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Orientational ordering in the chiral smectic-C§,, liquid crystal phase determined by resonant
polarized x-ray diffraction
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High-resolution resonant polarized x-ray diffraction experiments near the $udge have been performed
on free-standing liquid crystal films exhibiting the chiral smectfg;(phase. It is widely accepted that this
phase has a four-layer repeat unit, but the internal structure of the repeat unit remains controversial. We report
different resolved features of the resonant x-ray diffraction peaks associated with the sniecpbd3e that
unambiguously demonstrate that the four-layer repeat unit is locally biaxial about the layer normal and that the
measured angle, describing the biaxiality, is in good agreement with optical measurements.
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Significant research in the field of liquid crystals has beerthe incident x-ray beam. Here we report high-resolution
directed at characterizing the structure of the recently discovRPXRD results from one liquid crystal compound exhibiting
ered chiral smectic phasgs]. These phases have proven to the smectic-¢,, phase that enable us to determine unam-
be of theoretical importance because they provide instancdsguously the detailed structure within its four-layer repeat
of ferroelectric (smectic-t), antiferroelectric (smectic), unit.
and ferrielectric behavior in samples without long-range po- On the basis of symmetry considerations and thermody-
sitional order. The chiral smectic phases also have techndl@mic arguments, Lorman proposed that there are only two
logical importance in fast electro-optic switching devifgs ~ Possible structures for the four-layer repeat unit of the
In these phases, the molecules form layers and show a finifiMectic-G,, phase that both maintain a uniform magnitude
tilt to the layer normal. As illustrated in Fig.(d), the azi- of the layer tilt angle and can be described by a single order
muthal orientation of the molecules in the ith layer is de-

scribed by the angleb;, or equivalently, by the vectar; , @ ©  Q/Q
which is the projection of the molecular long axes onto the 2_0/\
layer plane. The layer-to-layer progression ¢f distin-
guishes the various chiral smectic phases. /ﬁ\‘?s
Despite successes in determining the structures of the v 15/&;
smectic-C and smectic-& phaseg3-5], the interlayer or- A
dering of the other chiral smectic phases has proven to be 2 3
difficult to characterize. Although it is now generally ac- 10 ’\
cepted that the smecticiG and smectic-§,, phases[6], . A,
intermediate in temperature between the smecfjcaid (b) ] ¢ ' )}\'5
smectic-C phases, exhibit three and four layer superstruc- & : 5 087
tures respectively, with a uniform tift7,8], the molecular ot = A0y
arrangements within their 3 and 4 layer repeat units are still 5 1 €4
being debated?2,7]. Traditional optical experiments fail to Cq : I I
give clear-cut information about the molecular arrangements 1 o oo

within the repeat units while conventional x-ray diffraction is

insensitive to the molecular orientations in the layers. Reso- Fig. 1. (a) The azimuthal orientation of the molecules in fte
nant polarized x-ray diffractiofRPXRD) provides a means |ayer is described by the angl$; or by the vectorc . (b) The

to probe ordering that is orientational, rather than positionalpjaxial model of the repeat unit as proposed by Lorf@in(c) The

in nature, because the diffracted intensity depends on the  and L., diffracted intensities for the biaxial structure shown in
orientation of the generally asymmetric local bonding envi-(b). The black peaks correspond to ordinary diffraction peaks. The
ronment of the resonant atoms relative to the polarization ofray peaks are the resonant satellite peaks.

1063-651X/2001/645)/0507024)/$20.00 64 050702-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

A. CADY et al. PHYSICAL REVIEW E 64 050702R)

parameter in a transition from the untilted smectic-A phase 1.0 . "
[9]. The first structure involves a constant interlayer change
in ¢; of 90° resulting in a structure that ismiaxial about the
layer normal. The second structure consistsppfchanging

by alternating angles o6 and 180% &, as shown in Fig.
1(b). The second structure axial about the layer normal.

In both structures there is an additional constant interlayer
rotation of o= 27d/ Py, whered is the layer spacing ane, . .
is the optical pitch(typically ~1 wm). Previous RPXRD 0 30 60 90
results were consistent with theniaxial structure[7,8], 3(degrees)
whereas recent null-transmission ellipsometry dat pro-
vide strong evidence supporting th&xial structure. To re-
solve these conflicting results, we repeated RPXRD me
surements with higher resolution.

The high degree of polarization and the energy tnability, o xsF are significant. The tensor XSF can be repre-

demanded by RPXRD require a synchroton x-ray sourCeggnted in the molecular reference frame BH:
The RPXRD experiment described here was conducted at

beamline X19A at the National Synchrotron Light Source —1/3— A/f 0 0
(NSLS). The compound studied was MHDDOPTCOB with a

0.5+ .

Ratio of Peak Intensities

FIG. 2. The intensity ratio of the two peaks at each quarter-order
a|c_)osition versusé is shown. §=90° corresponds to the uniaxial
structure, which yields no splitting of the first-order satellite peaks.

chemical structure shown below: Su="f 0 —13+A/f O
0 0 2/3
Q Q M
C12H250—©-@—C—0—®—C—O—(]‘,'—CGH,S 2f/3 is the scalar structure factor along the long axes of
H the molecules and represents the anisotropy perpendicular

This compound was chosen because the thiophene ririg the molecular long axes from the bonding environment of
within its core has a sulfur atom with a resonant edge at #he sulfur atom. The XSF in the layer reference frafe, is
convenient x-ray energy. The phase sequence for the conthen found by rotatingS,, through appropriate angles. Fi-
pound is isotropic (98 °C) smectic-A (93 °C) smectit-C nally, the XSF for the composite structu,is calculated by
(83°C) smectic-¢,, (80°C) smectic-& (64°C) crystal. summingS_ multiplied by the appropriate phase factor over
The resonant edge energy was determined by measuring teé the layers in the film. For @-polarized incident beam,
total fluorescence signal of a powder sample of MHDDOPT-he diffracted intensity takes the foriy,=oSo; andl .,
COB while the incident energy is tuned through the suur = m;So; for the o-polarized andr-polarized components of
edge. The fluorescence signal is proportional to the absorphe diffracted beam, respectively. Carrying out this proce-
tion coefficient. The incident x-ray energy was then set to thelure for theuniaxial four-layer repeat unit proposed for the
maximum of the white line aE,=2475 eV. The diffraction structure of the smectic{¢, phase, Levelut and Pansu
experiment was carried out in the Bragg geometry on freeshowed[11] that, in addition to theo-polarized, integer-
standing liquid crystal films. Films of smectic liquid crystals, order, layer peaks, there are resonant satellite peaks at
which always consist of an integer number of well-alignedQ,/Q,=1+m(0.25+ €), wheree=d/Py, | is an integer, and
layers, were prepared by drawing material in the smectic-An=*=1,+2. The second-ordem{= *=2) resonant satellite
phase between two steel knife edges. By this method, films peaks arer-polarized, centered around half-integer values of
few thousand layers thick and an area of 5x25 mm wer&),/Qg and are separed bye4A measurement of their spac-
prepared inside a two-stage oven with temperature stabiliting is a direct determination oPy. There are alswingle
better than 5 mK. The diffraction was done along e first-order (m==*=1) resonant satellte peaks near the
reciprocal space direction wheredenotes the layer normal quarter-integer values dp,/Q, that are w-polarized. Ex-
direction. Films were cooled from the smectic-A phase to theending the calculation of Levelut and Pansu to Hiaxial
smectic-G,, phase, and scans throu@h were carried out. 4-layer repeat structure, shown in Fig(bj, additional
The sample chamber and adjacent x-ray flightpaths were-polarized peaks appear @,/Qy=1%(0.25-¢€). Thel,
purged with helium to reduce attenuation of the low-energy xand | ., diffracted intensities for thediaxial structure are

rays used in the experiment. summarized schematically in Fig(c). The two first-order
In the case of non resonant x-ray diffraction, only theresonant peaks are symmetrically displaced about quarter-
scalar component of the x-ray structure facf§6F) is im-  integer values 0fQ,/Q, with a separation of & but are

portant and the periodic modulation of the electron densityasymmetric in intensity with their intensity ratio a function
due to the smectic layers can be readily observed as a serie the angles defined in Fig. 1b). A plot of the intensity

of Bragg peaks aQ,/Qy=n, whereQy,=27/d andnis an ratio versuss is shown in Fig. 2.6=90° corresponds to the
integer. In the case of RPXRD, a resonant atom in the core afniaxial structure, which yields no splitting of the first-order
the molecule scatters in a way that is dependent on the orsatellite peaks. Although previous RPXRD measurements
entation of the molecule relative to the direction and polar<onfirmed both the existence of first- and second-order reso-
ization of the incident x-ray beam so the off-diagonal termsnant satellite peaks and their predicted polarization states, the
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data shown in Fig. 3. Scans through the integer-order peaks
provided a measure of the layer spacidg;34.7+0.2 A.

The calculated XSF was convoluted with the resolution
function determined by fitting the principal 1.QQ peak to a
Gaussian function with a Lorentzian contribution. The con-
voluted XSFs for the measured peaks, shown as the solid
curves in Fig. 3, are in good quantitative agreement with the
‘ data and yield5=15*2° and an optical pitchP,, of 1.65
o @ » +0.09 um. The results are reproducible for different films.
1.2 . . . In this fitting, a value of 0.2 was used fdr/f. The value of
A/f sets the relative intensity ratio of the resonant to non-
resonant peaks, but only weakly affects the amplitude ratio

FIG. 3. The first-order resonant satellite pegkguaresfound  Of the split quarter-integer resonant peaks. A value of 0.2
in the experiment along with simulatiorfsolid lineg are shown. gave a good match to the measured resonant to nonresonant
For both simulationsA/f=0.2, P,=1.65 um, and §=15° The intensity ratios.
simulated peaks are convoluted with an experimental resolution In order to gain further insight into the temperature de-
function that is described in the text. The simulations have beependence of the structure, we conducfedscans at three
normalized to match the measured intensities. temperatures in the smecti¢tG phase. The three scans were

performed at 81.5°C, 81.0° C, and 80.5° C, with corre-

- ) sponding fits to the convoluted XSF yielding=16*+2°,
splitting of the first-order resonant peak was not resolvedQOizo’ and 18 2°, respectively, suggesting that there is no
and hence, the uniaxial structure was favored. strong temperature dependence of this structure. These re-

In the RPXRD experiment reported here, entrance and,js compare well with the optical null-transmission ellip-
exit slit dimensions were chosen to define the mstrumentagometry results of Johnsat al. [10], which showeds= 18
resolution to 4<10™* A~™. This resolution represented a 4 go '
significant improvement over thex110™* A% instrumen- In conclusion, we have applied the RPXRD technique to
tal resolution of the previous RPXRD measurements on MHygtermine unambiguously the structure of the $mp@hase
DDOPTCOB, so finer diffraction features could be resolved. ¢ \upDOPTCOB. Specifically, the four-layer repeat unit
Polarization analysis was achieved by reflection from pyroli-o¢ s shase was established to be locally biaxial. This result
tic graphite analyzer crystals. Representative scans througiy,onsirates the effectiveness of RPXRD for investigating
regpns_of quarter-_lntegé_DZ/Qo values are shown in Fig. 3. ystems in which the ordering is orientational as well as po-
The incident x-ray intensity was reduced by factors of 13 anGjtisna) in nature, opening up the possibility of determining
7 for scans through the 1.2% and 1.7%, positions, réspec- q giryctures of a wide variety of different liquid crystal

tively. The positions of the peaks are scaled according to thﬁhases including the intriguing new phases formed by mol-
relative 1.0@Q, and 2.0@Q, peak position§12]. As the data  o.yjes with a bent core.

show,two peakswere clearly resolved in scans through both
1.25Q, and 1.78),. The smaller peak near 1.Q3 lies on We thank D. A. Olson and P. M. Johnson for help with
the lowerQ), side whereas the smaller peak near Q7%ies  the simulation program and for detailed discussions of the
on the higheQ side. The relative peak intensities would results, V. L. Lorman for enlightening discussions of the
have been inverted if the rotation within the four-layer repeatproposed structures, and P. Siddons for help in developing
unit had a different sense than that of the optical pitch. Scanthe detectors and the polarization analyzer used. The re-
through the half-integer peaks yielded split peaks of equasearch was supported in part by the National Science Foun-
intensities with separation being twice those found in thedation under Grant No. DMR-9703898, 9901739 and INT-
first-order satellite peaks as expected. These results are quali815859, and by CNR&rance GDR606. The research was
tatively consistent with the calculated XSF for the biaxial carried out at the National Synchrotron Light Source,
structure.  Furthermore, our simulation uses theBrookhaven National Laboratory, which is supported by the
(C,GC,,C5,Cy) shown in Fig. 1b). Other sequences, U.S. Department of Energy, Division of Materials Sciences,
e.g., (G,C;3,Cy,C)), vield very different results from the and Division of Chemical Sciences.
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