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The Effect of Electric Fields on Blue Phases 
H.-S. KITZEROW 
Iwan-N.-Stranski-lnstitut, Sekr. ER 11, Technische Universitat Berlin, Str. des 17. Juni 135, 1000 
Berlin 12, FRG 

(Received July 28, 1990) 

An experimental review on electric field 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 BPH3D and BPHZD, 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 BPI11 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 

1. INTRODUCTION 

The blue phases of chiral liquid crystals were first observed more than hundred 
years ago1 but studied extensively only during the past two decades.2-6 Although 
these phases occur very close to the clearing temperature, between either a 
ch~ les t e r i c~ -~  or smectic phase1" 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 nm1',12 and the occurence of 
liquid single crystals,13-19 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, BPI1 and BPIII (the latter also called 
'blue f0g')14 have yet been observed.2-6,2"-22 Their numbers indicate the sequence 
of occurrence with increasing t e m p e r a t ~ r e ~ ~ - ' ~  and correspond also to the sequence 
of their occurrence with increasing chirality in chiral racemic phase diagrams.2s,26 
Both ~ a l o r i m e t r i c ~ ~ ~ ~ ~ - ~ "  and dilatometric31 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 - 1 8  J/mole for cholesteryl- 
nonanoateZ8) compared to the transition enthalpy at the clearing point ( ~ 1 7 0  J/ 
mole for cholesteryl-nonanoate).28 
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A. SaupeE proposed a director field with chiral cubic symmetry for blue phases. 
In terms of an order parameter, such structures can be described by the anisotropic 
part qj of the dielectric tensor, given in general by the Fourier 

where N is the multiplicity of equivalent families of planes (hkl), and q are the 
respective reciprocal lattice vectors. For each q ,  the tensor coefficient 6(q)  exhibits 
the general form 

0 0 0  

where E", and E,, are the amplitudes of five different modes (since E~,  is 
symmetric and traceless and thus exhibits five independent components). The op- 
tical selection rules for these chiral cubic structures were derived by R. M. Horn- 
reich and s. S h t ~ i k m a n ~ ~  and for hexagonal structures by B. JerBme and P. Pier- 
a n ~ k i . ~ ~  According to these selection rules BPI exhibits a body centered cubic 
structure (Figure 1) described by the space group I4,32 (OE) and BPI1 exhibits a 
simple cubic structure P 4,32 (02).36-40 According to the defect theory by Meiboom 
et al. ,41,42 these structures can be also considered as a regular lattice of disclinations, 
or a lattice of double twist cylinders (Figure 2).43,44 The modification BPI11 exhibit 
a broad selective reflection band with very low i n t e n ~ i t y . ~ ~ , ~ ~  Its structure is yet 
unknown. 

The following experimental techniques were used to obtain informations on blue 
phase structures from their Bragg reflection: 

Spectroscopic measurement of the Bragg wavelengths at normal incidence1'J2J5 
-+ ratios of the interplanar distances 
Microscopic observation of the rotational symmetry of single  crystal^'^-'^ - correspondence of the observed peaks to (hOO), (hhO) or (hhh) planes, 
Investigation of the angular dependence of the selective ~ e f l e c t i o n ~ ~ - ~ ~  + 
multiplicity of equivalent planes, 
Measurement of the Mueller matrix at non-normal i n c i d e n ~ e ~ ~ - ~ ~  -+ am- 
plitudes E, of the modes for the corresponding reciprocal lattice v e ~ t o r , ~ ~ . ~ ~  
Observation of single crystals illuminated with white light in back reflection 
using a rotating microscope ~ t a g e ~ ~ , ~ ~ , ~ ~  (Figure 3a) - interplanar angles 
and interplanar distances, 
Kossel diagrams (conoscopic observation of single crystals using monochro- 
matic light, Figure 3 b , ~ ) ~ ~  + interplanar angles and interplanar distances. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
46

 1
9 

Fe
br

ua
ry

 2
01

3 



BLUE PHASES IN ELECTRIC FIELD [983]/53 

FIGURE 1 Model for BPI: Visualization of the tensor tensor order parameter along the planes of 
type (100) in a bcc unit cell with I4,32 (Ox) 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. P i e r a n ~ k i , ~ ~  has 
been proved to be very powerful. According to the Bragg condition 

or (in the reciprocal space) 

Kossel coneP  with an aperture angle 

lqhkll 

2 * E dhk, 2 14 = arccos - hhkI 6 = arccos (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 
orientation and the interplanar distance of a family of planes in the lattice (Figure 
3b, c). 

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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I 4,32 (08> P 4,32 (02) 

FIGURE 2 a) Director field in a double twist cylinder. b) Configuration of double twist cylinders for 
the space groups I 4,32 (O*) of BPI and P 4,32 (02) of BPII. c) Disclination tubes occurring in the 
respective unit cells according to the model from S. Meiboom eta1.41.4Z (Figures from E. Dubois-Violette 
and B. Pansue). 

G 

I 

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 the 
interplanar angles. (From W. Kuczyn~ki’~). b) Experimental setup for the observation of Kossel dia- 
grams occurring if single crystals are illuminated with convergent, monochromatic light. A family of 
planes is represented by an elliptical Kossel ring being a cone section of the Kossel cone perpendicular 
to the planes. c) Construction of Kossel diagrams in the reciprocal space by means of a sphere twice 
as large as the Ewald sphere. Each Kossel line is given by a planar projection of the intersection line 
between the respective Kossel cone and the surface of this sphere. 
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BLUE PHASES IN ELECTRIC FIELD [985]/55 

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 E.) and to the homeotropic 
nematic state (only for E, > 0). 

400n L 20 40 60 80 100 

u/v 

> 
200 300 

frequency (Hz) 
100 

FIGURE 5 a) Dependence of the selective reflection bands on the applied electric field strength 
(rms, frequency = 1 kHz) for BPI (110) at t = 22.3"C and for BPII (100) at f = 23.4"C in a mixture 
with positive dielectric anisotropy (59.7% CB15, 40.3% ZLI 1612). (From G. Heppke et ~ 1 . ~ ~ ) .  b) 
Dependence of the onset of turbulence in BPII on applied voltage (sample thickness = 23 Fm) and 
frequency for a mixture with positive dielectric anisotropy (from H. Gleeson et ~ 1 . ~ ~ ) .  
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a) E l e c t r o s t r i c t i o n  
BPI c 1 1 0 1 ,  E , >  0 

b )  P h a s e  T r a n s i t i o n  
BPI [ I 1 0 3  - BPX, E , > O  

c )  Phase T r s n s i t i o n  d) P h a s e  T r a n s i t i o n  
BPI [ 1 1 0 ]  - N , E,>O B P I  [ I l O ]  - N,  E , > O  

e 1 E I e c t r o s  tr i c t i o n  
BPI1 [loo],  E , > O  

f l  P h a s e  T r a n s i t i o n  
BPI1 [ loo]  - BPX, E,>O 

9)  Phase T r a n s i t i o n  h )  P h a s i  T r a n s i t i o n  
BPI  I [ 1001 - N*, E,<O B P I  [ 1 1 0 ] - N ' ,  z,<O 

FIGURE 6 Electrooptic effects on blue phases, observed in 14 pm cells with TN type surface treatment 
under the influence of ac voltages up to 80 V. 

are usually limited by (110 ) facets5' and exhibit a quadratic shape for observation 
along one of their fourfold axes. 14,15 Very rich facetted three dimensional crystals 
for BPI were described by P. Pieranski et a1.16-18 and by H. Stegemeyer et ~ 1 . ~ 3 ' ~  

The sequence of facets observed for BPI with increasing growth rate are (110), 
(211), (310), ( l l l ) ,  ( 3 2 y T h i s  sequence is in agreement with the Donnay-Harker- 
ruless for the space group I4,32 (08).59 

Much experimental work during the last decade was devoted to field effects since 
the first observations of electrooptical effects in blue phases. Between 1980 and 
1982, D. Armitage and R. J. Cox60 reported on a field-induced phase transition 
from blue phases to the cholesteric phase (Figure 4), P. L. Finn and P. E. Clad@ 
observed hydrodynamic instabilities under the influence of an electric field (dc or 
ac), and G. Heppke, M. Krumrey and F. Oestreicherh2 found a wavelength shift 
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BLUE PHASES IN ELECTRIC FIELD [987]/57 

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: 
BOBC / CHCP 
CB15 / €9 
CB15 / MI8 
CE15 / M24 
CB15 / RO-TN404 
CB15 / ZLI1612 
CB15 / ZLI1840 
CB15 / ZLI1841 
CB15 / CEI / CE2 / CE3 / E9 / K 1 8  

CBMBB 
CBMBB / CPMBB 
CEI / CE2 / CE3 / €7 / E49 / K I B  

CE1 / CE2 / K18 
CEI / CE2 / CE3 / E310 
CE1 / CE2 / CE3 / PG296 
CE2 / ZLI1083 / RO 3478 
cc / CL 
CP / 2-7A0B 
CP / CBOOA 
CP / M24 
MHCS 
PBBN / RO-TN404 
5811 / N5 
TM74A / TM74B / TM75A / TM75B / E49 

References: 
<119> 
<57>,<87>,<88>,<93>,<80>,<35>,<68>,<09> 
<61>,<73>,<90>,<84>,<80> 

<90> 
<62>,<76>,<84> 
<62>, <84> 
<83>, <57> 
<83> 
<120> 
<83> 

<B3> 
<120> 
<91> 
<I  20>, < I  21 > 
< 1 2 1 >  

<89> 
<103> 
(61 > 
<61> 
<61> 

<60> 
<loo> 
<69> 
<63> 

b)  Materials with negative dielectric anisotropy. 
CE2 <60> 
CE2 / CE3 / CCN55 <113> 
CE2 / ZLI1014 <61> 
CM / CCN55 <104> 
CP / ZL11014 <61> 
MBBOCB / ZLI2585 <94>, <67> 
5811 / EN18 <66>,<76>,<94>,<67>,<114>,<115> 

c) Chemical Structure of the chiral compounds used in these systems. 
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58/[988] H.-S. KITZEROW 

TABLE I (continued) 

CB15 

( BDH 1 

CBMBB $ti3 

C H  3 - C H 2 - C H - C H 2 G C O O -  CN 

R 
CC,CM,CL,CP 

CE 1 

EDH 

CE2 

(BDH) 

CE3 

(BDH) 

CPMBB 

R = C 1  
CH3- < C H 3  IZ-COO 
CH3- <CH2) IO-COO 
CHa-CH2-COO 

C H 3  
C H J - C H ~ - L H - C H ~ ~ C O O * C N  

CH3 

CHa-CH2-kH - - C H 2 * C O O e C N  
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BLUE PHASES IN ELECTRIC FIELD [989]/59 

TABLE I (continued) 

7.H3 
S811 
(Mcrck) 

c e~ 3- o -Q- c o 0 - Q  COO- c H - C ~ H  13 

TM74A, TM74B, TM75A and TM75B are  ctiolesteric thermochromic mixtures 
from B r i t i s h  Drug House ( B D H ) .  

d) Chemical Structure  o f  t h e  non-chiral compounds used i n  these systems. 

CBOOA C ~ H  O+CH 1 N+CN 

K18 , M l B  ,M24 
( BDH 1 

CN ZLJ1014 
(Merck) CsHii*COO-&C71-Iis 

The other abbreviations used in Table I 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 (ZLI1083, ZLI1612, ZLI1840, ZLI1841, ZLI2585), respectively. 
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of the Bragg peaks by applying ac voltages (Figures 5 ,  6). More detailed studies 
show that hydrodynamic instabilities can be avoided by using high frequencies 
(Figure 5b).63 

The materials used to study electric field effects are either polar chiral compounds 
or solutions of a chiral dopant in a nematic solvent consisting of polar molecules 
(Table I). A crucial parameter for the electric field effects is the dielectric anisotropy 
E, = ell - E ~ ,  where ell and e l  are the values of the dielectric constant for a field 
applied parallel and perpendicular to the director, respectively. To characterize 
blue phase mixtures, these values can be measured in the nematic phase of the 
respective racemic mixture close to the clearing temperature. The sign of E, depends 
on the angle between the permanent dipole moment of a molecule and the mo- 
lecular long axis.64 

and the theoretical point of were published during the last few years. An 
extended reference list with 247 references about blue phases was given in Ref- 
erence 65. The aim of this review article is to focus on the behaviour of blue phases 
under the influence of an electric field and to give a summary of the experimental 
results obtained yet. In the following section, the field effects on the cubic structures 
BPI and BPII are described, which correspond to continuous deformations affecting 
both the lattice and the average molecular orientation, to reorientation of BP 
domains and to field-induced phase transitions. In section I11 recent observations 
on BPI11 and possible implications on the determination of this unknown structure 
are summarized. Section IV is devoted to recent results on the dynamics of the 
electrooptical effects. Finally, some open questions are mentioned in section V. 

Several general review articles on blue phases from both the 

II. Influence of Electric Fields on BPI and BPI1 

1. Electrostriction 

For weak electric fields, the continuous change of the Bragg  wavelength^^^^^^-^^ 
correspond to a continuous deformation of the cubic lattice. In the first experiments 
by G. Heppke et al. ,62 the influence of an electric field on the (110)-peak in BPI 
and on the (100)-peak in BPII was investigated for mixtures with E, > 0 (CBW 
RO-TN404 and CBWZLI1612). In both 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 BPII) when a mixture with E, < 0 (S811/EN18) was investigated.66 More- 
over, the direction of the wavelength shift observed for BPI depends also on the 
orientation of the cubic lattice with respect to the field  direction,"^^^ an effect called 
anomalous electrostriction. Figure 7 shows the effects observed for BPI and BPII 
exhibiting two different orientations ([OOl] )I E and [Oll] 11 E ) ,  respectively, in both 
materials with positive (Figure 7a) and with negative dielectric anisotropy (Figure 
7b). 

Characteristic changes of the Kossel diagrams can be observed due to the con- 
tinuous deformation of the blue phase s t r ~ c t u r e . ~ ’ , ~ ~  The Kossel diagrams of BPI 
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r 

700 - /e BPI [ O l l l  (011) -0 
E 
\ x 

600 e :: :: :: x 
BPII I O O I l  (001) 

a b 

700t  BPI [ O i l 1  (011) *o 
E 
c -  
\ 

f X =  
A BPII [ O O l l  (001) 

600 - 

500':: 

Y 

I 
U Y  

500 - BPI l O O I 1  (002) 
BPI [ O O l I  (002)  ---Ti7 ' 

w - s  BPII [ O i l ]  (011) 

400 - 400- 
0.0 0 . 5  1.0 1 .5  2 . 0  2 . 5  0 . 0  0 . 5  1.0  1 .5  2 . 0  2 . 5  

E /(V/pm) E/ (V/pm) 

BPII l o l l 1  (Oli) 0-0 I 
FIGURE 7 Bragg wavelengths corresponding to planes (hkl) versus applied field strength for BPI 
and BPII oriented with either a fourfold [OOl] or with a twofold axis [ O l l ]  along the field direction. a) 
Spectroscopic values measured in back reflection for a mixture withpositive dielectric anisotropy (49.2% 
CB15,50.8% E9). (From G. Heppke eta/ .68) .  b) Values determined by the Kossel method for a mixture 
with negative dielectric anisotropy (37.0% MW190, 63.0% ZLI 2585). (From G.  Heppke er ~ 2 1 . ~ ' ) .  

for observation along a fourfold axis [OOl] (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 ( i0 l )  rings is larger than the 
diameter tjl of the central (002) ring for systems with E, > 0 whereas this distance 
tj2 is smaller than tjl for systems with E, > 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 2rr/u, 
along the field E is larger than the reciprocal lattice constants 2rr/u,, 2da,  per- 
pendicular to E.68 A tetragonal structure deformed in the opposite direction is 
observed for systems with negative dielectric a n i ~ o t r o p y . ~ ~  Kossel diagrams of the 
deformed BPI and BPII structures were investigated also for other orienta- 

Analogous to solid crystals,'O the deformation of the lattice can be described by 
tions .65,67,68 

the (symmetric) strain tensor defined as 

e. .  = - 1 (- aui + 2) 
" 2 axj 

where xl, x2,  x3 are coordinates of a lattice point and u l ,  u2, u3 are the components 
of the vector describing its displacement due to the deformation. The diagonal 
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BLUE PHASES IN ELECTRIC FIELD [993]/63 

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 3 3  

eij = 2 Yi jk  E k  + c 2 Yijkl E k E l  + . . . 
k = l  k = l  l = 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. Dmitrienko71 used the following expression for the free energy 

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: 

where the tensors is reciprocal to the elasticity tensor A, and y is the electrostriction 
tensor as in the expansion (6). For cubic symmetry this tensor exhibits three in- 
dependent coefficients yllll, ylIz2 and ylZl2 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 yllll and yllZ2 
was obtained which reveals a constant volume of the unit cell.67 Assuming that this 
relation is valid in general, the components of the electrostriction tensor were also 
determined from the spectroscopic data for a mixture with positive dielectric an- 
isotropy (CBWE9) represented in Figure 7a.68 However, investigations by F. Porsch 
and H. S t e g e r n e ~ e r ~ ~  on a very similar mixture using Kuczynski’s rotating crystal 
method38 indicated a small positive dilation of the unit cell for BPII. 

The absolute values of the electrostriction coefficients are of the order of 10-lS- 
10-l4 m2/V2, indicating a relative change of the interplanar distances of several 
per cent if voltages of 10- lOOV (rms) are applied to a sample with the thickness 
of 10 pm. In agreement with considerations by V. E. D m i t r i e n k ~ , ~ ~  the signs of 
all components of the electrostriction tensor are reversed if the dielectric anisotropy 
changes sign (Table 11). 

The space groups describing the deformed structures are subgroups of the re- 
spective cubic space group (I4,32 or P4,32) and depend on the direction of the 
electric field.49 Under the influence of an electric field, only the symmetry elements 
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TABLE I1 

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

I I I E < o  a E > o  

consistent with the rotation symmetry of the point group DXh (the point group of 
the dyad E,Ej) are conserved. Thus, the space group of the deformed structure can 
exhibit only twofold axes perpendicular to the field direction, and no rotational 
axes oblique to the field direction, whereas the rotational symmetry along the field 
direction is preserved. Consequently, a field applied along a fourfold, threefold or 
twofold axis leads to a tetragonal, trigonal or orthorhombic structure, re~pect ively.~~ 

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 p o ~ i t i v e ~ ~ , ~ ~  and with negative dielectric a n i ~ o t r o p y ~ ~  indicate that the 
component of the average dielectric permittivity along the field direction 

6 = 1 E * Ed(r) E dr3 
IEI2 V v (9) 

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

In order to describe the magnitude of this effect, one might use the ratio 5 
between the field-induced change of b in the blue phase and the maximum value 
of this change expected for the completely unwound structure 

(10) 
zBP(E) - 6BP(o) - - 3 eBP(E) - 8BP(o) 

2 El? 
5 =  

Ell - %so 

For systems with positive dielectric anisotropy 5 is positive and becomes 1 for 
infinite field strength. For systems with negative dielectric anisotropy 5 is negative 
and becomes -1/2 for infinite field strength when the cholesteric phase in the 
Grandjean texture is induced (E = E,). 

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

5 = 5 ,  ' E2 (11) 
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where the magnitude of the factor 5,  is 1.0 - 2.0*10-15 m 2 V 2  (-0.5 - - 1.5-10-1s 
m 2 V 2 )  for mixtures with positive (negative) dielectric a n i ~ o t r o p y . ~ ~  The absolute 
value of 5,  was found to increase with decreasing temperature, i.e. cBp1 > tBPII. 

With respect to the symmetry of the tensor order parameter, the dependence of 
the dielectric tensor on the electric field strength can be d e ~ c r i b e d ~ ~ , ~ ~ , ~ ~  by the 
expansion 

E ~ ~ ( E )  = a$" + ~ $ 2  Ek + a$l EkEI + . . . 

where ~ $ 2  and ~fi)) are tensors of third and fourth rank respectively which must be 
invariant under the symmetry operations of the respective space group at zero field. 
E(') vanishes for the crystal class 0 (432) and E ( ~ )  exhibits the form 

where n(l), d2),  d3) are unit vectors along the fourfold axes and A ,  B are con- 
s t a n t ~ . ~ ~ . ~ ~  In blue phases the first term is dominating (IAI >> IBI) while the second 
(isotropic) tensor is relevant for the pretransional behaviour in the isotropic phase 
(Kerr effect). 

This nonlinear dielectric behaviour in the isotropic phase close to the isotropic- 
BP phase transition effect was investigated by J. Ziolo et ~ 1 . ~ ~  In cholesteryl oleate, 
a pretransional effect described by the relation E ( E )  - ~ ( 0 )  = F / ( T  - T * )  was 
observed with T* = TBp--I - 0.55"C and A a l F  = m 2 V 2  a few "C above 
the clearing point. 

2.2. Variation of the refractive index, field-induced birefringence. Nonlinear 
dielectric behaviour occurs also in the frequency range of visible light, leading to 
a continuous change of the effective refractive index n for light propagating along 
the field dire~tion. '~ The value of n was found to decrease (increase) for mixtures 
with positive (negative) dielectric anisotropy (Figure 9). The quantity 5 used in 
Section 2.1. can be also derived from optical measurements according to 

where n, and n, are the extraordinary and the ordinary refractive index for the 
nematic phase occurring in the respective racemic mixture close to the clearing 
temperature. The effective refractive index corresponds to the isotropic value at 
zero field, to the ordinary refractive index no in the homeotropic nematic state (aa 
> 0, E + 00) and to the value nCh = v'(n2 + n312 for light propagating along the 
helix axis in the cholesteric phase ( E ~  < 0, E + 00). The values for 5 obtained from 
the data represented in Figure 9 are in good agreement with the numbers given in 
Section 2.1 which where obtained from dielectric measurements. 

Field-induced birefringence for light propagating along the field direction was 
observed in BPI when the twofold axis is oriented parallel to the field.77 Domains 
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FIGURE 9 Relative change of the mean refractive index (for light propagating along the field di- 
rection) under the influence of an electric field a) for a system with positive dielectric anisotropy (62.3% 
CB15, 37.7% RO-TN404) and b) for a system with negative dielectric anisotropy (26.5% S811, 73.5970 
EN18). (From G. Heppke et ~ 1 . ' ~ ) .  

with azimuthal orientations differing by 90"C, which form the typical cross hatching 
t e x t ~ r e , ~ * , ~ ~  behave like retarders with different azimuthal orientation of their fast 
axis (Figure 10). This birefringence disappears at the field-induced phase transition 
to the tetragonal phase BPX (BPEa).80 

It is well known that rodlike dye 
molecules (guest) dissolved in a liquid crystal (host) are preferably oriented with 
their long axes parallel to the director. This effect was used to realize twisted 
nematic displays without any polarizers,8* and it was also studied in smectic phases 
for application in ferroelectric displays.82 For light transmitted through such guest- 

2.3. Dye guest-host-effect in blue phases. 
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BLUE PHASES IN ELECTRIC FIELD [997]/67 

FIGURE 10 Cross-hatching texture of BPI showing electric field induced birefringence (mixture of 
the compounds CPMBB and CBMBB). 

0.4 

AA 

0.3 

0.2 

0.1 

I I 

0 50 100 150 160 
E/(V/23pm) - 

FIGURE 11 
37.7% ZLI 1841). 

Absorbance versus field strength for a dye guest host blue phase mixture (62.3% CB1.5, 

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 blue phase 
mixtures due to the change of the mean molecular orientation under the influence 
of an electric field.83 In a mixture with positive dielectric anisotropy 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 becomes 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. Reo- 
rientation to this most stable orientation was observed for randomly oriented single 
crystals in materials with positives7 as well as for materials with negative dielectric 
an i~o t ropy .~~  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. Pieranski et al. ,57 the orientation of single crystals can be con- 
sidered theoretically by regarding the torque r = 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 

(where the quantities A ,  d l ) ,  d2),  d3) have the same meaning as in Equation (13). 
This expression vanishes for the orientations [OOl] 11 E ,  [Oll] 11 E and [ l l l ]  11 E.  
Either the orientation [OOl] 11 E (for A > 0) or the orientation [ l l l ]  11 E (for A < 
0) is absolutely stable. 

The same result was also obtained by D. Lubin and R. M. H ~ r n r e i c h ~ ~  by 
minization of the free energy. The most stable orientation is [OOl] 11 E for the space 
groups P 4232 (02) and I 4,32 (08) and [ l l l ]  11 E for the space group I 432 (05).74 
In this most stable orientation, the decrease of the free energy with applied voltage 
is proportional to E4. 

The reorientation under the influence of an electric field can be observed also 
macroscopically by investigation of the selective reflection of a polycrystalline sam- 
ple for an area of the sample surface which is large compared to the size of the 
platelets. Due to reorientation, the intensity for the (100) peak in BPII and the 
(200) peak in BPI increases, while the intensities for other Bragg peaks decrease, 
respectively. An interesting exception occurs for BPI in mixtures with positive 
dielectric anisotropy. F. Porsch and H. StegemeyerX4 observed a disappearance of 
the (200) peak under the influence of an electric field. The occurrence of the (110) 
selective reflection after the voltage was removed, indicated a uniform orientation 
of BPI with one of its twofold axes perpendicular to the sample surface. Since this 
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behaviour, being in contradiction to observations in other systems,57 was observed 
only in a mixture showing the field-induced tetragonal phase BPX,55,s0 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 a r g ~ e d * ~ . ~ ~  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 BPX55,87 (Figure 12a), a three dimensional hex- 
agonal phase BPH3D,87 and a two dimensional hexagonal phase BPH2D88 can occur 
under the influence of an electric field in addition to BPI, BPII and BPIII. F. 
Porsch and H. Stegemeyer introduced the names BPE,*O or BPEa, BPEb and 
BPEcs9 for the field-induced phases observed in their mixtures. By comparison of 
the topology of the phase diagrams given by P. Pieranski et ~ 1 . ~ ~ 3 ~ ’  and by N.-R. 
Chen and J. T. Horn with the phase diagrams given by F. Porsch and H. Stegemeye$o.sg 
one can conclude the identities “BPX” = “BPEa” and “BPWD” = “BPEc”. The 
structure of a further field-induced blue phase, BPEbS9 (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 
a u t h ~ r s ~ l , ~ ~  for any field-induced blue phase structure being not identified. 

P. Pieranski et uLs7 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 a1.62 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 diagramG5 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.93 It was concluded that the space group of BPX is I4,22 since the unit 
cell of this space group can be obtained continuously by shearing the orthogonal 
F 222 (07,) unit cell which describes the deformed BPI lattice (Figure 13). 

The three dimensional hexagonal phase BPH3D occurs in materials both with E, 

> Os7 and with E, < 0.94 For systems with E, > 0, a transition from BPX to BPH3D 
can be observed on increasing field strength which is connected with a discontinuous 
decrease of the selective reflection ~ a v e l e n g t h . ~ ~  For mixtures with E,  > 0 exhibiting 
very high chirality and for mixtures with E, < 0 (in which no BPX has yet been 
observed, Figure 12c), a continuous transition from BPII to BPH3D occurs. Ac- 
cording to the selection rules for three dimensional hexagonal space groups,35 the 
Kossel diagrams for BPH3D are in agreement with one of the space groups P 6222, 
P 6,22, P 6, or P 64. However, the continuous transition from the deformed BPII 
(BPIId) to BPH3D gives evidence for the space groups P 6222 or P 6,22. For these 
space groups the transition from BPIId (P 4,22) to BPH3D can be described by a 
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FIGURE 12 Experimental (a-c) and theoretical (d) phasc diagrams in the electric field-temperature- 
plane. a) Different crystal shapes of the tctragonal (BPX) and the threedimensional hexagonal blue 
phase (BPH3D) observed for a mixture with E, > 0 (49.8% CB15, 50.2% E9). (From P. Pieranski et 
ul.*’). b) Existence regions of the modifications BPEa (=BPX), BPEc (=  BPHLD) and the yet uniden- 
tified structure for a mixture with E, > 0 (33.7% CE2, 37.6% ZLI1083, 28.7% RO-3478). (From F. 
Porsch and H. Stegemeyerxy). c) Kossel diagrams observed in the phase diagram for a mixture with E ,  

< 0 (27.1% S811,72.9% EN18), for which BPH”’ and the cholesteric phase (in the Grandjean texture) 
are induced by the electric field.65 d) Theoretical phase diagram in the electric field (squared) tem- 
perature plane obtained from a Landau t h e ~ r i e , ~ ~  showing the occurrence of BPI1 (O*), three different 
threedimensional hexagonal structures (H2D, HZD, H-f”), a two dimensional hexagonal blue phase 
(H2”), the cholesteric phasc (C), and the nematic phase (N). The areas to the right and to the left of 
the dashed vertical line correspond to materials with positive and negative dielectric anisotropy, re- 
spectivcly. (From R. M. Hornreich and S. Shtrikman”). 
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FIGURE 13 Transformation of the unit cells for the phase transitions a) BPI-BPX and b) BPII- 
BPH3D which are not connected with a discontinuity of the interplanar spacing along the field direction. 

shear of the P 4,22 unit cell of BPIId transforming the lattice via the subgroup 
C 222 continuously to the structure of BPH3D. 

The occurrence of a twodimensional hexagonal phase BPHZD (BPEc) was ex- 
perimentally observed for mixtures of high chirality with E, > 0.88 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 single 
crystals were observedss and the Kossel diagrams of BPHZD 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. D m i t r i e ~ ~ ~  using a Landau theory. G. Sigaud13 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.96.97 However, the first 
hexagonal structure being observed experimentally was BPH3" ,*' and only later 
BPH2D was found additionally.88 By more recent experiments evidence was given 
for the occurrence of BPH3D also in systems with negative dielectric a n i ~ o t r o p y ~ ~  
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(Figure 12c). Phase diagrams obtained by Landau t h e ~ r y ~ ~ , ~ ~  (Figure 12d) show in 
good agreement with experiments that BPH3D becomes stable in the electric field 
for materials with both positive and negative dielectric anisotropy, that BPHZD 
occurs for materials with positive dielectric anisotropy at higher field strength than 
BPH3D, and that the occurrence of BPH3D requires high chirality of the system.35 

The detailed investigation of the dependence of the transition field strengths on 
the chirality by B. Jer6me and P. P i e r a n ~ k i ~ ~  (Figure 14) might give an explanation 
why in some  mixture^^^,^"^" a discontinuous change of the Bragg wavelength on 
increasing voltage was observed in the temperature interval of BPII (due to the 
transition BPII-BPX) whereas in mixtures with very similar composition but slightly 
different  concentration^^*'^.^" no such discontinuity was detected (because the tran- 
sition BPII-BPH3D is continuous). Figure 14 shows also that the threshold 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 dependence 
of the cholesteric pitch this dependence was found to lead to a reentrancy of the 
cholesteric phase.'O" The space groups describing the structures occurring due to 
electrostriction or due to field-induced phase transitions are summarized in Figure 
15. A summary of references is given in Table 111. 

According to the field dependence of the free enthalpy,lfll the transition lines in 

FIGURE 14 Phase diagram in the (electric field, chirality) plane. c is the concentration (by weight) 
of the chiral compound CB15 in mixtures with the nematic material E9. Indicated are the phases 
appearing in the temperature region just below the clearing temperature. (From B. JCrBme and P. 
P i e r a n ~ k i ~ ~ ) .  

E l e c t r o s t r i c t i o n  
R e o r i e n t a t i o n  
Con t inuous  T rans i t i on  
D iscon t inuous  T rans i t i on  

L I  

P 6 2 2 2  (0;) 

I ..._...... 1.1 

FIGURE 15 
field-induced BP modifications. 

Space groups describing the continuously deformed structures of BPI and BPII and the 
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an electric field- temperature phase diagram have to fit in a Clausius-Clapeyron 
type of relation 

AP d T  
dE AS 

- _  - - -  

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) 

A similar relation derived by W. Helfrichlo2 for the case that 6, and 6,, are 
independent on the field strength. Helfrich's equation was used by C. Motoc and 
M. Honciuclo3 and by H. Stegemeyer et u E . ~ ~  to discuss the transition BP-N*. A 
paper by B. Spier and H. Stegemeyerlo4 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 et a1.105J06 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 E 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 is 
proportional to the energy per unit length P(hkZ) of a step.ls It was shown that the 
dependence of this quantity on the applied electric field is described by p 
@'* 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 p(100) > p(ll0) and thus the growth rate along 
the [loo] direction becomes smaller in an electric field than the growth rate along 
the [110] direction. For BPI, however, where the longest periodicity along the [loo] 
direction perpendicular to the field is a/2, no additional (200) facets occur since 

More recently it was shownlo6 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 reduced symmetry 
compared to those crystallites grown without field (Figure 16), which demonstrates 
that the field breaks the spatial isotropy. This effect which is very small for atomic 
crystals, could be clearly observed in blue phase crystals. 

E 

P(200) < P(110). D
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FIGURE 16 Shape of BPII single crystals a) without and b) with an applied electric field E I /  [OOl], 
c) E ( 1  [lll], d) E / /  [Oll], according to the considerations by P. Pieranski et al.LOh 

The symmetry of a crystal grown in the field is described by a point group which 
must be a common subgroup both of the point group 0 of the crystal structure 
and of the point group Drh describing the axial symmetry induced by the field. 
Thus, crystals oriented with one of their fourfold, threefold or twofold axes oriented 
along the field direction exhibit shapes with the symmetry D,, D, and D,, respec- 
tively. As a consequence, it was observedlo6 that the set of 12 equivalent (110) 
facets limiting a single crystal of BPII split into several subsets which differ in their 
growth rate (Figure 16). For [001] ( 1  E two subsets of facets occur (8 planes equivalent 
to (101); 4 planes equivalent to (110)), for [ill] I( E three different subsets (6 
planes equivalent to (110), 3 planes equivalent to (710) and 3 planes equivalent 
to (iol)) ,  and for [Oil] 1 1  E four different subsets (4 planes equivalent to (110), 4 
planes equivalent to (101), 2 planes equivalent to (011) and 2 planes equivalent to 
(011)). The growth rates of these facets were also discussed extensively in terms 
of the energy p(ll0) of steps nucleating on the surfaces of a crystal.lo6 
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111. ELECTRIC FIELD EFFECTS IN BPlll 

In contrast to BPI and BPII, the modification BPIII exhibits a very broad selective 
reflection band of very low intensity.45 The very small latent heat for the transition 
BPII-BPI11 seems to indicate that the small scale structure of BPIII 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 BPIII structure is only a few 
p i t ~ h e s . ~ ~ . ~ '  Different models were proposed to describe the structure of this mod- 
ification. According to the emulsion model,61 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 mode1108J09 contains 
small body centered cubic or simple cubic domains or correlated regions, and the 
quasicrystal mode11'"-l12 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 BPII. In systems with E, > 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. Croaker." In mixtures with E, < 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).l13J14 The selective 
reflection peak is slightly shifted to smaller wavelengths for E, < 0. From linewidth 
data given for materials with E, < 0, one can conclude that the size of the scattering 
domains L = A2/(nnAA) increases with increasing field strength from about 300 nm 
to about 2 pm for these materials.l15 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 BPIII 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 parallel to the 
field direction for materials with E, < 0 and perpendicular to the field for systems 
with E, > 0, the respective reorientation of cholesteric droplets would cause an 
intensity increase for E, < 0 and an intensity decrease for E, > 0, as observed 
experimentally. Qualitatively, the same arguments are valid for double twist cyl- 
inders orienting parallel to E for E, > 0 and perpendicular to E for E, < 0. However, 
in contrast to the effects of reorientation in BPI and BPII, the intensity change in 
BPIII is r e ~ e r s i b l e . l ' ~ J ~ ~  

With respect to the cubic domain model, the results on electric field effects seem 
to argue against the space group I432 (05) as well as against BPII like P 4,32 (02) 
or BPI like I4,32 (Os) domains. In the first case the structure exhibits only (110) 
reciprocal lattice vectors. The increase of intensity observed for BPIII in systems 
with E, < 0 would indicate a reorientation of the lattice leading to an alignment 
of the twofold axis parallel to the fieid. However, this orientation was shown to 
be only metastable for all cubic space  group^.^^,'^ For cubic domains with I 4,32 
(Os) or P 4,32 (02) 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 experimentally. The part of this table above its diagonal 
corresponds to systems with E, > 0, the part below the diagonal correspond to materials with E, < 0. 

(. . .): Respective references, 0: not yet observed. ?: It is not yet clear, whether the field-induced 
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 BPH3D 
- 

N BPIII BPI1 BPH3D E P H ’ ~  

BPEc 
- 

0 

- 
<89> 

- 
0 

N* 

- 
0 

CEO, 90> 

<73> 

<60,61> 

<62,90> 
<89,73> 
<loo> 

BPEb 

0 BPIII <91>? 

:120>? 
: 1 2 1 >’? 

<91>? 
<120>? 
<I21 >? 

0 

- 
<I 20>? 

0 

:I 13>? 

:I 15>? - 
0 
i, BPII 

BPI 

<93,35> 

0 

- 
0 

- 
<113>? 
<I  15>? 
- 

0 

- 
0 

0 

- 
0 

- 
<88,35 

0 :88,35> 
<80,89: 

<B9> 

<87,90> 

<35> 

<88,35: 

- 

- 

BPX 

BPEa 

BPEb 

BPH3D 

BPHPD 
BPEc 

N* 

0 

0 

<94> 

0 

<66> 

<104> 

- 
<89> 

<120>? 

- 
<89> 

- 
<129> 

N 
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FIGURE 17 Reflected intensity versus wavelength in the temperature range of BPI11 for several 
electric field strengths. a) Mixture with positive dielectric anisotropy (17.6% CE1, 28.1% CE2, 54.3% 
K18, T = 81.041"C). (From D. K .  Yang and P. P. Crooker.") b) Mixture with negative dielectric 
anisotropy (30.0% S811, 70.0% EN18, T = 44.052T).114 
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behaves distinctly different in the electric field depending on the sign of E,. However 
these arguments do not exclude the cubic domain model in general since for other 
cubic space groups which were not taken into consideration so far, the absolutely 
stable orientation might be [111] 1 1  E for E ,  > 0 and [001] 1 1  E for E,  < 0. In the 
latter case, the change of the intensity observed experimentally would be in agree- 
ment with the reorientation. Another argument against the cubic domain model 
and against the quasicrystal model was given by D. K. Yang, P. P. Crooker and 
K. Tanimoto.'16 According to their observation, BPIII can be surface aligned but 
the higher harmonics expected for these structures could not be observed by rotating 
the sample. 

With respect to the quasicrystal model, no detailed theoretical predictions on 
electric field effects were published so far. However, according to recent consid- 
erations by V. E. Dmitrienko,l" it should be possible to distinguish between the 
double twist model (or the emulsion model), the cubic domain model and the 
quasicrystal model, by careful analysis of the dependence of the BPIII linewidth 
in systems with E, < 0 on the electric field strength. Thus, the behaviour of these 
systems is presently under more precise investigation. 11* 

For systems with E ,  > 0 as well as for systems with E ,  < 0, a field induced 
transition from BPIII to BPE was o b ~ e r v e d ~ ~ ~ l ~ ' ~ ' ~ ~  (Table 111) where BPE is a 
field-induced blue phase modification identical either with the continuously de- 
formed RPII or with BPH3D. Thus, the intensity increase in BPIII for E, > 0 might 
be considered as a pretransitional effect for the field-induced transition to the BPE. 

IV. DYNAMICS 

Preliminary measurements of the time constants for the electric field effects in BPI 
and BPII by G. Heppke et u Z . ~ ~  indicated that the time constants for the electro- 
striction (several seconds) and for the field-induced change of the refractive index 
(=lms) differ by several orders of magnitude. P. R. Gerber119 found even time 
constants of about 100 p s  for the change of the refractive index. A similar fast 
response was reported by H. J .  Coles and H. F. Gleeson120J21 who observed the 
integrated intensity reflected from blue phase samples. 

More precise measurements on the dynamics of the comparably slow electro- 
striction were performed recently'Is using time resolved spectroscopy. In the case 
of BPI, the Bragg wavelengths as a function of time were well fitted by a sum of 
two exponentials, the time constants being of the order of several tenth of a second 
and several seconds, respectively. For BPII, the time dependence of the Bragg 
wavelength corresponding to the (100) planes was well fitted by a single exponentia1115 
with a time constant of about 3 s. 

In order to describe the dynamic behaviour theoretically, the equation of motion 
was considered122 to be of the form 

p ( ~  - U) + A V*U = 0 (18) 

where u is the velocity of the background fluid and p is a permeation coefficient. 
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Using the approximations that the background fluid is at rest ( u  = 0) and that 
the boundary conditions do not restrict the director configuration, solutions to 
Equation (18) for the case of only one dimension are given1lS by 

u(x)  = [Ane-"'n] sin (qG) 
n 

where qn = nn/L and t,, = p/Aq?. 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 - 
K2q; and p - vlqi (in analogy with the permeation constant introduced by W. 
H e l f r i ~ h l ~ ~ ) ,  P. P. Crooker1lS derived the expression 

for the magnitude of the largest time constant t,, where v, is the twist viscosity and 
K, is the twist elastic constant. Using v1 = 1 dyn s/cm2, K2 = 5.1OP7 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 Can0 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. H ~ r n r e i c h l ~ ~  
give a small time constant of t,y = vp$(16n2K2) for the generation of higher 
harmonics (which corresponds to a change of the refractive index) and a large time 
constant tr = vL2/(3K2) for the change of the cholesteric pitch. The time constants 
estimated by using typical values for the twist viscosity v,, 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 BPI and 
BPII. 

For intensity change of the reflectivity in BPIII, time constants of the order of 
ms were measured.llS It was concluded that the behaviour of BPIII in electric fields 
is fundamentally different from the electrostriction of BPI and BPII. However, to 
give an estimate of the time constant of this effect, one might use equation 20 
(although this equation was derived for the electrostriction) and substitute the 
sample thickness L (= 12 km) by the size of the BPIII domains (=l pm). In this 
case, a time constant of 2 ms is obtained from Equation 20. It is remarkable that 
the time constants to, for the switching on process were found to be larger than 
for the switching off process, and that to, increases with increasing field strength 
for BPIII. This behaviour differs from the majority of electrooptical effects in liquid 
crystals.'25 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 

The preceding review was focussed on the electric field effects in blue phases. 
During the last decade, continuous changes of the blue phase structure, reorien- 
tation and deformation of blue phase single crystals and field-induced phase tran- 
sitions revealing a rich polymorphism of blue phases were investigated. Some of 
these effects, especially the shift of the Bragg-wavelengths, the change of the 
refractive index or the dye guest host effect, might be interesting for applications, 
provided that it would be possible to enlarge the blue phase temperature range by 
one order of magnitude. 

Although the behaviour of BPI and BPI1 in electric fields is well investigated, 
there are still interesting questions to solved. While the field-induced phases BPEa 
and BPEcX9 can be identified with the tetragonal BPX and the hexagonal structure 
BPHZD, respectively, the structure of the field-induced modification BPEb occur- 
ring in systems with positive dielectric anisotropy is still unknown. Moreover, it 
seems of interest to study more systems with negative dielectric anisotropy in order 
to investigate whether BPEb or the tetragonal phase BPX (BPEa) occurs also in 
these systems. Investigations on the statics and on the dynamics of electric field 
effects in BPIII might give additional informations on this unknown structure. 
However, both theoretical predictions and more precise experimental data have 
to be obtained in order to determine the structure of BPIII. Additional informations 
concerning this question might be obtained from NMR experiments. lZ6,lz7 

Besides the influence of electric fields, it might be also interesting to study 
distortions, symmetry breaking or phase transitions of blue phase structures by 
other parameters. In 1983, C. Motoc and M. Honciuclo3 observed that the nu- 
cleation of the cholesteric phase from a supercooled blue phase can be influenced 
by a magnetic field. While the helical unwinding of the cholesteric phase is well 
known for both magneticlz8 and electric fields,lZ9 only few work was done yet on 
magnetic field effects in blue phases. However only small effects should be expected 
by available magnetic fields, since the complete unwinding of a cholesteric phase 
with p = 500 nm and xa = lZ5 would require a field strength of 60 Tesla. A. 
I. Feldman et ~ 7 Z . l ~ ~  found that uniaxial strain occurring in a Can0 wedge can cause 
apart from changes of the lattice constant also a shift of transition temperatures, 
and even a reentrancy in blue phases. Thus, it seems to be promising to study also 
the influence of boundary conditions and of mechanical stress on blue phase struc- 
tures in more detail. 
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