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Molecular orientation arrangements in the smecticC* variant liquid-crystal phases
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Recent experiments have identified three-layer and four-layer distorted helical structures in the smectic
liquid-crystal phases Si@%,, and SmCf,,, respectively. However, no theories have explained the existence of
all these phases. A discrete phenomenological model of the free-energy is analyzed and found to predict the
stability of distorted three-layer and four-layer structures, as well as simple helical solutions in smectic liquid
crystals. A simple physical picture is provided to explain the stability of the phases exhibiting distorted helical
structures.
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[. INTRODUCTION phase diagram in order to guide future theoretical work. A
thorough discussion of the results follows.

Understanding ordering is a principal goal of physics. The
competition between different interactions manifests in the
existence of various phases of condensed matter systems. In Il. MODEL
this paper we examine an orientational ordering observed in
!iquid cr'ystals arising frqm gcompe'tition between i.nterlaygr To construct a phenomenological model of the Sm-
interactions. This ordering is seen in some smectics, which

are layered liquid-crystal phases with no long-range posiyariant phases we need to define the vectgy

tional ordering within each layer. In the smec@iciSm<C)  — 0LC0SE).sin()] that describes the molecular tilt in layer
phase the molecular long axes are tilted from the layer nod: ¢ @nda; are the tilt magnitude and azimuthal orientation,
mal. In the attempt to synthesize compounds exhibiting théespectively. Figure (& shows a cartoon of a single smectic
chiral SmC (Sm-C*) phase with a large spontaneous polar-layer while the ellipsoid in Fig. (b) represents the average
ization, different phases were discovered. The only apparerfolecular orientation of this layef. and« for this layer are
difference between these phases is the progression of tidso showne is defined as the angle between an arbitrarily
molecular orientation from layer to layer. First the antiferro-chosen vector in the layer plaiti@ the picture the vector is
electric SmE* (SmC%) phase was discovered, thereby X) and the vector oriented along the projection of the mol-
demonstrating that antiferroelectric ordering can exist with-ecule onto the layer pland.is the angle between the layer
out long-range positional orderind.,2]. Subsequently, the normal direction ) and the molecular long axis.
antiferroelectric phase with a four-layer unit c€im Cf,,), It is known that the direct interactions beyond the nearest
the ferrielectric phase with a three-layer unit @8 C¥,;),  neighbors are small due to the lack of positional correlations
and the optically uniaxial phasgsm C*) were identified. between molecules in distant layeis2]. However, @pic
Some of these have been used in high-speed electro-opticad Zeks have considered both polar and tilt ordering and
switcheg3]. Experiments support distorted helical structuresshown that effective interactions up to fourth-nearest neigh-
for the SmC?, and SmEE, phases, and an incommensu- POr can be significanf13]. For the steric interactions de-
rate short-pitched helix for the S@Z phase with a pitch Scribed below a term proportional tgj¢ ¢.1)? is included
length of greater than four layefd—6]. The SmE* phase N the free-energy@). We write G of a sample withN layers
arises from competition between nearest-neighbor and nex®S
nearest-neighbor interactiofig,8]. No simple and complete
explanation for the existence of the Sbif;, and SmEF;
phases is available, although attempts have been made
[9-11]. We present a discrete phenomenological model that
predicts distorted four-layeiSm-C},) and three-layefSm-

Cgs) phases, which may describe the &ff, and SmEf,;
phases, respectively. Moreover, two distinct Sh-phases

with different pitch size separated by the $fj; phase are
found. In addition, the model yields the molecular arrange-
ments for the SnG* and SmE} phases.

In what follows we first present a discrete phenomeno- of A
logical model and discuss the six phases that it predicts. We
next discuss the phase diagram that results from the model. A FIG. 1. (a) A cartoon of one smectic layetb) A cartoon dis-
simplified version of the free-energy is then presented, whiclplaying the average molecular orientation and the anglasd «.
contains all of the components necessary to give a completdore detail is given in the text.
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HereT, is the “unrenormalized” transition temperature to
the tilted phases. The first two terms are the usual mean-field
expansion of the free-energy in terms of the primary order
parameter. The thre& terms describe effective interlayer
chiral interactions up to third-nearest neighbors and the four
a; terms account for effective interlayer interactions up to
fourth-nearest neighbors that are not chiral in nature. A plau-
sible physical origin of these expansion parametaysand
f;, can be found elsewhefd3,14. This free-energy with
b>0 and no terms beyond next-nearest neighbors was pre-
viously considered. It was suggested thatrose from inter-
actions between quadrupolarly ordered transverse molecular FIG. 2. (a)—(f) Cartoons depicting the tilt orientation of S@t,
dipoles in neighboring layers and should be positivé ~ SmCj, SmC*,, SmC*,, SmC,, and SmC};, respectively.
Here we argue that steric interactions are significant and pre-
fer a change inv in adjacent layers of O ofr over 77/2, and N . ) )
make b<0. The compounds exhibiting these phases typi->""Cds Phase. Figures(8) and 2f) depict thec director for
cally have a hockey stick shaj@5]. This is probably the the SmEF, and SmEF; phases, respectively. Thevectors
cause of these steric interactions. Bor0 only SmC*, Sm  for Sm Cg, and Sm Cj; are (0§, 7+2¢,7m+2¢
Ckx, SmC?¥, and the bilayer phas@&m C};) are stable so- +3,4¢, ...) and (O —6/12+ ¢, 7+ 512+2¢4,3¢, ... ), re-
lutions of the free-energy. Howevdr< 0 suppresses S@; spectively. The distortion angles from tr_\e undistorted helical
and stabilizes Sn€%, and SmC¥,. According to the analy- Structure with four- anq three-layer unit cells are/2— 6)
sis by Gepic and Zek§ the effective interactions typically and (27/3—4), respectively. _ _
follow |ay|>|a,|>|as|>|as| and|f,|>|f,|>|fl, although To summarize these phases, there are four S|mpl_e helical
this rule does not need to be strictly followgt]. The pa- Phases, SiC*, SmCy, SmC3,, and SmC3,, each with a
rameteras should be negative, while the other terms may pecharacteristic range of values for rotation of thelirector
of either sign. from layer to layer. There are two distorted-helix phases, Sm

To find a minimum ofG numerically, only terms depend- Cds and SmCgs, which possess an approximately four- and
ing on a; explicitly were considered. With a fixed set of three-layer unit cell, respectively.
parameters, we set; for each layer of our simulated film ~ The molecular arrangements in the S}y (Sm-Cfs)
(typically 30—-100 layers in thicknesgo a random value phase can be thought of as a simple distorted helix with pitch
between 0 and 2. The layers were rotated until a local of about four layergthree layers The distortion arises be-
minimum was found. To find the global minimum, this pro- causd a;— ;. |~ /2 costs energy, and distorting the helix
cedure was repeated from 10 to 100 times. To calculate thean minimizeG. In the SmEY, phase,|d| is greater than
phase diagrams and physical quantities, such as the pitchpproximatelyarcsif — f,/(2b6?)]|, where| 8| = 7/2 yields
more quickly, we also input trial structures and found thean undistorted helix. In the Si8i%; phase, no simple relation
parameters and structure that gave the lowest free-enerdyr § was found.

Points along such curves were checked with the first tech- Figure 3 exhibits the phase diagram for the parameters
nique to be certain that the structure with the global mini-a;=—0.07 K, b§?>=-0.2 K, andf;=0.12 K as a func-

mum free-energy was found. tion of a; anda,. The parametera,, f,, andf, should be
smaller than the other coefficients and are thus set to zero for
[1l. DISCUSSION simplicity. We have simulated the system with other reason-

able choices fom,, f,, andf; and found that these higher-

f M X order terms do not significantly affect the phase diagram. All
layer plane ¢ directop for phases that minimiz&. Figure  he |ower-order terms that are set to nonzero values are nec-
2(a) deICtS tha; director for the SrrG’f phase; they vector essary to produce a phase diagram with all of the G-
for this phase is (@,2¢,3¢, ...). Given a layer spacing \ariant phases, as is described below. Although the param-
(d), the length of the helical p'tChP 2w/ ¢. The Sam&  etersa, , a,, as, andf, appear to depend on each other from
vector can be written for the S@3 [Fig. 2b)], SmC;;  the analysis of €picand ZKs[13], they are actually inde-
[Fig. 2c)], and SmE?, [Fig. 2d)] phases. lip~m then the  pendent. In Ref[13] the seven coefficienfs.e., a; andf; in
phase is denoted as SBf ; if || <7/2 or[¢|>m/2 we call  Eq. (1)] describing the effective interlayer interactions are
it Sm C%, or SmC?%,, respectively. In the parameter space functions of seven other parameters. Thus taking the condi-
we have studied, the two S@% phases are separated by thetion with a,=f,=f;~0, we still have enough freedom to

Figure 2 displays the tilt orientation projected onto the
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FIG. 3. Phase diagram plotted as, versus a, for ag = -1 0 1
=-0.07 K, b#?=-02 K, f;=0.12 K, and a,=f,=f5=0. a, (K)
Path 1 and 2 are described in the text. The shades of gray represent
. FIG. 5. (8 The pitch versusa, along path 1 for the Sm-

C*,—Sm<C* transition.(b) The pitch versus, along path 2 for the

set any value for the other four parametess: a,, as, and ~ SMCa1~SMLE—-SMCE, transition.
f,. So instead of assuming a specific form for the value of
the various parameters, the simple approach of holding mangnly in a limited window neala;~a,~0. For the param-
values constant and letting othees, (anda,) vary has been eters choseny~30° in the SmE}; phase.
used. The values of the parameters held constant were cho- The values of the pitch have been plotted along the two
sen somewhat arbitrarily. The value of the ratiobf?/f,  paths indicated in Fig. 3. Figurg@ shows pitch versus,
was chosen to give a distortion angle similar to that found injpath 1 for a;="1.5 K, thereby exhibiting the Sm-
experimentg4,5]. Generally, the parameters may not be aC*,—Sm<C* transition. As the transition is approached from
simple function of temperature. The lines on the figure shomgm(;zl, the pitch increases slowly, then grows quickly after
phase boundaries, where dotted lines denote the transitiqfe transition to SmC*. The pitch depicted in Fig. ()
from a simple helical solution to another in which the pitch follows path 2 witha, varying anda,=0.8 K to show the
appears to change smoothly. The shades of gray représe”tSij(l—SmC&—Smsz transition indicated by the jump
measured in degregs. Th.e distortion ang!es are ghown in_Fig1 the pitch. The gray and black lines on the graph denote
4, where the angle is defined to be zero in the simple helicg)yyosjte handednesses of the pitch. For such a transition, the
phases. _ _ pitch decreases upon approaching i from Sm C*, .
.Fror.n these flgur.es we see that the Srh—phasg ex!sts After entering the Sn&j, phase the pitch becomes much
primarily in the region wherey, andfz are nggatlve,. 1e., larger and changes sign. Further along the path the pitch
both favor|a;j—a;.4|~0. The SmCy phelse is stabilized  555r0aches infinity and changes sign again rear 3as.
wherea,>0 anda,<0. The SmC* -SmCj transition oC-  The pitch becomes much smaller again after the Sm-
curs ata,~~2as. The SmC{, phase is stable primarily cx _gmc*) transition and decreases further ag in-
where a,>0 and a, is not too large; for the parameters craases. The change in pitch handedness itC&pis easy to
chosen in the SnGg, phase the distortion angi~18°. The  ngerstand if the phase is thought of as a distortion from a
SmC7, phase is stabilized in both the upper-left and uppersjmple helix with a pitch length of 4 layers. If the pitch of
right regions of the figure where there is competition fromthe simple helix is leségreatey than 4, then the correspond-
the terms proportional ta; anda,. The SmEY; phase exists  jng pitch in SmC?, has onethe opposite handedness. The

Sm-C}; phase may also show the same feature, but we have

0 not observed this in our calculation for reasonable parameter
-16 choices because of its limited stability window. Along path 2,
2 6 does changes has a minimum when the pitch is longest,
= and increases near the S0f;—Sm<C}, and SmE*,—Sm-

j;‘ C?, transitions.

o The SmC* phase has a left-handed helix for a negative
© ¢. Measurements of the pitch in the SB}- phase are typi-

58 cally of the two-layer unit cell, so that a negatigeleads to

-4 an right-handed helix in measurementsf{f f,, andf; do

not change greatly the#h should be of the same sign in both

FIG. 4. (a) The distortion angle in degrees plotted as, versus ~ Phases, and thus an opposite handedness of helical pitch will

a, for a;=—0.07 K, b?=-0.2 K, f;=0.12 K, anda,=f, be measured in these two phases. _
=f,=0. The shades of gray represefit In the simple helical What are the essential criteria for the existence of the Sm-

phasess is taken to be zero. C*, and SmE?; phases? We find that fd¥9°<0 the Sm-
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C?, phase exists. For S@%;,, it is also necessary to have a ently as a function of temperature, some compounds should

negativeas,. exhibit this feature. If the chirality terms do not change
In order to simplify the free-energy, it is useful to deter- greatly, as they should not for most compounds, then the

mine the minimum number of terms that are necessary tsame handedness should be found for theGGmpitch (as-

produce the complete phase sequence seen in experimergsming this is not one of the rare cases described Hedod

For this only the terms proportional & , a,, as, f1, andb  the measured Si@% pitch, but the opposite for the S@*

and those having only to do with the mean-field expansion opjtch. Although we can not rule out that the SBi; phase

é‘: need to be considered. We have observed that the hlghqlhay exhibit the same p|tch as S@f in some CompoundS,

order terms in the expansion do not significantly affect thaye believe this will be quite rare as we could not produce

phase sequence. So we may simplify E).and write only  his with reasonable choices of parameters.

the essential terms of the free-energy that should be the start- o sme* variant phases are caused by the competition

ing point for further theoretical work. This can be written as of polar and steric interactions which are of the same order

Ea. (), of magnitude. Thus, small changes in temperature
N (~20 K) lead to a diverse group of phases. It is therefore
G—AE T_TO(EzJr E§4+f (EXE 1) expected that different compounds would have very different
- ~ 2 i 4 i 1\Gj j+1)z . .
j=1 phase sequences as the interactions for these compounds

N should have different temperature dependencies. However,
z 2 Z 2z 2 most of the compounds studied exhibiting these phases have
+Z’1 (&) &+ +b(&-4540)7 |- @ the same basic molecular structure, so it is not surprising that
the phase sequences is similar among these compdgends
The first two terms in Eq(2) are the standard mean-field erally Sm C*—Sm C* —-Sm Cf,—Sm Cf;;—Sm C; upon
terms that describe a nonzero tilt below some critical temcooling. Compounds that differ in a critical manner may
perature. The chiral term proportional tg is necessary to  exhibit other phase sequences, such asC$pobserved at a
describe the. chiral properties of the SBA- variant phases. higher temperature than S@Y .
Thea, term is necessary to account for the &-and Sm- This theory explains why three- and four-layer unit cells
Ci phases. While a term that favors antiparatieln next-  4re stable for a range of parameters. Without the addition of
nearest-neighbor layers is needed to account for theC$m- 4 distortion there is no particular reason why a four-layer
phase. A term favoring parallel third-nearest-neighbor layersgthree-layer unit cell is favored over a helix with a pitch of
is required to stabilize the S@3; phase, and so the; term  |ength 4.5 layers3.5 layers, for example. However, experi-
is included. Finally, the term proportional to b is required toments demonstrate that the four-layer unit cell is stable in
stabilize both the Sn&g; and SmEy, phases by favoring tilt  numerous compounds for a 1°~5° K temperature rdége
orientations that are nearly parallel or antiparallel in adjacentne stability of these unit cells can be explained if they are
layers for negativeb. No additional terms are necessary 10 gjstorted helical structures. Consider the Sff)-phase with
describe the Sn&, phase. an infinite pitch length $=0) whena, is positive. The

h An Anterestlng questlonlgov\(laxpr)llore |fs Wréathhapﬁens WTe'?]ext-nearest-neighbor interactions are at a minimum as the
the other parameters vary? We have found that the topologyi o (o1 of the next-nearest-neighbor layers are antiparallel.

of the phase diagram is relatively robust and does not chan - : . e
greatly as the parameters that were held constant in the eqxﬁ-/hen a finite pitch ¢+ 0) appears, then there is a signifi

! . 2 Cant cost in the next-nearest-neighbor energy without a sub-
amples given here are varied. Ag“ approaches zero the tantial gain in the nearest-neighbor energy. This implies that
phase space of the distorted-helix phases decreases. By - 9 Il ch in th 9 i h gy.t " fﬂf) ;
creasingf,, the helical pitch of the Sn&* and SmE} or a small change In e parameters, the stale ot the system

phases becomes shorter. The sigrf plecides the handed- Wil not change greatly, and thus the S0, prlase is stabi-
ness of the pitch. As the ratio betweépandbé? changes, lized. A similar argument follows for the Si@3; phase.
so doess in the distorted-helix phases. The lardbig?| is Many compounds exhibit the S@Z, phase. Experimen-
relative tof,, the more distorted the phases become. In thdal results demonstrate that the variation of the pitch length
Sm C}, the distortion angle is approximately equal to through the Sn€},;-SmC* transition shows either an
|arcsini —f,/(2b6?)]| when the pitch length is largea;  abrupt jump from approximately five layers to several hun-
does not have a large effect. It is most noticeable that;as dred layers[16] or a continuous evolution from 10 to 80
increases the Sr@%; phase becomes more stable. layers with a very fast change at the transition temperature
Does SnC%, (SmC,) describe SnCf, (SmC¥,)? The  [8]. Without a symmetry change through the &fj;—Sm-
structures of SnC}, and SmC}; match what was proposed C* transition this is similar to the liquid-gas transition. Thus
to explain the optical and resonant x-ray dptsb]. Several the SmC*,—Sm-C* transition should have a first-order tran-
experimentally measurable features could provide furthesition line that terminates at a critical point. Beyond the criti-
evidence of the validity of this theory. The theory predictscal point, a continuous evolution between these two phases
that the SmE}, pitch length passes through infinity and the becomes possible. The S8f:, phase has just recently been
pitch changes handedness for some phase space paths. Bgperimentally identified by our research group in one com-
cause different compounds travel through phase space diffepound[17].
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IV. CONCLUSION The theory predicts a new distinct short helical pitch phase

* . . .
In summary, we have proposed a phenomenological free(—smCQZ) with a pitch between two and four layers. During

energy containing what we believe is the minimum numbe he review process of this manuscript our research group has

of parameters necessary to describe the stability of all théuccessfully identified the existence of such a phase In one
observed SnE* variant phases. In particular, this free- compgunc[l?]. Fuither experlme_ntal cha_rac_terlzatlon of the
energy expansion with a proper set of parameters enable @ Criz and_ SmME,, phases of dn_‘ferent I|qU|d—cryst_aI com-

to demonstrate the stability of the four- and three-layer uniP0unds are in progress to test this phenomenological model.
cell with distorted helical structures. To the best of our
knowledge this has not been previously achieved. We sug-
gest that the distorted phases describe theCgm-and Sm-
Cf, phases. The pitch length in the Sbi;, phase is pre- This research was supported in part by the National Sci-
dicted to approach infinity and change signs along somence Foundation, Solid State Chemistry Program, under
paths through phase spa@nd thus for some compounds Grant Nos. DMR-0106122 and 9901739.
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