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ABSTRACT

The electro-optic effect is the working principle of blue phase (BP) liquid crystals, and it describes
the relationship between the field-induced birefringence of BPs and the field strength. Due to the
electrostriction of BP crystals under the electric field, a tetragonal crystal is usually obtained when the
field is applied along one of the two-fold axes of a BP crystal, leading to the optical biaxiality under
electric field. Such field-induced optical biaxiality of BPs has been predicted and observed, but its
dependence on the field strength has not been investigated. In this research, we analyze the electro-optics
in the field-perpendicular direction by measuring the birefringence in highly ordered BP I(i10) crystals
perpendicular to the electric field. Results reveal that BP I crystals in the field-perpendicular direction
show an electro-optic coefficient of the order of 10! m/V? that may result from the large lattice
deformation of BP crystals perpendicular to the electric field. Our research provides important
experimental evidence for the tensorial properties of BP Kerr effect and may have important implications

on the engineering of BP electro-optical devices in practical applications.
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Blue phases (BPs) are observed in highly chiral cholesteric liquid crystals (LCs), exhibiting periodic
superstructures with the lattice constant of 100~300 nm.">2 Due to the cubic symmetry, BPs are considered
to be optical isotropic at zero field intensity. In the presence of electric field, the deflection of LC director
leads to a variation of the refractive index in the field direction relative to its orthogonal directions,
resulting in the field-induced birefringence.® * For moderate field intensities, the induced birefringence is
proportional to the square of field intensity, as given by the well-known Kerr Effect,>¢

An = AKE? (M
where 4 is the wavelength of probe light, K is the electro-optic coefficient (also known as the Kerr
coefficient) and £ is the intensity of applied electric field. Eq. (1) gives the form of quadratic electro-optic
effect that describes the birefringence induced in BPs between the field direction and the field-
perpendicular directions, resulting from the local reorientation of LC director that corresponds to the
response time of sub-milliseconds. In practical operations, the mathematical model of BP Kerr effect has
been extended or modified to suit a larger range of field strength or wavelength.”® However, in the above
expressions about the BP electro-optics, the electro-optic coefficient (K) is treated as a scalar, without
considering the field-induced biaxiality.> '°

Optical biaxiality in BPs is mainly caused by the electrostriction in which the BP crystal is deformed
in three dimensions, which corresponds to a response time of a few milliseconds and is generally negligible
relative to the uniaxial component.!! However, the biaxial effect in BPs is not insignificant when the
symmetry elements are taken into account. For example, optically biaxial crystals are usually obtained

upon an electric field along a two-fold axis of BPs, such as the orthorhombic BP I crystals (F222) under

the electric field along [110] axis.'? Therefore, the electro-optic coefficient of BPs is actually a tensor that

relates to the symmetries and depends on which crystal axis the fields are applied, as Eq. (2) shows. '3 14
2
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In Eq. (2), Ani is the change of refractive index of BPs produced by the electric field Ej; s;; is a tensor that
gives the electro-optical effects. Here in cubic BP I crystals, s; is composed of only three independent

elements (s11, s12 and s44) because of the 432 symmetry of BP I. '

Up to date, the tensorial property of
Kerr effect has been reported in BPs,'>!7 but the electro-optics in the field-perpendicular directions have
not been measured or quantitatively analyzed. Since it has been revealed that BP monodomains showed
improved electro-optical performance compared with the traditional BP multidomain sample without any
alignment control,'8?! the electro-optic properties of BPs that relates to the crystallography should be
considered. Different from the conventional Kerr effect of BPs that mainly comes from the rearrangement
of molecules, in this research, we investigate the electro-optics that results from the lattice deformation,
which may provide experimental evidence for the tensorial properties of BP Kerr effect and may have
important implications in practical applications.

Here we focus on the electro-optics of BPs in the field-perpendicular directions as the BP I crystals
are deformed by an electric field. By confining highly ordered BP I(110) (the subscript (110) indicates the
lattice plane parallel to the cell substrate) crystals in a sandwiched cell and applying an electric field along
[110] axis, optical birefringence induced in the field-perpendicular direction (Ang.) is measured, from
which the electro-optic coefficient in the field-perpendicular directions (Kk.) is estimated. We find that
the electro-optic coefficient in the field-perpendicular direction could not be ignored in BPs (Kz, =101
m/V?), which may result from the large lattice deformation perpendicular to the electric field.

The BP material is prepared by mixing two kinds of nematic LCs with positive dielectric anisotropy
4-cyano-4’-n-pentyl-biphenyl (5CB) and JC-1041XX from JNC Corporation, with a chiral dopant ISO-
(60BA): (synthesized)?? at the weight ratio of 46.75%: 46.75%: 6.5%. Phase sequence of the material is
identified to be isotropic (47.6 °C) BP II (46.5 °C) BP I (44.8 °C) Cholesteric in a cooling process. To
measure the electro-optics of BPs perpendicular to the electric field, BP I(i10) crystals are prepared in a
parallel alignment (PA) cell, which is made of a pair of ITO-coated glass substrates and the electric field
could be applied along the direction vertical to the substrates. In order to prepare BP I(110) monodomains,

glass substrates are cleaned before used. After spin-coating a photoalignment layer (LIA-03, DIC) on the
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substrates and assembling them into a sandwiched cell, uniform alignment is obtained by irradiating the
cell with a linearly polarized light of 34 mW-cm ™2 for 60 s. 2* The BP materials are injected into the cell
in isotropic phase at 60 °C. By heating the BP cell from cholesteric phase in room temperature to BP II
(47.2 °C), and then cooling it to BP I (46.3 °C) at a very slow rate of 0.05 °C/min, BP I(110) crystals with
highly ordered arrangement are obtained. The optical texture of BPs is observed in a polarized optical
microscope (POM, Eclipse LV100-POL, Nikon) and the Kossel diffraction pattern is obtained in the back
focal plane of the POM by illuminating a convergent monochromatic light (obtained by a filter of 440+5
nm) through the objective lens.

During the electro-optical measurement, the BP cell is kept at an invariant temperature on a hotstage
(10084L-T96-HS, Linkam). Electric field is applied using a function generator (Agilent, 33210A)
equipped with a voltage amplifier (NF Corporation, 4010), with a frequency of 1 kHz between the
electrodes. Field intensity is controlled by a computer to increase gradually with an equal gradient
(AE=0.06 V/um) and each field intensity is held for 30 s for the optical measurement. The transmission or
reflection spectra are measured by a fiber-coupling spectrometer (PMA-11) from Hamamatsu Photonics.

FIG. 1a shows the setup for the electro-optical measurement, where a halogen lamp is used as the
light source. A full-wave plate of 530 nm is inserted at an angle of 45° with respect to the polarizing axes
of the polarizers, working as the uniaxial retardation plate (RP). The retardation of the waveplate is
measured in supplementary material (FIG. S1). BP materials confined in a 6.8 pm thick cell is placed
between a pair of crossed polarizers and the RP. As an increasing electric field is applied upon the BP cell,
transmission spectra are recorded by a detector. In this experiment, the total phase retardation of light
comes from the RP and BP sample, and the output light intensity through the system follows Eq. (3),

I (2) o sin? [~ ERELDEE 7 3)
in which [ is the transmission intensity; A is the light wavelength; Asgp is the light retardation from RP;
Ang, is the birefringence of BPs perpendicular to the electric field and d is the cell-gap. At the voltage-off
state, (Ang, d)spis zero based on the assumption that BPs are optical isotropic, and the light retardation

only comes from the RP, leading to the minimum of light intensity / (1) at a certain wavelength (Ao).
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FIG. 1. (a) Experimental setup showing the method to measure the electro-optics of BPs
perpendicular to the electric field. (b) Schematic of the BP I lattice in a unit cell and the refractive
indices along different crystal axes. (¢) Measurement of the BP birefringence induced in the field-normal

directions by confining BP I(110) crystals in a PA cell.

Under an increasing electric field, the transmission wavelength shifts because of the variation of BP
birefringence, and the field-induced retardation of BPs is compensated where the transmittance reached
the minimum at a certain wavelength A. This state of minimum transmittance is achieved as soon as the
argument of the sine function turns to z. Therefore, by obtaining the wavelength A at which the
transmittance becomes the minimum 7 (4) under a certain field intensity, (Ang, d)sr is yield by deducting
Ao. Further, the electro-optic coefficient of BPs perpendicular to the electric field (Kg,) will be obtained
by analyzing the relationship of Ang, and field strength. Under an increasing electric field, the refractive

index of BPs varies along different crystal axes, as shown in FIG. 1b. The working principle of measuring
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1 the electro-optics in the field-perpendicular direction is that in PA cells, BP I crystals orient with their [110]

N

axes along the field direction and the birefringence is measured between the principal axes of BP I crystals
perpendicular to the electric field (FIG. 1c). The sign of the BP birefringence can be inferred by noticing
whether the direction of interest is parallel or perpendicular to the slow axis for cancellation.

The electro-optics in the field-perpendicular directions is measured by applying an electric field upon
the BP Iaio) crystals in a PA cell (cell-gap=6.8 pm). FIG. 2a-b show the optical texture and Kossel
diffraction pattern of the BP I(110) sample, in which the uniform color and two-fold diffraction pattern

confirm the ordered alignment of BP I crystals with their (110) plane parallel to the substrates. We try to

© 0w N o o~ w

measure the birefringence induced along the orthogonal directions of BP I crystals perpendicular to the
10 field, and the cell is rotated to make two principal axes respectively parallel to the RP axes (fast axis or
11  slow axis), as shown in FIG. 2¢-d. In our measurement, [001] axis is parallel to the slow axis of RP and in
12 this case, the setup measures the electro-optics induced between [001] and [110] axes of the BP I crystals,

13 which are orthogonal to each other in the field-perpendicular directions.

O BP I BP I(119 unit cell

d e 20
(d) (e) — ovim
S — 0.18 V/pm
S N e h 0.35 V/um
N &S S 0.65 V/um
) oA 8 1.18 V/um
\ c —— 1.47 V/pm
! £10 — 1.76 Vium
H £ —— 2.35V/um
X v % —— 2.47 Vium
g Polarizers =5 /
. 0 1 = il /I
RP slow axis 480 500 520 540 560
14 Wavelength (nm)
15 FIG. 2. Measurement of BP electro-optics in the field-perpendicular direction: (a-b) POM images
7
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and Kossel diffraction pattern of the BP I(110) sample at zero field intensity. (c) Schematic of a BP I(110)
unit cell, showing the azimuthal lattice orientation in FIG. 2b and the direction of electric field. (d)
Configuration of our measurement, showing the orientations of BP I(110) crystal axes, RP and polarizers.
(e) Transmission spectra of the BP I(110) sample under electric field. The texture, Kossel diffraction and
transmission spectra are measured by the in-situ measurements on the POM using different objective

lens, and a comparison of the measurement area is shown in the supplementary material (FIG. S2).

As a gradually increasing electric field is applied upon the PA cell, transmittance spectra are recorded
at each field intensity. FIG. 2e plots the field dependence of the transmittance of the BP I110) sample in a
PA cell, where the trough around 540 nm corresponds to the interference minimum generated by the
birefringence perpendicular to the electric field. Since the BP I crystal has its [001] axis orienting along
the slow axis of RP (FIG. 2d), the optical retardation should decrease by applying an increasing field. In
FIG. 2e, we observe a gradual blue shift of the transmission spectra under the increasing field intensity,
corresponding to a decrease of the birefringence (An;)sp, which is consistent with what is expected by our
experimental configuration.

In order to analyze the field-induced birefringence in BPs that relates to the crystal structure, only
the phase transition from cubic (I4132) to tetragonal (14122) BPs are interested,”* 2> which limits the field
intensity to £<2.5 V/um in this experiment.”® %’ Firstly, by analyzing the small shifts between the troughs
of transmission spectrum, the wavelength at which the transmittance becomes minimum is shown in FIG.
3a, which is found to decrease in a parabolic trend versus the increasing field strength. The minimum
transmittance at varied field intensities is about 0.2% (FIG. S3 in supplementary material).

The birefringence of BPs in the field-perpendicular direction (Ang. ) at each field intensity is obtained
by dividing the shift of the transmission minimum by cell-gap. FIG. 3b plots the values of Ang, versus
the square of field intensities (E?), in which we find a linear relationship between Ang, and E?, indicating
that the electro-optics in the field-perpendicular direction is of a Kerr type, similar with that in Eq. (1). To

quantify the relationship between Ang. and the field strength, a linearly positive proportional function of
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Ang, = gE? is used to fit the experimental data. Further, by dividing the slope (g=1.36x10"* pm?/ V?) of the
fitting line by the wavelength of 540 nm, the electro-optic coefficient induced perpendicular to the field is

evaluated to be Kz, =2.5x1071" m/V2.

(a) - (b) 5
Atk 800 x10 "1
538
® 5371 i, 600
= - .
% 536 . (1) Calculating Ang ;. & 4004 .
kS ‘A v
E 535 ‘Y (2) Fitting An by < Ang, = qE2,
0 s Ang, = qE? 200 g =1.36x10"* pm? V2
2 534
T T T T T “I 0 T T T T T
0.0 0.5 1.0 15 20 2.5 0 2 3 4 5

E (V/um)

E? (V2/pm?)

FIG. 3. (a) A scatter diagram showing the wavelength at which the transmittance becomes
minimum of the BP I(110) sample under varied field intensities in the PA cell.

scatter diagram of Ang, against £<, and the linearly fittin, ne. = .
b) A diag fA gainst E2, and the li ly fitting by A qE?

It is known that BP materials typically have a Kerr coefficient ranging from 10°'° to 10° m/V?, and
here the electro-optic coefficient induced perpendicular to the field direction, which has been neglected in
most studies, is measured to be within this range. Previous works have reported the birefringence in BP I
under weak field strength,'>?® which confirmed the effect of BP electrostriction on its electro-optics. In
our research, the birefringence of BPs induced in the field-perpendicular direction, i.c., the optical
biaxiality, may come from the same origins. It is well known that in atomic crystals, the type of optical
anisotropy (uniaxial or biaxial) is related to crystal symmetry, and we believe that in a similar manner, the
optical anisotropy in BPs is attributed to the cubic-to-orthorhombic deformation of the BP crystals under
an electric field.

To analyze the lattice deformation of BP I crystals during the electrostriction, in-situ measurements

are performed by measuring the reflection spectrum and Kossel diffraction under the electric field. As FIG.
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4 shows, the redshift of Bragg peak and the symmetry transitions in Kossel diffraction patterns indicate
that the BP I lattice undergoes considerable lattice deformation upon electrostriction, including both an

elongation along the field (FIG. 4a) and a shrinkage perpendicular to the field (FIG. 4b).

(@ 35

— 0 Vium
| — 021vim
30 0.38 Vipm s

— 0.56 V/um 604
X 25 0.79 V/um A
= 0.97 Vipm
820k 1.26 Viym
c —— 1.56 Vipm
8 — 1.85V/um
815 —215vium
= — 2.44 Vipm
210 — 250 vium

55

0

500 550 600 650 700
Wavelength (nm)

b)

® E=0 V/um E=1.56 V/pm E=2.50 V/um
QE : QE
Cubic Orthorhombic Tetragonal

(c) E=2.50 V/um
V=abc
V'=a'b’c’
V=v’

Tetragonal

FIG. 4. In-situ measurements of the BP lattice deformation under varied field intensities: (a)
reflection spectra, in which the central wavelengths are: A=589 nm at £=0 V/um; 4=604 nm at £=2.44
V/um; A=622 nm at £=2.50 V/um. (b) Kossel diffraction patterns, respectively indicating the cubic
(14132), orthorhombic (F222) and tetragonal (F4122) symmetries of BP I crystals. (c) An illustration

showing the volume-preserved lattice deformation of a BP I unit cell from cubic to tetragonal phase.

Based on the assumption of volume conservation of the BP unit cell under a weak field strength,?* 3

one can estimate the BP lattice constants both along and perpendicular to the field. FIG. 4c shows the

10
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volume-preserved lattice deformation of a BP I unit cell from cubic phase to tetragonal phase, in which ¢
is the lattice constant along the electric field and a, b are the lattice constants perpendicular to the electric
field. Further, by use of the cubic and tetragonal configurations of BP I, we calculate the lattice-constant
values respectively at £=0 V/um and £E=2.50 V/um, as shown in TABLE 1. Therefore, during the field-
induced phase transitions from cubic to tetragonal phase, BP I crystals undergo a larger lattice deformation
perpendicular to the electric field (Aa=41 nm, Ab=-68 nm) than that along the electric field (Ac=21 nm),?’

which may lead to the large electro-optic coefficient perpendicular to the electric field (Kk.).

TABLE 1. Lattice constants of the BP I(110) crystals respectively at £=0 V/um and £=2.50 V/um (more

details about the calculation are given in the Part II of supplementary material)

Field Intensity Symmetry a b c
0 V/um Cubic (14132) 264 nm 373 nm 373 nm
2.50 V/um Tetragonal (F4122) 305 nm 305 nm 394 nm

In addition, the electro-optics of BP I(110) crystals confined in higher cell-gaps (9.9 pm and 14.8 um)
are measured in the field-perpendicular direction (FIG. S5 in supplementary material), in which we also
observe a gradual increase of Anz, upon the increase of £2, as that in the 6.8 um cell. These results
indicate that the large optical anisotropy of BPs induced perpendicular to the electric field is not caused
by the confinement of thin cell-gap, but may result from the lattice deformation in the field-perpendicular
direction. However, a nonlinear relationship between Ang, and E? is obtained for higher cell-gaps, which
may require further investigation.

In conclusion, the electro-optics in the field- perpendicular direction is investigated by measuring the
birefringence induced perpendicular to the electric field. Similar to the conventional Kerr effect under
moderate fields, a quadratic relationship between the induced birefringence and squared field intensities
is observed. By fitting the experimental data using a positive proportional function, we calculate that the

electro-optic coefficient in the field-perpendicular direction is in the order of 10" m/V2 Our work

11
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experimentally confirms the optical biaxiality in BPs, which provides a fundamental insight into the
tensorial properties of BP electro-optic effect. The electro-optics of BPs that relates to crystallography

may have important implications on the engineering of BP devices in practical applications.

See the supplementary material for (I) Details about the electro-optical measurements; (II)
Calculation of the lattice constants of BP I; (III) Electro-optics of BP I(i10) crystals in thick cells.
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