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Electrically induced
transformations of defects in
cholesteric layer with tangential-
conical boundary conditions

Mikhail N. Krakhalev?*, Oxana O. Prishchepa®?, Vitaly S. Sutormin2, Rashid G. Bikbaev'?,
IvanV. Timofeev'? & VictorYa. Zyryanov*

Electric-field-induced changes of the orientational structures of cholesteric liquid crystal layer with

the tangential-conical boundary conditions have been investigated. The samples with the ratio

of the cholesteric layer thickness d to the helix pitch p equalled to 0.57 have been considered. The
perpendicularly applied electric field causes a decrease of the azimuthal director angle at the substrate
with the conical surface anchoring. In the cells with d = 22 xm, the defect loops having the under-
twisted and over-twisted areas are formed. At the defect loop the pair of point peculiarities is observed
where the 180° jump of azimuthal angle of the director occurs. Under the action of electric field the
loops shrink and disappear. In the cells with d = 13 um, the over-twisted and under-twisted defect lines
are formed. Applied voltage results in the shortening of lines or/and their transformation into a defect
of the third type. The director field distribution near defect lines of three types has been investigated
by the polarising microscopy techniques. It has been revealed that the length ratio between the over-
twisted and third-type defect lines can be controlled by the electric field.

Liquid crystals (LCs) possess the orientational order that determines an anisotropy of their dielectric, optical,
elastic and other properties'. Orientational LC structure is quite sensitive to the effect of an external electric or
magnetic field?, variation of temperature®, change of composition and structure of interface*® and insertion of
micro- or nano-objects into liquid crystals®. On the other hand, the reverse effect of the formed structure on the
ordering or movement of these particles owing to elastic interaction is also characteristic of LC systems (active
soft matter)’°. Cholesteric liquid crystals (CLCs) have unique orientational and structural properties that causes
a formation of the various director configurations, as well as their transformation and switching'!. CLC helicoidal
structure in which the director (the unit vector n oriented along the preferred orientation of the long axes of LC
molecules) turns by 27 at the distance of helix pitch p is formed in a free state. Cholesterics are of great interest
for practical applications as controllable diffraction gratings'*-'7, tunable lasers'®!?, chemical sensor®, templates
for nanoparticles arrangements with tunable length scales?, etc. The formed structure depends mainly on the
material parameters of cholesteric, the ratio between CLC layer thickness d and helix pitch p, the boundary con-
ditions*!?2, Nowadays, the structures forming in the CLC cells with tangential (planar)***-2*, homeotropic?*-2*
homeoplanar®-** boundary conditions and in the cells with surface topography>*-*¢ are well studied.

The cholesteric structures with conical or tangential-conical boundary conditions (uniform tangential bound-
ary conditions at one substrate and conical anchoring at another one) are less studied. So, under the planar
surface anchoring at one of the substrates and weak conical anchoring at another one, assigned by own isotropic
phase of CLC (the wetting transition), the almost uniform structure or periodic structure of lines (stripes) is
formed in case of relatively thin or thicker wetting layer, respectively”’. Recently, we have studied the cholesteric
structures with tangential-conical boundary conditions (Fig. 1), in which the conical anchoring at one of the
substrates was specified by the polymer film?*. In this case, the twisted defect-free structure or the structure
with defect walls is formed in the cell at the values of d/p less than 0.28 (d = 6.5 um). At dp > 0.60 the periodic
structure with the period approximately equal to the double helix pitch is formed. The twisted structure with the
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Figure 1. Schemes of the experimental cell and the director orientation in it. Uniform tangential boundary
conditions are at the bottom substrate and conical surface anchoring is at the top one. ¢, and 6, are azimuthal
and polar director angles at the top substrate, respectively. The (3 is angle between analyser A and rubbing
direction R.

nonsingular (virtual) surface defects looked like loop or lines whose ends are located at the lateral edges of the
CLC layer is realised at the intermediate values of 0.28 < d/p < 0.6. The effect of electric field on such cholesteric
structures has not been previously studied. In the present paper, we have considered the transformations of the
defects in the twisted cholesteric structure with tangential-conical boundary conditions under the electric field.

Results and Discussion
Defect loop structure. The cholesteric under tangential-conical boundary conditions in certain range
of d/p has a twisted structure with the virtual defects which look like the elongated loops or the pairs of lines
whose ends are located at the lateral edges of the LC layer when the sample is observed using a polarising micro-
scope’®. The optical textures of CLC layer with d = 22 um and d/p = 0.57 are presented in Fig. 2. The rotating
analyser method is convenient to analyse the director azimuthal orientation at the substrate with conical surface
anchoring (Fig. 2a—f). If the Mauguin condition® is valid, then the incident light linearly polarised perpendic-
ular to the director at the input substrate after passing through twisted orientational structure remains practi-
cally linearly polarised with the polarisation perpendicular to the director at the output substrate. In turn, the
polarisation direction of transmitted light can be determined by the analyser rotation. The dark areas of optical
texture (extinction bands) show where the polarisation of transmitted light perpendicular to the analyser and,
consequently, the azimuthal orientation of director at the output substrate can be found (Fig. 1). The Mauguin
condition is valid at pAn.g/ A > > 1, where An g = 0.191 is the effective value of birefringence of LC taking into
account the director tilt angle. For sample with d = 22 ym the Mauguin number is equal to 10.6 at A = 0.7 pum,
therefore the rotating analyser method is suitable for this cell (Fig. 2). It should be noted that the rotating analyser
method is suitable to determine the director azimuthal orientation even though the Mauguin condition is slightly
broken (more details see in section Methods and Supplementary Figs. S1 and S2). For LC cell presented in Fig. 2
the input substrate was the substrate with tangential anchoring and linear polarisation of light was perpendicu-
lar to the rubbing direction R. The dark area is observed far from the defect loop (Fig. 2f) when the analyser A
is approximately parallel to the rubbing direction R. It means that the equilibrium azimuthal twist angle ¢, of
director at the top substrate with conical surface anchoring is about 180°. The conducted analysis by the rotat-
ing analyser method (Fig. 2a-f) revealed that near the defect loop, the azimuthal twist angle ¢, differs from the
equilibrium value of 180°. The obtained azimuthal orientation of director is presented in Fig. 2g,h. Since the CLC
under study is left-handed then in the left area near the defect loop the CLC is under-twisted (¢, < 180°) while
in the right area near the defect loop the CLC is over-twisted (¢, > 180°) in comparison with the azimuthal twist
angle of CLC far from defect. Additionally, at the substrate with conical surface anchoring, the director at the loop
border is parallel to the line of defect.

The schemes of director orientation for under-twisted and over-twisted areas near the defect loop are pre-
sented in Fig. 3. The dashed arrows in Fig. 2d indicate these regions. The director orientation far from defect loop
was calculated by free energy minimisation procedure. Near the defect loop the values of the polar and azimuthal
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Figure 2. POM photos of the defect loop taken for the angles 3 = 90° (a), 60° (b), 30° (¢), —60° (d), —30° (e),
0° (f) between the rubbing direction R of bottom substrate and analyser A. Scheme of the director orientation
at the top substrate with conical anchoring (g) and near pair peculiarities (blue and pink circles) (h). The red
and dark green lines indicate the parts of the virtual defect line with under-twisted and over-twisted CLC,
respectively. The green line is the part of defect line where the azimuthal twist angle of cholesteric is close to the
equilibrium value. Polariser P is orthogonal to the rubbing direction, the thickness of the CLC layer d is 22 ym.
Hereinafter, the ratio d/p is 0.57, the polariser’s directions are noted by the double arrows, the single arrow
indicates the rubbing direction R.

angles of the director were analytically extrapolated based on the experimentally measured values of ¢,(h), where
h is a distance from the centre of the defect line*. For obtained orientational structures the dependences of the
extinction bands position observed in polarised white light on the 3 angle (angle between rubbing direction R
and analyser) were calculated (Fig. 3(top row)). The calculated dependences are in a good agreement with the
transformation of extinction bands observed at the rotation of analyser (Fig. 2a-f).

The defect loop has two closely located peculiarities (the bottom right part of the loop in Fig. 2) from which a
pair of extinction bands appears in the certain range of 3 angles. The extinction bands near the under-twisted area
of cholesteric appear from one point, while the extinction bands near the over-twisted area appear from another
point (Fig. 2a-f). Figure 2h demonstrates the scheme of director orientation near these points obtained by the
rotating analyser method. One can see that the tilt angle of the director 6, has different signs in the vicinity of two
points. The director projection near the points at the inner side of the loop has a radial structure and corresponds
to the half of radial or hyperbolic boojums with strength + 1 while outside the loop the director projection cor-
responds to the half of boojum with strength — 1. When moving along the border of defect loop the 180° jump of
azimuthal angle of director occurs in each point peculiarities and its total change is equal to zero after the moving
along the whole loop. Thus, the homogeneous tangential orientation of the director at the bottom substrate is
matched with an azimuthal change of the director orientation near the loop defect at the top substrate.

Defect transformation under electric field. The cholesteric liquid crystal under study has a positive
dielectric anisotropy Ae. In this case, the electric field applied perpendicular to the substrates causes a change
of both the polar and azimuthal angles of the director, including the azimuthal twist angle ¢, of director at the
substrate with conical surface anchoring. For the twisted structure without defects, the calculated dependences of
4 angle and polarisation characteristics of transmitted monochromatic light with wavelength A = 546 nm on the
value of applied voltage U are shown in Fig. 4. One can see that the applied electric field induces the change of ¢,
and the most significant variation is observed in the range of voltages from 0.5 to 1.5 V where ¢, angle decreases
from 183° to 94°. The change of polar angle of the director in the bulk leads to decrease of CLC layer birefrin-
gence and the breaking of the Mauguin regime. In addition, the transformation of director configuration results
in the nonmonotonic dependence of the polarisation azimuth 1), of transmitted light on the applied voltage.
Oscillations of the ellipticity angle ., and azimuth of polarization ), result from decreasing the effective CLC
birefringence. These oscillations are described by the equations (19), (20) and (26) in ref. ** and demonstrated
in Fig. 4.6 in ref. *. The experimentally measured dependence 1,,,(U) for transmitted monochromatic light
with wavelength A = 546 nm shows similar nonmonotonic behaviour. At that, a noticeable deviation from the
Mauguin regime was observed for U > 1.4 V which is in a good agreement with the simulation data.

Due to the above-mentioned variations of the polar and azimuthal angles of director induced by the action of
electric field, the defect loops and defect lines become unstable and change. Two scenarios of transformations can
be observed: (i) a change of loop size or line length and (i) a change of defect line structure accompanied by the
formation of new type of defect.
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Figure 3. Schemes of the director orientation (middle and bottom rows) and calculated dependences of the
extinction bands position observed in polarised white light on the 3 angle (top row) for under-twisted (a) and
over-twisted (b) areas of cholesteric near the defect loop. The middle and bottom rows present the director
configuration at the substrate with conical surface anchoring and in the section perpendicular to the cell
substrates, respectively. The rubbing direction R is parallel to the x-axis . Defect lines are oriented at 45° to the
rubbing direction R, h is a distance from the centre of the virtual defect line.
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Figure 4. The calculated dependences of ¢, azimuthal director angle at the substrate with conical anchoring
(red line), the azimuth of polarisation 1, (blue line), and the ellipticity angle x ., (dark green line) on the
value of applied voltage U. The measured voltage-dependence of polarisation azimuth )., (blue circles). The
calculations and measurements were carried out for the cell with d = 22 ym under illumination by green light
(A =546 nm).
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Figure 5. POM photos of CLC layer with defect lines in the initial state (a), in 25 s (b), in 60 s (c) after
application of voltage U = 5 V and after switching off the electric field (d). The thickness of LC layer is 13 pim.

Figure 6. POM photos of CLC layer with defect lines in the initial state (a), under application of voltage U=7.0V
(b) and after switching off the electric field (c). The thickness of CLC layer is 13 ;zm. The over-twisted, under-twisted
and third-type defect lines are indicated by green, red and yellow single arrows, respectively.

Change of defect size. The change of the loop size results from the counter motion of the loop parts with an azi-
muthal twist angle of CLC close to the equilibrium value (green lines in Fig. 2g) and, for this reason, the shape of
the defect loop becomes less elongated (see Supplementary Fig. $3). If the electric field is switched off during the
transformation process then the size and form of the defect loop slightly change. In addition, the part of loop with
a pair of peculiarities becomes sharper. The application of voltage to the LC cell during a sufficiently long time
(tens of minutes) leads to the disappearing of the defect loop and the defect-free structure is retained for several
days after switching off the electric field.

Besides the defect loops, the pairs of defect lines are observed in the samples under study. At that, the number
of defect lines increases when the thickness of the CLC layer decreases. Near the pair of defect lines, the director
orientation changes in the same way as for the case of the defect loop, i.e. over-twisted and under-twisted areas
of CLC are observed. Generally, the lines turn into each other by the formation of bends, in which the azimuthal
twist angle of CLC is close to the equilibrium value far from defects. The application of the electric field initiates
the movement of these bends similarly to the motion of the loop areas where the azimuthal twist angle of CLC is
close to equilibrium value. It causes the straightening and decreasing the length of defect lines (Fig. 5b-d). The
application of voltage to the LC cell during a sufficiently long time (tens of minutes) leads to the disappearing
the almost all defect lines and the defect-free structure is retained for a long time (several days) without applied
voltage.

Change of defect type.  Applied voltage induces the decreasing of the azimuthal angle of director far from defects
both in the CLC bulk and at the substrate with conical boundary conditions (Fig. 4). It, in turn, influences the
director’s distribution near the defects but does not change the orientation of defect lines (Fig. 5). The difference
between azimuthal angles of director far from defect and near the under-twisted defect line decreases while for
the over-twisted defect line the similar difference increases. Under sufficiently high voltage (about 7 V) the area
with significant deformation of director is formed near the over-twisted defect line, that leads to the appearing
of the third-type defect line (Fig. 6). Generally, the transformation begins in a single point and then the length of
the third-type defect line increases along the over-twisted defect. After the total change of the over-twisted defect
line the transformation of the under-twisted defect line occurs. The rate of transformation process rises when the
value of applied voltage increases. When the value of applied voltage decreases the third-type defect line remains
stable up to U = 1.9 V. However, further decreasing of voltage to 1.8 V leads to the fast (during a few seconds)
inverse transformation of the under-twisted defect line. The inverse transformation of the over-twisted defect line
occurs at voltages less than 1.6 V and this process takes tens of seconds. If the voltage U= 1.6 V is applied before
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Figure 7. POM photos of CLC layer with three types of the defect lines taken after switching off the voltage
U=7.0V. Angle 3is —10° (a), —40° (b), —60° (c), 70° (d), 50° (e), 20° (f). Scheme of the director orientation
near the third-type defect line at the top substrate with conical surface anchoring (g) and the director
configuration in the section perpendicular to the cell substrates and defect line (h). The thickness of CLC layer
is 13 um. The over-twisted, under-twisted and third-type defect lines are indicated by green, red and yellow
single arrows, respectively.

the relaxation process end then the transformation is stopped. In this case, only the over-twisted defect line is
transformed into the third-type defect line in the range from 1.7 to 2.4 V. At the applied voltages U > 2.4 V the
change of under-twisted defect line is observed too. The observed hysteresis of the defects transformation makes
it possible to control the position of the point dividing the over-twisted and the third-type defect lines by increas-
ing/decreasing of voltage and fix this point using the value of voltage about 1.6 V (see Supplementary Movie 1).
Since the transformation between over-twisted and third-type defect lines is a slow process the azimuthal angle
of director near the third-type defect can be determined by the rotating analyser method in the case when the
electric field is switched off (Fig. 7).

Figure 7 demonstrates the cell area with all three types of defect lines after switching off the voltage. The POM
photos were taken for the various 3 angles and it allows determining the azimuthal distribution of the director at
the top substrate with conical surface anchoring. As in the case of the defect loop, the pairs of extinction bands
near the under-twisted and over-twisted defect lines is observed. For the under-twisted defect line the pair of
extinction bands can be seen for negative values of 3 angles (Fig. 7b), whereas for the over-twisted defect line this
pair appears for positive § angles (Fig. 7e). The pair of extinction bands is symmetrically placed with respect to
each defect line. It means the identical azimuthal director orientation from the left and right of the defect line®.

A different pattern is observed for the third-type defect where only one extinction band is seen near the line
(Fig. 7). For negative (3 angles the extinction band is placed to the right of defect line (Fig. 7a—c), while for positive
[ angles the extinction band is located to the left of defect line (Fig. 7d-f). It means that the transformation of
over-twisted defect line under the action of electric field is accompanied by 180° azimuthal rotation of director
from one side of the defect line (in Fig. 7 the right side of the defect line). This azimuthal rotation of the director
can be explained by the change of a polar angle of the director at the substrate with conical anchoring near the
defect line. It leads to the appearance of the linear defect near the substrate with tangential anchoring (Figs. 7 and
8). In the experiment this defect is clearly seen both in the crossed polarisers and the single polariser geometry
for any orientation of the polariser relative to the rubbing direction (see Supplementary Fig. S4). On the contrary,
in the single polariser geometry the under-twisted and over-twisted defect lines are seen when the polariser is
oriented parallel to the rubbing direction R and are almost invisible when the polariser is orthogonal to R. In the
single polariser geometry, the change of the optical patterns of the defect lines under the action of the electric field
is also different. So, the under-twisted and over-twisted defect lines become sharper and they are seen even when
the polariser is oriented perpendicularly to the rubbing direction (see Supplementary Fig. S4). It is explained by
the increasing the refractive index gradient because the polar and azimuthal angle of director far from defect lines
change, but the director orientation at the defect lines remains unchanged. On the contrary, the third-type defect
line is almost invisible for any polariser orientation owing to the decreasing the gradient of refractive index (see
Supplementary Fig. S4). The scheme of director orientation near the third-type defect line based on the analysis
of optical patterns is shown in Fig. 7g,h.

The above-described azimuthal rotation of the director under the action of electric field is possible to the left
or to the right of defect line. In the experiment, both variants of the third-type defect can be realised even for the
same line. In this case, the reversing point is formed at the defect line (Fig. 8).

Conclusion

Influence of an electric field on the CLC structure and defects formed in the cholesteric layer with
tangential-conical boundary conditions has been considered. The samples with confinement ratio d/p = 0.57 and
two thicknesses (13 pm and 22 pm) of CLC layer have been investigated. The twisted structure with elongated
defect loops is formed in the thicker CLC layer. The equilibrium azimuthal twist angle of the director ¢, = 180° at
the top substrate with conical surface anchoring has been determined by the rotating analyser method. The defect
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Figure 8. POM photos of the third-type defect line with the reversing point. Angle 3is —10° (a), —40° (b),
—60° (c), 70° (d), 50° (e), 20° (f). The thickness of CLC layer is 13 y4m, the ratio d/p is 0.57. Scheme of the
director orientation near the third-type defect line with reversing point (orange circle) at the substrate with
conical anchoring (g).

loop has the under-twisted (¢, < 180°) and over-twisted (¢, > 180°) areas. At the defect loop the pair of point
peculiarities is observed where the 180° jump of azimuthal angle of the director occurs. Thus, the total change of
the azimuthal angle is equal to zero after moving along the whole loop. It allows matching a various azimuthal
orientation of the director near the defect loop at the substrate with the conical surface anchoring and homoge-
neous director orientation at the substrate with tangential boundary conditions. Under the action of electric field
the angle ¢, far from defect decreases and it leads to the instability of the over-twisted area. As a result, the loop
size decreases and the defect finally disappears. If the electric field is switched off before its disappearance, then
the actual loop size is memorised. So, the application of the electric field allows to eliminate all defects and obtain
a defect-free twisted structure which is stable for a long time.

The over-twisted and under-twisted defect lines are formed in the sample with thinner CLC layer. The applied
electric field causes two kinds of the defects changes: i) a decrease of the defect lines length; ii) a change of defect
line structure accompanied by the formation of the third-type defect. The length of the lines decreases up to the
total disappearance and defect-free structure is retained for a long time after switching off the electric field. The
third-type defect line formed under the action of the electric field is characterised by the preferably perpendicular
orientation of the director to the substrate at the defect line and 180° change of the azimuthal angle ¢, in the adja-
cent areas. After switching off the electric field, the inverse transformation of the over-twisted defect line occurs
for tens of seconds. The application of voltage before the end of the relaxation allows controlling the length ratio
between the over-twisted and third-type defect lines. The obtained results can be interesting for the development
of LC systems with controllable defects and the electrically-operated interface.

Methods
The experiment was carried out with sandwich-like cells consisting of two glass substrates with transparent ITO
electrodes coated with polymer films. The bottom substrate of cell was covered by the polyvinyl alcohol (PVA)
(Sigma Aldrich) and the top substrate was covered by the poly(isobutyl methacrylate) (PiBMA) (Sigma Aldrich)
(1). The polymer films were deposited on the substrates by spin coating. The PVA film was unidirectionally
rubbed while the PIBMA film was without additional treatment after the deposition process. The LC layer thick-
nessesd = 13 ymor d =22 pum assigned by the glass microspheres (Duke Scientific) were measured by means of
the interference method with spectrometer HR4000 (Ocean Optics) before the filling process. The nematic mix-
ture LN-396 (Belarusian State Technological University) doped with the left-handed chiral additive cholesteryl
acetate (Sigma Aldrich) was used as a cholesteric. The cells were filled by the CLC in the mesophase at room tem-
perature. After the filling process, the cells were kept for at least 24 h before measurements. In the CLC cells under
study the tangential-conical boundary conditions with the 6, tilt angle at the substrate with PibMA close to 50°
are formed**2. The cholesteryl acetate contents were chosen to obtain the confinement ratio d/p = 0.57 for both
thicknesses of LC layer. The samples were studied by means of the polarising optical microscope (POM) Axio
Imager.Alm (Carl Zeiss) using white light or quasi-monochromatic light with wavelength A\ = 546 nm produced
by the interference filter. An alternating voltage of 1 kHz frequency and variable amplitude was applied to the cells
using the signal generator AHP-3122 (Aktakom).

The director orientation in LC layer was calculated by means of the free energy minimisation*’. The Frank
elastic energy density F, was expressed as:

1 1 1
F, = Ekn(v -n) + Ekzz(n -V x n + 27/p) + Ek33(n x V x n), i

here n is the director, k,, ky, and k;; are the splay, twist and bend elasticity coeflicients, respectively. In simulation
the LC layer was divided into 32 homogeneous sublayers. The following elasticity coefficients were taken:
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ky, =11.1 pN, k,, = 7.6 pN and k;; = 17.1 pN33. The elastic energy of the layer was minimised in the gradient
direction. The pair of 0, ¢ angles was obtained by the five gradient components. Numerical convergence of this
function was controlled by artificial viscosity. The defects of the structures were analytically interpolated between
the neighbouring domain structures. The values of (x) were adjusted by g cosh '(4x/L), where L is a character-
istic defect thickness and ¢, were taken from experimental data for each defect. In Fig. 3a L =22 pum and in
Fig.3b L =17.6 pum.

The effective value of birefringence of LC taking into account the director tilt angle calculated as****:
Anyg = _a n
eff — e A
1 + wsin“6, )

wherey = ﬂ — Land g = (1/d) f 0(z)dz is tilt angle averaged over the thickness of the LC layer** equal

to 17. 2°. For j 22 pm the Mauguin number pAn.g/X = 10.6 (at A = 0.7 pm). For d = 13 pm the Mauguin
number is equal to 6.2 at A = 0.7 pm, at that for short-wave region the Mauguin condition is valid (pAn.g/ A
2~ 10.7 at A= 0.4 pm), i.e. the Mauguin condition is broken slightly.

The optical properties of LC structures were calculated by Finite-Difference Time-Domain (FDTD) method
implementation in commercial Lumerical package. The LN-396 uniaxial crystal was characterised by n = 1.741
and n; = 1.528. LC structure was illuminated from below by the plane wave with normal incidence along the
z-axis and linear polarisation perpendicular to the rubbing direction. Periodic boundary conditions were applied
at the lateral boundaries of the simulation box (along the x and y axes), while the perfectly matched layers (PML)
were used on the remaining top and bottom sides. POM images were obtained for the white light with a spectral
distribution similar to the spectrum of the light source.

Received: 21 January 2020; Accepted: 2 March 2020;
Published online: 17 March 2020

References
1. Gennes, P. G. D. & Prost, J. The physics of liquid crystals, 2. ed., reprint edn. (Clarendon Press, Oxford, 1998).
2. Blinov, L. M. Structure and properties of liquid crystals (Springer, Dordrecht [Netherlands] ; New York, 2010).
3. Dierking, I. Textures of liquid crystals (Wiley-VCH, Weinheim, 2003).
4. Popov, N. et al. Thermotropic liquid crystal-assisted chemical and biological sensors. Materials 11, 20, https://doi.org/10.3390/
mal1010020 (2018).
5. Kim, Y.-K., Noh, J., Nayani, K. & Abbott, N. L. Soft matter from liquid crystals. Soft Matter 15, 69136929, https://doi.org/10.1039/
C9SMO1424A (2019).
6. Stark, H. Physics of colloidal dispersions in nematic liquid crystals. Phys. Reports 351, 387-474, https://doi.org/10.1016/S0370-
1573(00)00144-7 (2001).
7. Tkalec, U., Ravnik, M., Copar, S., Zumer, S. & Musevic, I. Reconfigurable knots and links in chiral nematic colloids. Science 333,
62-65, https://doi.org/10.1126/science.1205705 (2011).
8. Lavrentovich, O. D. Transport of particles in liquid crystals. Soft Matter 10, 1264-1283, https://doi.org/10.1039/C3SM51628H
(2014).
9. Mertelj, A. & Lisjak, D. Ferromagnetic nematic liquid crystals. Lig. Cryst. Rev. 5, 1-33, https://doi.org/10.1080/21680396.2017.1304
835 (2017).
10. Medle Rupnik, P, Lisjak, D., Copi¢, M., Copar, S. & Mertelj, A. Field-controlled structures in ferromagnetic cholesteric liquid
crystals. Sci. Adv.3, https://doi.org/10.1126/sciadv.1701336 (2017).
11. Oswald, P. & Pieranski, P. Nematic and cholesteric liquid crystals: concepts and physical properties illustrated by experiments. The
liquid crystals book series (Taylor & Francis, Boca Raton, 2005).
12. Lin, C.-H,, Chiang, R.-H,, Liu, S.-H., Kuo, C.-T. & Huang, C.-Y. Rotatable diffractive gratings based on hybrid-aligned cholesteric
liquid crystals. Opt. Express 20, 26837, https://doi.org/10.1364/OE.20.026837 (2012).
13. Subacius, D., Bos, P. ]. & Lavrentovich, O. D. Switchable diffractive cholesteric gratings. Appl. Phys. Lett. 71, 1350-1352, https://doi.
org/10.1063/1.119890 (1997).
14. Subacius, D., Shiyanovskii, S. V., Bos, P. & Lavrentovich, O. D. Cholesteric gratings with field-controlled period. Appl. Phys. Lett. 71,
3323-3325, https://doi.org/10.1063/1.120325 (1997).
15. Ryabchun, A., Bobrovsky, A., Stumpe, J. & Shibaev, V. Rotatable diffraction gratings based on cholesteric liquid crystals with
phototunable helix pitch. Adv. Opt. Mater. 3, 1273-1279, https://doi.org/10.1002/adom.201500159 (2015).
16. Ryabchun, A. & Bobrovsky, A. Cholesteric liquid crystal materials for tunable diffractive optics. Adv. Opt. Mater. 6, 1800335, https://
doi.org/10.1002/adom.201800335 (2018).
17. Senyuk, B. I, Smalyukh, I. I. & Lavrentovich, O. D. Switchable two-dimensional gratings based on field-induced layer undulations
in cholesteric liquid crystals. Opt. Lett. 30, 349, https://doi.org/10.1364/0L.30.000349 (2005).
18. Ilchishin, I. P, Tikhonov, E. A, Tishchenko, V. G. & Shpak, M. T. Generation of tunable radiation by impurity cholesteric liquid
crystals. JETP Lett. 32,24-27 (1981).
19. Kopp, V.L, Fan, B,, Vithana, H. K. M. & Genack, A. Z. Low-threshold lasing at the edge of a photonic stop band in cholesteric liquid
crystals. Opt. Lett. 23, 1707-1709, https://doi.org/10.1364/0OL.23.001707 (1998).
20. Lee, H.-G., Munir, S. & Park, S.-Y. Cholesteric liquid crystal droplets for biosensors. ACS Appl. Mater. & Interfaces 8, 2640726417,
https://doi.org/10.1021/acsami.6b09624 (2016).
21. Tran, L. et al. Shaping nanoparticle fingerprints at the interface of cholesteric droplets. Sci. Adv. 4, https://doi.org/10.1126/sciadv.
aat8597 (2018).
22. Zheng, Z.-G. et al. Three-dimensional control of the helical axis of a chiral nematic liquid crystal by light. Nature 531, 352-356,
https://doi.org/10.1038/nature17141 (2016).
23. Belyaev, S. V., Rumyantsev, V. G. & Belyaev, V. V. Optical and electro-optical properties of confocal cholesteric textures. JETP 46,
337-340 (1977).
24. Andrienko, D. Introduction to liquid crystals. J. Mol. Lig. 267, 520-541, https://doi.org/10.1016/j.molliq.2018.01.175 (2018).
25. Hsiao, Y.-C., Tang, C.-Y. & Lee, W. Fast-switching bistable cholesteric intensity modulator. Opt. Express 19, 9744-9749, https://doi.
org/10.1364/OE.19.009744 (2011).
26. Cladis, P. E. & Kléman, M. The cholesteric domain texture. Mol. Cryst. Lig. Cryst. 16, 1-20, https://doi.
org/10.1080/15421407208083575 (1972).

SCIENTIFIC REPORTS |

(2020) 10:4907 | https://doi.org/10.1038/s41598-020-61713-9


https://doi.org/10.1038/s41598-020-61713-9
https://doi.org/10.3390/ma11010020
https://doi.org/10.3390/ma11010020
https://doi.org/10.1039/C9SM01424A
https://doi.org/10.1039/C9SM01424A
https://doi.org/10.1016/S0370-1573(00)00144-7
https://doi.org/10.1016/S0370-1573(00)00144-7
https://doi.org/10.1126/science.1205705
https://doi.org/10.1039/C3SM51628H
https://doi.org/10.1080/21680396.2017.1304835
https://doi.org/10.1080/21680396.2017.1304835
https://doi.org/10.1126/sciadv.1701336
https://doi.org/10.1364/OE.20.026837
https://doi.org/10.1063/1.119890
https://doi.org/10.1063/1.119890
https://doi.org/10.1063/1.120325
https://doi.org/10.1002/adom.201500159
https://doi.org/10.1002/adom.201800335
https://doi.org/10.1002/adom.201800335
https://doi.org/10.1364/OL.30.000349
https://doi.org/10.1364/OL.23.001707
https://doi.org/10.1021/acsami.6b09624
https://doi.org/10.1126/sciadv.aat8597
https://doi.org/10.1126/sciadv.aat8597
https://doi.org/10.1038/nature17141
https://doi.org/10.1016/j.molliq.2018.01.175
https://doi.org/10.1364/OE.19.009744
https://doi.org/10.1364/OE.19.009744
https://doi.org/10.1080/15421407208083575
https://doi.org/10.1080/15421407208083575

www.nature.com/scientificreports/

27. Oswald, P, Baudry, J. & Pirkl, S. Static and dynamic properties of cholesteric fingers in electric field. Phys. Reports 337, 67-96,
https://doi.org/10.1016/S0370-1573(00)00056-9 (2000).

28. Ackerman, P.J. & Smalyukh, I. I. Diversity of knot solitons in liquid crystals manifested by linking of preimages in torons and
hopfions. Phys. Rev. X 7, https://doi.org/10.1103/PhysRevX.7.011006 (2017).

29. Belyaev, S. V,, Barnik, M. L, Beresnev, G. A. & Malimonenko, N. V. Optical and electrooptical properties of homeoplanar layers of
cholesteric liquid crystals. Lig. Cryst. 3, 1279-1282, https://doi.org/10.1080/02678298808086585 (1988).

30. Dozov, I. & Pencheyv, I. Structure of a hybrid aligned cholesteric liquid crystal cell. J. de Physique 47, 373-377, https://doi.
org/10.1051/jphys:01986004703037300 (1986).

31. Baudry, J., Brazovskaia, M., Lejcek, L., Oswald, P. & Pirkl, S. Arch-texture in cholesteric liquid crystals. Lig. Cryst. 21, 893-901,
https://doi.org/10.1080/02678299608032907 (1996).

32. Sutormin, V. S., Timofeev, I. V,, Krakhalev, M. N., Prishchepa, O. O. & Zyryanov, V. Y. Orientational transition in the cholesteric layer
induced by electrically controlled ionic modification of the surface anchoring. Lig. Cryst. 44, 484-489, https://doi.org/10.1080/026
78292.2016.1218557 (2017).

33. Sutormin, V. S., Krakhalev, M. N., Prishchepa, O. O. & Zyryanov, V. Y. Electrically induced anchoring transition in cholesteric liquid
crystal cells with different confinement ratios. Lig. Cryst. 45, 1129-1136, https://doi.org/10.1080/02678292.2017.1416504 (2018).

34. Ma, L.-L. et al. Rationally designed dynamic superstructures enabled by photoaligning cholesteric liquid crystals. Adv. Opt. Mater.
3, 1691-1696, https://doi.org/10.1002/adom.201500403 (2015).

35. Nys, I, Chen, K., Beeckman, J. & Neyts, K. Periodic planar-homeotropic anchoring realized by photoalignment for stabilization of
chiral superstructures. Adv. Opt. Mater. 6, 1701163, https://doi.org/10.1002/adom.201701163 (2018).

36. Nys, I, Beeckman, J. & Neyts, K. Surface-mediated alignment of long pitch chiral nematic liquid crystal structures. Adv. Opt. Mater.
6, 1800070, https://doi.org/10.1002/adom.201800070 (2018).

37. Zola, R. S., Evangelista, L. R,, Yang, Y.-C. & Yang, D.-K. Surface induced phase separation and pattern formation at the isotropic
interface in chiral nematic liquid crystals. Phys. Rev. Lett. 110, 057801, https://doi.org/10.1103/PhysRevLett.110.057801 (2013).

38. Krakhalev, M. N., Bikbaev, R. G., Sutormin, V. S., Timofeev, I. V. & Zyryanov, V. Y. Nematic and cholesteric liquid crystal
structures in cells with tangential-conical boundary conditions. Crystals 9, https://doi.org/10.3390/cryst9050249 (2019).

39. Yeh, P. & Gu, C. Optics of liquid crystal displays. Wiley series in pure and applied optics (Wiley, New York, 1999).

40. Ong, H. L. Origin and characteristics of the optical properties of general twisted nematic liquid-crystal displays. J. Appl. Phys. 64,
614-628, https://doi.org/10.1063/1.341951 (1988).

41. Krakhalev, M. N., Prishchepa, O. O., Sutormin, V. S. & Zyryanov, V. Y. Director configurations in nematic droplets with tilted surface
anchoring. Lig. Cryst. 44, 355-363, https://doi.org/10.1080/02678292.2016.1205225 (2017).

42. Rudyak, V. Y. et al. Orientational structures in nematic droplets with conical boundary conditions. JETP Lett. 106, 384-389, https://
doi.org/10.1134/50021364017180102 (2017).

43. Timofeev, I. V. et al. Voltage-induced defect mode coupling in a one-dimensional photonic crystal with a twisted-nematic defect
layer. Phys. Rev. E 85, 011705, https://doi.org/10.1103/PhysRevE.85.011705 (2012).

44. Khoo, L.-C. Liquid crystals. Wiley series in pure and applied optics, 2nd ed edn. (Wiley-Interscience, Hoboken, N.J., 2007).

45. Lien, A. The general and simplified Jones matrix representations for the high pretilt twisted nematic cell. J. Appl. Phys. 67,
2853-2856, https://doi.org/10.1063/1.345455 (1990).

Acknowledgements
The authors are grateful for the financial support by the Russian Science Foundation (Grant No. 18-72-10036).

Author contributions

M.N.K. initiated this study; V.S.S. and M.N.K. performed the analyse the optical patterns, O.O.P. performed the
study with electric field, R.G.B. and I.V.T. performed a simulation of the orientation structures and optical texture,
M.N.K. and V.Y.Z. supervised the study. All authors wrote and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-61713-9.

Correspondence and requests for materials should be addressed to M.N.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:4907 | https://doi.org/10.1038/s41598-020-61713-9


https://doi.org/10.1038/s41598-020-61713-9
https://doi.org/10.1016/S0370-1573(00)00056-9
https://doi.org/10.1103/PhysRevX.7.011006
https://doi.org/10.1080/02678298808086585
https://doi.org/10.1051/jphys:01986004703037300
https://doi.org/10.1051/jphys:01986004703037300
https://doi.org/10.1080/02678299608032907
https://doi.org/10.1080/02678292.2016.1218557
https://doi.org/10.1080/02678292.2016.1218557
https://doi.org/10.1080/02678292.2017.1416504
https://doi.org/10.1002/adom.201500403
https://doi.org/10.1002/adom.201701163
https://doi.org/10.1002/adom.201800070
https://doi.org/10.1103/PhysRevLett.110.057801
https://doi.org/10.3390/cryst9050249
https://doi.org/10.1063/1.341951
https://doi.org/10.1080/02678292.2016.1205225
https://doi.org/10.1134/S0021364017180102
https://doi.org/10.1134/S0021364017180102
https://doi.org/10.1103/PhysRevE.85.011705
https://doi.org/10.1063/1.345455
https://doi.org/10.1038/s41598-020-61713-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Electrically induced transformations of defects in cholesteric layer with tangential-conical boundary conditions

	Results and Discussion

	Defect loop structure. 
	Defect transformation under electric field. 
	Change of defect size. 
	Change of defect type. 


	Conclusion

	Methods

	Acknowledgements

	Figure 1 Schemes of the experimental cell and the director orientation in it.
	Figure 2 POM photos of the defect loop taken for the angles β = 90° (a), 60° (b), 30° (c),  −60° (d),  −30° (e), 0° (f) between the rubbing direction R of bottom substrate and analyser A.
	Figure 3 Schemes of the director orientation (middle and bottom rows) and calculated dependences of the extinction bands position observed in polarised white light on the β angle (top row) for under-twisted (a) and over-twisted (b) areas of cholesteric ne
	Figure 4 The calculated dependences of ϕd azimuthal director angle at the substrate with conical anchoring (red line), the azimuth of polarisation ψcalc (blue line), and the ellipticity angle χcalc (dark green line) on the value of applied voltage U.
	Figure 5 POM photos of CLC layer with defect lines in the initial state (a), in 25 s (b), in 60 s (c) after application of voltage U = 5 V and after switching off the electric field (d).
	Figure 6 POM photos of CLC layer with defect lines in the initial state (a), under application of voltage U = 7.
	Figure 7 POM photos of CLC layer with three types of the defect lines taken after switching off the voltage U = 7.
	Figure 8 POM photos of the third-type defect line with the reversing point.




