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The deformation of director field in a nematic liquid crystalline droplet under an electric field was analyzed. In the
absence of the electric field, a Maltese cross pattern was observed at the center of the droplet. Applying the electric field
to the droplet, we observed that the cross pattern deformed owing to the dielectric anisotropy of the liquid crystal. In
addition, under a direct-current (DC) electric field, the cross pattern moved apart from the droplet center. Flow field
measurements revealed that the DC field generated a convective flow, which resulted in the movement of the pattern.
Based on these results, we designed a simplified model for the flow and director fields. Using this model, we analyzed
the mechanism of the director deformation based on Onsager’s variational principle. Consequently, it was verified that
the model, which assumes that the deformation is induced by the flow and the dielectric anisotropy, well describes the

experimental results.

1. Introduction

Electrical activity with the flow of charge carriers is
necessary for the maintenance of biological functions. For
instance, ion pumps or ion channels control ion concen-
tration in a cell;'™ rotations are driven by ion current for
the synthesis of ATP in ATP synthases, and for locomotion
in bacteria flagellar motors.5'? These biological systems
can be regarded as combined systems of soft matters. Thus,
the analyses for interactions between the electric field and
soft matters are significant for understanding the mechanism
of biological function. Focusing on the phenomena induced
in the liquid crystals (which is a typical example of the
soft matter) under the electric field, here we present the
following two examples: the director alignment due to the
dielectric anisotropy,'>'> and the electroconvection driven
by the anisotropic transportation of the charges.'>1%1 It
should be noted that both these phenomena can generate
material flow, which strongly interacts with the director
field.'>!¥ The existence of this interaction often results in
the generation of complex phenomena, such as backflow
effects,'”? dynamic pattern formations, or the appearance
of turbulence.!6-24-40)

Here we focus on the liquid crystalline (LC) droplets with
several tens of micrometers, comparable to the size of the
biological cells. The study of the phenomenon in the LC
droplets under the electric field might help understand the
mechanism of the electrical activity in the cells. In the
droplets, the director field shows various configurations
dependent on boundary conditions and the elastic properties
with anisotropy, even in the absence of external fields.*!'->%
Therefore, it is reasonably likely that in the presence of an
external electric field, these droplets may exhibit various
phenomena; indeed, various structural changes induced by
the director alignment due to the dielectric anisotropy have
been reported.*!#331:55-6D In contrast to these static structural
change, dynamic phenomena have also been reported: the
steady rotation of the director and the migration of the defects
have been observed under the direct/alternating-current (DC/
AC) electric fields.%>%> The mechanisms of these phenom-
ena would not be described only by the structural change due
to the dielectric anisotropy: in addition to this, the analysis of
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other effects, such as the transportation of charges or material
flows, would be necessary.

In this study, we analyzed the deformation of director field
in the nematic liquid crystalline (NLC) droplets under the DC
or AC electric field. In both cases, we observed that the
Maltese cross pattern in the droplet was deformed, which
indicated the deformation of the director field. However,
depending on whether the applied field was DC or AC, a
difference was observed in the deformation. The center of the
Maltese cross pattern moved apart from the droplet center
under the DC field, while stayed at the center under the AC
field with high frequency. In this paper, we show that the
mechanism of this phenomenon is not simply described by
the director alignment due to the dielectric anisotropy: in
addition to this, we need to consider the contribution from the
convective flow induced by the application of the electric
field.

When the deformation of the director field is induced
only by the dielectric anisotropy, its mechanism is described
by the competition among the conservative forces, such as
the electrostatic and elastic forces. In this case, the analysis
would be successfully performed by the principle of energy
minimization. In contrast, when the contribution from the
flow is not negligible, the principle is not applicable
because the viscous force generated by the flow is non-
conservative. To describe this type of phenomenon, a theory
called “Onsager’s variational principle” has been recently
proposed.®®®”) The theory enables us to describe the non-
equilibrium phenomena in soft matter systems with the
framework of the variational principle. Based on this theory,
we analyze the phenomenon of the structural deformation
in the NLC droplet under the electric field. Moreover, we
verify the validity of the analysis, via quantitative measure-
ments for the convective flow and the change in the director
field.

2. Experimental Set-up

2.1 Sample preparation

To create a system where NLC droplets are dispersed in an
isotropic liquid, we mixed 7CB (Merck) and the fluorinated
oligomer PF656 (OMNOVA Solution) at a weight ratio of
3 : 7. These molecules were partially mixed, and the droplets
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(Color online) POM images of NLC droplet under DC/AC electric field. P and A in (a) indicate polarizer and analyzer respectively, and white bar

50 um. The field is not applied in (a); DC and AC fields are applied in (b) and (c), respectively. The direction of applied DC field is shown by green arrows in
(b). As the AC field, the square wave with the frequency of 1 kHz is applied. The amplitude of the electric field is 44 V/mm in (b) and (c). (d)—(f) are the light
transmission intensity profiles obtained by Jones matrix calculation. As the director field, Eq. (3) is assumed in (d), Eq. (5) in (e) and Eq. (4) in (f). (g) is a
schematic representation of the director field in the droplet in the absence of the electric field, and herein the physical meaning of « in Eq. (3) is illustrated.

(h) is a schematic representation of a sample cell.

were formed by the cooling of the well-mixed isotropic liquid
from high temperature (for more detail, see Refs. 52 and 54).
This process was performed in the homemade sandwich cells
described later. Spherical, spherical-cap, and cylindrical
droplets were formed; however, we focused only on the
cylindrical ones in this study. Moreover, for the fluorescence
photo-bleaching method described in Sect. 3.2, the fluores-
cent dye C6-NBD ceramide (Cayman Chemical) was added
to the sample at a weight ratio of 0.05%.

2.2 Electric-field application and polarized optical
microscopy

To apply an electric field to the NLC droplets, we
fabricated sandwich cells using cover-glass substrates and
copper-foil spacers. The substrates were coated with the
polyimide JALS204 (Japan Synthetic Rubber) to induce a
homeotropic anchoring condition. The distance between the
two copper foils was ~0.5-1 mm, and their thickness was
20 um, which determined the height of the cylindrical droplet
h [h = 20 um, see also Fig. 1(g)]. The foils were connected to
a function generator and an amplifier, to apply the DC or AC
electric field to the NLC droplets.

After inserting the sample mixtures into the cells via
capillary suction, we observed them by polarized optical
microscopy (POM), which was performed by a commercial
upright microscope of ECLIPSE LV100POL (Nikon). The
observations were performed at room temperature.
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2.3 Fluorescence photo-bleaching method

We used the fluorescence photo-bleaching method to
measure the flow field.®®%” Accordingly, we used a
fluorescence microscope [ECLIPSE Ti-U (Nikon)] and an
INFINITY3S-1UR CCD camera (Lumenera). The light
source for the fluorescence observation and photo-bleach-
ing was a mercury lamp. The irradiation intensity of the
lamp was controlled by neutral density (ND) filters. We
bleached the sample with a line pattern using a homemade
slit with a width of ~200 um. Based on the time evolution
of the fluorescence images after photo-bleaching, the
distribution of the flow velocity was analyzed. The detailed
procedure of the bleaching method was described in
Refs. 68 and 69.

2.4 Calculations

Analytical calculations were performed with the com-
mercial software Mathematica (Wolfram Research), and
three-dimensional drawings of the director and flow fields
based on trial functions were created using the freely
available software POV-Ray. Optical simulation of the
POM images was performed by the Jones matrix
method.”” Based on the trial functions of the director,
we calculated two-dimensional profiles of light trans-
mission intensity under the crossed polarizer (for more
details, see Ref. 52).

©?2020 The Physical Society of Japan
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(b)

Fig. 2.

(Color online) Time evolution of POM image of NLC droplet under AC electric field with low frequency. P and A in (a) indicate polarizer and

analyzer respectively, and white bar 50 um. The square wave is applied, and its amplitude and frequency are 66 V/mm and 0.1 Hz, respectively. The time
interval of each image is 2.5s. The corresponding video is available in Supplementary Material 1.7V
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3. Experimental Results

3.1 Director deformation under an electric field

In the cylindrical NLC droplet, a Maltese-cross pattern was
observed, as shown in Fig. 1(a); similar pattern was reported
in Ref. 69. When a DC electric field was applied, the center
of the cross pattern moved from the droplet center to the
positive electrode side [Fig. 1(b)]. On the other hand, under
an AC field with relatively high frequency (210Hz), the
cross pattern stayed at the droplet center, while the texture
was deformed from that in the absence of the electric field
[Fig. 1(c)]. Although the four-hold rotational symmetry of
the pattern was broken, two-fold symmetry was preserved in
this deformation, different from the deformation under the
DC field. When the AC field with low frequency was applied
(S10Hz), the moving direction of the Maltese cross pattern
periodically changed depending on the direction of the
electric field, as shown in Fig. 2 or in Supplemental Material
1.7Y From these results, it is confirmed that the pattern tends
to move to the positive electrode side, while the motion of the
cross pattern cannot follow the change in the electric field
with high frequency.

Focusing on the deformation of the director field under the
DC electric field, we defined R, as the distance between the
center of the cross pattern and the droplet center (see the inset
of Fig. 3). Normalizing R, by the droplet radius R, we
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(Color online) Dependence of R./R with the electric field E and the droplet radius R. The inset shows the schematic image of the definition of R,.

measured the dependence of R./R on the amplitude of the
DC electric field E. As shown in Fig. 3, R./R increased
monotonically with £ in a nonlinear fashion. In addition,
R./R monotonically increased with R.

3.2 Flow-field induced by an electric field

We measured the flow field in the droplet under the DC
electric field, with using the fluorescence photo-bleaching
method.®®%” In the process of photo-bleaching, a straight-
line region of the sample was illuminated by a strong light;
however, the bleached pattern showed the bended shape as
shown in Figs. 4(a)—4(c). This indicates that the dyes flowed,
owing to the existence of the flow field. From the time
evolution of the fluorescence images, we obtained the flow
distribution shown by Figs. 4(d) and 4(e). Setting y axis to
be perpendicular to the direction of the electric field, we
found that dependence of the flow velocity on the coordinate
y was well fitted with a quadratic function of y [Fig. 4(e)].
These behaviors are quite similar with that observed in the
LC droplet under the temperature gradient in Refs. 69 and
72.

Defining v, as the flow velocity at the droplet center, we
measured the dependences of v, on the electric field £ and the
droplet radius R. Consequently, it was found that v, was
proportional to both £ and R as shown in Figs. 5(a) and 5(b).
This dependence is also similar with that in the droplets

©?2020 The Physical Society of Japan
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Fig. 4.
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(Color online) (a)—(c) Time evolution of fluorescence images of a NLC droplet after photo-bleaching. The images were normalized by the image

before photo-bleaching. The green arrow in (a) indicates the direction of the DC electric field and the time interval of each image is 2s. Applied electric field
was 22 V/mm. (a) is the bleached pattern just after the photo-bleaching. The pattern is bended although a straight-line region was illuminated in the process of
photo-bleaching. This is because the fluorescence dyes flow even in the bleaching process with several seconds. (d) Obtained flow velocity distribution together
with the fluorescence image. (¢) Dependence of the flow velocity on the coordinate y at x = 0. The fitting was performed with a quadratic function. Fitting
errors are indicated by the error bars, which do not include experimental errors generated in the process of the sample preparation and the measurements.
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(Color online) Dependence of the flow velocity on (a) applied electric field and (b) droplet radius. The flow velocity at the droplet center v. was

measured. In (a), measurement was performed in the droplet with the radius of 62 um, and in (b), the applied electric field was 22 V/mm. Fitting errors are
indicated by the error bars, which do not include experimental errors generated in the process of the sample preparation and the measurements.

under the temperature gradient: in that case, v, was reported
to be proportional to the gradient and the radius.®®7?

In this study, we assume that the movement of the center
of the Maltese cross pattern observed by POM [Fig. 1(b)] is
induced by the flow described above under the DC field. On
the other hand, in Sect. 3.1, we showed that the cross pattern
stayed at the droplet center under the AC field with high
frequency [Fig. 1(c)]. As the reason for this, the following
two possibilities would be given: (i) the formation of the flow
field cannot follow the high-speed change in the electric field,
and (ii) the director alignment due to the viscous force cannot
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follow the change in the induced flow. Whatever the case,
under the consideration that the structural deformation due to
the flow is not effectively induced, we assume that the flow
field is zero under the AC field with high frequency. Indeed,
the flow as shown in Fig. 4 was not observed by the photo-
bleaching method under the AC field.

Unfortunately, we could not identify the mechanism of the
generation of the flow under the DC field. As mentioned in
Sect. 1, it has often been reported that the electroconvection
is induced in LC systems, owing to the anisotropy of the
conductivity. In addition to this, in the present system, the

©2020 The Physical Society of Japan
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conductivity would not be homogeneous, since the system is
the droplet surrounded by a liquid solvent. The conductivity
at the interface between the droplet and the solvent (LC-
solvent interface) would differ from that in the droplet. This
inhomogeneity might be related to the generation of the flow.
Moreover, we consider that Marangoni effect would not be
negligible in the present system. Under the DC field, the
distribution of the ionic impurities in the LC-solvent interface
might become inhomogeneous, which would result in the
appearance of the gradient in the interface tension. Indeed, as
already described, it has been observed that the Marangoni
flow is induced in similar systems with the present one under
a temperature gradient.’*%*7? Therefore, since we can
consider various possibilities as the mechanism of the
generation of the flow, it is very difficult to identify it in
the present situation. We do not discuss the mechanism of the
flow generation under the DC field in this paper.

4. Theoretical Analysis

As described in Sect. 3, we considered that the director
deformation in the NLC droplet under the DC field would
be induced owing to the dielectric anisotropy and the flow.
We verify the validity of this idea by using Onsager’s
variational principle in this section. Based on the exper-
imental results, the trial functions of the flow and the
director fields are designed in Sects. 4.1 and 4.2, respec-
tively. Using these functions, we analyze the present
phenomenon on the basis of Onsager’s variational principle
in Sect. 4.3. In the end of this section, we verify whether the
analysis results describe the experimental results. Finally,
in Sect. 4.4, we discuss how the deformation ratio of the
director field in the present phenomenon is determined on
the basis of the analysis.

4.1 Simplification of flow field

As described in Sect. 3.2, since the measurement results
about the flow field in the droplet under the DC electric field
was similar to that under the temperature gradient in Refs. 69
and 72, we considered that the description of the flow field
for these situations could be performed in a similar way.
In Refs. 69 and 72, the flow field was simplified by a trial
function, and we also use it in this study. The trial function is

described as,
V r2
Uy = 7 (1 - R2) COS¢,

V 3r2\ . 1
v¢:7<—1+R—rz> sin ¢, M

vZ=O7

where a cylindrical coordinate (r, ¢,z) was used. The flow
field described by Eq. (1) is a convective flow as schemati-
cally illustrated in Fig. 6. The parameter V, indicates a
characteristic flow speed. In the droplet, the flow speed is
maximized at two points in the LC-solvent interface with a
velocity of —V,, and at the droplet center, the velocity v, is
V,/2. As described in Sect. 3.2, the measurement results of
the flow field showed that v, was proportional to E and R.
Thus, using a constant of {, we can describe V; as,

V, = CER. (2)
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Fig. 6. (Color online) (a) Schematic illustration of the deduced flow field
in the droplet under DC electric field. (b) Depiction of the flow velocity
distribution based on Eq. (1). The flow direction indicated by the conical
symbol in (b) is described at the right side of (b).

4.2 Simplification of director field

In the absence of the electric field, a Maltese cross pattern
with four-fold rotational symmetry was observed as describ-
ed in Sect. 3.1. The droplet with this pattern has already been
reported in a similar experimental situation in Ref. 69, and
the director field in the droplet was simplified by the
following trial function:

(nr, n(/), nz) = (Sin gna 05 Cos en)’

2 3)
o, =% (1-%).
R h?

where £ is the height of the droplet. The central axis of the
cylindrical droplet is along z axis, and the droplet center is set
to be the coordinate origin. In Eq. (3), strong homeotropic
anchoring condition is satisfied at the cell substrates
[(ny,ng,n;) =(0,0,1) at z = =+h/2]. 6, indicates the polar
angle of the director, and it is maximized at the LC-solvent
interface in the central plane of the droplet (r = R, z = 0).
The maximum value is characterized by the parameter « as
shown in Fig. 1(g). When a is not zero, Eq. (3) shows a
radial alignment of the director as shown in Figs. 7(a) and
7(b), and it has a circular symmetry. In this study, we assume
that the director field in the absence of the electric field is
described by Eq. (3). In fact, the POM image obtained by the
optical simulation based on Eq. (3) is well consistent with the
image observed by the experiment as shown in Figs. 1(a) and
1(d).

When the electric field is applied, the director should tend
to align along the field, owing to the positive dielectric
anisotropy of the NLC sample (7CB). Based on this, we
considered that the director could deform as shown in
Figs. 7(c) and 7(d). Such a deformation is described by the
following trial function:

(ny,ng,n;) = (sinb, cos ¢,,sin @, sin ¢,, cos 6,),

ar 472
9”=R<1_hZZ)’ “)

¢, = —fsin2¢.

Here, the deformation is characterized by the parameter f. In
Eq. (4), the azimuthal angle of the director field is modulated
from the field described by Eq. (3) with the value of ¢,. The
absolute value of ¢, is maximized at the locations of ¢ =
+7/4 and +37/4; the maximum value is set as the parameter
P, and when f is zero, Eq. (4) agree with Eq. (3). When f is
not zero, the circular symmetry of the director field is broken,
while the two-fold rotational symmetry is preserved. As

©2020 The Physical Society of Japan
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Fig. 7. (Color online) Schematic illustration of the deduced director field
in the droplet. (a) and (b) represent the field in the absence of the electric
field, (c) and (d) under the AC field with high frequency, and (e) and (f)
under the DC field. (a), (c), and (e) are depicted based on Egs. (3), (4), and
(5), respectively. Physical meanings of # and R, are schematically illustrated
in (d) and (f), respectively.

already mentioned in Sect. 3.1, this property was also
observed in the POM images under the AC electric field
with high frequency; moreover, the image was well
consistent with the result of the optical simulation based on
Eq. (4), as shown in Figs. 1(c) and 1(f). Therefore, it is
reasonable to consider that Eq. (4) well represent the director
deformation in the droplet under the AC field with high
frequency. Here, we can also consider that the polar angle
0, is also influenced by the electric field. However, if we
consider that a is also changed, the calculation of the
Rayleighian described later becomes more complex (see
Sect. 4.3). For simplicity, we assume that « is constant in this
study.

Under the DC field, the center of the Maltese cross pattern
moves apart from the droplet center; this indicates that the
center of the radial alignment in the director field is not
located at the droplet center. In addition, owing to the
existence of the positive dielectric anisotropy, the director
deformation described in the previous paragraph should be
induced simultaneously. Therefore, we considered that the
director field illustrated in Figs. 7(e) and 7(f) would be
realized under the DC field. Under the assumption that the
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center of the radial alignment moves along the x direction,
such a director field can be described by the following trial
function:

_ (rcos ¢n - Rc COS(¢ - ¢n))

r i 9}19
n Ar sin
. Rsi _
ny = (rsin ¢n + R Sll’l(¢ ¢n)) sin 6,
Ar
n, = cos 6,

5
Ar=\/r2+R§—2chcos¢, ®)

A 472
g, = Ar (|42
R h?

_ 2prsin (R, — rcos ¢)

¢n = i :

where Eq. (5) agree with Eq. (4) when R, is zero. The POM
image obtained by the optical simulation based on Eq. (5) is
well consistent with the image observed by the experiment as
shown in Figs. 1(b) and 1(e); thus, we considered that the
simplification of the director field under the DC field would
be successfully performed by Eq. (5).

4.3 Phenomenological analysis based on Onsager’s
variational principle
Using the trial functions of the flow and director fields
introduced in Sects. 4.1 and 4.2 respectively, in this section,
we analyze the present phenomenon based on Onsager’s
variational principle.®*®” According to this theory, the
state variation is determined by the minimization of the
Rayleighian R, defined as

1 .
R= W+F, (6)

where W is the dissipative function and F is the time
derivative of the free energy F given by the total differential
(F = dF/dt). In NLC, the dissipation function per unit
volume is described as,

w = Bi(egnin))* + Paej; + Pa(eyn)’ + yiN; + 2paNiegn;,

(N
JL(u 0w du L ow ou)
e”_2(arj+6ri)’ Nl_ dt 2(0}’]' ()r,’)n']’ (8)
where i and j denote the coordinates of r, ¢, and z, and each
component of the positional vector is denoted as r; (or 7).
P, P2, B3, 71, and y, are the viscosity coefficients,®%” and v;
and n; are the flow and the director fields, respectively.
Equation (7) indicates that the viscous dissipation is
generated not only by the flow gradient, but also by the
coupling between the flow and the director fields. Owing to
the latter, the viscous force to rotate the director is induced.
The effect of the director alignment induced by the flow is
mainly calculated here.

We assume that the free energy is described by the
summation of the elastic and the electrostatic energies:

F= /(fd +/f)dV, ©)

where f; and f, are the elastic and the electrostatic free energy
densities, respectively. These are described as,'>!¥
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1 1 !
Ja= EKl(divn)2 +5 K- rotn)” + §K3|n x rotn|?

1
~5 (K> + Ky4) div(n(divn) + n X rotn), (10)

(11

where K, K, K3, and K»4 are the elastic constants for splay,
twist, bend, and saddle-splay deformations respectively,
go the dielectric constant in vacuum, Ae the dielectric
anisotropy, and E the electric field. We assume that the field
is uniform along the x axis:

(Er,E4,E;) = (—Ecos¢,Esing,0).

1
fo=—7eohem: E)%,

(12)

Using Egs. (1) and (5)-(12), we calculated the Rayleighian.
Under the assumption of K3 > egAeE*h?/10, it is approx-
imately calculated as,

80K; .

mha? p .
R~ 15 [_4(71 - 72)(1 + 2) vsRc + hTRcRC

— (e0AeER* 4+ 2(3y1 — 12)VsR)B + 16K

+an(1+ PR+ nRp + 4y1RCRcﬂ'] + Ro(Re, B),

(13)
where we only showed the terms including /3 or R., which is
the time derivative of f or R., respectively. By minimizing
Eq. (13) with respect to 4 and R., we obtain,

—(e0AeE*R? + 2371 — 12)V,R.) + 16K,
+271(R*f + 2R.R,) = 0,
Vi 20K;
- - 72)(1 + 5 Vi + TRC
+ 71201 4+ PR+ R.p) =0,

where we neglected the terms higher than the first order of j
or R.. The time-independent (steady) solutions of Eq. (14) is
calculated using =0 and R. = 0. Under the assumption
of VY2 > 320K,K3/(h*(y1 — y2)(3y1 — 72)), the solutions are
described as,

(14)

1
P = Tox; [E0AeE™R + 2071 = 1)ViRo), (15)
R,  (y1—r)Vih? eoAeE?R? s
" =AE + BE’, (16
R 20K3R 32K, + (16)
4= n =)
20K;
> (17)
p= N )Eh EAe by
640K, K :

where Eq. (2) was used. It is also possible to obtain an
approximate time-dependent solution for Eq. (14) as shown
in Supplementary Material 2.”® The solution shows a
relaxation type, and it is consistent with Eqs. (15) and (16)
when time ¢ goes to infinity. As described in Eq. (16), R./R
consists of the terms proportional to E and the cube of E.
Defining the coefficients of these terms as A and B
respectively, we can find that A is independent of R, while
B is proportional to the square of R.

As shown in Fig. 3, the measurement results of the E
dependence of R./R are well fit with Eq. (16) when the
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Fig. 8. (Color online) Dependence of the coefficients A and B on droplet
radius R. A and B were obtained by the fitting of the measurement results
using Eq. (16) (see, Fig. 3). Fitting errors are indicated by the error bars,
which do not include experimental errors generated in the process of the
sample preparation and the measurements. The data are shown by a double
logarithmic plot, and A and B are well fitted by the lines with the slopes of
0 and 2, respectively. These are well consistent with A ~ R and B ~ R?
predicted by Eq. (17).

deformation is relatively small (R./R < 0.4). On the other
hand, when the deformation is large (R./R 2 0.4), the results
are deviated from Eq. (16). This would be because the terms
higher than the first order of f or R. were neglected in the
calculation process. To describe the behavior for the large
deformation, more complex calculations including these
higher terms would be necessary. However, in other words,
as long as we focus on the small deformation with
R./R 50.4, the E dependence of R./R is well described
by Eq. (16) with a relatively simple form.

We obtained the R dependencies of the coefficients A and
B in Eq. (16) from the fitting of the E dependence of R./R
for small deformation. As shown in Fig. 8, in the double
logarithm plots, A and B were well fitted by the lines with
the slopes of 0 and 2 respectively, which were consistent
with A ~ R and B ~ R? predicted by Eq. (17). This result
suggests the validity of our model, where the deformation of
the director field under the DC electric field is assumed to be
induced by the flow and the dielectric anisotropy.

In this section, we neglected the change of ,,, which is the
polar angle of the director (see Sect. 4.2). In our model, we
can discuss the change by assuming that « is time-dependent
in the calculation process of the Rayleighian. In this case, we
need to solve the equation for 0R /da = 0 in addition to
Eq. (14). This made the problem very complex. Fortunately,
the experimental results were well described by the analysis
with the assumption that o is constant, we adopted the
assumption in this study.

4.4 Discussion

As described by Eq. (16), since R, is proportional to Vi,
our model indicates that the transportation of the Maltese
cross pattern is induced by the convective flow. A similar
phenomenon under convection has already been reported in
Ref. 69, where the mechanism of transportation has been
described by the advection of director and director rotation
induced by shear flows. In the present phenomenon, our

©2020 The Physical Society of Japan
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model suggests that the transportation of the Maltese cross
pattern is driven by the same mechanism with Ref. 69.

However, Eq. (16) also includes the effect of the director
deformation due to the dielectric anisotropy. In the absence
of this effect, R./R is simply proportional to E, as long as V;
is proportional to E. In contrast, the existence of the dielectric
anisotropy makes the E dependence of R./R nonlinear, as
indicated by the second term in Eq. (16). As the structural
change induced by the anisotropy increases, the optimum
value of R./R for minimizing the Rayleighian increases if we
assume that V; is constant. Therefore, as E increases, the
increase of R./R is promoted by the deformation due to the
dielectric anisotropy in addition to the increase of V.
Consequently, R./R drastically increases with the increase of
E with the nonlinear behavior.

The increase of R./R is also induced by the increase of R
in addition to E, and this tendency is also observed in the
parameter f as shown in Eq. (15). This is because the director
deformation due to the dielectric anisotropy monotonically
increases with the electric field or the droplet size. The
deformation is controlled by the competition between the
electrostatic and elastic free energies, where the former
promotes the deformation while the latter inhibits. The
electrostatic free energy F, is proportional to the square of E
and the volume of the droplet V, which is proportional to the
square of the droplet radius R and the height i (F, ~
E?V ~ E?R?h). On the other hand, the elastic free energy F,
is proportional to the volume and the square of the gradient of
the director field as described by Eq. (10). Here, since the
gradient is estimated to be proportional to the inverse of R,
the total elastic free energy becomes independent of R (Fy ~
VR™% ~ h). Therefore, as the electric field or the droplet
radius increases, the contribution from the electrostatic
energy relatively increases compared with that from the
elastic energy. Consequently, the characteristic parameter of
p or R./R, indicating the deformation ratio of the director
field, increases with the increase of E or R.

5. Conclusion

In this study, we observed the deformation of the director
field in the cylindrical NLC droplets under the DC and AC
electric field. In the absence of the electric field, a Maltese
cross pattern was observed at the center of the droplet. When
the AC field was applied with high frequency, the texture
deformation was observed; however, the cross pattern stayed
at the droplet center. This deformation is attributed to the
director alignment due to the dielectric anisotropy of NLC.
On the other hand, when the DC field was applied, the pattern
moved to the positive electrode side, together with the texture
deformation. Moreover, the flow field measurement revealed
that the convective flow was induced in the droplet under
the DC field. From these results, we considered that the
transportation of the cross pattern was driven by the flow
induced by the DC field.

In the present phenomenon, the application of the DC
field gives two effects—the director alignment due to the
dielectric anisotropy, and the generation of the convective
flow. As described above, the transportation of the Maltese
cross pattern is driven by the latter; however, this pattern
transportation is also affected by the structural deformation
owing to the former effect. Consequently, the dependence of
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the parameter characterizing the deformation (R./R) on the
electric field £ shows a complex nonlinear behavior, as
shown in Fig. 3.

To describe the above nonlinear behavior, we designed a
simplified model about the flow and the director fields as
described by Egs. (1) and (5). Assuming that the deformation
is induced owing to the flow and the dielectric anisotropy,
we applied Onsager’s variational principle to this model.
Consequently, we obtained the E dependence of R./R, as
shown in Eq. (16), which well described the experimental
results when the deformation ratio is relatively small.

We showed that the structural deformation in the NLC
droplets under the DC electric field was not only described by
the competition between the conservative forces, that is, the
elastic and electrostatic forces: in addition to them, we also
need to consider the contribution from the non-conservative
force with viscous dissipation. Onsager’s variational princi-
ple might effectively describe this type of non-equilibrium
phenomenon. In this study, the phenomenon was well
described by the principle, which suggests its effectiveness
in the description of the non-equilibrium phenomenon in
liquid crystalline systems.
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