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Phase behavior of liquid-crystal films exhibiting the surface smectid- phase
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Free-standing smectic films of a liquid crystal exhibiting the hexatic smécptrase have been studied
using electron diffraction and optical textures. The films show a rich phase diagram as a function of thickness
and temperature. A possible phase transition within the surface snheptiase is observed.
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PACS numbd(s): 61.30.Eb, 64.70.Md

Smectic liquid-crystal systems have a rich variety of For the electron-diffraction studies, free-standing FTE1
phases with different types of in-plane two-dimensional or-films 1 mm in diameter were drawn at about 86 °C in the
der. Among the most interesting are the tilted hexatic phasesmecticC (Sm-C) phase. Electron diffraction was per-
These phases have at least quasi-long-range order in the oférmed in a transmission electron microscope equipped with
entation of the six local in-plane bonds and in the directiona pressurized and temperature-controlled sample chamber
of the local molecular tilt. They have only short-range in-[10]. The electron-beam diameter was aboutrs. The pho-
plane positional order. Tilted hexatic phases can differ fromtographic detection plane is perpendicular to the incident
each other in the relation between the local tilt and bondheam. The typical scattering intensity in reciprocal space for
directions. In the hexatic smectic{Sm-l) phase, the tilt thin films consists of a diffuse cylindrical shell for a liquid
direction is locked along one of the local bonds. In thephase and of six diffraction rods for a crystalline or hexatic
hexatic smectid=- (Sm-F) phase, the tilt direction is locked phase. In a tilted phase, the intensity maxima of the diffrac-
halfway between two local bonds, or 30° from each. Severalion cylinder or rods are displaced away from the detection
earlier experiments have investigated the transitions amonglane about an axis which depends on the symmetry of the
tilted hexatic phases. Dierker and Pinddf observed a di- tilted phase[11]. Thus the intensity distribution of the de-
rect phase transition from the Simto the SmF phase in tected electron-diffraction pattern is very sensitive to the
five-layer films of a liquid-crystal system. This transition is symmetry of the tilt order relative to the underlying hexatic
weakly first order, with large pretransitional anomalies. X-bond axes. The diffraction pattern is a uniform diffuse ring
ray diffraction in N-(4-n-heptyloxy-benzylidene4-  for the smecticA phase, six sharper diffuse arcs of equal
n-heptylaniline (70.7), which does not exhibit hexatic intensity for the hexati® phase, and six sharp Bragg spots
phases in the bulk, revealed the existence off/Samd Sm-  for the crystalB phase. For tilted phases, additional intensity
| phases in films thinner than approximately 300 and 25modulations are present, resulting in a diffuse ring with two-
layers, respectively, the occurrence of these phases beirigld intensity modulation for the Sr@- phase, a pair of
sensitive to both temperature and the film thickng&sIn  strong arcs and two pairs of weak ones for the ISphase,
experiments on thé 5, phase of a lyotropic liquid crystal, a and two pairs of weak arcs and a pair of weaker ones for the
new smectid=- (Sm-L) phase, in which the tilt direction is Sm+ phase. In the case of the Smphase, the expectation
locked at an angle between 0° and 30° from a local bondis that the diffraction pattern consists of three pairs of arcs of
was reported 3]. However, although the Sin-symmetry different intensity, and this has been confirmed qualitatively
was found in this system, it was unclear whether the phase issing computer simulatiofil2]. The diffraction patterns for
hexatic or multicrystallind3,4]. The transition between the the Smc tilted liquid and all tilted hexatic phases are shown
Sm4 and SmF phases has also been investigated theoretischematically in Fig. 1.
cally [5,6]. It was found that an intermediate Smphase, in We have studied the structures of films between three and
which the tilt direction can vary continuously between thel15 molecular layers thick on successive cooling and heating
Sm4 and SmF configuration, can indeed occur. More re- runs. The behavior is typified by that in a ten-layer fil&j
cently, modulated textures observed in free-standing filmss follows. The diffraction pattern above 81 °C consists of a
of 5-(4"-hexyl,3 -fluorop-terphenyl-4-oxy-pentanoic acid diffuse ring with a twofold intensity modulation characteris-
ethyl este(FTEJ) and other materials strongly suggested thetic of oriented Sme ordering in the probed region. On fur-
existence of a surface Smphase7,8]. Subsequently, elec- ther cooling, there is a transition at around 81 °C which is
tron diffraction in free-standing FTE1 films has provided thecharacterized by an enhancement of the in-plane positional
structural evidence for an observation of hexatic Smrder  order on the surfaces while the interior remains in theGm-
in a thermotropic liquid crystdB]. Here we report additional phase. Detailed analysis of the intensity scans both radially
electron-diffraction and optical experiments that yield furtherand around the diffraction circle confirms that the $m-
insight into the phase transitions involving the surface ISm- phase is now present in the outermost layer on either surface
phase in FTEL. with the interior remaining in the Sr@-phasd?9]. At 76 °C,
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FIG. 1. Electron-diffraction pattern expected in tf@ Sm-C, - ;o % N
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the film undergoes another surface transition, giving a dif- - N ; asc
fraction pattern shown in Fig. 2, in which two pairs of - ', S
sharper arcs of different intensity are superimposed on the A SO bt |
diffuse SmE€ modulated ring. Ay scan around the diffrac- 40 60 80 100 120 140

tion circle, as shown in Fig.(3), reveals two pairs of uneven
hexatic arcs 60° apart and a broad, twofold Snback-
grouf‘d- It has been 5“99"75‘[‘-‘@ and F:onﬂr_med by numeri- FIG. 3. Diffraction intensity along g scan for a ten-layer film

cal S|mulat|or_{12] that thg in-plane d|ffract_|on pattern of t_he (a) at 70.3 °C andb) at various temperatures after subtraction of
Sm+i phase is characterized by three pairs of arcs of differyne packground S contribution. The data irib) represent the

ent intensity, as indicated in Fig(d). Thus Fig. 2 signifies giffraction from the two surface Sti-layers, with the exception of
the existence of Srh- surface layers on top of the SB1-  the scan at 64.8 °C, which has been reduced by a numerical factor
interior. The absence of a third pair of arcs in the observedf about 5 and represents the diffraction from the entire ten-layer
Sm-L signal is probably due to their diffraction rods being sm+ film.

displaced too far away from the detection plane. Jkscan

intensity after subtraction of the interior SB1-contribution  phase, characterized by a diffraction pattern with two pairs of
is shown as a function of temperature in Figh)3 The arcs of equal intensity similar to Fig.(d. The surface
gradual shift in the intensity ratio of the two adjacent arcs onrsm-L—-Sm+ transition appears to be continuous, but it is
cooling suggests a continuous change of the tilt direction ofinclear whether this transition and the interior €m-Sm-F

the Smt surfaces from Snh-like to Sm+-like, as expected  transition occur at precisely the same temperature.
theoretically[5,6]. Our data represent a structural identifica- Unusual stripe textures were observed optically in free-
tion of ahexaticSm-L phase in a thermotropic liquid-crystal standing FTE1 films using a polarizing microscope with
system. At 65 °C, the entire film transforms into the $m- slightly decrossed polarizers, as shown in Fig. 4. Our
electron-diffraction structural data directly support the earlier
suggestion that the stripes are due to the existence of a sur-
face SmL phase[3,4]. Uniform stripes separated by sharp,
weakly fluctuating walls with SnEG-like director fluctuations

in the background were observed optically from 76 °C to
65 °C in FTE1 films of about 15 layers thick, in precisely the
same temperature range in which the diffraction pattern in
Fig. 2 was observed. The stripe width, which was initially
about 3um, increased with decreasing temperature. We were
able to obtain single-domain diffraction below 73 °C, when
the typical stripe width in FTEL films is larger than the
electron-beam diameter of @m [7].

We have conducted numerous temperature runs with elec-
tron diffraction, and have compared our results with optical
observations of free-standing FTE1 films of thickness from

FIG. 2. Electron-diffraction pattern from a ten-layer FTE1 film two to 40 layers. The optical phase sequence on heating is
in the SmL/Sm-C phase at 70.3 °C. shown in Fig. 5 for different layer thicknesses. This phase
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FIG. 4. Typical surface Srh-stripe textures in a 15-layer FTE1
film viewed in polarized reflected light. Alternating light and dark
bands correspond to surface $mdomains of opposite chirality.
The curved defect is a bend-splay wall that mediates a change in
stripe chirality (see Refs[7,8]). The horizontal dimension of the
image is about 25@m.

diagram for FTE1 thin films is surprisingly rich, since the
bulk material only shows a transition from the SInphase

to an unknown crystal8]. Electron diffraction shows that
the high-temperature region of the optical phase diagram in
which line textures, as shown in Fig(e§, were observed
corresponds to Srh-surfaces in the presence of & M- g 6. Typical modulated hexatic textures in a 15-layer FTEL
interior (Sm1/Sm-C). The stripe phase region, as shown in jjm viewed in polarized reflected lighta) sharp lines separating
Fig. 6b), is confirmed to consist of a surface 3mphase  pands with continuously changing intensity characteristic of the sur-
and an interior Sn€ phase (Smk/Sm-C). The low-  face Smt and SmF phases, andb) alternating light and dark
temperature region below the SiiSm-C phase where lines  stripes corresponding to surface $ntdomains of opposite chiral-
are again observed is a Smphase. Optically, the film loses ity. The horizontal dimension of the image is about }2%.

its modulated texture at the transition from the $#&m-C

to the SmF phase. The lowest-temperature region in Fig. Stextural transition denoted in Fig. 5 by a dashed line. Upon
has been shown by electron diffraction to consist of novekgoling, the stripes disappear momentarily at this transition
surface crystal phases with tilted hexatic interi@$ and then reappear below it, but in regiohsand B the film

Apart from increasing transition temperatures with de-textures are optically indistinguishable. For a ten-layer film,
creasing thickness, the phase diagram does not change quali-

tatively from 40 to three layers. Two-layer films are anoma-

(b)

lous in that they do not show stripes at any temperature. The 2 i ; @
same number of phase transitions is observed optically as in < 160_-.,i. | i
thicker films, but since we did not conduct structural studies ‘ED L%, | |
on two-layer films, the phase identifications are somewhat — § ,5F, ¢, SmL/SmC | Sm-1/Sm-C Sm-C
speculative. We also note that the putative transition from 5 ! e, . ! !
the SmF to the SmL/Sm-C phase occurs at a much lower 5 sop e q' |
temperature than might be expected from the rest of the £ ol | 1oy i
phase diagram. © | Pt e ;
An interesting optical observation is that the surface Sm- 0 i : il
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length of the surface hexatic phases dhfthe ratio of the inte-
FIG. 5. Phase diagram of FTE1 films of different thicknessesgrated intensity of the surface Simarc at 60° to that at 120° in Fig.
based on optical textures. 3 for a ten-layer FTEL film.



6760 CHAO, MACLENNAN, PANG, HUI, AND HO 57

this novel phenomenon occurs at about 68 °C. The presende Fig. 7(b). This ratio was not determined above 73 °C be-
of a structural transition at this temperature is indicated bycause the stripes in the Smphase at higher temperatures
the temperature behavior of both the positional correlatiorare rather narrow, causing multidomain diffraction. It can be
length and the tilt direction obtained from electron diffrac- seen that the behavior of the intensity ratio in Figb)7
tion. Figure 7a) shows the temperature dependence of theshows a striking resemblance to that of the positional corre-
positional correlation length, which is obtained by fitting the jation length in Fig. Ta), the temperature dependence of the
diffraction intensity in the radial direction to either a Lorent- jntensity ratio also exhibiting a change in slope at about
zian function(for a Sm<) or a square-root Lorentzian func- gg oc. The intensity ratio at this temperature is about 0.5,
tion (for a hexatic phase13,14. Above 81 °C, the coEreIa- indicating that the tilt direction of the surface Smphase is
tion length is mgasured in the S@\-phgse. From 81 °C to midway between the Srh-and SmF configurations. The
65 °C, all the radial scans are taken midway across the Stro'?éason for this apparent transition remains mysterious, but is

ggrsés??r::e aSrrc; alrsfslovth?cocr:r'ergt?orr]aldel 2' ticg?fh:r:u:%kcinlikely related to a symmetry change. Above the transition
: 9 regionB), the SmL tilt ¢ director points closer to the Sin-

:whe: ast:jcrfggngih|_r1rc):;zzsee;sop;(;gSre;s;\:eggf;oIg 3|2 f\hit g%_c I?nearest-neighba)lolirection, whereas below the transiti@n

phase. The temperature dependence of the correlation Iengﬁ'ﬁgionA)’ thec Qirector is closer to the Srﬁ-(next-nearest-
shows a distinct change in slope at about 68 °C, which corheighboy direction. The momentary disappearance of the

responds to the temperature at which the stripes disappe8ifiPes at 68 °C may mean that the chiral &mand Smt.,

and then reappear. domains that comprise the stripd@] are energetically
This behavior is echoed in the temperature dependence §fuivalent at this temperature.

the hexatic tilt direction. Figure(B) shows the relative in-

tensities of two hexatic arcs versus temperature for a ten-

layer film, computed by taking the ratio of the integratedp . ; .
x-scan intensities of the arcs at 60° and 120° shown in Fig. 3 Box for technical assistance. The FTE1 material was

This ratio is sensitive to the azimuthal tilt direction relative Kindly provided by U. Sohling and G. Decher. This work
to the hexatic bond axes. Below 65 °C, the entire film goedVaS supported by the National Science Foundation and the
into the SmF phase, so the ratio is close to unity, as shownNational Institutes of Health.
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