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Faceted monodomains of liquid crystal smectic blue phases
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Smectic blue phases (BR are mesophases of thermotropic liquid crystals, which exhibit both three-
dimensional orientational order, such as classical blue phases, and smectic positional order,JpleaBes
appear as the three-dimensional counterpart of the twist grain boundary phases. By growing large faceted
monocrystals of BE, phase, we provide, for the first time at the length scale of the lattice parameter, infor-
mation on the symmetry of the orientational unit cell. This study leads us to suggest an orthorhombic structure,
contrary to the previous results obtained by x-ray scattering at the length scale of the smectic order.
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Liquid crystals are phases of condensed matter in whiclinediate cholesteric state between the;B&nd TGB phases
the molecules possess long-range positional or orientationf]. Contrary to classical blue phases, these phases exhibit
order along some directions of space even though the moHuasi-long-range smectic order that has been studied by
ecules undergo diffusion as in a simple isotropic liquid alongx-ray scattering. The smectic order seems to be correlated
at least one of the other directiofi]. For chiral mesogens, with the orientational three-dimensional order of the unit cell

a spontaneous twist of the molecular orientation appears. B@"d IS :_herlefore, enh?nce.dt;]n SOme d'r:eCt'OPhs’ thus exhibit-
this local orientational order can induce frustration, someiNd particular symmetries: the BR2 phase then appears

times resulting in complex structures. Thesg include the bluc%]uer)éag}c;rt‘aée':;)gé nﬂ s[7c;| nwt?]eer?)?]sa;ge szﬁrﬁleﬁsg.s'e}é:]%gh?s%&
_phases_(BP) located between the cholesteric phase and the, iiis o cubic symmetry in the case of a TGBPg, tran-
isotropic phas¢2]. Two of these blue phases, BP1 and BP2 gjtion (Fig. 1) [8] and is labeled BB 1; but the symmetry
exhibit an unusual cubic symmetry in which the orientationalof the BR;,,1 phase, then called BR)1, is hexagonal for a
(but not the positionalorder is periodic and long range in TGB.-BPs,, phase sequend®]. The BR,,3 phase has, like
three dimensions. The blue phase structure involves a twishe classical BP3 phag&0], an amorphous structure of the
of the director(average molecular orientatipextending not same macroscopic symmetry as that of the isotropic phase
only in one direction, as in the cholesteric phase, but radially11]. Up to now, the structural investigations of the smectic
in two directions of space. This is sometimes called a doubl®!ue phases have been mainly carried out on monodomains
twisted structure. This double twisted structure cannot extenfly X-ray scattering, probing the structure at the length scale

perfectly into three-dimensional space. Geometrical model&f the smectic ordefwith a typical layer spacing=4 nm).
of the BP1 and BP2 phases consist of cubic networks o his only provides indirect information on the symmetry of
double twist cviind ted by defect i Thus bl he orientational unit cell, which is at a much larger scale
ouble twist cylinders separated by detect ines. 1hus blu€yqag y the dimension of the lattice cons)dnii2]. Indeed,

F_Jhases can also be seen as a periodic array of disclinatiqﬂis value of the BR, lattice parameter in the UV range
Ilngs. A second example of a frustrated_ chiral system is th‘f:)revents study by optical scattering of visible lightossel
twist grain boundar(TGB) phase predicted by Renn and giagram technigue which is commonly used to determine
Lubensky[3] and experimentally observed by Goodélyal.  the symmetry of classical blue phags]. In this paper, we
in 1989 for TGB, [4] and by Nguyenet al. in 1992 for  give, we believe for the first time, at the length scale of the
TGBc [5]. Since smectic layers cannot be continuouslylattice parameter, direct information on the symmetry of the
twisted, the TGB phases consist of blocks of pure smectic
material(which can be either smectifor TGB, or smectic
C for TGB.) separated by parallel, regularly spaced grain
boundaries, formed by a periodic array of screw dislocations.
Such a dislocation arrangement allows helical twist. In TGB
phases, as in blue phases, the frustration is relieved by the
presence of defects.

Recently new chiral phases, called smectic blue phases
(BPs), have been discovered in the following phase se-

quence: TGB-BBy1-BPs,2-BPsy3-Iso, without any inter- FIG. 1. Geometrical figures indicating the directions where the
smectic order is enhanced, corresponding to the “Bragg peaks,” for
the BR;2 and cubic BBy 1 monodomains probed by x-ray scat-
*Corresponding author. Present address: Department of Physiagring. The arrows show their evolution during the transition be-
MS-057, Brandeis University, Waltham, MA 02454, tween the two smectic blue phas@ésom Ref.[8]).
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FIG. 4. Observation of two BR2 crystallites having almost the

FIG. 2. Experimental and schematic view of a &P mono- A ; .
same orientation. They are seen along a pseudothreefold axis.

crystal floating in the supercooled BF® and observed along a

twofold axis in transmission between crossed polarizers. The white ) ) )

cross represents the projecticor the normal directionof the op- 100 much, otherwise the monodomains begin to melt. Four

tical axis in the observation plane. different crystalline shapes have been listed, and they are
reported in Figs. 2—6. These large monocrystals with well-

orientational unit cell by growing large faceted monocrystalsdefined facets have been observed floating in the bulk in
of the BR;,2 phase. The faceting and birefringence of thecoexistence with the isotropic supercpoledsﬁP phase b_y
BPs,2 monodomains contradict the results obtained by X_ra);[]ansrr;]|§3|on between crosseﬁ polar.|z'ers. Ofn heach Iplg:ture,
scattering at the length scale of the smectic order, and therd?® White cross represents the positions of the polarizers
fore the symmetry of the smectic blue phases will be diseeded to assurextinctionof the birefringent domains, i.e.,
cussed in the light of these new elements it represents the projectiofor the normal directionof the

The nucleation and growth of single faceted crystals 01optical axis in the observation plane. This provides addi-

the BRy, phase to determine the symmetry of the orienta-t'onal information compared to the faceting, due to the non-

tional unit cell is a real experimental challenge. The classica ubic symmetry of the B phase. The three-dimensional
method that uses a low cooling rate (0.01 °C per 10)rton polyhedral habit O.f the B2 monoc_rystals, howgver, Seems
produce large monodomains gives rise to the birefringen‘(ﬂgSe todaf rho:nblq d?degahgfjrdﬁ'?" 2 W:“Ch f'.s aIread%/
“platelet” texture [14] that quickly fills whole of the experi- observed for ¢ ?:S.S'CE‘Z CX Ic d ge P % S]' na |r|st roug
mental cell. In fact, faceted crystallites appear only if theygpprOX|mat|on, Igs. 2, 4, and > could be seen along, respec-
are in coexistence with another phasspecially with an tively, the twofold, threefolld, and four'foldlaxes of a rhombic
isotropic phase to avoid epitaxial correlatipnghis condi- dodgcahgdro(norrespo;dllng to :]he dlrect.|omBC, IOB’ anlcli_

tion has been fulfiled by using the metastability of the O~ in Fig. 7). Nevertheless, the experimental crystallites
BPs,3 phase with the molecules=13 andn=14 of the cannot reproduce a perfect rhombic dodecahedron because
series FH/FH/HHRBTMHC, wheren indicates the aliphatic their birefringence is incompatible with a cubic structure. It
chain length[6]. For these’ compounds, the BB can be must be noted that the growth conditions certainly influence
supercooled from the isotropic phasé using fast coolin h(_e size of the facet_s and the shapes of the monocrystals, as
(typically =0.5°C/min), which has already been shown tot is illustrated, for instance, by .Flgs. 2 and 3, but do not
produce single BB, 1 monodomaingg]. Thus, the nucle- change the symmetry and especially the angles of the facets.
ation and growth g%’*?{he single faceted 8P ménocrystals Thus, the data of the birefringent faceted monodomains sug-
can be initiated by very slowlheating the supercooled gest that the crystal habit of the B2 phase is fprmed by a .
BPg,3 phase. This kind of experiment is difficult because itstructure close to a dodecahedron, whose cubic symmetry is,
is performed out of equilibrium in a very narrow temperaturehowever’ broken.

range (0.15°C) on heating and in a weak temperature gra- We first attempted to interpret these optical observations

dient. The temperature must be increased enough to obtaf‘?]f faceted monodomains in the “most obvious” manner con-

. o Sistent with our previous x-ray scattering results, by distort-
large crystallitegbetween 100 and 15@m in size, but not ing a rhombic dodecahedron habit along a threefold axis

(OB in Fig. 7). In the x-ray scattering experiments probing

X

FIG. 3. Two other examples of the B2 monodomains ob- FIG. 5. Faceted monodomain of the R phase exhibiting
served along a twofold axis. An apex angle of about 110° can alséour large and two small facets, as schematically shown in the cor-
be found as in Fig. 2. responding pictures.
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FIG. 6. Crystal shape of the BR2 phase, which stays dark for
all the positions of the crossed polarizers. The optical axis is then
perpendicular to the plane of the figure. An angle of about 120° is
observed in this picture. FIG. 8. Orthorhombic dodecahedral crystal habit formed by four

(100 facets(labeled 3 and Band eight(111) facets(labeled 1, 2, 4,

the BRy, structure at the scale of the smectic order, theand 5 accounting to the experimentally observed monocrystals of
BPs,2 monodomain exhibits four pairs of “Bragg peaks” the BRy,2 phase. For this model, the parameters of the unit cell are
S : . . : .a=1, b=0.82, andc=0.58 and the optical axis is located perpen-
corresponding to four directions where the smectic order is,
) . . . . . dicular to the normal of the facet labeled 3.
enhanced; the first directiofill) is perpendicular to three

other directions(2), (3), and (4), which are separated by c|assical blue phases, a degeneracy between a fourfold axis
angles of about 120(Fig. 1) [8]. Note that due to the cen- ¢ the BP2 phase and a twofold axis in the BP1 phase exists,
trosymmetry of an x-ray diffraction experiment, a sixfold \yhich s illustrated under the polarizing microscope by
axis cannot be distinguished from a threefold axis. Howevercggg hatching” in the BP1 texturEL7]. But nothing similar
the correspondence between a dodecahedron distorted aloRgs peen observed in the smectic blue phases, either by op-
a threefold axis cannot account for the optical data, as igcg) experimentg14] or by x-ray scattering8]. It means
shown, for instance, in Fig. 5 where the projection of theihat one of the directions of the smectic order enhancement,
optlcal_ axis(which must also be the distortion axis of the (2), is slightly different from the two other direction&) and
rhombic dodecahedrorshould then be rotated by 45° to be (4) (Fig. 1). This suggests that the assumed sixfold axis of
consistent with the suggested structure. Moreover, up to NoVje BR,,2 phase is only a twofold axis: the symmetry of the
all the other attempts to find a polyhedral habit with a threeBpSmZ phase is therorthorhombic Therefore, the crystal
fold or sixfold axis describing both the symmetries of theapit we propose is formed by a dodecahedral structure made
optical and of the x-ray sca_ltterlng experlments' have failed. from an orthorhombic unit cell. In this way, we succeed in
Therefore, we must reinterpret our experimental datayeproducing all the birefringent shapes observed for the
Some questions arise when the transition between tReBP  gp_ 2 crystallites and in explaining the nondegeneracy seen
phase and the B 1 phase is analyzed in more detail. The i the transition to the BE.a1 phase. We have drawn a
assumed sixfold axis of the BR2 phase becomes a four- olyhedral shape limited by fof00) and eight(111) facets
fold axis in BRmu)1 phase(Fig. 1). But why do we then  5nq made from the orthorhombic unit cedl,b,c), wherea,
observe no degeneracy in §f)1? Or why is one direction  , andc are three perpendicular vectors of different length.
of the enhancement of the smectic order privileged by reThe yalues of, b, andc have been adjusted to reproduce all
maining unchanged, whereas the two others mEtG¥ In-  the experimental crystallites and especially the angles of the
deed, three equivalent possibilities should exist to transforngacets observed in Figs. 2, 3, and 6. The result is reported in
a hexagonal B§2 phase into a cubic B, 1 phase(or  rig g wherea=1, b=0.82, andc=0.58. Each experimen-
four possibilities in the case of a threefold axis for thesBP 5| picture can then find a correspondence to the crystal shape
phase. This assumption is substantiated by the fact that iyt Fig. 8: the schematic figures with the labeled facets re-
ported in Figs. 2—6 are all issued from Fig. 8, but are seen
from different points of view. The structure can be consid-
ered as mainly uniaxial by locating the optical axis parallel
to one of the basis vector, i.e., perpendicular to the plane of
Fig. 6 and to the facetl00) labeled 3 in Fig. &note that the
orientation of the optical axes of biaxial crystals depends, in
fact, on the values of the refractive indigeEhe projections
of the optical axis associated with each experimental crystal-
lite are thus consistent with this suggested orthorhombic
structure. Indeed, Figs. 2 and 3 almost represent the same
faceting as that of Fig. 6, but the optical axis in this case is in
the observation plane. Figure 4 corresponds to a view ro-
tated, comparing with Fig. 2, by about 30° around the opti-
FIG. 7. Perfect rhombic dodecahedron limited by(120) fac-  cal axis. Figure 5 is the experimental picture where the great-
ets.OA, OB, andOC are the directions of the fourfold, threefold, est number of facet&ix) has been found, and provides the
and twofold axes, respectively. most general view of the BRR faceting. The resolution of
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the experimental pictures is not high enough to measure witfetry of the BR,2 phase, which is orthorhombic. We thus
accuracy the angles of the different facets. Nevertheless, thsrovide a consistent description of the smectic blue phiases
angles of 120° between three directions of smectic ordeferms of symmetrat two different length scaleésmectic
enhancementéFig. 1) can also be found in Fig. 6; whereas order and unit ce)l however, the physical models have still
Figs. 2 and 3 show an apex angle of about 110°. These tw® be proposed. Both theoretical and experimental investiga-
angles are also reproduced by the orthorhombic model daions, such as the determination of the space groups, should
scribed in Fig. 8, where the adjusted paramet#es=0.58  be developed to improve our understanding of these phases,
~1/y/3 andb/a=0.82 correspond to the angles of 120° andand the main unsolved question is probably the theoretical
110°, respectively. origin of the orthorhombic symmetry observed in the smectic
Thus the smectic blue phases are original physical sysslue phases. Indeed, why does the smectic order break the
tems of condensed matter withdauble frustrationthe ex-  cubic symmetry of the blue phases?
tension of chirality in the three spatial dimensions like the
classical blue phases, and the helical twist competing with We would like to thank A. M. Levelut, R. Moret, and P.
smectic order, as in the TGB phases. The;BPhases can, Pieranski for fruitful discussions and all the people who have
therefore, be seen as the three-dimensional counterpart of tiearefully read this manuscript. The crystallographic software
TGB phases. In this paper, we report the orientational symwINGX has been used to draw the crystalline shdi&
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