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The behavior in an electric field of the blue phases BPI and BPII ofliquid crystals having positive 
dielectric anisotropy was studied by optical methods. The temperature-electric-field phase 
diagram, which included BPI, BPII, cholesteric, and nematic phases, as well as three phases 
which are not realized in the liquid-crystalline state in the absence of a field, was obtained. The 
electrostriction constants in phases induced by an electric field were determined. 

The blue phases of liquid crystals are of interest because 
of the nontrivial micro- and macroordering of their mole- 
cules, their physical and primarily optical properties, and 
the possibility of describing their phase transitions and 
structures quantitatively by means of general-physical theo- 
r i e s ' ~ ~  (for example, Landau's theory of phase transitions). 
The blue phases are unique because their three-dimensional 
crystallization is combined with the deformability charac- 
teristic of the liquid state; this is why the blue phases are also 
called crystalline  liquid^.^ The blue phases contain struc- 
tures with long-range translational order (BPI and BPII) as 
well as an amorphous phase (BPIII) having only short- 
range ~ r d e r . ~ . ~  The unit cell dimensions in the blue phases 
are three orders of magnitude larger than in normal crystals, 
and for this reason structural investigations are performed at 
optical wavelengths. In the materials studied, in spite of sig- 
nificant differences between their molecular structure and 
chirality, only two types of three-dimensional long-range or- 
der have been observed experimentally: the exchange-cen- 
tered On cubic lattice (the BPI phase) and the simple 0' 
cubic lattice (the BPII phase). The cell parameters in all 
materials are proportional to the pitch of the cholesteric spi- 
ral. 

The behavior of the blue phases in an electric field is 
much richer. An electric field can bring about reorienta- 
t i ~ n , ~ . ~  changes in the cell dimen~ions,~-~ and phase transi- 
tions into new  structure^.^.'^-'^ Structural transformation is 
accompanied by significant changes in the macroscopic 
properties of the blue phases. However the available experi- 
mental results on phase diagrams and the functional depend- 
ence of the displacement of the Bragg reflections in a field are 
contradictory and there are no data on the electrostriction 
constants of field-induced blue phases. 

In this work we measured the diffraction spectra of the 
blue phases of materials having a positive dielectric anisotro- 
py. The temperature-electric-field phase diagram was re- 
constructed, the electrostriction constants of the electric- 
field-induced phases were determined, and the kinetics of 
the structural transformation accompanying the phase tran- 
sition was traced. 

The diffraction was recorded in the spectrum of light 
transmitted through single-crystalline samples of the blue 
phases (transmission spectra). A mixture of the chiral ne- 
matic 4-cyan-4(2-methy1)butyl-phenyl (52 wt. %) and the 
nematic liquid crystal 4-cyan-heptyloxydiphenyl with posi- 
tive dielectric anisotropy was employed. The BPI and BPII 
phases occurred in the temperature intervals 27.30-27.67 "C 

and 27.67-27.82 "C, respectively. Diffraction was recorded 
from a part of the sample with transverse dimensions -200 
y m  and the temperature was maintained with an accuracy of 

0.005 "C. In order to suppress electrodynamic effects a 
lo3 Hz electric field was employed. The measurements were 
performed in a variable electric field at a fixed temperature 
and with a variable temperature in a fixed electric field. Ori- 
ented single crystals were grown in flat cells with an electri- 
cally conducting coating by cooling the material from an 
isotropic liquid. Single crystals of blue phases with orienta- 
tions [ 1101 (in BPI) and [ 1001 (in BPII) perpendicular to 
the planes of the cell were obtained. 

Figure 1 shows the temperature-electric-field phase 
diagram. The diagram was constructed based on diffraction 
spectral measurements on structures with three-dimension- 
al translational ordering (the regions 1, 2, BPI, and BPII of 
the phase diagram) and microscopic observations of the tex- 
ture of structures which did not have three-dimensional 
translational order (the cholesteric Ch and nematic N).  The 
phase transition into the cholesteric phase was identified 
based on the vanishing of reflections in the transmission 
spectrum (the axis of the spiral of the cholesteric was orient- 
ed perpendicular to the direction of the field) and the ap- 
pearance of birefringence in the sample. The Ch - N transi- 
tion was identified based on vanishing of macroscopic 
chirality and birefringence (homeotropic orientation of the 
nematic in an electric field) in the sample. 

The dependence of the reflection positions on the elec- 
tric field E is different in the BPI and BPII phases and de- 
pends significantly on the temperature in the BPII phase. In 
the BPII region of the phase diagram the spectral position 
A Bp of the diffraction lines changes continuously as a func- 
tion of the field strength without any change in the form of 
the functional dependenceil Bp (E) . A quadratic dependence 
of the shift M = il (E )  - i l(0) of the long-wavelength re- 
flection ( [ 1001 in 0 2 ,  is observed (Fig. 2) in the high-tem- 
perature part of BPII phase right up to the maximum field 
strength E- 3.8. lo4 V/cm, above which there are no trans- 
mission reflections in the spectrum (transition into the re- 
gion 3 of the phase diagram in Fig. 1 ). The absence of trans- 
lational order in the direction of the field could be connected 
with the formation of a structure with two-dimensional or- 
dering.I5,l6 In the intermediate temperature range (below 
the BPII-1-2 triple point) there occurs in a field (U-41 V, 
Figs. 3a and 4) a heretofore unobserved abrupt decrease of 
the cell parameter followed by further increase ofil Bp asthe 
field increases. The phase transition BPII- 2 occurs with 
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FIG. 1 .  Temperature-electric-field phase diagram. BPII + I-two-phase 
region BPII-isotropic liquid. The thickness of the sample is 15 pm. 

significant hysteresis as a function of the field. The depend- 
ence A ., ( E )  is quadratic before and after the phase transi- 
tion. 

Two abrupt changes of the cell parameter are observed 
near the temperature of the BPII + BPI transition (Fig. 5). 
These changes correspond to the phase transitions BPII - 1 
and 1-2 (Fig. 1).  A similar behavior of the long-wave- 
length reflection was observed by Pievanski and CladisR in 
BPII single crystals, located in the two-phase region BPII- 
isotropic liquid, as well as by Chen and HoI3 (the mixture 
CB15:E9). Pievanski and Cladis8 established, based on mor- 
phological observations and measurements of Kossel dia- 
grams, the symmetry of the single crystals which are in equi- 
librium with the isotropic liquid. Comparison of these data 
with our measurements allows us to conclude that the region 
1 of the phase diagram corresponds to the tetragonal phase 
BPX [Ref. 1 1 ] and the region 2 corresponds to the hexagon- 
al phase BPH3D [Ref. 81. The BPII -+ BPX transition is ac- 
companied by an abrupt change in the equilibrium values of 
the cell parameter (first order phase transition). In the pro- 
cess of the transition (Fig. 3b), however, the blue phase 
transforms through intermediate nonequilibrium struc- 
tures: BPII cell extended in the direction of the field and 

FIG. 3. The position of the diffraction lines of the transmission spectrum 
in an electric field: a-BPII, T =  27.71 'C [ U =  0 ( l ) ,  32.3 V (2 ) ] ;  the 
phase transition BPII -2  [ U = 41 V (311, the region 2 of the phase dia- 
gram [ U =  47 V (411; b--the phase transition BPII- l ,  T =  27.7 "C 
[ U = 0 ( I ) ,  38 V (2 ,3 ,4 )  1; the measurements 2,3, and 4 were performed 
with an integral of 6 min, d = 15 pm. 
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compressed compared with the equilibrium cell in the BPX 
phase formed. The BPI-BPX transition (Fig. 1) occurs 
without a jump in the cell parameter (Fig. 6). The functional 
dependence of the interplanar distance on the square of the 
field changes. In the neighborhood of the transition M is a 
nonlinear function of E 2. 

The electrostriction constants y ( M  /A = yE 2,  for the 
long-wavelength reflections differ significantly (Fig. 5) in 
the BPII ( y  = 13.5. 10-l5 m 2 V 2  ) and tetragonal BPX 
( y = 20.10 - l5 m2V - ) phases. In the BPII phase y is close 
in magnitude to the electrostriction constant in the system 
CB15:E9 (Ref. 9).  The displacement of the reflection at the 
phase transition BPII - BPH3D (Fig. 4) is not accompanied 
by a change in the electrostriction constant. The electrostric- 
tion is determined by the magnitudes of the Fourier harmon- 
ics of the order parameter of the blue phases. l 7  Based on the 
dependence M ( E )  in BPII and BPH3D as well as the virtu- 
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FIG. 4. The displacement of the diffraction lines versus U' at the phase 
FIG. 2. The displacement of the diffraction lines of BPII versus U'; transition BPII-2. 0-increasing field, Mecreas ing  field; 
T = 27.79 "C, d = 15 pm. T  = 27.71 'C, d = 15 pm. 
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FIG. 5. The displacement of the diffraction lines versus U2 at the phase FIG. 6. The displacement of the diffraction line versus U2 at the phase 
transitions BPII- 1-2. 0-increasing field, Mecreas ing  field; transition BPI-1; T =  27.59 "C, d = 15pm. 
T =  27.685 "C, d = 15 pm. 

ally identical intensity of the long-wavelength reflections of 
these phases, it can be concluded that the local molecular 
ordering and the spatial ordering of the director in the cell do 
not change significantly at the phase transition 
BPI1 -. BPH3D. 

Thus we have obtained, for the first time, the tempera- 
ture-electric-field phase diagram which contains three 
phases that are not realized in the liquid-crystalline state in 
the absence of a field. The form of the phase diagram is not 
described by existing theoretical models of blue phases. It 
was observed that in a field the cell parameter for BPII 
changes abruptly and that in the BPI phase the M is a non- 
linear function of E '. It was established that in the BPII and 
field-induced phases the quadratic dependence of M on E 
holds right up to the critical fields giving rise to phase transi- 
tions. The electrostriction constants in field-induced phases 
were determined for the first time. 

I thank S. P. Krylova for assistance in performing the 
measurements and V. A. Belyakov and V. E. Dmitrienko for 
helpful discussions. 

'V. A. Belyakov and V. E. Dmitrienko, Usp. Fiz. Nauk 146,369 (1985) 
[Sov. Phys. Usp. 28(7), 535 (198511. 

'D. C. Wright and N. D. Mermin, Rev. Mod. Phys. 61,385 (1989). 
'S. Maiboom and M. Sammon, Phys. Rev. A 24,468 (1981 ). 
4E. I. Demikhov, V. K. Dolganov, and S. P. Krylova, Zh. Eksp. Teor. Fiz. 
93,1750 (1987) [Sov. Phys. JETP 66(5), 998 (1987)l. 

'H. Stegemeyer, T. Blumel, K. Hiltrop et a/. ,  Liq. Cryst. 1, 3 (1986). 
'P. Pieranski, P. E. Cladis, H. J. Garel, and R. Barbet-Massin, J. Phy- 
sique 47, 139 (1986). 

'G. Heppke, H.-S. Kitzerov, and M. Krumrey, Mol. Cryst. Liq. Cryst. 
Lett. 1, 117 (1985). 

'P. Pieranski and P. E. Cladis, Phys. Rev. A 35, 355 (1987). 
9G. Heppke, B. Jerome, H.-S. Kitzerow, and P. Pieranski, J. de Phys. 50, 
2991 (1989). 

'OR. M. Hornreich, M. Kugler, and S. Shtrikman, Phys. Rev. Lett. 54, 
2099 (1985). 

"P. E. Cladis, T. Garel, and P. Pieranski, Phys. Rev. Lett. 57, 2841 
(1986). 

I2F. Porsch and H. Stegemeyer, Liq. Cryst. 2, 395 (1987). 
I3H.-R. Chen and J. T. Ho, Phys. Rev. A 35,4886 (1987). 
I4B. Jerome and P. Pieranski, Liq. Cryst. 5, 799 (1989). 
I5R. M. Hornreich, H. Kugler, and S. Shtrikman, J. de Phys. Collog. 46, 

C3-47 ( 1985). 
I6M. Jorand and P. Pieranski, J. de Phys. 48, 1197 (1987). 
"V. E. Dmitrienko, Liq. Cryst. 5, 847 (1989). 
Translated by M. E. Alferieff 

658 Sov. Phys. JETP 72 (4), April 1991 V. K. Dolganov 658 


