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Microfluidics of liquid crystals induced by laser radiation
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Several scenarios for the formation of hydrodynamic flows in microsized hybrid aligned nematic (HAN)
channels, based on the appropriate nonlinear extension of the classical Ericksen-Leslie theory, supplemented by
thermomechanical correction of the shear stress and Rayleigh dissipation function, as well as taking into account
the entropy balance equation, are analyzed. Detailed numerical simulations were performed to elucidate the role
of the heat flux q caused by laser radiation focused on the lower boundary of the equally warmed up the HAN
channel containing a monolayer of azobenzene with the possibility of a trans-cis and cis-trans conformational
changes in formation of the vortex flow v. It is shown that a thermally excited vortex flow is maintained with
motion in a positive sense (clockwise) in the vicinity of the orientation defect at the lower boundary of the HAN
channel caused by the trans-cis and cis-trans conformational changes. In the case of the same HAN channel, but
without the azobenzene monolayer at the lower boundary, the heat flux q can also produce the vortical flow in
the vicinity of the laser spot at the lower boundary, directed in a negative sense (counterclockwise). At that, the

second vortex is characterized by a much slower speed than the vortical flow in the first case.
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I. INTRODUCTION

The manipulation of molecular liquids or liquid crystals
(LCs) in channels ranging in size from tens to hundreds of
micrometers has emerged as a separate field called microflu-
idics [1]. Microfluidics has become a paradigm in various
fields from chemical synthesis and biological analysis to op-
tics and information technology and manipulates small (from
1072 to 10~"8 litres) volumes of fluids. Microfluidics often
uses microsized liquid crystal droplets to control the concen-
tration of molecules in biomedical applications [2,3]. Central
to the success of microfluidic liquid crystal systems is the
development of innovative methods for manipulating liquid
crystal systems in microchannels. Pressure gradients [4] and
an external electric field [5] for controlling fluid motion are
traditionally generated by mechanical, thermomechanical, or
electrical drives [6]. On the other hand, the liquid crystals
are extremely sensitive to external stimuli and therefore can
be used for the construction of stimuli-responsive devices,
such as sensors or actuators [6]. They have various advan-
tages in comparison with other types of microsensors and
microactuators; simple structure, high shape adaptability, easy
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downsizing, and low driving voltages. Nematic droplets of
the appropriate size, confined in a cylindrical capillary or
channel, are microdevices, the orientation of the molecules
of which can be manipulated not only by the electric field
or pressure, but also by the temperature gradient VT . This
gradient can be generated, for instance, by a laser beam fo-
cused both in the microfluidic volume and at the boundary
of the LC channel. One of the principles of liquid crystal
pumping is based on the coupling, on the one hand, between
the gradient of director field Vi and the temperature gradient
VT, excited, for instance, by a laser beam, focused both at
the boundary of the LC channel and inside the LC microvol-
ume, and, on the other hand, between Vi and the velocity
field v, excited in the microfluidic channel by the laser irra-
diation [7]. In the nematic microfluidic channel, where the
director anchoring on the bounding surfaces is the same, i.e.,
both homogeneously and homeotropically, and when the gra-
dient of the director field Vi does not exist, the temperature
gradient VT generated by the laser beam is not able to excite
the hydrodynamic flow v, because the driving force is weak
enough to set up motion via the Rayleigh-Benard mechanism
[7]. The control parameter responsible for the occurrence of
motion by the Rayleigh-Benard mechanism is the Rayleigh
number R = agd> AT /(as/2p)k 1, and the motion occurs at
the value R = R, ~ 1708, independent of the fluid under
consideration [8]. Here g is the gravitational acceleration, «
is the isobaric thermal expansion coefficient, a4 /2p corre-
sponds to the kinematic viscosity, and « is the perpendicular
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thermal diffusivity. Whereas the size of the nematic channel
isd ~ 5-10 pm, in this case R < R,, and the driving force is
weak enough to excite the motion of the LC material via the
Rayleigh-Benard mechanism.

Thus, a necessary and sufficient condition for the formation
of the hydrodynamic flow v of LC material in the micro-
sized nematic channel is the presence of temperature VT
and the director field Vi gradients, the interaction of which
is responsible for the excitation of the flow. The gradient of
the director field Vi can be set using different anchoring
conditions at both boundaries of the LC channel, for instance,
homogeneously at one boundary and homeotropically at the
opposite boundary, respectively.

We would like to draw attention to another mechanism that
allows us to simultaneously form both gradients, the gradient
of the director Vii and the temperature VT fields. This is
the photoalignment technique that uses light-induced trans-
cis and cis-trans conformational changes on the surface of
azobenzene layers deposited at the boundaries of the micro-
sized LC channel [9,10]. It is shown that the charge separation
during the conformational changing caused by UV or laser
irradiation may lead to the changing of the surface align-
ment of LC molecules [9], for instance, from homeotropic
to planner and vice versa. For example, in the case of an
initially homeotropic alignment of the director along the lower
boundary of the HAN channel corresponding to the trans-
conformational state, after laser radiation focused on the lower
boundary, a small domain with a planar alignment of the
director corresponding to the cis-conformational state should
appear in the frame of the laser spot. In this case, we are
dealing with a sharper reorientation of the director field along
the lower boundary of the LC channel, especially near the
boundaries of the laser spot, than across the LC channel. At
the same time, a local temperature gradient VT is formed
around the laser spot. Thus, in our case, Vi consists of
two contributions, the first, weak, due to the reorientation of
the director field fi across the LC channel, and the second,
stronger, due to the sharp reorientation of fi in the vicinity of
the orientational defect caused by the frans-cis conformational
transition. Taking into account the fact that the interaction of
Viiand VT leads to the formation of a hydrodynamic flow v,
the value of which is proportional to the thermomechanical
contribution ¢/ to the tangential component of the stress
tensor 0;; (i, j = x, z) [7,11], itis possible to shed light on the
role of the orientational defect caused by the conformational
transition and the heat flux q, on the formation of v in the
microsized nematic channel.

The problem of motion of an ultra-small (a few microliters)
isotropic and LC drops, under the influence of the temperature
gradient, caused by a laser beam, has drawn considerable
attention [12—-19]. The possibility of using a nearly infrared
laser as a microfluidic heat source has been addressed by
several groups [13,16]. Laser has the advantages of being fast
and easily controlled [20]. Understanding of how the liquid
crystal material can be manipulated under the influence of
the temperature gradient is also a matter of great fundamental
interest, as well as an essential part of knowledge in the field
of soft materials science.

We understand that only detailed numerical simula-
tions performed within the framework of the extended

x=-D, z=d T=T, x=D, z=d
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FIG. 1. The coordinate system used for theoretical analysis. The
x-axis is taken as being parallel to the director directions on the upper
surface, and 6 (x, z, t) is the angle between the director h and the unit
vector Kk, respectively. Both the heat flux q = qzﬁ and the unit vector
k are directed normal to the horizontal boundaries of the LC channel.
2L is the size of the laser spot.

Ericksen-Leslie theory [21,22], supplemented by thermome-
chanical correction of the shear stress tensor and Rayleigh
dissipation function, as well as taking into account the entropy
balance equation [23], allowed us to recreate the complete
picture of the formation of flows in nematic microchannels
and capillaries under the effect of the temperature gradient.

The outline of this paper is as follow: the system of hydro-
dynamic equations describing both the director motion and
the fluid flow in the microfluidic HAN channel containing
the temperature gradient is given in Sec. II. Numerical results
for the number of hydrodynamics regimes, during trans-cis
and cis-trans conformational changes on the bounding surface
of the microsized nematic channel and the heat flux across
the bounding surfaces of the channel, describing orientational
relaxation of the director, velocity, and temperature are given
in Sec. III. Conclusions are summarized in Sec. IV.

II. FORMULATION OF THE BALANCE EQUATIONS

To elucidate the role of the heat flux q = ¢.k caused by
laser radiation focused on the lower boundary of a uniformly
heated microsized nematic channel containing a monolayer of
azobenzene with the possibility of trans-cis and cis-trans con-
formational changes in exciting of the hydrodynamic flow v =
ul + wk, it is necessary to investigate the growth of the direc-
tor fi and the temperature 7 gradients in the vicinity of the
laser spot. With this in mind, we consider a two-dimensional
nematic channel consisting of asymmetric polar molecules,
such as cyanobiphenyls, with a density of p and bounded by
two horizontal and two lateral surfaces at mutual distances
of 2d and 2D (D > d), respectively, on a scale of the order
of micrometers. The coordinate system defined by our task
assumes that the director fi = (n,, 0, n;) = sin 61 + cos 0Kk is
in the X Z plane (see Fig. 1), where i is the unit vector directed
parallel to the horizontal restricted surfaces, which coincides
with the planar director orientation on the upper boundary
@ || fi,—y), whereas the unit vector Kk is directed parallel to the
lateral restricted surfaces, which coincides with the planar di-
rector orientation on these surfaces (K || fiy—4q), 0 = 0(x, 2, 1)
denotes the polar angle, i.e., the angle between the direc-
tion of the director fi and the unit vector k, and j = k x 1.
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Moreover, we will work with the dimensionless space vari-
ables X = 3 and Z = 7, and in the following equations the
overbars will be eliminated, and the ratio of the channel length
to its width D/d will be chosen being equal to 10.

In our 2D hybrid aligned nematic (HAN) channel with
the planar orientation on the upper and lateral surfaces
and the homeotropic orientation on the lower boundary
containing the monolayer of azobenzene in the trans confor-
mational state before it is exposed to focused laser radiation,
the boundary conditions for the director field fi can be written
in the form

(nx)—10<x<10,z=1 = 1,

(nx)710<x<10,z:71 =0. (1)

(M )x=+10,—1<z<1 = 0,

In order to clarify the role of trans-cis conformational
transition in formation of the hydrodynamic flow in the micro-
sized HAN channel, we consider the orientational defect on
the lower boundary containing the monolayer of azobenzene.
In this case, the lower boundary is heated by the laser beam

focused on the lowef surface at the point z = —1, x = xp, and
the heat flux q = ¢.k to the HAN channel can be written as
2(x — x0)?
q; = Qz €xXp <_TO H[tin - t]y (2)

where Q, is the dimensionless heat flux coefficient, H[t;, — 7]
is the Heaviside step function, #, is the duration of the energy
injection into the LC sample, and A = 2L is the Gaussian
spot size (see Fig. 1), respectively. The azobenzene mono-
layer deposited on the nematic boundary, which in the initial
state exhibits the trans conformation, with the transmittance
of a He-Ne laser beam, undergoes the trans-cis isomeriza-
tion [9]. By putting, for instance, the 6Az10PVA monolayer
in contact with the polar LC phase, such as 4-n-pentyl-4’-
cyanobiphenyl (5CB), one can expect the change, during the
laser beam transmittance, of the surface alignment of the SCB
molecules from homeotropic to planar. Such an orientational
transition, in turn, can be induced by changing of the surface
charge density caused by the charge separation, taking place
during the conformational change on the surface azobenzene
monolayer. With this in mind, we consider the orientational
defect on the lower bounding surface, which is characterized
by continuous change of the director’s orientation along the
length of the lower boundary, from homeotropic to planar,
and again to homeotropic orientation. So the microsized HAN
channel contains an additional gradient of Vi on the lower
boundary:

(M )x=+10,—1<z<1 = 0, (Mx)—10<x<10,=1 = 1,
(nx)—10<x<—l,z:—l = (nx)l<x<10,z=—1 = 07 (3)

(nx)—l<x<l,z:—l = sin -A7

where A = t21n‘1(124;5f2 ), [ = L% is the dimensionless size of
the laser spot, and 2L is the length of the orientational de-
fect on the lower boundary with the director’s orientation
changing continuously from the homeotropic to planar, and
again to homeotropic orientation, whereas on the rest length
of that surface there is the homeotropic director’s orientation
(k| n,__). It should be noticed that the length 2L of the

orientational defect is equal to the Gaussian spot size A.

In order to be able to observe the formation of the hydrody-
namic flow v in the HAN channel under the effect of the heat
flux @ when heating occurs for some time #,, let us consider a
set of the balance equations: first, the torque balance equation
[7,15,18]

W SRV SR™
L+ — — | xA=0, )
Sh on on
second, the linear momentum balance equation [15,18]
dv v 5)
— =V.o,
P dt

and, third, the entropy balance equation [15,18]

C T _ v (6)

PmCp dt - q,
respectively. Here Wy = %[Kl(V 1) 4+ K3 x V x 0)?]is
the elastic energy density, K; and K3 are the splay and
bend elastic constants of the nematic phase, ¢ = o¢ 4 0¥ +

o™ — PT is the full stress tensor (ST), and ¢¢ = —g?}f; .
aNT vis __ 8RS tm __ SR™
(Vi)', o™ = 55y, and 0™ = S5y are the ST components

corresponding to the elastic, viscous, and thermomechanical
forces, respectively, whereas P is the dimensional hydrostatic
pressure in the HAN system and Z is the unit tensor. In turn,
q= —T% is the heat flux in the nematic phase, Cp is the
heat capacity of the LC system, and p,, is the mass density of
the nematic system.

In this case the dimensionless analog of the torque balance

equation can be written in the form [7,15,18]

Ny e — Nl o = n Ao x — neAo + K(ngh ; + nch )
- %Aw + 2y hxn;
+y W — ¥ (n; — n2)

7
Z

+ w,z-/\/;c + 1,//,x-/\/z + 8 (X,xﬁx + X,Z‘CZ)9
)

where © = (K, /y1d*)t is the dimensionless time, K =
K3/Ki, y = y»/v1, y1 and y, are the rotational viscosity
coefficients, Ag = n, ; + n;;, 7 = 5 is the dimensionless dis-
tance away from the center of the HAN channel, X = %
is the dimensionless space variable corresponding to the

x-axis, ¥ = VK‘—?w is the scaled analog of the stream func-
tion i for the velocity field v = ul + wk = —V x jy (see
Ref. [15]), Ny = %’ -/\[x = NxNgz x — Nl x, -/\/’z = Nnzhy ; —
Ny gy Ly = Nyhy — %nznm + %nxnx,z, and £, = —n;n, ; +
%nxnu + %nznz,x. Here §; = TKiI’S is the parameter of the ne-
matic system, and £ = 107!2 J/mK is the thermomechanical
constant [7,11].

The dimensionless linear balance equation for the velocity
field v = ul + wk = —V x jy takes the form [15,18]

oY xzr = A1V oz + WV sy + A3V iz
+ ag w,xxxz + as I/f,xxxx + ae 1/f,zzz

+ a7w,xzz + asg 1//,xxz + aog w,xxx + QIOW,ZZ
+any. +anyu+F, (3
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whereas the dimensionless entropy balance can be written as
[15,18]

83xc = [a(Anl +12) + G = Daney ] |
+ [z (A2 +12) + O = Dnenex]
- 83(1//,1)(,)( - w,xx,z) (9)

Here A = A/, is the dimensionless parameter, and A and
A are the heat conductivity coefficients perpendicular and
parallel to the director, respectively. It should be noted that the
function F = (o¢ + ol — ojz’ o) . + (o;x’ +ol") . —
(o + a””)xx, the coefficients a (i=1,...,12), and the
functions cr " (i, j=x,z) and a I, j=x, z) are given in
Ref. [18], Whereas ojj = ael + a‘“s + a’m Poij (G, j=x,2)

is the stress tensor (ST) of the nematic system, P = %P is
the dimensionless hydrostatic pressure in the HAN channel,
and o/ T ai;is, and o/" are the dimensionless ST components
corresponding to the elastic, viscous, and thermomechanical
forces, respectively. The set of the rest parameters of the
nematic system, corresponding to the case of 4-cyano-4’-
pentylbiphenyl (5CB), are §, = pK‘ and 83 = 2 ;/CIIAIT

The dimensionless balance Egs. (7)-(9) can be
derived from the dimensionless

balance of elastic
VIS A
T, = SZIVIF x 1, viscous Ty = % x N, and thermome-
SR™

chanical T, = S5~ x fi torques [7,15,24], where Wr = %

[(V-1)? + K@ x V x 1)?] is the dimensionless elastic
energy density and fi; = % is the material derivative
of f, whereas 2y;RY = a;(f - B - n)>+y;(h,—B,-n)>+
ZVZ(ﬁ,r_Ba'ﬁ)‘[Bs'ﬁ_(ﬁ -Bg - A] + B 1 Bg + (5 + o)
(- B - B, -0)? is the viscous, and 8§ R™ = (h- Vy)B, :
A+ Vy -Bg-A-a+ (- Vy), — B, -t — 3B, -1 +
3(f-By-)A]-A-A+A(VY) A Vx+ 1h-By-A)Vy -
Af+h, A Vyx+ JAVy -Vv-h+ (- Vy)A(h-
B, - i) + %Aoﬁ,t -V x is the thermomechanical contribution
to the full dimensionless Rayleigh dissipation function
[7,15,18]. Here By = 3[Vv+ (VV)"] and B, =1[Vv—
(Vv)T] are the symmetric and asymmetric contributions,
respectively, to the rate of strain tensor, A = %[Vﬁ +(viy'],
Ao = V -1 is the scalar invariant of the tensor A, (Vi)7 is
the transposition of VA, x = x(x,z,t) =T (x,z,t)/Tys 1S
the dimensionless temperature, Ty, is the nematic-isotropic
transition temperature, and o; (i = 1-6) are the Leslie
viscosity coefficients. We use here the invariant, multiple
dot convention: ab =a;b;, a-b=ab;, A-B=AyBy;,
and A : B = A;By;, where repeated Cartesian indices are
summed.

We consider the HAN channel with the heat flux q = ¢.k
across the lower boundary caused by the laser beam. In di-
mensionless form, it is written as

[X,z(xa Z, T)]—l<x<1,z:—1 = Qza (10)

whereas on the rest boundaries the temperature is kept con-
stant:

X—10<x<—l,z=—1 = Xi<x<10,z=—1 = Xx==%10,—1<z<I

= X—10<x<10,2=1 = X0- (11)

Here x , = g—g (0 = x, 2), and x9 = Ty/Ty; is the dimension-
less temperature outside the laser spot. Physically, this means
that in the HAN channel the temperature gradient V x may be
built up by the laser radiation focused on the lower boundary.

Taking into account that the width of the nematic channel
d ~ 1-5 pm, one can assume that the mass density p,, =
const across the HAN channel, and one deals with an in-
compressible fluid. In turn, the incompressibility condition
V - v = (0 assumes that

uy+w,=0, (12)
where u = vi(x,z,7) =¥ and w = v:(x, 3, T) = —Y are
the components of the vector v = ui + wk, and u, = 3;

(¢ = x, 2).

Now the evolution of the director in the HAN channel con-
fined between two horizontal and two vertical solid surfaces,
under the influence of viscous, elastic, and thermomechani-
cal forces and taking into account the flow, can be obtained
by solving the system of the nonlinear partial differential
Egs. (7), (8), and (10) with the appropriate dimensionless
boundary conditions for the director fi or the polar angle 6 [see
Egs. (1) and (3)], velocity field v = ui+ wk = -V x jw:

= (V) -10<x<10,z=—1 = Ux=—10,~1<z<1
= (¥ )r=—10,—1<z<1 = 0,

= (V¥ .2)-10<x<10.2=1 = U—10<x<10.2=

= (¥2)-10<x<10,2=1 = 0,

= (Y x)=10<x<102=—1 = Wyx=—10,~1<z<1
= (¥ dx=—10—1<z<1 = 0,

= (Y1 )x=10,—1<z<1 = W—-10<x<10,2=1

= (Y .x)-10<x<10,2=1 = 0, (13)

temperature field x (x, z, ) [see Egs. (10) and (11)], and the
initial condition taken in the form

U_10<x<10,z=—1
Ux=10,—1<z<1
W_10<x<10,z=—1

Wyx=10,—1<z<1

n(x,z, 7 _0)_n (x, 2). (14)

For the case of 4-cyano-4'-pentylbiphenyl (5CB), at tem-
perature corresponding to nematic phase, the first three

C,K
parameters §; = N’S 8 = ”’}"/K‘ and 83 = p’;l/{’ L which are

involved in Eqs. (7)—(9), have the following values: §; ~ 30.7,
8y ~2.0x107°, and 83 ~ 6.0x 1074

For calculations, the value of the density p was chosen
to be equal to 10° kg/m?, whereas both the Frank elastic
coefficient K; and the RVC y; were chosen as ~10 pN [24]
and ~0.071 Pas [25], respectively. The value of the heat
conductivity coefficient A, is equal to ~0.24 W/m K [26],
whereas the measured value of the specific heat C, is equal to
~10° J/kg K [27].

Using the fact that §; < 1, Eq. (8) can be considerably
simplified and takes the form [15,18]

A1 zezz + 0V xorr + B3V xzg + AW aane
+asY ox + a6V 2z
+ a1V oz + A8V xz + A0V e + a10V 2
+any +any..+F =0, (15)
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FIG. 2. (a) The initial distribution of the polar angle 6(—1.0 < x < 1.0, z = —1.0, T = 0) in the vicinity of the laser spot (A = 2/ = 0.1).
(b) The stationary distribution of the polar angle 8(—1.0 < x < 1.0,z = —0.98, v = 13,,) (in rad) along the width (—1.0 < x < 1.0) of the

HAN channel in the vicinity of the lower (z = —0.98) boundary.

wherea; (i =1, ..., 12) and F are functions which have been
defined in Refs. [15,18].

III. NUMERICAL RESULTS FOR TWO CASES OF
THE DIRECTOR ANCHORING IN HAN CHANNEL

First, we will focus on the problem of how the simultane-
ous increase in the gradients of the director f and temperature
x fields caused by laser radiation affects the nature of the evo-
lution of the director fi(x, z, ) [or the polar angle 6(x, z, 7)]
to its stationary distribution hg (x, z) = fi(x, z, T = Tj) in the
vicinity of the orientational defect.

A. Case A

In this case Vi consists of two contributions, the first,
weak, due to the reorientation of the director field fi across
the LC channel, and the second, stronger, due to the sharp
reorientation of fi in the vicinity of the orientational defect,

J

caused by the frans-cis conformational transition. Taking into
account the fact that the interaction of Vi and V x leads to
the formation of a hydrodynamic flow v, the value of which
is proportional to the thermomechanical contribution o} to
the tangential component of the stress tensor, it is possible to
shed light on the role of the orientational defect caused by the
conformational transition and the heat flux q, on the formation
of v in the microsized nematic channel.

It can be obtained by solving the system of the nonlinear
partial differential Eqs. (7), (15), and (9), together with the
boundary conditions (3), (10), (11), (13), and (14) (here-
after referred to as case A), by means of the sweep method
[28]. Notice that the initial distribution of the angle Qe’;' (x,2)
has been obtained from Eq. (7) by means of the relaxation
method [29], with uy=u,=wy=w,=xx=x;:=0,
and with the boundary conditions in the form of Egs. (3),
(10), and (11), whereas the initial condition for the polar angle
0.1(x, z, T = 0) is chosen in the form

0, at —10<x<—-I,l<x<10, and —1<z<1,
Oa(r 2T =0 =12 4 —I<x<land —1.0<z< 1.0

In the calculations, the relaxation criterion € =
|Oon+1)(X, 2, T) = Oy (x, 2, T)) /Oy (x, 2, T)|  was chosen
to be equal to 10~*, and the numerical procedure was then
carried out until a prescribed accuracy was achieved. Here m
is the iteration number and 1y is the relaxation time of the
system.

It should be clarified once again that the initial condition
for the polar angle 6,;(x, z, T = 0) was chosen to calculate the
initial distribution of the director fi(x,z, 7 =0) = ﬁfq'l' (x,2)
field only under the action of elastic forces.

Plots of the polar angle 6(x,z, T = 1;,) both along the
width (—=1.0 <x < 1.0,z =-0.98) and across (x = 0.0,
—1.0 < z < 1.0) the HAN channel, when the heating oc-
curs during some time ts = Tj,, are shown in Figs. 2(a) and
2(b) and Figs. 3(a) and 3(b), respectively.  According to
our calculations, the highest value of |VO(x, z)| is reached

(

in the vicinity of the lower (-] +6 <x <[ —§,z=—1.0)
boundary. Here [ = +0.05 are the right and left ends of
the orientational defect on the lower boundary, where the
homeotropic director’s orientation transits to the homoge-
neous, and § < [ is a small number.

It should be noted that in case A, the values of
the dimensionless heat flux coefficient Q.d/Ty;A; and
the dimensionless injection time tj, = %tm are 0.18
(~1.5x1073 mW/,umz) and 10~* (~0.18 ms), respectively.

Now we would like to draw attention to a mechanism that
allows us to simultaneously set up the temperature gradient
V x and complicate the gradient of the director Vi, com-
posed of the existing contribution, due to the hybrid alignment
of nematic phase and an additional contribution, due to the
variation of the director field i along the local domain con-
taining the orientational defect. This is the photoalignment
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FIG. 3. (a) The stationary distribution of the polar angle 6(x = 0, —1.0 < z <
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1.0, T = 1;,) (in rad) across the middle part (x = 0) of the

HAN channel. (b) Fragment of the stationary distribution of the director field fi,, (x, z) = fi(x, z, T = 7,) in the vicinity of the laser spot. The

Gaussian spot size A = 2/ = 0.1 and 7, = 107,

mechanism that uses light-induced trans-cis and cis-trans
conformational changes on the surface of azobenzene layers
deposited at the boundaries of the microsized LC channel
[9,10]. It is shown that the charge separation during the con-
formational changing caused by laser irradiation may lead to
the change of the surface alignment of 5CB molecules, from
homeotropic to plannar and vice versa [9]. In our case there
is the initially homeotropic alignment of the director along
the lower boundary of the HAN channel corresponding to the
trans-conformational state. After laser radiation focused on
the lower boundary, a small domain with a planar alignment
of the director corresponding to the cis-conformational state
should appear in the frame of the laser spot. In this case, there
is a sharper reorientation of the director field along the lower
boundary of the HAN channel, especially near the boundaries
of the laser spot, than across the HAN channel [see Figs. 2(a)
and 2(b) and Figs. 3(a) and 3(b), respectively]. At the same
time, the local temperature gradient V x is set up around the
laser spot [see Figs. 4(a) and 4(b), respectively]. Thus, in our
case, Vi consists of two contributions, the first, weak, due to

the reorientation of the director field i across the HAN chan-
nel, and the second, stronger, due to the sharp reorientation
of fi in the vicinity of the orientational defect caused by the
trans-cis and cis-trans conformational transition. Taking into
account the fact that the interaction of Vi and V x leads to
the formation of a hydrodynamic flow v, the value of which
is proportional to the thermomechanical contribution o to
the tangential component of the stress tensor, it is possible to
shed light on the role of the orientational defect caused by the
conformational transition and the heat flux q, on the formation
of v in the microsized HAN channel.

The relaxation of both the vertical w(x, z, ) and the hori-
zontal u(x, z, T) components of the velocity v = u(x, z, r)i +
w(x, z, t)ﬁ to their stationary distributions w(x, z, T = tjy)
and u(x, z, T = 1y, ), respectively, are shown in Figs. 5(a) and
5(b). According to our calculations the highest value of v is
reached in the vicinity of the hotter lower (z = —0.98) bound-
ary, at both the left and right-hand sides of the orientational
defect (x = £/) and directed away from (in the vicinity of the
point x = —[) and to (in the vicinity of the point x = [) the

0.985 . 0.985~
(a) (b)
5
_0.980¢ __0.980¢f
z
o 4 @
1 X
z» 0.975¢+ = 0.975}
= 3
2
0.970}== : 1 : ‘ 0.970%, , , ,
-0.8 0.4 0.0 0.4 0.8 -1.0 -0.8 -0.6 -0.4
X z
FIG. 4. (a) The relaxation of the dimensionless temperature x(x,z = —0.98, t) to its stationary distribution x(x,z = —0.98,t = 1;,)

along the fragment of the width (—1.0 < x < 1.0,z = —0.98) of the HAN channel, at different times 7; = 10~7 (~1 ns) [curve (1)],
7, = 1.6x107° (~2.8 us) [curve (2)], 73 = 6.4x107° (~11.2 us) [curve (3)], 74 = 2.56x 107 (~45 pus) [curve (4)], and 75 = 7, = 10~*
(~0.18 ms) [curve (5)]. (b) The same as in (a), but the relaxation of x(x = 0, z, ) to its stationary distribution x (x = 0.0, z, T = ;) across

the middle part (x = 0) of the HAN channel.
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FIG. 5. (a) The relaxation of the vertical component of the velocity w(x, z = —0.98, 7) to its stationary distribution w(x, z = —0.98, t =

7,) along the fragment of the width (—0.15 < x < 0.15, z = —0.98) of the HAN channel, at different times 7, = 10~ (~ 1 ns) [curve (1)],
7, = 1.6x107% (~2.8 us) [curve (2)], 73 = 6.4x107° (~11.2 us) [curve (3)], T4 = 2.56x 107> (~45 us) [curve (4)],and 15 = 73, = 107 (~
0.18 ms) [curve (5)]. (b) The same as in (a), but for the horizontal component of the velocity u(x, z = —0.98, 7).

heated surface [see Fig. 5(a)], whereas in the vicinity of the
middle part of the lower boundary (=] +68 <x <[ —§,z =
—0.98), the thermally excited flow is characterized by very
small vertical component of the vector v [see Fig. 5(a)],
directed in the positive sense. In turn, in that case there
is the bigger horizontal flow directed in the negative sense
[see Fig. 5(b)].

So, according to our calculations in case A, in which
the angle 6 is varied between values 0_j00<x<—1z=—1.0 =
O1<x<10.0.:=—1.0 = 0, both at the left- and right-hand sides
of the lower hotter boundary and 6_; < .—_10 = % in the
middle part of the lower boundary of the HAN channel, un-
der the influence of V y, the vortical flow is settled down.
Thus, the thermally excited flow is characterized by main-
taining the vortex in a positive sense (clockwise) around
the center x = 0.0 of the orientational defect (—] < x < 1)
[see Fig. 6(a)]. Notice that in case A, the evolution of the tem-
perature is characterized by asymmetric profile of x(x, z, )
with respect to the middle part (x = 0.0) of the HAN channel
[see Fig. 4(a)]. It is clear that the temperature’s asymmetry
is caused by accounting the strong gradient Vii along the
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T e > > > > > > > > 4

A
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x-direction on the lower boundary [see Eq. (3)], which is
reflected in the formation of the horizontal flow of LC ma-
terial near the orientational defect. In that case, during the
heat step [t5 = Tj, = 10™* (~0.18 ms)], the evolution of the
temperature x (x, z, T) is characterized by its strong growth in
the vicinity of the lower boundary up to the highest value of
0.985 (~307 K) [see Figs. 4(a) and 4(b)]. Our calculations
also show that the range of distance z, counted from the
lower boundary, over which the laser beam cannot perturb
the nematic phase is —0.6 < z < 1.0, i.e., approximately 80%
of the HAN channel. Note that the duration of the energy
injection tj, into the HAN channel is restricted only by the
nematic phase stability. Further calculations (cooling regime),
based on the nonlinear extension of the Ericksen-Leslie the-
ory, show that the LC material settles down to the rest, during
the time t;; = tp = 0.0064 (~11.6 ms), after switching off
the laser power, where both the horizontal u(x, z, ) and ver-
tical w(x, z, T) components of the vector v are equal to zero,
and the temperature field y (x, z, 7) across the LC sample is
finally a downfall to the value on the upper and two lateral
boundaries.

(b)
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FIG. 6. (a) Distribution of the velocity field v in the microsized HAN channel with the orientational defect located at — < x < /,z=
—1.0, when the heating occurs during 7, = 107* (~0.18 ms), whereas the values of the dimensionless heat flux coefficient Q. is 0.18
(~1.5x1073 mW/um?), respectively. Here 1 mm of the arrow length is equal to 1.8 m/s. (b) The same as in (a), but without the orientational

defect. Here 1 mm of the arrow length is equal to 1.3 nm/s.
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FIG. 7. (a) The stationary distribution of the polar angle 6(—10.0 < x < 10.0, z = —0.98, t = 1;,,) along the width (—10.0 < x < 10.0)
of the HAN channel, in the vicinity of the lower (z = —0.98) boundary. (b) The stationary distribution of the polar angle 6(x = 0.0, —1.0 <
z < 1.0, T = 13,) (in rad) across the middle part (x = 0.0) of the HAN channel.

B. Case B

In order to elucidate the role of the orientational defect in
maintaining of the hydrodynamic flow in the HAN channel,
we have also performed the numerical study of the thermally
excited fluid flow v, caused by the laser beam focused on a
“pure” homeotropically aligned lower boundary of the HAN
channel, without the orientational defect.

It can be obtained by solving the system of the nonlin-
ear partial differential Eqgs. (7), (15), and (8), together with
the boundary conditions in the form of Egs. (1), (10), (11),
(13), and (14) (hereafter referred to as case B). In this case
Vi consists of the weak contribution, due to the reorien-
tation of the director field fi across the HAN channel. The
calculations of the polar angle 0(x, z, T = 1j,) both along
the width (—10.0 < x < 10.0, z = —0.98) [see Fig. 7(a)] and
across (—1.0 <z < 1.0,x =0.0) [see Fig. 7(b)] the HAN
channel, when the heating occurs during some time t5 = Ty,
are shown in Fig. 7. According to these calculations, the value
of the polar angle gradually increases to the value of the right
angle at the upper boundary of the HAN channel. In turn,
during the heating of the microsized HAN channel without
the orientational defect by laser radiation with the values of
the dimensionless heat flux coefficient Q,d/Ty;A, = 0.18
(~1.5x1073 mW/um?) and the dimensionless injection time
Tin = tin/tr = 107* (~0.18 ms), respectively, and focused on
the lower boundary at the point x = 0.0, the evolution of the
director field x (x, z, T) is characterized by its strong growth in
the vicinity of the lower boundary up to the highest value of
0.988 (~307 K) [see Figs. 8(a) and 8(b)]. Our calculations
also show that the range of distance z, counted from the
lower boundary, over which the laser beam cannot perturb the
nematic phase, is —0.5 < z < 1.0, i.e., approximately 75% of
the HAN channel [see Fig. 8(b)]. Note that the duration of the
energy injection tj, into the HAN channel is restricted only by
the nematic phase stability. The relaxation of both the vertical
w(x, z, ) and the horizontal u(x, z, ) components of the
velocity v = u(x, z, r)i + w(x, z, r)ﬁ to their stationary dis-
tributions w(x, z, T = ty,) and u(x, z, T = Ty,), respectively,
are shown in Figs. 9(a) and 9(b). In that case, on the one hand,
the relaxation process is characterized by symmetric profile

of the horizontal component u(x, z, T) of the vector v [see
Fig. 9(a)], and, on the other hand, by asymmetric profile of the
vertical component w(x, z, ) of the vector v with respect to
the middle part (x = 0.0) of the HAN channel [see Fig. 9(b)].

Symmetric evolution of the temperature field x(x,z, 7)
relative to the laser spot at the lower boundary ([ < x < [])
of the HAN channel is responsible for symmetric evolution
of the horizontal component of the vector v, whereas the
evolution of the vertical component w(x, z, 7) of the vector
v is characterized by asymmetric profile with respect to the
middle part (x = 0.0) of the HAN channel. Such evolution
of the thermally excited flow v = u(x, z, r)i + w(x, z, ‘[)f( is
characterized by maintaining of the smaller than in the case
A vortical flow in the negative sense (anticlockwise) around
their center x = 0.0, and in the vicinity of the lower hotter
boundary (—0.4 < x < 0.4) [see Fig. 6(b)]. In case B the evo-
lution of vector v = u(x, z, r)f + w(x, z, r)ﬁ is characterized
by very small values of these two components. Indeed, the
maximum of the absolute magnitudes of both dimensionless
velocities # and w, at the final stage of the heating pro-
cess, occurs during the same time 75 = 1;,, and are equal to
1.4x1073 (~40 nm/s) and 3.7x107> (~1 nm/s), in case B,
and 0.28 (~7.8 um/s) and 0.91 (~25.5 um/s), in case A,
respectively.

It is clear that in case A, the localization of the vortex flow
is mainly related to taking into account the strong gradient of
the director field near the orientation defect. So the difference
between the vortical flows in cases A and B lies not only in
the directions of these thermally driven flows, but also in the
magnitudes of the speeds of these flows.

Thus, the conformational frans-cis and cis-trans transitions
at the lower boundary of the HAN channel crucially changes
the character of the vortex flow formed under the action of
focused laser radiation.

IV. CONCLUSION

The reorientation dynamics in a microsized hybrid aligned
nematic (HAN) channel under the action of laser radiation fo-
cused on the lower boundary of the channel is investigated. We
investigated two cases, the first, when laser radiation initiates
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FIG. 8. (a) The relaxation of the dimensionless temperature x(x,z = —0.98, t) to its stationary distribution x(x,z = —0.98, 7 = 1;)

along the fragment of the width (—1.0 < x < 1.0,z = —0.98) of the HAN channel, at different times 7; = 10~ (~1 ns) [curve (1)],
7, = 1.6x107% (~2.8 us) [curve (2)], 73 = 6.4x107° (~11.2 us) [curve (3)], T4 = 2.56x 107> (~45 us) [curve (4)], and 75 = 7, = 10~
(~0.18 ms) [curve (5)], respectively. (b) The same as in (a), but the relaxation of x(x = 0.0, z, T) to its stationary distribution x(x =

0.0, z, T = 1;,) across the middle part (x = 0.0) of the HAN channel.

a conformational trans-cis transition in a Gaussian spot (case
A), while in the second case (case B) this transition is absent.
In turn, this conformational transition is responsible for the
formation of an orientational defect at the lower boundary of
the HAN channel. A mechanism is proposed to simultane-
ously set up the temperature gradient V x and complicate the
gradient of the director Vi, consisting of the existing contri-
bution due to the hybrid alignment of the nematic phase and
the additional contribution due to the variation of the director
field fi along the local region containing the orientational
defect. This is the photoalignment mechanism that uses light-
induced trans-cis and cis-trans conformational changes on the
surface of azobenzene layers deposited at the boundaries of
the microsized LC channel. It is shown that the charge sep-
aration during the conformational changing caused by laser
irradiation may lead to the change of the surface alignment of
5CB molecules, from homeotropic to plannar and vice versa
[9]. In our case there is the initially homeotropic alignment of
the director along the lower boundary of the HAN channel,

corresponding to the trans-conformational state. After laser
radiation focused on the lower boundary, a small domain
with a planar alignment of the director corresponding to the
cis-conformational state should appear in the frame of the
Gaussian laser spot. In this case, there is a sharper reorienta-
tion of the director field along the lower boundary of the HAN
channel, especially near the boundaries of the laser spot, than
across the HAN channel.

Our calculations, based on the appropriate nonlinear exten-
sion of the classical Ericksen-Leslie theory, supplemented by
thermomechanical correction of the shear stress and Rayleigh
dissipation function, as well as with accounting the entropy
balance equation, show that due to interaction between VT
and the gradient of the director field Vi in the HAN channel
with the orientational defect on the lower hotter boundary,
a thermally excited vortical fluid flow is maintained in the
vicinity of the orientational defect, with the motion in the pos-
itive sense (clockwise) around the middle part of that defect.
In the case of the same HAN channel and the same heating

4 15
AL o
z 8 101
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70 N
N KaS
X
s ¥ 5
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X X
FIG. 9. (a) Plot of the relaxation of the vertical component of the velocity w(x, z = —0.98, 7), in case B, to its stationary distribution

w(x,z = —0.98, T = 1;,) along the fragment of the width (—1.0 < x < 1.0,z = —0.98) of the HAN channel, at different times 7, = 107
(~1ns) [curve (1)], T» = 1.6x107% (~2.8 us) [curve (2)], 73 = 6.4x 1070 (~11.2 pus) [curve (3)], T4 = 2.56x 107> (~45 pus) [curve (4)],
and 75 = Ty, = 107* (~0.18 ms) [curve (5)], respectively. (b) The same as in (a), but for the horizontal component of the velocity u(x, z =

—0.98, 7).
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regime, but without the orientational defect on the lower hotter
boundary, that heating can also produce the vortical flow in
the vicinity of the lower boundary, but with the motion in
the negative sense (anticlockwise) around the middle part of
that boundary. At that, the second vortex is characterized by a
much slower speed than the vortical flow in the first case.

So, based on our calculations, one can conclude that the
orientational defect on the heated boundary plays a crucial

role in maintaining the thermally excited vortical flow in 2D
nematic channels.
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