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Light-scattering study of phase transitions in hexatic liquid-crystal films
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We report on quasielastic light-scattering experiments on fluid, hexatic, and crystal phases in

thin, freely suspended liquid-crystal films.

The behavior of the hexatic elastic constant in the

vicinity of the fluid smectic-C' to hexatic smectic-I phase transition is found to change from a
continuous evolution to a discontinuous jump at concentrations near the fluid-hexatic-crystal triple
point in a system of mixtures of two liquid-crystal compounds. The smectic-I to crystal smectic-J
transition is always found to be first order. These results represent the first experiments on films of

homogeneously mixed liquid crystals.

PACS number(s): 61.30.Gd, 64.70.Md, 78.35.+c

Free-standing films of smectic liquid crystals have pro-
vided a practical system for studying a variety of con-
cepts related to modern theories of critical phenomena
[1-9]. Much of this work has centered around theories
of the bond-orientationally ordered hexatic phase as an
intermediate state between fluid and crystal in a two-
dimensional (2D) system [10]. Since the suggestion that
certain smectic phases might be three-dimensional real-
izations of bond-orientationally ordered phases [11], the
existence of stacked hexatic phases in smectic liquid-
crystal films has been clearly demonstrated using x-ray
scattering [1], electron diffraction [2], and depolarized
reflection microscopy [3]. Free-standing films provide
an ideal quasi-two-dimensional, substrate-free system for
studying these hexatic phases [4]. In addition, films of
tilted smectics readily form single domain samples when
a weak magnetic or electric field is applied to break the
in-plane rotational symmetry. X-ray scattering experi-
ments on tilted smectics have enabled the study of har-
monic scaling of the bond-orientational order parameter
[5] and dimensional crossover in the phase behavior as
the film thickness is decreased [6], while light-scattering
studies have revealed the presence of nonhydrodynamic
coupling between the bond-orientational and tilt fluctu-
ations [7].

Previous experiments on tilted smectic films have
found the fluid to hexatic transition [12] can be either
continuous or first order [5,8]. Theoretically this type
of behavior can be treated in terms of a Landau theory
with an additional order parameter coupled to the hex-
atic order parameter giving rise to a tricritical point. The
additional order parameter in these systems is that due
to a nearby crystal phase. Near the fluid-hexatic-crystal
triple point, fluctuations of the crystalline order param-
eter renormalize the fourth-order coefficient in the effec-
tive free energy, changing its sign as the concentration is
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varied [13]. Such a theory yields a generic phase diagram
such as that seen in Fig. 1(a) [13]. These predictions
were qualitatively verified using x-ray scattering on the
homologous series TBnA [9]. However, such experiments
were restricted to single component systems and thick
films. In this work, we use quasielastic light scattering
to measure the behavior of the elasticity in the vicinity
of the hexatic transition in thin films composed of mix-
tures of two liquid crystalline compounds. By studying
very thin films, we expect to probe the underlying two-
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FIG. 1. ‘(a) Generic temperature-concentration phase dia-
gram near a fluid-hexatic-crystal triple point [13]. The bro-
ken (solid) lines indicate second- (first-) order transitions.
(b) Temperature versus 14S6 concentration phase diagram in
thin films of 80SI/14S6 mixtures. Open circles indicate ex-
perimentally determined transition temperatures in four-layer
films.
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dimensional nature of the transition and minimize the
influence of interlayer coupling [5].

Our samples consist of mixtures of the two
liquid crystals 4-(2-methylbutyl)-phenyl-4'-(octyloxy)-
(1,1')-biphenyl-4-carboxylate (80SI) and 4-n-hexyl-
phenyl-4-n-(decyloxy)-benzthiolate (14S6). 80SI has the
smectic phase sequence Sm-4 — Sm-C — Sm-I — Sm-J,
while 1456 has Sm-A — Sm-C — Sm-J. Both materi-
als have a wide Sm-A region enabling us to pull high
quality films. The bulk phase diagram for this system
was previously determined by Leadbetter et al. [14]. The
samples were mixed by heating the two components into
the isotropic phase in a nitrogen environment while me-
chanically stirring. The samples were then immediately
transferred to a two-stage optical oven before cooling to
room temperature. The film is maintained in an atmo-
sphere of 100 Torr of dry nitrogen gas; temperature sta-
bility is better than 2 mK during these scans. Further
details of our film oven are available elsewhere [15]. The
sample is illuminated with ~100 mW of 5145 A light
from an argon-ion laser. The depolarized component of
the scattered light at a scattering angle 0 is imaged onto
a photomultiplier tube whose amplified output is fed into
a 4-bit, 72-channel autocorrelator. All scans reported in
this work were performed in the so-called bend geometry,
where the scattered wave vector lies in the plane contain-
ing the director and the layer normal. In this geometry,
the scattering is sensitive only to fluctuations in the az-
imuthal orientation ¢ of the in-plane director component
and not fluctuations of the tilt angle ®,. The scattering
intensity is then given by [16]

Lo(a) ~ {Jeisl*)

= €2 sin® @, sin’® (0+‘1>0)<|‘/’ (Q)|2>» (1)

where €, = ¢ —€1,q = sz sin @ is the in-plane component
of the scattered wave vector, and we have ignored the
biaxiality of the Sm-C director. The tilt field is aligned
by a 1.2 kG SmCoz magnet so that (¢) = 0.

The two-dimensional Landau-Ginzburg free energy
density appropriate for describing tilted smectic phases
is a function of the complex order parameters describ-
ing the tilt orientation ® = ®¢e’*(") and hexatic bond
orientation Wg = 16e*%(") and is given by [17]
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Here we only consider the derivatives in Eq. (2) corre-
sponding to bend mode fluctuations. Rewriting the fluc-

tuating part of the free energy density in reciprocal space,
we obtain

4699

1 1
3 KEq%|¢(a)|* + EKSB 7*10(q)|*

1
—%H0056(0—¢), (3)

Fep(q) =

where K2 = 1; 8%, K{ = 36192, and H = 36 h ®$ 1)s.
In general, K; and K¢ are anisotropic and depend on the
direction of g relative to the in-plane director. However,
in this paper we will only deal with scattering in the bend
geometry. For H > 0, ((#—¢)) = 0 and we obtain a Sm-I
phase. In this case, K& = K{ is the hexatic elasticity
associated with type-I disclinations [18]. For H < 0,
(0 — ¢) = % and the stable hexatic phase is Sm-F.

In the Sm-C phase, where K} = 0, (|¢(q)|2) =
kg T/(KE ¢?) so that

sin? (6 + ®o)

Lee(0) ~ KP sin? @

(4)
Figure 2 shows typical scans in the Sm-C phase for three-
layer films of pure 80SI and 14S6. The solid lines indi-
cate fits to Eq. (4). By plotting the inverse intensity
times g vs g, we see that the 14S6 data has more down-
ward curvature at higher ¢, indicating a smaller tilt angle.
These fits yield a tilt angle of 18.4° for 14S6 and 34.2°
for 80SI. We also obtain elasticities of KZ = 1.6 x 1073
and 2.9 x 1013 ergs for 14S6 and 80SI, respectively. The
absolute scale for these elasticities comes from compari-
son of the scattered intensity to thick films of pure 80SI
[15]. However, this calibration may not hold for 14S6
since it depends on the square of the dielectric anisotropy,
€a = € — €1, which is not known. In typical nematic liq-
uid crystals, the birefringence An = 0.14 — 0.17. Taking
An=nj—ng = eﬁ — €2 ~ 2€) €,, we find this could in-
troduce an uncertainty of up to 20% in our absolute scale.
It is, however, interesting to compare the values for films
of 80SI and 14S6. We can approximately scale K; from a
bulk value using the relation K; =~ 1sin?®o Kpui, where
| = dcos®y is the layer spacing and d is the molecular
length. Combining x-ray results from 1456 [14] and 80SI
[19], which give molecular lengths of 40 A and 34 A, re-
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FIG. 2. Reciprocal of the intensity multiplied by q for pure
80SI and 14S6 films is plotted as a function of the magnitude
of q. This data is for three-layer films in the lower Sm-C

phase. The solid lines are fits to the expected Sm-C behavior
given by Eq. (4).
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spectively, with our measured tilt angle of 32.2° in 80SI,
we obtain

K1(80SI) _ 34A cos32.2° sin® 32.2°
K1(1456) ~ 40A cos18.4° sin? 18.4°

= 2.16

compared with the experimental result of 1.8 from the
data discussed above. Since the difference is more than
20%, the bulk elastic constant in 14S6 is smaller than
that in 8OSI.

Upon cooling the three-layer film of pure 1456, we ob-
serve a discontinuous change at 80.55°C. The scattered
intensity at small g decreased by a factor of ~500 when
the temperature was lowered by 50 mK, as seen in Fig. 3.
We attribute this to a first-order Sm-C' to Sm-J transi-
tion, as seen in the bulk. Although our light-scattering
experiments do not allow us to distinguish between a Sm-
J phase, where the director points toward the nearest
neighbor, and a Sm-G phase, where the director points
toward the second nearest neighbor, we have no reason to
believe that the thin film behavior is different from that
of the bulk. Figure 3 shows the scattered intensity versus
temperature for data at an intermediate ¢ = 17038 cm ™1
(6 = 8°), which is seen to drop sharply at 80.5°C. The
scattering in the Sm-J appears to be completely uncor-
related background counts with no significant ¢ depen-
dence, so we are unable to determine the elastic constant
in this phase. However, based on the intensity at small
q, we can establish a lower limit of ~ 10710 ergs for the
elasticity in the Sm-J phase.

Figure 3 also shows similar results for a film contain-
ing a 1:1 by weight mixture of 80SI and 14S6. We find
a single first-order transition at 70.9 °C, indicating the
components are well mixed. While such behavior is not
surprising in bulk mixtures, it is not trivial that it would
occur in a thin film. Since impurities in free-standing
films are known to diffuse to the edges, it is possible that
one of the two components might also diffuse leaving a
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FIG. 3. Scattered intensity for a three-layer film of pure
14S6 and a four-layer film of a 1:1 by weight mixture of 80SI
and 14S6 at ¢ = 17038 cm~*. Both films undergo discontinu-
ous transition from the Sm-C to Sm-J phases. The transition
temperatures are 80.55°C and 70.90 °C, for the pure 1456
film and 1:1 mixture, respectively. The temperatures for the
1:1 mixture have been adjusted by 9° for the convenience of
display.
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film purely of the other constituent. We rule out this
possibility because of the significantly different transition
temperatures of the mixture and the pure components.
Another possibility is that the two constituents could sep-
arate into different layers. For example, the two surface
layers could be pure 80SI and the two interior layers pure
14S6. However, since the layers are weakly coupled, this
would lead to different transition temperatures for each
layer, as well as a hexatic phase for the 80SI layers. No
such behavior is seen. We conclude that our film consists
of homogeneously mixed components. To the best of our
knowledge, this represents the first time that a stable
free-standing film of a two component mixture has been
observed.

We now discuss results from films of mixtures contain-
ing a higher percentage of 80SI, where an intermediate
Sm-I phase is found. Experiments were performed on
four-layer films containing 15%, 25%, 30%, 35%, and 40%
by weight 14S6. In the Sm-I phase we must consider the
full free energy of Eq. (3). This energy density is equiva-
lent to that of two 1D coupled harmonic oscillators. Di-
agonalizing this free energy in terms of two normal modes
with coordinates 0. = (K ¢ + K¢ 6) / (KE + K{) and
0_ = 6 — ¢, we can rewrite Eq. (3) as [17]

1 1
Fyp(q) = gKf 7*10+(q)|* + 3 (KB q*>+ H)|0_(q)*,

where K2 = KP + K}, KB = KB K! /(K2 + K}), and
we have expanded cos660_ to lowest order. We imme-
diately see that €, corresponds to the normal acoustic
mode where 6 and ¢ fluctuate in phase, while 6_ cor-
responds to an optic mode where 8 and ¢ beat and the
spectrum is expected to have a gap with value H. Since
fluctuations of each of these modes couple to the scat-
tered light through their dependence on ¢, we might ex-
pect to see two decays in the autocorrelation function
as was previously found in other light-scattering stud-
ies [7]. However, we find that all correlation functions
in these samples appear single exponential. None of the
Sm-1I correlation functions showed evidence of a second
dynamic mode from the optic fluctuations. This sug-
gests that even near the triple point, the coupling field
H is large enough that these fluctuations occur on a
time scale faster than our experimental resolution (~ 0.5
psec). This is the case for pure 80SI where the optic
fluctuations are only seen in very thick films [15]. In
all cases we obtained the acoustic mode elasticity as a
function of temperature by fitting the amplitudes of the
measured correlation functions for the acoustic mode to
Eq. (4), where K2 is now replaced by K B. The result-
ing elasticities are shown as a function of temperature in
Fig. 4. This figure represents the central result of this
work. The transition temperatures in this figure have
been shifted for the convenience of display. The actual
values are given in Table I. We find that in films with
14S6 concentration S 35%, K f evolves continuously in
the vicinity of the Sm-C to Sm-I transition temperature
Tcr and a single transition is seen.

In order to analyze the data presented in Fig. 4, we
need a quantitative expression for the elastic constant
K near the hexatic to liquid transition in the presence
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FIG. 4. Bend elasticity Kf in the vicinity of T¢r for
80SI/14S6 mixtures. Solid lines are fits to K¢ = atZ, where
e is found by minimizing Eq. (5). The fit parameters are
given in Table I. The transition temperatures have been ad-
justed for convenience of display.

of a field. In two dimensions, K¢ has been theoretically
predicted to scale as the square of the positional correla-
tion length ¢, for the Sm-J phase [18], and experiments
have found this behavior in thick films [15].

We assume that £, is small near T¢y and there is a
direct enhancement of Kg by the hexatic order parame-
ter 1g; in a mean field approximation we would expect
K¢ = a?. We calculate 1), the real part of the hex-
atic order parameter, by minimizing a sixth-order Lan-
dau free energy with a linear coupling to the field

1 1 1
F= §t¢g - wag + Ewg — Hug, (5)
where t = (T — Tcr)/Tc1- Equation (5) is not expected

to be exact, but it is simple, and is the only expression
we have which includes a field and a tricritical point.
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FIG. 5. Bend mode linewidth in the vicinity of T¢r for
80SI/14S6 mixtures. Note the pretransitional slowing down
above T¢r. The transition temperatures have been adjusted
for convenience of display.

The expression provides a satisfactory representation of
e in thick films [5] up to ¥¢ = 0.8 and Tey — T =
1.25°C and gives the parameter ¢ = 0.01. (A parametric
equation of state can predict specific heat behavior, but
only mimics the first-order transition with a very small
critical exponent 3 [20].)

We fixed KP to its value in the lower Sm-C phase
and used Eq. (5) to calculate the enhancement of K¢ =
a?. As Eq. (5) has many parameters, we fixed ¢ = 0.01.
(Changing c results in proportional changes in a, b, and
H, but no change in the fit quality.) The fit parameters
are then a, b, H, and T¢cy. The results of these fits are
summarized in Table I. As the values of the transition
temperatures Tcy are those determined in the fits to Eq.
(5), care should be taken when comparing these values to
other experiments where the transition temperature was

TABLE I. Summary of results for films of 80SI/14S6 mixtures. All films are four-layer except the pure 14S6, which is three
layers. The value of K = K2 — KP is that measured 2° below Tc. The values of a, b, H, and Tc; are from the fits described

in the text. All elasticities and a are given in ergs.

vskip 2pt
Tcr Trs KP K a b H &0 @0
% 1456 (°C) (°C) (x10713) (x10~1%) (x10711) (x107%) (x107°%) (Sm-C) (Sm-I)
0 83.56 £ 0.05 79.2 3.92 0.60 9.5 £ 0.4 19 £7 39 £ 0.8 32.2° 38.6°
15 79.11 £ 0.01 73.4 4.13 1.66 32 £ 0.1 5.7 £ 0.2 6.0 £ 0.4 31.6° 40.6°
25 76.10 £ 0.02 71.8 2.44 3.94 5.1 £ 0.2 2.9 + 0.4 2.6 £ 0.8 23.8° 36.0°
30 74.38 £ 0.01 70.2 3.91 1.68 5.7 £ 0.2 0.68 £ 0.03 2.2 £ 0.5 26.2° 33.0°
35 73.38 £ 0.01 69.3 2.28 5.94 48 £ 0.3 -0.74 £ 0.04 23+ 04 23.0° 29.0°
40 72.63 £ 0.01 69.9 3.07 5.34 5.2 £ 0.1 -5.2 £ 0.1 32 1.5 24.0° 27.0°
50 70.9  (Tca) 2.89 22.0°
100 80.5 (Zci1) 1.58 18.4°
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determined differently. Other transition temperatures in
Table I are determined by the discontinuous changes in
the scattered intensity.

The resulting fits are shown as solid lines in Fig. 4. We
restricted the range of data fit to within approximately
two degrees of the transition. The fit is not good at lower
temperatures, due to a combination of the enhancement
proportional to £2 becoming important and the failure
of Eq. (5). The main value of fitting to Eq. (5) is that
in capturing the correct qualitative physical behavior it
demonstrates that the coupling field is roughly constant
and shows a clear evolution in the parameter b. With
our samples, it appears that the tricritical point occurs
about 33% 1456 in four-layer films. We find that the elas-
tic constant associated with fluctuations on the in-plane
director (K£) is relatively insensitive to the composition
of the film, while that associated with fluctuations of the
hexatic bond angle (K{?) increases approximately tenfold
as the concentration of 1456 in the films is increased. The
proportionality constant a also has little dependence on
14S6 concentration, indicating that the large increase we
observe in Kg is due to a corresponding increase in the
positional correlation length. Finally, we find that in all
samples the tilt angle ®¢ also increases at the Sm-C to
Sm-TI transition.

The acoustic mode linewidth in the vicinity of T¢y for
the six mixtures is shown in Fig. 5. We again adjust
the transition temperatures for the display. This data
confirms the sharpening of the transition with increasing
14S6 concentration. We observe that in all the mixtures
there is some pretransitional slowing down above Tc¢j.
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This reflects an increase in the viscosity just above the
transition. In the 40% mixture, we find that 'g jumps
discontinuously at Ty reflecting the same behavior as
K f . However, there is a small amount of pretransitional
behavior seen in the dynamics which is not seen in K f .

In this paper, we have presented results from dynamic
light scattering on thin films of 80SI/14S6 mixtures.
We found that in all mixtures there is a single transi-
tion, which indicates the constituents are homogeneously
mixed within the layers; thus, no evidence of phase sepa-
ration was seen. Using this system we were able to study
the generic crystal-hexatic-liquid phase diagram of Fig.
1(a). We observed that at high concentrations of 1456 (>
50%) the film has a first-order Sm-C to Sm-J transition.
At lower concentrations of 1456, an intermediate hexatic
phase is present. As the concentration of 14S6 is in-
creased, we were able to observe a sharpening of the Sm-
C to Sm-I transition until this transition becomes first
order at a tricritical point near 35% 14S6. The continu-
ous behavior of the bend elasticity is well fit by a power
law whose exponent decreases with increasing 14S6 con-
centration. We also found the bond-orientational elastic
constant K{ increases tenfold as the 1456 concentration
is increased.

The liquid crystals used in this work were synthesized
by Sandra Keast and Mary Neubert at the Liquid Crystal
Institute, Kent State University. We would like to thank
Sam Sprunt and George Nounesis for many valuable dis-
cussions. This research was supported by the National
Science Foundation under Grant No. DMR-9014886.
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