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Structures of chiral smectic-C mesophases revealed by polarization-analyzed
resonant x-ray scattering
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We report polarization-analyzed, resonant x-ray diffraction at the sulfur K edge performed upon free-
standing liquid-crystal films. Our studies of the thiobenzoate liquid-crystal enantiomer 10OTBBB1M7 yield
the polarization states of resonant satellite peaks arising from characteristic superlattices in the chiral smectic-C

(SmC* ) variant phases, including the antiferroelectric SmCA
* , ferrielectric SmCFI1* and SmCFI2* , as well as

SmCa* . The observed polarizations agree with the clock model of chiral smectic-C variants, and rule out other
proposals made to date for these structures. Data from the 10OTBBB1M7 racemate also support the clock
model. Our resonant diffraction results from a thiophene liquid-crystal compound reveal the same superlattice
periodicities seen in corresponding antiferroelectric and ferrielectric phases of 10OTBBB1M7.
@S1063-651X~99!12411-5#

PACS number~s!: 61.30.Eb, 77.84.Nh, 78.70.Ck, 83.70.Jr
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I. INTRODUCTION

The discovery in 1989 of the antiferroelectric, chir
smectic-C phase (SmCA* ) in the MHPOBC liquid-crystal
compound@1# sparked intense research effort to clarify t
properties and origin of this novel structure. Although
ferroelectric, chiral smectic-C (SmC* ) structure for similar
compounds containing chiral centers had already been
posed and detected@2# more than ten years earlier, findin
strong antiferroelectric ordering within a liquid-crystal pha
otherwise lacking truly long-range positional order w
nonetheless surprising and very remarkable.

Many new materials have been synthesized over the
decade in an attempt to study the detailed structure of SmCA*
and to determine the molecular characteristics which m
promote its occurrence. One result of this work has been
identification of other SmC* variants, including the so-calle
SmCa* and theferrielectricphases SmCFI1* and SmCFI2* . As a
function of decreasing temperature, a complete set of th
phases would appear as SmCa* , SmC* , SmCFI2* , SmCFI1* ,
and SmCA* @3#. The distinct electro-optic responses of the
various phases, particularly SmCA* and SmC* , have already
led to important applications in optical switching devic
with tristable properties@4–6#, creating a great technologica
incentive for more experimental and theoretical work. A d
tailed understanding of the molecular ordering mechanis
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underlying the SmC* variants also remains a fundament
goal of condensed-matter research. A successful theore
model for the observed SmC* phase sequences, support
by experimental data, should give important insight into t
nature of the various intermolecular forces, such as ste
van der Waals, and electrostatic interactions, which can d
such a rich phase-transition series.

Many different experimental techniques have been
plied to characterize the SmC* variants’ physical properties
Published reports include electro-optic@7,8#, light scattering
@9#, birefringence @10#, calorimetry @11,12#, conoscopy
@7,13#, ellipsometry@14#, optical observation@15#, and x-ray
studies @16,17#. The majority of these methods have no
however, been able to provide detailed pictures of the m
lecular orderings in the SmC* variant phases@18#. In par-
ticular, conventional x-ray diffraction, usually a very powe
ful tool for obtaining direct information about molecula
arrangements, fails to distinguish between the structures
sociated with the SmC* variants. In a recent publication
@19#, we reported our successful application of reson
x-ray scattering to avoid this difficulty. Our data reveal
distinct structural periodicities associated with the chi
SmC phases exhibited by one thiobenzoate liquid-crys
enantiomer compound~10OTBBB1M7! and the SmCA
phase of its racemic counterpart. We showed the existenc
two-, three-, and four-layer superlattice periods in t
SmCA* , SmCFI1* , and SmCFI2* phases, respectively, alon
with periodicity incommensurate with layer spacing
SmCa* . By comparing our results against several propos
models for the molecular arrangements, we showed that o
the clock model@20# described the resonant x-ray peaks o
served in all the variant SmC* phases. Calculations of th
tensorial structure factors appropriate for resonant x-ray s
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-
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6794 PRE 60P. MACH et al.
tering @21# have since provided distinct predictions for ho
diffracted x-ray polarization states would differ dependi
on the model used to describe the molecular structures
experimental test of these polarization predictions w
clearly an important and logical extension of our initi
work.

In this paper, we report the recent enhancement of
experimental method to include polarization analysis of d
fracted x rays. We have carried out an additional series
studies on the 10OTBBB1M7 enantiomer and racemate c
pounds, and determined the polarization state of thex rays
contributing to each of the resonant diffraction peaks ass
ated with the superlattices of the chiral SmC variants. We
also performed a series of resonant-scattering measurem
on a thiophene liquid-crystal compound~MHDDOPTCOB!
exhibiting SmC* variants. These latter studies confirmed t
ability of our technique to detect resonance signals origin
ing from sulfur atoms in quite different chemical bondin
environments. Importantly, the MHDDOPTCOB data al
revealed the same superlattice periodicities observed in
responding phases of 10OTBBB1M7.

In what follows, we first briefly review the nature of th
mesophases studied and the sample geometry. We nex
scribe our experimental arrangement and present the
obtained from two different liquid-crystal compounds.
comparison between our polarization results
10OTBBB1M7 and the existing theory reveals comple
agreement between our observations and the prediction
the clock model. Our results also rule out the so-cal
‘‘Ising-like’’ model structures proposed in the past@3,22,23#.
We indicate in our discussion some remaining issues to
resolved and our experimental plans to address them.

II. STRUCTURE OF THE CHIRAL SMECTIC- C PHASES
STUDIED AND OUR SAMPLE GEOMETRY

The liquid-crystal molecules of interest are rod-shap
;40 Å in length and 5 Å in diameter. In the so-called smec
tic phases, these molecules organize to give a layered ce
of-mass distribution, with well-defined orientational ord
accompanying the one-dimensional positional ordering. T
smectic phases can thus be pictured as a stack of mole
layers, the positional order within any layer being pure
liquidlike; at the same time, the molecules strongly tend
orient their long axes along a common direction known
the director,n. The director is either along the layer norm
z ~SmA phase! or is inclined with respect to the layer norm
by some tilt angleb ~SmC phases!. Within the SmC phases,
a projection~c! of the molecular directorn onto thexy layer
plane can be considered. The situation is shown in Fig
The angle betweenc and thex axis in thej th layer is denoted
as C j and the change inC j between adjacent layersj and
( j 11) asDC j . If the molecules are chiral, an overall helic
rotation ofc develops with a pitch,P0 , ;1 mm. The chiral
n
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SmC phases are designated by SmC* . It is in the detailed
progression ofC j and DC j from layer to layer where pro-
posed models of the molecular arrangements of the SmC*
variants differ.

At appropriate smectic phase temperatures, many liqu
crystal compounds can form freely suspended films, sim
to soap films supported on a ring. Such smectic films
created by simply pulling material from a bulk reservo
across an opening. The film thickness is quantized, restri
to an integer number of molecular layers; the layer norm
coincides with the film normal direction.

In the x-ray work described here, the liquid-crystal com
pounds were studied in the free-standing film geometry.
contrast to typical bulk sample cell preparations, the fr
standing film provides a well-defined, uniform orientation
the smectic layers without requiring any extra aligning s
face that would in turn attenuate the x-ray intensity. In o
experiment, the x rays are incident onto the film in the Bra
geometry.

The material studied in our polarized x-ray-scattering e
periment was 10OTBBB1M7@24#, which has the following
structure:

The bulk 10OTBBB1M7 enantiomer shows the followin
phase sequence:

FIG. 1. Schematic diagram illustrating the orientation of m
ecules in neighboring SmC* layers. Tilt angleb in layers j and
( j 11) is the same, while azimuthal anglesC j andC j 11 differ: z,
n, andc are coplanar.
isotropic 153 °CI SmA 124 °CI SmCa* 120 °CI SmC* 119 °CI SmCFI2* 114 °CI SmCFI1* 112 °CI SmCA* 110 °CI crystal.
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A critical feature of 10OTBBB1M7 for the purposes of o
experiment is the sulfur atom contained within the cen
portion of the molecule. Conventional x-ray diffraction alon
the Qz reciprocal space direction probes the in-plan
averaged electron density. All of the SmC* variants giveQz
peaks only at integral multiples ofQ052p/d, whered is the
smectic layer spacing. Therefore, thez-projected electron
density is identical for all of the variants, and they diff
from one another only by symmetry elements such as g
planes or screw axes alongz. By working with x rays whose
energy is at the sulfur’sK absorption edge, the structur
factor becomes a tensor instead of the conventional sc
@21,25#. The scattered x-ray intensity now varies depend
on the molecular orientation, since the off-diagonal ten
components depend on the orientation of the bonds aro
the sulfur atom with respect to the polarization of the in
dent x-ray beam@26#. BecauseDC j arrangements of variou
SmC* subphases are distinct, under this circumstance
resonant x-ray diffraction is capable of revealing the str
tural differences.

III. EXPERIMENTAL DESCRIPTION

Our x-ray studies were performed at beamline X-19A
the National Synchrotron Light Source~NSLS! at
Brookhaven National Laboratory. The central componen
our experimental setup is a sample chamber designed to
the liquid-crystal compounds at the appropriate elevated t
peratures. The inner portion of the chamber is a two-st
oven containing a stainless-steel film plate. The freely s
pended films were spread across a 1-cm-diam, knife-ed
circular hole in this plate. The film temperature was mo
tored by a type-E thermocouple mounted on the plate d
rectly at the film’s edge.

The two-stage oven is enclosed by an outer alumin
can. X-ray access to the film is provided by apertures in
various side walls. Windows in the top plates of the ou
can and oven enabled us to visually estimate the thickne
of the films we spread@27#. We were able to monitor the
films’ thickness and phase uniformity over time by using
long working distance microscope with an attached C
camera. The sample was illuminated from the top with p
larized light, and light specularly reflected from the fil
passed through a slightly uncrossed analyzer before ente
the camera/microscope assembly. Under these viewing
ditions, the inherent birefringence of the liquid-crystal mo
ecules gives rise to characteristic optical textures. Dur
x-ray measurements on a given film, we found that this a
ity to simultaneously monitor the optical texture was qu
important, since it enabled us to observe the onset of tra
tions between various SmC* phases. In addition, we wer
able to recognize conditions such as two-phase coexist
and avoid data collection under such questionable circ
stances.

The elements of our x-ray flight path are described
follows. Upon exiting from beamline vacuum through a
8-mm beryllium window, the x rays first pass through a
adjustable slit assembly that defines the dimensions of
incident beam to 0.5 mm vertical by 1.0 mm horizontal. A
ter exiting the slits, the x-ray beam then passes through
in-line ionization monitor before finally entering the samp
r
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chamber. The signal from this in-line monitor was used
normalize out any drift in the beam intensity incident up
our films. Additionally, the upstream flight path contains
unit allowing a powder liquid-crystal sample to be translat
into or out of the x-ray beam. A detector attached to t
assembly at a 90° orientation to the beam path collects fl
rescent radiation from the powder. The beamline optics
line X-19A include a collimating mirror, a double flat crysta
Si~111! monochromator, and a toroidal~bent cylinder! focus-
ing mirror. We are therefore able to sensitively vary incide
x-ray energy and monitor the corresponding fluoresce
signal. We use the principal maximum of such a fluoresce
intensity curve to determine the sulfur’sK-edge resonant en
ergy. This energy has been found to be 2475 eV for
sulfur atom in both materials studied.

The x rays diffracted from the film, after exiting the ove
travel down an approximately 1.1-m-long flight tube, befo
entering the polarimeter assembly. The first element of
polarimeter is a 0.5 mm, resolution-setting circular apertu
mounted on the center of rotation of a motorized stage. T
rotation axis of this analyzerxa stage is carefully aligned to
coincide with the diffracted x-ray beam’s direction of trave
The x rays are subsequently incident upon a pyrolytic gra
ite ~PG! crystal contained inside the body of the polarime
assembly. The angle of the x rays upon the crystal fa
denoted here as the analyzer crystal angleua , is adjusted to
match the Bragg angle for PG at the resonant x-ray ene
The x rays diffracted from the PG crystal pass through a t
Mylar foil window in the polarimeter assembly wall, and a
detected on the outside by a neon-filled proportional coun
Our system can also be used to acquire simpleQz scans
without polarization analysis by translating the PG crys
out of the beam path and repositioning the proportio
counter onto the end of the detector arm assembly.

The principle behind our polarimeter design is straightf
ward. Rotating the pyrolytic graphite crystal about thexa
axis, while keeping the incidence angle,ua , fixed to the
Bragg angle, modulates the intensity diffracted from t
crystal in a manner depending on the incident x rays’ po
ization. For linearly polarized x rays, the intensity profi
observed as a function ofxa can be shown to vary a
sin2(xa). The ideal case, with diffracted intensity modulat
completely to zero, can only occur when the Bragg angle
the analyzer crystal equals 45°. This was a primary rea
for choosing pyrolytic graphite as our analyzer crystal ma
rial, since the Bragg angle at 2.475 keV is approximat
48.3°. This value is quite close to 45°, and means that
diffracted intensity, as a function ofxa , will have a
minimum-to-maximum intensity ratio of only a few percen
Thus, when analyzed by our polarimeter assemb
s-polarized x rays~s defined here as a unit vector in th
plane of the synchrotron ring! give a characteristic sin2(xa)
profile 90° offset in axa coordinate from thep-polarized
case. This ability to distinguishs versusp polarization is a
critical feature of our experiment. For example, the tenso
structure factor calculations carried out based upon the c
model for the SmC* variants@21# specifically predict dif-
fraction of incidents into outgoingp polarization for cer-
tain orders of satellite reflections from the structural sup
lattice periodicities. The combination of highlys-polarized
incident x-ray radiation available at the synchrotron bea
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FIG. 2. ~a! Schematic diagram
of components in the polarized
resonant x-ray-scattering exper
ment. ~b! Coordinates relevant to
the polarimeter unit in our study
pproj is the projection of a unit
vector normal to the PG crysta
surface, and within the incidenc
plane, onto the plane defined b
thes andp polarization unit vec-
tors.
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line, together with diffracted x-ray polarization analysis, e
abled us to conclusively test the model’s predictions.

We should emphasize that all components of our x-
setup, from the beryllium beamline exit window up to, a
including, the enclosed polarimeter assembly, were c
nected together with flight tubes so as to maintain a se
beam path. During the course of our measurements,
flight path was kept flushed with helium gas. Operation in
helium environment was essential to our experiment in or
to avoid the prohibitive reduction in intensity that wou
otherwise occur due to air absorption at 2.5 keV.
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The film oven, and all of the components comprising t
detection ‘‘arm’’ of our assembly, are mounted on theu and
2u circles, respectively, of a Huber two-circle goniomete
An overall schematic view of our x-ray setup incorporati
polarization analysis is given in Fig. 2.

IV. DATA

In Figs. 3–5, we give the results of ourQz /Q0 scans on
the MHDDOPTCOB compound. The bulk phase sequenc
this material is
isotropic 98 °CI SmA 93 °CI SmC* 83 °CI SmCFI* 80 °CI SmCA* 64 °CI crystal @28#.
icu-

PG
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The molecular structure is given in Fig. 3, which also sho
a series ofQz /Q0 scans performed in the SmC* phase at
different x-ray energies near sulfur resonance (E0) of 2.475
keV @29#. The x-ray signature shows satellite peaks clos
spaced about the conventional second-order Bragg reflec
no peaks at any other nonintegralQz /Q0 are seen. ForuE
2E0u>5 eV, these satellites about the conventional Bra
reflection disappear, confirming their resonant-scattering
gin. Figure 4 shows data collected in the ferrielectric ph
of MHDDOPTCOB. The resonance peaks located at quar
integerQz /Q0 indicate that the phase identification shou
be SmCFI2* @28#, corresponding with the four-layer superla
tice periodicity. Figure 5 gives data from the MHDDOPT
COB SmCA* phase; the two-layer superlattice is indicated
the half-order resonant peak structure. We interpret the
tures visible in Figs. 3–5 in our discussion below, noting
now that they are consistent with the expectations base
prior 10OTBBB1M7 results, and agree with the predictio
of the clock model.

Our subsequent studies on the 10OTBBB1M
R-enantiomer and racemate compounds focused on the p
ization analysis of the resonant diffraction peaks. Con
quently, we needed to confirm our polarimeter’s ability
resolve the highlys-polarized nature of x rays supplied b
the X-19A beamline. For this characterization, we set
x-ray energy to 2613.9 eV, where the Bragg angle for the
crystal is exactly 45°. Axa orientation of 690° corre-
s
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sponded to a PG crystal incidence plane oriented perpend
lar to s, with the x-ray beam being diffracted vertically.xa

50° or 180° orientations corresponded to a horizontal
crystal diffraction plane, containings. Thexa5690° cases
should therefore give intensity maxima for incidents polar-
ization.

Figure 6 gives the observed diffracted intensity curve o
tained over a full 360° rotation inxa for a 2613.9 eV x-ray
beam traveling through the complete experimental be
path, but without diffracting off a liquid-crystal film. The fi
supplied in Fig. 6 is the expected sine-squared functiona
allowing for a background level~comprised of either genuine
p- or simply unresolved-polarization intensity! and a phase
anglex0 . Overall, a very good fitting agreement is obtaine
with parameters corresponding to a negligible backgrou
signal and only a very smallx0 offset. We should note tha
while the maxima of the observed curve fall at the expec
690° positions, there is a skewing of the overall profile r
sulting in higher intensity at290° and lower diffraction in-
tensity at190°. This additional intensity modulation of th
sine-squared behavior was a consistent feature of ourxa
scans; we attribute such a systematic effect to a geom
feature of our setup. Namely, atxa5290°, the PG crystal is
in a nondispersive orientation with respect to the seco
crystal of the beamline monochromator, whereas atxa5
190°, the PG crystal is in a dispersive geometry. The
dispersive/nondispersive considerations did not, however
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minish our ability to distinguishs andp polarizations, as is
evident from our data. The minimum- to maximum-observ
intensity ratio in Fig. 6 is approximately 331024, together
with x051°, giving us a high degree of confidence in t
performance of our polarimeter, while at the same time c
firming the incident beam’s sigma polarization.

Once we had performed the initial polarimeter/x-ray be
analysis, we sought to establish the polarization state o
rays contributing to the resonance peaks characterizing
SmC* variant phases. To observe these peaks, we worke
the previously determined 10OTBBB1M7 sulfur resonan
energy of 2.475 keV@19#. As a check, we first performe
polarization analysis on theQz52Q0 Bragg peak from a
10OTBBB1M7 film in the SmCA* phase. The diffracted ra

FIG. 3. X-ray intensity scans in the SmC* phase of the
MHDDOPTCOB as a function of incident beam energy relative
the sulfur K-edge absorption maximum. Shown above is t
MHDDOPTCOB molecular structure.

FIG. 4. X-ray intensity scan in the ferrielectric phase~identified
as SmCFI2* ) of MHDDOPTCOB.
d

-

x
he
at

e

diation observed at thisQz value should be dominated b
conventional x-ray scattering, and no alteration of the in
dent polarization state is therefore expected. Our polariza
data on the 2Q0 peak were in complete agreement with the
expectations, allowing us to proceed to the next stage of
measurements.

In the remaining presentation of our data, we focus on
resonant-scattering peaks@30# observed for both
R-enantiomer and racemic 10OTBBB1M7@31#. In Figs. 7~a!
and 7~b! we show data taken on 10OTBBB1M7 in the SmCA*
phase. Figure 7~a! gives integrated peak intensities as a fun
tion of xa for the lower of the two peaks centered abo
1.5Q0 . Figure 7~b! presents corresponding data for the upp
peak. The inset to Fig. 7~a! shows the overall appearance
these resolution-limited peaks in a typicalQz scan performed

FIG. 5. X-ray intensity scan in the SmCA* phase of
MHDDOPTCOB. Splitting of the first-order resonant satellite pea
about 1.5Q0 , and the second-order resonant satellites on either
of the conventional Bragg peak, are shown.

FIG. 6. Observed intensity vsxa orientation for 2613.9 eV
x rays from NSLS beamline X-19A analyzed by our polarimet
The solid line is a fit toI 01A sin2(xa1x0), yielding I 050, A
51.23, x050.99. In our coordinate system, ax0'0 implies s
polarization.
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at a fixedxa50° @32#. Such a splitting structure observed
half-integerQ0 value is characteristic of the two-layer an
ferroelectric superlattice in SmCA* , coupled to a long helica
pitch @19#, as discussed below in the context of the clo
model. The maxima of both Figs. 7~a! and 7~b! are offset by
approximately 90° from the corresponding features in
previous incident beam and 2Q0 peak scans. The data ther
fore show thep-polarized nature of the SmCA* superlattice
peaks.

Clear indications of the diffracted radiation’s polarizatio
were also obtained for the characteristic resonant peak
the ferrielectric and SmCa* phases of 10OTBBB1M7. Figure
8 shows representative data taken in the SmCFI2* phase.p
polarization for the 1.25Q0 and 1.75Q0 peaks is shown in

FIG. 7. Intensities integrated fromQz /Q0 scans of the first-
order resonant satellites in the SmCA* phase of 10OTBBB1M7, as a
function of PG analyzer crystal orientation. The centers for th
satellite peaks were at 1.492Q0 ~a! and 1.508Q0 ~b!. The solid lines
for the integrated intensity data are fits toI 01A sin2(xa1x0), yield-
ing I 050.15, A52.65, x0594.0; and I 050.13, A52.76, x0

592.2, respectively, for~a! and ~b!. A x0'90 impliesp polariza-
tion.
e

in

e

FIG. 8. Intensities as a function of PG analyzer crystal orien
tion, for scattering wave-vector values set to~a! 1.746Q0 ; ~b!
1.497Q0 ; ~c! 1.247Q0 in the SmCFI2* phase of 10OTBBB1M7. The
solid lines in ~a! and ~c! are fits to I 01A sin2(xa1x0), yielding
parameters~a! I 050.22, A53.41, x0595.1; ~c! I 050.24, A
56.29, x0592.3. The fit in ~b! is to I 01A sin2(xa), yielding I 0

50.15,A51.25. Insets show corresponding resonant satellite pe
in simpleQz scans.
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Figs. 8~a! and 8~c!. The corresponding insets areQz scans
performed atxa values chosen to maximize detected inte
sity; the peaks are nearly resolution-limited. Figure 8~b!
shows analogous data for the 1.50Q0 peak of SmCFI2* , al-
though in this case the polarization is sigma@33#.

We also measured the polarization state of the SmCFI1*
resonant peaks in 10OTBBB1M7. Polarization analysis w
done at a fixedQz51.67Q0 , corresponding to the principa
maximum of the resonance peak we saw in this phase, ag
ing once again with the three-layer superlattice we repo
earlier @19#. The observed intensity versusxa profile con-
firmed ap polarization. Our improvedQz resolution in these
most recent measurements allowed us to resolve a fine
structure within the SmCFI1* resonance peak. A more caref
exploration of this substructure origin is a priority for o
future studies of SmCFI1* .

Our previous work@19# revealed that the SmCa* phase in
10OTBBB1M7 is characterized by resonant-scattering pe
which imply the presence of a superlattice incommensu
with the smectic layer spacing. A distinct temperature dep
dence to this superlattice periodicity was observed, evolv
from approximately eight layers at the upper end of
SmCa* window to five layers just above the observed tran
tion to the SmCFI2* phase@34#. This evolution can be seen i
Fig. 9, where we plot as a function of film temperature t
ratio Q0 /Qs , Qs being the nonintegral component of th
SmCa* satellite peak position. In the course of the experim
reported here, we again observed such behavior. We ca
out polarization analysis on a representative, resonant s
lite peak centered at 1.15Q0 for a film temperature within the
SmCa* window. The results obtained clearly indicate ap
polarization, the profile of intensity versusxa exhibiting the
characteristic sine-squared maximum atxa50°.

We were also able to study an approximately 250-lay
thick film of the racemic 10OTBBB1M7 compound. We pe
formed polarization analysis on the 1.5Q0 resonant peak in
the SmCA phase. In this case, because there is no opt
pitch, the resonant peak is unsplit. However, just as for

FIG. 9. Structural ratioQ0 /Qs , Qs the nonintegral componen
of resonant satellite position in the SmCa* phase of 10OTBBB1M7.
The arrow indicates a data point inserted for comparison from
most recent experiment; the remaining data points were recorde
our previous work@19#.
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SmCA* analogs shown in Fig. 7, the SmCA resonance peak
was clearly observed to bep-polarized.

V. DISCUSSION

Many different models have been proposed to explain
molecular arrangements within the SmC* -like phases. Each
of these theories can incorporate superlattice periodicit
i.e., allow for a periodic variation of the molecular orient
tion C j throughout the smectic layers. It is such an orien
tional superlattice that the resonant x-ray-scattering proc
can detect, and for which our initial 10OTBBB1M7 resul
@19# provided clear evidence.

For a givenC j periodicity of n layers, the theoretica
models differ in the details of theC j andDC j progressions.
For example, neglecting for the moment the effects of
long-wavelength optical pitchP0@d, in the so-called Ising
models@3,22,23#, C j orientations are restricted to a plan
and therefore onlyDC j values of 0 orp are possible. To our
knowledge, there exist two somewhat different Ising mode
one model developed to explain SmC* variant sequences
observed as a function of temperature@22#, and the second
model arising from studies of phase transitions under app
electric fields@23#. We will refer to the former model as th
‘‘ T Ising model’’ and the latter as the ‘‘E Ising model.’’ For
n.3 layers, theT andE Ising models give explicitly differ-
ent C j andDC j patterns. A detailed discussion of the pr
dicted C j and DC j sequences has been given elsewh
@3,21#.

Other competing models for the SmC* variants include a
bilayer model@35# and a model proposing a clocklike inte
layer rotation of the molecular tilt direction@20#, which we
will refer to as the ‘‘clock model.’’ The bilayer model pro
poses a fundamentaln52 periodicity as an element of a
SmC* variants. Because we see clear evidence in the dif
ent 10OTBBB1M7 phases forn52,3,4, or even nonintege
value, the bilayer approach clearly could not describe the
range of SmC* variants, and is therefore ruled out as
model of general validity. The clock model, on the oth
hand, does not restrictn, and, unlike the Ising model, allow
C j andDC j to assume all values from 0 to 2p. Specifically,
for a n-layer superlattice, the clock model specifies a heli
progression ofC j from layer to layer, with a fixedDC j
5DC052p/n. Including the effect of the optical pitch,P0 ,
DC052p/n12pd/P052p@(1/n)1«#, where «5d/P0 .
The resultant helix rotates through 2p after @(1/n)1«#21

layers, and hence has a pitchPH5d@(1/n)1«#21 and asso-
ciated wave vector QH52p/PH52p@(1/n)1«#/d
5Q0@(1/n)1«#.

Detailed calculations of resonant-scattering tenso
structure factors for the Ising and clock models of variousn
have been carried out@21#. We note here a general result fo
the clock model. Namely, for an-layer superlattice periodic
ity, resonant-scattering peaks are expected atQz values of
Qz5 lQ01mQH or

QZ /Q05 l 1m@~1/n!1«#. ~1!

Here l and m are integers. Specifically,l 50,1,2, . . . ; m
50, 61, and62, where the five values form result from the
five independent components of the x-ray susceptibility t

e
in



ak
at

or
is
in

g
.
a
s

wo
he
li
s

r-
of
ed

;

y
io
k

an

O
ti
o

g

t
v-

e
rd
e

B
an

f

k-

ule

t

of
po-

t
ly
M7

,

om-
a-

e
r
ion

nder

re-

er
y a
.

te-
pe-

-
ed
red
gly

re.
nce
ic-
vior

rder

nd

his

6800 PRE 60P. MACH et al.
sor @21#. This result indicates that resonant-scattering pe
should be expected to occur as first- and second-order s
lites about integralQz /Q0 peak positions.

As discussed in our previous publication@19#, the ob-
served Qz coordinates of our resonant peaks f
10OTBBB1M7 can be well interpreted in the context of th
clock-model result. Here we adopt the convention of label
the observed peaks by the notation (h,k,l ,m), whereh, k,
and l are the usual reciprocal space indices correspondin
momentum transfer in thex, y, andz directions, respectively
Also, m refers to the resonant satellite peak order, and
pears together withl in Eq. ~1! above. Since our scan
probedQz periodicity only, h50 and k50 for all cases.
Consequently, our peak notation further simplifies to t
distinct indices~l,m!. As a concrete example, consider t
SmCA* phase, in which the resolution-limited peaks that sp
aboutQz /Q051.5 ~Fig. 7! correspond to the pair of peak
~1,1! and~2,21!. Inserting this~l,m! assignment into Eq.~1!
yieldsn52 ande50.008, in other words, a two-layer supe
lattice periodicity coupled to a much longer optical pitch
approximately 4800 Å~here we have inserted the measur
layer spacingd538.2 Å) @36#. Similarly, in the SmCFI2*
phase, the resolution-limited~1,1! peak seen atQz /Q0
51.25, the~1,2! and ~2,22! peaks atQz /Q051.50, and the
~2,21! peak atQz /Q051.75 imply a four-layer superlattice
the lack of observed splitting implies an« smaller than our
resolution, or equivalently aP0 greater than approximatel
2.5 mm, based on the known width of our system resolut
function @32#. Likewise, the one-third integer resonant pea
of SmCFI1* imply a three-layer superlattice periodicity (n
53), while the SmCa* resonance peak positions indicate
incommensurate superlattice.

The observed resonant peak positions in MHDDOPTC
are in agreement with those of the 10OTBBB1M7 enan
omer for corresponding phases. For example, the peaks
served in Fig. 3 on either side of the conventional Bra
reflection in MHDDOPTCOB’s SmC* phase are~in ascend-
ing order! the ~2,22!, ~2,21!, ~2,1!, and ~2,2! resonant sat-
ellite peaks of the SmC* phase@37#. The ferrielectric phase
of MHDDOPTCOB yields peaks at quarter-integerQz /Q0 ,
just as for the SmCFI2* phase of 10OTBBB1M7. The differen
optical pitch value in MHDDOPTCOB leads to an obser
able splitting of the second-ordern54 satellites; this can be
seen in the inset of Fig. 4, which shows distinct~1,2! and
~2,22! peaks of SmCFI2* , implying a P0'2.3mm. Figure 5
indicates for MHDDOPTCOB’s SmCA* window the same
split-peak structure about half-integerQz /Q0 observed for
the corresponding phase in 10OTBBB1M7. Via Eq.~1!, a
splitting about the half-order position by«50.0085Q0 im-
plies that second-order~1,2! and ~3,22! peaks should show
2«50.017Q0 splitting, which is indeed seen in Fig. 5. In th
case of MHDDOPTCOB, we are able to see the second-o
resonant satellites, which are unresolved within the should
of the conventional 2Q0 peak in 10OTBBB1M7. The more
rigid bonding environment of the sulfur in MHDDOPTCO
may be responsible for the enhanced higher-order reson
signal.

The resonance peakQz positions are valuable in and o
themselves for testing the validity of the proposed SmC*
variant models. While entirely consistent with the cloc
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model predictions, our results enable us to immediately r
out theT Ising model in the casen54. Namely, theDC j

50,p,0,p repeating pattern leads to anabsenceof resonant
peaks at half-integerQz /Q0 @21#. In contrast, we observed
~for both enantiomer compounds studied! resonant peaks a
such positions in the SmCFI2* phase@19#.

Importantly, the tensor structure factor calculations@21#
make unambiguous predictions for the polarization state
radiation diffracted at the characteristic resonance peak
sitions. Specifically, the first-order resonant satellites (m5
61) of the clock model are expected to scatter incidens
into outgoingp polarization. We have confirmed precise
such a result for the corresponding peaks. In 10OTBBB1
R-enantiomer, this behavior holds for the~1,1! and ~2,21!
peaks in SmCA* (Qz /Q051.492 and 1.508, respectively
shown in Fig. 7!, for ~1,1! and ~2,21! peaks in SmCFI2*
@Qz /Q051.25 and 1.75, respectively, shown in Figs. 8~a!
and 8~c!#, for the ~2,21! peak in SmCFI1* (Qz /Q051.67),
and for the~1,1! peak in SmCa* ~e.g., Qz /Q051.15). The
same polarization behavior is expected for the racemic c
pound. We have confirmed this prediction as well by me
suringp polarization for the~1,1! @equivalently~2,21!# peak
position in SmCA (Qz /Q051.50). We should note that theE
Ising model for these phases also yieldsp polarization for
the first-order resonant satellite peaks. However, theE Ising
and clock models differ greatly in their prediction of th
polarization state for them562 peaks. We must conside
next our observed polarization results with specific attent
to this difference between the two competing models.

The second-order resonant satellites are expected u
the clock model to preserve the incidents polarization in the
diffracted beam. Our results are in agreement with this p
diction, too, as can be seen by thes polarization of the~1,2!
@equivalently ~2,22!# peak position in SmCFI2* @Qz /Q0

51.50, shown in Fig. 8~b!#. Actually, conversion ofs to p
intensity is possible in principle within the second-ord
resonant satellites, but this contribution will be reduced b
sin2(u) factor relative to thes polarization-preserving term
For our range of film Bragg angles,u54° to 7.5°, this con-
tribution should be quite small. We also note for comple
ness that a truly commensurate three-layer superlattice
riod in SmCFI1* implies that the first-order~2,21! satellite at
Qz /Q051.67 is equivalent inQz position to the second
order ~1,2! satellite. Consequently, a slightly enhanc
s-polarized component to the diffracted intensity measu
at this position might be expected. Nonetheless, the stron
p-polarized character we observed for the SmCFI1* peak is
consistent with the clock-model predictions for this structu

The polarization analysis carried out on the resona
peaks is not only in agreement with the clock-model pred
tions, but also contradicts the expected polarization beha
derived from theE Ising model. Namely, in then54 E Ising
case, the second-order satellites@~1,2! or ~2,22! position# are
expected to have the same polarization as their first-o
counterparts@i.e., ~1,1! and~2,21!# @21#. The clearp versus
s polarization difference we observe between the first- a
second-order resonant satellites in SmCFI2* ~Fig. 8! means
that theE Ising description cannot adequately describe t
phase; consequently, we can rule outE Ising as a model of
general validity for the complete SmC* variant series.
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Our 10OTBBB1M7 results also suggest important dire
tions for future experiments. While the clock model offers
excellent account for all our polarized x-ray-scattering da
it seems that the commensurate (n<4) clock structure of the
ferrielectric phases should exhibit uniaxial optical propert
in a sufficiently thick sample. This is in contrast to the bia
ality required to explain the reported electro-optical behav
of the ferrielectric phases@3,13#. This discrepancy indicate
that a distorted clock model may be required to successf
explain both the x-ray and optical measurements@21#. In our
future studies, we plan to observe the resonance peak s
tures of these phases as a function of an aligning elec
field applied to the free-standing films. Such measureme
should help us resolve the above-stated discrepancy. Sec
the evolution of satellite peaks found in the 10OTBBB1M
compound suggests that the commensurate clock pic
‘‘ends’’ at n54, while forn.4 an incommensurate arrang
ment is favored, as found in the SmCa* phase. Thus, the
SmCa* phase seems to be a natural extension of the SmCFI2*
phase. Polarized resonant scattering studies on other sui
compounds should help confirm whether this scenario is
ways the case for chiral compounds exhibiting the SmC*
variants. Additional questions that should be answered
clude whether the commensurate clock structure has a
damental limit ton<4, and why the SmC* phase can appea
between the more tightly wound SmCa* and SmCFI2* in cer-
tain materials.

VI. SUMMARY

We have performed the first resonant x-ray-scatter
measurements upon the SmCA* , SmCFI1* , SmCFI2* , and
SmCa* liquid-crystal phases with incorporated polarizati
analysis of the diffraction peaks. By working at theK-edge
energy for sulfur atoms contained in the liquid-crystal m
ecules, the degeneracy of the SmC* variants with respect to
conventionalQz x-ray scans is lifted. The nonintegralQz /Q0
positions of the characteristic resonance peaks we obs
indicate superlattice periodicities in molecular azimuthal o
entationsC j . These periodicities have been shown to
two, three, and four layers, respectively, in the SmCA* ,
SmCFI1* , and SmCFI2* phases of the R-enantiomer
10OTBBB1M7 thiobenzoate compound, with a two-layer s
perlattice period also present in the SmCA phase of the cor-
responding racemate. A temperature-dependent period
incommensurate with layer spacing was detected in
SmCa* phase window of 10OTBBB1M7.

We have shown that both the positions of the obser
resonance peaks in 10OTBBB1M7and their polarization
statesare in agreement with the predictions of the clo
model describing the SmC* variants. The model incorpo
A
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rates both a short clock pitch forC j corresponding to our
observed superlattice periodicity, and a longer optical pi
due to the inherent chirality of the molecules. Our data a
allow us to rule out the previously proposed Ising and bila
models as candidates for describing the complete SmC*
variant series, and at the same time indicate important di
tions to pursue in future polarized resonant x-ray-scatter
experiments.

We have also performed resonant x-ray-scattering stu
upon the MHDDOPTCOB liquid-crystal compound contai
ing a sulfur atom in a core thiophene ring. The results sh
that the atom containing the exploited resonance edge ca
located in quite different rigid chemical substructures wi
out diminishing our technique’s sensitivity to molecular o
entation with respect to incident x-ray polarization. This r
inforces the power of polarized resonant x-ray scattering
probing phases with orientational ordering that is undete
able by conventional methods. While polarized reson
x-ray scattering has been applied with success to materia
conventional crystalline phases@38#, our results indicate tha
the technique will be critically important for soft condense
matter studies as well.

To our knowledge, our results on the MHDDOPTCO
compound have provided the first observations of reson
satellite peaks originating from the optical pitch of th
SmC* phase, a periodicity that is also unobservable via c
ventional x-ray diffraction. We observed a characteris
four-layer superlattice in the ferrielectric temperature w
dow for MHDDOPTCOB, indicating that the SmCFI2* struc-
ture previously found in 10OTBBB1M7 is not uniqu
to one material, and may be of quite general occurren
The resonance peaks detected in the SmCA* phase of
MHDDOPTCOB also imply the same structure seen in
corresponding phase of 10OTBBB1M7.
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