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Tensorial x-ray structure factor in smectic liquid crystals
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The amplitudes and the polarizations of the different resonant reflections characterizing the modulation of
the orientational order in smectic liquid crystals are derived from the molecular tensorial structure factor. In the
case of a commensurate helicoidal modulation, our conclusions are consistent with the previous predictions of
Dimitrienko. We have extended Dimitrienko’s prediction to incommensurate helicoidal structures and to com-
mensurate but nonhelicoidal modulations. We have compared the estimated values for different models of
modulations with the same period, with the experimental data obtained on different s@eetiiants. These
comparisons enable us to discriminate between the different m¢84i863-651X99)12511-X]

PACS numbd(s): 61.30.Eb

[. INTRODUCTION bic lattice, with a lattice constant in the optical wavelength
range[2]. The crystalline character of these phases is respon-
sible for the brightly colored appearance of the single crys-
tals, from which the designation of “blue phases” is derived.

By introducing some chirality into the components of a In smectic phases, the competition between a helical or-
mesophase, one favors the occurrence of twisting forcedering developing parallel to the smectic planes and the layer
which can modify the usual uniform orientational order. Forordering can induce the formation of a periodic array of twist
example, the positional order of the molecules in a nematigrain boundaries(TGB phases [3]. Starting from a
phase is that of a usual liquid, but the molecular orientationsmecticA phase, where the director is parallel to the layer
are distributed around a preferred axis, the so-called directdgtormal, one can obtain a TGBA phase, in which a set of
n. In this case, the substitution of chiral molecules for achiraparallel and equidistant grain boundaries divide the smectic
ones does not locally modify the nematic organization, bustructure into equal thickness slabs with smectic A organiza-
creates instead an overall helical ordering of the local direction. The layer normal of each slab is parallel to the grain
tor. The helical axis is perpendicular toand the pitch is boundaries, but its orientation changes by a constant angle
generally in the range of 0.3—10m. Similarly, in smectic ~across each grain boundary. Similar TGBC phases exist, but
phases, where rodlike molecules are organized into fluidhe grain boundaries in these phases are not necessarily per-
stacks of planar layers, weak chiral twisting forces induce @endicular to the layer planes; moreover an additional helical
helical order with the helical axis parallel to the layer nor-ordering around an axis parallel to the layer normal is also
mal. Such helical order is only achieved when the directo@llowed by the local symmetry properties of each smectic
possesses a component in the layer plane, i.e., in thglab.
smecticC (SmC) phase, whera is tilted with respect to the In addition to the above cases, different Stvariants
layer normal. In the helically ordered smecicphase, the With a simple, lamellar S@-type of structuregFig. 1) have
tilt angle is the same in all the layers but the direction of thebeen detected by differential scanning microscopy and
in-plane projection of the director, differs by a constant electro-optical studief4]. In these Sr&* variants, a transi-
angleAy from one layer to the next; this structure is called tion to a ferroelectric S@ structure is observed under high
the chiral smectics (SmC*) phase. In general\y is in the  €lectric fields, but at lower fields the response is either anti-
range of=5° (here the different signs indicate the two pos- ferroelectric or ferrielectric. This diversity in the electro-
sible senses of helix handednesEhe resulting helical pitch optical behavior is certainly related to short-period modula-
is in the optical wavelength range. Moreover, the symmetryions of the direction of spontaneous polarization and of the
properties of each layer are consistent with the existence of a
spontaneous polarization parallel to the smectic plane and
perpendicular ton [1]. If the pitch is large, it is easy to
unwind the helix by the application of a weak strain, im- n
posed, for example, by suitable anchoring conditions on a B
rigid surface or by a weak applied electric field. Then the c x
sample has a ferroelectric response under moderate applied
electric fields.

If the twisting power is increased, the nature of the me-
sophases becomes different. For example, in the nematic
phase there is a tendency for developing helical order in any F|G. 1. Schematic representation of a smeCtitayer with its
direction perpendicular to the director. This tendency genersymmetry elementgrepresented by their usual symb¢&). The
ates a geometrical frustration which is resolved by a threenirror plane is suppressed if the layer is made of chiral molecules.
dimensional network of disclination lines organized on a cu-n this case, the electric dipole is parallel to the binary d@yjs

A. The role of the chirality in the polymorphism
of mesogenic molecules
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orientational order. Finally, a few chiral mesogenic mol- z
ecules exhibit structures that are crystals of defébis SnQ

phaseg, confirming that the orientational order can indeed be

modulated over short periodisvo to four molecular lengths

5 B

B. Methods of structural investigation of chiral mesophases

The structural investigation of chiral phases with a large — _
pitch can be performed by diffraction experiments in the vis- | A
ible light wavelength rangéor the blue phaseg6], or by a ~]
combination of direct optical observations with x-ray- X
diffraction studieqfor the TGB phasésIn the Sn@Q phases,
the combination of the short-period and the three- y
dimensional character induces a coupling between orienta-
tional and positional order. Indeed, this is the only case [00¢]
where the structure of a short-period chiral mesophase has
been solved by conventional x-ray-diffraction methods.
Apart from one of them (S} ), which has antiferroelectric
properties, the priori simpler layer structures of the chiral
smecticC variants were not well established until the recent
resonant x-ray-diffraction experimeris].

In fact, whereas visible light couples to the orientation of
molecules via the local dielectric tensor, conventional x-ray-
diffraction methods are only sensitive to density modulations
(in other words, the susceptibility is a scalar quantitye-
cause of this lack of sensitivity to modulation of orientational
order, a short pitch organizatiofior example in antiferro-
electric phasesis usually invisible by x-ray-diffraction FIG. 2. Top: example of a tetragonal unit cell with a gym-
methods. Let us illustrate this point by considering the cas@etry axis. Bottom: the reciproc&lOl plane; open squares mark
of crystalline networks with helical symmetf@]. In some the position of the_usually forbidden reflections and full squares
crystals, the contents of the unit cell can be divided intoMark the nodes which are observed at any energy.
smaller identical subunits. These subunits, called asymmetric
units, are related to one another by an operation product of &lline phases of polypeptid¢8]. In an incommensurate he-
rotation R and of a translatiorT. In order to preserve the lical structure, two colinear periods coexist along #exis.
periodic nature of the Crysta”ine order, the Operatia]'rIN The smaller oneC, Corresponds to the period of distribution

must correspond to an elementary lattice translation. Theredf the asymmetric subunits, while the larger peridorre-
fore, R is a rotation of 27/N with N=2,3,4,6, or a mirror Sponds to the pitch. There are two kind of nodes in the re-

ciprocal network: The fundamental nodds,K,1,0) with a
Z* coordinatelC* =2«1/C, and the satellitegh,k,l,m (m
#0) with a z*¥ coordinate equal tdC* +27m/P with
h,k,I,mintegers. The helical structure implies no restriction

-

- —|P-T-(

-+ [h00]

-t HP—IH

symmetry (_2) If the rotation axis is parallel tg, and ifC is
the corresponding lattice parameter, the translafiors

nC/N, wheren is an integer; hera<<N. The corresponding

symmetry element _is calledraao_nsymmorphic elemerglide on E(h.k,1,m) with h or k+0, butF(0,0},m)=0 if m+0.
plane, or helical axis. The helical axes are labdlgd As a Hence,, a,lo’ng the reciprocallaxis I(1=,k=,0) the period is

consequence of the relati@{(n/N)=—C(N—n)/N modulo  2/c, whereas the pitch periodicity appears only along re-
C, N, andNy_, are equivalent but of opposite handednessciprocal space directions which are parallel to #exis but
In the following discussion we will take the example of an not coincident with it.
N, axis. Perpendicular to the axis, the crystal is divided In smectic liquid crystals, there is no correlation between
into N sublayers, which are all equivalent modulo a rotationthe in-layer(i.e., x-y plane positions of molecules belonging
of 27/N aroundz. With a scalar structure factor, the differ- to different layers, therefore there are (fuk,l) reflections
ent sublayers are indistinguishable by an x-ray-diffractionwith 1 #0 at the same time thator k+ 0. Depending on the
experiment. Therefore, the period alongppears to b€/N intralayer structure, some sharp peaks can be seen in the
instead ofC. The corresponding apparent periodicity along(h,k,0) reciprocal plane. In any case, the absencéhd,))
the reciprocak axis isNC*, while the apparent periodicity reflections makes it impossible to obtain direct evidefine
along any other reciprocal rod parallel zds not disturbed conventional x-ray diffraction of the helical symmetry.
by the presence of a nonsymmorphic element. This could b®oreover, in the absence of three-dimensiof¥) period-
expressed by the following extinction rules(0,0])=0 if icity there is no restriction on the rotation symme&yN can
[#NI’, wherel’ andl are integers; there are no restrictions take any valug
on F(h,k,I) if hork#0 (Fig. 2. By operating at an x-ray energy close to an absorption
The extinction rules can easily be extended to crystaledge of one of the atoms in the considered material, we are
with incommensurate helical order, as, for example, in crysprobing a resonance condition. The coupling between the
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electromagnetic radiation and the electronic cloud results in Different models were previously proposed for the chiral
a tensorial atomic scattering factor. In other words, the posmecticC variants which fit better with their macroscopic
larization direction and the phase of the scattered wave deproperties. Models based upon a double-layer unit cell can
pends on the nature and orientation of the bond environmertie easily ruled outl5]. However, some proposed models are
close to the resonantly scattering atom. Therefore, a modisased upon a superlattice of three- or four-layer periodicity
lation of orientational order results in diffraction peaks[16]. These models, which will be described in the subse-
which are otherwise forbidden in a conventional x-ray-quent sections of this paper, are based upon an asymmetric
diffraction experiment. Such forbidden diffraction peaksynit of two, three, or four layers. Such structures are not
have been observed at the Bredge in a single crystal of confirmed by conventional x-ray-diffraction experiments
sodium bromatg10]. Moreover, a study of the absorption (j e nonresonant satellites must be seen, while none have
spectra of several other compounds, as well as a crysther peen experimentally detectedHowever, in order to

structure determination, have been performed using the resfile out definitively these models, we will compare the reso-

nant scattering techniqud1]. nant and the nonresonant components of the satellite peaks
associated with these proposed structures. It is important to
realize that these first successful resonant scattering experi-
ments demonstrate a novel and unique technique for the in-
In the absence of associated 3D translational o(dsris  vestigation of chiral materials: phases with orientational or-
present in the S@ phase, resonant x-ray scattering is a der of very short and intermediate pitch can be studied under
general method that can reveal the short-period orientationalifferent conditions, including the effect of external strains.
modulations of the molecular director in chiral liquid-crystal  In light of the need to determine the most successful
phases. The mesogenic material must contain a suitabl®odel for the chiral smectiG variant structures, a compari-
atom, that is, one with an accessible resonance energy. Thi®n between the structure factors of various periodic,
condition was achieved in recent resonant diffraction studiegrientational-order superlattices is needed. As a matter of
of the different smectic mesophases by choosing sulfurfact, the structure factors of the forbidden reflections had
containing mesogeri§]. Our experiments established that a already been estimated by Dimitrienkd7] for the case of
modulation of the orientational order takes place along théhe crystallographic nonsymmorphic symmetry elements
layer normal direction. The data were fully consistent with(glide plane, 2, 3,, 4,, and §, axeg. However, we will
the presence of a helical symmetry axis of short pitch. Thisxtend Dimitrienko’s formulas to others structures by using a
pitch was close to two-layer thicknesses in the lowestformalism which was previously applied to the case of vis-
temperature smecti€* variant, which has antiferroelectric ible light scattering by blue phasg$8]. Therefore, we will
properties and is denoted €% . The corresponding helical be able to compare different helical structures with one an-
axis is 2 . At higher temperature, there were two subphase@ther. We will also analyze the consequences of introducing
with ferrielectric properties (S@¥,, and SnC%,) corre- d_|s.,tort|on into the _hehcal arrays. Finally, we will refer spe-
sponding to a three-layer and four-layer periodicity, respeccmgally to the previously proposed models for the sme€lic-
tively, i.e., 3, (or 3,) and 4 (or 4;) axes. The highest- varants. _ o
temperature  S@* variant, called S@*, had an A brief overview of our subsequent presentation is as fol-
incommensurate pitch varying between five and eight |aye|ows. In the first part, we consider the structure factor of a

thicknesses over our temperature window of observatiorSiNdle Smecticc layer and discuss the influence of the sym-
Our most recent diffraction experimerfts2] have both con- metry properties of this layer upon the traceless part of the

firmed the results reported in our earlier publication and proStructure factor. Then we develop the general helical model.
vided additional structural information. In particular, we !N the next section, we compare different models which are
mention the following. all based upon a four-layer unit cell. Finally, we discuss the

(i) The polarization of the diffracted beam agreed with ainfluence of thermal fluctuations and compare the Debye-

theoretical model of the smect@* variants that predicted a Valler factors of the different reflections.
clocklike interlayer rotation of the in-plane projectiag, of
(i) Results from experiments on a second sulfur- SMECTIC-C LAYER

containing compoundMHDDOPTCOB have confirmed The atomic scattering factor which links the scattered
our analys_es of the first matenal StUd'eﬂ)OTBBBlMD electric field to the incident one is analogous to the dielectric
[14]. Specifically, we observed the same structure in bothgs4111,17). Therefore the structure factor is a symmetri-
materials for the S phase, as well as a four-layer super- cal tensor of rank 2 with nine components. Each td
lattice for the unique S@F,, phase. . gives the amplitude of scatter¢gholarized radiation for in-
(iii) In the (MHDDOPTCOB compound, the helical or- cidenti-polarized radiation. Moreover, the molecular struc-
dering of the Sr&* phase was also observed by resonangyre factor is a sum of the usual scalar structure fator
scattering experiments: the measured pitch was 300 nm.  which takes into account the structure of the whole molecule
HOWeVer, while on the one hand the helical clock modeland of a traceless tens(ﬁrj , which depends On|y on the
is consistent with the macroscopic properties of theCdm  resonant atom and on the orientation of its valence orbitals
and the Si&, phases, on the other hand the optical and thevithin the molecule. The two terms vary in different ways
electro-optical properties of the 2§ phases are not con- close to an absorption edge. Whikg decreases in the vicin-
sistent with a perfect helical orderirig]. ity of the absorption edge, thg; tensor elements become

C. Resonant diffraction experiments in smecticS variants:
A tool for discrimination between different models
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nonzero only within a narrow energy band around the reso- As this tensor is unchanged under the mirror symmetry

nant energy. The intensity of the reflections which obey theoperation, the structure factors of the two enantiomers are

extinction rules due to the nonsymmorphic symmetry eleidentical.

ments is proportional tdF |2, whereas the intensity of the The xyz coordinate system linked to the layer is conve-

forbidden reflectiongforbidden in nonresonant conditions nient for looking at the modification induced by operations,

depends on the individudl; values. In the following, we such as a rotation, that act directly on the layer. However, in

will consider in more detail the traceless tensorial componenorder to compare different phases, coordinates linked to the

of the structure factor. symmetry axes of the molecule are better. In the smeetic-
A smecticC layer of nonchiral molecules has two kinds phase, the molecule has an orthorhombic symmetry, and the

of symmetry elementéFig. 1): twofold rotation axes lying tensor in this molecular frame has no off-diagonal terms and

in the median plane of the layer, perpendicular to the directono trace. It reads

n and to the layer normal; and mirror planes perpendicular to

the twofold axes. If the smectic layer contains chiral mol-

ecules, the mirror planes are suppressed. Let us define a set —f/3—A 0 0
of rectangular axes. They plane is parallel to the layer plane =_ _
: | g f = 0 fi3+A O 2)
andy is parallel to the twofold axis. A rotation af around
y transformsf,, into —f,, andf,, into —f,,, whereas the 0 0 2113
otherf;; remain the same. Therefore, for a sme@iphase,
the resonant component of the structure factor has only three ) .
independent terms: 2 /3 is the component along the directorand A mea-
sures the anisotropy in the plane perpendiculan.tét the
fux O fyz SmMC-SmA transitionA—0. In order to return to the refer-
-l o ¥ 0 2 ence coordinateixy? attached to the layer, we have to apply
N vy ' a rotation around thg axis of angle—g (8 is the tilt angle
fxz 0 —(fitfyy) and goes to 0 in the Sphase. Then
(2f13)—(f+A)cog B 0 1(f+A)sin2B
f= 0 —f/3+A 0 , (3)
F(f+A)sin2B 0 (213)—(f+A)sir? B
|
In order to compare the structure factor of a sequence of . s=2
smectic€ layers related to each other by a rotation arognd f= E ag”s
it is convenient to use a basis of five tensors: s=-2
with
-1 0 O 0 0 1 )
. ag= — L/2(fyy+ fy,) = /13— 1/2(f+ A)sir? B,
0 0o 2 1 i 0 a;=a_,="1,,/2=1/4f+A)sin 23,
a2=a,2=1/4(fxx—fyy)=1/4{(f+A)sin2 B—2A}.
1 i
; It is clear that the structure factors of smectic layers dif-
m=| 1 —1 0], na=91, n,=n. (43 /

fering only by the direction of the projection of onto the
0 0 O layer plane(c) are easy to estimate using the properties of the
basis tensor¢4a).

Finally, we have to define the polarization of the dif-
fracted beam. The amplitude of a scattered wave with a unit
polarization vectogy, produced by an incident beam with a
unit vector of polarizatiorg;, is Ajéy-f&, whereA, is a

nsﬂeiswns, (4b) constant factor which depends on the sample volume and on
the amplitude of the incident beam. As we are only interested
in relative amplitudes, we will ignore the terdy, in the

Furthermore, in terms of these basis tensors, the structufellowing discussion. In a scattering experiment, one defines
factor of the smecti€ layer becomes the polarization by means of the unit vectarand, which

A rotation of ¢y aroundz results in a simple multiplication
of these basis tensors by a complex number:
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FIG. 3. Schematic representation of a diffraction experiment.
The incident and scattered beafa®tted thick arrowsare in the
plane of the figurei defines the orientation of the diffraction plane
with respect to the sample axgsand z, the scattering vectoq is
parallel toz 6 is the Bragg angle.

are, respectively, perpendicular and parallel to the scattering
plane (the plane defined by the incident and the scattered
beams. With a g-polarized incident beam, the two compo-
nents of the diffracted beam am,,=dy4-fa; and A,
=1y4-fo;, whereas with a7 polarized incident beam the
two components of the diffracted beam ake,=74- f
andA,,=ad4-f7;, whereg;=d4=0c, and 7 and 74 are

the unit vectors of polarization for the incident and the dif-
fracted beams. In a layered structyFdg. 3), the scattering
plane for Bragg reflections contains the layer norfaalxis).

The components of the unit polarization vectors depend on
the Bragg angle and on the angle between the scattering
plane and thex direction, which is defined to be coincident
with the in-plane projector of the directar, Specifically,

sing sin 6 cosg¢
g=|cos¢ |, m=| —sinfsing |,
0 cosé
—sind cosg¢
wq=| sin@dsing
cosé

Introducing the decomposition dfinto five components
gives

\ N\
AT

I

N/
W/

FIG. 4. Helical order in a smectiC-structure.

O M T =Ty N+10=F1 cosOexp +ig),

(6)
G N+00=—exp F2i¢p),

%d'ﬂiz’ﬁ'i:_Sinzanqizi(f)),

O NapT{=— Ty N0 =21 SiNO X+ 2ip).

IIl. RESONANT STRUCTURE FACTOR OF HELICAL
STRUCTURES

A. Stacks of smecticE layers
A helical structure is definedFig. 4 by the angle of

rotation between two successive layets/2, wherev is the
ratio between the pitck and the layer thickness We con-

sider the case of the scattering vedﬁdm,k,l ') parallel toz

G- noo=1, g o7 =1+cog 6, (h=k=0). Introducingl +(m/v)=1", and droppinc andk
in a simplified notation, the modulu@(l,m) of the scatter-
- Mo =14 7o0 =0, ing vector readKQ(l,m)=2=/d[ |1+ (m/v)], where 27/d is
the unit reciprocal length parallel to The diffracted ampli-
G Ner10=14 N+17; =0, tude for a sample ol layers is

N Fhel(l ,m) — 2 e277ij[| +(m/V)][aO770+ al( nleZWij/V+ nile—ZTrij/V) + aZ( 7]2647Tij/V+ 7:],29_4#”/”)]

:aoﬂo; ezwij[|+(m/v)]+alnl; eZwij[I+(m+1/V)]+a17771; @2mill+(m=1/v)]

+a27;2; eZwij[I+(m+2/v)]+a27772; 2mii[l+(m=2/)]
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wherej is the index of a specific layer. For large valued\bf The intensities of the satellites do not depend on the pitch
the different sums are equal to zero except if the phase difvalue except forr=2, 3, or 4, when the amplitudes at a
ference between the different terms of the sum is a multiplggiven resonant peak actually result from a combination of
of 27. For a noninteger value aof (v>1), this condition is  different m value reflections. Moreover, changing the hand-
fulfilled only if | andm are integers witm=2; m=0 cor-  edness of the helix modifies the phases without changing the
responds to fundamental reflections. Consequently only fouintensity of the different satellites. Taking into account Egs.
satellites are seen, two on each side of a fundamental peate)—(7), the relation between the satellite intensitiassum-
Moreover, each peak depends on only one compomgnt ing a a-polarized incident beajrand the molecular param-
The amplitude of the first-order satellites=1 and—1, is  etersf, A, andg is as follows.

described by they_; and thexn; components, respectively; (a) General casdv+#2, 3,0r 4). The amplitudes are in-
the amplitude of the second-order satellites; 2 and—2,is  dependent o#p, the angle between the scattering plane and
described by the;_, and thexn, components, respectively, the in-plane projection of the molecular director,

fundamental reflections: F¢(1,0)=aq7,, I} 1= 2(f+ A)?sir? 23 cog 6,

. . 8

first-order satellites: Fpe(l,x1)=a;n=:1, (7) I 2p= [ (f—A)—(f+A)cog B1A(1+sir? 6).
second-order satellites:Fpe(l,*2)=az7>. (b) 2, helical axis(»=2). Them= +1 reflections occur

A synchrotron radiation source, such as the one used for o t the same wave vectors so their two amplitudes are com-

- ; : ; ined and the sum depends on the angleAssuming a
experiments, producesrays linearly polarized in the elec- S o ,
tron orbit plane(which is horizontgl. We also note that the {ﬁndomh tg'St.”blg.'op d°f¢’ V;/h'Chl IS deflnedbtmpdulom
layer thickness of a S@ phase is of the order of 3—4 nm, rough the Irradiated sampie volume, one obtains

and even at lowk-ray energy the Bragg angle is low (6 _1 2 o :
=<10°). Altogether the best geometry is to have a vertical ha=a(f+4) siri 28 cos® §(sirt )
scattering plane, meaning in this case an incidepblarized =3(f+A)?sir? 23 cog 6.

beam. Taking this into account, we have derived the polar-

ization of the different resonant satellites as well as their Notice that them= =2 terms give ar component at the
relative intensity. The first-order satellites afepolarized; fundamental reflection position. However, this component is
the diffracted beam for cage= =2 has an elliptical polar- very weak compared to the component, which results from
ization, but the ratio of ther amplitude to ther amplitude is  the superposition of the dominami=0 (&-polarized scalar

sin §, which means that for smadlthe beam is close to being and them= *+2 g-polarized resonant components.
o-polarized. The traceless part of the structure factor contrib- (c) 3; helical axis (v=3). The reflections fom=+1
utes to the fundamental reflections but does not change thend —2, orm=—1 and+2, occur at the same wave vector
polarization of the reflected beam. In fact, the scalar compoand are added. The reflected beam has two compow@ents
nent of the structure factd¥ also depends on the energy of and 7. Form=+1,

the incident beam when this energy approaches an absorp-

tion edge. Therefore, the intensity of the fundamental reflec- Foo=s[(f—A)—(f+A)e™??]

tions has a complex dependence on the energy, which we

will not consider in the following discussion. and

—i o .
Fm,:T[(f—A)—(waA)co§ Blsinge=? ¢+ z(f+2)sin28 cosfe™'?,

I} c1=2{[(f—A)—(f+A)cos B13(1+sirfg) + (f+A)? si? 28 cog 6}
(cos 3p)sin 2B Re (f—A)— (f+A)cofB](f+A)*

1
32 SIN 20| 4 in 3¢h)sin 28 IM[(f—A) — (f+ A)co@B](F+A)* |
|
With the assumption of a random distributiongbetween 0 l| +1= & (f+A)?sin?2B cos 6.
and 2q/3, '
1= E1(f=A)—1(f+A)cog BI2(1+sir? 6) lgsor?ggfdoer;e;;gﬁgz and —2 both contribute to the
+(f+A)2sir? 23 cog 6}.

I +o=3[(f=A)—(f+A)co B]*((cog 2¢)

(d) 44 helical axis(v=4). The general formula applied
to them=+1 satellites yields +(Sir? 2¢)sir? ).
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TABLE I. Comparison of the satellite intensities for different
helical structures, assuming a collection of domains giving a ran- ; A
dom distribution of azimuthal anglek.; andl, , are given by Egs. H

(8).

|m| 2, 3, 0r3; 4, or 44 general
1 20 latliz I I f
22 latli2 21, I 2

8or 3, and 3, helical axesm=2 is equivalent tan=—1.
1 A 0.5 1 1.5 2 25 a o

And if ¢ is distributed at random @ ¢</2), ” ”

I +o=8[(f—A)—(f+A)cogBIX(1+SsirfH).

In any helical structure, the intensities of the satellites, as
summarized in Table | and in Fig. 5, can be compared to the
satellite intensities observable from an incommensurate heli-
cal array, these intensiti€ggeneral casebeing labeled here

asl;; andl 5. | 05 ” 15

25 a9 o
If the different SnC variants correspond to different he- )

lical superlattices, the intensities of the satellites remain the

same, provided that the molecular conformatiand orien-

tation of the resonant atom within the moledule the same [

in the different variants. \ J

—

B. Other examples of helical mesophases -4

The expression of the structure factor for a helical array | }
can be extended to the case of other helical structures, suct
as the cholesteric and the TGBA mesophases.

In the TGBA phase, there is up to now no clear evidence
of any density modulation in a direction parallel to the heli- {
cal axis[19]. However, there are periodic discontinuities of
the orientation of the molecules at each grain boundary. The
overall structure of the TGBA phase is that of a smetic-
phase where the grain boundaries are the layers and the di —
rector, which is the vector normal to the local slab of 0.5 1 15 2 25 a/9 o
smecticA layers, is parallel to the grain boundarieB8 (
=/2). In the smectiA phase, the molecule has a uniaxial  FIG. 5. Position and intensities of satellites for helical smectic
symmetry, which is reflected in the molecular structure facphases with different pitches. From top to bottom, incommensurate
tor (A=0). Therefore, if we express the structure factor of apitch, four-, three-, and two-layer pitcheg=27/d, whered is the

TGBA grain in thez, basisf=33-2 ,a.7s, then layer thickness.

_fy N ol helical array. The structure factor of the satellitds -,
2073 2(f+4)sin’ 8 g M1=a-1=x(f+A)sin25=0, = 7+,J5dz dlQz72¥)] ), (7) depends on the profilg(z) of
the director orientations along the pitch directidtig. 6(a)].
It is interesting to discuss the limiting case wheféz) is
constant throughout the total lengthof the grain, corre-
sponding thus to abrupt grain boundaries. This case is
It follows from Eq. (7) that in principle there are two e€quivalent to that of the smectvariants discussed in Sec.
kinds of resonant reflections. IlA. However, instead of being located in narrow subsec-
(i) For Q=2=/L, whereL is the distance between two tions like smectic layers, the resonant atoms are homoge-
grain boundaries, the structure factor of fundamental reflecheously distributed through the grdipy (z) is constan The
tions isF, = 770f|6dz d%? (7), where the helical TGBA axis structure_factor of the satellite is théneglecting a phase

is coincident with thez axis andp,(z) is the density of reso- facton F| .,=7:,[2 sin@QL/2)/QL]. The structure factor
nant atoms through a TGBA graiRor a constant density of cancels forQ=2=/L and forL/P<1; the satellites’ inten-
resonant atoms the intensity of the fundamental reflections isity is weak.
zera (i) The other limiting case corresponds t@(z)

(i) On each side of a fundamental reflection there is one=2#z/P, that is, to the cholesteric phase. The grain bound-
satellite forQ=2=(I/L=2/P) (hereP is the pitch of the aries disappear with the smectic layering, and one observes

f
a,=a_,=3(f+A)sir’ g= R
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Vq FIG. 7. Different models of two- and four-layer structures. The
direction ofn (top) andc (bottom) are represented in four succes-
FIG. 6. Schematic representation of the satellites in the TGBASIVE layers for the clock modéR) [13], the T Ising model(B), and
() and cholesteric phaséb); L is the intergrain boundaries dis- the E Ising model(C) [16], or in two layers for the distorted two-
tance; the satellites positions aye- 27(1/L+2/P), whereP is the  ayer clock mode[15].
pitch of the helix.

NN (N B
EERENIN (N

tence of defects in the three-layer ferrielectric phase
(SMCE,), since the resonant satellite peaks show a complex
structure with several side bands. Moreover, the three-layer
structure appears only in the 100TBBB1M7 compound,
whereas the four-layer ferrielectric phase is present in both
IV. STRUCTURE FACTOR OF DIFFERENT MODELS of the compounds studigde., in MHDDOPTCOB as well
BASED ON A FOUR-LAYER REPEAT UNIT In the four-layer ferrielectric phase the satellite peaks are
sharp and without side bands except close to the transition to
the next lower temperature mesophase range. Lastly, it is

It is clear that the clock model is consistent with the ex-also easier to discriminate between the different models on
periments performed on the smec@Gcvariants of the two  the basis of the polarization selection rules for a four-layer
studied sulfur-containing compounds. However, we musktructure than for a three-layer one.
also discuss how selective the experiments are in terms of The models described in the literature are of two classes.
differentiating between the various proposed structures.  |n the first class, the electric response of each phase is ac-

The basic unit of all the models is the 8nmayer. The  counted for by an array of parallel or antiparallel layer di-
repeating units are stacks of 8nfayers, all having, in the poles (Ising model$ [16]. These Ising-like models are de-
first approximation, the same molecular tilt angle with re-scribed by a sequence of azimuthal anglefaving the two
spect to the layer normal. The different layers within thevalues 0 andr. There are two different possible four-layer
common repeat unit differ only by the orientation of the sequence$0,0,7,7) and(0,0,0;7). These two structures can
director. It is obvious that the number of possible stackingbe found using Landau equations for the energy in the frame
sequences increases rapidly with size of the repeat unit. ~ of the axial next-nearest neighbor IsitgNNI) [16] model.

We can note at this point in the discussion that the clockeach of them belongs to a different sequence of Ising-like
model is confirmed by optical observations in the two casestructures depending on the external parameter which gener-
when the pitch is either close to twice the layer periodicity orates the sequence. For the first sequence, this is the tempera-
larger than four layers. That is, respectively,for the anti-  ture, and for the second it is an applied electric field. In the
ferroelectric phase both in chiral and racemic mixtU28,  following discussion we will designate these two models as
(ii) for the SnC?, phase, where the pitch derived from opti- “ T Ising” for the first described thermal phase sequence and
cal observations made on the same compound E Ising” for the second field-induced sequen@gg. 7).
(100TBBB1M?7) is consistent with the-ray data[21]. The second class of models corresponds to distorted clock

On the other hand, in the ferriphases, the presence ¢f a 3nodels. With an even number of layers=2n) one can
or 4, helical axis gives uniaxial optical properties to the propose a symmetric sequence of angleswj/a
basic repeat unit, and consequently the rotary power must be §/2(— 1)/ 5/2, with 0<j<2n-—1. For v=2, the total di-
very low, which is not consistent with the experimental data.pole per unit cell is nonzero and depends on the aAgla

In the following comparison section, we will consider fact, a two-layer distorted clock model was proposed for the
only models based upon a four-layer repeat unit. In fact, théerrielectric phas¢15]. However, the two layers correspond
diffraction experiments made to date have revealed the exise each other by a glide mirror so that the symmetry is not

only two peaks forQ==x4sx/P; their intensity is lg
=f2/16(1+ sir? 6)[p| [Fig. 6b)].

A. Description of the different models



PRE 60 TENSORIAL X-RAY STRUCTURE FACTOR IN SMECTCT . . . 6811

consistent with the obvious chiral properties of the ferrielec-Applying the same assumption about the geometry of the
tric phases. For=4, among the different models discusseddiffraction experiments as in the preceding section, we can
by Lorman[13b], one of them corresponds to a distorted derive the satellites’ intensities from Ed$), (6), and(8):

clock model(constant tilt angle The sequence of azimuthal
angles in this distorted clock model igig. 8 (0,7/2
—6,m,3w/2— 6). The structure has a;2symmetry, with a
double-layer asymmetric unit, which corresponds, in fact, to
the distorted two-layer model. Moreover, the four-layler
Ising model is a particular case of the distorted clock model
with 6= /2. Finally, the four-layetE Ising model can be
considered as a particular class of distorted clock models,
where the distortion is induced by a polar stress such as that
resulting from an applied dc electric field.

I} 1=(|as[cos@ sinp+i cosd cog p+ 8)]|%)

=a?cog O(sir? ¢+ cod(p—9)),

;1 2=(|az[cos 2p+cos A ¢+ 6)]I)
=4a5c0g8(cog(2¢p+ ),

| 1 2=4a2sin?0cog 5(sir(2¢+ 6))

B. Structure factor of distorted four-layer clock models assuming a random distribution ¢f between 0 andr,

In a four-layer superlattice there are three kinds of peaks:
the fundamental peaks and the satellites of first and second
order. The corresponding reciprocal vector lengths are, re-

I ,=af cog 6= 1 (f+A)?sin?28cog 0,

spectively,

2l

2w N 2w L
|Q|= R |Q|=F(|iz), |Q|:T(I+5)’

whered is the layer spacing anldis an integer. In this sec-

tion, for convenience, we will either refer to the reflections

by their (I, m) designation or by the equivale@/Q, nota-
tion (Qg=2/d). In other words, thél, =1) reflections will
also be referred to ast reflections and thél, 2) reflec-
tions will also be referred to dst 5 reflections. We will not

) ,=2a3 cog&(1+sirth)
=1cogs(1+sirtd)[(f—A)—(f+A)cogB]?.

From the above expressions, it is clear that the intensity of
the first-order satellites is independent of the an§jlerhich
measures the amplitude of distortion, whereas the intensity
of the second-order satellites decreases a$&dr 6=0,
the helical order is perfect and the structure factors are as
described in Table I. For th&Ising model ¢= =/2) there is
no resonant peak at the halfway point between two funda-

_mental peaks

discuss the fur;ldamerlnal peaks, the ifntﬁnsity of Wh]zCh 'S" The introduction of some distortion in the &elical order
dominated by the scalar component of the structure factolyeays the injtial symmetry. Consequently the four molecular

For a sequence of azimuthal anglesQ./,,#5), the first-
order satellites’ structure factgper layej is

T

N a . . :
= Fr= S {m(Lrieimevz—iels) 4 5y (1

) . . a ) .
+ie T V1—e 2—je V3l + Zz{nz(lJriez"f’l—ez"”Z
—ie?3)+ p_,(1+ie 21— AV2—je 2V3)}

and the second-order satellites’ structure factor is

— [a . . ‘ a . :
F|,2:(Zl ni(l—e'14e'2—glVs)+ ZZ na(1l—e V14?2

—e?¥3) +{c.c}.

In the distorted helix, the 2 symmetry implies that);
=ml2— 38, yp=m, and 3=+ ;. Then inF; the 7.,
components cancel, whereasAn, it is the 7., components

layers which are in the same unit cell will have different
electronic density profiles and the satellites will have a non-
resonant component. In the model presented here, with a 2
symmetry axis, the nonresonant component is forbidden for
odd reflections, that is, for first-order satellites. The nonreso-
nant part of the second-order satellites will likely increase
with the amplitude of the distortion. However, it is difficult
to estimate the nonresonant contribution to the second-order
satellite. In order to measure this contribution, it will be in-
teresting to follow the intensity of the satellite peaks when
applying a uniaxial strain compatible with the symmetry of
the distortion. For example, a distortion induced by a me-
chanical strain or a high-frequency ac electric field, applied
perpendicularly to the helical axis, would both retain the 2
symmetry axis.

The influence of a dc applied electric field results in a less
symmetrical mode(Fig. 8). Assuming that the electric field
is parallel to they axis, the sequence ®/2,7,37/2) of a
perfect helical array might transform itself into the sequence
(0,77/2— 8,7,37/2+ 8). The E Ising model corresponds to
6= l2. As there is no symmetry element parallelzianon-
resonant components must be observed foi and|+3.

which disappear. Therefore, introducing a distortion in thE‘There are also resonant components which are

helical array while keeping a;2symmetry does not modify
the polarization state of the satellites,

Fli=ta{mll-exp—i8)]+7n [1+exp(+id)]},
9
Fio=%ay{ o[ 1+exp —2i8)]+ 7 _[1+exp2i6)]}.

ITT: 3a,{7[1—cosd]+ n_4[1+coss]}

+ %az(_ 772+ 77_2)S|n 25,
(10
o= —3a1(m1+ 7-1)Sin 8+ 3a,( 7+ n_5)(1+C0S 25).
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FIG. 8. Effect of a compressid@) or of an electric fieldB) on

2
Lol +%)=(#sin2ﬂ—A) coss, 1, (1+3%)

=75 cogO(f+A)?sinP23 sir?s.

It follows, then, that cdss, which indicates the amplitude of
the distortion, can be obtained by measuring the intensity
dependence of the, (I + %) reflections as the direction of
the scattering plane is varied with respect to the direction of
the applied electric field.

Finally, it is easy to deduce the structure factor of the
Lorman model from Eqs(10) by considering the two-layer
sequence 4/2— 6,3w/2+ 6) derived from the preceding
four-layer structure distorted by an electric field. The first-
order satellite is located at a halfway position between two
fundamental peaks and, neglecting the phase fadtpy,
=ai(m1— n_q1)cosd+as(m,— 71_5)sin 26. The structure fac-
tor cancels for6= /2, that is, in the Si@ phase. In the
antiferroelectric phase 6&0), the reflected beam is
7r-polarized. The maximum amplitude of tilecomponent is

the four-layer clock mode(the representation conventions are the observed ford= /4, that is, at the intermediate position

same in Figs. 7 and)8

between these two extremes.
It is clear that it is easy to discriminate between the dif-

The two satellites have both and 7w components, except ferent models by measuring the state of polarization of the

for the limit cases, i.e., fo6=0 and = #/2. In our experi-
mental data, the first-order satellites aepolarized and the
second-order satellites agepolarized. In fact, it is the term
in (4 ,+ 7_5) that contributes to thé&-polarized reflected
beam. For = %, this term cancels fo6=0 and §=n/2; it

reaches its maximum value fér= /4. At the same time, for
|+, the (. ,+ n_,) coefficient is maximum fos=0 and

cancels for6= m/2, whereas the#,,+ »_,) term has the

different diffracted beams.

Another interesting point is the comparison of satellite
intensities between phases of the same compound but with
different superlattice periodicity. Such a comparison can
bring to light the effects of conformational changes. It is
particularly important to take into account the effect of ther-
mal fluctuations upon the structure factor.

reverse behavior. Therefore, a measure of the polarization of
the second-order satellite is a good test for the study of ori- C. Influence of thermal fluctuations

entational distortions. In particular, tfelsing structure will
give 7-polarized satellites of equal intensity for- ; and|
+3.

The thermal fluctuations, specific to resonant scattering,
are of two kinds.
In the first type of fluctuations, the coordinate of the

If we assume that the electric field imposes a uniformiesonant atom deviates from its equilibrium position and the
orientation of thec director for each layer, then the satellite gmplitude of this fluctuations increases with the temperature.

intensity depends on the angie between the electric field
and the normal to the scattering plafigg. 8). Let us give

The consequence is the existence of a Debye-Wd&Y)
factor which multiplies the diffracted intensity otherwise ob-

the intensity for two extreme positions of the electric field, 5ined without fluctuations. Consequently, the intensity de-

that is, parallel or perpendicular to the scattering plape.
:O,

I(T(T(l +%):O!

| o(1+3)=15 cogo(f+A)%sinP23 cog s,
f+A 2
l(rU(I—'—%):(TSW]ZB_A) CO§5,

| o(1+3)=0,
d=l2,

loo(1+5)=0, 1.,(1+3)=7% cofa(f+A)?sirf28,

creases as the reciprocal vector length increases. However,
we must discriminate between the global DW factor, which
takes into account fluctuations of all the atoms, and the DW
factor, which is specific to the resonant atom. The first is the
DW factor for the fundamental reflections, whereas the sec-
ond one is appropriate for the resonant peaks.

Furthermore, the binary axis of the molecule is a conse-
quence of an orientational disorder of the molecular director
(i.e., no preferred “up” or “down” direction. If the reso-
nant atom is far from the center of mass of the molecule, one
has to consider that there are in fact two types of resonant
atoms (each one contributing half of the atomic structure
facton, one on each side of the median plane of the smectic
layer. In such a case the satellite intensity has a sinusoidal
dependence i and goes to zero fd@ = m/(2z,), wherez,
measures the distance between the resonant atom and the
center of mass of the molecule.Zf is large compared to the
amplitude of fluctuations, the intensity of satellites with the
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samem value will show a sinusoidal dependence versus thelock model[13] in which Ay, the angle between thedi-
scattering vector length. rector of two adjacent smectic layers, is constant. In this

The second type of fluctuation involves changes indhe model there is no restriction upon the period of the orienta-
director. These fluctuations affect only the traceless compatonal order, which could be commensurate or incommensu-
nent of the structure factor. In particular, the fluctuations ofrate with respect to the layer periodicity. The fundamental
the ¢ director modify the structure factor of the layers. (I,m=0) reflections(coming from the layer periodicijyare

In order to understand this effect, consider a smeCtic- surrounded on each side by two satellites with indices
layer with thec director parallel tox. A rotation aroundz of ~ +1 and+2. The intensity is independent of the period of the
amplitude vy transforms f==2222,2a3775 into f:7 clock model and then= +1 diffracted and incident beams

=2§Z%2e‘57a57;5. The mean structure factor is are cross-polarized relative to one another.
) Let us compare the theoretical predictions to the experi-
(Fy=agno+ay(cosy)(ni+ n_1)+a,cos2y)(n,+ 7_5). mental datd7,12]: A complete series of data, including the

state of polarization of the resonant peaks, has been obtained
For small-amplitude fluctuations we use the approximation from a chiral compound 100TBBB1M[74]. Four different
) phases have been studied. All the observed peaks, except
ﬂ%e_ 1242 those corresponding to the layer structure, disappear if one
2 ' moves away from the resonance energy. It is easy to com-
pare the measured position of the observed resonant peaks
The orientational fluctuations of the director do not with the schematic view shown in F|g 5. The period of the
changea,y. a; is reduced by a factoe~ Y27 and a, by a  helical structure is close to twice the layer periodicity in the
factore~ 27, This difference in the behavior of the differ- SMCA mesophase. The=+ 1 satellites are visible, but we
enta coefficients is reflected in the temperature dependenceould not see then= =2 satellites, which should appear as
of the ratiol, ,/1, ; of the intensity of the second-order sat- side bands around the fundamental reflections. The incident
ellite to that of the first one. For example, in a helical array,beéam isa-polarized and polarization measurements probe
the fluctuations of the azimuthal angle reduce the ratio by &he 7 state of them==1 satellites. On heating the com-
factor e73/2(y2)’ whereas in theE Ising model this ratio is pound 100TBBB1M7, the helical period jumps from 2 to 3
temperature independent. in the SnC¥,; phase and from 3 to 4 in the $f, phase.

The decay of Bragg peak intensity induced by thermaiThe period of the helical order appears to be commensurate
fluctuations is balanced by the diffuse scattered intensity inWithin our experimental resolutionin the SnCg), phase,
between these peaks. The thermal diffuse background due &Rch resonant peak is a combination of #he; and of the
orientational fluctuations of the director has a peculiar de- 7s2 components; however, the satellites are in practice al-
pendence on both the energy of the radiation and on thenost completely7-polarized. In the SI8F,, phase thel(2)
magnitude of the scattering vect@ Specifically, the inten- and (+1,—2) components add to one another in a unique
sity of the resonant scattering background vanishes outsidé-polarized peak; its intensity is about one order of magni-
of a narrow band of energy surrounding the absorptiortude lower than that of then==*=1 peaks, which are
threshold. Moreover, the scattering factor depends on the orir-polarized. At higher temperature, we enter into theC3m
entation and therefore orientational fluctuations are similar tphase where only one satellite is observed, which is
fluctuations of chemical composition. The intensity is, in the#-polarized. In this phase, the period of the helical array
first approximation, independent &, whereas the usual varies from 5 to 8 continuously.

(cosy)~1—

thermal scattering intensity is proportional @5. All these data are consistent with a clock model. The
relative intensities of the two kinds of satellites are also in
V. CONCLUSIONS keeping with the clock model: in the SBj,, phase, then

=2 satellites’ intensity is weak, and they afepolarized.
The samean= £ 2 satellites are not visible in the vicinity of
the fundamental reflections in the & phase, because of
éheir low intensity. In the SI@* phase, the absence wf=

In liquid crystals, a periodic modulation of orientational
order is not necessarily coupled to a density modulation
Among chiral smecti€ variants, differences in their ob-
served electro-optical behavior originate in differences in th L ;
structure of modulations of thedirector in a direction nor- 2 Satellites is likely a consequence of large-amplitude fluc-
mal to the smectic planes. Resonasay-scattering experi- tuations of thec director. In the Sr8%,; phase, ther polar-
ments are able to reveal these orientational modulationdZation of the satellites is also a consequence of the weak
Each structure is characterized by the positions, the intensintensity of theg-polarizedz -, term. _
ties, and the polarizations of the resonant diffraction peaks. | n€ different phase transitions correspond to jumps of the
These characteristics depend on the molecular tensorif€lical periodicity(that is, the period of the clock model
structure factor. In order to discriminate between different! N€ helical periodicity is incommensurate with respect to the
models, we have extended the theory of resonant scatteridgYer thickness in the S@j and in the Sr&7 phases. In
developed for crystal§l7]. When the traceless part of the SMCj , A, the per-layer increment angle of the director
structure factor is decomposed in a basis of five tensoris equal to=m(1—2¢). The value ofs which is derived
which transform simply by a rotation around the layer nor-from the splitting between thel,2) and the(2,—2) peaks is
mal, then it is straightforward to predict the structure factorconsistent with the value of the apparent optical pitep,
for any of the Sr&* variant models proposed to date. =d/e [22], whered is the layer thickness. In the STfj

The simplest model of orientational modulation is the phase as well, the helical pitch values agree with the optical
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observation$21]. In the two ferriphases there is no apparent I
discommensuration. Furthermore, the Gaphase of a race-
mic mixture has a helical periodicity of exactly two layers,
which is consistent with the absence of chirality. Moreover,
the satellitesn= *+ 1 arew-polarized, proving that the struc-
ture of the racemic mixture is identical to that of the enanti-
omer. The distorted two-layer model5] does not apply to
the racemic Si8, phase. J

The experiments performed on the compound b---- } } f -
MHDDOPTCOB [14] give similar results. The compound 1 1.5 2
has SnC,, SnCf,;, and SnC* phases. The difference in LN
the position of the sulfur atoms in the two studied materials
results in a difference in satellite intensities relative to that of
the fundamental reflections. For MHDDOPTCOB in the

SnCE,; phase, the period of the helical array is close to four,
but the(1,2) and the(2,—2) satellites are clearly separated, at
least close to the upper and lower limita temperaturgof
I |

the phase.
For three different smecti€ variants, Sr¢x, SrC*, =~ --- 1 T I 0
and SnC¥ , resonant scattering experiments confirm the he- 1 15 2

lical structures(clock mode}, which were previously de- FIG. 9. Comparison of the experimental diffraction pattern of
duced from various optical observations. For the M  the MHDDOPTCOB in the S@%, phase(top) with the predicted
phases, our observations are also consistent with the cloddffraction pattern for a helical array of four-layer subunits similar
model. It remains for us to check that this model is the onlyto those described in Figs. 7 and 8.

one which fits with the data. The discussion is not so obvi-

ous, at least for the SBf,, case: we have only one example sured with more accuracy. Moreover, we must measure the
of this phase, moreover the satellites present a substructuigfluence of the partition of the resonant atoms inside a layer
which is not yet understood. Furthermore, the polarizatiorupon the intensities of the resonant peaks. Therefore, it is
studies are not selective with respect to different proposedecessary to measure the intensities for different values of |,
three-layer models. but the samen value.

For SnCf,,, it is easier to discriminate between the dif-  Finally, it is interesting to see how the distorted models
ferent models based upon a four-layer superlattice. From agan accommodate incommensurability such as was measured
experimental point of view, we have two examples of thisin the SnC¥,, phase of MHDDOPTCOB. The distorted mod-
phase, one giving some evidence of a discommensurate pels are intrinsically commensurate models. It is possible to
riod, even though it remains very close to 4. Furthermore, thedd a global chirality by keeping the original unit of a small
different peaks fh=0,1,2) are well-separated from each integer number of layer¢for example, four layepsand to
other and lack detailed substructure; consequently, they am@pply chirality to the superlattice unit cell. The sequence
easy to characterize. is then O7/2— 8,7,3wI2— 6, wl2— 6+ o, 7w+ ,3w/2— 5

Let us first consider a period of exactly four layers. The+ ¢, 2¢, w/2— 5+ 24, m+ 244,3mw/2— 5+ 24,...(| ] <] 8]). In
Ising models do not fit with our observations. In thdsing  this sequence a third periodicity is introduced so that two
model there is no resonant peak far=2 and moreover the extra side peaks will be added on each side of each resonant
symmetry implies a nonresonant peak at this position, whictpeak(fundamental and satellitesThis is not consistent with
we do not see. For thE Ising model, then=2 peak must be the experimental diffraction pattern of the ferri-ll phase of
m-polarized and a nonresonant component will be present adHDDOPTCOB (Fig. 9. In fact, the mean rotation angle
each position. Experimentally, the=2 satellite has only a between the layey, and the layejj +4 is different from 2r
resonantcomponent, which igr-polarized The results thus as shown by the observed splitting of thle2) and (+1,
contradict both Ising models. —2) satellites.

A polar distortion of the helical array will modify the A slight distortion of the perfect incommensurate helical
polarization state of the satellites and can therefore be easilyrder would correspond to the following sequencer/Q,
ruled out. A nonpolar distortion applied to the four-layer + a, ¢, m+ a, 4,372+ azp, 2w+ ... (with a;# j/4). This
clock model does not modify the polarization of the resonanis equivalent to Q7/2+ 8;, 7+ 8,,3m/2+ 83,2+ 84,...,
peaks. However, the intensity of tile=2 resonant compo- where there is no relation betweépandd;,, or §;.,, as is
nent decreases as the distortion increases and cancels for the case for a perfect incommensurate helicoidal axis or if
T Ising model. For a commensurate four-layer structure, it ighere is a 2 symmetry. Therefore there does not exist a fixed
necessary to compare the intensity of equivalent peaks in theéngular difference &, ,— &;) = between any layej and
phases of different periods in order to detect the presence efie layerj+4 in the whole sample. In other words, the cor-
apolar distortions; for example, one can consider that theelation length of a distorted incommensurate helical struc-
SmC; and the Sr&* phases are not distorted. However, weture is limited byAy fluctuations.
do not yet have sufficient information about these intensities. Alternatively, the discommensuration might result from
The maximum and the width of each peak have to be meathe introduction, at random, of defect layers in a commensu-

NN
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rate four-layer superlattice. This can be done in any of thdiquid-crystalline phases is fundamental since it is possible to
four-layer models including the commensurate helicoidalreveal periodicity in the molecular orientational order. More-
structures. The sequence of azimuthal angles would then kver, the analysis of the polarization of the diffracted beam
o, 1, W2, W3, (Unt 6),(Uns1t 5),... With ¢y=4;.4.  offers an easy way of selection between different models.
The mean angle of rotation per layer i8/4+ §(Ny/N),

whereNy /N is the proportion of defect layers. #is large,

a small pumber of defec_t_ layers is enough to create a mea- ACKNOWLEDGMENTS
surable incommensurability. In such a case, the presence of
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powerful method for structural determination of the structureMach, S. Pikin, R. Pindak, and B. Zeks for enlightening
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