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Dynamic light scattering is used to study the antiferro- and ferrielectric phases in a bulk sample of the chiral
liquid crystal R-100TBBB1M7. Comparison of the detected fluctuation modes in the two ferriphases to
calculated selection rules for their coupling to light are consistent with the distorted clock structures recently
reported by an optical ellipsometry study, but indicate that the distortion has a polar component in both
ferriphases. We also find a surprisingly large amplitude and dispersion associated with scattering from fluc-
tuations in the tilt angle magnitude. In terms of the discrete interlayer interaction models currently being used
to account for the ferriphases, this finding suggests that the interlayer interaction coefficients are of comparable
magnitude to the intralayer coefficients that stabilize the tilt angle.
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The discovery of two ferrielectric phases in chiral smecticsometry study in FS films, except for a polar component to
liquid crystals[1] demonstrates that rather complex inter-the orientational structure of the Ip,, phase. We also
layer ordering of molecular dipoles can occur in a systenpbserve an unusually significant degree of scattering from
lacking true long-range positional order. The precise dipolafluctuations in thenagnitudeof the tilt order parameter, and
arrangement in the ferrielectric phases has been the subjediscuss the implication of this finding for Landau-deGennes
of intensive experimental study. These phases, designateédeories of the ferriphases.

SmCg;; and SnCg,, lie between the antiferroelectric The structure of the ferriphases can be described in terms
(SmC3%) and ferroelectric (S@*) phases. Although an el- of the orientational variation between layers of the in-plane
egant resonant x-ray scattering experim@jtperformed on component of the molecular director, which is inclined on
freely-suspende(FS) thin films proved that the SB¢; and  average by an anglé with respect to the smectic layer nor-
SnCr,, phases are characterized by superlattices of thre@al. We denote the orientation of this component for Igyer
and four smectic layers, respectively, determining the fullby ¢; (measured from a fixed reference axisvhen the
details of the interlayer director ordering from x-ray line- increments ing; between layers are the same and equal to
shapes alone has not yet been possible. In particular, the ty@0°/N for some integeN, one has a symmetric clock struc-

and degree of distortion of the interlayer orientational struc{uré With an optical unit cell oN molecules. When the in-
ture from the simplest, symmetric “clock” modéin which crements are not the same for jalbne has an asymmetric or

the tilted director precesses with a constant angular incredistorted clock structure. Distorted structures for2,3 are

mentof 120° o S0° beween smectc ayeramain uncer- 104", 1 0 0o The ditorion s descrived by 2 g
tain issues in the x-ray studies. However, a recent optical gieae, 9 P

. . . . i.e., the in-plane director summed over a unit cell is non-
Clock siucune in both errphases, deduced mauly flom (h¢Z10: The limitng cases corresponding o planar o
X . n ferrp ' y e‘lsing”-like structures are given byA\p=0° or 90° (for N
detection of optical biaxiality.

: : SO =2) and Ap=60° or —120° (for N=3). For N=4, as
In this Rapid Communication, we present a study of theshown in Fig. 1(bottom), polar and nonpolar distortions ma
dynamics of the ferriphases in a liquid crystal where the 9. P P y

known size of the optical unit cell allows a detailed analysisbe comprehensively described by a set of distortion angles

of the number and type of director fluctuation modes, and argétpsl(’gfgé”g% T;ned '(289 grgooggtll'n:)'lt;ra[;i%'\é:; bért]?je
explicit calculation of the selection rules that determine their N e P '

relative contributions to the measured light scattering crosg?r Ot rgorr? (nct))npolar runlt cgbl.r:rt\hallm(iarses a ibu”:i C:t'r‘::‘il nal
section. We demonstrate that dynamic light scattering pro—S ucture may be superposed on the microscopic orientationa

vides a simple method for distinguishing between symmet—StrUCttuAre' 'It;h![s produc_eiba §ma}ll additional angular incre-
ric, nonpolar asymmetric, and polar asymmetric orientationaf"€Nt A+, DEWEEN neighboring layers.

structure in the S, andCg,, phases. Unlike the FS film The structure functio@(q) for depolariz_ed light scatter-
studies, we study a bulk sample consisting of many thousan!d may be calculated in terms of the director fluctuations
smectic layers confined in an ordinary electro-optical cell,66;,5¢; with wave vectorq after first making simplifying
which is the situation most likely to be of interest in any assumptions appropriate to our experimental conditions. We
technological application of these materials. Our specific reehose the polarizer perpendicular to the scattering %)
sults, obtained on a sample aligned in the “bookshelf” layerplane and the analyzer parallel to it. Since the optical scat-
geometry, are consistent with the conclusions of the elliptering vector €10 um™1) is much less than the reciprocal
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Ap quency modes—those involving fluctuation®p; in the
phase of the tilt order parameter. For the twofold structure
(N=2), we have a single acousticlike mode corresponding
to in-phase orientational fluctuations®(8¢;,5¢,), and a
single opticlike mode for out-of-phase fluctuations,
1\2(8¢,,— 5¢,) [5]. The equilibrium orientations are
Po1=Ap, Pp,=180°—Ap. For N=3, we have one acous-
ticlike mode and two opticlike modésee the first column of
Table D, and ¢01=0, ¢02: 120°+Ap, ¢03: 240°_Ap.
Here, and throughout the table, explicit values of the index
correspond to the labels 1-4 in Fig. 1. Finally, fée=4, we
have an acousticlike mode and three opticlike modes, and
P0=AnpTApy,  $2=90°+Ap;,  Pp3=180°+Ayp
Ayp +4p —Apq, ¢go=270°—Ap,. The scattering selection rules for
these cases(assuming small equilibrium tilt si6
1 ~6,,c086y~1) are also presented in the table. The specific
entries in the table corresponds to the “form” factors, which
Ap, multiply the mean-square amplitudes of the individual nor-
2 mal modes contributing to the structure factor components in
Eqg. (1). (The phase angle increment, due to the chiral
helix has been neglected under the assumption that it is small
compared to the increment ig; between layers.We ob-
serve that the relative values of the coupling factors in the
FIG. 1. Polar p) and nonpolar &) distortions of a sym- tabl_e depend on the_ details of th_e ferriphase struct_ure. In
metric “clock” in-layer director structure for the S8y, Cr,,, and  Particular, the acoustic mode contributes to Hgscattering
Cr, phases, with optical unit cells containing 2, 3, and 4 mol-Only when the structure is asymmetric and has a polar com-
ecules, respectively(The figure does not include the small incre- Ponent. The presence of acoustic mode scattering jth&n

ments due to the macroscopic chiral hglix. rules out a symmetric clock structuf6].
Let us now turn to the details of our light-scattering ex-

periment. Our measurements were conducted on @rhO-
thick sample of R-100TBBB1M7. The bulk phase sequence
is [7] SmCx (112.0) SnCg;(114.0) SnC,(119.2)
SmC* (120.2) Sn€,(123.6°C) SmA. The sample was
sandwiched between glass slides with the smectic layer nor-
mal parallel to the substratgSbookshelf” geometry. A
single orientational domain was obtained with the help of a

lattice vector (2r/(Nd)~600um™%, d = smectic layer
spacing, S effectively contains an average over tNefold
unit cell. Combining this with a wave vector for the chiral
helix, o= (Ay/d)z, also in the optical range, we firgto be
the sum of two terms,

.. €, N .. square-wave electric field applied briefly on cooling first into
SiAd*qo) = mz [cos 20566;(q+qp) the SnA and then later in the S@) phases. The time-

=t correlation function of the 488-nm scattered light was re-

2 corded in a depolarized, forward-scattering geometry with

+i sin g, cosbod¢;(q+do)]e*'%icosdy ),  the smectic layer norma lying in the scattering plane. The

(1) scattering vectorq=q,z was varied between 1.8 and

10.2 um™ 1. In this range we probe mainly trfﬁ; branch of
the scatteringi.e., S,,); in fact we estimate from Eqgl)

and (2) that the ratio of 2, to g, scattering did not exceed

) 3% for any fluctuation mode. Temperatures for the transi-
tions between antiferro-, ferri-, and ferroelectric phases were

>’ previously determined by high-resolution heat capacity and

electro-optical studies on bulk R-100TBBB1M7]. We

: . . . . L also performed our own calorimetry to confirm consistency
where e, is the dielectric anisotropyneglecting biaxiality, with the published temperatures.

fo, ¢o; are the equilibrium tilt and phase angles, ahds Our data for the dispersion of the director fluctuation
the scattering angle in the sample. Equafibnindicates that modes detected in the S, SMCp,q, and SnCy,, phases
the scattering inq space is centered on the helical wave gre presented in Fig. 2. In the §) phase T=110.0°C), a
vectorsiﬁo andiZﬁo [4]. high frequency (19sec!) opticlike mode and a moderate
We can use the above results to calculate scattering selefrequency (16—10° sec ) optic mode are detected. Both
tion rules for the normal modes of the structures shown irmodes are centered on a wave vecipwell away from zero
Fig. 1. We shall illustrate in detail results for the lower fre- and consistent with the observed position of a weak diffrac-

> a2 €a . . -
Sy(a*2do) =1 | 5 le [Fi sin 6y cosy86;(q+24p)

+5ir? 0,0, (q+ 2q) ]e™'2%0i sin 6
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TABLE |. Selection rules for depolarized light scattering from phase angle fluctuation modes in the
SMC,, SnCg 1, and SnCg, phases.

Mode Sil9=do) Sy(a240)

1 .

(001962 L 63sirPAp Lhicog2A,

1 .

5 (8y,— 8¢by) 3 65c0SAp 3 03sirf2A,

1 . .
ﬁ(5¢1,5¢2,5¢3) 365(1—cosAp—/3sinAp)? 3603(1—cos Ap+/3sin 2Ap)?
%(25%,_ Sy, — 5b3) % 05(2+cosAp+/3sinAp)? $0%(2+ cos Ap—/3sin 2Ap)?

1 . .
E(Oﬁ%'_ Sbs) 3 62(\/3cosAp—sinAp)? 3 03(\/3cos Ap+sin 2Ap)2
(81,8, 83, 5¢s) 3 02(SinPApy +SiMPAp,+ 3 03(CoS2Ap, +COS2Apy—

2 SinAp;SiNAp,SinAyp) 2 c0Ss 2Ap;C0S Ap,c0S Ayp)
2(Spy,— Oy, — Sbg, 5¢bs) 3 62(CoSAp +COSAp,— 1 63(sSirP2Apy +SIMP2A py+

2 CcO0SAp;COSApR,SiNAyp) 2 sin 2Ap;Sin 2Ap,c0S Ayp)
2(8p1,0¢p,— Scpg,— Scby) 7 05(coSAp;+SiIPAp,+ 3 03(siP2Ap, +SiMP2Ap,

2 COSAp;COSApR,SINAnp) — 2 sin 2Ap;Sin 2Ap,c0S A \p)

(81, — Spy,8b3,— Sby) 7 02(SinPApy +SinPAR,— 3 03(CoS2Ap, +COS2Apy+

2 SinAp;SiN Ap,SinAyp) 2 c0S 2Ap;C0S Ap,c0S Ayp)
tion spot due to the chiral helix. The solid lines are fits of the 9 R ' ' ' ' 1

5 1100°C (SmC,)
o 113.3°C (SmC,,)

inverse relaxation time to a parabolic dispersienl~(q,
—0o)?, and yieldgy=9 um ! or an optical pitch of ap-

proximately 0.7 um. From the table, the absence of a low- 'é ° o 114.9°C (SmC_,)
frequency(gaples$ acoustic mode implied ,~0°—i.e., a @,

symmetric twofold structure with 180° rotational symmetry. S i
Then the only phase fluctuation mode expected is an optic

mode [1/\2(8¢4,— 8¢,)], which we assign to the lower 0t .
frequency of the two observed modes. The higher frequency 20r )
mode must then arise from fluctuations in the tilt anglag- .| )

nitude in fact, the frequency and dispersion of this mode are Tg
quite consistent with that of the single mode observed at m: 10k
higher temperature near the 8rphase, where the dominant =
scattering should be due to tilt fluctuations. Although two tilt e
modes generally contribute in E€L), for Ap=0° only one

is observable. Our detection of a tilt modes at a frequency 10 Or ; : " : ; ]
times greater(and therefore an intrinsic amplitude 10 20r 1
times lesy than the phase mode is explained by E®), 15k = )
where we see that the cross section for tilt fluctuations is T,
enhanced by a factor ﬂg~ 10 relative to the phase fluctua- 1.0} .
tions. =

Turning now to the SiB¢,; ferriphase(at T=113.3°C), 057 I

we continue to observe both the high-frequency tilt and optic ol |
phase modes, with relaxation rates' basically unchanged 0 2 4 6 é 10 1
from the C, phase. From parabolic fits to these modes, we q. (um™)
getgo=8 wm 1. However, an additional, much lower fre- :
quency phase mode is also detected. This mode has a gap of g, 2. Dispersion of the relaxation rates ¢) for the tilt (top),
order 1Gsec’, and is consistent with the acoustic phaseopticlike phase(middie), and acousticlike phastbottom modes
mode, where the observed residual gap is due to the fact thgbserved in the ferriphases of R-100TBBB1M7. The scattering
we could not studyg,=q, precisely because of the large vectorq, is along the smectic layer normal. Solid lines represent
amount of static scattering coming from the diffraction spotparabolic fits,~ 1~ (q,—q,)?, centered on the wave vectqy of

at go. We confirmed this identification of the acoustic modethe chiral helix.
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by tracking it into the narrow ferroelectric phase, where theangles. Without more comprehensive data, we are not cur-
acoustic scattering completely dominates the specfdiin  rently able to make separate estimates of the polar and non-
From the selection rules in the table, the presence of acoustjsolar distortion angles; however, we note from the table that
mode scattering centered gg immediately implies that the  for large Ayp (i.€., Ayp—90°), the optic phase mode scat-
SmCg 1 phase must have polar asymmetry. Moreover, theering should reduce to a single observable mode, as is in-
detection of a single optic phase mode suggests that th@eed the case in our experimental results. If we use the value
asymmetry is quite large. Specifically, from the Table I, Wep  ,~65° [8] reported from ellipsometry on a FS film of
see that one of the»two optic phase modes has a Vamsm“ﬂ)OTBBBlM?, and assume the simplest case whigg
cross section on thgo branch whemAp—60°. In fact, we  =A_,=A,, our measurements of the phase mode ampli-
can use the results of the table, the measured acoustic afghes and relaxation rates implyp~ 15°. Because of the
optic phase mode frequencies, and the measured relative agffferent dependences of the mode amplitudes on distortion
plitudes to extract a value dfp . Applying this to the results  angles indicated in the table, improved estimates of these
of our correlation fits for alfy studied, we findA p=45"13. angles should be possible by probibgth the g, and 2,
The reason for the large error bar is twofold. First, the factyanches of the scattering on the same sample.
that the tilt mod.e is at the edge of our correlator's range \ye conclude by briefly considering the relatively large
makes the amplitudes of all the modes somewhat more Unsispersion[9] associated with the tilt fluctuation mode,
certain th_an normal. Second, the ratio of cross sections_in th&hich we observed in the ferriphas@nd also in the S@,
table varies by only 20% for 452Ap=60°. But the main  angA phases The large dispersion has implications for the
point, that the Si@g,; phase is highly distorted from the (g|ative magnitude of the coefficients appearing in Landau-
symmetric “clock’” model, is now confirmed by a dynamical deGennes-type expansions of the free energy of the fer-
measurement. riphases. The most promising of the$er predicting known

In the SnCr,, phase T=114.9°C), only the lower fre- gtryctural properties and phase sequenees based on dis-
quency modegcentered orgo~7um~') are observed for crete, near-neighbor interactions between layers, similar to
all values ofg,. The tilt fluctuations were only detected ANNNI models[10]. The free energy contains “mean-field”
wheng,<do. The two low frequency modes are similar in o intralayer terms of the formag6?+b, 67 (which stabilize
behavior to the acoustic and optic phasons ofthg phase, the tilted structurg plus interlayer interaction terms like
.and,. from the table, the detection of acoust|c_ scattering agalgj 0;6; 1 cos(h—¢;41) (which stabilize the various fer-
implies polar asymmetry for th€,, phase(i.e., nonzero (iphase structurgsA large tilt mode dispersion then basi-
Apy Or Apy). This rules out the symmetric clock and nonpo- ca|ly means that the interlayer coefficiemts(which set the

lar Ising models. We can also rule out the polar Ising modelgryature of the dispersipmnd the intralayer coefficients,
since results from the table for this model combined with the,yhich set the gaphave comparable magnitude.

measured ratio of relaxation rates predict an acoustic to optic

mode amplitude ratio~10 times higher than measured.  This research was supported by the NSF under Grant Nos.
Thus, our light-scattering measurements support a distortetdMR-8920147 and DMR-9904321. We are grateful to R.
clock model with intermediate values of the distortion Pindak and C. C. Huang for helpful conversations.
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