Mol. Cryst. Lig. Cryst.. 1991. Vol. 202, pp. 51-83
Reprints available directly from the publisher
Photocopying permitted by license only

© 1991 Gordon and Breach Science Publishers S.A.
Printed in the United States of America

The Effect of Electric Fields on Blue Phases

H.-S. KITZZEROW

Iwan-N.-Stranski-Institut, Sekr. ER 11, Technische Universitét Berlin, Str. des 17. Juni 135, 1000
Berlin 12, FRG

(Received July 28, 1990)

An experimental review on electric ficld effects in blue phases is presented. Electric fields have a
profound effect on these phases which appear in chiral liquid crystals. In addition to producing elec-
trostrictive effects on blue phase lattices, they also cause new field induced phases—tetragonal BPX.
hexagonal BPH* and BPH:". and possible other phases yet to be identified. In recent experiments
on BPIII for materials with negative dielectric anisotropy, it was found that electric fields cause a
dramatic increase in the otherwise weak BPIII selective reflection. These experimental results were
discussed with respect to possible models for the unknown structure of BPIII. Recently. efforts were
also made to investigate the dynamics of different electrooptic effects more precisely.

Keywords: liquid crystals, electro-optical effects, electrostriction, blue phases, field-induced
Phase transition

l. INTRODUCTION

The blue phases of chiral liquid crystals were first observed more than hundred
vears ago' but studied extensively only during the past two decades.” © Although
these phases occur very close to the clearing temperature. between cither a
cholesteric’ - or smectic phase'” and the isotropic liquid. many of their properties
exhibit a formal analogy to solid crystals. The most striking of these properties are
Bragg reflection in the visible wavelength range indicating a spatially periodic
Structure with lattice constants of several hundred nm'""* and the occurence of
liquid single crystals.’* ¥ i.e. liquid crystal droplets in an isotropic environment
which exhibit no spherical shape but facets similar to solid crystals.

At zero field, three modifications BPI, BPII and BPIII (the latter also called
‘blue fog’)'* have yet been observed.> "> Their numbers indicate the sequence
of occurrence with increasing temperature™~** and correspond also to the sequence
of their occurrence with increasing chirality in chiral racemic phase diagrams.?%-2
Both calorimetric?*2”-% and dilatometric’! measurements indicate that the tran-
sitions between each of these phases are of first order, but the latent heats for the
phase transitions from the cholesteric to a blue phase and from a special blue phase
to another blue phase modification are very small (=2-18 J/mole for cholesteryl-
N0nanoate?®) compared to the transition enthalpy at the clearing point (=170 J/
mole for cholesteryl-nonanoate).
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A. Saupe® proposed a director field with chiral cubic symmetry fo}r] bi:;eigﬂtropic
In te'rms of an order parameter, such structures can be descnt?ed by .t) eL i
part g; of the dielectric tensor, given in general by the Fourier series
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where g, €.1, and &, are the amplitudes of five different modes (since g;

independent components). The op-
se chiral cubic structures were derived by R. M. HQm:
and for hexagonal structures by B. Jérome and P. Plg.rc
anski.* According to these selection rules BP] exhibits a body centered'clu ]a
structure (Figure 1) described by the Space group I 4,32 (O®) and BPII exh}bltsm
simple cubic structure P 4,32 (0?).36-40 According to the defect theory by Melt{oo

etal. M+ thege structures can be also considered as a regular lattice of disclmatlo_nS;;
or a lattice of double twist cylinders (Figure 2).434 The modification BPIII exhibi

. . . . © 4 is vet
a broad selective reflection th very low Intensity. >4 Js structure is ¥
unknown,

The following experimental

. . : €
techniques were used to obtain informations on blu
phase structures from their B

ragg reflection:

. . . A11.12.15
(1) Spectroscoplc measurement of the Bragg wavelengths at normal incidence
— ratios of the interplanar distances

.. . . B ) . ralo 418
(i) Microscopic observation of the rotational symmetry of single crystals

bserved peaks to (h00)., (hh0) or (hhh) glflj;e_s;
(iii) Investigation of the angular dependence of the selective reflection*”
multiplicity of €quivalent planes,

(iv) Measurement of the Muelle

using a rotating microscope stage’ 3954 (Figyre 3a) — interplanar angles
and interplanar distances,

(vi) Kossel diagrams (conoscopic observation of single crystals using monochro-
matic light, Figure 3b,c)>s

— interplanar angles and interplanar distances.
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FIGURE { Model for BPI: Visualization of the tensor tensor order parameter along the planes of

type (100) in a bee unit cell with I 4,32 (O%) symmetry. The edges of the quaders represent the direction
of the eigenvectors and the eigenvalues of the dielectric tensor (From P. Pieranski, R. Barbet-Massin

and P. E. Cladis™).

The latter method, developed by P. E. Cladis, T. Garel and P. Pieranski,™ has
been proved to be very powerful. According to the Bragg condition

Ny = 2 -1 dyyy - cos O (3)
or (in the reciprocal space)
=k -k
Kossel cones™ with an aperture angle

Akt IthII
= ————— = arccos -7 4
¥ = arccos T h-d ar 2 K (4)

occur when single crystals are illuminated with convergent monochromatic radia-
tion. For blue phases, cone sections of these cones can be observed optically in
the focal plane of a microscope lens. Each of these Kossel lines represents the
gtr)lentatlon and the interplanar distance of a family of planes in the lattice (Figure
).
Informations on the space groups of BPI and BPII were also obtained from the
growth rates observed for the facets of single crystals. The single crystals of BPII
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FIGURE 2 a) Director field in a double twist cylinder. b) Configuration of double twist cylﬁnde}rs tf}:)er
the space groups 1 4,32 (O%) of BPI and P 4,32 (O%) of BPII. ¢) Disclination tubes occurring in

) . . . . 2 is-Vi e
respective unit cells according to the model from S. Meiboom et al. -+ (Figures from E. Dubois-Violet
and B. Pansu*).

(a)

(b) ()
FIGURE 3 Optical methods used to investigate the structure of blue phases: a) Observation of single
crystals in reflection using a polarizing microscope equipped with a rotating hot stage to determine I,he
interplanar ar}gle_s. (From W. Kuczynski®y, b) Experimental setup for the observation of Kosse! dia-
grams occurring if single crystals are illuminated with convergent, monochromatic light. A family of

¢ section of the Kossel cone perpeﬂdicular

reciprocal space by means of a sphere twice

el line is given by a planar projection of the intersection lin€
the surface of this sphere.



BLUE PHASES IN ELECTRIC FIELD [9851/55

| |

IR

-

-~
P

= = Iy
= = eyl II{(}I \
= = — oo — el — A
= = = = = [
= = el (1] -] SURTd
£ Egp_n* E=0 E> Egpn* B By
E <O €, > 0 > O

FIGURE 4 Schematic representation of the field-induced phase transitions from blue phases to the
cholesteric phase (with different orientations depending on the sign of ¢,) and to the homeotropic

nematic state (only for g, > 0).
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e reflection bands on the applied electric field strength
22.3°C and for BPII (100) at 1 = 23.4°C in a mixture
12). (From G. Heppke et al.*?). b)
= 23 pm) and

FIGURE 5 a) Dependence of the selectiv
(tms, frequency = 1 kHz) for BPI (110) at 1 =

With positive dielectric anisotropy (59.7% CBI5, 40.3% ZLI 16 ;
Dependence of the onset of turbulence in BPII on applied voltage (sample thickness

fr€quency for a mixture with positive dielectric anisotropy (from H. Gleeson er al.®%).
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a) Electrostriction
BPI [110], ¢

a >

€52>0

) Phase Tranmsition h) Phasse Tra&sition
EDi[ﬁO]—:\‘*,sa<O BPII[100] - N* <0

. . o Yrer >nt
FIGURE 6 Electrooptic effects on blue phases, observed in 14 wm cells with TN type surface treatmen
under the influence of ac voltages up to §0 V.

are usually limited by (110)
along one of thejr fourfold
for BPI were described by
The sequence of facets ob ith increasing growth rate are (110).
(Z11). (310), (111), (321).15 Th; is in agreement with the Donnay-Harker-
rule® for the Space group 14,32 (0#). %

facets® and exhibit a quadratic shape for observation
q p

axes."1% Very rich facetted three dimensional crystals
P. Pieranski er q/.16-

electrooptical effects i blue phases. Between 1980 and

- 3. Cox® reported on 2 field-induced phase tranSitfoér:
from blue phases to the cholesteric phase (Figure 4), P. L. Finn and P. E. Cladis
observed hydrodynamic instabilities under the influence of an electric field (dc or
ac), and G. Heppke, M. Krumrey and F. Oestreichers? foynd 4 wavelength shift
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TABLE I

Blue phase systems investigated under the influence of an electric field (a,b) and the chemical
structure of their components (c.d)

a) Materials with positive dielectric anisotropy.

System: References:
BOBC / CHCP <M9>

CB15 / E9 <57>,<87>,<B8>,<93>,<80>,<35>,K68>,<89>
CB15 / M18 <61>,<73>,<90>,<84>,<80>
CB15 / M24 <90>

CB15 / RO-TN4D4 <62>,<76>,<84>
CB15 / 7111612 <62>,<84>

CB15 / 7111840 <83>,<57>

CB15 / 7L11841 <83>

CB15 / CE1 / CE2 / CE3 / E9 / K18 <120>

CBMBB <83>

CBMBB / CPMBB <83>

CE? / CE2 / CE3 / E7 / E49 / K18 <120>

CE1 / CE2 / K18 <91>

CET1 / CE2 / CE3 / E310 <120>,<121>
CE1 / CE2 / CE3 / PG296 121>

CE2 / 2111083 / RO 3478 <89>

CC / ¢ 103>

CP / 2-7A08B <61>

CP / cBOOA 61>

CP / M24 <61>

MHCS <60>

PBBN / RO-TN4D4 <100>

5811 / N5 69>

TM74A / TM74B / TM75A / TM75B / E49  <63>

b) Materials with negative dielectric anisotropy.

Ce2 60>

CE2 / cE3 / CeNss <13

CE2 / 2111014 61>

CM / CCNSS <104>

CP / 11014 <61>

MBBOCB / 7112585 94> ,<67>

S811 / EN18 <66>,<76>,<94>,<67>,<114>,<115>

c) Chemical Structure of the chiral compounds used in these systems.

CHs CHa

i
CeH13-CH-00COO)-CO0-CH-CeHis

BoBC
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TABLE 1 (continued)

CHs3
815 |
o) CHa~CHz~CH-CH~O)HO)-CN
CBMBB er3
CHa~CHz~CH-CHa~O)-c0oa~O-O)-CN
CHa CHsy
R\%M
. CH (CHa) = (CH2) 3—CH(CH3a) 2

R=Cl
CHa- (CH2> 12-C00
CHa— (CH2> 10-C00
CHs-CH2-C00

Cces H

CHa
]
Bom) CHa=CHz~CH-CH~OO-coo~O)r-cN

ce2 GHa GHs
oy CHa~CHe~CH-CHa~AOO)-c00~0)-CHa~CH-CHa—CHs

cr3 C

Hsa
]
(BDH) CHB‘CHz‘CH~CH2'@©—COO—©-OCsH13

CH

3
|
CH3~CHa=CH-CH+O)-coo~O)-CN

cpMea

CHa
CaHs—CH- (CHa s~Or-cH=cH~-O)rCN

MHCS

CH
MBBU
B CHa~CHo-tH

3 C1 E:}{a
*CHg—@—COD@GGC-@—CHZ—CH—CHT'CH?

PBEN OUC '@@‘CSH 11
QIO 0oc«O-O)r-Csi,
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TABLE I (continued)

CHa

5811 |
CeHia~0~<0)-coo~0Oy-CO0-CH-CeHis

(Merck)

TM74A, TM74B, TM75A and TM75B are cholesteric thermochromic mixtures
from British Drug House (BDH),

d) Chemical Structure of the non-chiral compounds used in these systems.

2-7A08 C7H15—0-©-II\I=N-@‘U—C7H15
8]

C800A CgH17—0—©—CH=N—@—CN

CN

CCNSS CsH“W CsHiy

(Merck)

CHCP CMHZM.,I"@‘CUO—@_CnHZn“'I

(m,n) = (3,2);(4,2);(5,1);(4,8)

9 R =CgH13—
8,M18,M24 R~O-O-CN CeH1a—-0-

(BOH) CgH17—0—

v CHa=0-O-N-N-O-R = ~CeHs —CaHg

(Merck) o

CHs CHs
CH3-Si-0-[-8i-0-1.- [-Si-0~1.—Si—~0-CHs

FG2ss L ccha> s-0-O~0OrcN
(CH2) «—0~0)-co0~0O)>-CaH~ m=n=25

L1014

CN
(Merci) csHu-@@}—coo—Z@—&Hw

The other abbreviations used in Table [ correspond to wide temperature range nematic mixtures
Produced by the companies British Drug House (E7, E9, E49, E310), Chisso (EN18), Hoffmann La
Roche (RO-3487) and Merck (ZL11083, ZL11612, ZLI1840, ZLI11841, ZLI2585). respectively.
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of the Bragg peaks by applying ac voltages (Figures 5, 6). Morc Qetalled stud;:
show that hydrodynamic instabilities can be avoided by using high frequenc
Figure 5b).63

( "Ighe mat?:rials used to study electric field effects are either polar chiral compounds
or solutions of a chiral dopant in a nematic solvent consisting of polgr m_oleculeS
(TableI). A crucial parameter for the electric field effects is the dielectric amsot;f)ll)()i’
a = & ~ &, where ¢ and ¢, are the values of the dielectric constant for a 1 )
applied parallel and perpendicular to the director, respectively. To charaCt;:ﬂ}Zle
blue phase mixtures, these values can be measured in the nematic phase o td
respective racemic mixture close to the clearing temperature. The sign of ¢, depends

on the angle between the permanent dipole moment of a molecule and the mo-
lecular long axis. 54

Several general review articles on blue
and the theoretical point of views®
extended reference list with 247 re
erence 65. The aim of this review ar
under the influence of an electric fi
results obtained yet. In the followin

phases from both the experimental®™*
Wwere published during the last few years. An
ferences about blye phases was given in Ref-
ticle is to focus on the behaviour of blue phases
eld and to give a summary of the experimental
g section, the field effects on the cubic structures

Il. influence of Electric Fields on BPI and Bpj|

1. Electrostriction

5-69
For weak electric fields, the continuoys change of the Bragg wavelengths‘ﬁz‘(” ¥
correspond to 3 continuous deformation of the cubic lattice. In the first exper}mems
b G. Heppke et al..% the inflyence of an electric field on the (110)-peak in BPI

and on the (100)-peak in BPI] was investigated for mixtures with ¢, > 0 (CBLY
RO-TN404 and CBlS/ZLIl612). Inb

oth cases, a red shift of the selective reflection

was observed (Figure 6a.b.e), indicating an increase of the interplanar spacing
along the field direction. However, a decrease of the Bragg wavelength was ob-
served for the same selective reflection bands (the (110)-peak in BPI and the (100)-
peak in BPH) whep mixture with ¢, < () (S811/EN18) was investigated.*® More-
over. the directj th shift observed for Bp] depends also on the
€spect to the field direction %67 ap effect called
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a b
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FIGURE 7 Bragg wavelengths corresponding to planes (hkl) versus applied field strength for BPI
and BPII oriented with either a fourfold [001} or with a twofold axis [011] along the ficld direction. a)

Spectroscopic values measured in back reflection for a mixture with positive dielectric anisotropy (49.2%
CB1S, 50.8% E9). (From G. Heppke e al.*). b) Values determined by the Kossel method for a mixture
with negative dielectric anisotropy (37.0% MW190. 63.0% ZLI 2585). (From G. Heppke et al.*").

for observation along a fourfold axis [001] (Figure 8, top) reveal a tetragonal
structure under the influence of an electric field. The fourfold symmetry axis parallel
to the field direction is preserved at non-zero field. However. the distance &,
between the intersection points of the (101) and (101) rings is larger than the
diameter £, of the central (002) ring for systems with €, > 0 whereas this distance
& is smaller than £, for systems with g, > 0 at non-zero field strength. The con-
struction of the respective reciprocal lattices (Figure 8, bottom) shows that for
systems with positive dielectric anisotropy, the reciprocal lattice constant 2mw/a.
along the field E is larger than the reciprocal lattice constants 2wla,, 2w/a, per-
pendicular to E.5% A tetragonal structure deformed in the opposite direction is
observed for systems with negative dielectric anisotropy.®” Kossel diagrams of the
deformed BPI and BPII structures were investigated also for other orienta-
tions 05-67.68

Analogous to solid crystals,” the deformation of the lattice can be described by
the (symmetric) strain tensor defined as

1 {ou, ou;
==+ s} 5
% =2 <6x,» ax,> )

where x,, x,, x; are coordinates of a lattice point and u,, u,, u; are the components
of the vector describing its displacement due to the deformation. The diagonal
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elements of the strain tensor correspond to principal strains while the off-diagonal
elements correspond to shear strains. In order to describe the dependence of the
strain on the electric field, the strain tensor can be expanded in powers of E:

3 3003
€; = 2 Yok Ex + 2 E Vi ExEr + - (6)
k=1 k=11=1

The linear term in this expansion, with the third rank piezoelectric tensor as its
coefficient, vanishes since the deformation depend on the time average of the
applied ac field. Thus, the lowest order term to describe the deformation of blue
phase lattices in the electric field is the quadratic term which is connected to the
strain tensor by the fourth rank electro-striction tensor.

V. E. Dmitrienko’! used the following expression for the free energy

1

1 1
2 Aiklm Ui Uy — T — Xikim EIEkE[Em - g pik]mEiEkl'llm (7)

F=F, +
° 16w

where A is the elasticity tensor, x is the tensor of non-linear susceptibility and p
is the elasto-optic tensor. Summation over repeated indices is implied in Equation
(7) as in (6). Minimization of the free energy with respect to the strain e leads to
a relation between the strain and the electric field E:

1
Cix = 8_'71' Sikim pnp/mEnEp = ’yikannEp (8)

where the tensor s is reciprocal to the elasticity tensor A, and v is the electrostriction
tensor as in the expansion (6). For cubic symmetry this tensor exhibits three in-
dependent coefficients Yiiti- Yii22 and v,;> which could be determined from ex-
perimental results as represented in Figure 7. From Kossel diagram observations
for a system with negative dielectric anisotropy. a relation between v,,, and vy, .;
was obtained which reveals a constant volume of the unit cell.*” Assuming that this
relation is valid in general. the components of the electrostriction tensor were also
fietermined from the spectroscopic data for a mixture with positive dielectric an-
isotropy (CB15/E9) represented in Figure 7a.% However. investigations by. F. Porsch
and H. Stegemeyer™ on a very similar mixture using Kuczynski's rotating crystal
method* indicated a small positive dilation of the unit cell for BPIL. )

The absolute values of the electrostriction coefficients are of the order of 10—
1071 m2pye, indicating a relative change of the interplanar distances of several
per cent if voltages of 10— 100V (rms) are applied to a sample with the thickness
of 10 pm. In agreement with considerations by V. E. Dmitrienko.”! the signs of
all components of the electrostriction tensor are reversed if the dielectric anisotropy
changes sign (Table II).

The space groups describing the deformed structures are subgroups _of the re-
Spective cubic space group (14,32 or P4,32) and depend on the direction of the
electric field.* Under the influence of an electric field, only the symmetry elements
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TABLE II

Sign of the electrostriction coefficients, depending on the sign of the dielectric anisotropy

€y >0 €, <0
BP 1 ] 8p 11 | Py | 6P Il
Y1111 3 * * 3
Y22t ) } N
11212 * N ) .

consistent with the rotation symmetry of the point group D, (the point group of
the dyad E,E)) are conserved. Thus, the space group of the deformed structure Caﬂl
exhibit only twofold axes perpendicular to the field direction, and no rotathﬂlﬁd
axes oblique to the field direction, whereas the rotational symmetry along the fie
direction is preserved. Consequently, a field applied along a fourfold, three.fOld (ig
twofold axis leads to a tetragonal, trigonal or orthorhombic structure, respectively.

2. Change of the Average Molecular Orientation

2.1. Change of the dielectric permittivity. Measurements of the capacitance of
blue phase cells as a function of the applied voltage which were performed for both
systems with positive®-"* and with negative dielectric anisotropy®® indicate that the
component of the average dielectric permittivity along the field direction

= ml—v fv E -4y E dr ©)

increases continuously with increasing field strength. This change indicates that the
isotropic distribution of molecular orientation is lost under the influence of the
clectric field due to the deformation of the blue phase structure. .

In order to describe the magnitude of this effect, one might use the ratio £

between the field-induced change of ¢ in the blue phase and the maximum value
of this change expected for the completely unwound structure

(10)
B 7 By

{ = EgplE) — €5p(0) - ?’_éBP(E) — €3p(0)
3 .

£

u

' l.?o.r systems with positive dielectric anisotropy { is positive and becomes 1 for
infinite field strength. For systems with negative dielectric anisotropy £ is negative
and becomes ~1/2 for infinite field strength when the cholesteric phase in the
Grandjean texture is induced (e = &)

For weak electric fields where the Bragg wavelengths indicate continuous de-
formation of the blue phase structure, this quantity is proportional to E*

{=¢,- B (11)



Erratum

“The Effects of Electric Fields on Blue Phases,” H. S. Kitzerow, Mol. Cryst. Lig.

Cryst. 202, 51 (1991).

Two color figures should have accompanied this paper- These color figures appear
as Color Plate I and Color Plate II at the front of this 1ssue.
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W}jlerithe magnitude of the factor {,is 1.0 — 2.0-1075m2V-2(-0.5 - —1.5107 "7
m2V-2) for mixtures with positive (negative) dielectric anisotropy.®® The absolute

| value of {, was found to increase with decreasing temperature, i.€. {gp1 > Lpeur-

Wit.h resp_ect to the symmetry of the tensor order parameter, the dependence of
the dle’lectnc tensor on the electric field strength can be described™737* by the
expansion

e E) = &) + e B + e EcE + - - (12)

i d fourth rank respectively which must be

lI(l:l)ariam under the symmetry operations of the respective space group at zero field.
¢V vanishes for the crystal class O (432) and ¢ exhibits the form

1 .
where £{}) and €3, are tensors of third an

3
@ = A S apnngnf + B (3 8+ udi 3.5 (13)

m=1

where Sn(“, n®, g™ are unit vectors along the fourfold axes and A, B are con-
7 . . . .

stants.”"™ In blue phases the first term 1S dominating (|A| >> |B) while the second

(isotropic) tensor is relevant for the pretransional behaviour in the isotropic phase

(Kerr effect).

BPThis nonlinear dielectric behaviour in th c
phase transition effect was investigated by J. Ziolo et al.” In cholesteryl oleate,

a pretransional effect described by the relation e(E) — e(0) = E*(T — T7) was
observed with T* = Ty,_, — 0.55°C and Ae/E2 =~ 10718 m?V 2 a few °C above

the clearing point.

e isotropic phase close to the isotropic-

birefringence. Nonlinear

2.2. Variation of the refractive index, field-induced
of visible light. leading to

dleleCt.ric behaviour occurs also in the frequency range
a continuous change of the effective refractive index n for light propagating along
the field direction.” The value of n was found to decrease (increase) for mixtures
Wlth. positive (negative) dielectric anisotropy (Figure 9). The quantity & used in
Section 2.1. can be also derived from optical measurements according to

2 2 _ n2

_ npp(E) — nge(0) _ 3 ngp(E) n?p(O) (14)
"?1 - nio ’13 - n;
the ordinary refractive index for the

whe . .
re n, and n, are the extraordinary and | _
mic mixture close 1o the clearing

nemati S .
, matic phase occurring in the respective race i .
emperature. The effective refractive index corresponds to the isotropic value at

Z¢ro field, to the ordinary refractive index 1, in the homeotropic nematic state (g,
>0, E— =) and to the value o, = \/m for light propagating along the
helix axis in the cholesteric phase (g, < 0, E— ). The values for { obtained from
the data represented in Figure 9 ar€ in good agreement with the numbers given in

SECt'i()n 2.1 which where obtained from dielectric measurements. o
Field-induced birefringence for light propagating along the field direction \Yas
observed in BPI when the twofold axis is oriented parallel to the field.”” Domains
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FIGURE 10 Cross-hatching texture of BPI showing electric field induced birefringence (mixture of
the compounds CPMBB and CBMBB).
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FIGURE 11 Absorbance versus field strength for a dye guest host blue phase mixture (62.3% CB13.
37.7% ZL1 1841).

host mixtures maximum absorbance is observed if the plane of polarization of light
is parallel to the director, whereas minimum absorbance occurs if the director is
oriented perpendicular to the plane of polarization (e.g. for light of any polarization
Propagating parallel to the director).
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This guest host effect can also cause a change of the absorbance in bl}xe phase
mixtures due to the change of the mean molecular orientation under the mﬂu@l}ce
of an electric field.®® In a mixture with positive dielectric anisotrqpy containing
three dichroic dyes, a continuous decrease of the intensity of transmitted light was
observed with increasing field strength in the blue phase range (Figure 11). For a
field strength where the cholesteric phase is induced, the sample become§ opaque
due to diffuse scattering. At higher field strength the nematic state is induced,
where the sample becomes transparent (Figure 11).

3. Orientation of Single Crystals

Single crystals of BPI and BPII which are grown in the electric field were found
to be oriented with one of their fourfold axes parallel to the field direction. RCO‘
rientation to this most stable orientation was observed for randomly oriented smglﬁ
crystals in materials with positive” as well as for materials with negative dielectric
anisotropy. 7 However, single crystals anchored at the glass surface of a sample
were found to be metastable when one of their twofold or threefold axes are
perpendicular to the surface.

According to P. Pieranskj ef al.,” the orientation of single crystals can be con-
sidered theoretically by regarding the torque I' = V(P X E) acting on a cubic
single crystal. Since only the nonlinear, anisotropic part of the polarizability con-

tributes to this torque, i.e. the second term in Equation (13), the torque was shown
to be of the general form

Fr=va i (n . E)* (n® x E) (15)

<1 1 03 have the same meaning as in Equation (13).

1 ' shes for the orientationg [001] || E, [011] || E and [111] [| E-
Either the orientation [001] | E (for 4 > 0) or the orientation [111] || E (for A <

0 is absolutely stable.

AT‘he same result was also obtained by D. Lubin and R. M. Hornreich™ by
minization of the free energy. The most stable orientation is [001] || E for the space
groups P 4,32 (02) and | 4,32 (0% and [111] ]| E for the space group I 432 (O

!n this most stable orientation, the decrease of the free €nergy with applied voltage
1S proportional to £+
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behaviour, being in contradiction to observations in other systems,”” was observed
only in a mixture showing the field-induced tetragonal phase BPX. 3% it was
concluded that the disappearance of the (200) peak of BPI is due to the transition
to the field induced tetragonal blue phase BPX (BPEa). It was argued® ¥ that the
orientation of BPI with its twofold [110] axis along the field direction on decreasing
field strength is due to the continuous transformation of the BPX lattice into the
lattice of the deformed BPI, as described in the next paragraph.

4. Field-induced Phase Transitions

Detailed investigations of blue phase single crystals by means of orthoscopic mi-
croscopy and by studying Kossel diagrams reveal a rich polymorphism of blue
phases. A tetragonal blue phase BPX>>*" (Figure 12a), a three dimensional hex-
agonal phase BPH3P,%” and a two dimensional hexagonal phase BPH?P ™ can occur
under the influence of an electric field in addition to BPI, BPII and BPIIIL. F.
Porsch and H. Stegemeyer introduced the names BPE # or BPEa, BPEb and
BPEc® for the field-induced phases observed in their mixtures. By comparison of
the topology of the phase diagrams given by P. Pieranski et al.*>%” and by N.-R.
Chen and J. T. Ho™ with the phase diagrams given by F. Porsch and H. Stegemeyer™*
one can conclude the identities “BPX"” = “BPEa” and “BPH"" = “BPEc”. The
structure of a further field-induced blue phase, BPEb™ (Figure 12b), is not yet
identified. For completeness it should be mentioned that the name ‘BPE’ (which
corresponds to the tetragonal blue phase in Reference 80) is also used by other
authors®'-*2 for any field-induced blue phase structure being not identified.

P. Pieranski ef al.¥’ found for a mixture with positive dielectric anisotropy that
the discontinuous increase of the Bragg wavelength on increasing electric field
strength observed by G. Heppke et al.*? correspond to a field-induced phase tran-
sition from BPII to a tetragonal phase BPX which differ not only in its lattice
constant from BPII but also in the shape of its single crystals (Figure 12a). By
investigation of Kossel diagrams™ it was shown that BPI oriented with its twofold
axis along the field direction can be also transformed to BPX, but without a
discontinuous change of the interplanar distance of the planes perpendicular to the
electric field. The Kossel lines observed for BPX indicate a centered tetragonal
structure.%* It was concluded that the space group of BPX is 1 4,22 since the unit
cell of this space group can be obtained continuously by shearing the orthogonal
F 222 (D?) unit cell which describes the deformed BPI lattice (Figure 13).

The three dimensional hexagonal phase BPH3P occurs in materials both with ¢,
> (¥ and with ¢, < 0.%* For systems with €, > 0, a transition from BPX to BPH*P
can be observed on increasing field strength which is connected with a discontinuous
decrease of the selective reflection wavelength.?? For mixtures with g, > 0 exhibiting
very high chirality and for mixtures with g, < 0 (in which no BPX has yet been
observed, Figure 12c), a continuous transition from BPII to BPH*® occurs. Ac-
cording to the selection rules for three dimensional hexagonal space groups,* the
Kossel diagrams for BPH?P are in agreement with one of the space groups P 6,22,
P 6,22, P 6, or P 6,. However, the continuous transition from the deformed BPII
(BPII) to BPH3P gives evidence for the space groups P 6,22 or P 6,22. For these
space groups the- transition from BPII¢ (P 4,22) to BPH?P can be described by a
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FIGURE 13 Transformation of the unit cells for the phase transitions a) BPI-BPX and b) BPII-
BPH™ which are not connected with a discontinuity of the interplanar spacing along the field direction.

shear of the P 4,22 unit cell of BPIIY transforming the lattice via the subgroup
C 222 continuously to the structure of BPH®.

The occurrence of a twodimensional hexagonal phase BPH*" (BPEc) was ex-
perimentally observed for mixtures of high chirahty with ¢, > 0.% This structure
is always oriented with its sixfold axis parallel to the field direction and thus exhibits
no Bragg reflection when observed along this direction. Consequently. dark sipg!c
crystals were observed™ and the Kossel diagrams of BPH consist only of six
straight lines which correspond to the reciprocal lattice vectors perpendicular to
the field direction.

It is interesting to note that the stability of a hexagonal structure with respect
to the cholesteric phase (also at zero field) was proposed as early as 1975 by S. A.
Brazovskii and S. G. Dmitriev®” using a Landau theory. G. Sigaud'* who was the
first observing any facetted blue phase single crystal (presumably a crystal limited
by (110) facets oriented with a twofold or threefold axis along the viewing direction).
concluded from its hexagonal shape erroneously that blue phases are hexagonal
(at zero field). After the cubic structures of BPI and BPII were established. the
additional occurrence of a two dimensional hexagonal phase in the field was pre-
dicted theoretically by R. M. Hornreich and S. Shtrikman.?®7 However, the first
hexagonal structure t;eing observed experimentally was BPHP.*” and only later
BPH" was found additionally.® By more recent experiments evidence was given

for the occurrence of BPH?P also in systems with negative dielectric anisotropy”™*
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(Figure 12¢). Phase diagrams obtained by Landau theory?s#9 (Elgure lﬁd)tsil(I:Oﬁ“;;g
good agreement with experiments that BPH3P b§come§ stab}e in the elec rBPHZD
for materials with both positive and negative dielectric anisotropy, that o
occurs for materials with positive dielectric anisotropy at hlg.her. field strengt 335
BPH®, and that the occurrence of BPH® requires high chilriahty'of the Systﬁm-
The detailed investigation of the dependence of the tran.smon. field strengt i_gg
the chirality by B. Jérome and p. Pieranski® (Figure 14) might give an explanéllllOn
Why in some mixtures®287.90 , discontinuous change of the Bragg wavelengt

different concentrationg*-73-50 no such discontinuity was detected (because the tran-
sition BPII-BPH?D g continuous). Figure 14 shows also that the thresh(?ld value
for the unwinding of the blue phase structure to the cholesteric phase increases
with increasing chirality. For a system with a very large temperature dependfin;e
of the cholesteric pitch this dependence was found to lead to a reentrancy of the
cholesteric phase. 1 The space groups describing the structures occurring due to

electrostriction or due to field-induced phase transitions are summarized in Figur
15, A Summary of references is given in Table 1]
According to the field dep
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an clectric field—temperature phase diagram have to fit in a Clausius-Clapeyron
type of relation

dT AP
-— = - — 16
dE AS (16)
where AP is the difference between the dielectric polarizations of the respective
phases and AS is the difference of their entropy. As far as these transitions can be
considered as a shift of the transition temperature, this temperature shift is given
by the integrated form of Equation (16)

MT,

E
- NHE L Aé E' dE (17)

AT=T-T, =

A similar relation derived by W. Helfrich'’* for the case that & and &, are
independent on the field strength. Helfrich’s equation was used by C. Motoc and
M. Honciuc'®® and by H. Stegemeyer et al.” to discuss the transition BP-N*. A
paper by B. Spier and H. Stegemeyer'* is devoted to the hysteresis of this tran-
sition,

5. Facetting of Single Crystals Grown in an Electric Field

The shape of BP single crystals can be affected considerably by the influence of
an electric field, as found by P. Pieranski er al.’>'"® Single crystals of BPII are
usually limited by (110) and equivalent facets and thus show a quadratic shape
when observed along one of their fourfold axes. However BPII crystals grown in
an electric field with their [001] axis parallel to £ form an octogon indicating an
additional occurrence of (100) facets.

The different growth rates of the respective facets (hkl) were discussed assuming
two dimensional nucleation of steps on the crystal surface. In this model the growth
rate decreases exponentially with the height of the nucleation barrier which 1s
proportional to the energy per unit length B(hkl) of a step.'® It was shown that the
dependence of this quantity on the applied electric field is described by B = E -
@** where d is the period of the spatial modulation of the dielectric energy per-
Pendicular to the respective planes. Consequently, lateral (100) surfaces parallel
to the field appear in BPII, since B(100) > B(110) and thus the growth rate along
the [100] direction becomes smaller in an electric field than the growth rate along
the [110] direction. For BPI, however, where the longest periodicity along the [100]
direction perpendicular to the field is a/2, no additional (200) facets occur since
B(200) < p(110). . ' _

More recently it was shown!® that also facets which are equivalent in a cubic
single crystal, can exhibit different growth rates in the presence of an electric field.
Thus, single crystals of BPII grown in an electric field show reFiuced symmetry
Compared to those crystallites grown without field (Figure 16), which demonstratgs
that the field breaks the spatial isotropy. This effect which is very small for atomic

crystals, could be clearly observed in blue phase crystals.
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lil. ELECTRIC FIELD EFFECTS IN BPIII

In contrast to BPI and BPII, the modification BPIII exhibits a very broad selective
reflection band of very low intensity.** The very small latent heat for the transition
BPIL-BPIII seems to indicate that the small scale structure of BPHI is very similar
to BPI and BPII, i.e. characterized by double twist. The linewidth data, however,
indicate that the size of correlated regions in the BPHI structure is only a few
pitches.*¥! Different models were proposed to describe the structure of this mod-
ification. According to the emulsion model,®* BPIII is considered as an emulsion
of cholesteric droplets in an isotropic matrix, the double twist model'” consists of
randomly oriented double twist cylinders, the cubic domain model'™!" contains
small body centered cubic or simple cubic domains or correlated regions, and the
quasicrystal model!'!°~1? is locally characterized by a reciprocal lattice with ico-
sahedral symmetry.

The behaviour of BPIII in an electric field was found to be considerably different
to BPI and BPIL. In systems with g, > 0 a decrease of the intensity of the selective
reflection (Figure 17a) and a small shift of the peak to larger wavelength were
observed by D. K. Yang and P. P. Crooker.®' In mixtures with ¢, < 0. however.
the peak of the selective reflection shows a large increase of the intensity and a
sharpening under the influence of an applied field (Figure 17b).!'3!!* The selective
reflection peak is slightly shifted to smaller wavelengths for g, < 0. From linewidth
data given for materials with e, < 0. one can conclude that the size of the scattering
domains L ~ A\¥(mnA\) increases with increasing field strength from about 300 nm
to about 2 wm for these materials.''” These field effects in BPIII were discussed
with respect to the different models for the BPIII structure. In the following par-
agraphs, a brief summary of the arguments is given.

In principle, the behaviour of BPII in an electric field is consistent with the
emulsion model and the double twist model. Since the reciprocal lattice vectors
along the helix axis of a cholesteric structure are favorably aligned parallei to the
field direction for materials with ¢, < 0 and perpendicular to the field for systems
with ¢, > 0. the respective reorientation of cholesteric droplets would cause an
intensity increase for g, < 0 and an intensity decrease for g, > 0. as observed
experimentally. Qualitatively. the same arguments are valid for double twist cvl-
inders orienting parallel to E for e, > 0 and perpendicular to £ for g, < (). However.
in contrast to the effects of reorientation in BPI and BPIIL. the intensity change in
BPIII is reversible.!'*!14

With respect to the cubic domain model. the results on electric field effects seem
to argue against the space group | 432 (O°) as well as against BPIl like P 4.32 (O?)
or BPI like I 4,32 (O®) domains. In the first case the structure exhibits only (110)
reciprocal lattice vectors. The increase of intensity observed for BPIII in systems
with ¢, < 0 would indicate a reorientation of the lattice leading to an alignment
of the twofold axis parallel to the field. However, this orientation was shown to
be only metastable for all cubic space groups.”’”7* For cubic domains with 1432
(O*) or P 4,32 (0?) structure, a reorientation with the fourfold axis parallel to the
field like in BPI and BPII would be expected for both systems with positive and
negative dielectric anisotropy. This is in contradiction to the observation that BPIII
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TABLE 111

Field-induced phase transitions observed experimentaily. The part of this table above its diagonal
corresponds to systems with £, > 0, the part below the diagonal correspond to materials Wlt'h g, <0.
(.. )t Respective references, o: not yet observed. ?: It is not yet clear, whether the field—lpduced
phase (“BPE" in Reference 113,115) occurring in the temperature range of BPIII is identical to
BPII (as assumed in Reference 120,121) or to BPH?"

BPIIL | BPII | BP1 | gpx BrH0 | ppyZD N N
BPEa BPEb BPEc
BPIII - <91>7 ) o ) <91>7 o o o
12057 <120>7
12157 <121>?
BPIL [<113>7 - <90> | <87,90> ) <35> <89> 1<80,90> | <120>7
<115>7 <93,35> <T3>
BPI o o - <55,93> o 0 o <60,61>] o
<80, 35> <62,90>
<89,73>
<100>
) |
BPX o o o - <B9>| <87,90> o <88,35> o
BPEa <93,35> <80,89>
BPEL 0 o o 0 - 0 o <89> <89>
_____________.___._.__________._____________________________~.
BP0 | (11357 94> | <945 o o - |<88,355| <87,90>] <1207
<115>2 <35>
‘\‘\‘\\\_
apHZD o 0 o o o o - <88,35>| <89
BPEc
___i?____——____h_—_—-_-___——__—
N o <66> <66> 0 o <945 o - 129>
<106> | <1043
'\.\-\ _ S
N - -
\\QNN ]
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behaves distinctly different in the electrlc. field de.pendmg on tE]ensclrg; che tor other
ents do not exclude the cubic domain model in gé ! he absolutely
thT)S-e argaléén roups which were not taken into consideration so far, t €< 0 I the
ztlzlt:lcesgrientgation might be [111] || E for ¢, > 0 and [001] ’HHE \i(:)rultd be ir, agree-
latter case, the change of the intensity observed expeflmenrtla y b omain model
ment with the reorientation. Another argument agamstyt' e CuP b e er and
and against the quasicrystal model was gwer} by D. K. ' dr;)g. su.rface aligned but
K. Tanimoto. 116 According to their observation, BPIII canb e becrved b rotating
the higher harmonics expected for these structures could notbe o
: ictions on
the\NSiihml:Lzbect to the quasicrystal model, no detailed theoretical prig:t“::);fsid-
electric field effects were published so far. Howevgr, accor.dl'ng t(')s}zebetween the
erations by V. E. Dmitrienko,!” it should be possible to distingui il and the
double twist model (or the emulsion model), the cubic dome}llm };I;)III i owidth
quasicrystal model, by careful analysis of the dependence of tbe o hese
in systems with €, < 0 on the electric fie!d stre_ngth. Tllltxs, the be
systems is presently under more precise mvestlgatlon.. 0. a field induced
) For systems with ¢, > 0 as well as for systems with g, < 0, ah BPE. is 2
transition from BPIII to BPE was observed‘“-‘”:‘“ (Tal?le 1) w e'reuously de-
field-induced blue phase modification identical either w_lth the contin ' might
formed BPII or with BPH3P., Thus, the intensity increase in BPIII. fOr €y he BPE.
be considered as a pretransitional effect for the field-induced transition to

IV. DYNAMICS

i 1
Preliminary measurements of the time constants for the electric field effects ;EC?:;_
and BPII by G. Heppke er al.” indicated that the time constants for the e dex
striction (several seconds) and for the tield-induced change of the refractive e
(=1ms) differ by several orders of magnitude. P. R. Gerber!" found .CV?lf‘r fast
constants of about 100 ps for the change of the refractive index. A simi ‘::d the
response was reported by H. J. Coles and H. F. Gleeson!20-12! who observ
integrated intensity reflected from blue phase samples. lectro-
More precise Measurements on the dynamics of the comparably slow e

L s . . . e case
striction were performed recently''> using time resolved spectroscopy. In th
of BPI. the Bragg wavelengths

. a4 sum of
function of time were well fitted by.d 5‘el::)nd
WO exponentials, the time constants being of the order of several tenth of a s

with a time Constant of about 3
In order to describe the
Was considered!2 o pe 0

dynamic behaviour

. ion
theoretically, the equation of mot
f the form

R — ) + A Viu =0 (18)

. . . i . icient.
where v is the velocity of the background fluid and p is a permeation coefficie
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Using the approximations that the background fluid is at rest (v = O) and that
the boundary conditions do not restrict the director configuration, solutions to
Equation (18) for the case of only one dimension are given'!> by

u(x) = >, [Ae~"] sin (g,) (19)

"

where ¢, = nw/L and ¢, = w/Ag:. The length L characterizes the size of the
strained lattice, i.e. L may correspond to the diameter of the BP single crystals or
to the sample thickness, depending on the experimental conditions. Taking A ~
K»q3 and p. ~ v,g3 (in analogy with the permeation constant introduced by W.
Helfrich'2%), P. P. Crooker!'® derived the expression

. 20
h K ‘I% (20)

for the magnitude of the largest time constant ;. where v, is the twist viscosity and
K, is the twist elastic constant. Using v; = 1.dyn slem?, K, = 5-1077 dyn and L
= 12 pm, the time constant was estimated to be about 0.3 s, which is about one
order of magnitude less than the experimental electrostriction times. This discrep-
ancy and the observation of Cano steps in some of the investigated blue phase
samples, indicate that in fact the boundary conditions might have a significant
influence on the dynamics of electrostriction.

The two step mechanism indicated by the different time constants for the change
of the refractive index and for the electrostriction is comparable to the helical
unwinding of the cholesteric phase. Recent considerations by R. M. Hornreich!'>*
give a small time constant of ¢, = vp/(16m°K>) for the generation of higher
harmonics (which corresponds to a change of the refractive index) and a large time
constant 1, = vL%(3K,) for the change of the cholesteric pitch. The time constants
estimated by using typical values for the twist viscosity vy, for the cholesteric pitch
p and for the sample thickness L. exhibit a similar magnitude as the different time
constants found for the refractive index change and the electrostriction in BP1 and
BPII.

For intensity change of the reflectivity in BPIIL. time constants of the order of
ms were measured.'!® It was concluded that the behaviour of BPII in electric fields
is fundamentally different from the electrostriction of BPI and BPIL. However. to
give an estimate of the time constant of this effect. one might use equation 20
(although this equation was derived for the clectrostriction) and substitute the
sample thickness L (= 12 pm) by the size of the BPIII domains (=1 pm). In this
case, a time constant of 2 ms is obtained from Equation 20. It is remarkable that
the time constants f,, for the switching on process were found to be larger than
for the switching off process, and that £, increases with increasing field strength
for BPIIL. This behaviour differs from the majority of electrooptical effects in liquid
crystals.'?> However, according to the application of Equation 20, this result is in
qualitative agreement with an increase of the domain size with increasing voltage.

as indicated by the sharpening of the peak.
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V. CONCLUSION

ic fi i hases.

The preceding review was focussed on the electric field effec?s lnnll)ize rle):orien-
During the last decade, continuous changes of the blue p_hasg s(;ru(éd l;ase .
tation and deformation of blue phase single crystals and flelfj-ln : tncateg o of
sitions revealing a rich polymorphism of blue phases lwerf; hl:w%s] elgChan-g S the
ially the shift of the Bragg-waveleng o ations.

e < o the o guest host effect, might be interesting for applications

and BPII in electric fields is well investlga}t)(;i;
to solved. While the field-induced phases Iiture
and BPEc* can be identified with the tetragonal BPX and tne_he)fagogii)lgg l(;ccur-
BPH?2D, respectively, the structure of the field-indu.ced modification Moreover, i
ring in systems with positive dielectric anisotropy is still unknown.

. . . . . in order
seems of interest to study more systems with negative dielectric anisotropy ;
to investigate whether BPEb

there are still interesting questions

on
and electric fields, 129 only few work was done yet
magnetic field effects in blue phases, However only

small effects should be C_Xpe;;esg
by available Mmagnetic fields, since the complete unwinding of a cholestencl}? N
With p = 500 nm and Xe = 1077125 w5414 require a field strength of 60 Tes d.use
L. Feldman er g7, 130 found that uniaxig) strain occurring in a Cano wedge can CareS
apart from changes of the lattice constant also a shift of transition temperatures.
and even 3 Téentrancy in blye phases. Thus, i

the influence of boundary conditions and of
tures in more detaj].
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