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Electric effects of nematic liquid crystals (NLCs) have enabled the revolution of the display industry.
Recently, the electro-optic switching of NLCs has been accelerated by applying electric fields in such a
way that the field does not change the director orientation, but modifies the optical tensors of NLCs
due to three effects: induced biaxial orientational order, enhanced uniaxial orientational order, and
quenching of director fluctuations. Till now, these three effects have been explored only in NLCs with
negative dielectric anisotropy. Here, we experimentally study the electrical modification of order param-
eters and director fluctuations in a dielectrically negative/positive composite NLC. The dielectrically pos-
itive dopant causes the following changes: (a) a faster nanosecond switching for optical responses
attributed to the change of order parameters, (b) an increase of the biaxial order parameter, (c) a reduc-
tion of the uniaxial order parameter, and (d) a slight reduction in the field-induced birefringence change.
This work provides a basis for further studies in nanosecond electro-optics.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Liquid crystals (LCs) have been extensively used in various
electro-optic switching devices [1-6] including the well-known
LC displays [7-10], owing to their flexible tenability [11-16], stim-
uli responsiveness [17,18] and adaptive characteristic [19,20].
Nematic LCs (NLCs) is considered as the simplest LCs in which
the molecules possess long-range orientation order without posi-
tional order. The average orientation of the nematic molecular long
axes along a certain direction in space is called the director n,
which is also the optic axis of the material. The orientational order
of NLCs brings the dielectric and optic anisotropy, A¢ = ¢, — ¢, and
An =n. — n,, where ¢; and ¢, are the dielectric constants mea-
sured parallel and perpendicular to #1; n, and n. are the ordinary
and extraordinary refractive indices, respectively. Traditional
electro-optic applications of NLCs are mainly based on the Fred-
eriks effect, where the applied electric field E reorients the n
[21]. The director of positive NLCs with A¢ > 0 realigns along the
field, n||E, whereas f1 L E for the NLCs with A¢ < 0. One bottleneck
of this type of switching is the slow relaxation of i1 during the field-
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off process, typically in the order of milliseconds [21-24]. To
address this challenge, sustaining effort has been devoted to
develop NLCs with optimized anisotropic properties [25], dual-
frequency LCs [26,27], or ferroelectric LCs [28] to speed up the
responses ranging from hundreds of microseconds to several
microseconds.

Recently, nanosecond electric modification of order parameter
(NEMOP) effect was newly proposed by V. Borshch et al. [29].
The electric field changes the order parameters (OPs) of NLCs,
including the induced biaxial order and enhanced uniaxial order
(rather than altering the director orientations), which leads to fast
switching-on and switching-off electro-optic responses in the time
scale of nanoseconds [29-31]. For example, Li et al experimentally
demonstrated a larger field-induced birefringence change on in
NLCs with the response time reduced to tens of nanoseconds
[31]. Despite undisputable finding, previous studies on the NEMOP
effect mainly focused on the dielectrically negative NLCs. It is still
an open question how a negative/positive composite NLC (a small
amount of additive with Ag¢ >0 doped into a negative NLC)
behaves under the perpendicular electric field, including modifica-
tions of OPs as well as the field-induced quenching of the director
fluctuations.

In this work, we experimentally explore the fast electro-optic
response of the dielectrically negative nematic doped with a
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positive additive by applying the electric field perpendicular to the
f1 in two experimental geometries. The modifications of the orien-
tational order and director fluctuations of such negative/positive
composite NLC are demonstrated by comparing to those of the
negative nematic host (A¢ < 0). The numerical simulations show
that the modifications of OPs and the director fluctuations have
different contributions to the field-induced birefringence change.
Both uniaxial and biaxial contributions are quadratic with the
applied electric field, and the contribution of the director fluctua-
tions quenching is somehow linear to the field. The total
switching-on and switching-off time of modifying biaxial and uni-
axial OPs are on the order of nanoseconds and become even faster
after doped with the positive NLC.

2. Experimental materials and methods

We use two NLCs MLC2080 (A¢=-6.4 @1 kHz, An=0.11
@589 nm) and MLC2144 (A¢=+447 @ 1kHz, An=025
@589 nm) both from Merck. To study the effect of doping mate-
rial with A& >0, we prepare a mixture MLC2080&2144
(Ae=-1.85 @ 1kHz, An=0.12 @589 nm, 23°C) composed of
88wt.% MLC2080 and 12wt.% MLC2144. For convenience, we
call these two materials as M2080 and M2080&2144 for short,
respectively. To prepare M2080&2144, two NLC materials
MLC2080 and MLC2144 are dissolved in chloroform, vibrated
with a vortex shaker at a speed of 1500 r/min for 10 min, and
then stirred in an ultrasonic bath for 75 min at 45°C, followed
by evaporation of chloroform in the vacuum oven 12 h at room
temperature and 12 h at 60°C. The NLCs are injected into cells
in the isotropic phase. The cells are comprised of two glass plates
with transparent electrodes (indium tin oxide, ITO) of low resis-
tivity (10 Q/sq). Silica spheres of diameter d = 4.5 um are used
to separate the two parallel glass plates. Unidirectionally rubbing
polyimide PI-2555 (HD MicroSystems) coated on the inner sur-
faces of two plates provides the NLCs a parallel alignment. To
study the electric-optic response of M2080 and M2080&2144,
the He-Ne laser beam of wavelength /. = 632.8 nm passes through
a polarizer, the NLC cell, Soleil-Babinet compensator (THORLABS),
and the other polarizer crossed with the first one. The linearly
polarized laser beam enters the NLC cells at the angle of 45°.
The transmitted light intensity is measured by a photodetector
DET025AL/M (THORLABS, response time < 1 ns). A voltage pulse
of duration 400 ns is applied by a pulse generator HV 1000
(Director Energy) with sharp rise and fall edges of characteristic
time 1 ns. The applied voltage pulses and photodetector signals
are recorded with 1G sample/s digital oscilloscope DS1202
(RIGOL).

To explore the electro-optic contributions ¢,, 5¢,, and 5Ef
which are from the enhanced uniaxial OP, the induced biaxial OP,
and the quenching of the director fluctuations, respectively, we
perform electro-optic experiments in two geometries: (1)
“Biaxial-uniaxial” (BU) geometry in which only the biaxial and uni-
axial OPs contribute to the on, and the contribution from the
quenching of the director fluctuations is zero. In this case, a linearly
polarized laser beam propagates inside the nematic slab at an
angle of 45° with respect to the cell normal, Fig. 1(a). The director
it orients parallelly to the plane of incidence. The field-induced
effective birefringence change énpy in geometry BU is expressed
as [30]:

_No/Me+1+Ne/Ny o~ 3~
6nBU = W(é&; +§58b) (1)
NS OCJ' t 2 (41 ’ /
050 =2 [ ) expl(t ~ 0)/mdr 2)
]
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where j reads u or b depending on the nature of contribution, 7, and
Tp, are the uniaxial and biaxial relaxation times, and ¢, and o, are
the effective uniaxial and biaxial susceptibilities, respectively. E(t)
represents the electric field applied. (2) “Uniaxial-fluctuations”
(UF) geometry: the contribution of the biaxial OP is eliminated,
and only the changes in the uniaxial OP and the director quenching
contribute to the modification of the optical tensor. In this case, the
director n orients perpendicularly to the plane of incidence, Fig. 1
(b). The field-induced effective birefringence change ényr in geom-
etry UF is expressed as [30]:

11 2 3.
onyr = —=(—+ ———=) (064 + 5 0¢ 3
. 3\/2(’10 2nZ — ng)( wt %) G)

N s gt ) ,
5E(t) = A SO gsioge (4)

= e Jo V(t=1)

/ 2
where S(t) = L[5 fz(t')dt’ and fg(t) = &o|Ag] UOC %dt’] . The coeffi-

Vet t

cient A and the effective rotational viscosity 7y, of NLCs are the fit-
ting parameters, and & =8.85x 107?F/m is the dielectric
constant in vacuum.

The 6n can be calculated from the dynamics of the transmitted
light intensity as [32]:
on = ni {—% arccos Al(t) — arccos[1 — 21A(t)}} (5)
where Al(t) =1 —Ia(t) — Ia(0) — Ig(t) +15(0). Is(0) =15(0) are the
transmitted light intensity measured at the field-free initial state,
as shown in Fig. 1(c), (d). To eliminate the parasitic effects on the
én, we measure the dynamics of the light intensity I5(t) and Ig(t)
with two compensator settings ¢, and ¢, respectively, where the
phase retardance difference is |¢g — ¢a| < 7.

3. Experimental results and simulations
3.1. Electro-optic responses of NLCs in geometries BU and UF

To obtain electro-optic responses of the NLCs contributed from
the modification of the biaxial and uniaxial order parameters,
400 ns-duration voltage pulses are applied onto the NLC cells of
thickness d = 4.5 um in geometry BU. In geometry BU, the én of
two materials are positive and increase with the growth of the
applied electric field, Fig. 2(a), (b). The maximum field-induced
birefringence change onm.x of M2080&2144 does not decrease
much, about 10% reduction compared with that of M2080 at all
the applied electric fields, Fig. 2(c). The dny.x shows a quadratic
dependence on the electric field for both M2080 and
M2080&2144, Fig. 2(d).

To investigate the optic contributions from the uniaxial order
change and the quenching of the director fluctuations, we perform
the electro-optic experiments in geometry UF. In this geometry, én
is positive for M2080, Fig. 3(a). With the MLC2144 doped, én of
M2080&2144 is negative first, and then becomes positive gradu-
ally, Fig. 3(b). At the moment when the electric field is removed,
the on increases rapidly and then decreases slowly. The ény,, of
M2080&2144 is smaller than that of M2080 during the pulse dura-
tion, Fig. 3(c). Compared with M2080, énn.x of M2080&2144
decreases by about 50% for all electric fields, Fig. 3(c). As the
applied electric field increasing, the maximum field-induced bire-
fringence change dnmax is also getting larger for two materials,
Fig. 3(d). The dnmax linearly grows with the electric field for these
two materials in geometry UF.

Electro-optic switching speed of NLCs is one of the critical fac-
tors for the practical applications. To characterize it, we use the
industry-standard 10-90 technique [32] to calculate the
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Fig. 1. Optical geometries and responses. (a) Geometry BU: f1 orients parallel to the plane of incidence. (b) Geometry UF: #1 is normal to the plane of incidence. Two black short
lines represent the alignment of NLCs. Green bidirectional arrows indicate the incident polarizations. In two geometries, the polarization of the incident light is 45° relative to
the plane of incidence, in which the incident angles are both 45°. Dynamics of (c¢) the transmitted light intensity of M2080 and (d) the corresponding field-induced
birefringence change én in response to the applied voltage pulse Uy = 382V in geometry BU.
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Fig. 2. Electro-optic responses of M2080 and M2080&2144 in geometry BU. Dynamics of field-induced birefringence change for (a) M2080 and (b) M2080&2144 to electric
fields of amplitude E; = 0.4 x 10°V-m™!, E;, =0.6 x 10°V.m™!, E3 =0.8 x 10°V-m1, E; = 1.0 x 10°V.m™!, Es = 1.3 x 10°V - m"!, respectively. (c) Dynamics of field-
induced birefringence change in response to an amplitude of electric field E = 1.4 x 108V - m~'. (d) Dependences of the maximum of field-induced birefringence change on
the applied electric field. The dashed lines represent the parabola fitting ny.x = «E with the coefficients o ~ 1.2 x 107'® V=2 . m? for M2080 and o ~ 1.0 x 107"° V=2 . m? for

M20802144. The working temperature is 23°C.

switching-on and switching-off times of the electro-optic
responses in two geometries. Interestingly, in geometry BU, the
doped MLC2144 speeds up the field-on and field-off processes of

M2080, Fig. 4(a), (b). The average switching times T,, and T,y of

M2080&2144 are about 20% and 15% faster than that of M2080,
respectively. In geometry UF, 7,, and T,y are on the order of sub-
microsecond, which is one order of magnitude larger than that in
geometry BU, Fig. 4(c), (d). The switching-off time of
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Fig. 3. Electro-optic responses of M2080 and M2080&2144 in geometry UF. Dynamics of field-induced birefringence change for (a) M2080 and (b) M2080&2144 to electric
fields of amplitude E; = 0.4 x 10°V-m!, E;, =0.6 x 10°V.m™!, E3 =0.8 x 10°V-m!, E; = 1.0 x 10°V-m™!, Es = 1.3 x 10°V - m"!, respectively. (c) Dynamics of field-
induced birefringence change in response to an electric pulse of amplitude E = 1.4 x 108V - m~'. (d) Dependences of the field-induced birefringence change on the applied
electric field. The dashed lines show the linear fitting onn.x = E with the coefficients f~ 0.8 x 107" V™' .m and f~ 0.4 x 107" V™' . m for M2080 and M2080&2144,

respectively. The working temperature is 23°C.
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M2080&2144 is shorter than that of M2080, but the switching-on
process of M2080&2144 is slower than that of M2080.

3.2. Numerical simulations of contributions from three electric
mechanisms

To separate the optical contributions from the changes of the
biaxial and uniaxial order parameters, we fit the electro-optic
responses of M2080 and M2080&2144 measured in geometry BU,
using Eqgs. (1) and (2). As shown in Fig. 5(a), (b), both contributions
from the changes of the uniaxial and biaxial OPs to én are positive,
while for the NLC M2080&2144, the induced biaxial order param-
eter still increases the birefringence of NLC from about 1.7 x 1073
to 2.2 x 1073, showing a positive contribution to én. But the uniax-
ial order parameter exhibits a negative contribution (the 6n coming
from the uniaxial OP changes decreases from 0.3 x 107 to
—0.4 x 107), which indicates a reduction of the uniaxial order
parameter of the material.

To figure out the optical response contributed from the quench-
ing of the director fluctuations, we fit the dynamics of én of the
NLCs M2080 and M2080&2144 in geometry UF with Egs. (3) and
(4). As shown in Fig. 6(a), (b), in geometry UF, two contributions
from the change of the uniaxial OP and the quenching of the direc-
tor fluctuations are positive for the NLC M2080. For M2080&2144,
the contribution of the director fluctuations quenching is positive

(a)

2 W o experimental on

15 ¢ | biaxial
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ERRIE P
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s S P
B

osf | B

$pmmmmmmmmm '1%
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Time (ns)
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and causes an increase of the birefringence of NLC. The uniaxial
OP brings a negative contribution on the én and somehow
decreases the birefringence of M2080&2144, which is identical to
what we have obtained from the fitting in geometry BU.

Now, we can explore the field dependence of the én from the fit-
ting of biaxial, uniaxial contributions in geometry BU and the con-
tribution of the director fluctuations quenching in geometry UF.
For two different materials, with the increase of the applied electric
field, the absolute value of the three mechanisms’ contributions
increases, Fig. 7(a), (b). The results further suggest that, (a)
on « E? for both contributions from the modifications of the biaxial
and uniaxial order parameters and (b) én o E for contribution from
the quenching of the director fluctuations. Here, we fit the contri-
butions from biaxial and uniaxial OPs with én,, = ub_,uEz, and the
contribution of the director fluctuations quenching with
ony = vsE. The fitting results show an increase of the biaxial coeffi-
cient u, from 9.6 x 100° V2. m? to 123 x 107'° V2. m2, a sign
reversal of the uniaxial coefficient u, from positive to negative,
and no changes in the fluctuation term, which further indicate
the enhanced induction of biaxiality, the reduced uniaxiality, and
unchanged quenching of director fluctuations.

The enhanced induction of biaxial order parameter and the
reduction of the uniaxial order parameter could be explained from
a microscopic point of view. We assume that the dipole in the
molecules of the NLC M2080 (A¢ < 0) is perpendicular to the
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Fig. 5. Experimental result and fitting of optic responses measured in geometry BU at E = 1.4 x 103V - m~!. According to Eq. (2), the fitting parameters are (a) T, ~ 12ns,
Ty~ 1ns, oy ~ 032 x102° m2- V2, and o, ~ 1.75 x 1072° m? - V-2 for M2080, and (b) 7, ~ 6ns, T, ~ 2ns, oy ~ —0.4 x 107 m? - V=2, and o, ~ 2.25 x 1072 m? . V2 for
M2080&2144. The grey circles represent the experimental birefringence change én and the orange solid line is the fitted on. The dashed lines show the fitting of én from the
changes of biaxial (red) and uniaxial (purple) order parameters, respectively. The working temperature is 23°C.
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Fig. 6. Experimental results and fitting of optic response measured in geometry UF at E=1.4x10®V.-m~' fitted with Eqs. (2) and (4). (a) 7.~ 12ns,
o ~032x102°m2. V2 A~ 7 pus- (m/kg)"/? and y.; ~ 88 mPa - s for M2080 and (b) 7, ~ 6ns, &, ~ —0.4 x 1072 m? - V2, A~ 20 us - (m/kg)'* and y.; ~ 60 mPa - s for
M2080&2144, respectively. The grey circles represent the experimental birefringence change én and the orange solid line is the fitted on. The dashed lines show the fitting of
on from the quenching of the director fluctuations (black) and the change of the uniaxial (purple) order parameter, respectively. The working temperature is 23°C.
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Fig. 8. Schematic illustration of the field-modified-order-parameter effect for two nematic systems. Orientational order of LC (e.g. M2080) molecules with transverse dipole
in (a) the absence and (b) the existence of an electric field. Orientational order of LC (e.g. M2080&2144) two types of molecules with transverse and longitudinal dipoles in (c)
the absence and (d) the presence of an electric field. The cuboids represent molecules of NLC MLC2080 (cyan) and MLC2144 (green), respectively, in which the positive (red
sphere) and negative (blue sphere) electric charges indicate the direction of dipoles. The arrows show the director 1 (red double arrows) and the applied field (blue arrows).

molecular long axis for the simplicity, Fig. 8(a). When an electric
field perpendicular to the director #1 is applied, the molecules of
M2080 prefer to align perpendicularly to the field and parallelly
to the director, which enhances the uniaxial OP, Fig. 8(b). We fur-
ther assume that the dipole of MLC2144 (A¢ > 0) parallels to the
molecular long axis. As shown in Fig. 8(c), the mixed nematic sys-
tem has both molecules with transverse and longitudinal dipoles,
where the cyan and green cuboids represent the molecules of
M2080 and MLC2144, respectively. The NLC molecules possess a
uniaxial orientational order in the field-free state, Fig. 8(c). After
the electric field applied perpendicularly to the director, the mole-
cules with transverse dipole are more likely aligned parallel to the
f1, while the molecules with longitudinal dipole prefer to align per-
pendicular to the #, Fig. 8(d), which causes a reduction of the uni-

axial OP. This is why the electro-optic contribution of the uniaxial
order parameter change of M2080&2144 is negative.

4. Discussions and conclusions

We experimentally compare the electro-optic responses of two
NLCs, which are the dielectrically negative NLC M2080 and the
mixture M2080&2144 composed of both dielectrically positive
and negative components. For the NLC M2080 (A¢ ~ —6.4), the
experimental results in both geometries BU and UF show that
the applied field causes the increase of the effective birefringence
Aneg of the NLC, and the theoretical fitting suggests that the field
induces the biaxial order parameter, enhances the uniaxial order
parameter and quenches the director fluctuations. Consequently,
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all the three mechanisms provide positive contributions to the fast
response. The maximum field-induced effective birefringence
change shows a quadratic dependence on the electric field in
geometry BU and a linear dependence on E in geometry UF. The
response times of M2080 are tens of nanoseconds in geometry
BU and hundreds of nanoseconds in geometry UF. For the mixture
M2080&2144 with A¢ ~ —1.8, it exhibits the same electric depen-
dence of the onn.x and faster responses for the switching-on and
switching-off processes in geometry BU, compared with M2080.
Although the A¢ of NLC decreases 60%, the field-induced birefrin-
gence reduces by about 10% at all electric fields in geometry BU.
This is somehow unexpected in Ref. [31], which has demonstrated
lower dielectric anisotropy would exhibit much smaller field-
induced birefringence change in the nematic systems comprised
of rod-like molecules with transverse dipole. The reason of the
slight change in the field induced birefringence én in geometry
BU is that the main contribution coming from the induced biaxial-
ity rather than from the enhanced uniaxial order. The fitting results
suggest that the field further enhances the induced biaxiality and
reduces the uniaxial order of the mixture M2080&2144. For both
materials M2080 and M2080&2144, the optical contributions from
the biaxial and uniaxial orders are proportional to E?, while the
contribution from the quenching of the director fluctuations is pro-
portional to E, which is consistent with Ref. [12,30]. To describe the
biaxiality of a LC system, one can use the typical parameter g in the
range from O to 1, i.e. 8 = 0 represents a uniaxial state, § = 1 indi-

cates the maximum biaxiality, where f2 =1 — 6(trQ*)’/(trQ?)’
and Q is a tensor of order parameter [33]. For the simplicity, we
use a diagonal tensor with three nonzero components
(—S/3,-S/3,25/3) for the uniaxial NLC at the field free state, where
S is the nematic order parameter. Taking the field-free birefrin-
gence An o< S [15] and the field-induced birefringence change én,,
ony, we naively assume the field induced changes of the biaxial
and uniaxial order parameters are AS,=Sén,/An and
AS, = Sén, /An, respectively. Therefore, (—S/3 + ASy, — ASy, —S/3—
ASp —AS,,25/3+2AS,). At E=1.4x10°V-m~!, én,~0.33x107,
ony ~1.75 x 10~ for M2080 and n, ~ —0.4 x 1072, o, ~ 2.25x
10~ for M2080&2144, which lead to the values of 8, 0.08 for
M2080 and 0.10 for M2080&2144. The explored system can extend
the understanding of the fast electric-optic response by modifying
the order parameters and quenching the LC fluctuations, and pro-
vide inspirations in further improvement of the switching time,
which may enable ultrafast polarization-tailored optical devices.
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