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Abstract. We investigate kinetics of nematic-isotropic transition by solving the hydrodynamic equations
for the nematic 3 x 3 tensor order parameter Q.g and the fluid velocity in two space dimension (z-y
plane). Numerical results indicate that nematic directors tend to align parallel to the z-y plane when
hydrodynamic flow is incorporated. Late stage growth exponents, ¢. for the correlation length and ¢ger for
the number of topological defects, are not significantly altered by hydrodynamic flow. However, in contrast
to the case without flow, the relation ¢ger = —2¢c holds well, which may indicate the validity of dynamical

scaling for the case with hydrodynamic flow.

PACS. 64.70.Md Transitions in liquid crystals — 64.60.Cn Order-disorder transformations; statistical

mechanics of model systems

Phase ordering kinetics of liquid crystal systems un-
dergoing nematic-isotropic transition has attracted con-
siderable experimental interest [1,2]. Liquid crystal sys-
tems can be characterized by a tensor order parameter
[3], so they constitute a unique example of systems with
continuous symmetry [4]. So far most of extensive theoret-
ical [5,6] and numerical [7-10] efforts have been focused
on vector models. Recently Zapotocky et al. [11] studied
kinetics of uniaxial and biaxial nematic systems by numer-
ically solving time-dependent Ginzburg-Landau equations
which describe time evolution of a tensor order parameter
without the velocity field. However, the hydrodynamic in-
teraction often crucially influences phase transition kinet-
ics. For example, it has been shown theoretically [12-14]
and numerically [15-18] that hydrodynamic flow governs
late stage phase separation kinetics in binary fluid mix-
tures. Here we note that little attention has been paid to
the effect of hydrodynamic flow on systems with contin-
uous symmetry. In this article we solve numerically the
hydrodynamic equations of motion for the nematic 3 x 3
tensor order parameter in two space dimension and in-
vestigate the effect of hydrodynamic flow on the kinetics
of the nematic-isotropic phase transition of a uniaxial ne-
matic system, which has not been studied so far.

Hydrodynamic equations for the nematic order param-
eter Qqp(r,t) and the fluid velocity v, (r,t) were derived
by Olmsted and Goldbart [19] to investigate the effect of
shear on nematic-isotropic transition. We investigate here
the effect of the flow induced by the stress due to molecu-
lar orientation, and we do not consider the situation with
external flow like shear.
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We assume the incompressibility of the system and
consider isothermal processes. The equation of motion for
Qap(r,t) can be written as [19]
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where Greek indices represent x,y and z and 9, = /02,
Kap = Oqvg is the velocity gradient tensor and H,g =
—0F{Qup}/0Qqaps is the molecular field, F{Q.3} being
the free energy of the system which will be given later. (;
and [y are transport coefficients. Hgﬁ is a thermal noise
satisfying the fluctuation-dissipation theorem. The super-
scripts [s] and [a] denote the symmetric-traceless part and
the antisymmetric part of a second-rank tensor, respec-
tively. Hereafter summations over repeated indices are im-
plied. The equation of motion for v, (r,t) is
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OaVe = 0, (3)
where p is the density and a thermal noise term 67, satis-
fies the fluctuation-dissipation theorem. Equation (3) rep-
resents the incompressibility of the fluid. The total stress
tensor o,g can be expressed as go5 = O';[Sﬁ] + a;[? + agﬁ -

pdag, where Uisﬁ], (T;[g] and Uiﬁ are the irreversible sym-

metric (dissipative) part, the irreversible antisymmetric
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(torque) part and the distortion part, respectively and are
given by

ol = Bkl — p1HE, (4)

z[a] _ H[s Q 5— Qoa/ VB, (5>

0o = i~
P 0(0aQu)

The isotropic pressure part —pdqg ensures the incompress-
ibility condition. B3 in equation (4) is a third transport
coefficient, and the same coefficient 8; appears in equa-
tions (1, 4) to satisfy the Onsager reciprocal theorem [19].
Olmsted and Goldbart [19] neglected the dependence of
01,82, and B3 on the order parameter ()n3, because they
considered the situation close to a weakly first-order tran-
sition point with small Q3. We also treat them simply
as constants, although hereafter we consider a situation
where isotropic states become unstable and Qg is not
necessarily small.

The free energy F is the sum of the Landau-de Gennes
free energy F1, and the distortion energy Fy. F1, is given
by the power series expansion in QQog up to fourth order
and can be presented as [3]

Q- (6)
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Let us suppose the case, A < 0, where the isotropic state
with Qo5 = 0 becomes unstable. Fy can be taken to be

1 1
Fy= /dI' <§L18aQﬁ’YaaQﬁ’Y + §L28aQaﬁa’YQ’Yﬁ) ) (8>

where L1 and Lo are elastic moduli. When Ly = 0, rota-
tions of the reference frame and orthogonal transforma-
tion of the order parameter tensor are uncorrelated,which
greatly simplifies calculations. For instance, molecular field
due to Fy becomes —0F4/8Qaps = L1V?Qap. That is,
the choice Ly = 0 yields the one constant approximation
(K1 = Ko = K3) in the Frank elastic energy [3]. It should
also be noted that if we take L, = 0, no anisotropy ap-
pears in Fy and H,g even in a two-dimensional system
where the derivative with respect to z is not considered
(0, = 0). Thus we consider the situation Ly = 0 hereafter.

We numerically integrate equations (1, 2) in the Eu-
ler scheme on a two-dimensional 256 x 256 square lattice
with the periodic boundary conditions. We take the z-y
plane as the plane of the system and we assume v, = 0
and 0, = 0, supposing a thin film system. We empha-
size that Qus is a 3 X 3 tensor, not a 2 x 2 tensor. It
implies that directors can point to any direction in three-
dimensional space, although we consider two-dimensional
systems. We also assume the Stokes approximation 0 ~
p(0/0t + v,0)vo = D404 as is usual for liquid crystals.
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In all our simulations we set A = —4.5,B = —6,C =
5,L1 = 0.5,L2 = 0, ﬁl = ,62 = 1,A$ = 0.5, and At =
0.05. B3 is set to 2, 5 or 20. When we take smaller (s, v,
becomes larger and fluid flow becomes more important.
As the initial condition at ¢ = 0, Qg at each lattice point
are random numbers uniformly distributed in [—0.02, 0.02]
satisfying Qoo = 0 and Qog = @ga. Thermal fluctuation
is incorporated only in the initial conditions and Hgﬁ and
6Y in equations (1, 2) are neglected in our simulations.

In Figure 1 we show time evolution of the Schlieren
patterns for the hydrodynamic case with g3 = 2 and
the purely dissipative case without hydrodynamic flow
(0Qap/0t = (l/ﬁg)H[S ). Larger Q2 is clearly observed
in the hydrodynamic case, indicating that directors have a
remarkable tendency to align parallel to the z-y plane. To
see more quantitatively, we show in Figure 2 time evolu-
tion of the spatial and statistical average (Qqg). Statisti-
cal average is taken over 50 independent runs. We can see
that (Qag) acquires a finite value in the case with hydro-
dynamic flow, while (Q.3) remains zero without hydrody-
namic flow. We also find that in the case with hydrody-
namic flow, (Qzz), (Qyy) and (Q..) approach 0.25, 0.25
and —0.5, respectively, while (Qgy), (Qy.) and (@) re-
main zero. This result can be understood by the following
arguments: Fy, given in equation (7) acquires its minimum
when

3 1
Qag = ES (nang — §5ag) 5 (9)

where n,, is a unit vector of arbitrary direction and S is a
positive solution of 24 + BS + 3C'S? = 0 when A, B < 0.
If we take the average of equation (9) with the condition
that n, = 0 and n,, can point to any direction isotropically
in the z-y plane, we obtain

(@us) = (Qu) = 5
@) =55 (0

<me> = <Qy2> = <Q$Z> =0.
For the parameters in our simulations, S = 1 and equation
(10) coincides with our numerical results.

To confirm the above tendency analytically, we per-
form a linear stability analysis of the isotropic state Qog =
0. The fluid velocity v, can be represented in terms of Q3
under the Stokes approximation, and the equation of mo-
tion (1) becomes, up to linear order in Qug,

0 1
hdl ~ — glsl
ot Qaﬁ(q) = Aaﬁ#”(q) Ba H;w

(11)
~ —Aagm,(q) (A + L1q2)Q,uu(q>a

B

where Q,3(q) is the Fourier transform of Q,3(r), q being
the wavenumber. Note that Lo = 0 is assumed again in
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Fig. 1. Schlieren patterns obtained for (a) the purely dissipative case and (b) the hydrodynamic case (33

175

-‘--l

1000 10000

1000

10000

2). Darkness

represents Q2,. The numbers are the time steps. Under the same initial conditions.
y

the second line of equation (11). The tensor Aqgu.,(q) is
given by

2
Aoz,é‘;w(q) = 604#661/ + %qu{qa(QQ(sﬁv - QBQV)

+q,8(q26au - QaQV)}- (12)
Aapuy is essentially a 5 x 5 matrix because Qqg is sym-
metric and traceless and has only 5 independent compo-
nents. Calculation of the eigenmodes of the tensor A,gu.
is straightforward and under the condition g, = 0 (which
implies 9, = 0) and v, = 0, it can be shown that four out
of the five eigenmodes have the eigenvalue 1, and that the
rest eigenmode

(sz - ny: Qxy; Qz-, Qy27 sz) X (4%ch7 qz - qi, 0,0, 0)
(13)

has the eigenvalue
A= 1+ (67B2/B3), (14)

greater than 1 and independent of the wavenumber q. We
can see from equation (14) that A becomes large with large
B2 and small B3. (2 is proportional to the relaxation time
of the orientational order (without flow) and S35 corre-
sponds to the viscosity of the fluid. Therefore the effect of
hydrodynamic flow becomes more pronounced when ori-
entational order relaxes more slowly and the fluid is less
viscous. We emphasize that hydrodynamic correction can
be crucial. In fact, we estimate A ~ 9 using the parameters
of MBBA, 3; = 0.9 and 83 ~ 0.153 [19]. In our simulations

we used a larger value 83 = 2(= 202) to avoid numeri-
cal instability. Equation (13) implies that the mode which
grows fastest is parallel to the z-y plane. Without hydro-
dynamic flow and with Lo = 0, neither the free energy F
nor the equation of motion 9Qa3/0t = (1/62)H([f]ﬁ prefers
any direction and thus the statistical average (Qqz) should
be zero. This does not imply that the spatial average of
Qop for one system (Qqng) should be zero; Qup # 0 due
to spontaneous symmetry breaking. On the other hand,
hydrodynamic flow breaks the symmetry of the dynamics
as discussed above. Therefore (Qng) becomes non-zero for
the hydrodynamic case.

To check how late stage dynamics is modified by hydro-
dynamic flow, we calculate from our numerical results the
correlation length L(¢) and the number of defects N(t).

For the definition of L(t), we use the correlation function
for the order parameter defined by

0

aﬁ)

. (15
[ (Qupe', ) — > (19)

For the hydrodynamic case we take Q9
purely dissipative case Qg 5=0.1¢ follows from the defini-
tion that C(0,t) = 1. We define L(¢) through C'(L(t),t) =
ure 3 for the purely dissipative case and the hydrodynamic
cases with 03 = 2,5 and 20. We also calculate the growth

+r,t)—

T

C(r,t)
<fdr'(Qaﬁ(r'7t) — Qap)(Qap(r’
= 1/4,
%, = —1/2,and Q), = Q). = QY. =0, andforthe
1/2.
We show the time dependence of L(¢) and N(¢) in Fig-
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Fig. 2. Time evolution of (Q.g) for the hydrodynamic case
with 83 = 2 (solid lines) and for the purely dissipative case
(dashed lines). Average is taken over 50 independent runs.
Symbols are common to both cases.

exponents, ¢, for L(t) and ¢ger for N(t), defined by

L(t) ~ t%,
NEt; ~ tPdet | (16)
For the purely dissipative case ¢. = 0.402 + 0.002 and
Pdget = —0.751 + 0.005, which reproduces the results ob-
tained by Zapotocky et al. [11] For the hydrodynamic
cases ¢ = 0.432 + 0.002 and ¢gqef = —0.868 + 0.005 for
B3 =2, ¢ = 0.428 £0.002 and ¢ger = —0.845 £ 0.004 for
B3 =5 and ¢, = 0.402 + 0.003 and ¢ger = —0.809 + 0.002
for B3 = 20. All the exponents are calculated by using the
data from 500 to 8000 time steps. We find that hydrody-
namic flow only slightly fastens the transition kinetics.

Here we make a comment on the relation between these
two exponents ¢. and @qef. If dynamical scaling holds and
a single length scale L(t) can characterize the late stage
property of the phase transition kinetics, N(¢) should be-
have as N(t) ~ L(t)~2, hence

¢def = _2¢c7

for the two-dimensional system we consider. For the case
without hydrodynamic flow equation (17) does not hold
and dynamical scaling hypothesis is violated in spite of
the good collapse of the scaled correlation functions [11].
On the contrary, equation (17) holds well for the hydrody-
namic cases. It may show, together with a good collapse of
the scaled correlation functions C(r/L(t), t) shown in Fig-
ure 4, that dynamical scaling holds for the hydrodynamic
cases.

To see why hydrodynamic flow does not significantly
affect the late stage phase transition kinetics, velocity pro-
file shown in Figure 5 may be helpful. This indicates that
in the late stage fluid flow is important only in the vicin-
ity of the topological defects. In the nematic systems we
consider, topological defects are points in two dimensions

(17)
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Fig. 3. Time evolution of (a) the correlation length L(t) and
(b) the number of defects N(t).
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Fig. 4. Scaled correlation functions C(r/L(t),t) for the hydro-
dynamic case with B3 = 2. The numbers are the time steps.
Average is taken over 50 independent runs. A good collapse on
a single master curve is observed except for the tail.

(lines in three dimensions) and are not expected to in-
duce fluid flow when distances between defects are long.
In binary fluid mixtures, in contrast, fluid flow is induced
by lines in two dimension (surfaces in three dimensions)
and thus greatly affects the late stage kinetics [12,13]. We
also note that the effective kinetic coefficient Ang,.,(q)/ B2
appearing in the linearized equation of motion (11)
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(b)

Fig. 5. 78 x 78 portions of the Schlieren pattern (a) and the
corresponding velocity profile (b) at 15000 time step for 83 = 2.
Note that fluid flow is important only in the vicinity of the
topological defects.

depends only on the orientation of the wavevector q and
is independent of the magnitude of q. This implies that
hydrodynamic flow gives a marginal contribution to the
dynamics, which is essentially independent of the length
scale characterizing the late stage properties of the phase
transition kinetics.

In summary, we have investigated the phase order-
ing kinetics of uniaxial liquid crystal systems undergo-
ing nematic-isotropic transition by numerically solving the
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equations of motion for the orientational 3 x 3 tensor or-
der parameter and the fluid flow in two dimensions. The
statistical average of the order parameter acquires a finite
value in contrast to the case without hydrodynamic flow,
which indicates that hydrodynamic flow induces the ori-
entational order parallel to the plane of the system. This
can be understood by the linear stability analysis of an
isotropic state, which shows that one of the modes grows
faster than the others due to hydrodynamic flow, leading
to the asymmetry of the kinetics. In the late stage, the
fluid flows do not affect remarkably the coarsening kinet-
ics. However, when hydrodynamic flow is incorporated,
the relation between the growth exponents ¢ger = —2¢c
holds well in contrast to the case without flow. This rela-
tion together with a good collapse of the scaled correla-
tion functions may indicate that dynamical scaling holds
for the hydrodynamic cases.
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