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Unusual behavior of the surface-induced tilted layers in free-standing films
of a non-layer-shrinkage liquid crystal compound
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Null-transmission ellipsometry has been conducted to study the molecular arrangements in free-standing
films of one chiral compound above the bulk smeétiesmecticE* transition temperature. Upon cooling
under a proper electric field, a nonplanar-anticlinic-synclinic or a nonplanar-synclinic transition has been
observed. The nonplanar structure continuously evolves into the anticlinic or synclinic structures. Increasing
electric field can induce a rare transition from a synclinic to an anticlinic structure.
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In recent years, non-layer-shrinka@¢LS) liquid crystals  double reentrant transition between synclinic and anticlinic
have gained enormous interest in both basic science arglrface structuref22]. Here we will report another unusual
technological applicationgl—4]. In addition to the lack of behavior produced by the surface-induced tilted layers from
layer contraction at the smectie-smectic€ (SmA-SmC)  another fluoro-containing compound.
transition, this class of compounds usually shows anomalous We conducted detailed experimental studies of
electroclinic effect and low birefringends,6]. By employ- ~ 80237F8] which displays NLS. Its molecular structure is
ing these unique physical properties, new electro-opticagiven in Fig. 1. The transition sequence is isotropic 955
switching devices have been designed, including potentiallBm-A 79.9°C Sm-C* —12.1°C crystal. Our result shows a
the fastest switching liquid-crystal displays with gray scale.nonplanar-anticlinic-synclinic or nonplanar-synclinic transi-
To date, most of the experimental data have been qualitaion upon cooling depending on the strength of applied elec-
tively explained by the de Vries diffuse-cone modlé]. In tric field E. The nonplanar-anticlinic and nonplanar-synclinic
the conventional SnA phase, all molecules have their long transitions are found to be continuous. A field induced tran-
axes approximately parallel to the layer normal. From thesition from synclinic to anticlinic state is observed upon in-
measured nematic order parameter in the Smhase, de creasingE.

Vries argued that the molecules are significantly tilted in

each layer. The azimuthal disorder yields the uniaxial Sm- C8H17O-C2-©-CHZ/\W\OCH2CF2CF2OC2F5
phase. To date, the diffuse-cone model provides a good start F H

ing point and qualitative description of some physical prop- 15351 -

erties among the NLS liquid crystals. In light of obviously i @) (@) b ®)
systematic deviation between the experimental data and the 1gz9l  *we. L @m | 5&%,

theory derived from such a modgs], another microscopic B '%l% M%u
theory has been proposed recently by Meyer and Pelcovitz 1828} U "’I 1t P

[8]. To date, numerous questions related to the NLS liquid N 11 T . f’w

crystals remain to be answered. 1826 o T, T, RREE

Free-standing films with quantized thickness have played
an important role in elucidating the phase behavior and mo-

46.00F g
lecular arrangements of bulk samplg®-12. Due to the & g%%gfé% %,
enhanced ordering of the surface layers, there exists a rees * d%@ %

sonably wide temperature window in which rich surface ' 4599} %, %

phases can be studigd3,14]. Previous experiments have Banafty

demonstrated that the surface-induced tilted layers on twc .o | | . . . . .
free surfaces can tilt in the same orientatispnclinic) [15— T o84 88 92 84 88 92
17] or in the opposite orientatioanticlinic) [18—20. Some T(C) T(C)

remar_kabl_e results have also been found from the free- FIG. 1. Temperature dependence dfand ¥ obtained upon
standing f|Ims.of NLS compounds. Th.e nonplanar Surfac%ooling under two opposite directions &f from a ten-layer film
structure was first observed in one of this type of compoundsg, (@ E=22 Vicm and (b) E=8.9 Vicm. Crosses and open
under a small electric fielfi21]. Recent studies on one of ¢jrjes are data obtained unde=90° anda=270°, respectively. In
NLS compounds with a fluoroether tail have vyielded a(a), three upward arrows located B{=90.8 °C, T,=89.4°C, and

T;=88.1°C indicate three transition temperatures. Three down-

ward arrows labeled with numbers indicate three temperatures at

*Present address: Advanced Photon Source, Argonne Nationahich rotation data are obtained and shown in Fig. 2. The molecular

Laboratory, Argonne, IL 60439. structure of 802fFF8-] is shown at the top.
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By acquiring the optical parametefs and¥ with high-
resolution null-transmission ellipsometfiNTE), molecular

arrangements in free-standing films can be characterized. It

our setup,A is the phase difference betwepnands com-

ponents of the incident light necessary to produce linearly

polarized transmitted light, ardr describes the polarization

angle of the output linearly polarized light. By putting eight
equally spaced electrodes around the hole on a film plate, a< 18282

in-plane rotatabld& can be created. The azimuthal angleésof
is denoted bya. Detailed description of our NTE can be
found in recent paperd 6,23.

Figures 1a) and 1b) show A and ¥ as a function of
temperature from a ten-layer film upon cooling with
=22 V/cm andE= 8.9 V/cm, respectively. With a large field

(E=22 VIcm), three transitions can be identified at 90.8°C

(T4), 89.4°C (T,), and 88.1°C T3) in Fig. 1(a@). Above
T4, the film is in the uniaxial Sn#& phase with no tilted
surface layers. AT, surface layers begin to tilt. The param-
eterA acquired under=90° (Aqg) is different fromA ob-
tained undera=270° (Ay7g), so isW¥. As temperature de-
creases further, arourid,, Aqgy— Ay7gbegins to decrease and
Yoo~ V79 CcONtinues to increase. Alz, Agy—As7g (Woo
—W¥,,0 suddenly increaseslecreasesAccording to previ-
ous experimental resul{d0,16], such data suggest that an
anticlinic structure forms betweén, andT5; and a synclinic
structure forms below 3. The structure betweeh; and T,
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FIG. 2. A, ¥ versus a from a ten-layer film underE
=22 V/cm. Data in(a), (b), and (c) are acquired at 90.5°C,
89.2°C and 87.8 °C that correspond(f, (2), and(3) in Fig. 1
respectively. Symbols are data and the solid lines are simulation
results.

+0.05 A. The simulation results are shown as solid lines in
Figs. 2 and 3. Nonplanar, anticlinic, and synclinic structures
are identified at 90.5°C, 89.2°C, and 87.8 °C, respectively.
It confirms our suggestions of three structures from Fig. 1.
To discuss these three structures, it is convenient to introduce

is different from both synclinic and anticlinic structures. As it {he C director, which is the projection aii onto the layer

will be identified in the following, the structure betweén
andT, is the nonplanar structure. The transitioriTatseems

plane. As shown in the diagrams in Fig. 3, t@alirectors of
surface layers are paralléhzimuthal angle differencé¢

to be continuous and different from the first order transitionzoo) for synclinic structures and antiparallebg=180°)

at T5. When applied field is small§=8.9 V/cm), there is a
continuous transition happens® shown in Fig. 1b). The
structure belowr, is synclinic. Betweef; andT,, the film
has the nonplanar structure.

for anticlinic structures. Nonplanar structures hakg+ 0°

or 180°. For simplicity, only the two outermost surface lay-
ers are assumed to be tilted. From simulation results, the
molecules in the two surface layers at 90.5°C hakk

In order to get more detailed information and identify —gg°. The tilt angle of the surface layers determined by
these three structures, rotationstoat different temperatures  gjmulation in Fig. 3 from(a) to (c) is 5.6°, 6.8°, and 8.6°

are performed. Such data at three typical temperatures Withhspectively. The surface tilt angle increases upon cooling as

E=22 V/cm from a ten-layer film are given in Fig. 2. In this
figure, (a), (b), and(c) show the data acquired at 90.5°C,

expected 15].
The data in Fig. 1 suggest that the transition from the

89.2°C, and 87.8°C, respectively. A difference betweemonplanar to anticlini§Fig. 1(a)] and from the nonplanar to

these curves can be seen more clearlyirversusA plots

shown in Fig. 3. The curve for the synclinic structure has

concave down and shows a wide spanAin The concave-
right curve can be fit by an anticlinic structuf&6]. For

nonplanar structurey’ versusA plot does not show any
clear concave and spans & and ¥ are relatively small.

Such plots demonstrate that surface layers form three distin

structures at these three temperatures.

To model these three surface structures, simulatioA of
and ¥ under rotations ofE are conducted by using the
4x 4 matrix method[24]. Each layer in the free-standing

film is modeled as a uniaxial slab with extraordinary index of

refraction n, alongn and ordinary index of refractiom,

along the other two principal axes. The indices of refraction

and the layer spacin¢d) are determined16] by pulling a

P
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FIG. 3. ¥ versusA of the data and simulation results in Fig. 2.
The solid lines are simulation results. The diagrams on the right-

series of films at 93.5°C where there are no tilted surfacéand side show the corresponding tilt structures and arrangement of
layers. Simulation are then implemented using measured vaihe C directors of the surface layeré) nonplanar,(b) anticlinic,

ues n,=1.499+0.002, n,=1.417+0.002, andd=39.12

and(c) synclinic.
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FIG. 4. (a) A as a function ofa at different temperatures with ) ] o
E=22 V/cm. Different symbols are data at different temperatures, FIG. 5. Phase diagram for ten-layer films. Open and solid circles
90.3°C (), 90.1°C (¥), 90.0°C (©), 89.9°C (A), 89.7°C  are results from ramping up and down, respectively. Solid lines
(>>), 89.6°C (), 89.4°C (O). Solid lines are guides to the eye. connecting symbolgabove which molecules adopt an anticlinic

(b) Simulation results with a model described in text. Seven curvestructure are guides to the eye. The three vertical solid lines at
have same tilt 7.5° and differer¢ as 90°, 112°, 135°, 147°, Ts, and Tg separate four temperature windows. The heavy solid

154°, 162°, and 171° from bottom to top fAk,. In the diagram, ~ CUrve is an extrapolation of the boundary separating synclinic and
the xy-plane is the layer planeC, P;., and Py, are C directors, ~ anticlinic states. The dotted line at45 V/cm indicates the maxi-

ferroelectric, and flexoelectric polarization, respectively. 1 and 2mum availableE. The horizontal dash line shows the path of one
represent two surface layei.is in they direction. temperature ramp.

synclinic [Fig. 1(b)] may be continuous. Between heating ture dependence of the synclinic-anticlinic transitiBrscans
and cooling runs, no hysteresis is observed through thesst different temperatures are performed for a ten-layer film.
transitions within the experimental resolution. To strengthememperature decreases with 0.25 K per step and at each step
this observation, undee=22 and 8.9 V/cm thel and A E is ramped up and down at=270°. From the jump of
versusa data were acquired with a small temperature incre-or ¥, the critical fieldE, is found. The phase diagram is
ment (0.1 K). Some data obtained witk=22 V/cm are plotted in Fig. 5. Along Path 1 shown in Fig. 5, a nonplanar-
shown in Fig. 4a). (¥ is not shown to save spag@és we  anticlinic-synclinic transition is expected and observed as
can seeAqy (A,79 continuously decrease@ncreasesas  shown in Fig. 1a). WhenE is below 13.7 V/cm, no anticlinic
temperature decreases. This continuous evolution okr-  structure is observed and the rotation data show synclinic
susa as a function of temperature can be qualitatively de-structure curves as in Fig(@ [27].
scribed by the following picture. Due to chiralif25] ferro- Many films of 16 different thicknesse§\) have been
electric polarizatiorP;, is perpendicular to the tilted plane, studied. For thinner onedN 8), results similar to Fig. (b)
and flexoelectric polarizatio®;, is along the tilt direction have been obtained and no anticlinic structures have been
[26]. The vertical(along layer normalcomponent ofP;; of  observed under the largest field available in our setup
two surface layers cancels each other. As depicted in the=45 V/cm). For thicker films K>8), all three surface
diagram of Fig. 4, in the nonplanar stateomponents oP;.  structures have been observed under appropriate fiElds.
of two surface layers cancel each other, sdPas The ef-  which induces synclinic-anticlinic transition decreases as the
fective polarization is along (E) direction and comes from film thickness increases. This thickness dependendg, i
both P, and Ps,. As temperature decreases, the azimuthsimilar to the one in which increasirigcan induce transition
difference of two surface layers continuously increases tdrom anticlinic to synclinic[17].
180°. P, of two surface layers will cancel arfék; becomes Coupling betweerP;; (P;e) and E, which favors anti-
dominant. For comparison, simulation results are presentedinic (synclinic) arrangement is believed to be the main
in Fig. 4(b) with the above picture. Here we assume that onlydriving force in forming surface structur¢$8,19,28. Upon
two surface layers are tilted. The tilt angle keeps the sam@creasingE, the anticlinic-synclinic transition has been re-
when 8¢ continuously increases from 90° to 171°. The ported by several groufdd7,18. Since at sufficiently large
simulations yield the similar curves as in Figay} The con-  field all the molecules will tilt in the same orientation, it is
tinuous nonplanar-synclinic transition from our data obtainedunderstandable that the anticlinic-synclinic transition hap-
with E=8.9 V/cm can also be understood by the same appens with increasinge. Rovek et al. explained anticlinic-
proach, namely, the changes in contributions to the polarizasynclinic transition using a phenomenological model without
tion. considering flexoelectric polarizatiof29]. On the other

By comparing the data in Figs(d and 1b), it is obvious  hand, the synclinic-anticlinic transition is relatively rare. Be-
that increasinde can induce a transition from the synclinic to cause of synclinic-anticlinic transition happening at a small
anticlinic structure. In order to explore the field and temperaE., it is hard to believeE would change the tilt profile in
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order to increas®;, so that anticlinic structure is favorable.  In  conclusion, a nonplanar-anticlinic-synclinic or
Another interesting result is that the nonplanar structurenonplanar-synclinic transition has been observed upon cool-
forms near the onset of the surface transition. It does noing. The transition from nonplanar to anticlinfar synclinig
form as an intermediate state between the anticlinic and syns found to be continuous. The changes in the contributions
clinic states. This may be because the effective polarizatiofy the polarization are likely to be responsible for this con-
will be largest if 6¢ between two surface layers is about 90° tinuous evolution. These new experimental results provide
whenPy andPs, of two surface layers have approximately some guidance for the successive theory of these NLS liquid
the same magnitude. As temperature decreases, surface lgyystals.
ers will tilt more and P¢,, P; and elastic energy will
change. Since the nonplanar structure costs more elastic en- This research was supported in part by the National Sci-
ergy, the film will either choose an anticlinic or a synclinic ence Foundation, Solid State Chemistry Program, under
structure depending dB. So far, the nonplanar structure has Grant No. DMR-0106122 and by the donors of the Petro-
only been observed in the NLS compounds. It is possible thdeum Research Fund, administered by the American Chemi-
this nonplanar structure is unique for this special group ofcal Society. X.F.H. wishes to acknowledge financial support
compounds. from the Stanwood Johnston Fellowship.
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