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Formation of relocatable umbilical defects in a liquid crystal with
positive dielectric anisotropy induced via photovoltaic fields
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All optically generated, relocatable umbilic defects in a liquid crystal (LC) with positive
dielectric anisotropy are reported. The studied samples are made with a Fe-doped LiNbO3
substrate showing the bulk photovoltaic effect and an ITO coated glass plate as covering
substrate. Umbilics are created upon exposure with a focused laser beam: They are induced
via photo generated fields at the relocatable exposure beam position. The field distribution of
these fields is normal to the sample plane at the exposure spot center and has increasingly
high in-plane field components in radial direction: Ideal conditions to induce director
reorientations with radial symmetry in a LC with positive dielectric anisotropy. The irradiated
regions are studied with polarized probe light revealing the patterns characteristic for umbilic
defects and the typical doughnut-shaped intensity distributions expected for optical vortex
beams. The experimental findings are compared to calculated transmission profiles.
Moreover, a LC with negative dielectric anisotropy was studied in the same type of sample

for reference.
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1. Introduction

The appearance of umbilical defects, in short umbilics, in liquid crystals with negative
dielectric anisotropy was described by Rapini in 1973 [1]. Umbilics have received renewed
interest [2—6] in the frame of the controlled generation of optical phase singularities, thanks to
their ability to generate optical vortex (OV) beams. In an umbilic, an incident optical beam with
circular polarization can be converted to a light beam with a ring-shaped intensity distribution.
The general advantages of umbilics for this purpose were comprehensively reviewed [6],
recently. It has been shown in several works [7—15] that isolated umbilics can be obtained at a
desired position for example by electrode patterning and with a photoactivated interface under
DC field. Anyway, creating relocatable umbilics in samples without externally applied electric
fields remains a challenge.

Umbilics are nonsingular topological defects, which typically appear in a nematic liquid
crystal (LC) with negative dielectric anisotropy A¢ < 0, in samples where the molecular
alignment of the LC is vertical. The local alignment of the LC is described by the director n, a
pseudo vector, which is parallel to the average molecular orientation of elongated, rod-shaped
molecules, over a small volume element. A schematic of an umbilic in a slab of LC with vertical
director alignment at the surfaces is shown in Fig. l1a. Due to the tilted alignment of the LC
director and the rotational symmetry, one could describe an umbilic as a vortex in the fluid LC.
As shown in Fig. 1a the director field in an umbilic has rotational symmetry, the local director
is perpendicular at the center (near r = 0) and the local tilt of the director increases with

increasing 7.
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Fig. 1. (a) Director field in a model umbilic. (b) Three-dimensional electric field distribution
expected in a sample driven with photovoltaic fields. A value of €;5, = 7.3 was used in the
LC filled region to calculate the local field distribution. The field distribution was obtained by
placing charge distributions on the surfaces of the Fe:LN crystal and applying the image
charge method. (c) Profile view of the electric field distribution. (d) Aerial view of the local
field distribution at the Fe:LN surface. () Magnitude of the field distribution in profile view.
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Fig. 2. Schematic of exposed hybridized LC test cell. The samples were investigated with
collimated, polarized probe light.

Although they can be created in LCs with negative dielectric anisotropy, umbilics are
delicate. According to Meyer [16] two conditions are required at the sample surfaces confining
the LC: First, the LC director should be free to reorient in any direction parallel to the substrate

surfaces, second, the LC director should be normal to the surfaces of the test cell in the initial
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state. Therefore, umbilics appear in well-oriented samples of LCs with negative dielectric
anisotropy, if an electric field is applied [1,5,6,16,17]. Under these conditions, a reorientation
of the LC director is induced without enforcing a preferred direction in the sample plane and
the resulting defect is point-like and has well defined rotational symmetry. The external electric
field needs to exceed the Fredericks transition threshold (usually = 1 V).

However, this is not the only possible configuration. Here we show that well-defined umbilic
defects showing perfect optical texture without pinned, unwanted line defects can be generated
in a nematic LC with positive dielectric anisotropy Ae > 0 without the need of external electric
fields. This is possible in hybridized LC cells, where a field generating z-cut Fe doped lithium
niobate crystalline (Fe:LN) thin cut was used as one of the cell substrates and the second
substrate was a conventional glass plate coated with a conductive ITO layer and treated with
lecithin. Upon exposure to light, photovoltaic fields were locally generated within the Fe:LN
crystal and confined within the LC layer by the conducting ITO electrode. The photovoltaic
field profile in the LC is shown in Fig. 1b—e in the volume, the rz-plane, and the xy-plane,
respectively. Note how the field distribution and the director pattern, both tilted at || > 0 and
vertical at r = 0, match each other.

A schematic of the exposure setup is shown in Fig. 2. It is worth noting that similar defects
in LCs with positive dielectric anisotropy generated without an external electric field have been
reported by Brasselet et al. [2,18] in conventional LC cells irradiated by a circularly polarized
continuous wave laser beam with beam power > 50 mW, tightly focused to a 2 um wide focal
spot, which could lead to high power densities > 3 - 10® Wcm™2 in the focal plane. Here we
show that similar defects can be successfully generated in hybrid cells based on a combination
of Fe doped lithium niobate (Fe:LN) and LC, using a lower beam power. Our result is a further
proof of the versatility of these combined systems and a step forward in the design of novel

optofluidic devices with new functionalities.



Crystalline thin cuts of Fe:LN [19-26] have recently been used to address liquid crystal
director orientation by means of photovoltaic fields photo-generated via the anomalous
photovoltaic effect upon exposure to a low power Gaussian laser beam. As recently shown [27—
37], the light induced electric fields were able to penetrate the LC layer and electrically induce
reorientation of the LC director, which successfully led to the localized formation and
manipulation of topological defects in LC films [34-37]. In samples with a chiral nematic LC
[35-37], LC alignment layers were successfully applied to control the interaction with
intrinsically formed liquid crystalline defects.

The key point for the light induced formation of umbilics as described here is the spatial
profile of the photo generated electric field induced in the LC film by the charge separation
generated optically in the Fe:LN substrate. The field distribution shown in Fig. 1b — e was
calculated by considering the LC as an isotropic medium and ITO as a perfect conductor. The
distribution was obtained by numerically solving the electrostatic problem presented by the
samples. Exposure with a focused laser beam induces a charge carrier separation along the
crystallographic c-axis (here: parallel to z) in the field generating substrate. As in previous

works [32,35-37], this effect was modeled by placing two Gaussian charge carrier distributions

r2

Ocharge = iaoe_ Wenarge on the top and lower surface of the Fe:LN crystal. A value of Wepgrge
= 14 um was chosen because the Gaussian laser beam used in the exposure experiments had a
full width at half maximum of =14 um. In accordance with previously published work [32,35—
37] |oo| was set to 10* Cm™. The dielectric constant of Fe:LN was considered anisotropic (€, =
29 and €, = 85) and the thickness of the Fe:LN substrate was set to 500 um. The ITO layer
covering the glass substrate present was treated as a perfect conductor and the image charge
method [38] was used to obtain the correct field distribution. A mirror image of the charge
distribution of the top Fe:LN surface was placed at a distance of 2 + 30 pm = 60 pum away
from the original top Fe:LN surface. In such a sample, the shape of the field distribution is
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independent of o,. As can be seen in the Figure (Fig. 1b and c), vertical fields locally parallel
to the z-direction are present at the center of the exposure spot and fringe fields with high radial
components E,. are generated in the area near the exposure spot center. As expected, the fields
have rotational symmetry (Fig. 1d).

In a LC with positive sign of Ag, the director tends to realign parallel to the electric field
vector. Therefore, the vertical director alignment is expected to be stabilized at the exposure
spot center. Since the expected fields have circular symmetry and are decaying with increasing
r, in the area nearby the exposure spot center fringe fields should lead to a tilted director
realignment with director tilt angle & > 0.

The all optical generation of umbilic defects in a LC with positive dielectric anisotropy using
hybridized cells with a Fe:LLN substrate is expected to further expand the applications of these
optical singularities, whose primary role in the generation of structured light beams has been
recently demonstrated by several studies [4-11,39,40]. Moreover, our results are a further
demonstration of the possibilities offered by combined structures based on Fe:LN and LC,
whose peculiarity lies in the possibility of using the bulk photovoltaic effect of Fe:LLN to obtain
an optically induced DC field able to affect the molecular LC director. For completeness, a
second LC with negative dielectric anisotropy was studied in the same type of hybridized test
cell. An alternative director pattern was preferred in these samples: In contrast to the LC with
positive dielectric anisotropy, these defects were obtained at high exposure intensity and

exhibited a distorted pattern of director reorientation.

2. Results

2.1. LC with positive dielectric anisotropy

Samples filled with MLC-2087 were first investigated with both crossed and parallel linear
polarizers. Polarized optical micrographs were recorded at various exposure intensities and all

the experiments were performed at ambient temperature. The typical patterns [5] predicted for
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umbilic defects with a defect strength of +1 were observed. As described by Pieranski [12],
between crossed polarizers, such umbilics cause a pattern of isogyres (usually 4 dark brushes),
divided by bright areas, and isochromes: dark, concentric rings. The bright appearance of the
areas in-between the isogyres is caused by the locally oblique angle of the optical axis with
respect to the polarization direction of the polarizers. The appearance of isochromes is caused
by the continuously changing optical phase retardation in radial direction. A pattern of 4 bright
areas was indeed seen in the exposed samples at an exposure intensity of 1.42 mW, if
investigated with crossed polarizers (Fig. 3a). These bright areas were divided by isogyres, as
expected. The absence of isochromes in the pattern can be explained: A schematic of the
director field in and near the defect was inserted as red colored lines and wedges. In the initial
state, the sample had homeotropic LC alignment and this alignment was maintained in the non-
exposed area, which appeared dark, accordingly. The photovoltaic fields led to LC realignment
in the exposed area, which in turn led to a locally transmissive, bright state if the local optical
axis had an oblique angle with respect to the polarizer orientation. Due to the field profile, the
director tilt angle (homeotropic alignment, & = 0°) was unchanged at the exposure spot center.
In radial direction, the effective tilt angle of the director, averaged over the layer thickness,
increased, until the maximum tilt angle was reached and then decreased again steadily. As
mentioned above, the isolated defect seen was surrounded by non-reoriented (8 (1 > 7.ppe) =
0°) LC and the tilt angle distribution blended into this background continuously. In each of the
bright areas, the accumulated optical phase change I" of the transmitted light travelling within
the LC layer reaches values of I' = m, where locally, maximum values of the transmittance
were seen. For the presence of an additional isochrome, the maximum phase change would need
to exceed a value of . For control, the sample was investigated between parallel polarizers,
which led toa pattern of 4 dark areas (Fig. 3b), as expected.

In the same samples, patterns with 8 bright (dark) areas were recorded at higher exposure

intensity, as shown in Fig. 4a (Fig. 4b). Here, the LC realignment was more pronounced and
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the induced defects were larger. Therefore, an isochrome was now present (Fig. 4a): As
indicated in Fig. 4a, the effective tilt angle of the LC director now reached higher values. The
accumulated optical phase change I' of the transmitted light could reach values of I' = 2, the
higher variation of the optical phase change led to a dark ring. The patterns shown are
characteristic for umbilic defects. If a radial defect leads to such patterns between parallel
polarizers, the director field has the correct symmetry of a g-plate [6,9,40] with a winding

number g = 1 and thus, such a director configuration can lead to optical vortex formation.
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Fig. 3. Polarized optical micrographs of a sample filled with MLC 2087 exposed to a diode
laser beam of 1.42 mW overall optical power. The sample was investigated with (a) crossed
polarizers, (b) parallel polarizers. A schematic of the LC alignment in and near the locally
induced defect was placed in (a). The orientation of the polarizers is indicated with double
arrows.
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Fig. 4. Polarized optical micrographs of a sample filled with MLC 2087 exposed to a diode
laser beam of 2.25 mW overall optical power. The sample was investigated with (a) crossed
polarizers, (b) parallel polarizers. A schematic of the LC alignment in and near the locally
induced defect was placed in (a). The orientation of the polarizers is indicated with double
arrows.



The exposure beam position can be easily relocated in the experiments. An image sequence
of the relocation of the exposure beam is shown in Fig. 5. The laser beam was scanned across
the sample along the inserted trajectory. The image sequence shown gives a very good
impression of the response times seen in the samples: By scanning the beam, the defect could
be relocated within 1.2 seconds from an initial position such that the initial defect vanished
completely, and a new defect was induced and fully developed in the new position. Following
these experiments at ambient temperature, the samples were heated to a temperature of 45 °C
(Fig. 6) and the liquid crystal threshold behavior was studied in more detail. The samples were
heated to a temperature of 45 °C, since this is a typical operation temperature, slightly higher
than room temperature, not unusual for commercial LC mixtures (MLC-2087 has a clearing
temperature of =100 °C). Exposure with various intensities showed, that formation of the
umbilics could be already observed with exposure intensities as low as 0.36 mW, which was
the minimum power required to see the effect. This corresponds to a power density of =150
Wem? in the laser beam focus. It should be noted that the samples were exposed at normal
incidence. For MLC 2087, the threshold intensity of the light induced optical Fredericks
transition [41] (OFT) in a 30 um thin sample is > 15 kWcm ™. The minimum intensity required
in the samples with a field generating Fe:LN substrate was therefore 2 orders of magnitude
lower than would be expected for light induced director realignments in samples without Fe:LN
substrates. Given the fringe fields generated by the substrates, this is not surprising, since the
local realignment effect observed here was not due to the direct effect of light on LC molecules,
but was induced by photovoltaic fields. At exposure intensities > 0.36 mW, the fringe fields
were high enough to realign the LC director such that the transmitted light intensity of the probe
light was much higher than the detection limit of the camera (the detection limit of the camera
used can present a detection threshold in alternative samples [41] with non-linear optical

responses, which are intrinsically threshold free).
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Fig. 5. Image sequence recorded upon relocation of exposure beam spot in MLC 2087. The
orientation of the polarizers is indicated in (a) with double arrows.
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Fig. 6. Sample filled with MLC 2087 exposed at 45 °C with various exposure intensities. At
an exposure intensity of 0.36 mW, LC realignment were already clearly seen. The orientation

of the polarizers is indicated in (a) with double arrows.
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Fig. 7. Doughnut-shaped probe light beam generated in a sample filled with MLC 2087,
exposed at 45 °C, and investigated with circularly polarized probe light and crossed, circular
analyzer (second polarizer). (b) Pattern observed if the sample was investigated with linearly
polarized probe light and crossed, linear analyzer. The orientation of these polarizers is
indicated with double arrows.
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Due to the presence of the field induced radial defect, the exposed samples are waveplates
(g-plates) with the correct director distribution and two-dimensional optical phase profile to
generate doughnut-shaped intensity profiles, if investigated between crossed circular polarizers.
Such a doughnut-shaped intensity distribution is shown in Fig. 7a. The texture observed
between crossed linear polarizers and under otherwise identical conditions is also shown in the
Figure, for completeness. The diameter of the doughnut-shaped intensity distribution in Fig. 7a
is = 30 um. The size can potentially be tuned by using exposure beam focusing lenses with

various focal length and numerical apertures, which result in various exposure spot sizes.

2.2. LC with negative dielectric anisotropy

For reference, the same kind of cells were filled with MLC-6608, having negative dielectric
anisotropy. Two different director reorientations were observed in this case. In contrast to the
LC with positive dielectric anisotropy, the initial homeotropic orientation was not stabilized by
the photovoltaic field at the exposure spot center in this LC. As shown in Fig. 8, exposure of
the samples led to a different kind of director reorientation than in the experiments with MLC-
2087: Although the director reorientation was still localized, the observed pattern was non-
circular and did not have 4-fold symmetry. In contrast to the well-defined isogyres seen in the
MLC-2087, the pattern seen in MLC-6608 showed birefringent stripes (highlighted with cyan
colored lines in Fig. 8). The results observed in MLC-6608 indicate that both shape and size of
the director realignment varied at various sample positions and — at least in the studied samples
with a lecithin alignment layer - cannot be induced as reliably as in the MLC-2087 filled

samples.
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Fig. 8. Localized director reorientation recorded in MLC-6608 filled samples investigated
with (a) crossed polarizers, (b) parallel polarizers. A schematic of the local director
reorientation was placed in (a). Also, cyan colored lines were inserted as guide to the eye to
highlight the dark, birefringent stripes. The orientation of the polarizers is indicated with
double arrows.

3. Discussion

The isogyres and isochromes patterns seen in the MLC-2087 filled hybridized test cells were
already a very good indication that the observed defects were actually umbilics. Anyway, the
patterns observed between crossed circular polarizers can be further analyzed. Umbilics in
liquid crystals with negative dielectric anisotropy were described by Rapini [1], with a very
useful set of equations. As was shown in [5], this model can be applied to estimate the
transmittance pattern of an umbilic defect between crossed circular polarizers. An umbilic can
be described in polar coordinates, with @ representing the azimuth of the director and dthe local
tilt angle (Fig. 1a). The local orientation of the LC director changes not only along the z-axis
but along both the radial (r) and azimuthal (@) polar coordinates at the same time [1]. The

director field in a model umbilic can be expressed in Cartesian coordinates as:

Ny sin 8 cos ¢
n= (le> = (sin@singy). (D
Ny cosd

According to Rapini, model umbilics in a LC layer of thickness d can be described by
considering 4 parameters. First, the symmetry of the umbilic is described with a set of two

parameters: The topological strength, or charge, of the defect s (s = £1),and a constant ¢y,
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which determines the shape of the director distribution in the xy-plane (¢, = 0 corresponds to

radial alignment):

P =59 + @o. )

The director tilt angle distribution is defined by the asymptotic value [5] 6., of the director

tilt angle at large r, and a reduced tilt amplitude a( . ) in the form

Tcore

r

0(r,z) = Hooa( )sin (%) In the present case, the electric field causing the defect

Tcore

formation is a divergent, localized field, not present all over the sample, but just in the irradiated
region. Accordingly, there is no reorientation far away from the beam center. For this reason,

one can use a modified expression for 6(r,z) , taking into account a Gaussian

2
envelope exp (— %) of the assumed charge distribution
1

6(r,z) = Hooa( . )exp (— ;—22) sin (%) 3)

Tcore 1

This model (Eq. 3) can be used to estimate the director profile in a localized, isolated umbilic
defect. The equation results in 8(0,z) = 0 and O(r > 7.4y, 2) = 0. The local tilt angle is
limited to a value considerably lower than 6, , if 7.,,.and w; are of the same order of

magnitude.

The transmittance can now be calculated. For light propagating along the z-direction, the
local effective birefringence An, ¢ rdepends on the tilt angle distribution. The liquid crystal used,

MLC-2087, has a low birefringence of An = 0.076. In the approximation An << n, where n
is the average refractive index of a birefringent optical medium, the local effective birefringence

can be calculated as [43,44]:
Angg(r,z) = An sin®(6(r, 2)). “4)
The overall phase retardation acquired in the liquid crystal layer can then be estimated as:
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L) =2 fy ey (r, 2)dz = 5 dn [} sin?(6(r, 2)) dz. )

The integral in Eq. 5 is defined over the layer thickness of the LC layer. For imaging with

crossed circular polarizers [5], the transmittance can be obtained as:
155 . 2 (T
T(r) = 242 = sin (T) (6)
0

where I, is the initial intensity and 1Z;; is the counter polarized output light field component.

Accordingly, a radial transmission profile for a model umbilic observed between crossed
circular polarizers can be obtained by inserting Eq. 3 in Eq. 5 and inserting the obtained result

in Eq. (6):

T(r) = sin? (An%fod sin? (Hooa( 4 )exp (—;—22) sin (%)) dz). 7

Tcore 1

The transmittance profile described by Eq. 7 has been numerically calculated in OriginPro.
The characteristic line shape of the reduced tilt amplitude [1] was used and wavelength and
layer thickness were set to 600 nm and 30 um, respectively. The parameters 6, wy, and 7,
were varied. The resulting profile line was compared to experimental data: The transmittance
profile shown in Fig. 9a (black colored line with error markers) was extracted from a recorded
pattern. As indicated in Fig. 9b, several radial profile lines were extracted and averaged,
which resulted a profile line along with standard error.

As indicated in Figure 9a, the calculated model curve has been obtained by using 8,, =
1.23, w; = 20 um, and 7,,,. = 15.5 pm. A sketch of the director profile obtained by
inserting this set of parameters in Eq. 7 is shown in Fig. 9c. As seen in the figure, the director
is parallel to the z-direction at the center of the defect (r = 0 um) and in the area far away
from the defect center (r > 30 um), as expected in a localized, isolated umbilic. The local tilt
angle is increasing in the range 0 < r < 12 um, where it reaches a maximum tilt angle of 6 =

0.4, and decreasing again at r > 12 um. As expected, this relatively low reorientation (limited

14



to 6 < 0.4) locally already leads to high transmittance, due to the high layer thickness of 30
pm.

The model shown here is already a good qualitative description of the experimental results.
The model curve shown in Fig. 9a almost fits the experimental data within the experimental
error bar. Anyway, a quantitative description of the director realignment is still needed.

Some attempts were recently made [45] to predict the behavior of a LC in such samples by
considering a field distribution with non-vanishing tangential field component near the ITO
layer. However, the director field distribution shown in [45] had high tilt angles, which were
monotonously increasing with increasing r, and exceeding a value of 8 = 1 at r =25 pm.
Accordingly, the simulation results shown in [45] did not result in homeotropic director
alignment at r >> 1,,,,, within the area of calculation.

It would be desirable if a theoretical model can predict the field induced reorientation in
the investigated samples with isolated, localized umbilics in detail. Such a theoretical model
should be capable to predict the coupling of exposure intensity and director reorientations,
mediated by the photo generated fields, and should also be capable to describe the response
times, the preferable thickness of substrates needed, the preferable doping concentration of Fe
doped lithium niobate, predict desirable elastic properties of the LC and make it possible to
select an alternative LC or give further directions for experimental work. Anyway, deriving

such a model is beyond the scope of this experimental work.
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Fig. 9. (a) Radial transmission profile between crossed circular polarizers. An averaged profile
line (black line) is shown (standard error indicated with error markers) and obtained for a model
umbilic (parameters indicated in the figure). (b) Several radial scans were extracted from the
recorded transmittance pattern and averaged. (c) Sketch of the director profile in the localized,

1solated defect.

4. Conclusions

All optical formation of radial point defects (g-plates) in a LC with positive dielectric
anisotropy is reported and the defects were identified as umbilics. The electric field leading to
the formation of this kind of defect generated optically in hybridized LC cells made with a z-
cut Fe:LN substrate and an ITO coated covering glass. There was no preferred orientation
direction in the samples and both conditions, namely initial homeotropic alignment and no
preferred orientation for reorientations in the xy-plane, for the formation of umbilic defects were
fulfilled.

Localized exposure to a tightly focused Gaussian laser beam lead to appearance of umbilics
with the typical isogyres and isochromes patterns (Fig. 3, Fig. 4), depending on the exposure
optical power. A doughnut-shaped intensity profile was recorded by investigating the samples

with crossed circular polarizers.
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As shown, the spatial distribution of the photo-generated electric field in the samples had the
correct circular symmetry and shape to fulfill the requirements to induce umbilical defects in
the LC. The experimentally observed intensity distributions were compared to transmittance
profiles expected for typical umbilics.

All optical formation of umbilics has also been tested in a liquid crystal with negative
dielectric anisotropy. The approach still led to director reorientations, however, distorted defect
patterns were obtained.

In contrast, the results obtained in the samples filled with the LC with positive dielectric
anisotropy are promising for all optically controlled vortex generation. For example, the
observed all optically generated umbilics can be easily relocated in the samples by scanning the
laser beam to another position, as shown in Fig. 5, and potentially, patterns of umbilics can be
induced at various positions by exposure with several laser beam spots.

The combination of soft matter and photoresponsive materials holds great promise in view
of the realization of novel optical devices able to combine the peculiarity of the different
components. Specifically, hybrid structures that mix lithium niobate and low molar mass
nematic liquid crystals have recently been proposed as good candidates to be used in optofluidic
devices. The possibility of using them to generate high quality umbilics through light irradiation,
that was demonstrated here, is a further proof of the versatility of these combined systems and

a step forward in the design of novel optofluidic devices with new functionalities.
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S. Materials and Methods

Sample Preparation: Fe:LN substrates (z-cut, Fe-doping concentration 0.03 mol%, optical
quality polished surfaces, 0.5 mm thickness, obtained from MTI Corporation) were cleaned by
sonication in a water/surfactant dispersion, followed by cleansing and drying with acetone.
Since the optic axis (c-axis in Fig. 2) was orthogonal to the sample plane in z-cut Fe:LN crystals,
they appeared as would an optically isotropic medium in incident light at normal incidence (k-
vector || z) . Indium tin oxide (ITO) coated cover glasses were cleaned by the same process and
additionally treated in a plasma cleaner for 1 minute. The cleaned substrates (Fe:LN substrates
and ITO coated cover glasses) were coated with lecithin as anchoring agent to provide vertical
(homeotropic) alignment of the LC director. Mylar film spacers were placed on the Fe:LN
substrates and a cover glass was placed on top of these spacers with the ITO side facing towards
the Fe:LN substrate. The cell gap was measured with a micrometer probe and a value of = 30
um was found. These empty samples were filled via capillary action by placing a droplet of LC
at one sample edge and letting the LC flow in the gap between Fe:LN substrate and ITO-glass.
When the test cells were filled completely, any excess was removed from the edges by using
tissue (Kim wipes). Two LCs (obtained from Merck KGaA) were investigated. The LC MLC-
2087 [34,36] had positive dielectric anisotropy (Ae = 13.31), a birefringence of An = 0.076,
and average elastic constant K = 14.7 pN. The second LC was MLC-6608 [42] with negative
dielectric anisotropy Ae = —4.2, birefringence An = 0.083, and an average elastic constant K
~ 17 pN, comparable to that of the first LC. The clearing temperatures (phase transition from
nematic to isotropic) of both LCs were = 100 °C.
Exposure Setup: Samples were investigated and exposed in a modified inverted optical
polarized microscope with a CMOS digital color camera with adjustable 10x zoom objective
lens (ThelmagingSource, DFK MKU120-10x22) and a coupled focused (lens with 10 cm focal
width) diode laser beam (Thorlabs CPS 532) with a wavelength of 532 nm. A removable

edgepass filter with a cut-on wavelength of 550 nm (Thorlabs FELH0550) could be inserted in
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the beam path of the microscope when needed. The birefringent patterns seen in the exposed
samples were investigated with a collimated white light LED source (probe light). The focused
exposure beam had a Gaussian intensity distribution in the sample plane with a full width at
half maximum (FWHM) of 14.5 um (investigated with a Spiricon SP620U beam profiler). The
laser power was adjusted with neutral density filters and the samples were exposed with various
exposure intensities for example a beam power of 1.43 mW (570 Wem™ power density in the
sample plane) or a beam power of 2.25 mW (920 Wcem™).

Selected samples were investigated with circularly polarized probe light (crossed circular
polarizers). If so, the linear polarized probe light source was fitted with an achromatic quarter-
wave plate (oriented at an 45° angle) in order to generate circularly polarized probe light. The
second polarizer of the microscope (analyzer), located between sample and camera, was then
replaced with a circular film-polarizer.

Transmittance Profiles: The recorded images were converted to transmittance data by using
OriginPro (Ver. 2019b, OriginLab Corporation): The images were converted to 16-bit (linear
detector sensitivity) grayscale data. The extracted profile lines were background corrected to

facilitate comparison to modelled data.
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Highlights
* Relocatable umbilic defects in a liquid crystal with positive dielectric anisotropy
* Defects act as g-plates
e Test cells with Fe:LiNbO3 substrate and indium tin oxide covering glass
* Samples driven with photovoltaic fields
* All optically generated effect
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Fig. 1. (a) Director field in a model umbilic. (b) Three-dimensional electric field distribution
expected in a sample driven with photovoltaic fields. A value of €;5, = 7.3 was used in the
LC filled region to calculate the local field distribution. The field distribution was obtained by
placing charge distributions on the surfaces of the Fe:LN crystal and applying the image
charge method. (c) Profile view of the electric field distribution. (d) Aerial view of the local
field distribution at the Fe:LN surface. () Magnitude of the field distribution in profile view.
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Fig. 2. Schematic of exposed hybridized LC test cell. The samples were investigated with
collimated, polarized probe light.
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Fig. 3. Polarized optical micrographs of a sample filled with MLC 2087 exposed to a diode
laser beam of 1.42 mW overall optical power. The sample was investigated with (a) crossed
polarizers, (b) parallel polarizers. A schematic of the LC alignment in and near the locally
induced defect was placed in (a). The orientation of the polarizers is indicated with double
arrows.

crossed polarizers parallel polarizers
_~ LC director II
/ r=~0 ’ \
-5
b) U
225 mwW
100 um 920 Wem?

Fig. 4. Polarized optical micrographs of a sample filled with MLC 2087 exposed to a diode
laser beam of 2.25 mW overall optical power. The sample was investigated with (a) crossed
polarizers, (b) parallel polarizers. A schematic of the LC alignment in and near the locally
induced defect was placed in (a). The orientation of the polarizers is indicated with double
arrows.
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Fig. 5. Image sequence recorded upon relocation of exposure beam spot in MLC 2087. The
orientation of the polarizers is indicated in (a) with double arrows.
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Fig. 6. Sample filled with MLC 2087 exposed at 45 °C with various exposure intensities. At
an exposure intensity of 0.36 mW, LC realignment were already clearly seen. The orientation
of the polarizers is indicated in (a) with double arrows.

crossed circular polarizers crossed linear polarizers ._I_.

exposure

/ beam center
”

~ exposure

/" beam center
4

b)

1.42 mW 1.42 mW
570 Wem2 570 Wem2

Fig. 7. Doughnut-shaped probe light beam generated in a sample filled with MLC 2087,
exposed at 45 °C, and investigated with circularly polarized probe light and crossed, circular
analyzer (second polarizer). (b) Pattern observed if the sample was investigated with linearly
polarized probe light and crossed, linear analyzer. The orientation of these polarizers is
indicated with double arrows.

4 I

LC director

2.25 mW
920 Wcm2

Fig. 8. Localized director reorientation recorded in MLC-6608 filled samples investigated
with (a) crossed polarizers, (b) parallel polarizers. A schematic of the local director
reorientation was placed in (a). Also, cyan colored lines were inserted as guide to the eye to
highlight the dark, birefringent stripes. The orientation of the polarizers is indicated with
double arrows.
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Fig. 9. (a) Radial transmission profile between crossed circular polarizers. An averaged profile
line (black line) is shown (standard error indicated with error markers) and obtained for a model
umbilic (parameters indicated in the figure). (b) Several radial scans were extracted from the
recorded transmittance pattern and averaged. (c) Sketch of the director profile in the localized,

1solated defect.
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