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Chiral symmetry breaking in three-dimensional smectic-C liquid-crystal domains

P. A. Pramod,* Yashodhan Hatwalne,† and N. V. Madhusudana‡

Raman Research Institute, Bangalore 560 080, India
~Received 10 June 1997!

We report an observation of a unique type of spontaneous chiral symmetry breaking in three-dimensional
domainsof a smectic-C 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 in thec field. The sign and
the magnitude of the coupling coefficient are determined experimentally. We also demonstrate that an external
chiral bias field favors domains of one handedness.@S1063-651X~97!50411-9#

PACS number~s!: 61.30.Jf, 68.10.2m
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The phenomenon of spontaneous chiral symmetry bre
ing has been known since the time of Louis Pasteur. In
cent years there have been many investigations on this
nomenon in sodium chlorate crystals@1,2#, drops of nematic
and smectic-C liquid crystals@3,4# and in two-dimensiona
systems @5# such as free standing smectic-C films @6#,
hexatic liquid crystal films@7#, and Langmuir monolayers
with tilt order @8,9#. In this letter we report the first observa
tion of a unique type of chiral symmetry breaking in3D
domainsof a smectic-C liquid crystal consisting ofachiral
molecules. The special feature of this symmetry breakin
that it depends crucially on the symmetries of the smecticC
phase, in particular itstranslational order. We also propose a
mechanism for the symmetry breaking and demonstrate
effect of an external bias field.

Smectic liquid crystals have a layered structure with 1
periodicity along the layer normal and liquidlike order with
the layers@10#. In the smectic-C ~Sm-C! phase the direction
of average orientation of the rodlike molecules, described
a unit vectorn̂ known as the Frank director, is tilted by a
equilibrium angleu0 with respect to the unit layer normalN̂.
Thoughn̂ is an apolar vector, its projectionc on the plane of
the layers is polar.

Our experiments were performed on a binary mixture
the achiral compounds p-heptyloxy benzylidene
p-heptylaniline ~7O.7! and 2-cyano-4-heptylphenyl-48-
pentyl-4-biphenyl carboxylate~7CN5! obtained from Merck.
7CN5 has the following phase sequence as a function

temperature ~in °C!: crystal (Cr)→
45.5

nematic~N)→
102

isotropic~I !. The nematic phase of 7CN5 has a stro
skewed cybotactic@10# ~Sm-C-like! order and supercool
down to room temperature. The second compon
7O.7, shows a variety of phases including the Sm-C phase

in the following sequence: Cr
33
→Sm-G

55
→Sm-B

69
→Sm-C

72
→Sm

-A
83.7
→ N

84
→I . Mixtures of these two compounds in a certa

composition range show a first-orderN–Sm-C transition. All
experiments reported here were conducted on a mixture
31.7 wt % of 7CN5. TheN–Sm-C coexistence range for thi
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composition was found to be more than 5 °C. The sam
cell was constructed using electrically conducting gla
plates pretreated for planar alignment ofn̂. The cell thick-
ness was fixed at 35mm using Mylar spacers. Observation
were made through a Leitz polarizing microscope.

On cooling the sample from the nematic phase, SmC
domains nucleate and grow in the bulk of the sample. Th
domains have a strikingly different shape and optical text
compared to the well known broken focal-conic doma
~bâtonnets! formed by most Sm-C materials@11#. As the
temperature is lowered, the domains grow rapidly along
nematic alignment direction. The growth in the perpendic
lar plane is extremely slow. Thus the domains form high
elongated rodlike structures. Domains with very differe
lengths have roughly the same width. If the temperature
held constant in the coexistence range, the domains a
their equilibrium shape shown in Fig. 1. Between cross
polarizers it is seen that ahelical bandconsisting of a few
dark and bright stripes wraps around each of these doma
The bands terminate at the tips of the domains. The hand
ness of the helices can be determined by adjusting the fo
of the microscope. Roughly equal numbers of both le
handed and right-handed helices are seen. The pitch of
helix depends only on the radius of the domain and decre

FIG. 1. Micrograph of the Sm-C domains in equilibrium with
the surrounding nematic. Each domain has a helical band that
from tip to tip. The polarizer is set along the nematic alignme

direction â, and the analyzer is crossed.
R4935 © 1997 The American Physical Society
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towards the tips. Typically, the pitch is;95 mm near the
center where the rod diameter is;10 mm. When the tem-
perature is lowered further, the domains merge and a
touch the glass walls of the cell. When the entire sampl
transformed to the Sm-C phase, two types of broad, uniform
regions are seen. Adjacent strips haven̂ tilted with opposite
signs with respect to the surface alignment directionâ and
are separated by straight, sharp walls. On slowly heating
sample from this state we recover the rodlike domains w
the helical bands. The structure can be distorted by apply
a high-frequency~30 KHz! ac electric field. When the field is
switched off, the structure relaxes back to the original c
figuration. The last two observations imply that these d
mains are equilibrium structures. The x-ray diffraction p
tern from an oriented sample shows that the layers
perpendicular to the long axes of the rods. The tilt angleu0 is
about 25° when the Sm-C domains form and increases as t
temperature is lowered. In order to determine the struc
within the layers we studied the variation of the optical pa
difference across the domains using a tilting compensa
The path difference decreases as the Sm-C domain is ap-
proached, reaches a minimum at the interface, then incre
to a maximum value at the center of the helical band~Fig. 2!.

Based on these experiments we propose the struc
shown in Fig. 3 for the Sm-C domains. On the surface of th
domains the local Frank director lies in the tangent plane
is tilted by an angle equal to the Sm-C tilt angle with respect
to the cylinder axis. Within each layer thec field follows
circles of different radii; all the circles pass through the po
defectS lying on the surface@Fig. 3~a!#. Thisc field configu-
ration within each layer resembles the pattern seen by La
and Sethna in 2D Sm-I domains of achiral compound and
can be considered as part of a12 disclination@13#. The 3D
domain can be visualized as a stack of these layers such
the locus ofS describes a helical line that wraps around t
cylinder as shown in Fig. 3~b!.

Clearly, these Sm-C domains break the chiral symmetr
Since this symmetry breaking is spontaneous, both rig
handed and left-handed structures form with equal proba
ity. In the surrounding nematic then̂ field has a twist distor-
tion. Numerical calculation of the optical transmissio
coefficient for the structure described above including
distortion in the nematic@12# closely resembles the helica

FIG. 2. Fringes of equal path difference obtained by introduc

a tilting compensator. The rodlike domains are oriented alonâ
which is at 45° with respect to the crossed polarizers. Notice
the path difference starts reducing close to the domains and
minimum at the interface.
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stripe pattern shown in Fig. 1.
We now discuss the alignment of the Frank director at

N–Sm-C interface and make a qualitative comparison of t
proposed structure with other contending structures. The
Sm-C interfacial tension is anisotropic and in the prese
system has the lowest value forn̂ parallel to the interface
@12#. This boundary alignment could have been satisfied b
rodlike domain in which the Sm-C layer normal tilts by an
angle u0 with respect to the domain axis. Though such
structure is free from any elastic distortion in the cylindric
portion, this uniform alignment cannot be continued near
tapering tips of the domain. We do not see this structure
our system. The observed bentc field configuration may be
preferred due to~a! an order-electric polarization near th
interface@14,15# and/or~b! an elastic coupling of thec-field
to the concentration gradient in the binary mixture@16#.
Even with a bentc field it is possible to have a concentr
c field configuration with a straight11 disclination line pass-
ing along the axis of the domain. As argued by Langer a
Sethna for the 2D case@13#, the advantage of the structur
shown in Fig. 3~a! is that it can expel the disclination from
the cylinder, thereby saving the core energy of the def
Apart from the above possibilities, the boundary alignme
of n̂ could also have led to a ‘‘baˆtonnet’’ structure that in-
cludes a focal-conic domain. Unlike that in Sm-A, the focal-
conic structure in Sm-C is ‘‘broken’’ and costs additional
energy@17#.

The chiral nature of the domains can be understood
follows. With n̂5c1A(12c2)N̂ it is easy to see tha
c3(“3c)Þ0 implies n̂•(“3n̂)Þ0. A bend in the c field
necessarily generates atwist in the n̂ field; the curl ofn̂ has
components both in the plane of the layers and alongN̂.
Thus, a bentc field removes theN̂-c mirror plane locally@6#.
Since the sign of the bend is the same everywhere insid
domain, the chiral symmetry is broken on a macrosco
scale as well@18#.

Using a simple model for the distortions in thec field we
show that with the configuration shown in Fig. 3~a! within
each layer, the elastic free energy is indeed minimized

g

at
a

FIG. 3. Schematic diagrams of the proposed structure.~a! The
circles represent thec field within a Sm-C layer ~shaded region!.
The pointS is a singularity~which may be expelled from the do

main; see text!. The nails represent the projection of then̂ field of
the nematic around the domain with the heads indicating the
that projects above the plane of the paper.~b! The c field in a few
distant layers within half a pitchp of the structure. The pattern in
~a! rotates from layer to layer. The dashed line is the locus ofS.
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the twisted structure shown in Fig. 3~b!. The physical origin
of this effect is the coupling between thetwist and thebend
distortions in thec field.

A complete analysis of the problem involves minimizin
the total free energy of the system which includes the in
facial energy apart from the bulk distortion energy of t
Sm-C and the surrounding nematic. Such an analysis is
possible analytically. Therefore, in order to understand
mechanism of the symmetry breaking we estimate the b
elastic free energy for a cylindrical portion of the Sm-C do-
main and the surrounding nematic separately~we assume
that the surface alignment at theN–Sm-C interface is fixed!.
In what follows we ignore changes in the magnitude ofc and
the layer spacing since the relevant elastic energy cost is
much larger compared to that for producing curvature of
c field. We also assume the layers to be flat in the dom
The bulk elastic free energy density of Sm-C @19# after inte-
grating out the concentration field can then be written as

f e5
Ks

2
~“• ĉ !21

Kt

2
~ ĉ•“3 ĉ !21

Kb

2
~N̂•“3 ĉ !2

1Kc~N̂•“3 ĉ !~ ĉ•“3 ĉ ! , ~1!

whereĉ[(cosf,sinf,0) andKs , Kt , andKb are the elastic
constants~renormalized by the concentration field! associ-
ated with splay, twist, and bend deformations in thec field,
respectively. The bare elastic constants can be estim
from those for the nematic by taking the tilt angle depe
dence into account@10#. The last term in Eq.~1! couples the
bend to the twist in thec field. This term is allowed becaus
the Sm-C is invariant under the simultaneous transform
tionsN̂→2N̂ andc→2c. That is, this term is a result of th
combination of the layered structure and the tilt order in
Sm-C phase.

For simplicity we putKs5Kb5K. With this approxima-
tion the elastic free energy density~1! can be reduced to th
form

f e5
K

2
@~¹xf!21~¹yf!2#1

Kt

2
~¹zf!2

2Kc@~¹xf!cosf1~¹yf!sinf#~¹zf! . ~2!

The thermodynamic stability of the Sm-C phase demand
that K2(Kc

2/Kt).0.
In order to estimate the elastic free energy for the cylin

we model thec field shown in Fig. 3~b! as

f52arctanF y1Rsin~qz!

x2R$12cos~qz!%G2qz6
p

2
, ~3!

whereR is the radius of the domain, 2p/q is the pitch of the
helix and a negative~positive! sign of thep/2 term leads to a
clockwise~counterclockwise! rotation of thec field @Fig. 3~a!
corresponds to the negative sign#. The handedness of th
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helix depends on the sign ofq @Fig. 3~b! corresponds to
negativeq]. We show below that with the configuratio
given by Eq.~3! the elastic free energy has a minimum for
nonzero q although Eq. ~3! is a solution to the Euler-
Lagrange equation obtained from Eq.~2! only for q50. In
each layer Eq.~3! models the topological part of the disto
tion, which can be considered as a part of a12 disclination
@20#. The approximation~3! to the solution is very reason
able as the lateral shift of the singular pointS between neigh-
boring layersqRd is much smaller than the core radiusr c
~;100 Å! of the disclination line and the layer spacingd
~;30 Å!. The bulk elastic free energy per unit length of th
cylinder is

Fe

L
. 2pK lnS R

r c
D72pKcRqF lnS R

r c
D2

1

2G
1pKtR

2q2F lnS R

r c
D21G , ~4!

where terms of orderr c /R and higher have been ignored
Equation~4! has a minimum for

qm56
Kc

KtR
F ln~R/r c!21/2

ln~R/r c!21 G , ~5!

where the signs on the right-hand side of Eq.~5! correspond
to those of thep/2 term in Eq.~3!. It is clear that a nonzero
Kc implies an elastic free energy minimum for a nonze
value ofq.

Using the experimental values for the radius of the d
main and the pitch of the helical band we estimate the m
nitude of the ratioKc /Kt to be roughly 0.3. From Eqs.~3!
and ~5! it follows that for a given sign of the bend in thec
field the sign ofqm is determined by that ofKc . For Kc
.0 the disclination line has the same sense of winding as
n̂ field on the surface of the domain, and forKc,0 the two
have opposite senses. The sign ofKc was experimentally
determined as explained below.

It can be seen from Fig. 3~a! that the handedness of th
twist distortion produced in the nematic surrounding the d
mains depends on the sense of rotation of thec field. At the
N–Sm-C interface n̂ makes an angleu0 with the cylinder
axis. If we assume that this angle goes to zero over a dista
R0; half the cell thickness, the nematic distortion ener
per unit length of the cylinder is

Fe~n!

L
.Knu0

2F R2

~R0
22R2!

G , ~6!

whereKn is the Frank elastic constant of the nematic.
An interesting consequence of the distortion in the ne

atic is that it can be exploited to select the chirality of t
Sm-C domains. To demonstrate this a sample cell was c
structed using glass plates that were pretreated to get a
distortion in the nematic~twisted-nematic cell!. In such a cell
domains with opposite senses of rotation of theirc fields
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produce very different distortions in the surrounding nema
~Fig. 4!. The difference in the distortion energy of the nem
atic between the two types ofc fields favors the formation o
domains with a particular chirality. In the experiments

FIG. 4. Schematic representation of the distortion produced
the nematic by domains with oppositec fields in a twisted-nematic
cell. The nails have the same meaning as in Fig. 3. As the distor
in the nematic is much smaller in~a! as compared to that in~b!, the
former type of Sm-C domain is favored.
a

an

y

r-
c
-

imposed twist of 15° in a 14-mm-thick cell produced a yield
of about 90% of one type of domains. This simple expe
ment also reveals the sense of rotation of thec field in the
predominant type of domains. The helical band was found
have the same sense of rotation as thec field in each domain.
ThusKc is positive for this system.

A detailed analysis of the domain shape is not within t
scope of this letter. However, a crude calculation of the eq
librium shape, taking into account the anisotropic interfac
tension of the Sm-C and the distortion free energy of th
nematic shows that the total energy is minimized for high
anisotropic shapes with an aspect ratio which increases
idly with the volume of the Sm-C domains@12#.

In conclusion, we have demonstrated the phenomeno
spontaneous chiral symmetry breaking in three-dimensio
Sm-C domains of a two-component system made of ach
molecules. The symmetry breaking is induced by a spec
interfacial alignment of the molecules and the nature of e
ticity of layered systems with a tilt order. The coexistence
two anisotropic fluids makes it possible to produce chi
discrimination of the domains by a weak external bias.
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