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Negative refraction (NR) is a promising technique that provides an opportunity to manipulate beam behaviour.
We have demonstrated experimentally the controllable NR with large refraction angle at visible wavelength in the
novel high birefringence (An) liquid crystals. When the An of liquid crystal reaches 0.42, the NR angle and critical
incident angle reach —14° and 23.2°, respectively, which are much larger than those achieved before by other liquid
crystals. By applying the electric field, we control the switch from NR to positive.
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1. Introduction

As a novel phenomenon, negative refraction (NR)
was proposed conceptually by Veselago in 1968.[1]
The metamaterials producing NR have been focused
on extensively in superlens, optical cloaking and so
on.[2-6] Many kinds of NR materials consisted of
artificial structures have been studied in the past
decade, such as the combination of metallic wire
arrays and split resonant rings at microwave range
[7-11] and metal-dielectric-metal structures at near-
infrared wavelength range.[12-16] However, artificial
structured materials have some disadvantages such
as complex fabrication process and strong energy
dissipation. As a result, many researchers devote
to achieve NR in natural materials.[17-24] Zhang
yong et al. studied NR in YO, crystals employing
uniaxial property.[17-19] Pishnyak et al. [20] and Zhao
et al. [21,22] observed NR in nematic liquid crystals
(NLCs) which could be used for a variety of tunable
optical devices [25-27] like beam steering and light
router. According to the experiments reported in refer-
ences [20-22], the maximum negative refraction angle
(MNRA) is —7.7° and switch speed is up to tens of
seconds,[20] which are too small and too slow for
the applications. Also liquid crystals (LCs) have been
widely employed to realise tunable NR [28-32] and the
switch speed highly depends on the viscosity of LCs.
Larger NR angle and faster switch speed are urgently
required for practical use in NR area.

Here we focus on the NR phenomenon in NLCs.
The critical parameters to describe the tunable NR
ability of the NLC are the MNRA and the switch
time. In this paper, three novel LC materials with

much higher birefringence (An) proposed in refer-
ences [33-35] have been synthesised successfully by our
group to enlarge the refractive angle. The LCs reported
in reference [33] play an important part in shorten-
ing the switch time due to its lower viscosity. To the
best of our knowledge, it is the first time that the
tunable NR with so big MNRA is achieved by NLC
experimentally.

2. Theory

The theory for NR in NLC has been introduced in ref-
erences [20,21], so we only show the formulas instead
of getting into details. The NLC cell lies in the X-Z
plane and the interface (Z = 0) separates the air from
the NLC as shown in Figure 1(a). The incident light is
polarised in the plane of the figure. The direction of the
molecular (director n) is parallel to the cell substrates
and inclined with an angle « to the Z axis. The incident
angle is 6; and the refractive angle is 6,. If the refrac-
tive beam and the incident beam lay on the same side
of the normal, NR is achieved.

The dispersion equation of the light can be
obtained by solving the Maxwell’s equations. In the
air, the dispersion equation for the normalised compo-
nents of the wave vector for transverse magnetic (TM)
wave is

K24k =1. (1)

Where k;, and k;, are the x and z components of the
wave vector k;. In the NLC, the dispersion equation
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Figure 1. (colour online) (a) The sketch map of the NR in the NLC cell. (b) The wave vector surfaces in air and NLC.

of the normalised wave vector components for the
extraordinary light (e light) is

(kry cosa + k. sina)? N (kpysina — k.. cosa)? 1

2 2
n, 5

2

Where k,, and k. are the x and z components of the
wave vector in the NLC, n, and n, are the refrac-
tive indices of the ordinary and extraordinary light.
The wave vector surfaces can be obtained through
Equations (1) and (2) which are shown in Figure 1(b).
Because the tangential component of the wave vec-
tor is continuous on the boundary between the air
and the NLC, one can find k,, = k;,. Substituting &,
= k;, into Equation (2), the wave vector k, can be
obtained. Using the Snell mapping method, the energy
flow S, can be acquired as shown in Figure 1(b). The
corresponding refractive angle is as follows:

polarised and the incident angle is between zero and
CIA. NLCs are not full-angle NR materials, so the
MNRA and the CIA are the most important parame-
ters for NR in NLC. From Equations (4) and (5), we
can see that the MNRA and CIA are functions of n,
and n,. Because n, of LC material is almost a con-
stant around 1.5, whether big MNRA and CIA can be
achieved or not mainly depend on 7,. Therefore, the
higher An results in the bigger MNRA and CIA.

3. Experimental details

3.1 The properties of the LC materials

Table 1 shows the properties of the LC materi-
als investigated in this experiment. The An of LC1
(SLC9023, n, = 1.52 and n, = 1.78) is 0.26 at
A = 532 nm. LC2 was synthesised according to
reference [33] (An is 0.39, A = 532 nm). The isothio-

1

0, = tan™

2n;8in 0; + sin 2a(n2 — n-2)nyn /(% cos2 a + n, 2 sin® a)n2n2 — n? sin’ §;
e 0 o e 1

(€)

2(ny? cos? a + ny > sin’ oz)none\/ (ny% cos? o + ny % sin’ a)nZn? — n? sin’ 6;

For a given «, the NR angle 6, decreases when the inci-
dent angle #; increases. When 6; = 0 and o = tan™!
(n./n,) the MNRA can be achieved as

Qmax = — tan‘l[(ni - nzzz)/znone]- (4)

When the refractive angle 6, = 0, the corresponding
incident angle 6; is defined as the critical incident angle
(CIA) which is given by

sin 2a(n? — n?,)\/n;z cos?a + n; 2 sin’

\/4 + sin® 2a(n; > — 1y 2)2n2n?

Ocia = arcsin

)

NR in NLCs originates from the optical An and
occurs when the polarisation state of incident light is p

cyanate group (NCS group) in LC2 provides relatively
long m-electron conjugation which is the reason for
big An. The isothiocyanato-benzene in LC2 molecular
reduces the intermolecular interaction, so its rota-
tional viscosity is relatively low. LC3[34,35] (An =0.5,
A =532 nm) and LC4 [34,35] (An = 0.7, . = 532 nm)
were also synthesised, but they are unable to be used
directly in this experiment because they are solid at
room temperature. Due to the compatibility between
the LC materials, LC1 and LC2 are used as host to dis-
solve LC3 and LC4 in order to increase the An further.

Some properties of the new LC mixtures which
are named as S1, S2, S3, S4 and S5 are showed in
Table 2. According to the reference [34], the An value
of the mixtures can be calculated as An = y(An); +
(1 — y) (An),, where the subscripts 1 and 2 denote
different LC and y is the mass fraction (in wt.%) of
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Table 1. Properties of the liquid crystal materials in this experiment.

State at room

Liquid crystal Molecular formula An, A =532 nm temperature
LCl SLC9023 0.26 Liquid

Xy
LC2 RCS 0.39 Liquid

X,

F
Oy ={(Dy =0

LC3 0.50 Solid

F
CsHuO—‘%@—NCS

F

CoHs

Table 2. Properties of mixtures.

Mixtures Component(s) An, . =532 nm
S1 LCl 0.26

S2 16.7% LC3, 83.3% LC1 0.3

S3 18.2% LC4, 81.8% LC1 0.34

S4 LC2 0.39

S5 27.3% LC3, 72.7% LC2 0.42

the material with subscript 1. Finally, five new mix-
tures (S1-S5) whose An are 0.26, 0.3, 0.34, 0.39 and
0.42 respectively are obtained.

3.2 Preparation of LC cell

To demonstrate NR in NLC at visible wavelength, we
designed and fabricated five LC cells. Each LC cell
consists of two parallel glass substrates. Inside of each
glass substrate, the transparent conductive film (ITO)
is coated to drive the electric field. On each ITO film,
polyimide (PI) film is coated and rubbed to arrange the
LC molecular along its rubbing direction. The rubbing
direction (n as shown in Figure 1) is optimised through
calculation. The optimal rubbing direction (angle «)
between the rubbing direction and the Z axis is only
decided by the refractive indices of the LC materi-
als filled in the cell. The thickness of these LC cells
is about 40 pm. The five LC mixtures (S1-S5) are
filled in these cells (C1-C5) which are used in optical
experiment in next section.

3.3 Experimental setup

The sketch map of the experimental setup is shown in
Figure 2. The light source is a 532 nm solid state laser.

Liquid crystakell

Polariser

m || ===

Laser o —
HW

Nematic liquid crystal

Figure 2. (colour online) The experimental setups for nega-
tive refraction in liquid crystal.

The polariser p and the half-waveplate (HW) are used
to control the light intensity and polarisation. When
the light goes through the polariser p, it becomes a
linearly polarised light, whose polarisation direction is
in the X-Z plane. Then the polarised light is focused
by a long focal distance lens (f = 200 mm) and the
focal point is on the interface (Z = 0) of the LC cell.
The diameter of the beam on the incident interface is
about 20 wm, which is smaller than the thickness of
the LC cell. These configurations make sure that the
light can be coupled into the LC cell effectively and
can propagate a long distance before diverging into
the substrates. The LC cell is mounted on a sample
stage with goniometer, so the incident angle can be
controlled continuously. The propagation route of the
beam in the NLC slab can be observed by human eye
and recorded by a CCD camera.

4. Results and discussions
4.1 Negative refraction in NLC with high An

A NLC cell, marked Cl, filled with S1 (SLC9023) is
carefully mounted on the sample stage. The rubbing



Downloaded by [Changchun Institute of Optics, Fine Mechanics and Physics] at 18:10 16 March 2014

602 D. Jia et al.

Air * || Nematic liquid crystal

Normal

0.5 mm

Figure 3. (colour online) The photograph of the negative
refraction phenomena in NLC.

direction (angle «) of C1 is 40° which can be calcu-
lated from Equation (4). When the incident laser beam
passes through the LC slab with 3° incident angle, the
refractive angle is about —7.2° and the incident and
refractive rays lay on the same side of the normal as
shown in Figure 3. The refractive angle is negative
when 0 < 6; < 14.7°. When the incident angle equals
to zero, the MNRA (-9°) is accomplished.

Big MNRA is very important for the practical
applications. Here we devote to obtain wide-angle NR
in LC. As discussed in Section 2, the MNRA depends
on the An of LC. When the An increases, the MNRA
increases accordingly. In the experiment, four kinds
of LC materials (S2-S5) with much higher An than
the common commercial LCs were used to achieve the
NR with much larger MNRA than reported before.
Each of these LCs (S2-S5) mentioned earlier is filled
into a LC cell to form a sample with its own rubbing
direction «. In our experiment a group of the refrac-
tive angles for each sample are recorded for different
incident angles with a step of 3°. The experimental
data are shown in Figure 4. The corresponding theory
prediction calculated by Equation (3) for each sam-
ple is also shown. Taking S5 as an example, the NR
will appear in the incident angle range from 0° to
23.2° and the MNRA can get up to —14°. The exper-
imental results agree well with the theory predictions.
When the NR occurs, the value of the refractive angle
goes smaller with the increasing incident angle. When

Refractive angle 6, (°)

10 15
Incident angle ¢; (°)

Figure 4. (colour online) The refractive angles for different
incident angles. Discrete dots are experimental data and lines
are theory calculations.

—6 -

MNRA (°)

025 03 035 04 045

Figure 5. (colour online) The relation between the maxi-
mum negative refraction angle and An of LC.

the incident angle is close to zero, the corresponding
refractive angle gets close to the MNRA. Meanwhile
the CIA is measured when the refractive angle of each
sample is equal to zero.

The relation between the MNRA and An for these
five samples is shown in Figure 5. The square points
are experimental data and the line is the theory pre-
diction. From Figure 5 we can see that the magnitude
of the MNRA increases with An and the experimental
data are in good agreement with the theoretical predic-
tion. When the An equals to 0.42, the MNRA reaches
—14° that is almost one time larger than the value —
7.7° reported before.[20] The magnitude of the CIA
also increases with the An of LC. From Figure 4 the
CIA increases from 14.7° to 23.2° when An increases
from 0.26 (S1) to 0.42 (S5), which extensively expands
the range of NR in LCs. Wide-range NR needs big
An, as a result high molecular polarisation is required.
The molecular polarisation can be further improved
through molecular structure designs and chemosyn-
thesis.

4.2  Switchable NR

As shown in Figure 6(a), the long axis of the LC
molecular is parallel to the substrates of the LC cell.
When the incident light is polarised in the plane of cell
walls (X-Z plane, p polarised) and the incident angle
is smaller than the CIA, the NR of the e light would
occur in the LC slab as discussed earlier. If an elec-
tric field perpendicular to the LC slab is employed by
applying a voltage on the ITO layer, the alignment of
the LC molecular is changed to the direction of the
electric field as shown in Figure 6(b). The e light in
the LC slab changes to o light and the NR is switched
to positive refraction (PR). As a result, the switch
between NR and PR can be realised by controlling the
electric field.

The switch time is closely related to the cell thick-
ness and the rotational viscosity of the material.
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Figure 6. (colour online) The switch between negative refraction and positive refraction. (a) Without electric field, the NR

occurs. (b) With electric field, the positive refraction occurs.

Nematic liquid
rystal Normal
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crystal
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Figure 7. (colour online) Voltage-controlled switch exper-
iments of negative refraction and positive refraction. (a)
Without voltage (b) With voltage.

In order to let the beam propagates a longer distance
in the NLC cell before diverging into the substrates,
the long depth of focus is achieved by a long focal dis-
tance lens. The laser diameter on the interface is about
20 wm, so we adjust the cell thickness to be about 40
pm. So we cannot improve the response time by reduc-
ing the cell thickness, as a result the viscosity of the
material plays a more important part in improving the
response property of LCs.

The results of voltage-controlled switch experi-
ments are shown in Figure 7. Without a voltage the
NR occurred are shown in Figure 7(a). When a voltage
is applied, the refraction becomes positive as shown
in Figure 7(b). The switch time in the 40 um LC cell
is about 50 seconds for S1-S3 and about 4 seconds
for S4 and S5 which is one order faster than reported
before.[20] Several methods can be used to improve
the switch time, such as reducing the thickness of the
LC cell. Employing the dual-frequency LC materials
[36,37] is also a way to improve the response time
and the work for designing and synthesising highly
birefringent dual-frequency LC materials is ongoing
now and the fast switchable wide-angle NR will be
accomplished in these materials.

5. Conclusions

In summary, we have demonstrated large angle
switchable NR experimentally through the high An

NLCs. By employing the new LC components, large
NR angle is achieved in wide incident angle range. The
critical angle reaches 23.2° and the MNRA reaches —
14° which is one time larger than that achieved before
in LC. Due to the switchable ability of the LC molecu-
lar under electric field, second order switch between
NR and PR has been realised in 40 pm LC cells
through low viscosity LCs which is one order faster
than NR in LCs reported before. Even faster response
speed can be achieved by reducing the cell thickness or
employing DFLC. The large NR angle and switchable
properties make it a promising candidate for practical
applications in optics.
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