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Resonant x-ray scattering study of the antiferroelectric and ferrielectric phases in liquid
crystal devices
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Resonant x-ray scattering has been used to investigate the interlayer ordering of the antiferroelectric and
ferrielectric smecticC* subphases in a device geometry. The liquid crystalline materials studied contain a
selenium atom and the experiments were carried out at the seldfieage allowing x-ray transmission
through glass. The resonant scattering peaks associated with the antiferroelectric phase were observed in two
devices containing different materials. It was observed that the electric-field-induced antiferroelectric to ferro-
electric transition coincides with the chevron to bookshelf transition in one of the devices. Observation of the
splitting of the antiferroelectric resonant peaks as a function of applied field also confirmed that no helical
unwinding occurs at fields lower than the chevron to bookshelf threshold. Resonant features associated with the
four-layer ferrielectric liquid crystal phase were observed in a device geometry. Monitoring the electric field
dependence of these ferrielectric resonant peaks showed that the chevron to bookshelf transition occurs at a
lower applied field than the ferrielectric to ferroelectric switching transition.
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INTRODUCTION uid crystal phase (S@%), is also helicoidal and is charac-

o terized by molecules in alternate layers tilting in opposite
Ferroelectric liquid crystals are perhaps best known forgirections, the dipole contribution also reversing in direction
their significant technological potential in fast, bistable de-from one layer to the next. Since the first observations of
vices [1]. The most common ferroelectric liquid crystal antiferroelectricity in liquid crystals, several different 6
phase is the chiral smectitphase (Sr@*) in which rodlike  sybphases have been identified and stugB&drhe ferrielec-
molecules lie in layers with their average direction of orien-;~ SMCE,, (FI1) and SnT%,, (FI2) phases can exist be-

tation (the directoy tilted with respect to the layer normal by tween the antiferroelectric SBf phase and the ferroelectric

a temperature dependent tilt anglé;). The layer average . .
dipole moment, which contributes to the spontaneous polarSmC phase. Another subphase, the Gfnphase, can exist

ization that is characteristic of ferroelectric materials, is or-0€tween the S@” and the untilted smectié-(SmA) phase.

thogonal to both the director and layer normal. The directiorEach phase has a specific structure and all the phases differ

of tilt of the molecules, and hence the layer dipole moment:slgmflcgntly in their optical, electrical and electro-optic

is approximately the same on progressing from one layer t@roperties.

the next, modified only by the influence of the macroscopic When ferroelectric materials are incorporated in devices

helicoidal structure the pitch of which is typically hundreds their switching properties are found to depend on the layer

of layers. geometry adopted within the devi¢#,4]. The layer geom-
Antiferroelectric liquid crystal$2] have recently been the etry is similarly expected to have an influence on the prop-

focus of intense research, partly because of their significargrties of the other smectic subphases when constrained

potential for application in devices. The antiferroelectric lig- within a device. Interactions with the substrates and align-
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ment layers can result in the formation of a chevron structure CeHy3
or gther layer geome'trles, which in turn, influence electro- | Cigtys0 @@ @ C.ONCH
optic measurements in the &h subphases. X-ray scatter- s C\
ing has provided a wealth of information about the geometry
of the smectic layers in devices and its deformation by elec-
tric fields[5—10], but the technique is not sensitive to differ-
ences in molecular arrangement from one layer to the next  (Sml*33.3 Sml*,422)
and cannot distinguish the different &h subphases. Reso-
nant x-ray scattering, however, can probe changes in molecu- C6H|3
lar orientation and layer structure as a function of electric I 7\
field where it is applied to materials in a device geometry. Ci2H250 @<—>‘ CO*C\H
The interlayer ordering in molecular orientation for the Se CH,
SmC* subphases is extremely difficult to study using most K 463 SmC*, 82.6 SmC*p;, 83.6 SmC*sp 863 SmC*
experimental techniques. Consequently, several different 882 SmA 95.8 I
models of the antiferroelectric, ferrielectric, and ferroelectric
phases have been propogéd,12. The resonant x-ray scat- FIG. 1. The molecular structures and phase sequences for com-
tering technique is well established in the field of crystallog-pounds | and II.
raphy[13] and recently this method, combined with a polar-
ization analysis of the x-ray features, gave support to gresents a study of the antiferroelectric and ferrielectric
clocklike interlayer rotation of the tilt director being the most phases exhibited by two different liquid crystalline materials
likely structure for the Si8* subphases. Resonant x-ray in a device geometry. The structural periodicity of the phases
scattering measurements directly revealed three and fouras been determined using resonant scattering at the sele-
layer periodicities in thé=11 andFI2 phases, respectively nium K absorption edge. This is a matter of considerable
and a temperature sensitive periodicity of between five anéhterest since the structure of the ferrielectric phases both in
eight layers in the S@} phase[14,15. Subsequent optical free-standing films and devices has, for several years, been a
ellipsometry work[16] and further high-resolution x-ray controversial subject. It is particularly crucial to confirm the
resonant scattering studigk?] provide strong evidence for a existence and structure of the ferrielectric phases in bulk
distorted clock model. samples as liquid crystal films may exhibit different phases
The resonant scattering technique involves x-ray scatteto those observed in the bulk geomef80,21]. Further, a
ing at the absorption edge of an atom contained within thepreliminary study of the antiferroelectric and ferrielectric
core of the liquid crystal molecule. Conventional x-ray scat-structures under the influence of an electric field has been
tering probes variations in electron density in the samplegarried out. Resonant scattering features are presented as a
whereby peaks are observed@t=2x1/d=1Q,, wherel is  function of applied electric field, and these data are corre-
an integer andl is the smectic layer spacing. However, at thelated with electro-optic data for the same device. This work
absorption edge energy the structure factor becomes a tengd@monstrates the potential of the resonant scattering tech-
[18] and the scattering becomes sensitive to molecular oriemique as a probe for switching studies in device geometries.
tation. The value of the tensor is dependent on the orientation
of the molecule with respect to the polarization direction of
the x-ray beam, so extra peaks are observed where there is a
periodicity associated with the interlayer tilt orientations and Resonant scattering has been performed on two different
the different phases can be distinguish&@]. The resonant antiferroelectric liquid crystal materials, which have also
scattering features that have been resolved in th€’Ssub-  been described elsewhdr22,23. The molecular structures
phases can be explained by assuming a constant interlayef the compounds are shown in Fig. 1 together with their
rotation of magnitude 2(1/v+¢), wherev represents the phase sequences determined by a combination of optical mi-
superlattice periodicity and is the ratio of the smectic layer croscopy, resonant scattering, and electro-optic techniques.
spacing to the optical pitch. This results in the observed resaBoth molecules studied contain a selenium atom in their core
nant scattering peaks at and their molecular structures are very similar; compound I
is a fluorinated version of compound I. The phase sequences

K 67.7 SmC*, 97.8 SmC*g, 99.0 SmC* 109.4 SmA 116.6 |

EXPERIMENT

Q, are also similar; both materials exhibit antiferroelectric,
=l+m(1l/v+e), (1) ; . : ;
Qo ferroelectric, and at least one ferrielectric phase, confirmed
by resonant scattering to Be&l 1 for compound [24]. Mi-
wherel andm are integers anch=0, £1 or =2. croscopy of samples of compound Il indicates the presence

As already mentioned, the application of even small electriof two ferrielectric phases and since the higher temperature
fields to devices containing the &t subphases can result phase was shown to b€ 2 by resonant scattering on a free-
in changes in the macroscopic layer structure in addition tetanding film[17], the lower temperature phase was assigned
motion on a molecular level. The processes involved in suclasF11.

reorganizations are rather poorly understood, despite their X-ray experiments were carried out on beamlines 11D and
importance in the application of antiferroelectric, ferrielec-1BM at the Advanced Photon Sourt&PS) at Argonne Na-
tric, and ferroelectric liquid crystals in devices. This papertional Laboratory. A synchrotron source is required in this
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experiment for its high flux, polarization properties, and po-
tential for energy selection. X-ray beam

In order to detect a resonant scattering signal, the x-ray
beam was tuned to thi€ absorption edge of the selenium
atom in the molecular core. The absorption edge was deter-
mined precisely by measuring fluorescence spectra emis- Smecﬁc/
sions. It is important to note that this work is made possible  tayers
by the use of materials containing a selenium atom. Previous
resonant scattering work on free-standing films has mainly
focused on sulphur containing materials but in order to see
scattering from materials encased in glass, higher energies
are required. The seleniukhedge is at 12.66 keV, where the ! Glass |
attenuation length in glass is about 5, while the sul- (a) (b)
phurK edge at 2.472 keV gives an attenuation length in glass
of less than Sum. The angular resolution of the experiment
was defined by a G&11) analyzer.

The devices used were constructed of 1zt thick,
indium-tin-oxide (ITO) coated glass. The inner surfaces of
the glass plates that formed the device were spin coated with
a thin nylon 6/6 alignment layer which was rubbed using aelectric phase from the Smphase, without the application
soft cloth to encourage uniform planar alignment of the lig-of an electric field. Equatioiil) indicates a splitting of the
uid crystal molecules. The glass plates were assembled fisst order (n==1) satellite peaks equal toe2-2d/P,
enclose a 15—3@m thick liquid crystal sample, defined by whered is the smectic layer spacing measured from the in-
the use of a polyethyleneterephthalate spacer. The devideger order layer peak positions aRg is the optical pitch.
was capillary filled with liquid crystal and sealed using The optical pitch of the S@) phase at 85 °C deduced from
epoxy-resin cement. The devices were sufficiently thick tathese data is 0.5om, a result in excellent agreement with
ensure that the helicoidal property of the liquid crystal wasthat of the free-standing film dat@®.58 um) at the same
not suppressed. The conductive properties of the ITO coatingemperature. Antiferroelectric peaks were also observed for
in the device provided electrodes, thus allowing the applicacompound II[Fig. 3(b)]. The pitch deduced from these data,
tion of electric fields across the liquid crystal up to 5uti.  obtained at 75 °C, is 0.24m. It is interesting to note that the

The device under investigation was mounted onto a heat-
ing stage connected to a remote temperature controller. The ,44,
system provided temperature control of the sample with a
relative accuracy of-0.05 K. When filled with a S ma-
terial, a device such as described above will have a bookshelf
geometry. In this geometry the smectic layers lie perpendicu- . L
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FIG. 2. Schematic of the scattering geometry for a liquid crystal
device with(a) a bookshelf layer geometry arfl) a chevron layer
geometry.fc indicates the chevron angle afd is the Bragg scat-
tering angle.

1500

Isec

lar to the glass surfaces. When a liquid crystal device cools &
from a nontilted smectic phase into a tilted one, the smectic 3 _
layers usually buckle to form a chevron structure. In order to 500
observe x-ray scattering from the liquid crystal layers in this

Co

geometry, the sample must be rocked to the chevron angle, 0 bows b e
Q,/Qq
RESULTS 200 [T T T T T
The antiferroelectric phase ¥
150 | ® 3
The resonant scattering features associated with the anti- ¢ [
ferroelectric phase occur as additional peaks at positions ¢ 100 : ]
where Q,/Qy=(0.5%¢), (1.5+¢), etc. Such peaks were - -
observed in the antiferroelectric phases of both compounds | 8 :
. . . 50 - -
and Il in devices held in the apparatus at the chevron angle. -
Typical resonant peaks obtained@t/Q,= 0.5+ ¢ for com- . ot Sy .
pound | are shown in Fig.(d). Improvements to the scatter- 046 047 048 045 05 051 052 053 054

ing technique, including a better device alignment and
thicker samples, have now significantly improved the signal
to noise ratio compared with results published previously for  F|G. 3. Resonant peaks in the antiferroelectric phas@,4Q,
compound I[24] and the much cleaner resonant peaks 0b—0.5+¢ for (a) compound (85 °C) and (b) compound (75 °C).
served are apparent in the figure. The data presented in Fig.1®e slight shoulder visible on each of these peaks is an experimen-
were obtained from a device cooled directly to the antiferro-tal artifact and not related to the resonant signature of the material.

Q,/Qq
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pitch in compound Il is reduced by more than a factor of 2 80

from that of compound | just by the addition of two fluorine I 0.00V/im
atoms to the molecular core. -

Electric fields were applied to a liquid crystal device con- 408 ;
taining compound | using a 100-Hz ac square wave. Appli- 20 :
cation of a field to the device allowed two different phenom- 8op 0.56V/m ;
ena to be investigated. Field-induced changes to the pitch 60g ' ;
would be apparent from a change in the separation of the 40¢ ;

resonant peaks &,/Qy= 1.5+ ¢, while the antiferroelectric 20E

X 27 x| " . w0 :
to ferroelectric switching transition would result in a loss of “r 0.83V/m -
a0f ' :

the resonant peaks. The magnitude of the applied field was

increased stepwise, allowing the investigation of helical un-

winding at low fields through the separation of the resonant 20F

peaks. Data acquisition was triggered such that scattering 8of

data were collected only during the last 33.3 ms of the posi- sob 1.11VAm -

tive part of the field cycle for the pitch investigations. No a0k ;

field-induced change in pitch was observed prior to the field- 2 :

induced chevron to bookshelf transition in compound I. This zg ;

observation was reinforced by evidence from optical trans-

mission studies carried out on a polarizing microscope. The

light intensity transmitted by a device identical to that used

in the x-ray experiments, held between crossed polarizers 208

with the rubbing direction almost parallel to one of the po- 1.45 15 1.55

larizers, shows no change in optical transmission below the Q,/Q

ferroelectric switching threshold, confirming the results from

x-ray data. FIG. 4. The antiferroelectric resonant peak€atf Q,=1.5+¢
The onset of antiferroelectric to ferroelectric switching under different applied electric fieldsompound I, 85 °C

was also monitored as a function of applied field through the

resonant feature &,/Qy=1.5+¢. Fields of successively Electric fields of gradually increasing amplitude were ap-

higher magnitude were applied to the device until, at 2.11plied to the device with the liquid crystal in tHel2 phase.

V/um a threshold was reached. Figure 4 shows that belowhe ferrielectric resonant peak remains visible for applied

this threshold the half order resonant peaks indicative of théelds as high as 0.71 Yim, the maximum field applietFig.

antiferroelectric structure are present. The peak splitting i$). For each different applied electric field the scattering sig-

approximately constant for all the data, implying that thenal from theQ,/Q,=1 Bragg peak was optimized ié for

field was not distorting the helix. Further, rocking curves atthe chevron anglefor voltages below that of the bookshelf

these field strengths confirmed that the sample remained intEnsition. This optimization avoided the problem of moving

chevron geometry. Above the threshold of 2.13u the ~ Out of the Bragg condition due to changes in chevron angle
resonant peaks @,/Q,=1.5+¢ disappear and a rocking with field, a phenomenon observed to occur at relatively low
2 5+

curve on@ confirmed that the layers had transformed to afieIdS in other ferrielectric material$]. With a 0.64 Vium

bookshelf geometry. These data are consistent with the cheyduare wave applied, the ferrielectric peak is reduced in in-

ron to bookshelf transformation occurring at the same threshENSIY: though this change can be explained by examining

old field as the antiferroelectric to ferroelectric switching the rocking curve at this voltage. The chevron peaks are
transition for this system at 85 °C.

Counts/sec

1.94VAm

60t
40

80
The ferrielectric phase 70 |

Compound Il exhibits afF12 phase in addition to thell 60
phase present in both materials. In th& phase, the first 50 ¢
order (=1, m=—1) resonant peak was observed using a 40 ¢
28-um-thick device aQ,/Qy=0.75-¢ (Fig. 5. This result g
demonstrates that, in a device geometry, compound Il main-~ 2 £
tains the four-layer repeat structure previously observed in ¢ ¢

Counts/sec

free-standing film worl{17]. We were not able to observe 0 AR AR AN A
resonant features corresponding to & phase structure in 0.68 07 072 074 076 078 0.8
devices containing either material, though such features are Q,/Qq

observed in free-standing films. This could be because either
the peaks are too weak or the temperature range of the phaseFIG. 5. The resonant peak in td 2 phase of compound Il at
is too narrow and more careful measurements are requireds6 °C.
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FIG. 6. TheFI2 resonant peak with different applied electric |G, 8. Resonant peak in the four layer ferrielectric phase at

fields at 86 °C. As there is some fluctuation in the scattering intengg °C after the transition to a bookshelf structure and removal of the
sity over time these peak heights are represented as normalizegectric field.

counts, calculated as the ratio of the resonant peak height at
Q,/Qp=0.75-¢ to the peak height aD,/Qy=1. CONCLUSIONS
broadened from a full width at half maximum of 2° at low In this paper a detailed investigation of the extent to
voltages to 5° at 0.64 Yim, thus reducing th€,/Qy=1  which the technique of resonant scattering can be applied to
peak height by a factor of 2. After carrying out the resonantdevices has been carried out. Not only is it possible to iden-
measurements, a field of 0.64xfh was kept on the sample tify and characterize phase structures in a material containing
for 26 min during which time furthe® rocking curves show a suitable atom as previously reported, but it has been shown
that the sample gradually transformed from the chevron layethat it is also possible to probe electric field effects and struc-
structure to a bookshelf geometifyig. 7). Persistence of the tures within a liquid crystal device. In particular it has been
Q,/Qy=0.75 resonant peak during the time evolution fromdemonstrated that the interlayer structures observable in a
chevron to bookshelf geometry indicates that the ferrielectridree standing film geometry also exist in the liquid crystal
structure remains during and after this. When a higher elecdevice.
tric field of 0.71 Vjum was then applied, an intense book-  The well known transition of the antiferroelectric phase to
shelf peak was formed. This peak only slightly degraded iran unwound ferroelectric state on the application of a high
shape after the field was removed and the ferri phase waaectric field has been investigated and directly confirmed in
also observabléFig. 8). These observations imply that the this study. In compound I the antiferroelectric phase has been
chevron to bookshelf transition in compound Il at this tem-observed and the disappearance of antiferroelectric structure
perature for a device of 2gm occurs at a lower applied has been correlated with the onset of ferroelectric switching.
voltage than the onset of ferroelectric switching. Opticallt has also been confirmed that no helical unwinding occurs
transmission data on a/m thick device for this phase show below the chevron to bookshelf transition. For compound I,
two distinct thresholds with increasing figlgig. 9). The first  the antiferroelectric phase has been observed and the ferri-
of these thresholds at 0.7 M corresponds to the chevron electric phase structure has been confirmed within a device.
to bookshelf transition seen by x-ray scatteritaf 0.71 In the ferrielectric phase a four-layer repeat structure, char-
V/um). The second threshold at 1.3xh appears to be the acteristic of aF12 phase, was revealed as previously seen at
field-induced ferrielectric to ferroelectric transition. the same temperature in films. Unfortunately, although the
F11 phase with a three-layer repeat structure occurs in both

4000 [T —
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e 084vLm t=8min | ] I o
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FIG. 7. Time evolution of the layer structure in the ferrielectric

phase of compound Il at 86 °C with 0.64 Mh applied electric
field.

FIG. 9. Optical transmission as a function of applied electric

field in theFI2 phase of compound II.
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materials studied, it was not possible to observe resonarsurements in the ferrielectric phase. Clearly parameters such
peaks for this phase in a device. If these samples underggs temperature, device thickness and material properties are
prolonged exposure to the x-ray beam, phase boundaridikely to influence the field dependant behavior of antiferro-

have been observed to decrease in temperature. The temped&d ferrielectric phases, these considerations are a matter for

ture range of thé 11 phase is narrow in both materials and future investigation.

may be particularly sensitive to this effect. TRé2 phase Work at the Advance Photon Source was supported by the
structure was monitored through the chevron to bookshelf; o Department of Energy, Basic Energy Sciences, Office of
transition using theQ,/Q=0.75-¢ resonant peak. This Epergy Research, under Contract No. W-31-109-ENG-38.
work demonstrates that in this material thé2 four-layer | s M. H.F.G., and S.J.W. thank the EPSRGR/L/76648
repeat structure is retained despite layer rearrangements ihd GR/R/1960W for financial support. L.S.M. thanks Lu-
the device. Perhaps surprisingly, the chevron to bookshelfent Technologies for additional financial support. R.P.,
transition was observed to occur at a lower applied field thap.M.J., and C.C.H. also acknowledge support from NSF-
that which induced ferroelectric switching. This observationDMR-9901739. P.B. and A.M.L. acknowledge support from
has implications for the interpretation of electro-optic mea-CNRS GDR606 and CNRS-NSF 99-7396.
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