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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 smégtiphase of 4-(1-
ethylheptyloxycarbonyl)phenyl~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 smectié 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

The onset of the antiferroelectric liquid crystalline schematically in Fig. 1(b). The lowest branch is a gap-
order at the smecti®—smectic€) phase transition is less phason branch [6] with a zero-frequency, symmetry
characterized by the condensation of a nonpolar soft modestoring Goldstone mode that is analogous to the acous-
with the wave vector at the edge of the Brillouin zonetic phonon branch of a diatomic lattice. In addition to the
(—m/d, 7 /d) of a smecticA liquid crystal with a smectic two high frequency amplitude branches that are strongly
layer thicknesd. As a result, the so-called alternating- temperature dependent, an opticlike branch of phase ex-
tilt structure is formed in the antiferroelectric smectic- citations is expected to appear in the smecticphase.

C, phase, the nature of which is by now fairly well Similar to the optical phonon branch in a diatomic solid
understood [1-4]. The antiferroelectric phase can berystalline lattice, the appearance of this optical phason is
considered as a stack of tilted ferroelectric smectic layershere a direct consequence of a doubling of the originally
The direction of the molecular tilt and therefore also themonomolecular unit cell.

direction of the local spontaneous polarizatiBp of the In this Letter, we report the first simultaneous observa-
neighboring layer reverses by nearly 28@s we move tion of the dispersion relations of the opticlike and acous-
along the layer normal. Two neighboring layers thus fornticlike phase excitations in an antiferroelectric sme¢tjc-

an antiferroelectric unit cell with two nearly antiparallel phase. As expected for an optic-like phason, the disper-
electric dipoles and a very small value of the equilibriumsion has a finite gap and is centeredzat We have also
electric polarizationf)o(?) = f)i + f)iﬂ = (. Because observed a gapless branch of the zone-center phase modes,
of chirality, the directions of the local electric polarization which have a minimum relaxation rate 2,. From the
precess slowly around the layer normal, as one moves inmeasured temperature dependencies of the relaxation rates
direction perpendicular to the smectic layers. This causesf both modes, we give a first consistent set of the coef-
a helical modulation of the smecti; phase with a wave ficients of the Landau—de Gennes free-energy expansion
vectorg, on a mesoscopic scale and leads to the so-called

double-twisted helical structure, where two ferroelectric

. . . ! -1 Pty =1z

helices in fact gear into each other. ' @all [a.tu.]% TR
The condensation of the zone-boundary antiferroelec- | (b)

tric soft mode has some fascinating implications for the — | .

spectrum of collective excitations of the antiferroelectric / A4 \ AN

phase [5]. Similar to the phonon spectrum of a monatomic / SmA \ v \\/1 )
linear chain, we have in the smec#icphase of an an- /,’
tiferroelectric liquid crystal a single, doubly degenerate i

branch ofoverdamped collective orientational excitations i B

that critically slows down at the zone boundary, as shown -

in Fig. 1(a). Atthe phase transition, the original Brillouin ' '

. . . -n/d 0 nw/d -nid -n/d 0 n/d mAd
zone is reduced because of a doubling of a unit cell, and 9z 9

the zone-boundary modes appear as the zone-center moq_qg_ 1. The dispersion relation for the order parameter excita-
of the low-temperature phase. There are, therefore, foufons in the smecticA (a) and a homogeneous smedtig-phase
dispersion branches in the smeadfig- phase, as shown (b) of an antiferroelectric liquid crystal [5].
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for the antiferroelectric smecti€, phase [7,8] and find a Here, A(T) = las(T) + (y; + %yz)eg(T) + 2Af +
remarkable agreement with theory. K3rq4)q4)/m is a temperature dependent frequency gap
The order parameter dynamics of the antiferroelectriand g, = —A/K3;. For simplicity, the two viscosity
smecticC); structure can be conveniently derived within coefficients N4 have been set equal, and we have
the Orihara-Ishibashi [7,8] nonequilibrium free energyconsidered only the plane-wave excitations with the wave

density, expanded in terms of the ferroelectric and antivectorg = (0,0, ¢) along the double-helical axis.

ferroelectric order parametef§ andéa: The lower dispersion branch'(¢) is gapless in
1 . 1 . the long-wavelength limit; i.e.,r,; (¢ — 0) — 0 and
g=2gat+ Z [—aylg,,l2 + —b,l&* represents therefore thgapless phason branchvith
vSasl 2 4 a zero-frequency, symmetry restoring Goldstone mode,
+ A (&, X 0&,/02), which was observed recently [6]. On the other hand,

. . the second branch of excitations [Eq. (3)] hadirdte
T —K3V(a§,,/8z)2} + o yiél &7 frequencyfor all wave vectors. This is thereforthe
2 2 optic-like phason branchyhich emerges in the smectic-
+ 1 (2 ) E )2 (1) C phase due to a doubling of the smectic unit cell. A
g Y2\ea T ef) further insight into the physical properties of these two

Here, g4 is the equilibrium free-energy density of the Phason brgnches is given by anaLyzing thﬁ structurlte of t?}e
. > _ 1.z —z i i tors, as shown schematically in the
smecticA phase¢, s = l(f- ¥ &i+1), and the molecu- corresponding eigenvectors,
lar tilt of the ith smectic layer is described by a two- SIS 1 Fig. 2(a) and 2(b). Whereas the Goldstone mode
. z S represents foy = 0 a uniform rotation of a sample as a
component tilt vectoré; = (njcn;;, niyn;;), wheren; is

| . < whole [inset Fig. 2(b)], the optic-like phason represents
the corresponding director. It is easy to see from th%ere an out-of-phase local rotation of the two neighboring

structure of Eq_. (1) that we h_ave, In fa_ct, two Cor.npet'layers [inset Fig. 2(a)]. It is straightforward to see that
ing structures, i.e., ferroelectric and antiferroelectric he-

lix, where the coupling between them is described by
the coefficientsy, andy,. Here onlya, = a(T — T,) 100
(v = a, f) are temperature dependent, whereas the rest
of the coefficients are constant. Similar to the smectic-
A—smectic€™ transition, 7, and T, are here the phase
transition temperatures into the homogeneous antiferro-
electric or ferroelectric phases, respectively, are the
two Lifshitz coefficients, and;, are the twist-bend-like
elastic constants. Fdf, > T, we have a second-order
smecticA—smectic€}, transition into the antiferroelectric
phase with the tilt angl®,(T) = (T — T)"/? and the
wave vectorg, = —A,/K3, of the double-helical modu-
lation, which is here temperature independent.

The phase-mode dynamics is analyzed within the
Landau-Khalatnikov equations of motion of the free-
energy density in a “twisted” reference frame [9,10],
which follows the uniformly twisted structure of a double-
antiferroelectric helix. A straightforward calculation leads
to four dispersion branches in the antiferroelectric phase,
as shown schematically in Fig. 1(b). The two high-
frequency branches represent here helically modulated tilt
excitations which are strongly temperature dependent and
are observable only very close to the phase transifjpn
The other two, low-frequency dispersion branches are the

v [kHz]

t7'[kHz]

*
acoustic-like phason branch T-Ta" K
Ta 1(61) = K3aq2/77» 2) FIG. 2. Temperature dependence of the (a) optic-like phase
and the optic-like phason branch mode and (b) acoustic-like phason in the smecticphase
K3 of EHPOCBC atg, = 2.8 X 10’ m~!. The soft mode in the
7}71(61) = A(T) + 237 q2 smecticA phase is shown at the far-right side of (a). The solid
n lines represent foll < T the best fit by Egs. (2) and (3),

1 2., 2 R with K3,/n=22%x10"" m?s™!, K3;/p=2%x10"""m?>s7!,
_ Vi730% + 4310 — 4’ (3) @/ =L1UX10°sTK yi/b, =09, y2/b, = 0.1, and
n : gr = 1% 10" m".
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the Goldstone excitation is a nonpolar, whereas the zonalependence, reaches a minimum rat&at- 7 = 12 K,
center optic phason is a polar mode, and can thereforand then increases again to higher relaxation rates.
couple to a homogeneous external electric field. The nature of both modes that were observed in the
The quasielastic-scattering cross section for the acousntiferroelectric smectic; phase was further clarified by
ticlike and the opticlike phasons can be evaluated withirmeasuring their dispersion relations at a given temperature,
the perturbative approach to the optics of inhomogeneouas shown in Fig. 3(a) and 3(b). One can clearly see from
liquid crystalline structures. Because the unit cell of theFig. 3(a) that the dispersion of the faster modes is centered
smecticC; phase is much smaller than the wavelength ofclose tog, = 1.6(1 = 0.1) X 10’ m~! and has a finite
visible light, the dielectric tensor, which determines thegap, whereas the dispersion of the low-frequency modes
local optical properties, is an average over a unit cell [Fig. 3(b)] is nearly gapless and centeredat= 2.4(1 =
. 1, 0 1 0.01) X 10’ m~!, As it is not possible to measure at
e(f,1) = - (ei + &) + 5 [eit) + Seini(0]. the Bragg peak, where the relaxation rate should vanish,
) the observed small gap of 400 Hz is due to a small
0 ' . ~g» component of the scattering wave vector. A nearly
Heree; andde;(r) are the static and the time-fluctuating factor of two between the two wave vectors corresponding
parts of the dielectric tensor of thith smectic layer, to the minima of the two dispersions indicates that the
respectively. Because the symmetryeof(7), j = x,y,  faster modes represent thptical-like phasorexcitations,
is the same as the symmetry &) [11], a straightforward whereas the slower branch corresponds tcattwusticlike
calculation shows that in the Born approximation bothphasomrmodes. This is also confirmed by the predictions of
phason branches are observable when an ordinary watke Landau theory: Whereas the acoustic branch [Eq. (2)]
is scattered by the order parameter fluctuations into ars expected to be gapless, the optic branch should have
extraordinary wave or vice versa. The scattering cross

section for the acousticlike phason is proportional to the 50
fourth power of the tilt angle, and is therefore smaller than
the scattering cross section for the opticlike phason, which 40
is quadratic in the tilt angle. Furthermore, due to their
different coordinate dependencies, the acoustic phason
branch is centered at the scattering wave vegior 24, %
whereas the opticlike phason branch is centered, at -
g« in thelaboratory reference frame. e 20
The quasielastic light scattering experiment was per-
formed in the smectié& and smectiac; phases of 4-(1- 10
ethylheptyloxycarbonyl)pheny~alkylcarbonyloxy bip-
henyl-4-carboxylate (EHPOCBC), which was aligned 0
homeotropically in50 um glass cells. The experiment
was performed in an ordinary-extraordinary scattering 12
geometry with a wave vectaj = (0,0, g) [6,12]. Very
close(=100 mK) to the antiferroelectric phase transition, 10
we observe a very weak and a very fast single-exponential "~
signal, which critically slows down aI’;, as shown at = 08
the far-right side of Fig. 2(a). This is therefore the soft ‘i
mode of the transition. A finite value of the soft mode 06
relaxation rate af; indicates that the scattering wave
vector is far from the critical wave vector of the transi- 04
tion. In the antiferroelectric phase and closeTip this

signal is masked by a much stronger, single-exponential
signal. The relaxation rate of this signal first increases
gradually by decreasing temperature, reaches a maximum
at T, — T = 7K, and then gradually decreases byrig 3. (a) The dispersion relation of the optic-like phase
lowering the temperature. Then, & — 7 =~ 7K, mode in the smecti€¢; phase of EHPOCBC af} — T =~
a single-exponential signal changes into a doublei0 K. The solid line is the best parabolic fit witks;/n =
exponential signal, clearly indicating the presence of9 X107 m*s™!, g,=1.6x 10" m™', and a gap of 9.4 kHz.
a second eigenmode. There is an order of magnitud(eb) The dlsperS|on.reJat|on of the slow, acoustic-like phase
diff in th laxati i f both d h mode in the smecti€, phase of EHPOCBC af; — T =
irerence In the relaxation rates or both Modes, WNereéap, k- The solid line is the best fit to Eq. (2) withs,/n =
their intensities are almost the same. The second modex 10! m?s™!, g, = 1.2 X 10’ m™!, and a residual gap of
[see Fig. 2(b)] shows a very strong, parabolic temperaturé00 Hz due to a small mismatch gf andg,.

16 18 20 22 24 26 28
q, (107 m™1]
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a finite relaxation rate for all wave vectors [Eq. (3)]. herring-bone-like, alternating fashion. The present exper-
Indeed, the optical branch has a minimum frequency gapnent clearly indicates that there is not much energy dif-
of approximately=9.4(1 * 0.2) kHz [see Fig. 3(a)], and ference between these two collective motions and directly
no static Bragg scattering is observedgat whereas the confirms the Orihara-Ishibashi model of the smedtie-
acoustic phason branch is nearly gaplesQat where smecticC) transition.
the Bragg peak appears. The observed intensities are alsoln conclusion, we have observed for the first time two
in agreement with expectations: The acoustic branch hadispersion branches in the smedfig-phase of an anti-
a smaller cross section and is therefore observable onfigrroelectric liquid crystal, which have been identified as
in the region of slow relaxation. The observed valueshe acousticlike (nonpolar) and the opticlike (polar) phase
of g, are also consistent with infrared selective reflectiorexcitations. The appearance of two distinct dispersion
measurements. branches of phase excitations is here a direct consequence
The measurements were fitted to the predictions of @f a doubling of the originally monomolecular smectic
simple Orihara-Ishibashi model [Egs. (2) and (3)], whereunit cell at the phase transition point. The observed phe-
the temperature dependence of the helical period wasomenon is a direct analog to the phonon spectrum of a
measured with infrared selective reflection and includedliatomic solid crystalline lattice, where, in addition to the
into analysis. This explains one part of the unusuabapless acoustic phonon branch, an optical phonon branch
temperature dependence of the observed relaxatias observed. The difference is that in antiferroelectric lig-
rates, and we find a very good global agreement of theid crystals the frequency gap between these two branches
fitting parameters. The observed values of the coeffiis many orders of magnitude smaller than in solids and
cients, averaged over different samples and experimentahn be easily observed.
runs, give Kz./n = 1.6(1 *0.3) X 107" m*’s™!,
which is an order of magnitude smaller than in MH-
POBC [6,13] andK3¢/n = 2(1 = 0.5) X 1071 m?s™ 1.
For the rest of the coefficients we obtaifin = 1.1(1 = [1] A.D.L. Chandani, T. Hagiwara, Y. Suzuki, Y. Ouchi, H.

0.1) X 106 sT'K™!, y1/b, = 0.9(1 £0.2), v2/bs = Takezoe, and A. Fukuda, Jpn. J. Appl. Phgg, L729
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results clearly indicate that only one coupling term [2] Y. Galerne and L. Liebert, Phys. Rev. Les, 2891
(y1 > 7») is dominant in the expansion (1). (1991).
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