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Observation of an Opticlike Phase Mode in an Antiferroelectric Liquid Crystal
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We have observed an acousticlike and an opticlike branch of phase excitations in a quasi-
elastic light-scattering experiment performed in the antiferroelectric smectic-Cp

A phase of 4-(1-
ethylheptyloxycarbonyl)phenyl-40-alkylcarbonyloxy biphenyl-4-carboxylate. In contrast to the nearly
gapless acoustic phason branch, the opticlike phase excitations always have a finite relaxation
rate. The phenomenon is a direct consequence of a doubling of a smectic unit cell at the
transition from the smectic-A phase and is in remarkable agreement with a Landau-type model.
[S0031-9007(96)01043-5]

PACS numbers: 61.30.Gd, 64.70.Md, 64.70.Rh
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The onset of the antiferroelectric liquid crystallin
order at the smectic-A–smectic-Cp

A phase transition is
characterized by the condensation of a nonpolar soft m
with the wave vector at the edge of the Brillouin zo
s2pyd, pydd of a smectic-A liquid crystal with a smectic
layer thicknessd. As a result, the so-called alternatin
tilt structure is formed in the antiferroelectric smect
Cp

A phase, the nature of which is by now fairly we
understood [1–4]. The antiferroelectric phase can
considered as a stack of tilted ferroelectric smectic lay
The direction of the molecular tilt and therefore also
direction of the local spontaneous polarization$Pi of the
neighboring layer reverses by nearly 180±, as we move
along the layer normal. Two neighboring layers thus fo
an antiferroelectric unit cell with two nearly antiparall
electric dipoles and a very small value of the equilibriu
electric polarization $P0s$rd  $Pi 1 $Pi11 > 0. Because
of chirality, the directions of the local electric polarizatio
precess slowly around the layer normal, as one moves
direction perpendicular to the smectic layers. This cau
a helical modulation of the smectic-Cp

A phase with a wave
vector $qa on a mesoscopic scale and leads to the so-ca
double-twisted helical structure, where two ferroelec
helices in fact gear into each other.

The condensation of the zone-boundary antiferroe
tric soft mode has some fascinating implications for
spectrum of collective excitations of the antiferroelect
phase [5]. Similar to the phonon spectrum of a monato
linear chain, we have in the smectic-A phase of an an
tiferroelectric liquid crystal a single, doubly degenera
branch ofoverdamped collective orientational excitatio
that critically slows down at the zone boundary, as sho
in Fig. 1(a). At the phase transition, the original Brillou
zone is reduced because of a doubling of a unit cell,
the zone-boundary modes appear as the zone-center m
of the low-temperature phase. There are, therefore,
dispersion branches in the smectic-Cp

A phase, as show
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schematically in Fig. 1(b). The lowest branch is a g
less phason branch [6] with a zero-frequency, symm
restoring Goldstone mode that is analogous to the ac
tic phonon branch of a diatomic lattice. In addition to t
two high frequency amplitude branches that are stron
temperature dependent, an opticlike branch of phase
citations is expected to appear in the smectic-Cp

A phase.
Similar to the optical phonon branch in a diatomic so
crystalline lattice, the appearance of this optical phaso
here a direct consequence of a doubling of the origin
monomolecular unit cell.

In this Letter, we report the first simultaneous obser
tion of the dispersion relations of the opticlike and aco
ticlike phase excitations in an antiferroelectric smectic-Cp

A
phase. As expected for an optic-like phason, the dis
sion has a finite gap and is centered at$qa. We have also
observed a gapless branch of the zone-center phase m
which have a minimum relaxation rate at2 $qa. From the
measured temperature dependencies of the relaxation
of both modes, we give a first consistent set of the co
ficients of the Landau–de Gennes free-energy expan
c
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FIG. 1. The dispersion relation for the order parameter exc
tions in the smectic-A (a) and a homogeneous smectic-Cp

A phase
(b) of an antiferroelectric liquid crystal [5].
© 1996 The American Physical Society 1769



VOLUME 77, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 26 AUGUST 1996

a

tr
in
g
n

e
-
o-

th
et
he
by

re
tic
e
rr

r
c

-

th
e-
0],
e-
ds
as
h-

d t
an

th

ap

ve
ve

de,
nd,

-
A
o
the
the

ode
a
nts
ing
at

se

id
for the antiferroelectric smectic-Cp
A phase [7,8] and find

remarkable agreement with theory.
The order parameter dynamics of the antiferroelec

smectic-Cp
A structure can be conveniently derived with

the Orihara-Ishibashi [7,8] nonequilibrium free ener
density, expanded in terms of the ferroelectric and a
ferroelectric order parameters$jf and $ja:

g  gA 1
X

na,f

∑
1
2

anj $jn j2 1
1
4

bnj $jn j4

1 Lns $jn 3 ≠ $jny≠zdz

1
1
2

K3ns≠ $jny≠zd2

∏
1

1
2

g1
$j 2

a ? $j 2
f

1
1
2

g2s $ja ? $jfd2 . (1)

Here, gA is the equilibrium free-energy density of th
smectic-A phase,$ja,f 

1
2 s $ji 7 $ji11d, and the molecu

lar tilt of the ith smectic layer is described by a tw
component tilt vector$ji  snixniz , niynizd, where $ni is
the corresponding director. It is easy to see from
structure of Eq. (1) that we have, in fact, two comp
ing structures, i.e., ferroelectric and antiferroelectric
lix, where the coupling between them is described
the coefficientsg1 and g2. Here onlyan  asT 2 Tnd
sn  a, fd are temperature dependent, whereas the
of the coefficients are constant. Similar to the smec
A–smectic-Cp transition, Ta and Tf are here the phas
transition temperatures into the homogeneous antife
electric or ferroelectric phases, respectively,Ln are the
two Lifshitz coefficients, andK3n are the twist-bend-like
elastic constants. ForTa . Tf we have a second-orde
smectic-A–smectic-Cp

A transition into the antiferroelectri
phase with the tilt angleuasT d ø sTp

a 2 T d1y2 and the
wave vectorqa  2LayK3a of the double-helical modu
lation, which is here temperature independent.

The phase-mode dynamics is analyzed within
Landau-Khalatnikov equations of motion of the fre
energy density in a “twisted” reference frame [9,1
which follows the uniformly twisted structure of a doubl
antiferroelectric helix. A straightforward calculation lea
to four dispersion branches in the antiferroelectric ph
as shown schematically in Fig. 1(b). The two hig
frequency branches represent here helically modulate
excitations which are strongly temperature dependent
are observable only very close to the phase transitionT p

a .
The other two, low-frequency dispersion branches are
acoustic-like phason branch

t21
a sqd  K3aq2yh , (2)

and the optic-like phason branch

t21
f sqd  DsT d 1

K3f

h
q2

2

q
1
4 g

2
2u2

a 1 4K2
3f sqa 2 qf d2q2

h
. (3)
1770
ic

y
ti-

e
-
-

Here, DsTd  faf sTd 1 sg1 1
1
2 g2du2

asT d 1 s2Lf 1

K3fqadqagyh is a temperature dependent frequency g
and qf  2LfyK3f . For simplicity, the two viscosity
coefficients ha,f have been set equal, and we ha
considered only the plane-wave excitations with the wa
vector $q  s0, 0, qd along the double-helical axis.

The lower dispersion brancht21
a sqd is gapless in

the long-wavelength limit; i.e.,t21
a sq ! 0d ! 0 and

represents therefore thegapless phason branchwith
a zero-frequency, symmetry restoring Goldstone mo
which was observed recently [6]. On the other ha
the second branch of excitations [Eq. (3)] has afinite
frequency for all wave vectors. This is thereforethe
optic-like phason branch,which emerges in the smectic
Cp

A phase due to a doubling of the smectic unit cell.
further insight into the physical properties of these tw
phason branches is given by analyzing the structure of
corresponding eigenvectors, as shown schematically in
insets to Fig. 2(a) and 2(b). Whereas the Goldstone m
represents forq  0 a uniform rotation of a sample as
whole [inset Fig. 2(b)], the optic-like phason represe
here an out-of-phase local rotation of the two neighbor
layers [inset Fig. 2(a)]. It is straightforward to see th
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FIG. 2. Temperature dependence of the (a) optic-like pha
mode and (b) acoustic-like phason in the smectic-Cp

A phase
of EHPOCBC atqz  2.8 3 107 m21. The soft mode in the
smectic-A phase is shown at the far-right side of (a). The sol
lines represent forT , T p

a the best fit by Eqs. (2) and (3),
with K3ayh  2.2 3 10211 m2 s21, K3fyh  2 3 10210 m2 s21,
ayh  1.1 3 106 s21 K21, g1yba  0.9, g2yba  0.1, and
qf  1 3 107 m21.
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the Goldstone excitation is a nonpolar, whereas the zo
center optic phason is a polar mode, and can there
couple to a homogeneous external electric field.

The quasielastic-scattering cross section for the aco
ticlike and the opticlike phasons can be evaluated wit
the perturbative approach to the optics of inhomogene
liquid crystalline structures. Because the unit cell of t
smectic-Cp

A phase is much smaller than the wavelength
visible light, the dielectric tensor, which determines t
local optical properties, is an average over a unit cell

´s$r , td 
1
2

s´0
i 1 ´0

i11d 1
1
2

fd´istd 1 d´i11stdg .

(4)

Here´
0
i andd´istd are the static and the time-fluctuatin

parts of the dielectric tensor of theith smectic layer,
respectively. Because the symmetry of´jzs$rd, j  x, y,
is the same as the symmetry of$jstd [11], a straightforward
calculation shows that in the Born approximation bo
phason branches are observable when an ordinary w
is scattered by the order parameter fluctuations into
extraordinary wave or vice versa. The scattering cr
section for the acousticlike phason is proportional to
fourth power of the tilt angle, and is therefore smaller th
the scattering cross section for the opticlike phason, wh
is quadratic in the tilt angle. Furthermore, due to th
different coordinate dependencies, the acoustic pha
branch is centered at the scattering wave vector$qs  2 $qa,
whereas the opticlike phason branch is centered at$qs 
$qa in the laboratory reference frame.

The quasielastic light scattering experiment was p
formed in the smectic-A and smectic-Cp

A phases of 4-(1-
ethylheptyloxycarbonyl)phenyl-40-alkylcarbonyloxy bip-
henyl-4-carboxylate (EHPOCBC), which was align
homeotropically in50 mm glass cells. The experimen
was performed in an ordinary-extraordinary scatter
geometry with a wave vector$q  s0, 0, qd [6,12]. Very
closesø100 mKd to the antiferroelectric phase transitio
we observe a very weak and a very fast single-exponen
signal, which critically slows down atT p

a , as shown at
the far-right side of Fig. 2(a). This is therefore the s
mode of the transition. A finite value of the soft mod
relaxation rate atT p

a indicates that the scattering wav
vector is far from the critical wave vector of the trans
tion. In the antiferroelectric phase and close toTp

a , this
signal is masked by a much stronger, single-exponen
signal. The relaxation rate of this signal first increas
gradually by decreasing temperature, reaches a maxim
at Tp

a 2 T ø 7 K, and then gradually decreases
lowering the temperature. Then, atTp

a 2 T ø 7 K,
a single-exponential signal changes into a doub
exponential signal, clearly indicating the presence
a second eigenmode. There is an order of magnit
difference in the relaxation rates of both modes, wher
their intensities are almost the same. The second m
[see Fig. 2(b)] shows a very strong, parabolic tempera
e-
re

s-
in
us
e
f

e

h
ve
n

dependence, reaches a minimum rate atTp
a 2 T ø 12 K,

and then increases again to higher relaxation rates.
The nature of both modes that were observed in

antiferroelectric smectic-Cp
A phase was further clarified by

measuring their dispersion relations at a given temperat
as shown in Fig. 3(a) and 3(b). One can clearly see fr
Fig. 3(a) that the dispersion of the faster modes is cente
close toqs  1.6s1 6 0.1d 3 107 m21 and has a finite
gap, whereas the dispersion of the low-frequency mo
[Fig. 3(b)] is nearly gapless and centered atqs  2.4s1 6

0.01d 3 107 m21. As it is not possible to measure a
the Bragg peak, where the relaxation rate should van
the observed small gap of 400 Hz is due to a sm
qx component of the scattering wave vector. A nea
factor of two between the two wave vectors correspond
to the minima of the two dispersions indicates that t
faster modes represent theoptical-like phasonexcitations,
whereas the slower branch corresponds to theacousticlike
phasonmodes. This is also confirmed by the predictions
the Landau theory: Whereas the acoustic branch [Eq.
is expected to be gapless, the optic branch should h
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FIG. 3. (a) The dispersion relation of the optic-like pha
mode in the smectic-Cp

A phase of EHPOCBC atT p
a 2 T ø

10 K. The solid line is the best parabolic fit withK3fyh 
2.9 3 10210 m2 s21, qa  1.6 3 107 m21, and a gap of 9.4 kHz.
(b) The dispersion relation of the slow, acoustic-like pha
mode in the smectic-Cp

A phase of EHPOCBC atT p
a 2 T ø

14 K. The solid line is the best fit to Eq. (2) withK3ayh 
1 3 10211 m2 s21, qa  1.2 3 107 m21, and a residual gap o
400 Hz due to a small mismatch of$qs and $qa.
1771
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a finite relaxation rate for all wave vectors [Eq. (3
Indeed, the optical branch has a minimum frequency
of approximatelyø9.4s1 6 0.2d kHz [see Fig. 3(a)], and
no static Bragg scattering is observed at$qa, whereas the
acoustic phason branch is nearly gapless at2 $qa, where
the Bragg peak appears. The observed intensities are
in agreement with expectations: The acoustic branch
a smaller cross section and is therefore observable
in the region of slow relaxation. The observed valu
of $qa are also consistent with infrared selective reflect
measurements.

The measurements were fitted to the predictions o
simple Orihara-Ishibashi model [Eqs. (2) and (3)], wh
the temperature dependence of the helical period
measured with infrared selective reflection and includ
into analysis. This explains one part of the unus
temperature dependence of the observed relaxa
rates, and we find a very good global agreement of
fitting parameters. The observed values of the coe
cients, averaged over different samples and experime
runs, give K3ayh  1.6s1 6 0.3d 3 10211 m2 s21,
which is an order of magnitude smaller than in M
POBC [6,13] andK3fyh  2s1 6 0.5d 3 10210 m2 s21.
For the rest of the coefficients we obtainayh  1.1s1 6

0.1d 3 106 s21 K21, g1yba  0.9s1 6 0.2d, g2yba 
0.1s1 6 0.2d, and qf  1s1 6 0.5d 3 107 m21. The
results clearly indicate that only one coupling te
sg1 ¿ g2d is dominant in the expansion (1).

The experiment leads to yet another observation, wh
is very important for the understanding of the nature of
antiferroelectric order in liquid crystals. The frequen
gap of the optic-like phason branch is exceptionally sm
in the smectic-Cp

A phase i.e., it is of the order of 10 kH
This indicates that the ferroelectric correlations are v
soft in the antiferroelectric phase, or, in other words,
zone-center ferroelectric soft mode has nearly conden
at the phase transition point. This is consistent with
understanding of the nature of the long-range orientatio
order in tilted smectics, which tells us that the phase tr
sition into the tilted smectic is driven by the in-plan
short-range van der Waals forces. In this context, th
should not be much difference between the dynamic
the ferroelectric and antiferroelectric correlations in
smectic-A phase of an antiferroelectric liquid crystal, b
cause they both imply spontaneous and collective tilting
the molecules. The only difference is that in zone-cen
ferroelectric fluctuations, the molecules spontaneously
in the same direction, whereas in the antiferroelect
zone-boundary fluctuations, the molecules fluctuate
1772
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herring-bone-like, alternating fashion. The present exp
iment clearly indicates that there is not much energy d
ference between these two collective motions and dire
confirms the Orihara-Ishibashi model of the smectic-A–
smectic-Cp

A transition.
In conclusion, we have observed for the first time tw

dispersion branches in the smectic-Cp
A phase of an anti-

ferroelectric liquid crystal, which have been identified
the acousticlike (nonpolar) and the opticlike (polar) pha
excitations. The appearance of two distinct dispers
branches of phase excitations is here a direct consequ
of a doubling of the originally monomolecular smect
unit cell at the phase transition point. The observed p
nomenon is a direct analog to the phonon spectrum o
diatomic solid crystalline lattice, where, in addition to th
gapless acoustic phonon branch, an optical phonon bra
is observed. The difference is that in antiferroelectric l
uid crystals the frequency gap between these two bran
is many orders of magnitude smaller than in solids a
can be easily observed.
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