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Realignment of a smecticA phase with applied electric field
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The realignment of a smectisphase contained in a conventional display devigigh a mesophase layer
~10 um thick) in response to an applied electric field has been studied using polarizing microscopy and x-ray
diffraction. The initial state of the mesophase was a highly aligned focal conic texture. The applied field
created a striated texture with paral{but not equally space@dlisclination lines which appeared to be created
in pairs. The lines seem to grow from disclination “eyes” in the original texture, linking them first in pairs,
and then in long chains, as the field is increased. We suggest that the center of each pair of striations
corresponds to a disclination wall and that the texture consists of a parallel array of smectic layers arranged in
concentric flattened half-cylinders. Previous electro-optic studies of cells of this type have described the
striated, field-on texture but appear to have overlooked the role of the defects in the original texture as growth
points for the striations. However, there are structural similarities with two related studies where the field-
induced disturbance of the mesophase starts with the production of toroidal focal conics—similar to those we
propose.

PACS numbgs): 61.30.Gd, 61.30.Jf

INTRODUCTION phases sometimes form chevrddis-9] and sometimes adopt
a nonchevron texture. This paper describes the electro-
When the first generation of liquid-crystélC) electro-  optical properties of a thin Sm- device without a chevron
optic display devices was being developed and manufacturestructure. Its optical texture when filled, the change in ap-
during the 1960s and 1970s, the current opinion was that thpearance of the texture under applied field, and the alignment
nematic phase offered the most valuable electro-optic propas studied by x-ray diffraction are reported.
erties. The twisted nematic device was supreme and it was The nature of the electric-field-induced transition from a
thought that the higher viscosity of the smectic phases woulglanar to homeotropic texture in Sf-devices is of particu-
make them unsuitable for any significant liquid-crystal dis-lar interest, bearing in mind that the initial states are never
play (LCD) use. Only in rare, specialist devices, particularly completely planar, nor do the final states appear completely
where slow speed of response was no detriment, was a rol®@meotropic. The term “Fredericks” transition is used to
seen for them. The high resolution smectic display condescribe a liquid-crystal realignment caused by applied ex-
structed for the projection of ordnance survey maps was sucternal fields(either electric or magneticwhich involves a
a casd1]. In that device, the image was written on the dis-deformation of the director field with no change in the local
play by a laser and the electro-optic response was involvedhort-range mesophase structure. This is a texture change
only in the initial texture alignment and in any erasure ofrather than a phase change. A classieBegicks transition is
errors. depicted in Fig. (a), where a nematic device with a me-
The picture changed drastically when it was appreciatedophase of optically positive dielectric susceptibility, be-
that the tilted, chiral smectic phases can have rapid electrdween substrates treated to give a homogeneous alignment, is
optic responses resulting from reorientation of moleculeshown in the field “off” state and in the “on” state, sub-
within an existing layer structuré&ather than the reorienta- jected to an electric field above threshold. The applied field
tion of the layers The main thrust of LC device research is not sufficient to override the surface alignment forces but
accordingly changed direction in the 1980s and 1990s tdt does distort the central region of the sample. Although the
focus on the ferroelectric properties of such phases, and imagnitude of the distortion of the director field depends on
particular the Sme* phase. The pattern of molecular align- the values ofky; andks; (splay and bend elastic constants,
ment in ferroelectric devices is complex and has been theespectively, the threshold voltage at which the effect begins
subject of much investigation. The major source of the comio appear is dependent only on the valuegf.
plexity is the chevron structure spontaneously adopted by the It is reasonable to expect that the realignment of a smectic
mesophase when the device is filled. In a program of studphase under similar circumstances would involve an analo-
intended to investigate the origins of this texture and its asgous Fredericks type of transition, Fig.(d). However, this
sociated electro-optic properties, we have constructed andioes not appear to be the case. There seem to be at least two
examined display cells containing nonchiral smeétiend  complicating factors. The first arises from the difference be-
smecticC phases. Smecti€- phases almost always form tween the elastic constants in the nematic and smectic
chevron structures because of their temperature-dependepitases. The bend elastic constégy diverges strongly on
tilt angle[2], though there have been a few references to higlapproaching the S phase from the nematic phaf&0]
tilt systems exhibiting a direct Si@-to isotropic phase tran- and the bend deformation is severely hindered in the layered
sition in which there is no chevron structur@]. SmecticA  Sm-A phase. Further, the layer compression modulus in
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FIG. 2. Models proposed for the striated texture that occurs in
smecticA devices following the application of a high fiel@d) Rout

4 and Choudray12] and (b) Goscianskiet al. [13] and Parod{14].
E Note the way in which the planar surface anchoring is retained but
Field-off Field-on the layers in the center of the sample are completely realigned. In
(b) our opinion these are two factors likely to be present in the texture

but we consider that a smecticphase is not likely to form hard-

FIG. 1. (a) Freedericks transition in a nematic device of positive edged grain boundaries of this type.

Ae. (b) The corresponding Feelericks effect for a smectic phase

[i.e., the sketch shown ifa) with smectic layers drawn at right positive dielectric anisotropy, smecticsample. Analogous

gngles to the nematic direcfoif the amplltude_ of the displacement investigations of related systems have been reported by
is calculated from known values of the elastic constants of the me-

sophase, it appears that the magnitude is extremely small. An effeJ:_llarenget al.[15] and Li and Lavrentovichil6]. The former

of this type will not be observable and it has therefore been terme&),f theseistudles concerns a device similar t0. ours but appre-
a “ghost” transition[11]. ciably thicker(where there is an apparently different pattern

of behavior because disclinations arise within the bulk of the

smectic liquid crystals, plays a role in making the Freed- WOrking mesophase The latter study is, in a sense, the
ericks transition unobservable. In a bookshelf geometry, amdouble negative of the system we have examined and con-
plitude of the distortion of the layer normal from the equi- C€"NS & material qf negative dielectric anisotropy, initially
librium position, 6, is given by[11] aligned homeotropically.
< 2e0AeE? 2( 77?\) 2 EXPERIMENTAL
m=" B v
B d The experimental techniques employed to study the elec-

tric field effects on the smectid-liquid-crystal devices in-
clude optical microscopy, electro-optic measurements, and
moderately small-angle x-ray scattering. The materials used
were denoted TCN9 and TCN10 and their chemical struc-
tures and phase sequences are shown in Fig. 3. For all of the
making the Fredericks transition a “ghost” effect in the measurements, the material was held in a conventional de-

. : c vice configuration in planar-aligned glass cells with transpar-
terminology of Rapin{11]. The second factofwhich is the ent indium-tin oxide electrodes which allow the application

major concern of this papkis that the field-on state is not a _ . .
uniform texture and consists of a parallel set of defect Iinesf)f an electric field to the sample. The device thickness was

Clearly any discussion of the electrical response must bgpproxmately Gum (i.e., relatively thin. Where the device

given in terms of the structure and the pattern of growth ofVas to be e'xammed via smgll-angle x-ray scattering, thin
these defects. glass(approximately 12Qum thick) was used. The geometry

There have been a number of previous studies of electri f the device used in this investigation and the structures of
field effects in SmA devices carried out over the last ten , - idealized bookshelf and homeotropic alignments for the
field on and field off cases are shown schematically in Fig. 4.

years[12—14. In all cases, the researchers all found that a

straightforward Freedericks transition does not occur. The

whereAce is the dielectric anisotropy of the materi&ljs the
applied electric fieldd is the device thickness, andis the
smectic characteristic lengthh €k,;1/B). A\ is typically of
the order of a few layer thicknesses, 8g is very small,
even in the favorable case of the allowed splay distortion

high field state is a striated texture, dense with defects. Itis ~ TCN9  heating K 2S5l
not immediately obvious how the smectic layers are aligned
in this striated state and alternative models have been pro- cooling K« S« 8§, <1

posed. Rout and Choudrdg2] have proposed a model in- 6037 604tC Tt

volving an array of edge dislocations, as sketched in Fig.

2(a). In contrast, Goscianskit al.[13], developing a sugges- TCN10  heating K Ss e
tion of Parodi[14], have proposed the grain-boundary model
shown in Fig. 2b). cooling K <SS e
This paper concerns the way in which the striations grow ) '
out of the focal conic “eyes” in the defect texture on appli-  FIG. 3. Molecular structures and mesophase ranges for TCN9

cation of an electric field to a relatively thin, planar aligned, and TCN10. The transition temperatures are in degrees Centigrade.
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FIG. 4. Geometry of the cell used in this investigation and the
structures of the idealized “bookshelf” and homeotropic align-
ments for the field-off and the field-on states. The bookshelf geom-
etry is totally dominated by initial epitaxial alignment at the sub-
strate surfaces and the homeotropic state results from the total
realignment of the molecules by the applied field. In practice, nei-
ther of these states is achieved: the initial state is a highly aligned
focal conic fan texture as shown iic® with occasional eye defects
shown in Figs. &) and 9e). The final state is the striated array of
defects sketched in Fig. 10.

The liquid-crystal samples were held in temperature-
controled ovens which stabilized the temperature with an
accuracy of+=0.05 °C during the experiments. The polarizing
microscopy was carried out using an Olympus BH2 polariz-
ing microscope. Electro-optic measurements were performed
on a optical rail equipped with a laser diode light source and
photodiode detector. The voltages applied to the samples
were produced using a signal generator and a wide band I_:IG. 5: The change in optical texture2 with. applied field. These
amplifier constructed in house. Small-angle x-ray experi°Ptical micrographs show a 58%00.m" region of the cell as
ments were undertaken at the Synchrotron Radiation Sourc&Sen Petween crossed polgparallel to thex andY axes as defined

Daresbury Laboratory, UK on station 2.1, in a configuration'n Fig. 4. The conditions under which each frame was taken cor-
described in detail préviousM?] o respond to the lettered positions on the electro-optic response curve

shown in Fig. 7.

eyes had more or less disappeared and the whole sample was
RESULTS striated from top to bottom. On removing the applied field,

Description of the optical texture changes with applied field some of the lines retreated and a few disappeared

- . . . altogether—but the overall striated appearance was retained
The initial sample, with no applied field, showed the typi-

cal focal conic domain structure shown in Fig. 5. The sample
was held at a temperature of 67.9 °C and an alternating volt-
age at 1 kHz was applied across the plates of the device.
Note the way in which the domains are elongated in Xhe
direction and the scattering of very obvious bright Maltese
cross “eyes” showing the positions of the occasional focal
conic domains aligned with their axes along theirection.
There was little discernible change in the texture until a
voltage of about 57 V rméat 1 kH2 was applied(Note that
this is a significantly high voltage as compared with that
required to have to have a noticeable effect on the optical
texture of anSi or Sc« phase). Above this threshold field,
defect lines appeared. These were parallel tovtlrection
and they appeared to grow in pairs from the Maltese cross FiG. 6. (a) The field-on texture for an applied voltage of 62 V
eyes of the focal conic structure, first linking adjacent eyesand (b) its retention when the applied voltage is removed. These
As the voltage was raised further, the defect lines extendeghicrographs were taken under crossed polars as for Fig. 5. The
throughout the mesophase and became more numerous. kdxture change occurred almost immediately and the reduced num-
nally at an applied field of about 110 V rms, the focal conicber of defect lines apparent ib) appeared to be stable.
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orientation, the sample is not quite in the Bragg condition for a

FIG. 7. The electro-optic response of a 6 8@-thick sample of perfect bookshelf alignment and the intensity at 0 V is the shoulder
TCN9 at a temperature of 67.9 °C. This graph shows the change 3qf the Bragg peak._As the applied voltage inc_reases and the director
transmitted intensity as the applied field is increased. Note that he eld becomes rfe_allgnc_eq, some of the sr_ne_ctlc Iayers move tthUQh
the sample is viewed between crossed polars lying at 45° tXthe e Bragg cond|t|qn giving an increase in Intensity pefore moving
andY directions—in contrast to the optical micrographs shown ir]completely out of it. For comparison, the electro-optic data for this
Figs. 5 and 6 where the crossed polars are parall¥laadY. The sample have been added and are shown as closed circles. The
lettersa—f indicate the conditions under which the optical micro- sample temperature was 70 °C.
graphs shown in Figs. 5 and 6 were recorded.

for at least a period of several hours. Figure 6 shows théa,mple is V‘?Wed between crossed polarizers With thg optic
appearance of the device on removal of an applied voltage @XiS in the field off state at 45° to the polarizer directions.
62 V. This is in contrast to the optical micrographs shown in Figs.
5 and 6, where the crossed polarizers are parall¥laodY.
Electro-optic response and x-ray studies There is an obvious switching threshold at posittmnand
The electro-optic response of the Gn-thick device there is essentially no chgnge in the transmitted light inten-
containing TCN9 is shown in Fig. 7. Note that here theSity before that threshold is reached.

(d)

FIG. 9. The rationale for the initial aligned focal conic texturéa) and(b) show how an oblique plane cutting through a focal conic unit
intersects layers of molecules with a common parallel alignment. Presumably this explains why the mesophase adopts the aligned focal-conic
texture since it allows the maximum number of molecules to follow the epitaxial alignment whilst still retaining the focal-conic structure.
Note that in this experiment, the cell is much thinner than the diameter of the focal-conic units and the sketch $bogiveis a reasonably

realistic impression of the curved arrays of saddle-shaped layers in the observed fan texture. In contrast, the eyes occur where the central axis

of a focal-conic unit lies more or less normal to the cell surfaces, as sketcliéd We picture the arrangement of layers around these eyes

to extend from the focal-conic cones to meet the cell surface, giving half Dupin cyclide structures as sketeh&thinsolid black wedges
in this sketch indicate regions where the layer alignment is strictly homeotropic.
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1 FIG. 11. The response afHick smecticA samples to applied

crossed polars electric fields described by previous investigatdes. The postu-
] ) ] ] lated toroidal disclination within the bulk of the mesophase for a
F'G- 10; (a) The director field patterns for zero-flelq, low-field, gevice in an initial homeotropic alignmetitedrawn from[16]).
and high-field states of the cell. Note the way in which the smallgigyres;i), (ii), and(iii) represent the progressive distortion of the
homeotropic regions present in the initial field-off state extend Un-eyelet’-shaped smectic layers for a negative sample as the
der the influence of the applied fielth) Stylized sketch showing  gppjied field is increasedb) The analogous distortion postulated
the optical textures of the cell in the field-off, low-field, and high- by Harenget al.[15] for a device in an initially planar, positivée
field states. The solid black areas indicate regions where there iss”ample. Although working with systems of different alignment and
homeotropic alignment of the smectic layers and which will there-g, sign of anisotropy, our response is remarkably consistent with
fore appear black between crossed polars. these though the defects are anchored on the surface, resulting in

. . . the patterns indicated in Fig. 10, which corresponds to one-half of
The smectic-layer structure within the sample, studied byb)_

small-angle x-ray scattering, was initially found to be in an

almost ideal bookshelf geometry. This is in contrast with ) ] )
some x-ray studies of SrA-devices where small-angle chey- Maximum number of mesophase molecules in contact with
ron structures formed in the devigg]. The device consid- the surface, to be aligned parallel to the rubbing direction, as
ered here was held in the Bragg condititaimost normal ~ Shown in Figs. &) and 9b). Figure dc) is a more realistic
incidence and the intensity of the Bragg peak monitored asMPression of the layers taklng into account the ce]l thick-
a function of applied voltage, Fig. 8. The electro-optic re-nNess- Figures (@) and 9e) depict the arrangement in and
sponse is also shown on Fig. 8 for comparison. It can be segound the central axes of the focal conic units. These figures
that there is a small change in the intensity of the Bragg peaRPPear to offer a satisfactory explanation for the observed
prior to the optical threshold. This indicates that there isPiring of the striations on application of a field, as follows.
some small reorganization or motion of the layers from the 1n€ applied field attempts to realign the mesophase into a
point when the field is first applied. At first sight this dia- homeotropic state where the mol_ecul_es lie perpendicular to
gram appears to imply a rather large effect, but it should péhe gell fa<.:e$|.e.,. parallel to _thi direction. If we had been
remembered that any small motion of the layers out of théle@ling with a tilted smectic phas@n Sc or Sc«), there
Bragg condition gives rise to a large change in the diffracteqvould have been some room for maneuver—with the mol-
intensity. Gross reorganization of the layers appears to coirffCUles being able to rotate around their alignment cones
cide with the optical threshold. It is worth commenting Whilst keeping the layer structure unchanged. However, there
briefly on the difference in threshold voltages between Figs!S N0 possibility of such a thing in this case—and for the
7 and 8. The threshold voltage varies as the square root gfolecules to realign, the layer structure has to change also
the cell thickness in these systefil], but also depends on (hence the high value of the threshold field and the relatively
the liquid-crystal material and the temperature. Indeed th&Mall motion implied by the small change in Bragg intensity
threshold fields associated with the two data sets are not tH&? {0 the optical threshold point

same and the detailed dependence of threshold voltage on 1h€ Simultaneous realignment of molecules and layers ap-
cell thickness and other parameters, including surface ar€ars to start at the points of weakness in the structure—the

choring energy, will be discussed in a future publication. focal conic eyes. We suggest that the realignment process for
a planar-aligned sample of a dielectrically positive 8m-

material follows the stages sketched in Figs(alOFigure

10(b) is a schematic of the optical texture corresponding to

the three states shown in Fig. (&0 The solid black areas
The initial state at zero applied field is a partially alignedindicate field-induced homeotropic alignment which would

focal-conic structure. The elongation of the focal conic unitsbe black between crossed polarizers.

in the Y direction arises presumably because this allows the It is worth commenting on the most obvious difference

Low field High field

DISCUSSION: EXPLANATION OF THE TEXTURE
CHANGES WITH APPLIED FIELD
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between the situation described by Li and Lavrentovich ancffects as a function of molecular structure and device thick-
that reported here. The symmetry of the situation here cause®ss in a future publication.

the striations to occur in a well-defined directigrarallel to

the Y axis), whereas the field-induced texture in the homeo-

tropic, negativeAe case has no preferred elongation direc- CONCLUDING COMMENT

tion within the X-Z plane in the field-on state and the pattern
9\5\/8:%‘?{}(2,?2;?&?'&2?{ ;?r?;?gds I‘T’hpeegt]ﬁistu?gsct)fdtizclrgli?saffeId texture grow from the focal conic eygs_in the original
in the toroid in the homeotropic; sample examined by Li andﬂGId_Off tgxture—and we po_stulqte that it 1S actua_lly the
Lavrentovich can be described as initially circular “eyelets” small rﬁglonsh OT, horg_eot”roplc allgnmen:] Iy_mg bfesrll(_je the
as shown in Fig. 11. Any departure from this highly sym- eyes where the “seeding” starts. A mechanism of this type

metrical situation would produce an elliptically shaped toroidWOUId explain the poor level of conformity between the re-
as shown in Fig. 11. It can be seen that there is a consideSUItS obtained by different groups of workfs3, 19 since it

able eneraetic difference between the enerav of the la er[é unlikely that the initial states of the cells were identical. It
9 9y YelZould be interesting to examine the effects of controlled

intersecting the major and minor axes of the ellipse, with aseeding of the substrate surfaces.

energetcally favorable siate with respec to th appiied fiei, XN the idea further, we suggest tht his effect may
Thisgex Iairils the form of wormlike prowth exteng?n from be utilized to give a novel type of electro-optical device. If
P 9 9 the substrate surfaces are treated to give a regular geometric

any initial irregularities in the pattern. Although there are e .
minor differences in the pattern of growth and the fact that ity of focal-conic eyes then the field-on state would be an

our situation the defects are present in the initial field-offequ?IIIy spaced set of_disclination lines, i.e., a di_ffraction
state, the correspondence between the two cases is striki r.atlng that can pe switched on or .Oﬁ and V\.'hICh S effec-
The ;no del that we have proposed here based on curvatu} ely transparent in the off state._ Switchable dlffrac_non grat-
and interpretation of the optical texture chandes appears |ﬁgs have been constructed using more conventional LCD

P . ° op 9 bp Eoechnology[ZO] but there may be advantagés robustness
be more compatible with the known properties of @m- R . :

) ) ossibly in using a smectic phase.

phases than the alternative models previously proposed &
this deformation shown in Figs.(®& and Zb). The basic
distinction between previous investigatiorib,16/ and our ACKNOWLEDGMENTS
studies is that for thicker samples the toroidal dislocations
form within the bulk of the sample, whereas for thinner cells  A.F. gratefully acknowledges support from the Engineer-
they appear to be anchored on the surfaces. The model suiglg and Physical Science Research Council and the Defense
gested here is developed further by investigating the fiel&Evaluation Research Agency.

Our observations indicate that the striations in the high-
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