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The foggy phase (BPIII) of liquid crystals in an electric field is investigated by diffraction 
measurements, both in a liquid crytstal film and for various directions of the scattered wave vector 
with respect to the electric field direction in bulk samples; in addition, the dependence of 
the index of refraction on field is measured. A significant change is observed in the transmission 
spectra of the liquid crystal an electric field, which is associated with the BPIII type of 
orientational ordering. The orientational distribution function in the BPIII phase is recovered 
from the experimental data. These data are compared with existing models of local order in liquid 
crystals. The results obtained agree neither with the body-centered cubic model, the 
icosahedral-ordering model, nor tht: double-twist cylinder model; however, they can be explained 
using a model with simple cubic structure. O 1995 American Institute of Physics. 

1. INTRODUCTION 

In recent years, there has been much interest among 
condensed-matter physicists in structures with competing in- 
teractions. In these systems, atomic or molecular configura- 
tions that are energetically advantageous locally are never- 
theless unable to continuously occupy a macroscopic 
volume. As a result, compromise structures can occur with 
defect distributions that exhibit three-dimensional ordering 
or disordering. The blue phases (BPI, BPII, BPIII) of liquid 
 crystal^',^ are one of the most interesting e:tamples of such 
systems. 

A large number of chiral liquid-crystal materials form 
blue phases in the temperature interval between isotropic liq- 
uid behavior and the cholesteric phase. In this past year, 
considerable progress has been made in the experimental and 
theoretical study of these blue phases. The rnost remarkable 
characteristic of the BPI and BPII phases is Elragg diffraction 
in the visible or ultraviolet wavelength regions, which indi- 
cates three-dimensional periodic ordering. It has been estab- 
lished that BPI possesses a body-centered cubic structure 
with symmetry space group 08(14,32), while BPII has a 
simple cubic structure with the space group 0 ~ ( ~ 4 ~ 3 2 ) . ~ - ~  
A unit cell of the blue phases contains - lo7 molecules. Two 
approaches have been successfully used 1 0  describe the 
three-dimensional crystallization and structure of the blue 
phases theoretically: the Landau theory of phase transitions, 
where the anisotropic part of the dielectric tensor ~ ~ ~ ( r )  is 
used as an order parameter, and dislocatio~l theory, which 
treats the BPI and BPII structures as ordered defect 
1atti~es.l.~ Despite the complexity both of the theory and the 
structures of the blue phases, a large amount of experimental 
data for the phases with three-dimensional periodic order pa- 
rameters (BPI, BPII) has been successfully described at the 
quantitative level. 

BPIII, which is also called the foggy has been 
studied theoretically and experimentally in p;uallel with BPI 
and BPII. A whole series of theoretical models has been pro- 

posed to explain why BPIII arises, and what its structure is: 
(1) According to the double-twist cylinder model,8 BPIII 
consists of elongated cylinders in which adjacent molecules 
are twisted together in the radial directions of the cylinders; 
(2) In the body-centered cubic model? the BPIII phase is 
assumed to consist of arbitrarily oriented domains with o5 
structure; (3) In the simple cubic model,1° it is assumed to 
consist of domains with 0' symmetry; (4) Several theoreti- 
cal groups have independently predicted a quasicrystalline 
structure for ~ ~ 1 1 1 l l - l ~  with local quasiperiodic icosahedral 
symmetry, similar to the symmetry observed in binary me- 
tallic quasicrystals. In Ref. 14 a theory was developed that 
predicted a reconstruction of the quasicrystalline structure of 
BPIII in an electric field. 

The mechanism for the BPI-BPI1 and BPII-BPI11 phase 
transitions implies an anomalous increase in f l uc t~a t ions l~ -~~  
and Kosterlitz-Thouless  transition^.^^ It was shown theoreti- 
cally that as the temperature increases BPIII can become 
unstable against spontaneous thermal distortion of the lattice, 
breaking the translational symmetry while the cubic orienta- 
tional ordering of the crystal lattice is preseived. It is pos- 
sible for such structures to form when ordinary crystals melt; 
this was discussed previously by Nelson and Toner (their 
"phase with orientationally ordered  bond^").^' 

There are experimental problems in determining the 
structure of BPIII, connected with its large diffraction width. 
The BPII-BPI11 transition is accompanied by an order-of- 
magnitude increase in the diffraction width, i.e., the phase 
possesses only short-range order.",23 In determining the type 
of local order of BPIII, the researcher is faced with the same 
problems as in the case of amorphous materials. As a rule, 
information about the local order of atoms or molecules in an 
amorphous material is obtained by comparing the relative 
positions and intensities of several reflections. In BPIII most 
of the diffraction intensity is concentrated in a single wide- 
band maximum, so that no unambiguous conclusions can be 
drawn about the presence of other weaker reflections. The 
theoretical models (1)-(4) also imply that these reflections 
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should either be absent [in the case of (I)] or that their in- 
tensities should be considerably lower than the primary dif- 
fraction maximum [in the case of (2)-(4)]. For this reason, 
no one has succeeded yet in determining the structure of the 
BPIII phase, despite considerable effort, and it has become 
clear that other methods must be found to distinguish experi- 
mentally which of the structures predicted by the theories 
(1)-(4) is correct. 

The goal of this paper is to identify which of the struc- 
tures (1)-(4) is correct by estimating the magnitude of the 
duplication index N (i.e., the number of wave vectors T with 
a given (TI) for the primary diffraction maximum of the 
foggy phase. This can be done by orienting BPIII in an elec- 
tric field. Previous workers24925 have shown that in materials 
with a negative dielectric anisotropy AE the intensity of the 
diffraction increases in an electric field, while the half-width 
of the diffraction curve decreases. In the present work the 
transmission spectra were measured along with the optical 
diffraction for various orientations of the scattered wave vec- 
tor with respect to the direction of the electric field and the 
change in the index of refraction induced by the electric 
field. The transmission spectra were found to be much al- 
tered by an electric field. The experimental data were used to 
reconstruct the orientational distribution function of the wave 
vectors r connected with diffraction in BPIII. A comparison 
of the experimental data with existing theoretical representa- 
tions revealed that the results are incompatible with the 
double-twist cylinder, body-centered cubic, or icosahedral 
ordering models, but can be explained using a model with 
simple cubic local order. 

2. SAMPLES AND EXPERIMENTAL METHOD 

The measurements were made on a mixture of the chiral 
material S8 11 (30% by weight) and the nematic liquid crystal 
EN18 (70% by weight)? The mixture formed three blue 
phases: BPI (41 20-42.15 OC), BPII (42.15-42.32 "C), and 
BPIII (42.32-42.45 "C), and possessed negative local dielec- 
tric anisotropy. The samples were placed in planar optical 
cuvettes with fixed slits having widths between 16 and 30 
pm. A transparent conducting coating was deposited on the 
inner surface of the cuvettes. For liquid crystals in the BPII 
and BPIII phases, some of the diffraction measurements 
were made on films with thicknesses of - 1 pm, deposited 
on a glass surface treated with polyvinyl alcohol. After this 
type of treatment, BPII is oriented with its [loo] direction 
perpendicular to the surface. The opposite surface of the film 
was free. The temperature was maintained and regulated to 
within 0.005 OC. In the electric-field measurements, a sinu- 
soidal electric field at 4 .  lo3 Hz was used in order to prevent 
electrodynamic effects. The transmission spectra were mea- 
sured with the electric field directed parallel to the light pass- 
ing through the sample. Diffraction measurements were 
made at a fixed diffraction angle (cp= 90") and various di- 
rections of the scattering wave vector T with respect to the 
direction of the electric tield. The spectra given in this paper 
consist of the true spectrum of light passing through the 
sample or diffracted by it normalized by the lamp spectrum. 
The change in refractive index in an electric tield was mea- 
sured according to the shift of interference maxima in the 

FIG. 1 .  Diffraction spectrum of BPII (42.28 OC) and BPIII (42.40 OC): a) 
sample thickness 16 ,urn, b) liquid-crystal film with thickness 1 pm on a 
glass surface. 

reflection spectrum from a plane parallel cuvette containing 
the blue phase. The quantity An was measured outside the 
regions of diffraction and absorption by the sample to an 
accuracy of lop4. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

In the absence of an electric field, the diffraction (Fig. 
la) and transmission (Fig. 2) spectra for the samples studied 
here had a form typical of the BPIII phase:22-24726 the wide- 
band diffraction maximum of the BPIII phase was shifted 
towards the short-wavelength region of the spectrum relative 
to the narrow (100) reflection of BPII, and the transmission 
spectrum was structureless and varied smoothly in intensity 
over a wide spectra interval. As proposed e a r ~ i e r ? ~ ' ~ ~  the 
wideband nature of the diffraction from BPIII is associated 
with a short coherence length S L -0.5-2pm. The mea- 

FIG. 2. Transmission spectrum of BPI11 (42.40 "C) in an electric field. Elec- 
tric field intensities (in Vlpnl): 0.00 (a), 1.92 (X) ,  2.54 (A), 2.87 (0). 3.06, 
and 3.12. The sample thickness was 31.5 pm. 
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FIG. 4. Diffraction spectra of BPIlI and BPE (42.40 "C) in an electric field. 
FIG. 3. Spectral functions for the position of the (100) n:flection in the BPII Electric field intensities (in Vlpm): 0.00 (O), 1.67 (x), 2.79 (A), 3.01 (0). 

phase at 42.20 O C  (W) and 42.24 OC (0). (0) marks the diffraction maxi- and 3.12 (--). The intensity of the BPIlI spectra (-, ~ = 3 . 1 8  vIpm) and 
mum for BPIII, ( 0 )  marks the transmission spectrum nlaximum for BPIII. BPE spectra (-, Ez3.91 Vlpm) are decreased by a factor of 20. 

sured diffraction spectra for films of liquid crystal (Fig. Ib) 
confirm this fact. For a film thickness d- 1 p m, the width of 
the diffraction band for BPII is the same as that of BPIII in a 
bulk sample. The diffraction for the BPI phase has an analo- 
gous form. For BPIII the diffraction is somewhat broader 
than that of BPII (by - 30%). This additional broadening is 
apparently associated with local disorder in BPIII, which is 
preserved in the film. It should be noted thdt samples with 
d- SL exhibit the same sequence of phase transitions (BPI- 
BPII-BPIII) as bulk samples; in the BPII-BPI11 transition 
the same discontinuous change in the position of the diffrac- 
tion maximum takes place. In particular, this implies that the 
BPII-BPI11 transition is not associated with il simple shrink- 
ing of the region of coherent scattering or formation of 
small-sized domains, but rather is a more complicated phe- 
nomenon. 

There are significant differences in the way the position 
of the band depends on electric field in the BPIII and BPII 
(BPI) phases. In the BPI and BPII phases, a considerable 
shift in the bands is observed. This shift is the same in both 
the transmission and diffraction spectra, and is connected 
with electrostriction. In BPII, the maximum of the transmis- 
sion spectrum initially shifts towards the long-wavelength 
side in an electric field (Fig. 3). This shift is connected not 
with electrostriction, but rather with a transfixrnation of the 
distribution function of the planes in an electric field. In 
BPIII, the position Xo of the band in the diffraction spectrum 
is determined by the interplanar spacing; in contrast to BPII 
(BPI), it remains practically constant over a wide interval of 
fields. In our view, the constancy of Xo at low fields is asso- 
ciated with the small size of the BPIII doma~ns and thermal 
reorientation of domains that are not fixed by the surface of 
the cuvette. In the blue phases, the time for establishing the 
equilibrium value of the lattice constant24 re- 10 s in an 
electric field; furthermore, the signs of the ele~:trostriction are 
opposite for planes perpendicular and parallel to the field 
direction. Characteristic times for formatior and decay of 
domains, and also their reorientation time T,., are smaller 

than 100 ,us, i.e., r,G T, , SO that the lattice of the blue phase 
cannot be transformed. As the field and the size of the do- 
main L  increase, the reorientation time increases ( r , - ~ ~ ) ,  
and for r,> 7, we should observe a distortion of the cells in 
the electric field. A considerable ultraviolet shift in the dif- 
fraction band is observed for L -  10,um. i.e., when the sizes 
of the domains have increased by an order of magnitude. 

A significant change in the transmission spectrum T(X) 
of the foggy phase was observed in an electric field (Fig. 2). 
This change in the spectrum was reversible in character; in 
intermediate fields, the spectra did not appear to be superpo- 
sitions of the initial spectrum (E=O) and the spectra at high 
values of the field. The diffraction measurements were made 
in parallel with the measurements of the transmission spec- 
trum in an electric field (Fig. 4). Previous measurements 
have shown that a transition occurs in an electric field from 
the blue phases to a three-dimensional hexagonal phase or to 
a distorted BPII (BPE phase).249" Figure 3 shows the electric 
field dependence of the position of the (100) reflection from 
BPII and the diffraction maximum from BPIII. The phase 
transition to BPII takes place at Ec=3.25 Vlpm, and is ac- 
companied by a discontinuous change in the cell parameter. 
In the BPIII phase, no discontinuous change was observed in 
the position of the diffraction band X o ,  although a change 
took place in the function Xo(E) at E - E , .  The feature at 
E - E ,  could also be associated with a phase transition in 
BPIII; therefore, in what follows only fields E<Ec will be 
used to interpret the transmission spectra. 

The change in the transmission spectra of BPIII in an 
electric field could have two causes: a change in the half- 
width of the diffraction peak (i.e., growth of the region of 
coherent scattering), or in the orientation of BPIII in the 
electric field. In phases with long-range translational order 
(BPI, BPII) the shape of the transmission spectrum depends 
on the orientation of crystallites with respect to the light 
incident on the sample. In a polycrystalline sample, each 
reflection corresponds to a step in the transmission spectrum. 
A discontinuous decrease in the intensity of the light trans- 
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FIG. 5. Orientational distribution function of planes in BPIII. Electric field FIG. 6. Orientational distribution function of planes in BPIII. Electric field 
intensities (in Vlpm): 0.00 (a), 1.92 (x), 2.54 (A), 2.87 (0). 3.06 (- -), intensities (in Vlprn): 0.00 (a), 1.92 (x), 2.54 (A), 2.87 (a), 3.06 (- -), 
and 3.12 (--). (-@-) shows the orientational distribution function and 3.12 (-). 
fc(cos8)=(2/?r)(l - c o s ~ ~ ) - " ~ .  

mitted through the sample takes place for A o =  2nd (where d 
is the interplanar spacing and n is the refractive index), i-e., 
A. is the maximum wavelength for which diffraction is pos- 
sible. A. is realized for planes perpendicular to the direction 
of the light beam. The spectral function T(A) for A < A o  is 
determined by a superposition of Bragg reflections with 
A = 2ndcos8, where 0 is the angle the light beam makes with 
the normal to the plane. It should be noted that for wave- 
lengths not too far displaced from the steps (AIA, > 0.8) the 
transmission spectrum28 T(AIAo)~f(AIAo)g(AIAo) as a 
function of cos8=AIAo turns out to be almost proportional to 
the orientational distribution function for the planes 
f(cos@, since2* g ( ~ / ~ o ) =  (A/Ao+ A ~ / A ) ~  is a weak func- 
tion of A .  For a polycrystalline sample with unoriented crys- 
tallites f(cos8) = const, the smearing, of the steps is deter- 
mined by the width of the reflections or the size of the 
crystallites. 

In the translationally disordered BPIII phase, the trans- 
mission spectrum is a superposition of broad diffraction 
bands is associated with the increased transmission in the 
range A < A o  due to the reflections that arise from the long- 
wavelength side. The changes in the transmission spectrum 
that take place in this case are largely analogous to those that 
occur when spectral measurements are made with a detector 
having a finite-width instrument function. In order to esti- 
mate the effect of the electric field on the distribution func- 
tion in BPIII, the decrease in reflection intensity for A < A o  
was compensated using the long-wavelength wing of the 
transmission spectrum: 

f(cos 8)= f(AIAo)-T(AIAo) [for A < A o ]  

almost independent of cos8, which we should expect for ori- 
entationally disordered BPIII. An insignificant increase in 
f(cosI9) as cos8 decreases is apparently related to an increase 
in the refractive index and An in the short-wavelength spec- 
trum close to the intrinsic absorption edge of the material, 
which is not taken into account in obtaining f (cos8). 

Before analyzing how the distribution function changes 
in an electric field, we must make certain that the finite width 
of the diffraction band does not significantly distort the mea- 
sured function f(cosI9). Figure 7 shows the dependence on E 
of the integrated diffraction intensity I(E) ((p=90°; 
8= 0"; O= 10'; 8= 14") and the function f(E) obtained 
from the transmission spectra. The qualitative difference be- 
tween the function I(E) at e= 0 and I(E) for finite values of 
8 is associated with the change in the angular distribution 
function in the electric field. It is impossible to compare the 
diffraction intensities for different values of 8, because the 

+T(2- A/Ao) [for A > A o ]  . 0 

BPIII 

CP 

4 I 

The distribution function obtained in this way is shown in 1 2 3 4 
E, Vlpm 

Figs. 5, 6. The wavelength A. was taken from diffraction 
measurements (Fig' 3)' Taking into the dependence FIG. 7. Electric field intensity dependence of the integrated diffraction in- 
of g(X/Ao) on A did not lead to an appreciable change in tensity BPIII: o=oO (.), o= 100 (n), o= 140 (x). (0) i s  the filnction 
f'(cos0). The distribution function for E=O was found to be f(r:') for O = V .  
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reflection of incident and diffracted light from the surface of 
the cuvette and thermostatic apparatus changes. All the data 
in Fig. 7 were normalized to the correspondil~g values in zero 
field. The change in the integrated intensity of the diffraction 
band is proportional to f(E) at the corresponding 8. The 
agreement between f(E) and I ( E )  implies that the finite 
width of the diffraction curves does not introduce to appre- 
ciable errors in f(cos8); thus, the curves in Figs. 5, 6 cor- 
rectly reflect the way the distribution function changes in an 
electric field. 

The possible structures of BPIII were analyzed using the 
measured distribution functions. For structures characterized 
by the set of reciprocal lattice vectors ,r we compared 
f(coss) with the values implied by the models (2)-(4). The 
average value of the distribution function (Fig. 5) for orien- 
tationally disordered structures is taken to equal 1, i.e., 
$ f(coss)d(cos8)=2, (OSK?r). 

For the body-centered cubic structure 0 5 ,  the long- 
wavelength reflection is associated with the (110) lattice 
planes. According to the calculations of Refs. 3, 9, this re- 
flection should be the most intense. If the rnodel (2) with a 
local o5 structure is correct, the maximum in the distribution 
function should be associated with one of the (110) lattice 
planes, while diffraction from the other planes should give a 
maximum for cos8=0.5 or cos8=0 (i.e., 8=60° or 
8=90°). For this structure, the duplication index is 
Nllo= 12, i.e., when the structure is orienta,tionally ordered 
the integrated intensity in the neighborhood of one peak 
should not exceed 0.167 (2112). The distribution function for 
the disordered sample (E=O) has the same area from 
cos8= l to cos8=0.833. It is clear from Fig. 5 that for struc- 
tures with orientational order the areas under the distribution 
functions in the range of cos8 connected with one (110) 
plane actually exceeds 0.167. This result therefore contra- 
dicts the cubic o5 model. Furthermore, the maximum of the 
distribution function for cos8= 1 cannot be associated with 
any other reflections of 0 5 ,  because the duplication indices 
for these reflections are greater than 12. 

Let us compare the experimental data on the foggy phase 
with the characteristics of a quasicrystal structure. For the 
quasicrystal model the same consideration:; as for the o5 
model apply. The icosahedral structure should have reflec- 
tions at wavelengths Xi1X3=1.62, 1.05, 1, 0.85, 0.73, 0.71, 
0.62,0.59,0.58 ((p=90°) (where X3 is the ~avelength of the 
corresponding reflection from the icosahedral edges)."-l4 
According to the theoretical calculations of Refs. 1 1 - 14, the 
primary contribution to the diffraction comes from harmon- 
ics of the order parameter with wave vectors from the center 
to a vertex of the icosahedron (X2/X3=1.05) and along its 
edge (A3). For an icosahedron, the reflection with smallest 
duplication index N= 12 is X 2  (for the wake vector A j  the 
duplication index N=30). The same arguments used for o5 
structures lead us to conclude that the distribution function 
does not correspond to the quasicrystal model. An additional 
argument against the icosahedral ordering of BPIII is the 
presence of only one maximum in the distribution function 
over the measured interval of 0 (Fig. 6). Th: angle between 
the most intense structural reflections for icdxahedral order- 
ing ( A 2  and A j )  is 32'. Although an additional maximum 

does appear at the edge of the range of angles 0 accessed by 
these measurements, we can say with confidence that in the 
ordered phase there is no second maximum in f(cos6) like 
the one at 8= 0. 

In the double-twist cylinder model (1) the duplication 
index N cannot be used to analyze the experimental data, 
since the wave vectors are along the cylinder diameters and 
are distributed continuously in the plane perpendicular to its 
axis. In this case, the data can be compared with the model 
by comparing the shape and absolute values of the experi- 
mental and theoretical distribution functions. For materials 
with a negative local dielectric anisotropy along the cylinder 
axis, the dielectric permittivity is smaller than in the perpen- 
dicular direction. Thus, the electric field should lead to an 
orientation of the cylinder axes in directions perpendicular to 
the field.24 For an orientationally ordered sample, the distri- 
bution function for wave vectors fc(cos8) 
=(2/?r)(l - c 0 s ~ 8 ) - ~ . ~  remains nonzero for any 8. This 
distribution function is shown in Fig. 5. In the range of 8 
where the measurements were made, orientational ordering 
should lead to an increase of f(cos8). In fact, however, this 
increase is observed for only small E; further increases in E 
reduce f(cos8) over a large portion of the angular interval of 
8. This result contradicts the double-twist cylinder model. 

Let us consider the agreement between the model of a 
simple cubic structure and the experimental data. In an elec- 
tric field, o2 domains are oriented in the direction (100) 
along E, i.e., the peak of the distribution function for 8 = 0  
should be associated with one of the (100) planes. Other 
maxima of the distribution function are found at 8=90°. 
The duplication index is Nloo=6, i.e., for orientational order- 
ing the area under the distribution function peak should not 
exceed 0.333 (216). From Fig. 5 it is clear that the experi- 
mental data do not contradict a cubic o2 model. 

Thus, of the possible structures (1)-(4) for BPIII dis- 
cussed in the literature, only simple-cubic ordering (model 
(3)) corresponds to the measured distribution functions. The 
possibility that BPIII phases could arise with the orderings 
(2)-(4) was based on the Landau theory of phase transitions 
(models (2)-(4)), and on an energy minimum associated 
with locally chiral ordering for molecular double-twist cyl- 
inders (model (I)). However, these experimental data on the 
distribution function together with the structure o2 do not 
formally contradict a model of BPIII with a cholesteric struc- 
ture of small-size domains. Although this model of BPIII has 
no theoretical basis, let us discuss it as another possibility. 

There is many experimental data that contradict choles- 
teric ordering: (a) Figure 8 shows the change in refractive 
index Anln in an electric field. For E-5 Vlpm the function 
An(E) is analogous to functions observed previously in blue 
phases with three-dimensional ordering.29 At an electric field 
E = 5 Vlpm a phase transition is observed to the cholesteric 
phase; this field value is considerably larger than the field 
E=3.25 Vlpm at which the structure is already ordered and 
the region of coherence corresponds to the sample size. (b) 
An additional argument against cholesteric ordering in BPIII 
is the field dependence of the position of the diffraction peak: 
it is well known that an electric field increases the pitch of 
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FIG. 8. Change in the index of refraction Anln in an electric field for BPI11 
and at the phase transition to a cholesteric. 

the cholesteric spiral, whereas we observed a decrease in 
ho up to the transition at E -5 Vlpm. 

The foggy phase (BPIII) possesses a number of unusual 
macroscopic and microscopic characteristics, and for the last 
ten years it has been one of the most puzzling of the liquid- 
crystal phases. The results of this paper show that an electric 
field causes a profound change in the transmission spectrum, 
which is associated with the orientational ordering of BPIII. 
Possible structures for BPIII were analyzed by comparing the 
orientational distribution function of wave vectors r with 
existing models of BPIII. Of the proposed theoretical mod- 
els, only simple cubic ordering agrees with the results ob- 
tained here. However, the reason why a structure possessing 
only local cubic order forms near the transition temperature 
to an isotropic liquid cannot be understood without further 
theoretical and experimental investigation. 
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