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Observation of a hexagonal blue phase in systems with negative
dielectric anisotropy

by G. HEPPKE{, B. JEROME{, H.-S. KITZEROW? and P. PIERANSKI}

+ Iwan-N.-Stranski-Institut, Sekretariat ER 11, Technische Universitiat Berlin,
StraBBe des 17. Juni 135, D-1000 Berlin 12, F.R. Germany
f Laboratoire de Physique des Solides, Bitiment 510, Université de Paris-Sud,
Faculté des Sciences, F-91405 Orsay Cédex, France

The occurrence of a three dimensional hexagonal blue phase BPH (possible
space groups P6,22 and P6,22) in materials with negative dielectric anisotropy
&, = ¢ — &, has been detected by the investigation of Kossel diagrams. This is the
first observation of a field-induced transition between different blue phase modi-
fications for systems with ¢, < 0. BP1 as well as BPII can be transformed to BPH
at a sufficiently high field strength Epp gpy. For neither transitions has any discon-
tinuity of the wavelength of selective reflection in the field direction been observed.
Investigations for field strengths £ < Egp_gpy show continuous deformation and
reorientation of BP1 and BPII. Decreasing (increasing) lattice constants in the
field direction are found for BPI oriented with a two-fold (four-fold) axis parallel
to E and for BPII oriented with either a four-fold or two-fold axis parallel to E.
The preferred orientation in the field is the same as that found fore, > 0 (four-fold
axis parallel to the field direction).

1. Introduction

In liquid crystals with high chirality (cholesteric pitch < 1 gm) up to three modifi-
cations of the blue phases, referred to as BPI, BPII and BPIII, can occur in the
temperature region close to the clearing point [1]. These phases are characterized by
a double twisted structure of the mean molecular orientation. Whereas BPIII
exhibits an amorphous structure, for BP I and BP II disclinations form a cubic lattice
which can be described by body centred (I4,32/0%) and simple cubic (P4,32/0%) space
groups, respectively. Because of the size of the lattice constants (of the order 1077~
10~°m), Bragg scattering is observed in the visible wavelength range.

Under the influence of an electric field the unit cells of the cubic structures are
continuously deformed, which can be observed experimentally by a shift of the
wavelength 4,,, of the Bragg peaks [2]. Depending on the orientation of the unit cell
with respect to the field direction, tetragonal, orthorhombic and trigonal space groups
have to be considered in order to describe the continuously deformed structures [3].
For materials with positive dielectric anisotropy (¢, = ¢ — &, > 0) discontinuous
changes of the lattice constants can also be observed [2] as a function of the field
strength. It has been shown that these changes are due to the appearance of additional
phases with tetragonal structure (14,22/D}°, ‘BPX’) [4], three dimensional hexagonal
(P6,22/D¢, ‘BPH?") [5] and two dimensional hexagonal structures (‘BPH>™) [6, 7).
The stability of hexagonal blue phases in an electric field has also been considered
theoretically [8, 9].

In this paper results of investigations on materials with negative dielectric anisotropy
in the electric field are presented. Since, for these materials the director is forced by an
electric field to align perpendicular to the field direction, they show different behaviour
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from that of systems with ¢, > 0. Earlier studies [10, 11] on one of these systems with
negative dielectric anisotropy have shown that for BPI({110] | E) and BPII ([100] || E)
the lattice constant in the field direction can decrease with increasing field strength.
(For materials with ¢, > 0 the inverse effect is observed.) Here, studies using the
Kossel diagram technique are presented. The method allows the investigation of
periodicities in the blue phase structure for which the reciprocal lattice vectors are not
parallel to the viewing direction. With this additional information the space groups,
or at least the crystal classes of the deformed blue phase structures, can be determined.

2. Origin and interpretation of Kossel diagrams

Kossel diagrams occur due to Bragg scattering if monocrystals are irradiated by
convergent beams of monochromatic radiation or if a source of divergent radiation
is inside the crystal [12]. For blue phases the lattice constants of the periodic structure
are of the same order of magnitude as the wavelength of visible light. Thus, light in
the visible wavelength range is subject to Bragg scattering and Kossel diagrams can
be observed in the focal plane of the objective when studying blue phase monocrystals
microscopically [4].

In this case the Bragg condition is

Ai(A)
i Apr)

where d,,; is the interplanar spacing of planes described by the Miller indices (4, &, ),
8 is the scattering angle, /i a mean refractive index, 7 is the wavelength of the scattered
light propagating in the sample and A the corresponding wavelength outside the
sample. In reciprocal space equation (1) can be written, as usual, in terms of wave-
vectors k and k” of the incident and the scattered light and a reciprocal lattice vector
q corresponding to the set of planes (4, &, /)

A= 1A = Ay cosf = 2i(A)d,,cos0, 6}

k — k' = q = ha* + kb* + lc*, (la)
with
2r 2nn 2n
k| = k| = = = — and [q = —.
Z A Ay

If the sample is illuminated with convergent monochromatic light, the angle 6 can vary
from 0 to /2 and reflection can be observed for sets of planes (4, k, ) fulfilling the
condition

dua > A[2°(2) (2)
or in reciprocal space
lal < 2 |k|. (24)

The scattered rays form a cone around the reciprocal lattice vector q which is normal
to the set of planes (h, k, I). The aperture angle 26 of the cone is given by cosf =
Ia1/(2k)). The resulting Kossel diagram can be easily constructed in reciprocal space
by means of a sphere with radius R = 2|k| (twice as large as the Ewald sphere) which
is centred at the origin of the reciprocal lattice (see figure 1). Each reciprocal lattice point
(h, k, 1) inside the sphere represents a st of planes for which equations (2 and 2 a) are
valid. The respective Kossel line is given by the intersection of the sphere with a plane
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Figure 1. Principle of the Kossel effect. (a) A set of planes described by Miller indices (hk/)
is illuminated with convergent monochromatic light. Scattered beams form a cone (the
Kossel cone) determined by the axis perpendicular to the planes and an angle # which
is given by Bragg’s law (see equation (1)). (b) Construction of the Kossel diagram in
reciprocal space (schematically). Each Kossel cone corresponds to a lattice point which
is inside the sphere with radius R = 2|k| = 4n#/l, centred at the origin of the reciprocal
lattice. The Kossel diagram is given by the planar projection along the direction of
observation for all intersection lines between the sphere and the Kossel cones.

which includes the reciprocal lattice point (4, k, [) and is perpendicular to the
corresponding reciprocal lattice vector. Each set of planes therefore creates a circle on
the surface of a sphere. The centre of this circle gives the direction of the reciprocal
lattice vector and its diameter measures the ratio between the interplanar distance d,
and the wavelength A of the monochromatic light. When the wavelength 1 is
decreased, the diameters of Kossel rings increase and additional rings appear. The
spacing d,, can be easily measured by determining the wavelength corresponding to
0=0.

The Kossel diagram which can be observed in this experiment (§ 3) is the projection
of the Kossel lines from the surface of the sphere to a plane perpendicular to the viewing
direction. It consists of circles, ellipses and straight lines corresponding to reciprocal
lattice vectors parallel, oblique and perpendicular to this direction, respectively.
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3. Experimental
For studies on monocrystals, mixtures exhibiting a large temperature range with
a blue phase-isotropic phase coexistence region are useful. These systems can
be obtained by mixing a chiral mesogenic compound with a nematic component.
Here, mixtures of the chiral compound S-(—)-4-[(-methyl-heptyl)-oxybenzoyl]-4-n-
hexyloxybenzoate (S 811; Merck, Germany)

(1) H13C6o@-co.o—@coo<|§HC6H13
CHy

with the nematic mixture EN 18 (Chisso Corporation, Japan) [13] and mixtures of
1,4-bis-[4-(2-methylbutyl)-benzoyloxy]-2-chlorobenzene

@ HsCy cleCHQ@CO.O@O.OC@CHQ?HCQH5
CHg CH

Cl 3

with the nematic mixture ZLI2585 (Merck) [13] are investigated. For the latter
mixture, the clearing temperatures (T, = 60-65°C) have been found to be lower than
the clearing temperatures for the single components (7, = 88:7°C for compound 2
and T, = 71-8°C for ZLI2585).

In order to study the behaviour of monocrystals in an electric field, samples were
contained between the flat end of a glass cylinder coated with evaporated aluminium
and a cover slide coated with a transparent conducting material. The temperatures of
the two surfaces were controlled separately with an accuracy of +0-01°C by Peltier
elements. The sample thickness was adjusted between 10 and 30 um. Alternating
voltages up to 80 V with frequencies between 1 and 5kHz were applied.

Kossel diagrams were obtained using an inverted metallurgical microscope (type
PME, Olympus) equipped with an immersion objective (numerical aperture 1-3). The
sample was illuminated through the objective with convergent beams of mono-
chromatic light and the focal plane of the objective was observed by removing the
eyepiece or by using a Bertrand lens. Due to reflection at the aluminium surface two
superimposed Kossel diagrams were observed, with one being an inversion of the
other through the centre of the diagram. Thus, for a crystal oriented with its [211] axis
(no rotation axis) parallel to the viewing direction, a Kossel diagram with two-fold
symmetry was observed. For a [111] oriented crystal (three-fold axis) the Kossel
diagram has six-fold symmetry. Possibilities to distinguish between [111] oriented
crystals of BPT or BPIT and a hexagonal phase are discussed in §4.

For measurements of the macroscopic selective reflection, cells with TN-type
surface treatment (Videlec) were filled with blue phase material. Voltages up to 40V
at 1kHz were applied to samples of thickness 9 um. The temperature was controlled
by a Haake F3-S thermostat and measured separately with chromel-alumel thermo-
couples. Samples were illuminated with white circularly polarized light and the
spectra of the backscattered light were detected by means of a PR 702 A multielement
spectroradiometer (Photo-Research).

4. Results
The investigation of Kossel diagrams shows that BPI and BPII in the mixtures
under investigation exhibit body centred cubic (b.c.c.) and simple cubic (s.c.)
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structures, respectively, as found for all other systems investigated so far. Kossel lines
corresponding to (110), (200) and (211) planes were observed for BP I, (100) and (110)
lines for BPII.

When single crystals are grown in the electric field, the four-fold axis is aligned
parallel to the field direction for BPI and BP I1. For [100] oriented crystals, the lattice
constant in the field direction increases with increasing field strength for BPI and
decreases for BPII (as found in [10]), leading to the deformed structures BPI¢ and
BP II“ which are described by tetragonal space groups. In addition to the findings of
[10], a hexagonal phase (BPH) was observed in an electric field. The shape of the
monocrystals (see figure 2 (b)) and the Kossel diagram (see figure 2 (d)) for BPH show
a six-fold axis along the field direction. This is the first observation of a field-induced
transition between different blue phase modifications for systems with e, < 0. BPI¢
as well as BPII“ can be transformed to BPH.

In the Kossel diagrams of BPH the following sequence of lines appears with
decreasing wavelength:

(a) a central ring corresponding to a wavevector along the field direction,

(b) six straight lines forming a regular hexagon which correspond to wavevectors
perpendicular to the field direction and

(¢) six ellipses which appear when the central ring intersects the straight lines. (On
the photographs in figures 2 (d) and 4 (@) only half of the Kossel diagram is
seen due to the presence of a screen which is used in order to increase the
contrast; the complete Kossel diagram exhibits inversion symmetry, as the
theoretical diagrams represented in figure 4 (a).)

This sequence is expected for the thirteen wavevectors as represented in figure 3 (b).
The lattice constants ¢ and a, parallel and perpendicular to the field direction,
respectively, can be determined from the two wavelengths

27

ST aiy
(?*52)

where the central (0001) ring and the (1011) ellipses appear, respectively. Unlike the
three dimensional BPH observed in systems with ¢, > 0 [4], the ratio ¢/a is found to
be smaller than unity. For a mixture of 22-1 per cent of compound 1 in EN 18 the

typical value of
= ﬂ[(@ ’i’%on))z _ 1]1/2 @)
2 Aiont (Zo001)

= 038

©)

10001 = Zﬁc and l 1011

Qo

is obtained. (The dispersion of the refractive index was measured using a Leitz-Jelley
refractometer.) The (0001) reflection band observed for normal incidence is left
circularly polarized for mixtures of compound 1 and right circularly polarized for
mixtures exhibiting compound 2.

Although in our experimental set-up K ossel diagrams with six-fold symmetry were
obtained for [111] oriented crystals of BPI and BPII due to reflection at the alu-
minium coated second interface of the sample, BPH can be clearly distinguished from
BP1 and BPII (see figure 4). The most obvious difference of the Kossel diagrams is
the appearance of the central (0001) ring for BPH, while the first central rings
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(a) (h)

(o) )

Figurc 2. The shape of monocrystals observed in the electric field by polarizing microscopy
for a mixture of 25-5 wt % of compound 1in EN 18: (@) BPII*(E < 2:79 x 10°Vm™');
(b) the hexagonal phase BPH (2-7g x 10°Vm™" < E < 3:53 x 10°Vm'). Respective
Kossel diagrams for the same mixture: (¢) BPIIY, E < 279 x 10°Vm™!, 1 = 428 nm;
(d) BPH, E > 279 x 10°Vm~™', A = 434nm. (In order to increase the con-
trast between the Kossel lines and the background, half of the Kossel diagram was
darkened by introducing an opaque screen in the focal plane of the condenser; the
complete Kossel diagram exhibits inversion symmetry as the theoretical diagrams
represented in figure 4 (a).)
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(1070) (0110)

b

Figure 3. Description of the hexagonal structure. () Unit cell (solid lines) of the real lattice,
characterized by the lattice constants ¢ = [a,| = |a,|and ¢ = |c|. (b) Reciprocal lattice.
The lengths of the basis vectors a¥, a¥, c¢* are related to the lattice constants by
a* = |a¥| = |af| = 4n/(3"%a) and c* = |c*| = 2r/c. The 13 Kossel lines which have
been observed experimentally (see figure 2 (d)) correspond to the wavevectors q,,, which
are labelled using the Bravais-Miller convention with i = —(h + k).

expected for BPI and BPII appear at wavelengths A1y, = 0-5777a¢ and
A = 1-1550a, respectively. For the Kossel diagrams of BP I and BP I1 oriented with
the three-fold axis in the field direction no significant continuous change under the
influence of an electric field have been observed. At sufficiently high field strengths
[111] oriented monocrystals of BP T and BP II disappear due to the movement of grain
boundaries. Only [001] oriented crystals of BP I and BPIT¢ are observed at a field
strength slightly lower than the value Egp_gpy Where BPH is induced.

Figure 5 shows the variation of the selective reflection with the electric field for a
mixture of compound 1 (22-6 per cent) with EN 18 where the coexistence of BPI and
BPII can be observed due to a weak temperature gradient. BPI* and BPII? are
transformed to BPH at the same field strength Egpio ppy = Egppiappn = Ewp-sen- FOT
neither transition was a discontinuity of the wavelength of selective reflection in the
field direction observed. This behaviour indicates that at the transition the lattice
constant ¢ of BPH is equal to the lattice constant of BPII* and to half of the lattice
constant of BP1¢ in the field direction, respectively.

In the Kossel diagrams the (002) ring of BPI¢ and the (001) ring of BP IT become
the (0001) ring of BPH without a change of diameter. Moreover, a relation of the
orientations of the wavevectors perpendicular to the field direction has been observed
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Figure 5. Variation of the wavelength 1,,, of Bragg peaks in the electric field, measured with
the spectral scanner in back reflection. Miller indices (#k7) describe the corresponding set of
planes, indices [HKL] indicate the orientation of BP I and BP II crystals with respect to the field
direction. The respective Kossel diagrams are calculated for constant wavelength with
A/(Ragp1(0V)) = 0-614/(fiageu(0V)) = 0-82.

for the BP II*~BPH transition (as reported in [7] for systems with g, > 0) as well as
for the BPI“~BPH transition. In the latter case one opposite pair of wavevectors
equivalent to [110] in BPI is transformed to one pair of wavevectors equivalent to
[1010] in BPH without change of direction.

In figure 5 the different values for the wavelength Ay of BPH obtained from BP I
and BP II¢ can be explained by the temperature dependence of the lattice constant ¢
of BPH (see figure 6) which is found to increase continuously with increasing tem-
perature. A phase diagram in the E/T plane representing the transition temperatures
determined at constant field strength for a mixture of compound 1 and EN 18 is given
in figure 7. The threshold field strengths Egp_gpy where BPH becomes stable and Egp_c,
where the cholesteric phase is induced, increase with increasing chirality (see table 1).
In the system compound 2-ZLI 2585, BPH is observed only for mixtures with relatively
high concentrations (=40 per cent) of the chiral compound, whereas in the system
compound 1-EN 18 the BP [*~BPH transition also occurs for mixtures with low chiral
concentration which exhibit no BPII.

Figure 4. Experimental Kossel diagrams with six-fold symmetry and comparison with theory.

(@) BPH (25:5wt % of compound 1 in EN18, E = 33-2V(l1um)~!, 1 = 462nm);
(b) BPI, [111] axis || surface normal (23-5wt % compound 1, £ = 0, 4 = 568 nm);
(¢) BPIL, [111] axis || surface normal 23-5wt % of compound 1, E = 0, 1 = 483 nm).

Although [111] is a three-fold axis for BPI and BPII, six-fold symmetry is observed
experimentally due to reflection at the electrode surface. However, the Kossel diagrams
differ considerably compared with BPH. For the photograph of BPH, half of the Kossel
diagram was darkened by a screen in order to increase the contrast; by rotating the screen
inversion symmetry of the Kossel diagram was observed, in agreement with the theo-
retical diagrams. The theoretical diagrams for BPH are calculated using ¢c/a = 0-8 for the
ratio of the lattice constants parallel and perpendicular to the field direction.
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Figure 6. Wavelength 4,,(E) of Bragg peaks measured in back reflection for increasing
temperature at constant field strength E for values (a) lower and (b) higher then the
threshold Egp gpy. For comparison with the transition temperatures observed in the
absence of the field, the diagrams contain the values 4,,,(0) which are measured simul-
taneously at a spot outside the conductive coated area of the sample surface ().

Because of large time constants for the reorientation of monocrystals anchored at
the surface of the sample, it was also possible to investigate the deformation of BP 1
and BPII for orientations other than [001] || E. Investigations on the interplanar
spacing of the (001) planes in BPII for different orientations show that the relative
change 6 = |(dy (E) — dy; (0)|/dse,(0) at constant field strength E decreases with
increasing angle ¢ between the [001] axis and the field direction. 4 = 0 is observed for
[111]|E (¢ = 54-7°). Additionally, the (110) interplanar spacing in BPII for the
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Figure 7. Phase diagram in the E/T plane, obtained by observation of selective reflection with
increasing temperature at constant field strength, In order to obtain reproducible values,
two spots inside and outside of the electrode area of the sample have been observed
simultaneously and differences (T — T") are measured, where T is the temperature of
the BPI-BP 11 transition at £ = 0. The Kossel diagrams appearing for the respective
coordinates in the phase diagram are given for constant wavelength 1 with the same’

parameter as used in figure 5.

Table 2.  Shift of the wavelength 4, of selective reflection observed in the electric field for BP1
and BPII due to continuous deformation of the cubic structure.

Orientation of

Effect observed for materials with

Space group of

Phase the unit cell, the deformed
(space group) [AKI1 | E g >0 g < 0 structure
d}'200 d'{ZOO
BPI v <0 vk 0
(14,32/0%) [100] 15} 110y 14,22/DY
dlllo dj'llO
BPI aE > 0 7B <0
(14,32/0%) [110] {2] [10] F222/D)
dllﬂﬂ dllOO
BPII i >0 75 <0
(P4,32/0%) [100] [2] [10] P4,22/D;
dAIIO dAllO
BPII ik >0 1E <0
(P4,32/0%) {110} (3] (see figure 8) C222/D¢

Figure 8. Kossel diagrams for BPII oriented with the [110] axis along the viewing direction
(mixture of 23-5wt % of compound 1in EN 18, 4 = 50lnm,d = 10um): (@) U = 0V,
(b) U = 17-7V. A decrease of the periodicity in the [110] direction with increasing field
strength is indicated by the shrinking of the (110) ring in the centre of the diagram.
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orientation [110] | E has been found to decrease with increasing field strength (see
figure 8). For comparison with previous studies, the effects observed for BPT and
BP 11, depending on the sign of ¢,, are summarized in table 2.

5. Discussion and conclusion
5.1. Structure of the hexagonal phase, phase transitions BP I'~-BPH and
BPII“~-BPH

The observation of (0001) and (1011) lines in the Kossel diagrams show that BPH
observed in the systems under investigation has to be described by a three dimensional
chiral hexagonal space group. According to the selection rules gives in table 1 of [7],
only P6, (P6,) and P6,22 (P6,22) have to be taken into account as the (0001) reflection
band is circularly polarized and can be observed for normal incidence. Fore, > 0 it
has been shown [7] that shearing of the unit cell of BPII¢ leads by a continuous
transition to the space group P6,22. These symmetry arguments are also valid
for systems with ¢ < 0, although the lattice constant in the field direction is
shortened for these materials. It can be concluded that the hexagonal structures
BPH’" observed here are described by the space groups P6,22 (D) and P6,22 (D3)
(depending on the sign of the chirality), respectively, and that the continuous tran-
sition BPTI“~BPH"” can be described by a shearing of the unit cell as proposed for
systems with ¢, > 0 [7].

However, for the transition BPI*~-BPH>® no continuous variation from the
tetragonal space group 14,22 (D)) to the hexagonal space group P6,22 (D¢) can be
considered without appearance of additional nodes in the unit cell at the transition.
Since the periodicities dyy, and d,,, of the cubic lattice become the interplanar distances
doosy and dyg, of the hexagonal lattice, the ratio of the unit cell volumes, Vipy/Viapi,
is approximately 1/4.

Recently, the stability of three dimensional BPH structures in an electric field has
been considered theoretically for materials with ¢, > 0 [9]. Two different structures
H?P and H;P of the space group P6,22 are proposed to appear in the field whereas a
P6,22 structure is not stabilized by the field. The wavevectors q,,, q,, and q,, used
in the model of Hornreich and Shtrikman [9] are equivalent to (0001), (1010) and
(1011) observed experimentally (see figures 2 (d) and 4(a)). Since the structures H:°
and H{P differ only in their phase factors, they cannot be distinguished in our
experiment. Neither the occurrence of BPHP for systems with &, < 0 nor a transition
BP I-BPH’ has been considered theoretically, so far.

5.2. Deformation of BP I and BP II for a ‘weak’ electric field
Recently Porsch and Stegemeyer [16] have shown that the deformation of BP1 in
the electric field can be described with satisfactory accuracy if the strain tensor g is
assumed to be quadratic in E:

33
£y = 2 Z Vi EE) &)

k=1 {=1
In this case, the distortion is completely described by the fourth rank electrostriction
tensor y;; which, for cubic symmetry, exhibits three independent coefficients [17].
Using this approximation the behaviour of the (100) peak for BPII crystals of
different orientation abserved in our experiment can be shown to be equivalent to a
constant volume of the unit cell during the deformation, i.e.

&yt é&rt+ ey = 0 ©6)
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and the relation

Tz = — ¥V @)

can be concluded. Thus, only two independent coefficients of the electrostriction
tensor remain which can be calculated from the numerical values for the effects
represented in table 2. A detailed presentation will be given in a forthcoming paper
f18}.

5.3. Orientation of blue phases in the electric field

As we have mentioned, BPI and BPII in the mixtures under investigation are
preferentially oriented with one of the four-fold axes parallel to the field direction. The
same behaviour was observed for systems with ¢, > 0 except for BPI in mixtures
showing the field-induced transition from BPI to the tetragonal structure BPX [1]. In
a previous paper [19] the orientation of blue phases has been discussed by considering
the torque I' acting on monocrystals due to the anisotropic part of the fourth rank
susceptibility tensor y;,. It has been shown that I' can be written as

I = v4 i (- E)’(n, x E), (VIID)
i=}

where n;, n, and n; are unit vectors parallel to the four-fold axes of the crystal, ¥ is
the volume of the crystal and A is a parameter characterizing the material. The torque
vanishes if the [100], [110] or [111] direction is parallel to E and the absolute stable
orientation can be either [100] | E or [111] || E, depending on the sign of the parameter
A. However, no theoretical attempt has been made so far to calculate this parameter
from the properties of the material, such as the dielectric anisotropy and the elastic
coefficients. The results presented here show that A4 is positive for BPI and
BPII occurring in systems with ¢, < 0 as observed for the mixtures with ¢, > 0
investigated in [19].
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