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Chiral symmetry breaking in three-dimensional smecticC liquid-crystal domains
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We report an observation of a unique type of spontaneous chiral symmetry breaking in three-dimensional
domainsof a smectic€ material consisting of achiral molecules. The observed helical structure clearly dem-
onstrates the effect of an elastic coupling between the bend and the twist distortions frettieThe sign and
the magnitude of the coupling coefficient are determined experimentally. We also demonstrate that an external
chiral bias field favors domains of one handedngS$063-651X97)50411-9

PACS numbsd(s): 61.30.Jf, 68.10-m

The phenomenon of spontaneous chiral symmetry brealcomposition was found to be more than 5 °C. The sample
ing has been known since the time of Louis Pasteur. In reeell was constructed using electrically conducting glass
cent years there have been many investigations on this phgtates pretreated for planar alignmentrof The cell thick-
nomenon in sodium chlorate crystals2], drops of nematic  ness was fixed at 3am using Mylar spacers. Observations
and smectic |IQU|d crystals[3,4] and in two-dimensional were made through a Leitz polarizing microscope.
systems[5] such as free standing smec@c-films [6], On cooling the sample from the nematic phase, Gm-
hexatic liquid crystal filmg[7], and Langmuir monolayers domains nucleate and grow in the bulk of the sample. These
with tilt order [8,9]. In this letter we report the first observa- domains have a strikingly different shape and optical texture
tion of a unique type of chiral symmetry breaking 3D  compared to the well known broken focal-conic domains
domainsof a smectic€ liquid crystal consisting ofchiral (batonnet$ formed by most SnE materials[11]. As the
molecules. The special feature of this symmetry breaking isemperature is lowered, the domains grow rapidly along the
that it depends crucially on the symmetries of the smeCtic- nematic alignment direction. The growth in the perpendicu-
phase, in particular itsanslational order We also propose a |ar plane is extremely slow. Thus the domains form highly
mechanism for the symmetry breaking and demonstrate thelongated rodlike structures. Domains with very different
effect of an external bias field. lengths have roughly the same width. If the temperature is

Smectic liquid crystals have a layered structure with 1Dheld constant in the coexistence range, the domains attain
periodicity along the layer normal and liquidlike order within their equilibrium shape shown in Fig. 1. Between crossed
the layerd10]. In the smecticc (Sm-C) phase the direction polarizers it is seen that laelical bandconsisting of a few
of average orientation of the rodlike molecules, described byark and bright stripes wraps around each of these domains.
a unit vectorn known as the Frank director, is tilted by an The bands terminate at the tips of the domains. The handed-
equilibrium angled, with respect to the unit layer norm&l. ~ Ness of the helices can be determined by adjusting the focus
of the microscope. Roughly equal numbers of both left-
handed and right-handed helices are seen. The pitch of the
fhelix depends only on the radius of the domain and decreases

Thoughn is an apolar vector, its projectianon the plane of
the layers is polar.

Our experiments were performed on a binary mixture o
the achiral compounds p-heptyloxy benzylidene
p-heptylaniline (70.7) and 2-cyano-4-heptylphenyl-4
pentyl-4-biphenyl carboxylat€/ CN5) obtained from Merck.
7CN5 has the following phase seque‘rsscg as a fun%izon 0
temperature (in  °C): crystal (Cr)— nemati¢N) —
isotropic(l). The nematic phase of 7CN5 has a strong
skewed cybotactid10] (Sm-C-like) order and supercools
down to room temperature. The second component
70.7, shows a variety of pha;ges incsléjding ége Smg’gase
in §£17e ;gllowing sequence: &SM-G—-Sm-B—-Sm-C—Sm
-A— N—I. Mixtures of these two compounds in a certain

composition range show a first-ordér-Sm-C transition. All
experiments reported here were conducted on a mixture wit
31.7 wt% of 7CN5. ThaN\—Sm-<C coexistence range for this

FIG. 1. Micrograph of the Sn& domains in equilibrium with

*Electronic address: pramod@rri.ernet.in the surrounding nematic. Each domain has a helical band that runs
TElectronic address: yhat@rri.ernet.in from tip to tip. The polarizer is set along the nematic alignment
*Electronic address: nvmadhu@rri.ernet.in directiona, and the analyzer is crossed.

1063-651X/97/565)/49354)/$10.00 56 R4935 © 1997 The American Physical Society



RAPID COMMUNICATIONS

R4936 PRAMOD, HATWALNE, AND MADHUSUDANA 56
“ @
p/2 e
z
Il c
i’
4
(b)

FIG. 2. Fringes of equal path difference obtained by introducing FIG. 3. Schematic diagrams of the proposed struct{@eThe
a tilting compensator. The rodlike domains are oriented alang circles represent the field within a Sm€ layer (shaded region
which is at 45° with respect to the crossed polarizers. Notice thaf he pointS is a singularity(which may be expelled from the do-
the path difference starts reducing close to the domains and is main; see teyt The nails represent the projection of thdield of
minimum at the interface. the nematic around the domain with the heads indicating the end

that projects above the plane of the pagby.The c field in a few

towards the tips. Typically, the pitch is95 um near the distant layers within half a pitcp of the structure. The pattern in
center where the rod diameter 510 um. When the tem- (a) rotates from layer to layer. The dashed line is the locuS.of
perature is lowered further, the domains merge and also
touch the glass walls of the cell. When the entire sample istripe pattern shown in Fig. 1.
transformed to the Sr@-phase, two types of broad, uniform  Wwe now discuss the alignment of the Frank director at the
regions are seen. Adjacent strips hawélted with opposite  N—-Sm< interface and make a qualitative comparison of the
signs with respect to the surface alignment directioand ~ Proposed structure with other contending structures. The N—
are separated by straight, sharp walls. On slowly heating them-C interfacial tension is an|§otrop|c and in the present
sample from this state we recover the rodlike domains wittsystem has the lowest value farparallel to the interface
the helical bands. The structure can be distorted by applyinfl2]. This boundary alignment could have been satisfied by a
a high-frequency30 KH2) ac electric field. When the field is rodlike domain in which the Sr@ layer normal tilts by an
switched off, the structure relaxes back to the original conangle 6, with respect to the domain axis. Though such a
figuration. The last two observations imply that these do-structure is free from any elastic distortion in the cylindrical
mains are equilibrium structures. The x-ray diffraction pat-portion, this uniform alignment cannot be continued near the
tern from an oriented sample shows that the layers aréapering tips of the domain. We do not see this structure in
perpendicular to the long axes of the rods. The tilt amgles  our system. The observed banfield configuration may be
about 25° when the Si8-domains form and increases as the preferred due tqa) an order-electric polarization near the
temperature is lowered. In order to determine the structurénterface[14,15 and/or(b) an elastic coupling of the-field
within the layers we studied the variation of the optical pathto the concentration gradient in the binary mixtJis].
difference across the domains using a tilting compensatoEven with a bent field it is possible to have a concentric
The path difference decreases as the Grdemain is ap- cfield configuration with a straight 1 disclination line pass-
proached, reaches a minimum at the interface, then increase®y along the axis of the domain. As argued by Langer and
to a maximum value at the center of the helical béfid. 2). Sethna for the 2D cadd 3], the advantage of the structure

Based on these experiments we propose the structushown in Fig. 8a) is that it can expel the disclination from
shown in Fig. 3 for the Sn& domains. On the surface of the the cylinder, thereby saving the core energy of the defect.
domains the local Frank director lies in the tangent plane andpart from the above possibilities, the boundary alignment

is tilted by an angle equal to the S@hilt angle with respect  of n could also have led to a “bannet” structure that in-

to the cylinder axis. Within each layer thefield follows  cludes a focal-conic domain. Unlike that in Sky-the focal-
circles of different radii; all the circles pass through the pointconic structure in Sn€ is “broken” and costs additional
defectS lying on the surfacgFig. 3@]. Thisc field configu-  energy[17].

ration within each layer resembles the pattern seen by Langer The chiral nature of the domains can be understood as

and Sethna in 2D Srh-domains of achiral compound and follows. With h=c+ J(1—AN it is easv to see that
can be considered as part oft& disclination[13]. The 3D (V><.c)¢0 implies ﬁ( (VX%)#O A ben(;/in the ¢ field

domain can be visualized as a stack of these layers such th&t 4 M hal R

the locus ofS describes a helical line that wraps around thenecessarily generatestaist in the n field; the curl ofn has

cylinder as shown in Fig. (8). components both in the plane of the layers and albhg
Clearly, these Sn& domains break the chiral symmetry. Thus, a bent field removes thé\-c mirror plane locally[6].

Since this symmetry breaking is spontaneous, both rightSince the sign of the bend is the same everywhere inside a

handed and left-handed structures form with equal prObab"domain, the chiral symmetry is broken on a macroscopic

ity. In the surrounding nematic thefield has a twist distor- scale as wel[18].

tion. Numerical calculation of the optical transmission Using a simple model for the distortions in thdield we

coefficient for the structure described above including theshow that with the configuration shown in Fig@Bwithin

distortion in the nemati¢12] closely resembles the helical each layer, the elastic free energy is indeed minimized for
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the twisted structure shown in Fig(t8. The physical origin  helix depends on the sign af [Fig. 3(b) corresponds to

of this effect is the coupling between theist and thebend negativeq]. We show below that with the configuration

distortions in thec field. given by Eq.(3) the elastic free energy has a minimum for a

A complete analysis of the problem involves minimizing nonzero q although Eq.(3) is a solution to the Euler-

the total free energy of the system which includes the interLagrange equation obtained from E®) only for q=0. In

facial energy apart from the bulk distortion energy of theeach layer Eq(3) models the topological part of the distor-

Sm-C and the surrounding nematic. Such an analysis is nafion, which can be considered as a part of 2 disclination

possible analytically. Therefore, in order to understand th¢20]. The approximatior(3) to the solution is very reason-

mechanism of the symmetry breaking we estimate the bullable as the lateral shift of the singular paibetween neigh-

elastic free energy for a cylindrical portion of the Sindo-  boring layersqRd is much smaller than the core radiug

main and the surrounding nematic separat@ie assume (~100 A) of the disclination line and the layer spacidg

that the surface alignment at the-Sm-< interface is fixed ~ (~30 A). The bulk elastic free energy per unit length of the

In what follows we ignore changes in the magnitudeahd  cylinder is

the layer spacing since the relevant elastic energy cost is very

much larger compared to that for producing curvature of the

c field. We also assume the layers to be flat in the domain. Fe R\ _ Ry 1

The bulk elastic free energy density of SIF19)] after inte- T~ 277K|n(ﬁ> +2mKeRq ln(ﬂ) - E}

grating out the concentration field can then be written as R
e
rC

+ 7KR?g?| In

Kt ~ ~ b ~ A
f(C'VXC)2+ 7(N'VXC)2 where terms of order./R and higher have been ignored.
Equation(4) has a minimum for

Ks _ .
fe=" (V-0)°+

+K(N-VXxc)(c-VXc), 1)

K. [In(R/rc) - 1/2} )

Om=*
where&z(co&z),simﬁ,O) andK;, K;, andK,, are the elastic KtR[ IN(RIre)—1
constants(renormalized by the concentration figldssoci- . ) )
ated with splay, twist, and bend deformations in thiéeld, ~ Where the signs on the right-hand side of E5).correspond
respectively. The bare elastic constants can be estimatd@ those of them/2 term in Eq.(3). It is clear that a nonzero
from those for the nematic by taking the tilt angle depen-Kc implies an elastic free energy minimum for a nonzero
dence into accourftL0]. The last term in Eq(1) couples the ~Value ofq. _ _
bend to the twist in the field. This term is allowed because ~ USing the experimental values for the radius of the do-
the SmE is invariant under the simultaneous transforma-main and the pitch of the helical band we estimate the mag-

tionsN— — N andc— — c. Thatis, this term is a result of the "itude Of the ratioc /K, to be roughly 0.3. From Eqg3)

S : : and (5) it follows that for a given sign of the bend in the
g(:nmcblr;?]g(;r; of the layered structure and the tilt order in thefield the sign ofq,, is determined by that oK,. For K,

For simplicity we putk =K, =K. With this approxima- >0 the disclination line has the same sense of winding as the

tion the elastic free energy densit}) can be reduced to the N field on the surface of the domain, and #¢<0 the two
form have opposite senses. The signkof was experimentally

determined as explained below.
It can be seen from Fig.(8) that the handedness of the

K K, twist distortion produced in the nematic surrounding the do-
erE[(Vx¢)2+(Vy¢)2]+ 7(Vz¢)2 mains depends on the sense of rotation ofdlfield. At the
N-SmC interfacen makes an angle, with the cylinder
—K[(Vxp)cosp+(V,p)sing](V,¢) . (2)  axis. If we assume that this angle goes to zero over a distance

Ry~ half the cell thickness, the nematic distortion energy
The thermodynamic stability of the S@-phase demands Per unit length of the cylinder is
thatK — (KZ/K,)>0.
In order to estimate the elastic free energy for the cylinder

we model thec field shown in Fig. &) as Fery . o R
L Knblo| —5 5| (6)
(Ro"—R?)
—parct ytRsinlgz) | m 5  WhereK, is the Frank elastic constant of the nematic.
¢=2arcta 'x—R{1-cogq2)} 92=7" © An interesting consequence of the distortion in the nem-

atic is that it can be exploited to select the chirality of the
whereR is the radius of the domain,2q is the pitch of the  Sm-C domains. To demonstrate this a sample cell was con-
helix and a negati\positive sign of then/2 term leads to a  structed using glass plates that were pretreated to get a twist
clockwisdécounterclockwisgrotation of thec field [Fig. 3(a) distortion in the nemati¢wisted-nematic cell In such a cell
corresponds to the negative s|gimhe handedness of the domains with opposite senses of rotation of theifields
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R NN N imposed twist of 15° in a 14am-thick cell produced a yield
— — —  — —  — — e S — of about 90% of one type of domains. This simple experi-
— e T S A . \/'/>\ E - ment also reveals the sense of rotation of ¢higeld in the
- ¥ F N\~ - NS predominant type of domains. The helical band was found to
1l [TTee =0T TT [ Lie e have the same sense of rotation asdffield in each domain.
SRS S 7 °\.’\,\ le. ™ ThusK_ is positive for this system.
- \\/ = > \I\/\’ = \/« A A detailed analysis of the domain shape is not within the
R L L e T B scope of this letter. However, a crude calculation of the equi-
| N N librium shape, taking into account the anisotropic interfacial
(a) (b) tension of the SnE and the distortion free energy of the

nematic shows that the total energy is minimized for highly
FIG. 4. Schematic representation of the distortion produced irhnisotropic shapes with an aspect ratio which increases rap-

the nematic by domains with oppositdields in a twisted-nematic idly with the volume of the Sn€ domains[12].
f:ell. The nail_s have the same meaning as in Fig. 3. As t_he distortion In conclusion, we have demonstrated the phenomenon of
in the nematic is much smaller @) as compared to that ifb), the  g5ontaneous chiral symmetry breaking in three-dimensional
former type of Sme domain is favored. Sm-<C domains of a two-component system made of achiral

molecules. The symmetry breaking is induced by a specific
produce very different distortions in the surrounding nematidnterfacial alignment of the molecules and the nature of elas-
(Fig. 4). The difference in the distortion energy of the nem-ticity of layered systems with a tilt order. The coexistence of
atic between the two types offields favors the formation of two anisotropic fluids makes it possible to produce chiral
domains with a particular chirality. In the experiments andiscrimination of the domains by a weak external bias.
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