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Slow mode of the smectilA—smecticC,* phase transition
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Unusual slow fluctuations as revealed recently by dynamic light scattering close to the-Sm-C_*
phase transition in the antiferroelectric liquid crystal14methylheptyloxy-carbonyphenyl 4 -octyloxy
biphenyl-4-carboxylate can be explained by the electrostatic coupling between impurity ions and director
fluctuations. Within the vicinity of SmA—Sm-C_* transition, the relaxation rate of the slow mode depends
linearly on temperature, but with a different slope in each phase. The square root of its intensity shows a clear
Curie-Weiss divergence at the phase transition, which is a direct confirmation of the electrostatic coupling
mechanism|[S1063-651X99)06511-3

PACS numbgs): 61.30.Gd, 64.70.Md, 64.70.Rh

The study of the phase transitions in chiral smectics iphase and amplitude modes we have observed unusual and
fascinating due to the interesting symmetry changes betweerery slow fluctuations in both S and SmC_* phases.
their subphasegl-5]. Simply by changing the temperature This slow mode with a relaxation rate of the order of 50—200
one can observe in one and the same material all para, ferrblz was not predicted in the model ofe@ic and Zks and
ferri, and antiferroelectric phases and the transitions betweegpuld not be attributed to pure director modes. On the other
them. Among them is the StA—Sm-C_* phase transition hand, such a slow mode was observed in the Gmphase
which can be observed in the antiferroelectric liquid Py Lu etal.[17]. They attributed this slow mode to the elec-
crystal 4¢1-methylheptyloxy-carbonyphenyl 4 -octyloxy tro_stat_|c coupling of the impurity ions with the electric po-
biphenyl-4-carboxylatédMHPOBC) [6]. It has been shown larization of the sample. _ _
by independent NMR7] and optical experiment8,d] that In this paper we present a simple model that explains the

e S, phase s a e smectc hase. From the ven71, f 1 sl fuctatos by taking it accour e
small value of the optical rotation in this pha&9], it was ping

. i the fl ions of the local concentration of ionic impurities.
conjectured and later provddQ] that Sm<C_* is in fact e fluctuations of the local concentration of ionic impurities

: . . . . We use a simple perturbation approach to calculate first-
ferroelectric with a very short helical period. It shows anti- Pe p PP

. ) order corrections to the relaxation rates and scattering inten-
ferroelectric properties close to the Stnphase and changes gties of the director modes. We find a linear temperature

to a ferrielectriclike structure on approaching the - gependence for the modes and a Curie-Weiss divergence for
phase[11,12. the square root of the intensity. We show our dynamic light-
Isozakiet al.and Suret al.[13,14] developed the discrete scattering measurements to be in excellent agreement with
Landau model of the Sn&,* phase, which was based on these calculations.
competing interactions between the nearest- and next-nearest Consider a Sne,* system with the smectic layers nor-
layers. The dynamics of the S@;* phase was then de- mal to thez axis and the average molecular directiofr)
scribed by @picand Zeks[15] in a simple discrete phenom- tilted by an angled from thez axis and with ionic impurities
enological model in which the next-nearest-neighbor interthat follow a Brownian motion. The projection of the direc-
layer interactions play an important role. In their model, thetor & on the smectic plane makes an anglavith respect to
order-parameter fluctuation spectrum of the 8mphase the x axis and can be considered as the order parameter to
consists of a single, doubly degenerate branch of excitationdescribe the Sn¢ ,* phase. We assume that the equilibrium
with two minima that appear close to the center and close tgoncentration of the ionic impurities & and the local con-
the boundary of the Brillouin zone, respectively. They alsocentration fluctuation igc; . The total free-energy density of
predicted that the SnG,* phase is a tilted, short period the fluctuations in this system is
ferroelectric phase. The order-parameter fluctuations can

therefore be decomposed into the fluctuations of the phase f(r)="fq(r)+fc(r)+fe(r). Y
and the magnitude of the tilt angle which are called phase
and amplitude modes, respectively. Heref, is the contribution of the director fluctuations to the

In a recent work we have reported the first dynamic light-total free energyf results from the ionic impurities, anfg
scattering measurements in the vicinity of theis the electrical contribution of the total charge density to the
Sm-A-Sm-C_* phase transitior{16]. In addition to the total free energy.
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The director contribution to the free energy densitj/lis] Here d is the layer thickness. The total free energy of the
fluctuationsF = [ f(r)d® with a wave vecton is then given

1 ) ) 1 o by F(g)=F +F +F and can be represented as
Sa(oel+ o)+ Say (s oe ) y F(a)=Fa(q) +Fe(q) +Fe(a) 0

fdz 2

j=AilTayers 2 1
1 F(a)=52 864D (a)5éq, ©
j j+1 j j+2 j j+2 q
+ 6} 8¢}, )+§az(5§’x5§'x +6EL6ELT)

where 8é,=[ 6§ x,0&q,y,6Ci(q) ] andF(q) andF¢(q) are

1 - - - - the corresponding Fourier transforms. The dynamical matrix
+ 5 f(8E " oE) - 68} 6E)). @ p(yis
i i A -B iD
Here 6&5 and 6¢y are the components of the order- .
parameter fluctuations in thgth layer anda=a(T—T,) D(q)=| -B* A" —iD’ (8
with >0 andT, the transition temperature, anda, are —iD iD’ E
coefficients that represent the strength of the achiral bilinear
interaction between nearest and the next-nearest neighboigith the elements
respectively. The last term describes the chiral interaction.
The free-energy densitf, of the impurity ions can be . a, . P5 a;
: : onic i i A=a+a, g9+ —e20d — —
calculated from the chemical potential of the ionic impuri- 1 4 2ee0 G2
ties:
. a, . PZ g2
1 _[6c(n]? A'=a+a,e'+ Zze'zqzde 5 — 5, (9a)
fo(r)=zkgT . (3) €epqQ
2 Ci
. . _eiPO Ay ,_eiPO x
Here kg is the Boltzmann constant, is the absolute tem- D=3es e D=3 7’ (9b)
perature, andsc;(r) is the fluctuation of the local impurity 0 0
concentratiort; . p2 1 KaT e?
The electrical contribution to the free enerfyyoriginates B=_" qxgy +i2fsin(g,d), E== By _'2
from the electrostatic Coulomb interaction of both real 2ee0 0 2 ¢ 2880q(10)

chargesp;(r) (ionic impuritie9 and fluctuation-induced po-

larization chargegp=—V-P(r,t) and is given by We use the Landau-Khalatnikov equations for director fluc-

tuations to study the dynamics of the system

1
fo==p(r)V(r). 4) —
e=5P(NV(r) dFq(a) _ d0& 11
96 4 Tt
Here,p(r)=p;(r) +pp(r)=edc;(r)—V-P, V(r) is the local
electric potential that satisfies the Poisson equation wherey is the rotational viscosity anfly is the contribution
of the director fluctuations to the dynamical tensor. For the
p(r) dynamics of the ionic impurities we use the continuity equa-
EB Ol €4pbpV(r)]=— ey ) tiz)ln P T
&4, IS the dielectric tensor for high frequencies ands the goci(9) =-V.-J=-V. mcV L(q)) . (12
permittivity of free space. The spontaneous polarization is at d6¢i(—q)

P(X,y) = —Po&y(r)X+Poé,(r)y andPy is the magnitude of
the spontaneous polarization in the $y* phase. Note that
Py is replaced by the fluctuation-induced polarizatiBg
=Ce in the SmA phase.C is the flexoelectric coefficient
ande is dielectric constant of the Si-phase. _
Due to the helical symmetry of the S@;* phase it is aséci(—q)
more convenient to expand the fluctuations of the order pa-
rameter as helicoidal fluctuations with wave vectqr HereF, is the contribution of the ionic impurities to the free
=(0x,0dy,4,) energy. Note that then; of the impurity mobility is con-
nected to the ionic mobility; in an external electric field by
5§JX(r)=E 5§qyxei“zjdeiqxxe‘qu, }gﬁ_ equationu; =¢e;m; wheree; is the electric charge of an
g ©) After considering the time dependence of the fluctuations
as 6&4= 64 0exd —t/7(g)], the dynamics of the system re-
J ey — i0,)d niGyXaigyy duces to a set of coupled linear equations. These have non-
98y(1) Eq: Ofqye e, trivial solutions if the corresponding determinant vanishes:

which can be rewritten in the form of a generalized diffusion
equation for charge:

IF(q) ,asci(q)
Y Y—W- (13
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¥ ) [see Egs(9), (10), (14)], we find the perturbed relaxation
- -B iD rate of the ionic impurity mode:
7(q)
04 . 1 1 kgTuq? € 1;iC; eiPS,U«iCi
-B* - —iD" | =0. 14 — -z X, S o
T(q) ( ) Tion 2 € 2880 4828%’)/ Tam (18)
—iD iD’ 4 The dispersion relation for the ionic diffusion shows a finite

7(9) gap in the limit of small wave vectors, which is characteristic

For a given wave vector we obtain three relaxation ratesfor the Coulomb interaction. The third term in the right-hand

which represent three branches of the excitation spectrum. Iiw'cile I?:\ E?d(%ﬁé %mgitg:eflﬁg:{;\(t:i%%ns d#ﬁi;oté?ri (ia;er?;[(r)(ﬁtguc_
the absence of coupling=D’=0), the determinaniEq. piing : 9

(14)] gives us two directofphase and amplitudlenodes and nificant for wave vectors that are parallel to the smectic
a singgle diffusion mode ofpthe ionic impSritieS' planes and is proportional to the relaxation time of the fast

director modes. A similar correction, only with an opposite
_ a, . sign, can be obtained for the fast director modes. Note that as
a+a1e'qzd+—e'2qzd+2fsin(qzd)), soon as the polarization disappedig., P,=0) the ionic
4 impurity mode is decoupled and unobservable. Note also that
for paraelectric systems, like the SAphase, this term is
a+a,edd+ %eiZQZd_Zfsiqud))' (15) rehplaced byPy=Ce¢, reflecting the polarizibility of this
phase.
We have performed the perturbation analysis of the eigen-
1 1 e’mic; vectors of the fluctuations in a similar way. After a straight-
a 2 2egq forward calculation, we obtain the first-order correctml)
to the amplitudes of the coupled director-ionic fluctuations:
The intensities of these modes can be calculated from the
equipartition theorem. This gives a Curie-Weiss law for the 1 D’ o) _ 0)
intensity of the softand amplitudonmode and a slight tem- 58y~ mwci |~ a(T—-Ty) |oci™l. (19)
perature dependence of the amplitude of the fluctuations of
the impurity concentration. It is important to note that in thisNote that now the Curie-Weiss law for the soft director
limit of uncoupled modes, we can observe only the two di-modes is also reflected in the amplitude of the slow ionic
rector modes in a light-scattering experiment because thgode. This can be easily understood by remembering that
ionic modes cause no fluctuations of the direction of thethe dielectric susceptibility of the system increases close to
optical axis. the SmA—-Sm-C_* transition. This results in an increased
The situation is completely different when we include anintensity of the slow ionic mode. One should also note that
electrostatic interaction. This has two consequen@¢she  the intensity of light scattered by this mogle~(6£)?] is
eigenfrequencies are renormalized due to the coupling angroportional to the inverse square af{ T,).
(ii), the director and ionic modes become mixed such thatthe |n our experiments we used 50m thick homeotropic
latter become visible in light-scattering experiments. cells filled with the antiferroelectric liquid crystal MHPOBC.
The general problem of diagonalizing the dynamical ma-Experiments in MHP8CBC showed similar results. A good
trix is rather cumbersome. We have chosen a perturbationomeotropic alignment was achieved using silane surfactants
approach because there is a large difference in the relaxatiathd was checked by a polarization microscope. The dynamic
rates: around 1 MHz for the relaxation rates of the soft modeight-scattering experiments were performed by measuring
and around 100 Hz for the ionic mode. Furthermore, one cathe heterodyne autocorrelation functions of the intensity of
choose the scattering geometry such that only fluctuations ithe scattered light with a multi-tau ALV-5000E autocorrela-
the direction oft, can be observed. Therefore, we can safelytor. We used a doubled-YAG\=532 nm) laser to expand
let gy=qg,=0 (and thereforeB=D=0) without losing the the experimental range to large scattering wave vectors. The
generality of the problem. Equatidd4) then reduces to scattering geometry was chosen such that the scattering wave
, vector remained either close to the plane of the smectic lay-
A— Y ) D’Z—(A’ _ Y )(E— 7’_) } ~0. (16) ers (llq,) or close to the normal to the smectic layers
() 7(q) 7(Q) ' (qllg,), depending on the required measurements. Ordinary
polarized light(S polarized was incident on the sample and
Now D' is the only coupling coefficient which we assume to extraordinary lightP polarized was detected. The tempera-
be small enough that it can be considered as a perturbatiofure was controlled with a resolution of 5 mK throughout the

1
Tam 27
1 1

Tph 2y

The unperturbed solution®( =0) are given by experiments. The measured autocorrelation functions of the
scattered light intensity were in the heterodyne regime and

1 A 1 A 1 E (17  Wwere then fitted to exponential decay functions. The fit pa-

Tom Y Ton Y Ten ¥ rameters give the amplitude and relaxation rate of the fluc-

tuations in these phases.
To obtain the slow fluctuations we insert the unperturbed Figure 1 shows the critical temperature dependence of the
solutions for the director modes into the dynamical equatiomelaxation rate of the soft and slow modes in the Bmhase
above[Eg. (16)]. After taking into account&/y)>(E/y’) of MHPOBC over a wide temperature range. The slope of
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250 ' 30 rate of the slow mode close to the Sia-Sm-C,* phase
SmC;| SmA los transition. It can be seen that the relaxation rate of the slow

2001 mode has a nearly linear temperature dependence both in the
_ loo o Sm-A phase and Sn&,* phase. This is a unique character-
o 150F E istic of these slow fluctuations and can be used to determine
‘é 1 115 <% the SmA-Sm-C_* phase transition temperature rather pre-
& 1000 s & o cisely, as illustrated even more clearly in the inset of Fig. 2.
~— +— = ~ . . .
— = T 410 — The open dots in Fig. 2 show the calculated relaxation rate of

5 = s T the slow mode using the following function:

= = o soft mode
1
0 L . ‘ ‘ ‘ 0 ~=CiT+ C,—Camam(T). (20

2 4 6 8 0 12
T-T, (K)
Here73,,(T) is the measured soft mode relaxation time from

FIG. 1. Temperature dependence of the relaxation rate of th?’—'ig 1 andC,, C,, andC; are parameters given ligee Eq
. 1“2, 3 .

soft mode(open circley and slow moddsolid circleg in the SmA

and SmEC,* phases of MHPOBC. T-=396.5K. (18]
) _1 kBlu’i 2
the temperature dependence of the soft mode is 1.6 MHz/K, C1—§ Tq '
which is a characteristic value for the soft mode in most :
ferroelectric liquid crystals like DOBAMBC and CE-8. At e uC
T.=396.5K, the relaxation rate of the soft mode is close to o= it ’ (22)
3 MHz, which is a clear indication that the experiment was 2egq
performed at a noncritical wave vector. It is known that for a
chiral (helical) system, the relaxation rate of the soft mode at _ GG P(Z)
T. and at a small wave vector is proportional @%(Tc,q 8 4828(2)3, :

~0)%(K3/y)q§. Here, K3 is the torsional elastic constant

andq.=2w/p. is the wave vector of the helix. By taking a One can see that the calculated relaxation times describe the
typical value forkK;/y~3x10 ®cn?s %, we obtain an ap- decreasing of the slow relaxation rate with decreasing tem-
proximate value for the helical period in the SB)* phase perature quite well. Knowing the scattering wave veapr
p.~60nm, which is indeed a very short helix. The tempera-we can calculate the mobility of the impurity ions fro@y

ture dependence of the relaxation rate of the slow mode far=0.54 s 1K1 If we assume that the ions possess a single
above the transition tends to a saturated value-B00 Hz, elementary charge, the calculated electric mobility uis
whereas it nearly critically slows down at the transition. Fig-=8.5x10 ' m?V~1s™L. This is in excellent agreement with
ure 2 shows the temperature dependence of the relaxatiagpical ionic mobilities reported by other authdrss]. Fur-
ther, we can use this mobility to obtain an estimate of the
ionic concentration of ¥ 10%ions/n? from C,=45s1.

120 T T

e measured data pig . . .
Mol o calculated data 7 This roughly corresponds to one ion per’ Iuid crystal
100 - - molecules, and is of reasonable magnitude. We also calcu-
4~ m -

lated the contribution of the first two terms in Ed.8) for
E high temperatures. This gives a relaxation rate of 250 Hz,
70| ﬁﬁ#ilg which is very close to the observed high-temperature limit of
%7 -

g
-
-
’

_,Ei 6ol . the slow relaxation rate, shown in Fig. 1. As predicted by
T sl of op T theory[Eq. (18)], the third(correctior) term vanishes in the
= F* - #ﬁ high-t limit, b h I [ i f th
sl o 3 - . igh-temperature limit, because the relaxation time of the
0l ‘,g" > e fast director fluctuations becomes very small.
20l o S R As a second independent way of checking whether the
/ - q,~10'm . P H
‘ ' slow mode indeed originates from the coupling between the

10+ ,~  SmC} |SmA

0 L e tT(”““. ‘ ionic and director modes, we analyzed the measured tem-
20 A5 40 05 00 05 10 15 20 25 30 35 40 perature dependence of the intensity of light, scattered by the
T ®) slow fluctuations. The theory predidi&q. (19)] that thein-

FIG. 2. Temperature dependence of the relaxation rate of thgerse square roatf the measured scattering intensity is pro-

slow ionic mode near the SA-and SmC,* transition. Note the portiona}l to (T_TC)'.ThiS .is in contrast to the director soft
change of the two slopgslashed lines which is due to the emer- modes_ln f(_arroele_,-c_trlc liquid c_:rystal, where timverse of the
gence of spontaneous polarization. Open circles show the calculat&fattering intensitys proportional to T—T). The results

relaxation rates of the slow mode using EB0) with parameters &€ Shown in Fig. 3 and are in excellent agreement with the
C,=054s1K™L, C,=455 C,=1.8x10°s 2 q,~10°mLq, Predicted inverse square root dependence. This clearly con-

ment. Dashed lines are guides to the eye. The inset shows the e@M-A—Sm-C,*: the slow mode arises due to the electro-
perimental result at,~10°m~*, q,~1° m~* displaying a very  Static coupling of Brownian ionic motion with the collective
sharp kink afT.. excitations of the Sn€_* order parameter.
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50 ‘ the discrete model of the Si—Sm-C,* phase transition
[15], taking into account the electrostatic interaction between
charges induced by fluctuations of the electric polarization
and the impurity ions. These polarization charges originate
either from flexoelectric effects in the SA-phase or from
ferroelectricity in the Sme_* phase and are significant in
materials with a high spontaneous polarization and a high
20+ dielectric susceptibility. These theoretical calculations are
confirmed by our dynamic light-scattering measurements.
10+ Due to the coupling to the soft director modes, the relax-
f ation rate of the slow ionic mode is linearly temperature
0 ‘ ‘ ‘ ‘ dependent in the vicinity of the StA—Sm-C _* phase tran-
2 0 2 4 6 8 10 sition in both SmA and SmC_* phases. We have calcu-
T-1, (K) lated the average mobility of the impurity ions in this system
and our results are in good agreement with other experi-

FIG. 3. The inverse square root of the intensity of the slow |on|cmentsl As a final proof, we have presented the nearly Curie-

mode as a function of temperature, showing nearly perfect Curie- ™. . . . .
Weiss law behaviorT .= 396.5 K. Weiss behavior of the measured intensity of light, scattered

by slow ionic modes. This behavior is typical for a noncriti-

) ) cal mode, which is linearly coupled with a critical soft mode
In conclusion, we have observed slow fluctuations closgy {he transition and fully supports our theoretical consider-

to the SmA-Sm-C,* phase transition in MHPOBC. This 4iions.

mode represents ionic motion, coupled to the polarization

field and is similar to the ionic modes observed in ferroelec- Part of this work was supported by PECO/COPERNICUS

tric Sm-C* phases by Lt al.[17]. By considering Brown- ERBCIPA CT 930 159 and TMR network SILC. A. Rastegar

ian motion of ionic impurities which are present in this sys-would like to acknowledge support through the HG@Irant

tem, we have developed a theoretical description based ddo. ERBCHBGCT940746

smC*, | smA
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