-e] apnyruSewr 9010,

Fig. 8. Transverse optical radiation force density of a tightly focused CV beam with £ = —1
for various values of § = 0,7/2, 7 at the focal plane. The colormap indicates the force
magnitude, whereas the arrows indicate the force direction. The lower row shows the
corresponding intensity profile at the focal plane.
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Finally, we completed our analysis by calculating the optically induced radiation force density
for tightly focused FP beams, namely lemon and star beams. The results of numerical simulation
are shown in Fig. 9. As in the case of the CV beams, the total force density preserves the symmetry
exhibited by the intensity distribution of the field in the focal plane. The absorption-dependent
force contribution for both cases of lemon and star topologies is formed by an as single ring,
whose direction depends on the sign of 7 — the force is clockwise for the case of a lemon topology
(n = 1/2) and counter-clockwise for the case of the star topology ( = —1/2). Notice that, for the
case of the star topology, it is possible to identify four points (one is located at the centre and the
other three are located around the beam centre) were the surface experiences torsion around a
region of total null force.

Intensit; S ion-
.n ,nbl 'y Scattering force Absorption-dependent Total force
distribution force
1 1 1
S0 S0 ‘ S0
1 -1 1 g
1 0 1 1 0 1 Kl 0 1 E
x/A X/A x/A g
1 1| 1 T
ool = ool ; ‘ SR B S
1 -1t 1 1
1 0 1 1 0 1 -1 0 1
x/A X/ X/

Fig. 9. Transverse optical radiation force density of a tightly FP beam for the a) lemon,
and b) star polarization topologies at the focal plane. The colormap indicates the force
magnitude, whereas the arrows indicate the force direction. The first column shows the
corresponding the intensity profile on the focal plane.

4. Conclusion

We have theoretically derived an analytical expression for the optically induced force generated by
the superposition of optical vortices possessing opposite circular polarization states in the paraxial
regime on a surface of an absorptive-scatter medium. We have shown the optical radiation
forces for space-varying polarized optical beams, and explored the effect of the inhomogeneous
polarization distribution when the intensity profile is kept invariant. In particular, for the case of
a cylindrical vector beam when ¢ = 1, it is shown that the exerted torque on the azo-polymer
can be varied independently of the value of y;. Moreover, we have studied the induced force
for three types of Full-Poincaré beams, namely lemon, star and monstar topologies. Finally,
the non-paraxial case of tightly focused spatially structured polarized beams was explored
numerically. It is evident that the use of spatially-variant polarised beams in the generation of
much more complicated landscapes on the surface of an azo-polymer film is possible. We believe
this work will be of interest in the applications of nanostructuring of azo-benzene materials, and
would be of interest for exploring physics of light-matter interaction in the linear regime.
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