This article was downloaded by: [University of Haifa Library]

On: 22 August 2012, At: 10:09

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Numerical Study of Liquid
Crystal-Induced Optical
Singularities

V. llyina ® & S. Subota

& CED Group, School of Engineering Sciences,
University of Southampton, Highfield, Southampton,
U.K.

® Theoretical Physics Group, Physics Department,
Kiev State Shevchenko University, Kiev, Ukraine

Version of record first published: 22 Sep 2006

To cite this article: V. llyina & S. Subota (2006): Numerical Study of Liquid Crystal-
Induced Optical Singularities, Molecular Crystals and Liquid Crystals, 453:1, 275-291

To link to this article: http://dx.doi.org/10.1080/15421400600653761

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421400600653761
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 10:09 22 August 2012

for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of Haifa Library] at 10:09 22 August 2012

Mol. Cryst. Liq. Cryst., Vol. 453, pp. 275-291, 2006 .
Copyright © Taylor & Francis Group, LLC Ijzl?;gciﬁnas

ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421400600653761

Numerical Study of Liquid Crystal-Induced
Optical Singularities

V. Ilyina
CED Group, School of Engineering Sciences, University of
Southampton, Highfield, Southampton, U.K.

S. Subota
Theoretical Physics Group, Physics Department,
Kiev State Shevchenko University, Kiev, Ukraine

The self-action of a laser beam incident on a liquid crystal cell can cause the refrac-
ted beam to exhibit singularities in the optical wave field. We present here a self-
consistent study of this phenomenon using a Finite Difference Time Domain
(FDTD) solver for non-linear optical devices. The self-consistent liquid crystal
director-optics FDTD method treats both the full three-dimensional spatial struc-
tures of the refracted beam and the director. This paper presents the algorithm and
tests the method by examining the output from a incident Gaussian beam. We dis-
cuss quantitative differences between these results and the earlier work, and
further investigate the short and long wavelength limits.

Keywords: FDTD method; Freedericks transitions; liquid crystals; optical singularities

1. INTRODUCTION

Recently there has been a considerable interest in the liquid crystal
community in the FDTD (Finite Difference Time Domain) method. In
this method light propagation is treated by solving Maxwell’s equa-
tions directly. This method is robust and accurate in applications
where the modelling of complex multirefractional and non-linear
optical problems on a wide variety of length scales is required. The
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method yields full information on transmitted, reflected and scattered
electromagnetic fields. It can successfully describe the multiple scatter-
ing and reflections which occur during the light-director interaction.
Moreover, it appears to be more accurate and also sometimes more
efficient than the previously standard stratified media approaches.

A number of research groups have now applied the FDTD method to
liquid crystal problems [1-5]. Previous FDTD studies in liquid crystals
have involved classical cells [1,2], scattering in textured liquid crystals
[4] and diffraction gratings [3]. In all cases, however, the optical field
responds to, but does not affect, the director field and therefore the
optical properties of the medium itself.

By contrast, in this paper we use the FDTD method to treat a prob-
lem in non-linear optics. The problem is the birth of optical singulari-
ties in the far field of the Gaussian beam after it had interacted with a
liquid crystal cell.

We consider a homeotropic liquid crystal cell illuminated with a
Gaussian laser beam. If the intensity of the beam exceeds the threshold
value, the optical Freedericksz transition occurs. The director distri-
bution takes the form of a complex Gaussian-like multidimensional
function. Therefore, the cell acts as a Gaussian lens. The phase shift
between ordinary and extraordinary rays of the transmitted beam
induced in this way gives birth to peculiarities in the far-field wavefront.

This problem has recently been the subject of a considerable inter-
est. There have been both experimental and theoretical studies of sce-
narios of the birth of singularities [6-10]. However, there have been no
self-consistent studies of the phenomenon. This paper demonstrates
that taking into account the feedback between light and the director
considerably changes the position of the observed singularity and
allows us to calculate it more accurately.

The layout of this paper is as follows. Section 2 analyzes the director
distribution induced by the laser beam. The dynamic solutions to the
director equation are considered. The dynamic solution combined with
the FDTD algorithm allows the self-consistent algorithm to be imple-
mented. In Section 3 we present far field calculations. We find that the
edge optical singularity can be observed in the far-field. In Section 4
the results are compared with the non self-consistent approach.
In Section 5 we discuss the results and consider long and short wave
limits. Finally, Section 6 draws the conclusions.

2. DIRECTOR REORIENTATION INDUCED BY A GAUSSIAN
LASER BEAM

Let us consider a nematic liquid crystal cell illuminated by a Gaussian
laser beam. The cell is shown in Figure 1.
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FIGURE 1 The system geometry for the homeotropic liquid crystal illumi-
nated by the Gaussian light beam polarised along x-axis.

Here L is the width of the cell, polarisation of the incident electric
field E is along x-axis and 0 is the angle between the disturbed director
and z-axis. The initial distribution of the director is homeotropic and
we assume the infinite anchoring at the surfaces. The intensity of inci-
dent light is given by the Gaussian function:

2452

I=Iyexp ®, (1)
where I, is the maximum intensity and R is the semiwidth of the
beam.

In the given geometry the director profile can be described by a
vector n with the following components:

n = [sin 0(x,y,2),0,cos 0(x,y,2)]. (2)

The free energy function for this geometry can be written as:
K /2 /2 /2 1
F= B (0 + 07 +0;)dV — . I(x,y)n.dV, (3)

where K is the elastic constant, ¢ is the speed of light in free space and
no

n, =
\/1 — Bsin® O(x,y, 2)

and B =1 — (nZ/n2), where n, and n, are ordinary and extraordinary
indices respectively.
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Using the free energy (3) it is possible to write down the Ginzburg-
Landau time-dependent equation for the director:

_ x2+y2
90 (829 5%0 820) N nopfloe” ®  sin0cos0 ()

ylaz w-ﬁ-w 922 c (1—,8sin2)3/2
In this equation 7, is the viscosity of a liquid crystal and I, is a time
averaged value of intensity in the middle of the cell. It must be calcu-
lated from Maxwell’s equations inside the liquid crystal. For the
geometry of the problem they are:

oD, OH,
=—-——2 5
ot 0z’ ()
OH, 10E,
Zx_ 2T 6
5 oy (6)
OHy 1(0E, OE, 0
ot u\ox 0z)
Before solving Eqgs. (5-7), E, and E, must be found from
E=2"D, (8)
where
n2sin? 0+ nfcos®0 0 (n2—n2)sin0cosd
&= g 0 n? 0 9)
(n2 —n2)sinfcos® O n2cos?0+nsin®0

The steady state value of Poynting vector in the middle of the cell gives
the intensity I as described in [11]. This value is then substituted into
Eq. (4). Then Egs. (4-7) are solved using the self-consistent algorithm
described in detail for the optical Freedericksz transition in one dimen-
sion in [11]. The only distinct difference and complication with respect to
the one dimensional case are the boundary conditions for Eq. (4).

The conditions in z are easily derived from the strong anchoring
conditions:

O(x,y,z=0)=0, 0O(x,y,z=L)=0. (10)
The boundary conditions in x and y must read
O0(x — to0,y,2) =0, 0O(x,y — £o0,2) =0. (11)

As the computational domain can not be extended to infinity, some
approximation must be used to avoid these conditions.
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Let us consider the case when the beam semiwidth R is the same
order of magnitude as the cell thickness L. We found from numerical
experiments that in this case the computational domain as large as
10R in x and y direction is enough to minimize the boundary effect.

O(x = £5R,y,z) = 0. (12)

Due to the symmetry of the problem, the y direction would be equiva-
lent to the x direction and therefore, the boundary conditions for y read

O(x,y = £5R,z) = 0. (13)

Let us note that the choice of these boundary conditions, in principle,
changes the symmetry of the beam from circular to square. However, in
the cases considered here, the boundaries have been placed far enough
from the periphery of the beam to ensure that they do not change the
symmetry of the final result. We now nondimensionalize Eq. (4) by
introducing the following variables:

=7 (14)
P2 =Tom: (15)
Ps = Tom (16)
T:in“/lt’ (17)

We also nondimensionalise the intensity inside the cell with respect
to a value of the threshold intensity:

 Ker?(1+ L)

Ith - nOﬁL?‘ (18)
which was found using the steady state analysis.
~ I IonopL?
I, = I—O = %. (19)
th  Ken?*(1+25)
Now Eq. (4) reads

90  L* (920 0%0\ 9% - LN\?  1op(2es

—Z__- (ZZ,Z oI 1+ =) e (0 (eites)

9t (10R)? (8/)% * 6;»3) Yo 1( * nR) ¢ ”

2 .

7 8in 6 cos 0 (20)

X—".
(1 — BsinZ0)%/?
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This equation describes the Freedericksz transition, which occurs
when I; = 1. One can see that, as R and L have the same order of mag-
nitude, L2/(10R)? ~ 102 and therefore, the impact of derivatives over
p1 and ps in Eq. (20) is negligible. We have carried out numerical tests
to make sure this is indeed the case. However, tests have shown that if
the beam is narrow, e.g., R << L, a much larger computational domain
is needed to minimize the effect of boundaries.

Another interesting observation can be made from Eq. (20). It is
easy to see that if R — oo, Eq. (20) reduces to an equation for a one
dimensional Freedericksz transition. The threshold in this case will
therefore coincide with the threshold for a one dimensional case. As
the beam becomes narrower, the transition value increases as was pre-
dicted earlier.

3. FAR-FIELD ANALYSIS

Equation (20) has been solved consistently with Maxwell’s Egs. (5-7)
using a 2d self-consistent algorithm. This algorithm was described in
detail in [11]. The solutions provide the director distribution inside the
cell and the field distribution both inside the cell and at the exit of the cell.

In order to find the far-field distribution we follow the analysis by
Kreminskaya et al. in [7] for the Gaussian lens.

A focussing Gaussian lens can be described in terms of the trans-
mission index [7]:

2 2
T(x,y) = To(x,y) exp [iZn exp (— g%ofy))} ; (21)
where T, is the transparency coefficient, which is the same as the
transmission coefficient in the FDTD method. It was shown in [7] that
the focal length for this lens is given by:

2 2
f — (\/Q(Z) Zw/27l' ~ 016 <\/§a> 2(97 (22)

w w

where z,, = nw?/) and o = v2R. The role of the focal distance in deter-
mining the phase singularities will be clarified later.

Beyond the lens the beam is a product of U(x, y)T(x, y) where Ulx, y)
is the initial beam amplitude distribution at z = 0. Then the complex
field amplitude of the beam cross-section in the z-plane is denned as [7]:

Utnne) ~ [ asdyUte. )Ty exp(i% [ —x0)” + (y ~30)7).
(23)
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This equation is obtained from the Huygens-Fresnel theory in the
Fresnel approximation for z >> x,y. The FDTD algorithm does not
directly predict the transmission function T'(x, y). Rather it provides
the field at the exit from the cell is represented by 2d complex matrix
U,; where i, j correspond to the x, y locations. By analogy with the
Gaussian lens one can write the far field as:

-Z(l)
Ui (2) ~ Z Z Uijexp (l; [t — 21,) + (3 — yjl)z})AXiij, (24)
i

where Ax; and Ay; are cell dimensions in the numerical algorithm.

Using the FDTD method the field distribution beyond the cell has
been obtained for the several values of z. Just after the cell the beam
preserves the Gaussian amplitude distribution, but acquires Gaussian
phase distribution as shown in Figures 2-3. When the distance z
increases, the central part of the beam is focussing and forms a waist
with radius Ry = 0.4 um at z ~ 0.22z,, distance from the cell and it is
accompanied by a circular shallow valley as shown in Figure 4. The
focal length is given by Eq. (22), where for the given intensity
a = 11.5um. Figure 5 shows that the phase distribution has a flat
top ledge. The beam soon reaches the pre-dislocation stage at
z = 0.3z,,: the valley bottom is nearly zero and the height of the phase
ledge tends to 7 as Figures 6-7 show.

W B
T T
1 L

Amplitude a.u.

N
T
L

0 1l 1 1
-3 -2 -1 0 1 2 3

r/o
FIGURE 2 Amplitude of the beam at the exit from the cell.
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2.5

Phase (rad)
<)
o1

_1 .5 L 1 1 Il L
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FIGURE 3 Phase of the beam at the exit from the cell.

By further increasing z, the bottom of the circular valley becomes
exactly zero and the phase ledge transforms to a circular +x phase
jump with vertical walls (Figs. 8, 9). At z = 0.324z,, the circular edge

25r 7

Ampilitude a.u.

0 1 1 1
-3 -2 -1 0 1 2 3

/[0
FIGURE 4 Amplitude of the beam at z ~ 0.22z,, Beam is focussed.
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FIGURE 5 Phase of the beam at z ~ 0.22z,,. The phase has a flat ledge in the
middle of the distribution.

dislocation with radius r ~ 0.5w is born. Its dislocation strength equals
unity according to the theory [12]. It is interesting to note that the dis-
tance of the dislocation birth z = 0.324z,, exceeds the distance of the
waist formation z = 0.3z, which in turn exceeds the focal length

2.5

1.5+

Amplitude a.u.

0.5

-3 -2 -1 (i} 1 2 3
rlo

FIGURE 6 Amplitude atz = 0.3z,,—pre-dislocation stage: the valley bottom is
nearly zero.



Downloaded by [University of Haifa Library] at 10:09 22 August 2012

284 V. Ilyina and S. Subota

N

Phase (rad)
;

o 1 1 L L L

r/lo

FIGURE 7 Phase at z = 0.3z, —pre-dislocation stage: the height of the phase
ledge tends to =.

f=0.22z,. Hence, the circular edge dislocation appears when the
focussing beam starts to diverge. The dislocation disappears immedi-
ately with the smallest distance increase (physically on a length of

25

151

Amplitude a.u.

0.5F

-3 -2 -1 0 1 2 3
rlo

FIGURE 8 Amplitude at z = 0.324z,, is exact zero at r ~ 0.5w — edge disloca-
tion is born.
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Phase (rad)
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1l -
2l )
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-3t -
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r/m

FIGURE 9 Phase at z = 0.324z,, is experiencing a 27 jump.

the wave length scale). At this distance z ~ 0.33z,, the valley bottom
becomes nonzero and the phase jump transforms to a smooth ledge
with slanted walls as shown in Figures 10 and 11.

25 T T T T T

ey
Lol
T
1

Amplitude a.u.

o
(2]
T
.

o 1 1 1
-3 -2 -1 0 1 2 3
rlo

FIGURE 10 Amplitude at z ~ 0.33z,, — disappearance of dislocation.
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FIGURE 11 Phase at z ~ 0.33z,, — disappearance of dislocation.

4. COMPARISON WITH THE NON SELF-CONSISTENT
APPROACH

The previous section has presented results obtained using the self-
consistent FDTD algorithm. We now compare them with the results
from the non-self-consistent approach. These calculations for the same
liquid crystal system were carried out in two steps. First, the steady
state distribution of the director under the constant intensity was
calculated from static equation without taking into account the coup-
ling with the beam. At the second step a paraxial approximation
was used to study beam propagation within the cell and to predict
the field distribution at the exit from the cell. From these calculations
a singularity was predicted at the distance of z = 0.245z,,; a discrep-
ancy of 24% as compared to the self-consistent result of z = 0.324z,,.
This difference increases for a higher anisotropic liquid crystal with
refractive indices no = 1.54, n, = 1.76. For this case, the singularity
was observed at z = 0.102z,,. For the non-self-consistent algorithm this
distance was z = 0.067z,,. The discrepancy from the self-consistent
results is now about 34%.

The difference in results can be explained in the following way.
In the non-self-consistent approach the incident intensity was
assumed to equal to the internal intensity. However, when calculated
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self-consistently, the internal intensity is different from the incident
intensity and it is always smaller as some intensity is reflected by
the cell boundaries.

The increasing difference in the case of a highly anisotropic cell is
not only due to the lack of self-consistency, but also due to limitations
in the paraxial approximation. The accuracy of this approximation
decreases with increasing the optical anisotropy.

We thus conclude that the self-consistent algorithm allows one to
calculate the position of singularities more accurately. It also allows
calculations in different wave-length limits, while the paraxial
approximation used in the non-self-consistent approach can only con-
sider wavelengths, which are short in comparison to the thickness of
the cell L. Next section will investigate these limits.

5. SHORT AND LONG WAVE-LENGTH LIMIT

The non-self-consistent approach allows the transition to be calculated
only for wavelengths much shorter than the cell thickness. One of the
advantages of the FDTD approach is that the calculations are also
possible for long wavelengths.

Let us introduce the parameter b that defines the ratio of the cell
thickness L to the wavelength /

b= (25)

L
7

Large values of b correspond to the limit where the paraxial approx-
imations is valid. The smaller the value of b, the less accurate are the
paraxial approximations results.

Let us consider the range of 6 = [0.1, 10]. FDTD calculations have
been carried out for the same system and numerical parameters as
above, but with different values of 1. Let us first look at the phase of
the beam at the exit from the cell. Figure 12 shows phase distribution
in the xy plane for four different values of 6. The dashed line corre-
sponds to & = 10 and one can see pronounced Gaussian variation of
the phase. In this case the beam will focuss after the cell and then
diverge, and the singularity will be observed. It was found that for this
b the singularity is born at z = 0.680z,,. Further in Figure 12 circled
and crossed lines correspond to b =6 and b =2 respectively. One
can observe that decreasing b decreases the phase lag between the
center of the beam and its wings. This corresponds to smaller semi-
width of the director distribution a. Therefore, according to Eq. (22)
the focal distance in units of z, will increase. This means that the
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FIGURE 12 The beam phase at the exit from the cell for different values of b.
Dashed line-b = 10, circled line-b = 6, crossed line-b = 2, solid line-b = 0.1.

beam will focuss and diverge further from the cell, and therefore, the
singularity will be observed further in units z,, too. It was found that
for b = 6 the singularity is observed at z = 0.947z,, and for b = 2 the
singularity is observed at z = 1.638z,,. Finally, the solid line in Figure
12 corresponds to b = 0.1. Here hardly any disruption of a wavefront is
observed. Calculations showed that the beam did not focuss and there-
fore did not diverge. The singularity has disappeared. In fact, as soon
as b becomes less than 1 the singularity cannot be observed. The beam
does not see the liquid crystal cell and therefore, the wavefront does
not change. One might think that singularity disappears to the infin-
ity. However, this is not the case. The distance to the singularity grows
only in units of z,,. However, z,, = n»?// and obviously decreases with
increasing J. This decrease is faster than growth of the distance in
units of z,. Figure 13 confirms this fact by showing both function
1/z,, and z plotted against b.

Figure 14 shows how the physical distance to singularity changes
with decreasing b. One can observe the transition-like curve, with
the singularity being observed closer and closer to the cell, until in
eventually disappears at b = 1.

The full list of physical and numerical parameters used in the
calculations is given in Table 1.
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a.u.

FIGURE 13 Functions 1/z, (circles) and distance to singularity in z,, units z
(squares) are plotted against . One can see that 1/z,, decreases faster than z
and therefore, physical distance decreases with decreasing b.
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FIGURE 14 Physical distance to singularity versus b. Singularity disappears
at b < 1.
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TABLE 1 Numerical and Physical Parameters Used in Simulation

Meaning Parameter Value

No. of time steps N 30000-40000
Spatial grid size dz =1/66 9.6 nm
Spatial grid sizes dx =dy 800nm

Time grid size dt =dz/c 3.2 x 10 sec
Liquid crystal cavity relaxation time 1 = Ndt 9.6 x 10 3 sec
Liquid crystal extraordinary refractive index ne 1.53

Liquid crystal ordinary refractive index ng 1.47
Dielectric anisotropy £ 0.18
Frank-Oseen elastic constant K 102N
Viscosity parameter 71 0.08 Pa-sec
Light wavelength in free space (main value) A 633 nm
Thickness of cell (main value) L 20 pm

Width of the beam w 14 ym
Threshold intensity Iy 10.8kW/cm?
Incident intensity 1 1.31,

6. CONCLUSIONS

We have used the FDTD method for modelling a three-dimensional
problem of the Freedericksz transition induced by a Gaussian beam
and the birth of the optical singularities in the far-field of the beam
with the initially smooth wavefront.

The FDTD algorithm has allowed us to study optical fields inside
the cell and at the exit from the cell. We found that after the cell
the beam focusses and then diverges again. At the distance from the
cell corresponding to diverging of the beam, the edge optical singular-
ity has been observed. This result has been compared with the result
obtained using the non-self-consistent approach. It was found that
two results are different, and the difference increases with the optical
anisotropy.

Different wave-lengths limits were also investigated, which is not
possible for the non-self-consistent approach. We found that in the
very long wavelength limit the singularity disappears. Similar effect
is observed when decreasing the size of the cell. The ratio of L//, at
which the singularity disappears was found to be equal to 1. The
results have shown that for L/1 < 1 the phase lag induced by the cell
is not large enough to cause the distortion of the wavefront.

One of the possible extensions to the results this paper is to replace
the Ginzburg-Landau equation in the self-consistent algorithm by the
Ericksen-Leslie equations. This would allow us to take into account
hydrodynamical effects such as back-flow. Thus, extra coupling, now
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director-hydrodynamics, will be introduced in the problem. This might
considerably change the relaxation process. However, we believe that
the final equilibrium will not be changed.

Another interesting extension would be to consider how the position
of the singularity depends on the optical anisotropy An. Preliminary
calculations show that change of the optical anisotropy has a consider-
able effect on the position of the singularity, bringing it closer to the
cell. However, what the true dependence is and whether there is any
influence on the type of singularity from the value of optical anisotropy
remains an interesting open questions. We believe that highly aniso-
tropic liquid crystals may induce more complex singularities. This is
because the sharp variations of the director in the xy plane may induce
the phase profile that is not smooth. This will influence the far-field
observations dramatically. In this case, however, the accuracy would
require higher order discretisation schemes, as used in [3].

We believe the three-dimensional self-consistent FDTD solver pre-
sented is this paper can be used a an accurate and robust tool for
studying nonlinear interactions of light and liquid crystal media.
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