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Interlayer structures of the chiral smectic liquid crystal phases revealed
by resonant x-ray scattering
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The structures of the liquid crystalline chiral subphases exhibited by several materials containing either a
selenium or sulphur atom have been investigated using a resonant x-ray scattering technique. This technique
provides a unique structural probe for the ferroelectric, ferrielectric, antiferroelectric, a6d phmases. An
analysis of the scattering features allows the structural models of the different subphases to be distinguished, in
addition to providing a measurement of the helical pitch. This paper reports resonant scattering features in the
antiferroelectric hexatic phase, the three- and four-layer intermediate phases, the antiferroelectric and ferro-
electric phases and the &) phase. The helicoidal pitch has been measured from the scattering peaks in the
four-layer intermediate phase as well as in the antiferroelectric and ferroelectric phases. IlCthelSmse, an
investigation into the helical structure has revealed a pitch ranging from 5 to 54 layers in different materials.
Further, a strong resonant scattering signal has been observed in mixtures of a selenium containing material
with as much as 90% nonresonant material.
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I. INTRODUCTION C* variant phases are also tilted and differ from each other
in the precession of molecular orientation from layer to layer.
Smectic liquid crystals consist of a layered molecular ar-The SnC* subphases all exhibit a macroscopic helix, as a
rangement and exist in several variant phases. The bestsult of the molecular chirality. The pitch of this helix varies
known of these phases is the ferroelect8onlC*) phasd1],  from phase to phase and is typically several hundred layers
in which the tilted chiral molecules in the smectic layers will in size.
respond to the application of an electric field by reversing The antiferroelectric phaséSmC}) was first observed in

their molecular electric polarization direction. The other Smliquid crystals in 19892] and this phase also demonstrates
significant potential for device applications. The antiferro-

electric (SmC}) liquid crystal phase is formed when the
* Author to whom correspondence should be addressed. molecules in alternate layers tilt in opposite directions, the
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density in the sample, whereby peaks are observe@,at
,‘x =2 |/d=1Q,, wherel is an integer andl is the smectic

_ ——r_ _ layer spacing. Near the absorption edge energy, the structure
%\; factor of the material becomes a tenfof and the scattering

becomes sensitive to molecular orientation. The value of this
SmC* SmC’s tensor is dependent on the orientation of the molecule with
respect to the polarization direction of the x-ray beam, so
extra resonant peaks are observed where there is a superlat-

tice structure of molecular orientations and the different
phases can be distinguishgl.

: The positions of the resonant peaks in each phase can be
calculated using the equation,

Q,/Qo=I+m +el, 1)

v
SmC*,,

wherel is an integerm can take integer values betweer2,
v is the superlattice periodicit{in layerg, ande is given by

SmC*e;,
the ratio of the smectic layer spacidgand the optical pitch
Po.

The SnC* subphases were first investigated in this way

by Machet al.[9,10] demonstrating the clock modEgl1] of
the three- and four-layer intermediate phases to be their most
likely structure. Ellipsometry work by Johnscet al. [12]
demonstrated that the correct molecular arrangements should

be a biaxial distorted clock structure. Subsequently, this
SmCe model was confirmed by an in-depth study of the four-layer
SmCE,, phase using high resolution resonant scattelrirgj,
providing evidence for the asymmetric clock structure pro-
yosed by Lormari14], thus revealing the true structure of
he phasdéwhich is not ferrielectric, despite commonly being
labeled as sughResonant scattering studies have also been

dipole contribution also reversing in direction from one layercarried out in liquid crystal deviced5] allowing the study
to the next. In addition to the S@j, phase, several different of interlayer structures under the influence of electric fields.
SmC* subphases have been identified and stuf@dThe The structure of the S@¥ subphase has, for a long time,

ferrielectric SnC§,; phase, intermediate four-layer 8, remaine? a ct?nt_roversial 'SUbrjli)CtihBefohre the ﬁrslt< succetssful
phase, ferroelectric S8t phase, and the complex &)  'esonant scattering experim¢d0] this phase was known to

phase can all exist between the Sinphase and the untitled be a small tilt smectic pha3a6], exhibiting either ferrielec-
PN . tric or antiferroelectric electro-optic behaviof8,17]. The
Sm A phase. These phases exhibit different interlayer mo-

lecular arrangements and display a variety of interestingax'smnce of a Sm*’?‘” optical periodicity in th_e sh ph?‘se .
electrical and optical propertigig. 1). a.s.f|rst repor‘_[ed in 1996. The_authors attributed this peri-
Although the different chiral subphases have been studiea(.jICIty toa hehc;al structure 3|r_n|lar to thg $1ﬁ bhase, but

since the early 1990s, the molecular ordering in these phas th a shorter pitctj18,19. Optical reflect|V|ty[_20] ?”d el-
is still an area ripe for research. The structure of the interme-'psometry[lz] .measu.rem_ents on .free-standmg films have
diate (ferrielectrio phases has, for several years, been a con@/SO Provided interesting information on the Sfn phase
troversial subject. Conventional x-ray scattering can providéevealing a film consisting of a tight pitch helix with antifer-
no information on repetitions in molecular orientation, the0electric surface regions. Resonant scattering has been par-
feature that distinguishes the & subphases. As a result, ticularly useful in precisely dedu_cmg the structure of the
several different models have been propoi2d,5 to ex- Sn‘C; phasg. Indeed,' the analysis of satellltes.to the Bragg
plain the properties of these phases. The technique of res§€ak in the first experiment on compound|¥l (Fig. 2) has
nant scattering has been used in the field of crystallograph§hown a superlattice periodicity incommensurate with the
[6] and now has proven to be a valuable tool in liquid crystalfayer spacing. In this material the periodicity has been shown
science. to evolve from roughly eight to five layers upon decreasing
Resonant scattering is an x-ray technique that involvedhe temperature. The incommensurate periodicity of about
tuning the x-ray energy near the absorption edge of an atorfive layers just above the SBjf;, phase would suggest that
contained within the core of the liquid crystal molecule.the SnC}, phase is a natural extension of the Gf3 phase,
Conventional x-ray scattering probes variations in electroralthough it is true that if a material exhibits the 6 phase

FIG. 1. The Smt* subphase structures. The diagram shows
how the azimuthal angle varies in each phase, the numbered m
ecules demonstrating the progression in molecular orientatio
through a sequence of consecutive layers as viewed from above.
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FIG. 3. The scattering geometry for liquid crystal free-standing
films. The Bragg angle is typically 0.8° for Se and 4.1° for S. The
free-standing films contain approximately 500 layers, so have a
thickness of around 1.zm.

have been made from the resonant scattering data and these
are also presented.

One potential restriction of the resonant scattering tech-
nigue is that in order for it to be useful, the material under
investigation must contain a suitable atéeng., sulfur, sele-
nium, silicon, bromine, etg. In this paper, resonant x-ray

v oy s_cattering data are also presenteq for mixtures of two mate-
B\ %} ) rials, one of which does not contain a resonant atom. These
Ciatzs0 '®<—>_C° C*”\" data demonstrate how resonant signals can be observed in
mixtures containing low concentrations of resonant material.
K 574 SmC*, 640 SmC*py 650 SMC*p; 686 S'“C"‘ This additional application demonstrates the broad potential
65 SmA 1 of resonant x-ray scattering for use in the study of a wide
variety of liquid crystalline systems.
V CeHi3
Crabas Ocm\" Il. EXPERIMENT
K 729 SmC*, 999 SmC*¢; 103.5 SmC* 1170 SmC*, 1222 Resonant x-ray scattering studies have been performed on
SmA 1293 | several antiferroelectric liquid crystal materials, which have
also been described elsewhe®,10,13. The molecular
structures of the compounds examined in this work are
Vi shown in Fig. 2 together with their phase sequences deter-
H(cHz),OC*@ -@- -@-co -*CH(CHy)g mined by optical microscopy and electro-optic techniques. It
should be noted that the chiral smectic subphases always
K 110 SmC*, 112 SmC* 114 SmC*p 119 SmC* 120 exist in the same order on increasing or decreasing the tem-
SmC*, 124 SmA 153 1 perature, but that not all phases are present in all materials.
The x-ray studies of selenium containing materials were
carried out at the Advanced Photon Soui&ES) at Argonne
P National Laboratories, Il, and the sulfur containing materials
Vil were studied at the National Synchrotron Light Source

K 745 SmC*, 803 SmC*g 828 SmC* 858 SmC*, 87.6
SmA 968 I

(NSLS) at Brookhaven National Laboratories, NY. These fa-
cilities provided the high flux, tunable sources necessary for
this work.

Thick film samples were prepared by spreading liquid
crystal material, heated to the ®nphase, across a circular

FIG. 2. The molecular structures and phase sequences of tHeole, 1 cm diameter in a stainless steel film plate. When a

materials studied. All transition temperatures are in degrees centmectic liquid crystal forms a free-standing film, the mol-
grade and were determined by microscopy and electro-optic meacules arrange themselves so that the layers lie parallel to the
surements. film plate. This homeotropic arrangement provides an excel-
lent alignment for x-ray scattering studi¢sig. 3) and no
. substrate is required to contain the material. The film plate
in addition to the Si8f,, and SnC;; phases, then the SB35 sjtyated within a double stage oven system, which could
phase will always occur beneath the Sfnphase. be flushed with inert gas. This oven provided a controlled
This paper presents a comprehensive investigation of thenvironment with a relative temperature accuracy of 0.01 K.
SmC* subphases in several materials using the resonarthe oven and flight path were flushed with helium to reduce
x-ray scattering technique. A total of six different chiral air scatter. A schematic of the flight path is shown in Fig. 4.
smectic phases have been studied and resonant scatteringlt was possible to create thick films across the hole by
features characteristic of each phase are presented. Whespreading the liquid crystal material very slowly across the
possible, measurements of the helicoidal pitch of the phasi&m plate in the oven. Typically, films were formed with a
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III. RESULTS AND DISCUSSION

The clock mode[5] can be distinguished from the Ising
DLl b model[3] in the SnC* subphases by a study of the polar-
ization of first and second order resonant peaks. For a clock
model, the first order resonant peaks shouldrbgolarized
and the second order peakspolarized for ac polarized
incident x-ray beam in the S@f, and SnCf, phases,
FIG. 4. A schematic representation of the flight path in the x-raywhereas the Ising model predicts-polarized first order
apparatus. peaks in these phases. As well as providing information re-
garding the structural details of the phases, the separation of
thickness of about 500 smectic layers. A thick film was re—thte Ir]es?lgﬁnt peaks can.behuls.ed Ft)o g||<ve a rpeasuremgnt of the
quired to produce a large enough scattering intensity to reb!tch OF th€ macroscopic helix. Feak positions can be pre-
. . dicted using Eq.1). Peak intensities cannot be compared
solve the weak resonant features. The thickness of the fil
o . ! : . etween separate scans for these measurements, as the data
was verified by observing the film color when illuminated by h

white light. The sample could be viewed using a telescope, ave not been normalized against beam intensity.
angled through a glass window in the top of the oven. This
experimental arrangement allowed the liquid crystal film tex-
tures to be monitored remotely during experiments. Such a All of the materials examined exhibited an enantiotropic
viewing system was vital as it allowed the verification of a@ntiferroelectric phase above the crystalline state. A mono-
uniform film texture; the footprint of the x-ray beam on the tropic, hexatic antiferroelectric phase also eX|.slts in com-
film is large at grazing incidence and the simultaneous exisPound Il beneath the Saj phasg21,22. The positions and
tence of more than one phase would produce unreliable rdine structure of the peaks observed can be related to the
sults. The telescope also allowed the observation of pha eory of resonant sca}tterlng for an antlferroqlectrlc phage as
transitions in the film as the oven temperature was change&)"ows' Theory predicts{8] th‘?‘t in the antlferroellectrlc
In order to detect a resonant scattering signal, the x-ra hase, spht re;onant peaks will occurQ;/Q0=_I+§ts

beam was tuned to the energy yielding the maximum inten—WhereI |s+an mtgge)r and second °Tder satellite peaks at
sity of the fluorescence spectrum, which is near the 2/Qo=12s. Figure 6 shows details of resonant scatter-

K-absorption edae of the suitable atom in the molecular cora™ results obtained in two different antiferroelectric liquid
P 9 o . . ¢rystal phases. Th®,/Qy=1.5+ ¢ peaks are shown in the
Measured fluorescence spectra emissions are shown in Fi

; _F19¢B8nventional antiferroelectric phase for compounds |, I, and
for compounds | and Il that contain sulfur and selenium,;;" 54 they were also observed in compound V1. In addi-
respectively. tion, satellite peaks a®,/Q,=2+2¢ were seen in com-
pound I[Fig. 6(b)] and measured to hawe polarization, in
contrast to thew polarization of the first order peaks. By

Incident X-ray beam

Film Oven

A. The antiferroelectric phase

8 x 10> cooling the film rapidly into the monotropic, hexatic antifer-
3 2471keV roelectric phase in compound Il it was also possible to ob-
g SF serve antiferroelectric ordering in this phase from peaks at
£ Q,/Qo=1+3, as can be seen from Fig(eB.
g 4% Using Eq.(1) the pitch in the film can be easily calculated
S 5 i at any particular temperature as the diffraction peak splitting
2 is clearly defined in the S@} phase. The helicoidal pitch in

0 . the antiferroelectric liquid crystalline phases calculated from
2450 2460 2470 2480 2490 2500 the data in Fig. 6 aréa) and (b) 0.432 um, (c) 0.186 um,
(a) X-ray energy (¢V) and (d) 0.534 um. On cooling compound Il to observe the
hexatic phase, the split peaks @;/Qy=1.5=¢ were ob-
« 104 sgrveq to move closer together, indicating an increase in
3 12.658keV pltch_l_n th_e system. The_ peaks appeared to converge at the
’ transition into the hexatic phase, though a single resonant
peak was still observable &,/Qqy=1.5, confirming the an-
tiferroelectric structure of this hexatic phadeg. 6(e)].
One drawback of the resonant scattering technique is the
fact that most liquid crystalline materials do not contain a
. : . suitable resonant atom in the molecular core. The possibility
1258 126 12.62 1264 1266 1268 127 of overcoming this problem has been investigated by doping
(b) X-ray energy (keV) nonresonant materials with a small amount of resonant ma-
terial. Compound V was mixed with compound Il in the
FIG. 5. Fluorescence spectra of tKeabsorption edge fo(a) proportions 50:50, 75:25, and 90:10, then films were drawn
compound I(sulfur) and (b) compound li(selenium. using these mixtures and scattering performed in the same

Counts/sec
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FIG. 6. Antiferroelectric resonant peaks fay compound I, first
order peaks a®,/Q,= 1.5, (b) compound I, second order peaks at three-layer structure and a four-layer structure. TheCEm
Q,/Qy=2.0,(c) compound lll, first order peaks @t,/Qy=1.5,(d)
compound ll, first order peaks abaQt/Qq= 1.5, (e) compound Il,
first order peaks in the hexatic phase@t/Qy=1.5.

PHYSICAL REVIEW E 65 041705

x108

(@

Counts/sec

8
7
6
SE
4F
3
2
1
0
1

46 147 148 149 1.5 151 152 153 154
QZ/Q()

140¢
120

®)

Counts/sec

1.55

250¢

200

150

Counts/sec

100

151

it

152 153

50 . .
147 148 15
Q/Qp

149

FIG. 7. Antiferroelectric resonant peaks observed around
Q,/Qu=1.5 in mixtures of compound V with compound Il. The
ratios are(a) 50:50,(b) 75:25, and(c) 90:10.

way as described above. A clear resonant signal was obtained
in the antiferroelectric phase in all of the mixtures, as shown
in Fig. 7. The resonant features are still clear in the mixture
containing the smallest proportion of the resonant material
[Fig. 7(c)] and it seems reasonable to assume that even
smaller amounts of dopant could be used for this technique.
The smallest proportion of resonant material it is feasible to
use is currently under investigation.

B. The intermediate phases

For all the materials studied here, the intermedidb
phase was present in at least one of its two known forms,
denoted SnCf; (the ferrielectric three-layer structyrand
Sm CE,, (the four-layer phage In 1999[9], it was demon-
strated by a polarization analysis of resonant scattering data
on compounds | and VI, that the most likely model for the
structure of the FI phases was the clock model. In these
compounds, this phase was shown to exist in two forms, a

phase, consisting of a three-layer superlattice, occurs at a
lower temperature than the four layer, Sfip, phase but
these phases both show a similar optical texture. Prior to the
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FIG. 8. Resonant peaks in the three-layer ferrielectric phase in 14518 188 1.602,01.65 VoAl
() compound Il andb) compound lil.
resonant scattering experiments, this similarity had made 10"_102
characterization and differentiation between the two phases
difficult. 8r
Theoretical predictions of resonant scattering features for § ol
the SnCf, phase give peaks aQ,/Qy=I+3+¢ and g ()
Q,/Qo=1+3—2¢ and also atQ,/Qy=I+5—¢ and 3 4 .'W
Q,/Qu=I+3%+2¢. Such resonant peaks were observed in © 2 b
compounds Il and lll, as shown in Fig. 8, although it was not
possible to observe any splitting due to the macroscopic he- S — —
lix at these positions. The absence of splitting may be due to 145 15 155 16 ‘;jgo 17175 18 1.8

the existence of a very long pitch in this phase, resulting in a
peak separation less than the resolution of the scattering ex- FIG. 9. Resonant peaks in the four-layer intermediate phase in
periment (typically AQ,=1x10 3Q,). The second order (a) compound Iil,(b) compound IV, andc) compound VI.
peak in each pair will be much less intense than a first order . )
one, thus contributing to the difficulty in observing this fea- Lorman [14]. These findings have been reported in
ture. Ref. [13].
In the SnCf, phase, resonant peaks are predicted at
Q,/Qo=l+i+e, |+3*2¢, and I+3—¢. Peaks corre-
sponding to the SnE%,, phase have been observed in com- In the SnC* phase, two sets of satellite peaks are pre-
pounds I, IV, and VI, as shown in Fig. 9. It can be seen thatdicted around the Bragg peaks and these have been observed
the second order peak &,/Q,=1.5 is much less intense around the0,0,2 peak in compounds I, II, and VI, as shown
than its neighbors. In compound [[Fig. (] it was pos- in Fig. 10. The spacing of these peaks again provides a mea-
sible to resolve splitting in this weak peak @t,/Q,=1.5  sure of the pitch in each material. From the results presented,
giving a measure for pitch in the four-layer phase of approxithe pitch has been calculated as 0.320 at 87.5 °C in com-
mately 2.8um. This value for the pitch is in good qualitative pound I[Fig. 10@], 0.388 um at 104.2°C in compound II
agreement with the values of 348m quoted by Akizuki  [Fig. 10b)], and 0.386um at 119.2 °C in compound VFig.
et al. [23] for a different material in the high temperature 10(C)].
intermediate phase. .
Splitting of the first order resonant peaks has been re- D. The SnC;, phase
solved to reveal the asymmetric clock structure previously Resonant scattering has proved to be particularly useful in
demonstrated by ellipsometric studig?] and predicted by deducing the structure of the rather complexSmphase.

C. The ferroelectric phase
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196 197 198 199 2 First, conventional x-ray diffraction experiments on free-
9% standing films of compound VII were performed at low in-

FIG. 10. Resonant satellites in the 6 phase abou®,/Q, tensity in order to determine the temperature dependence of

=2.0 in (@ compound I,(b) compound II, andc) compound VI. the Iayer Spacing. Figure 12 gives the evolution of the Iayer
spacing on heating from 79 to 89.5°C. The layer spacing

_ ._increases smoothly from 35.55 A at 79 °C to 36.9 A at 88°C
Previous wor{9] has shown that the phase has a superlattic 4 remains constant between 88 and 89.5 °C. The evolution
periodicity incommensurate with pitch and that this period-

icity varies with temperature across the phase. This result
was deduced from observations of the first order resonan 37
peaks in compound VI. Superlattice periodicity in theGmn
phase can again be calculated by the use of BqResonant
scattering from the S@?, phase has now been observed in
two new materials, compounds IV and VII, as shown in Figs.
11 and 13, respectively. A superlattice periodicity1ef5.1
can be calculated from the data presented. In addition, mortg (a) R
details have been observed in the resonant features of con® 36 \ .
pound VI. Figure 1{c) shows second order satellites, which
have been observed in the 8H phase. The position of o
these peaks is consistent with theoretical predictions. o« 9"
In order to understand the thermal behavior of the super- 3.5 =
. oo . 78 80 82 84 86 88 90
lattice periodicity through the S8t to SnC¥ phase transi- Temperature (°C)
tion, a resonant scattering experiment was performed on a
new thiophene materigicompound Vi), exhibiting a rela- FIG. 12. Evolution of the layer spacing on heating from the
tively large temperature range & phase below the S8f,  Smc* phase to the Sm phase calculated from the first order peak.
phase. The phase sequence and transition temperatures gai@ two layer-spacing valuggiangle and diamondn between 86
be seen in Fig. 2. and 87.5 °C correspond to a split of the first order Bragg peak.

spacing (A)
»
-] »
(-]
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FIG. 13. The resonant satellite on each side of the conventional FIG. 14. Evolution of the helical pitch in the SB§ and Snt*

first order B“’?‘gg peakiin th? 3B phase at_87.2 C.The f'rSt order .temperature range calculated from the first order resonant satellite
Bragg peak is observed with attenuators: the attenuation factor in .
eaks. These data are calculated from the splitting of the resonant

relation to the resonant peak is about 227. Each resonant Satellig%tell'te eaks on two different films of compound VI
peak is spaced apart from the first order peakAby ep wo dl ' pou )

of the layer thickness exhibits three discontinuities, in be-confirming that the low temperature juntgee Fig. 12 cor-
tween (a) 83.5 and 84°C(b) 85.5 and 86 °C, and thefr) ~ '€SPonds to the SBf;, to SC* phase transition. The evo-
87.5 and 88 °C, respectively, as marked in Fig. 12. From thigution of the helical periodicity throughout the entire i
plot, only the high temperature slope discontinuity, can  to SmC* temperature range is plotted in Fig. 14. Two sets of
be unambiguously attributed to the Sfr SmA phase tran- data obtained on two different films are presented in this
sition. According to both resonant scattering data and texturfgure. Note that in the split peak region of the first order
observation of the film, the low temperature juri@, corre-  Peak, the resonant satellite peaks are also sometimes split. In
sponds to the S@®,,-SmC* phase transition. The third dis- such cases, the average positions of both the split first order
continuity (b), is twofold: the slope changes and the firstP€ak and the split resonant peak were used to calculate the
order peak is split above 85.5 °C. It is tempting to associat@eriodicity. The extreme positions are used to calculate the
this feature with the S@* to SMC* phase transition. Note €' bars. The period remains quite constant above 87 °C at
that the two data points at 86 °C indicate the coexistence df/9h lemperature, strongly increasing around 86.7°C, the pe-
two different layer spacings in the irradiated afedg. 12.  'odicity then smoothly increases to reach 75 layers at
The origin of this splitting remains unclear and may be a84:1°C in the Si8* phase. It s difficult to infer from these
surface effecf24] or simply due to different domains in the data. whether the Qvolutlon of the periodicity e>.<h|.b|ts a cﬁs—
film sampled by a large beam footprint. Indeed, in this tem-continuity or a vertical slope around 86.7 °C. It is interesting
perature range, the layer spacing and the pitch are rapidl&p note that from optical observations and the layer-spacing
. N i
changing with temperature, consequently, a small tempergvolution, the temperature of the 8 to SnC* transition
ture gradient across the film could produce domains witrshould be around 86 °C; no discontinuity is visible at this
weak layer-spacing differences. These split layer-spacin§fMmperature in Fig. 14. At this temperature the periodicity is
peaks are not equal in intensity and their intensity ratios2POUt 54 layers. .
show no particular trend, nevertheless, it should be noted that These different resonant scattering results show that the
the split peak region matches the Sfnrange. period in the Sr&* phase varies from one material to the
The resonant scattering study of compound VIl was per9ther. A periodicity of ten layers and more has been observed
formed in all the SI&* variant phases but this section fo- N this material, compared with five to eight layers in com-
cuses on the SBY and SnC* temperature ranges. The su- pound VI and five to eight layers in compound IV. These

perlattice periodicity in these phases is deduced from théesults, however, demonstrate the possibility of a continuous

position of the pair of satellite resonant peaks with respect t§volution of this period across the &f) to SnC* phase
the first order Bragg pealsee Fig. 13 Each resonant satel- transition. An apparent continuity raises questions on the na-
lite peak is spaced apart from the first order peakognd ~ ture of the phase transition ar_1d.,.t.heref0re, of the symmetry
the periodicity (helical pitch is given by P=1/A [where of the SnC* phase. Two possibilities must be considered.
pitch (P) is measured in layer unitsFrom these data the (i) The SnC} and SnC* phases exhibit the same sym-
pitch of compound VIl is calculated to be about ten layers ametry, i.e., a regular helix. S8, would correspond to a
87.2°C. The first order resonant satellite peaks are observeghort pitch (a few layer$ whereas Si8* would have a
from 87.4 to 84.1°C and the calculated periodicity varieslonger pitch(a few tens to hundreds of laygrd'he change
from about ten layers at high temperature to 75 layers afrom SnC* to SnC* can occur either through a first order
84.1°C. Below 84 °C the resonant peaks jump to the quartetransition with a jump in the pitclwhich is not detected in
order positions characteristic of the Sf, phase, hence, our experimengsor with no transition at all through a con-
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TABLE I. The expected and confirmed resonant scattering features for the clock model of @ Sm
subphases.*” indicates features observed in this paper &l indicates a feature published previously by
the authorg9,10,13,15.

Peak Expected
Superlattice index pol. state Peak Pol.
Phase v (L,M) (o inciden) confirmed confirmed
SmCH 2 (1,2 T [ | | | | |
2,-1) T | | | | |
1,2 o | | x
3,2 o | | x
smCE, 3 1,0 ™ [ [
2,-1) T [ ] | ] |
(1,2 o
(2-2 o
snCk, 4 (1, T [ ] [ [ ]
2,-1) T | | | | |
1,2 o | | | | |
2,2 o | | | | |
SmC* None 2,2 o | | | ] |
2,-1) T | | | ] |
2,9 T [ ] | ] |
(2,2 o [ | | [ ] |
SnC¥ Incom- (1,2 T [ | | [ | |
mensurate 2,-1) T L]
1,2 o x
2,—2) o x
SmCp 2 1,2 T | | | ] |
2,-1) T | |

tinuous evolution of the pitch. Although consistent with Fig. second order and the pitch typically decreases from 1500 A
14, we rule out this last possibility as a distinct differenceto values lower than 500 A25]. Note also that for similar
between the two phases can be observed in the textures glues of the pitch, the texture and the thermal behavior of
free-standing films at the transition point. the Friedel fringes differ from the S@f to the SnC*

(i) If the symmetries of the S@F, and SnC* phases are phases[18,19,24 perhaps giving evidence of a different
different, a second order transition is now permitted. In thissymmetry.
case, a symmetry, different from a regular helix must be * | conclusion, these results on compound VII provide in-
proposed for the SEY, phase. Simulations of resonant peakstormation on the evolution of the superlattice periodicity in

associated with a distorted helix are currently under investithe SnC*—SmC* temperature range. Nevertheless, the ex-

gation. The temperature dependence of the periodicity showgCt structure of the S@F phase remains an open question.

in Fig. 14 may be consistent with a second order tranSItlor]:urther resonant diffraction experiments on this phase should

around 86.7°C. solve this problem
Our results do not allow an unambiguous distinction be- P '

tween case&) and(ii). Case(i) would imply the existence of
a period jump too small to be detected. Césewould imply
the existence of a new s_tructure, _not yet characterized. More A comprehensive study of superlattice layer periodicities
careful resonant diffraction experiments are clearly requiregy, ine sSnc* subphases of several liquid crystal materials
to look for a period jumgcase(i)] or extra resonant satellite a5 peen carried out using a resonant x-ray scattering tech-
peaks|case(ii)]. _ . _ nique at both the selenium and sulptKtedge energies. In

Note that our results are consistent with optical measurepayticular, this has allowed the identification of the three- and
ments performed in various materidls9,29 in which dif-  foyr-jayer structures in the intermediate phases and an inter-
ferent pitch dependencies were reported. Indeed, these megsting investigation of periodicity in the phase. It has been
surements have shown that the evolution of the pitch cagpserved that where two intermediate phases exist in a ma-
either be discontinuous at the §rh to SnC7, phase transi-  terial's phase sequence, the three-layer phase always exists at
tion, when the Si8}, phase temperature range is laf{d®]  a lower temperature than the four-layer phase. Both the first
or continuous when the SBj, temperature range is short. In and second order peaks have been observed in the antiferro-
this last case, the S@f to SnC* phase transition is quasi- electric, intermediate, ferroelectric, antbhases, reinforcing

IV. SUMMARY
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theoretical predictions. Further, a direct measurement of theuperlattice periodicity has been considered at th€Sito
helical pitch in the FI2 phase has been made that agrees wedimC* transition point and raises questions about the nature
with the only other measurements of pitch in this phase obf this transition and of the symmetry of the 8 phase.
which we are aware. Table | summarizes fully the features of
the clock model that have been revealed previously by x-ray
resonant scattering and those that are presented in this paper.
The technique has also been broadened to include studies of Work at the Advance Photon Source was supported by the
materials that do not contain a suitable resonant atom in thg.S. Department of Energy, Basic Energy Sciences, Office of
molecular core. Energy Research, under Contract No. W-31-109-ENG-38.

In the SnC};, phase, the layer periodicity of the helical L.S.H., H.F.G., and S.J.W. thank the Engineering and Physi-
pitch has been measured in some detail across the phasel Sciences Research Council for financial support. L.S.H.
range by an observation of the first order resonant peak loalso thanks Lucent Technologies for additional financial sup-
cations. This work has revealed a large helical pitch of up tgort. A.C., P.M.J., and C.C.H are grateful for support from
54 layers in the S@% phase in compound VII, in contrast to the National Science Foundation, Solid State Chemistry Pro-
the short pitch of 5.1 layers observed in compound IV andgram under Grants Nos. DMR-9703898, 9901739, and INT-
five to eight layers in compound \9]. The evolution of this  9815858.
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