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Nanosecond electro-optics of a nematic liquid crystal with negative dielectric anisotropy
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We study a nanosecond electro-optic response of a nematic liquid crystal in a geometry where an applied
electric field E modifies the tensor order parameter but does not change the orientation of the optic axis (director
K). We use a nematic with negative dielectric anisotropy with the electric field applied perpendicularly to K.
The field changes the dielectric tensor at optical frequencies (optic tensor) due to the following mechanisms:
(a) nanosecond creation of the biaxial orientational order, (b) uniaxial modification of the orientational order that
occurs over time scales of tens of nanoseconds, and (c) the quenching of director fluctuations with a wide range
of characteristic times up to milliseconds. We develop a model to describe the dynamics of all three mechanisms.
We design the experimental conditions to selectively suppress the contributions from the quenching of director
fluctuations (c) and from the biaxial order effect (a) and thus, separate the contributions of the three mechanisms
in the electro-optic response. As a result, the experimental data can be well fitted with the model parameters. The
analysis provides a rather detailed physical picture of how the liquid crystal responds to a strong electric field on a
time scale of nanoseconds. The paper provides a useful guidance in the current search for the biaxial nematic phase.
Namely, the temperature dependence of the biaxial susceptibility allows one to estimate the temperature of the
potential uniaxial-to-biaxial phase transition. An analysis of the quenching of director fluctuations indicates that
on a time scale of nanoseconds, the classic model with constant viscoelastic material parameters might reach its
limit of validity. The effect of nanosecond electric modification of the order parameter can be used in applications
in which one needs to achieve ultrafast (nanosecond) changes in optical characteristics, such as birefringence.
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I. INTRODUCTION

The uniqueness of nematic liquid crystal (NLC) materials
is defined by the long-range orientational order of their
constituent molecules, which have anisometric shapes and
permanent and induced dipoles [1]. The average orientation
of NLC molecules in a certain point in space, described by
the radius vector r, is called the director N(r), which coin-
cides with its optic axis. Director orientation can vary from
point to point in space or fluctuate in time.

Anisotropic optic and dielectric properties of NLCs,
namely, birefringence An =n, —n,, where n, and n, are
the extraordinary and ordinary refractive indices, respectively,
and dielectric anisotropy Ae = g — &, with g measured
along and e, perpendicular to the optic axis, enabled a
wide range of electro-optic applications. Traditional electro-
optic applications of NLCs are based on the field-induced
reorientation of N, known as the Frederiks effect. For Ae > 0,
the director realigns parallel to an applied electric field
E, whereas for Ae < 0, it realigns perpendicularly to the
field. The characteristic switch-on time is tt = y, /go| Ag|E?,
where y; is the rotational viscosity and &y is the electric
constant. The switch-off time t; = y1d?/K=? is typically
slower, in the range of milliseconds, being determined by the
elastic constant K of the NLC (typically 10 pN) and the cell
thickness d (typically 5 pum).

An electro-optic response of the LC, however, can be
triggered without director realignment as it suffices to
modify the tensorial order parameter (OP) without altering
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its orientation [2—12]. An important feature of this approach
is that the OP modifications of both uniaxial and biaxial
natures take place on the molecular scale and, thus, are very
fast (nanoseconds and tens of nanoseconds [12,13]) for both
field-on and field-off drivings. For this reason, it is convenient
to call the pure OPs-related phenomenon a ‘“nanosecond
electric modification of the order parameters” effect or the
NEMOPs effect. In addition to the modification of the OPs,
the applied field also quenches the director fluctuations
[1,11,14-25]. The later effect, being of macroscopic origin,
is typically much slower as determined by the length scale
of fluctuative director distortions. Both the fundamental
understanding and the practical applications of NEMOP
require one to separate the fast effects of NEMOP and the slow
effects of director fluctuations. This problem and its solution
represent one of the main focuses of the presented paper.

In this paper, we demonstrate how to separate the NEMOP
effect and the dynamics of director fluctuations by choosing
a particular geometry of light propagation through a cell
filled with a planar NLC of a negative dielectric anisotropy.
The electric field is applied perpendicularly to N. Section II
presents a theoretical model of the dynamics of the uniaxial
and biaxial modifications of the OP and the dynamics of
director fluctuations in the electric field. It is shown that the
contributions originating in the OP changes and in director
fluctuations can be separated from each other by testing the cell
under different angles of light incidence. Section III describes
the experimental setup to measure the field-induced optic
response, which occurs at short time scales down to nanosec-
onds. Our approach allows one to separate the field-induced
birefringence from parasitic effects, such as light scattering.
Section IV describes the fitting of the experimental results
with the proposed models. Section V discusses the physical
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mechanisms involved in the ultrafast electro-optic response of
an NLC and utilization of the data in evaluating the likelihood
of the appearance of a biaxial nematic phase in a field-free
state.

II. THEORY

Electro-optic processes could be considered using the free
energy functional describing the NLC in the presence of an
external electric field,

F=/ (fiso + fun + fe + fa)dV (D
Vv

where fis, is the free energy density of the isotropic phase for
E =0, f, = fu(Rj;) is the phenomenological microscopic
free energy density written in the Landau formalism that de-

pends on the scalar OPs R j, f, is the elastic free energy density
due to distortions of N, and f; = — %SoE ¢ E is the anisotropic
dielectric coupling energy density. The dielectric tensor &

depends on the OPs R and director fluctuations and can be
represented as e(R;;,N) = e(o)(R;(,){),No) + 66(’”)(Rjk,No) +
setf ’)(R;.(,){),N), where e(o)(R;.(,)(),No) is the field-independent
tensor defined for a static and uniform (no fluctuations) director
Ny, 8™ is the field-induced modifications associated with
the OPs, and &/ is the modification of the tensor caused
by the director fluctuations (SN(r) = N(r) — Ny, which depend
on the applied electric field. We neglect higher-order terms,
such as coupling between the director fluctuations and the
field-induced changes in OPs. The terms containing & in
the dielectric energy density f; define the effect of electrically
modified OPs. The term containing §¢‘/? in f,; influences the
spectrum of director fluctuations.

A. Dynamics of the NEMOP effect

The orientational OPs can be described by the averaged
Wigner D functions (D%) [26-29] because D% (82) forms a
complete set of orthogonal functions of the Euler angles =
{w1,w7,w3} [30]; 2 defines the molecular orientation through

rotation IL M from the laboratory frame IL to the molecular
frame M. A set of OPs (Djfk), obtained by averaging with
the single molecule orientational distribution function f(2),
is complete and equivalent to

(D7) = / DE(R) f(R)dL. ?)

The nematic phases are described by the OPs with L = 2:
Rjx = (ka). Consider the molecules that possess symmetry
Cyy or Dy;,. The Schonflies symbol C,, is assigned to the
point group with symmetry operations of identity, rotation
around twofold symmetry axis C,, and two planes of mirror
symmetry containing the C, axis. The symbol D, refers to the
point group in which, besides the symmetries above, there are
two more C, rotation axes, inversion, and the planes of mirror
symmetry perpendicular to the C; axes. For these molecules,
we introduce the molecular frame M with the axes iy parallel
and perpendicular to the symmetry axis and symmetry plane.
The nematic phase formed by these molecules features four
independent OPs: two uniaxial OPs, denoted Ry, Ro2 = Ro—2
and two biaxial OPs, denoted Ry = R_»9, Ry = Rip4p in
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the laboratory frame IL = Oxyz defined by the directors
[27-29] with No = (0,0,1). The OPs Ry, and R,y describe
the uniaxial and biaxial orientational orders, respectively,
of the long molecular axes mj3 and determine the diago-
nal form {—(Roo — v/6R20)/3.—(Roo + v/6R)/3, 2Ro0/3}
of the traceless tensor OP Q = (mz®13) —1/3 [1,14]
in the laboratory frame along the directors. The uniaxial
OP Ry is nothing else but the standard nematic OP S,
Roo = S. The OPs Ry, and R, describe the uniaxial and
biaxial orderings, respectively, of the short axes my , and
are equivalent to the tensor B = (i ® y; — i, @ ) [31],
which has the diagonal form {—(v/2Rop — 2+/3R2)/3,
— (V2Rp2 + 2v/3R»)/3, 2+/2R,/3} in the laboratory frame
along the directors. Without the electric field, the NLC under
consideration is uniaxial with the equilibrium uniaxial OPs
R(()%) and Rég), whereas the biaxial OPs are zero, Ré%)zRég)zo.
The electric field E changes the OPs 0R;; = Rj; — Rﬁ)

through §&™. When SR, is small and the field is applied
along one of the laboratory axes, the diagonal elements
{8&y,8¢,, &} of the dielectric tensor §&™ are

> e pdRi. i=ux.y.z, 3)
j,k=0,2

88,’ =

where &; ;i = 0&;/0(8Rj1),_.o- Rotation of I, by 7 /2 around
Oz changes the sign of the biaxial OPs & Ry but does not affect
the uniaxial OPs § Ryy. This results in the following properties:
(a) e;,2¢ = 0 and, therefore, §¢, contains only the uniaxial
OPs SRy, (b) the relation &, j; = (—l)f/zsx,jk stands, and (c)
the quadratic expansion of microscopic f,, near the zero-field
equilibrium value £© with R, = Rﬂ) does not contain cross
terms of the uniaxial and biaxial OPs:

1
fu=f0+ 5 Z M ik SR jkOR 4)
J.k K

where M ji = (82fm/8Rjk8Rjk/)Rjk:Rﬁ> are the Taylor co-
efficients that can be determined from the Landau expansion
of the free energy for uniaxial and biaxial nematics [32]
and indices j, k, and &’ run through two values O and 2.
Because we consider processes with characteristic times less
than a microsecond, the heat transfer is negligible [33], and
therefore, M . ji corresponds to the expansion under adiabatic
conditions.

We model the dynamics of the four OPs, §R;x = 8 Roo,
8 Ro2, 6 Ry, and 8 Ry, using the standard Landau-Khalatnikov
approach [34],

CAGRw)  3(fa+ f)
Kdr T T (R

= GuE*(t) =Y M SR, ()
-

where Gy = 3 ), si,jkeiz, e; are the components of the unit
vector & directed along the applied electric field E(¢), and yjy is
the rotational viscosity for the OP § R ;;. We neglect the effects
of the director reorientation and associated flows on the OPs,
discussed in Refs. [35,36], because we consider the geometries
when the applied electric field stabilizes the director Ny. Four
Egs. (5) are two independent pairs of linear inhomogeneous

062504-2



NANOSECOND ELECTRO-OPTICS OF A NEMATIC LIQUID...

ordinary differential equations with constant coefficients for
the uniaxial § Ry, and biaxial § R,y OPs and could be written
in a vector form

d_ .. 3 . _ . .
5(1’)51{(]) — E(jiG(j)Ez(t) _ M(J)g(j)R("), (6)

. SR; . G yVZ 0
where RV = (SR;Z), GY = (ng)’ §,H=( ’(;’ yj.z/z), and
M) is the 2x2 symmetric matrix with elements M./ =
yﬁcl/z Mjk,jkryﬁ(,l/z. The solution for Eq. (6) RY)(¢) can be
expressed through the vector of decoupled relaxation modes

. )
D(t) = (0. O
r() = (r;ﬂ(t)),

A i)

R(])(t) — S(j)V(])l'(j)(t), (7)

where VU is the matrix of eigenvectors of M) that obeys
— . . . . . ()

the equation MWV = VWAWD: here AV = (A(()' Afz),-)) is

a diagonal matrix of the eigenvalues kf,’; Since MY is a

symmetric positively defined matrix, V) = (&> Z;/’ ;zin(,f’ )

is an orthogonal matrix and is determined by the eigenvector
angle ¢;, which satisfies the equation,

tan 2¢; = 2Mg} /(M) — MY). ©)

It is also convenient to use ¢; in the expression for )»((){ ; =
%[M(%) + M%) + (M(%) - Méé))/cos 2¢;] because selection
|¢;| < m /4 as the range of solutions of Eq. (8) ensures that the

dynamics of the uniaxial OPs 8 R j; are mainly controlled by
(1) with the corresponding relaxation time ) = 1/A\",

=g [ Bwresle o/l o)

where g are the components of the vector g =
(V(j))—lg(—ji(}(j)_

To describe the optic manifestation of the NEMOP effect,
we use the OPs-related deviation §8™ of the dielectric tensor
at optical frequency (optic tensor) from its zero-field value
#®_ Here and in what follows, tildes represent a reference
to the material parameters at the optical frequencies. In the
laboratory frame Oxyz along the directors, the tensor §&™
has the diagonal form {§&,,6¢,,5Z.} and can be split into an
isotropic §&;s,, uniaxial §&,, and biaxial §&;, contributions,
188, + 3085,

188, — 108, (10)
88, = 880 + 208,

88y = 88iso —

88, = 8850 —

Since 8e™ and §&" are the same tensor at different
frequencies, the deviations 8%; = Y k=02 & jk0R i should
be also linear in SR i, where &; ji = 0&;/0(8Rji);_z0 have
the same symmetry properties as ¢; jx. Then, the dynamics
of §&i5, and 68, are controlled by the uniaxial OPs § Ry, and
therefore, by the vector of uniaxial modes r®)(¢), whereas §&,
is controlled by the biaxial OPs § Ry and by r®(r),

88iso(t) = REBE VOrO (),
88,(1) = h“g VOrOw), (1D
88y(1) =hPEL V()
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where h®, h®_ and h®, respectively, are vectors with

components fz,(jso) = %(éx_()k + &y.0k + Ez00)s fzfc“) =& 0 —

(&x,ox + &y 01)/2, and Efcb) =& — &y

The dynamics of the NEMOP effect is described by two
uniaxial and two biaxial relaxation modes, Eqgs. (9) and (11).
When E is perpendicular to the Oz axis (chosen parallel to
the director) and Ae < 0, all four modes should contribute
to the optic response. However, as we will show below our
experimental data for dielectrically negative material 4'-butyl-
4-heptyl-bicyclohexyl-4-carbonitrile (CCN-47) are fitted well
by the simplified version of the model with one uniaxial mode
and one biaxial mode. We explain this fact with the assumption
that the NEMOP effect is controlled by the following two
modes: (i) r(()o)(t), associated mainly with the uniaxial OP
Roo = S of the long molecular axes, and (ii) réz) (1), associated
mainly with the biaxial OP R, of the short molecular axes.
These two OPs are predicted to be dominant in the spontaneous
(field-free) uniaxial and biaxial NLC [32,37]. The same OPs
are expected to play a major role in the NEMOP experiments
since § Ry causes strong changes in optic anisotropy (large
fzg”)) and 6 Ry, is strongly affected by the interactions between
the transverse molecular dipoles and the electric field (large
G1»). In this two-mode assumption, the isotropic §&;s,, uniaxial
88,, and biaxial §&, contributions Eq. (11) are simplified

55;(t) = -

J

t
/O E*(t)expl(t' — 1)/;]dt, (12)
where j reads iso, u, or b depending on the nature of
contribution, 7, = T, = ré") ~ Yoo/ Moo,00 and 7, = r2(b> ~
v2/M>zy 2, are the uniaxial and biaxial relaxation times,
and o, & iigl)GQO/MO0,0() and o) ~ fl(zb)Gzz/Mzzyzg are the
effective uniaxial and biaxial susceptibilities, respectively. One
can expect that t,, determined by reorientation of the long
axes, is substantially larger than t;,, determined by rotation of
the short axes because the former process is associated with the
larger moment of inertia and requires stronger readjustment of
the neighboring molecules. For the electric field parallel to the
Ox axis € = (1,0,0), one can estimate

o, X 80€x,008x,00/2Mo0,00,

ap A £08x 208x 20 /M23 2. (13)

The uniaxial §&, and biaxial §&, terms provide the main
contributions to the NEMOP. The dynamics of the isotropic
term &, is similar to that of §%,, but its contribution is
relatively small: 685, = O under the assumption that & is an
orientational average of the molecular polarizability tensor
because Tr & = ), & = const in this case [32], and the only
nonzero contribution to &5, stems from the dipole-dipole
resonance and dispersion intermolecular interactions [38].
Moreover, §&;s, does not contribute to the response caused
by changes in birefringence.

B. Dynamics of director fluctuations in the electric field

Besides the NEMOP effect, the electric field provides an
additional electro-optic response, which is of macroscopic
nature. In NLCs with a negative dielectric anisotropy, the
electric field E = (E£,0,0) does not reorient the average
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Np = (0,0,1) but modifies the director fluctuations §N =
N — Ko. We analyze this effect using the macroscopic part
of free energy F = [, (fo + fa)dV, where V = dxL,xL,
is the active volume of the cell, covered by the electrodes of
the area L, x L, and d is the thickness of the NLC layer. The
elastic energy density f, is

fo = LK1 (div RY + KR - curl R)’ + K5 (R xcurl R)’],
(14)

where K, K, and K3 are the Frank elasticity constants
for splay, twist, and bend, respectively. The dielectric en-
ergy density associated with the director distortions f; =
—%80EE‘E is determined by the corresponding part of the

dielectric tensor & = s(o)(R(O) No) + 8s(f’)(R(0) N) (O)I +
(8(0) ))N ® N where I is the unit tensor, 8

the dielectric constants, perpendicular and parallel to No, and
® denotes the outer product.

We assume that the director fluctuations &N =
[N,(r),Ny(r),0] are small, periodic in the Oyz area of V,
and obey the strong anchoring boundary conditions at the
substrates. Thus we expand SN in Fourier series, similar to
[39]

) and 8 ) are

SN(r) = ) N(@)sin(gex) expli(gyy +g:2)l,  (15)
q
where q = (qx, gy, q.) = (5k, 2”1 7-m) are discrete wave

vectors with k > 0, [, and m bemg 1ntegers

Using Eq. (15) and integrating over V, we obtain F
associated with the director fluctuations in the Gaussian
approximation,

Vv

F=—=>"[(Kiq; + Kaq; + Kzq’

v — eV E2) N2
q

+ (K1CI§ + Kaq; + K3q?)

S@|] 4+ 27i L (K = K>)

x 2 INV@N @)+ N @V @] 5
(k* — k%)

q.q

where the latter sum contains the cross terms of N.(q)

and N,(q') with (k —k’) being an odd number, [ =1,

andm =m'.

To describe the dynamics of fluctuations, we start with the
Langevin equation by including the random force ¢,(¢,q) in
the viscous relaxation equation for N,(¢,q), ¢ = x,y [1,16,25]
and use the splay-twist one-constant approximation K; =
K, = K, which diagonalizes the free energy Eq. (16) with
respect to N,(q) and N,(q),

dN, (t,q)
dt

where f,(1,q) = fx (@) = K(¢;+q))+K3q2, fo(1)= fx(@) +
Je(t,q), fe(t) = eolAe|E*(1), and 16 (@) = y1 — Ane(@) is
the effective director viscosity; here y; is the director rotational
viscosity and An.(q) is the backflow effect’s correction,
which, in the hydrodynamic limit of small q, depends on

= q/|q|[1,16,25]. The random force ¢, (¢,q) has the standard

N (@) =—fu(t, N, ¢, + ¢ (t,q), (A7)
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“white noise” properties with the noise strength Z,(t,q),

(La(t,q)) =0,
(Ca(t, @50t 4)) = Zo(t,@)8(t — 1)3qqSar,  (18)

where the brackets (---) denote an ensemble average. The
solution of Eq. (17),

No(1,q)

t
= ¢ S0 [Na(o,m + 1, '@ / esa“”q);a(t’,q)df} (19)

where S,(t,q) = 710,1 fo fu(t',q)dt’ allows us to derive the
equation that controls the dynamics of ensemble averaged
fluctuations (|N2(t,q)|),

d|N2 @) Zu(t.q
dt  204(@) fu(t.Q)

where 7,(¢,q) = 14(q)/2 f(t,q) is the characteristic relax-
ation time. For the stationary electric field E, the averaged fluc-
tuations (|N§(t,q)|) can be calculated using the equipartition
theorem and the free energy Eq. (16), (|N§(t,q)|)E = szi—’(’fq),
thus Zo (1,@) = 24117, (@).

The fluctuations along the y axis are not affected by the
applied field (|Ny2(t,q)|) = (|Ny2(0,q)|), and only the dynamics
of (|N f(t,q)l) affects the optic response. Introducing the field-
induced quenching of fluctuations Di(¢,q) = (|N f(O,q)|) —
(|Nf(t,q)|), which satisfies the initial condition 9%(0,q) = 0,
we obtain the solution of Eq. (20) as

t "
/ d i|dt/.
o Tx (Q)

AkyT ,
e / fe(tyexp [—
(21)

To(t,9) —(IN;t @), (20)

N(t.q)

T Vn@f@ Jo

For a strong applied field, the electro-optic response is
caused by the quenching of director fluctuations with a broad
range of q. Thus, we neglect the hydrodynamic effects and use
an approximation of the constant effective rotational viscosity
vett for the director fluctuations in the entire range of q. In this
case the solution Eq. (21) is simplified to

T, /
N(r,
o= VVefffK(‘l) fe)
X exp [——fK(q;(;_ ! )i|es(t/)dt/, (22)

where S(1) = # Jo fe()dt’ and yer ~ y1/2.

Because the electric field affects only the director fluctua-
tions along the x axis (N)f(t,r)), the associated modifications
of the optic tensor are

58D (t,r) = =88 (t,r)
—((N2@,p) = (N2O.0) (n2 = n2),  (23)

where n, and n, are the ordinary and extraordinary refractive
indices, respectively, measured in the field-free state £ = 0.
In our experiments, we use a probing laser beam of half
millimeter diameter and measure the phase retardation which
is an integral along the cell thickness; thus, the fluctuations’
contribution is determined by Eq. (23) averaged over the active
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volume of the cell,

88 (1) = V’I/ g/ (t,r)dr—
|4

Zm,q)

(24)

The applied electric field affects the fluctuations for
which ¢ < g. = /Ae g9E?/K as follows from the inequality
fx(q) < f&. For the strong electric field (E ~ 10% V/m), the
number of these fluctuations is very large as the maximum
values of the integer indices are as follows: kp,x > 10° and
ImaxsMmax > 10°. Thus, we neglect the discrete nature of q and
transform the sum Eq. (24) into an integral where we stretch
g9 = q=(qx, qy, K3/qu) This transformation makes
the elastic term fx (q) = K g2 isotropic and, therefore, 91(z,3)
also becomes isotropic,

82 (1) = (n? — n2) n%/_/ N(.§)dG, (25

where the integration volume Vg is defined by conditions
Gx = n/d and § < q. = 7 /a.. Here the first condition stems
from the strong anchoring at the substrates, and a,. is the
characteristic distance that corresponds to the breakdown of
continuum theory. Integrating (25) using (22), we obtain the
contribution of the field-quenched director fluctuations for
modification of the optic tensor,

e 50 fE (t )es(’) t—t t—t
/ { —erf
Veff Tc Ty
t—t t—t t—t
o5 s ()l
TTy Ta T

884 (1) =
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Yeff
K3q2’

]2
where A = (n? — nz)zn kel __ . — Yerd

VRvE W= Ka?
and E1(t) = [~ %dl (t > 0)is the exponential integral, see,

e.g., Chap. 5 of Ref. [40].

~ - F _
RN Tow/2, Te=

C. Analysis and optimization of experimental geometries

We describe optical properties using the normalized wave
vectors k = %k of the optical modes, where XA is the
wavelength of a probing beam in vacuum. The tangential
components IE_\, and k, are preserved at interfaces between
different layers: glass, indium tin oxide (ITO), polymer,
nematic, etc., and are the same for all optical modes. The
optical retardance between the two forward modes propagating
through the field-induced (effectively biaxial) states of an
NLC I' = Anegd is determined by the NLC thickness d and
the effective birefringence Aner = k" — k2, where k" and
k® are solutions of the Fresnel equation for two forward
propagating modes k, > 0 in the biaxial medium,

8.kt — 0k + 0o =0, Q27)

where Q) = &8, + &) — k}(&, + &) — k2(8, + &) and
Qo = (§,&, — Eylgg — ézlzg)(éx — 12}2 — IEZZ). In the field-free
uniaxial state, modes 1 and 2 are the extraordinary k) =k , =

[n2(1 = %) — k2 and ordinary £ =k, = [n2 — k2 — B2

waves, respectively. An applied electric field causes a change in
the effective birefringence Snerr = (k" — kye) — (k'® — kyp),
calculated from Eq. (27),

— /Efn%) + 088 (kzkzkxo - ~x€n2k2 ) + (ng (n% — ]8)2];)6

o™xo Z o ) (28)

Snegr = : ——

2kyokyon? (ntz, — kzz)

The optic tensor modifications 8&,, §&,, and 8¢, contain
the uniaxial 88, and isotropic §&;s, contributions associated
with the field-enhanced uniaxial order, the term stemmed from
the field-induced biaxial order §&;, and the contribution 8
caused by the quenching of director fluctuations along the
x axis. In real samples, there is also an additional “pretilt”
term because the surface alignment direction at the bounding
plates is practically never strictly parallel to the plate due to
the small pretilt angle B induced by rubbing of the aligning
layer. Nonzero § implies that the zero-field director and the
field are not strictly orthogonal and that there is a nonzero
dielectric torque on the director. The corresponding change in
the effective birefringence is proportional to (8 — o), where
B and B, are the averaged angles between the director and
the substrate plane with and without the applied electric field,
respectively. One can show that jy is the arithmetic mean of
the pretilt angles at the top and bottom plates.

Using Eqgs. (10) and (23) for the discussed contributions,
we obtain from Eq. (28),

Snesr = 0pu (88, + 388) + 0,s (88, + 388 ,) + 05(B — Po).
(29)

72 72
= i 2,7 i
where o, = 6n2(n2 2 [k (k - ];_)) + no(kxo - t)]’ Ouf =
R2n2— kkY k) P A
z o"xe ne—n,
T Ty b andog = =52k, are the weighting

coefficients dependent on an experimental geometry. Note that
885, does not contribute to Sner and therefore cannot be
extracted from the phase retardance measurements. We also
cannot completely separate §&,, §&;, and 6Z ; by staging three
different experimental geometries because these terms appear
in Eq. (29) in two combinations. However, as we will show
below, there is a possibility to determine 8&,, 8&;, and &
independently utilizing their distinct dynamics.

We perform experiments for the following three geometries
that provide the simplest interpretation:

(a) “Biaxial-uniaxial” (BU) geometry in which the contri-
bution of director fluctuations is eliminated, o,y = 0, and only
the biaxial and uniaxial OPs contribute to the optic response.

(b) “Uniaxial-fluctuations” (UF) geometry: Only the uni-
axial OPs and director fluctuations contribute to the optic
response, whereas the biaxial contribution does not, o3, = 0.

(c) “Normal” (N) geometry with the perpendicular in-
cidence of a probing beam in which case all the three
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FIG. 1. (Color online) Three experimental schemes for testing
an electro-optic response of a nematic cell with the laser beam
(horizontal red line). (a) BU geometry probing biaxial and uniaxial
contributions to the optic response. (b) UF geometry probing uniaxial
and fluctuations quenching modifications. (c) N geometry, all three
mechanisms contribute to the optic response.

® N>
<>
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mechanisms (uniaxial, biaxial, and fluctuation quenchings)
contribute to the measured signal, but the experimental setting
and weighting coefficients in Eq. (29) are simple.

1. Biaxial-uniaxial geometry

The simplest of the BU geometries, that satisfies the
condition 0,5 = 0, is the one in which the ~incidence plane
of a probing beam contains the director k, =0, and the

n2 .
—ng+n2’ Fig. 1(a).
The field-induced change Sngy for this BU geometry is

5 ny/ne +1+n./n, (5" L 35” )
npy = g, + =68
By 6\/r12—i—n2 277

n2

+ \/ﬁ(ﬁ Bo)-

The last term is a potential contribution of the finite pretilt

angle at the boundaries. Because of the finite pretilt, the applied
field can realign the director,

incidence angle obeys the condition k, =

(30)

_ _ r—t
Blton < t < toir) = Poexp <— rF) 31)

on

where B, is the arithmetic mean of the pretilt angles at
the top and bottom plates when there is no field. After the
field is switched off, the director relaxes back to the initial

%

Soleil-Babinet compensator

Polarizer — Prisms

He-Ne laser
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state,

B(t > tor) = Po — [Bo — Bltors)] exp ( t°ff). (32)

Toff

At a time scale (1-1000) ns of interest, Eq. (32) yields a
practically constant value of B(f > t.f).

2. Uniaxial-fluctuative geometry

Among the UF geometries determined by the condition
opy = 0 in Eq. (29), we choose the one with the incidence
plane of a probing beam perpendicular to the director k., = 0
and the incidence angle obeying the condition lzy =n,/v2,
Fig. 1(b). The corresponding field-induced birefringence dnyg
is

1 1 2 3
8 = —|— 4+ ——— || 68 —8&¢ ). 33
nuF 3ﬁ<n0+ an_n%)( But 3 sf) (33)

If the refractive indices of NLC #n, and n, are close to the
refractive index of the glass substrate n,, then the incident
angles in BU and UF geometries are close to 45°.

3. Normal geometry

_ In N geometry the probing light is perpendicular to the cell
ky, =k, = 0, and Eq. (29) reduces to

S = —— (85, + 288, ) + —— ( 85, + 252 (34)
N e, \En TR0 ) T, e TR0 )

III. EXPERIMENTAL METHODS

We used commercially available NLC CCN-47 (Nematel
GmbH). The material parameters measured at 7 = 40 °C are
as follows: dielectric constants &, = 3.9, ¢, = 9.0, dielec-
tric anisotropy Ae = —5.1, all determined within the field
frequency range of 1-50 kHz; birefringence An = 0.029 at
A =633 nm. The transverse dipole of CCN-47 molecules
is large up = 12.3x1073° C m (3.7 D) as calculated using
CHEMOFFICE software. The structural formula of CCN-47 is
shown in Fig. 2(a).

— Rl ]

g_

Oh

~1Active ITO
electrode
area

— Analyzer

Fast
detector

FIG. 2. (Color online) (a) Molecular structure of CCN-47. (b) Schematic RC circuit. (c) Design of cell electrodes. (d) Electro-optic setup

for geometries BU and UF.
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The cells were constructed from two parallel glass plates
separated by spacers. The inner surfaces of these plates contain
ITO electrodes and unidirectionally rubbed polyimide layers
PI-2555 (HD MicroSystems), which are separated by a gap
d in the range (3.5-8.2) um. When a voltage pulse U(¢)
is applied, an electric field E(¢) inside the liquid crystal is
controlled by the RC circuit, Fig. 2(b), formed by the resistance
R of the electrodes and the equivalent capacitance C =
CnLeCp/(Cnice + Cp) created by the capacitances of the NLC
Cnic and the polymer films Cp. Most of the experiments were
performed with an NLC cell of the thickness d = 4.2 um and
the RC time tgc = RC = 7 ns. In order to reduce the RC time,
we used the electrodes of low resistivity (10 €2/square) and a
small area A, = 3x3 mm?, Fig. 2(c). The dielectric constant
of the polyimide PI-2555 is ¢p = 3.5 [41]. The effective
thickness for the capacitor formed by the two polymer films is
dp = 0.2 um. The rubbing directions at the plates are parallel
to each other in order to minimize the effects of nonzero
pretilt. The typical pretilt angle at the used substrates was about
0.7°. To satisfy the conditions of the BU and UF geometries,
Fig. 1, the NLC cell is sandwiched between two right angle
glass prisms with the refractive index ng, = 1.52, which is
close ton, = 1.50 and n, = 1.47 measured at 7 = 40 °C and
A = 633 nm. The temperature of the cells was controlled with
an accuracy of 0.1 °C by aLTS350 hot stage (Linkam Scientific
Instruments) and a Linkam TMS94 controller.

The cells were tested with a He-Ne laser beam (A =
632.8 nm), linearly polarized along the direction that makes
an angle of 45° with the incidence plane. The beam passes
through the cell, the Soleil-Babinet compensator, and two
crossed polarizers, Fig. 2(d). The transmitted light intensity
was measured using a photodetector TIA-525 (Terahertz
Technologies, response time <1 ns).

The change in light intensity caused by the applied field
can be presented as

A 2
+ Inin(2), (35

I(t) = [Imax(t) - Imin(t)]Sinz{ T[[(S”(t) + Aneff]d + @}

where ¢sg is the variable phase retardance controlled by the
Soleil-Babinet compensator and /i, and I,« are the minimum
and maximum values, respectively, of the light intensity. The
values of I, and I, are different from O and the ideal
maximum because of parasitic effects, such as light reflection
at interfaces, light scattering, and absorption. These parasitic
effects might be sensitive to the applied field, which is why
both Ij.x and I, are shown as time dependent in Eq. (35).
The role of the variable Soleil-Babinet phase difference ¢gg is
to eliminate the contribution of these parasitic effects from the
effects affecting the birefringence, i.e., the OPs modifications
and quenching of the director fluctuations, as explained below.

The measurements are performed with two different values
of the Soleil-Babinet phase retardation ¢4 = 27”(% — Anegd)
and ¢p = 277:(% — Anegrd). At these values, the transmit-
ted light intensity in the field-free state is I(r =0) =
[Imax(0) + Ihin(0)]/2, Fig. 3(a), which means that the sen-
sitivity of light intensity to the changes in optical properties
is maximized. Furthermore, extraction of the useful contri-
bution from the parasitic effects is achieved by evaluating

PHYSICAL REVIEW E 90, 062504 (2014)
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FIG. 3. (Color online) (a) Two settings of the Soleil-Babinet
compensators A and B, which correspond to the maximum sensitivity
of light intensity to changes in optical retardance. The two settings
also allow one to separate the field-induced retardance changes
from parasitic effects. (b) The optic response to Uy = 626 V pulse
measured at 7 = 43°C, d = 4.2 um for the two settings of the
compensator ¢sg = ¢, and ¢sg = ¢p. (c) Half-difference AI_(r)
and half-sum A7, (¢) of the two optic response curves shown in (b).

the half-difference AI_(t) = S[AI4(t) — Alp(t)] = 22401
[Imax(0) — Inin(0)] and the half-sum Al (f) = %[AIA(t) +
Alg(t)] = %[Almax(t)—i— Alyin(t)] of the optical measure-
ments recorded for ¢4 and ¢p, Figs. 3(a) and 3(c). As seen
in Fig. 3(c), the half-difference Al_(¢) signal is significantly
larger than the half-sum A7, (¢) signal, which indicates the
prevalence of the field-induced birefringence §n(z) effect over
the parasitic factors.

Voltage pulses of amplitude Uy up to 1 kV with nanosec-
onds’ rise and fall fronts were produced by a pulse generator
HV 1000 (Direct Energy, Inc.). The profiles of voltage pulses
U(t) and optic responses I (¢) were experimentally determined
with an oscilloscope Tektronix TDS 2014 (sampling rate 1
Gsample/s).
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FIG. 4. (Color online) Dynamics of field-induced birefringence in geometries (b) BU, (c) UF, and (d) N in response to the applied voltage
pulses (a); temperature 7 = 49 °C. The curves in (a)—(d) from top to bottom correspond to voltage pulses with U, = 626, 484, 344, and 197 V,

respectively.

IV. OPTIC RESPONSE DYNAMICS AND
EXPERIMENTAL DATA FITTING

Short voltage pulses of duration 394 ns applied to the
NLC cell, Fig. 4(a), produce the optic responses shown in
Figs. 4(b)—4(b) for geometries BU, UF, and N, respectively.

In order to evaluate the dynamics of an optic response and to
separate different contributions, one needs to know the profile
of the voltage pulse. The latter can be presented as a sum of
the exponential functions,

Ut < ton) =0,
U(ton < t < toff) — Uo(e_(t_lon)/fu _ e_(t_lon)/ton)’
Ut > tor) = Utome™ 707",

(36)

where 7o, and #.¢ are the moments of time when the voltage
is switched on and off, respectively; Uy is the characteristic
amplitude of the pulse applied to the electrodes of the cells, 7.,
is the characteristic rise time of the front edge of the pulse, o
is the characteristic decay time of the rear edge of the pulse, and
7, is the characteristic time of the slowly decaying amplitude
of the pulse. The parameters Uy, t,, Ton, and To are obtained
by fitting the experimental profile, Fig. 5(a). It is convenient
to represent the voltage pulse as a sum of the exponential
functions because it allows us to solve the Kirchhoff equation

TABLE I. Coefficients a; and v; for exponential expansion of
EON@).

for an RC circuit with characteristic time tTgc, which is 7 ns for
the cell of thickness 4.2 um. Thus, the electric field inside the
NLC E(f < to) =0, EON(ton <t < tor) and EOFF(t > to5¢)
is
EON(ton <t < toff) = Ep Zaie_vl(l_tm),
i

EOF(t > tor) = E®N(torr) Y _ bje 0, (37)

J

where Ey = Upep/(e1dp + €pd). In our experiment for the
switching-on dynamics 7o, < ¢ < foff, the summation index i
runs through the values 1-3; a; and v; are presented in Table 1.
And for the switching-off dynamics ¢ > f.¢, the summation
index j runs through the values 1 and 2; b; and y ; are presented
in Table II.

The exponential form representation of E(¢) streamlines
the fitting procedure because it allows one to evaluate Eq. (12)
in an analytic form for the uniaxial §&,(¢) and biaxial §&,(¢)
OPs dynamics as well as Eq. (26) for the quenching of director
fluctuations 88 ¢ (¢).

A. Biaxial-uniaxial geometry fitting

The typical response of CCN-47 to the applied voltage
pulse of a duration of 394 ns, recalculated in terms of the

TABLE II. Coefficients b; and p; for exponential expansion of
EOFF(I).

i 1 2 3 J 1 2
a: T —Ton —(Ta—Ton)TRC b 1— £p U (toff) Toff ep U (toff) Toff.

! Ta—TRC Ton—TRC (ta—TRC)(TRC —Ton) J (eLdp+epd)EON(tofr) Toff—TRC (e1dp+epd)EON (off) Toft—TRC
Vi 1/7, 1/Ton 1/trc M 1/tre 1/ 7ot
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FIG. 5. (Color online) (a) Experimentally measured voltage profile fitted by Eq. (36) (solid red line) with Uy = 626 V, 7, = 18.5 us,
Ton = 3.2 118, Toit = 3.2 118, fon, = 93 ns, and 7oy = 487 ns. (b) Optic response in BU geometry at T = 46 °C (gray dots) fitted with Eqgs. (12), (30),
(31), and (32) for one uniaxial and one biaxial mode 7, = 1.95 ns, 7, = 29 ns, o, = 5.4x107 m?/V?, a, = 8.9x1072° m?/V2, B, = 0.06°,
and tf = 85 ns (solid black line). The blue dashed line is the biaxial contribution.

field-induced birefringence change dn, is fitted according
to Eq. (30), Fig. 5(b). The last term in Eq. (30) is the
contribution due to the nonzero averaged pretilt angle B(z),
which is described by Egs. (31) and (32). We extract this
contribution using tf and considering that B(f) = B(for) is
responsible for remaining a constant bias when in the range of
500-1000 ns, and Eq. (32) yields a practically constant value
of B =0.1°. Two main contributions are the field-induced
uniaxial §&,(¢) and biaxial 6&,(t) contributions of the NEMOP
effect. Experimental data in the middle of the nematic phase fit
well with the simplified model with two OPs Eq. (12), and the
fitting clearly reveals two processes with substantially different
relaxation times: slow in the range of tens of nanoseconds and
fast in the range of nanoseconds. We assign the slow process
with relaxation time t, = 28 ns to the uniaxial OP of long
axes § Ryp and the fast process with 7, = 1.95 ns to the biaxial
OP of short axes §Ry,. This assignment is verified by the
experimental results for UF geometry, discussed in the next
section. Although the experimental data should be generally
discussed with four OPs, the data analysis shows that it suffices
to use just two different OPs and that the introduction of the
third and fourth OP does not improve the fitting.

The experimental data, fitted with four parameters
ap, o, Tp, and 7, clearly demonstrate that 7, is the shortest
time scale of the dynamic processes, being on the order of

35x1073F T T o
3.0 (@) UF 3
25 Up=626V ]
2.0f
1.5F
1.0 penESmrnaes | 3
0.5f %
0.0k
0

T T
Lisss |7

on

PR B .x'l"'."."'"r """""
400 600
t(ns)

P I
200

a few nanoseconds or even shorter. For all temperatures, the
fitted values of 7, are always shorter than 2.4 ns. A more accu-
rate determination is not possible as 7, is at the edge of the
experimental accuracy of setting and monitoring the voltage
pulses. Importantly, the three other fitting parameters oy, «,,
and 1, show very little changes with different values of 7, as
described in Appendix A. In what follows, we set 7, = 1 ns
and fit the experimental data with Eq. (30) using only three
fitting parameters: t,, o, and op.

B. Uniaxial-fluctuative geometry fitting

The response of CCN-47 in UF geometry shown in Fig. 6(a)
is obtained at the same voltage and temperature as the response
in BU geometry, Fig. 5(b). The optic response has two
contributions in Eq. (33): the modification of the uniaxial OP
and the quenching of director fluctuations. The contribution
of the director fluctuations described by Eq. (26) can be
simplified for our fitting procedure because t; &~ 60 ms for
the cell thickness 4.2 um and 7, < 10 ns for g. &~ 1 nm~'.
Therefore, the term inside the curly brackets in Eq. (26) is
close to unity and

eSO i

fe@)
SVett Jo A —1)

Sgt)=A SNar (38)

0.8x107° (b) UF 1

Upy=197V

0.6

0.4f

on

0.2f

0.0 menss
0

200
t(ns)

FIG. 6. (Color online) Optic response measured in UF geometry at 46 °C. Uniaxial component 6&,(¢) parameters «, and t, obtained from
BU geometry at voltage U, were used to fit UF geometry data and to obtain A and y.g. (a) @, = 9.5x1072° m?/V? and 7, = 28 ns for the
applied voltage pulse Uy = 626 V yield parameters A = 1.7 us (m/kg)"/? and y.z = 25 mPas. (b) o, = 9.6x1072 m?/V? and 7, = 30 ns
for Uy = 197 V pulse yield A = 1.7 us (m/kg)'/? and y.; = 15 mPa s. The experimental points are fitted with our model (solid red line), and
the dashed line is the uniaxial contribution §&,(¢), obtained from BU geometry.

062504-9



BORSHCH, SHIYANOVSKII, LI, AND LAVRENTOVICH

where A and y. are the fitting parameters. Substituting

Eq. (37) into Eq. (38), we represent 82 4(1) by two analytical

expressions: switching-on dynamics SE?N (ton <t < togr) and

the switching-off dynamics 889" (1 > 7o) (see Appendix B

for details). The switching-on fluctuations dynamics is
SEM (ton < 1 < tofp)

foe—ZVI(f—tnn)

t—t
=A al/mtserf m)
A/ Veft |: T ( Ty
3
_ D(/Aiir(t — ton
4 2~ t—ton)/7s Z’aiai,w , (39
i,i'=1 )Lii/
J
3201 = 1) = AT
: A/ Veft

I aia;r

i

+%gz

i,i'=1

2
fE (toff) Z
fo ST VMR
(toff) bib;
where g = exp[— ny“ﬁ Z” — u,/ﬂlt, I

Fitting the experimental data with the corresponding
Egs. (12), (39) and (40) reveals that the characteristic time of
the fastest process is about 30 ns, and there is no process with
the characteristic time on the order of 1 ns, which we observe in
BU geometry, Fig. 5(b). Therefore, the UF experiment proves
our earlier assignment that the relatively slow (30 ns) process
in BU geometry is related to the modification of the uniaxial
OP and the fast nanosecond process is caused by the induced
biaxial OP.

The reliable fitting of the uniaxial and fluctuations contri-
butions with Egs. (12), (39), and (40) might be challenging,
especially for higher electric fields, when the characteristic
times 7y and 7, are on the same order. On the other hand,
7, and 7, are more than one order of magnitude different, and
fitting BU geometry allows us to obtain the biaxial and uniaxial
contributions with high accuracy. Therefore, we separate
the uniaxial contribution from the experimental data in UF
geometry using the corresponding fitting parameters o, and
7, obtained from BU geometry for the same temperature and
voltage pulse. Then we fit the remaining part corresponding to
the director fluctuations with Eqs. (39) and (40). Although we
use only two fitting parameters A and ., the experimental
data fit for UF geometry is encouraging, both for higher electric
fields when the optic response is faster, Fig. 6(a) and for lower
fields when the response is slower, Fig. 6(b).

C. Normal geometry

Using an arbitrary direction of the probing beam propa-
gation in our experimental system, one can obtain a linear
combination of two independent experimental sets of data
Eq. (29). More specifically, the optic response in N geometry

{e—alz(loff—fon)/ff D/ Aiir(t — ton)

D(\/(Mj + wy Wt —tor) |

PHYSICAL REVIEW E 90, 062504 (2014)

where Zfﬂ:] is the sum with the term i =i’ = 1 being ex-
cluded; f, = eol Ae|Eg; hiir = vi + vir — a7/ T53T5 = Yest/ fo3
Ty = A~ = tf/(al2 —2tyvy) is the characteristic time
for the dynamics of fluctuations’ quenching; and D(z) =
e fo e’ dt is Dawson’s integral; see Chap. 7 in Ref. [40].

In Eq. (39), the first term with the error function provides the
main contribution, whereas the terms with Dawson’s integrals
describe small corrections caused by the nonsquare shape of
the electric pulse in the NLC. In the case of an ideal square
electric pulse, T, — 00, Ty, — 0,and tg¢ — 0, the terms with
Dawson’s integrals disappear, and T, = ;.

The switching-off dynamics is

- t—t, t— tof
aPge M or—to) [ o1=tun)/ %y [erf \/ O orf \/ _ o“]
‘ Tf Tf

) — e_(vi+vi’)(toff_ton)D( [iir(t — toge))}

(40)

(

can be presented as the linear combination of respective
responses in BU and UF geometries. In order to validate the
two experimental sets of data taken in BU and UF geometries,
we perform an experiment in N geometry.

With a probing beam impinging normal on the substrates,
N geometry contains the contributions of all three processes
Eq. (34): the field-enhanced uniaxial OP, field-induced biaxial
OP, and the quenching of director fluctuations. Equations (30),
(33), and (34) show that the linear combination of the optic
responses in BU, UF, and N geometries expressed as

Vn+n2

ono(t) = énn(t) — ———
o(r) (D) Py ER——

I:(SnBu(f)
n:—n? _
- —T T2 B - ﬁo)}

V2n oy/2n2 —n2
(,/an —n2+2n )

should be zero. This quantity can be used as an estimate of the
experimental error. In all our experiments, the field-induced
phase difference 6n¢(z), described in Eq. (41), deviates from
zero by no more than 1.4x10~* (except at the moments of
time corresponding to the front and rear edges of the voltage
pulse), Fig. 7.

Snyg(7) (41)

V. DISCUSSION
A. Biaxial-uniaxial geometry

The experimental data follow our model fairly well,
Figs. 5(b) and 13(a). In particular, at the temperatures
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FIG. 7. (Color online) Optic responses measured in geometries BU, UF, and N at (a) 36 °C and (b) 53 °C. The lowest black curve corresponds

to dno(t) defined in Eq. (41). Applied voltage pulse Uy = 626 V.

T =31, 46, and 49 °C, Fig. 8, that are far from the nematic-to-
isotropic (Tny = 56.5 °C) phase transition, the fitting parame-
ters, namely, the biaxial «;, and uniaxial ¢, susceptibilities and
the characteristic uniaxial time t,,, do not depend on the electric
field as expected, see Eq. (12). Close to Tny at T = 54 °C,
«, and 1, decrease, whereas o, increases with the electric
field. Such a behavior in the pretransitional region might be
attributed to the following factors. First, we restrict our model
by the second-order term of the free energy density expansion
Eq. (4). One can expect that near the Ty, the higher-order terms
should be taken into account. Second, although our model
describes the NEMOP effect through four OPs Eq. (11), we fit
experimental data with the assumption of only two OPs being
significant (Rgp and R,) Eq. (12).

The temperature dependences of «,, and t,,, shown in Fig. 9,
are obtained for Ey = 74 V/um. Such a field is not very
strong, yet the induced optic response is sufficiently large to
provide reasonable accuracy.

When the temperature approaches 7Ty, both the uniaxial
susceptibility o, and the relaxation time 7, increase, Fig. 9(a).
In the theory, both quantities are inversely proportional to
Bzfm/aRjkaRjkr, see Eq. (4), ie., a, &< 1/My, 4, and 1, X
1/Moo.00- The experimentally observed increase in o, and
T, is, thus, explained by the flattening of the free energy

density profile as a function of Ryy near the phase transition
temperature. Therefore, the experimental behavior of «, and
7, is consistent with the Landau-Khalatnikov description close
to the phase transition [34].

The reciprocal quantities 1/«, and 1/7, demonstrate a
quasilinear behavior at both low and high temperatures of
the nematic range, Fig. 9(b). Close to Ty, this behavior could
be explained by the Landau—de Gennes theory for the nematic
phase, where My oo has a quasilinear temperature dependence
and adopts a zero value at the absolute temperature limit 7**
of overheating of the nematic phase, Fig. 9(b).

At the lower temperature limit of the nematic phase, the
value of ¢, slightly increases, Fig. 9(b), which could be
attributed to the formation of fluctuative smectic clusters near
the nematic-to-smectic phase transition, which is enhanced
by the electric field. Clusters might also explain the increase
in the response time 7, at the low temperatures.

The biaxial susceptibility «;, shows a well-pronounced
increase as the temperature is lowered, Fig. 10(a), which
can be explained in the following way. In our model, o, is
proportional to M,,',, Eq. (13). According to the Landau
theory, the biaxial second-order coefficient M) 2 in the
uniaxial phase Eq. (4) has to go to zero at the temperature
T,p of the uniaxial-biaxial nematic phase transition, and this
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FIG. 8. (Color online) Electric-field dependence of (a) biaxial «,, (b) uniaxial ¢, susceptibilities, and (c) uniaxial time 7, at different

temperatures: 31 °C (@), 46 °C (0J), 49 °C (x), and 54 °C (A).
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dependence is linear My 2 o (T — T,p). Therefore, one can
expect that o "o (T — Ty) and the experimental data show
such a linear dependence for temperatures far below Ty,
Fig. 10(b). The slope of the linear temperature dependence
of ab_l shows that the hypothetical uniaxial-to-biaxial nematic
phase transition temperature is Ty, = 5 °C, Fig. 10(b). This
temperature is well below the uniaxial-to-smectic A transition
temperature Tya = 30 °C observed for CCN-47. Thus, the
molecular structure of CCN-47 is not conducive for the search
of a biaxial nematic phase. On a general note, the temperature
dependence of «;, can serve as an indicator of how close
a uniaxial nematic material might be to forming a biaxial
nematic phase in the absence of the external electric field.

B. Uniaxial-fluctuative geometry

This geometry offers a convenient way for analyzing the
nanosecond dynamics of the quenching of director fluctuations
because the biaxial contribution is absent and the uniaxial
contribution in Eq. (33) can be separated from the fluctuative
contribution since the values of «, and 7, are already known
from the fit of the experimental data in BU geometry. The
electric-field dependences of the fitting parameters A and g
for several temperatures are shown in Fig. 11. As expected,
the amplitude coefficient A, describing the changes in the
optic tensor caused by the quenching of director fluctuations
Eq. (26), remains almost field independent and increases
with temperature, Figs. 11(a) and 12. However, the value of
A is about two times bigger than the value expected from
its definition in Eq. (26), calculated with the known elastic
constants [42] and the measured n, = 1.50 and n, = 1.47.
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The obtained effective viscosity yesf demonstrates a weak
monotonous increase with the electric field, Fig. 11(b) and is
slightly smaller than the macroscopic viscosities of CCN-47
homolog compounds and their mixtures [43]. As expected,
in the nematic phase, y.y increases with a decrease in
temperature, Fig. 12. The increase is especially pronounced
near the transition to the smectic A phase. The latter can be
attributed to the pretransitional phenomena, such as fluctuative
cybotactic smectic clusters.
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FIG. 11. Fitting parameters (a) A and (b) y.r obtained from
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VI. CONCLUSION

In this paper, we explored both theoretically and experi-
mentally the electro-optic response of an NLC cell in which
the electric field does not cause director reorientation. We
demonstrated three mechanisms contributing to the field-
induced change in optical birefringence: nanosecond electric
modification of (a) biaxial, (b) uniaxial OPs, and (c) quenching
of the director fluctuations. Our observations reveal that these
mechanisms have different characteristic times. For CCN-47,
these times are (a) less than 2 ns for the biaxial NEMOP,
(b) tens of nanoseconds for the uniaxial NEMOP, and (c) a
wide range of characteristic times from tens of nanoseconds
to milliseconds for the quenching of director fluctuations.

We developed a model of the NEMOP effect using two
uniaxial and two biaxial nematic OPs. Their dynamics are
described by two uniaxial and two biaxial modes Eq. (5). We
used a simplified two-mode version of the model to fit our
experimental data for CCN-47; the uniaxial OP of the long
molecular axes and the biaxial OP of the short molecular axes
appear to be the dominant OPs for this material.

We describe the dynamics of director fluctuations using the
macroscopic viscoelastic approach Eq. (20) with Frank-Oseen
elastic energy in splay-twist one-constant approximation K| =
K, and with a constant effective viscosity. Within these
approximations, we derived the contribution for the quenching
of director fluctuations to the field-induced modifications of
the optic tensor Eq. (26).

Experimentally, we determine the field-induced changes in
the effective birefringence §n.s, which contains the uniaxial
88, biaxial §&), and fluctuational 8Z ; contributions Eq. (29).
In order to separate these contributions, we used the so-called
BU and UF geometries in which one of the three contributions
is nullified. We also independently validated the separation
of different mechanisms by measuring the optic response in
normal incidence (N) geometry, Fig. 7.

In BU geometry, with no contribution from the fluctuations
quenching, the dynamics of the electro-optic response devel-
ops over time scales of nanoseconds and is well described
by two different characteristic times 7, (tens of nanoseconds)
and 1, (about 2 ns or less). We associate these characteristic
times with the uniaxial and biaxial modifications, respectively,
of the optic tensor, see Eqs. (30) and (12). The assignment
of the fastest relaxation time 7, to the biaxial modification
is justified by the measurements in UF geometry in which
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the nanosecond relaxation is absent. The biaxial susceptibility
shows a strong temperature dependence at low temperatures
a, o< (T — Ty)~!, which indicates a possible phase transition
from the uniaxial to the biaxial nematic phase in a field-free
state at some temperature 7,,. The extrapolated value is
Ty = 5 °C, much lower than the temperature 30 °C of the
actual phase transition from the uniaxial nematic to the
smectic A phase. Therefore, in the explored material CCN-47,
the hypothetical biaxial nematic state is suppressed by the
occurrence of the smectic A phase. A similar test can be used
to find Ty, in other materials in order to facilitate the search
for potential biaxial nematics.

UF geometry provides interesting information about the
behavior of director fluctuations on nanoseconds’ time scales.
In this geometry, the biaxial modifications in the optic tensor
88, are eliminated, and the uniaxial changes can be evaluated
by employing the values of parameters «, and 7, obtained
from the slow component of the BU response. The remaining
changes 62 ; in the optic tensor can be attributed to the quench-
ing of director fluctuations. The director fluctuations model
provides a good fit to the experimental optic response, Fig. 6.
As expected, the amplitude of director fluctuations grows with
temperature, whereas the effective viscosity decreases with
temperature, Fig. 12. The amplitude coefficient A does not
depend on the electric field but is bigger than theoretically
expected, Fig. 11(a), which can be attributed to the simplifying
assumptions of the theory. The most intriguing feature is that
the effective viscosity increases with the field, Fig. 11(b),
thus, possibly indicating that the classic viscoelastic theory
with constant material parameters might approach its limit of
validity when applied to the nanoseconds dynamics in strong
electric fields.

The presented NEMOP effect should be distinguished from
the classic Kerr effect. The Kerr effect consists of field-induced
birefringence emerging in the otherwise isotropic fluid. It is
an essentially uniaxial effect with the induced optic axis being
always parallel to the applied field. The Kerr effect can be
observed in nonmesogenic fluids [44-46] and in the isotropic
phase of mesogenic compounds [47-52]. In the first case,
the effect is practically temperature independent, whereas
in the second case, it shows a strong enhancement near the
isotropic-to-nematic phase transition [50,52]. In comparison,
the NEMOP response of CCN-47 with a negative dielectric
anisotropy features both uniaxial and biaxial optical changes.
The biaxial changes are faster than the uniaxial changes at the
same temperature and in the same electric field as discussed
above. Similar to the case of electro-optic effects in uniaxial
and biaxial nematics [53], one could expect that the biaxial part
of NEMOP would be generally faster than the uniaxial part. It
is also expected that as the relative contributions of the biaxial
and uniaxial change, the amplitude and relaxation times of
these changes would be strongly dependent on the molecular
structure as the NEMOP effect is essentially a molecular-scale
phenomenon. Indeed, our recent results [13] demonstrate that
different mesogenic materials show very different amplitudes
of the field-induced NEMOP birefringence that exceed the
data presented for CCN-47 by at least one order of magnitude.

From the fundamental point of view, NEMOP represents an
opportunity to analyze the complex uniaxial-biaxial response
of the orientationally ordered medium to the applied electric
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field on the scale of nanoseconds. In this paper, we explored
only one material. Further studies should expand to materials
with different molecular structures and material parameters.
For instance, the NEMOP effect can be observed not only
in materials with a negative dielectric anisotropy as is the
case of CCN-47, but also in materials with positive dielectric
anisotropy. It would be of interest to compare the parameters
of the NEMOP effect to the parameters of the Kerr effect in the
isotropic phase of the same compound. These studies would
shed some light on which mode of optic response would be the
most beneficial for the nanosecond electro-optic applications.
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APPENDIX A: FITTING PROCEDURE
FOR BIAXIAL-UNIAXIAL GEOMETRY

In this appendix, we explain the procedure to fit the
experimental data obtained in BU geometry. There are three
processes that are relevant in the dynamics of optic response in

PHYSICAL REVIEW E 90, 062504 (2014)

this geometry, namely, director reorientation associated with
the finite pretilt and biaxial and uniaxial changes in the OPs.

The slowest one is the dynamics of the pretilt angle B(z),
described by Eqgs. (31) and (32). When the field is switched
on, the characteristic time t/ ~ y;/(eo|A¢|E 2) of the pretilt
dynamics with y; & 0.1 Pa s being the rotational viscosity and
E =~ 2x10% V/m being the typical electric field is about 100
ns, which is longer than the rate of uniaxial and biaxial changes
7, ~ 30 and 17, < 2 ns. When the electric field is switched off
at t = tof, the relaxation time of the pretilt angle becomes
even longer tkf ~ y1d?/(w*K;) ~ 10 ms. At the scale of
nanoseconds relevant to our experiments, this extremely slow
relaxation yields a practically time-independent contribution
to the overall optical signal that reveals itself in Fig. 13(a)
as a negative-valued “tail” in the time dependence of én
[see also Figs. 3(c) and 5(b)]. Since the uniaxial and biaxial
modifications relax much faster than the pretilt angle, we use
the optic signal measured at ¢ > t,¢ + S00 ns to determine the
value of B(t > to); the value of By follows from Eq. (31).
Note that the overall effect of B(z) is small, contributing less
than 5% to the optic response.

After the exclusion of the pretilt angle contribution, the
remaining dynamics is associated with the uniaxial and biaxial
changes in the OPs that occur on short time scales (1-100) ns.
We fit the experimental data with Eq. (30) in which B(z) is
defined as explained above. The fitting is performed through
minimization of the residuals function,
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FIG. 13. (Color online) (a) Optic response at T = 43 °C (gray dots) fitted with Eq. (30) for one uniaxial and one biaxial mode, 7, =
1.76 ns, 7, = 31 ns, o = 5.8x107% m?/V?, and o, = 8.0x1072° m?/V? (solid black line). The blue dashed line is the biaxial contribution.
(b) Dependence of the residuals function on the preselected value of 7, obtained from the fitting of the optic response at ' = 43 °C, Uy = 626 V
with Eq. (30). Dependence of the fitted values of (c) «,, o and (d) 7, on the preselected value of 7. The big marker on the plots corresponds

to 7, = 1.76 ns, obtained as a free fitting parameter.
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where N is the number of experimental data points {¢;,5n(t;)}
and énpy is the fitting function as defined in Eq. (30).

The fitting clearly reveals two different relaxation processes
with substantially different relaxation times: t, in the range of
tens of nanoseconds and 7, in the range of nanoseconds. For
example, the optic response to the voltage Uy = 626 V yields
7, = 1.8 and 1, = 31 ns, Fig. 13(a). As long as 7, is less than
2 ns, the fitting produces practically the same values of the
three other parameters, o, o, and 7, Figs. 13(b)-13(d).

APPENDIX B: ANALYTIC DESCRIPTION
OF THE DYNAMICS OF DIRECTOR
FLUCTUATIONS QUENCHING

In this appendix, we derive an expression for the dynamics
of the fluctuative contribution described by Eq. (38). To
simplify derivation we set f,, = 0. The function fg(t) =
go|Ag| E%(¢) reads from Eq. (37) as

3
NG < to) = fo Y aiape™ Y,

i,i'=1

“%>m»45mw2bbe%ﬂww>®n

J.Jj'=1

where f, = go|Ae|E2, Ey = Upep/(e1dp + epd) is the char-
acteristic amplitude of the electric field inside the NLC
Eq. (37), i = 1-3, see Table I of the main text, and j = 1,2,
see Table II.

For the switching-on process, t < fofr, SON(t <
ﬁ fot ON(¢")dt', therefore, exp[SON(r)] in Eq. (38) can
be presented in a form exp[SON(1)] = ]—[il‘/:l P;;/(t), where
Piin(t) = expl 55 (1 = e~ N and tf = yerr/ fo. One
can see from Table I that |a;| ~ 1 and v; satisfy the conditions
V7 K 1 and vty > 1 for i =2,3. Thus, the exponential
term in parentheses can be expanded for Py, (t) = exp(a t/ty)
and neglected for all other terms P;;; = exp[ ]. There-
fore, Eq. (38) can be presented as

Loff) =

r(v+v)

~ fo _
SEN(t < tofr) = AT —me e S @ia I (i, 0,1),

Veff Py
(B2)

2 _
where Aji = v; + vy — Z—; and (A, 19,t) = ff:) Wd The

integral I(X,ty,t) yields either the error function or Dawson’s
integral, see, e.g., Chaps. 5 and 7 of Ref. [40],

«/_n%erf«/lM(t —7), if A<O0,
I\, t9,1) = . (B3)
2‘fﬁ0 DAt — 1)), if A>0.

One can see from Table I that A;; < 0 and A;; > O for all
other cases; thus, Eq. (38) for the switch-on dynamics t < o
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becomes
~ fo _2 aZelnlt
SEN(t < topp) = A———e /% | /=L erfy/| A1 |t
A Veft 1At

3
+2Z’%D(‘/xi,z } : (B4)

where Zfi’:l is the sum with the term i =i’ =1 being
excluded. Equation (B4) is presented as Eq. (39) in the main
text.

For the switching-off process ¢ > t,, we can split

S(t > tor) into  two parts St > tor) = SN(tor) +
SOFF (¢ > 1.4), where
SOt > 1) = f 2 (dt!
eff Toff

_ SN N~ by
(j + o)

Ye Jj.j'=1

x (1 — e*(uﬁujf)(t*foff)). (B5)
Thus, Eq. (38) is also divided into two parts,

SEXT(t > o)

/

toft ng(t/)eSON(z’)

_ .4 e—SOFFm[e—SON(roff)

A/ Vet 0 JE—t
t fOFF 4 SOFF (1)
+ / wdﬁ]. (B6)
toft \4 t - t/

During the switching-off process, w;ty > 1, thus we

can neglect the exponential term in Eq. (B5) so that

. biby
expl—SOF(1)] ~ expl— B0 3 =g~ 1.

Therefore,
SEQT(1 > topr)

ut

toff
e
nge attor/ s E alal/ r
«/J/ ff |:

i,i’'=1

1 o= (jt i)t —tor)

2
+ FON(tof) bbby | ————dr'|. (B7)
’ j,jz=:1 " vi—t

Representlng the 1ntegrals in the first sum of Eq. (B7)
o"di' = [ydi’ — [ di’ and using Eq. (B3), we obtain
Eq (40)
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