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Strong Critical Fluctuations near a Strongly First-Order Smectic-C–Hexatic-F
Phase Transition
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We present the first experimental evidence of strong anomalies in both the attenuation and velocity
of longitudinal ultrasound near a smectic-C–hexatic-F phase transition. These effects, which have been
observed on terephthal-bis-hexylaniline, show that the hexatic order parameter is strongly coupled to
density. They occur although the transition is strongly first order, with a wide two-phase region of
,3 ±C. Analysis of the data enables the specific-heat exponent to be determined. The results also
show that the transition occurs in a highly fluctuating layer system. [S0031-9007(97)05164-8]

PACS numbers: 64.70.Md, 61.30.–v, 62.80.+f
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Some smectic phases, known as hexatic, possess a lo
range orientational order of the bonds (the lines connect
neighboring molecules), but only short-range position
order. The molecules can be either perpendicular to
layers (hexaticB), or inclined with respect to the normal to
the layers (hexaticF andI) [1]. The vector characterizing
the direction in which the molecules are inclined poin
between the two closest molecules in the hexatic-F phase,
and towards the closest molecule in the hexatic-I phase.

For the inclined hexatic phases, theory [2] predic
that the smectic-C–hexatic-F (SmC-HexF) or smectic-C–
hexatic-I (SmC-HexI) transition is qualitatively similar to
that of a liquid-gas transition, with a first-order line end
ing in an isolated critical point. Beyond this point, ther
is no longer a phase transition, but a supercritical ev
lution of the orientational order of the bonds and of th
tilt angle within a single phase, generally known as th
SmC phase at high temperature and the HexF (or HexI)
phase at low temperature. The theory also predicts that
SmC-HexF (or HexI) critical point belongs to a new uni-
versality class which includes the SmA-SmA and electric-
field-induced chiral SmC-chiral SmC critical points. The
existence of the critical SmC-HexI point has recently been
established by high-resolution calorimetry experimen
carried out in a racemic mixture of methylbutyl pheny
octylbiphenyl-carboxylate (8SI) and the octyloxybipheny
analog (80SI) [3].

The dynamic properties of the SmC-HexF or SmC-
HexI transitions, unlike their static properties, have bee
the object of very few experiments. In this Letter, w
are presenting the first observations which show that ult
sound velocity and damping exhibit marked pretransition
effects in the vicinity of the SmC-HexF transition.

The compound chosen for this study was terephthal-b
hexylaniline (hereafter referred to as TB6A), which has th
following phase sequence [4]:

CrG ! 143 ±C √ HexF ! 153 ±C √ SmC ! 187 ±C

√ SmA ! 208 ±C √ N ! 215 ±C √ Isotrope.

It was synthesized in our laboratory and, in order to preve
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sample deterioration, subjected to the same measuring p
tocol as that used for studying terephthal-bis-butylanilin
(TBBA) [5], i.e., degassing in the measuring cell and tak
ing measurements under an inert atmosphere.

The cell was placed between the poles of an ele
tromagnet producing a 10 kG magnetic field, and th
samples oriented by heating the compound to its n
matic phase, then cooling it slowly within the magneti
field, which was switched off a few degrees before th
SmA-SmC transition. In these conditions, the SmC and
HexF phases had a layered structure, but orientation
the molecules, and therefore of the bonds, was not fix
(polydomain samples). Our measurements were taken
the temperature decreased, for three different orientatio
of the sample, defined byu ­ 0±, 45±, and 90±, where
u represents the angle between the normal to the sm
tic layers and the direction of sound propagation. A fres
sample was used for each angleu. The experiments were
carried out with the use of the resonance and pulse devic
previously elaborated for studying TBBA [5]. These two
devices are connected to the measuring cell via a switc
The resonance device enabled us to measure velocity
1.5 MHz, and the pulse device was used for measuri
damping at 3, 9, 15, 21, and 27 MHz. The cell had a
interquartz gap of 7 mm and was thermally regulated
within 60.01 ±C. The above mentioned switch allows vir-
tually simultaneous measurements of velocity and dam
ing. A detailed description of the setup, the cell, and th
measuring protocol is found in Ref. [5].

The resonance device enabled us to show a two-pha
region between the SmC and HexF phases. In this region
the two phases separate under the effect of gravity, a
become gradually superimposed one on the other with
the cell, leading to a doubling of the resonance peaks [6
This effect indicates that the SmC-HexF transition is of
the first order. Since it is impossible to define a transitio
temperature for this transition, the data are shown as
function of their distance from transition temperatureTAC ,
defined as the temperature for which 3 MHz dampin
reaches a maximum [7].
© 1998 The American Physical Society
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We shall begin by examining the behavior of ultrasoun
velocity. Figure 1 shows the results obtained in the SmC
and HexF phases for the two orientations defined byu ­
0± andu ­ 90±. To enhance clarity, the data foru ­ 45±

are not shown, but they do present a similar behavio
Examining Fig. 1 shows velocity anisotropy to be marke
in the SmC phase and slightly less so in the HexF phase
[8]. The SmC anisotropy, which is characterized by
V s0±d , V s90±d, is analogous to that already observed i
TBBA [9]. Velocity anisotropy is reversed in the HexF
phase, probably as a result of the proximity of the Cr
phase. Velocity can also be seen to present a pronoun
decrease in the vicinity of the SmC-HexF transition, which
reflects the fluctuations of the hexatic order paramet
This decrease, also observed at the SmA-SmC [9], N-SmA
[10], and N-I [11] transitions, is the result of quadratic
coupling between fluctuations of density and fluctuation
of the order parameter [12] (dr-C2 coupling). The two-
phase region associated with the SmC-HexF transition
is shown by the two vertical dashed lines. The rang
of this region, nearly 3±C, shows that this is a strongly
first-order transition, which agrees with the specific-he
measurements taken by Stine and Garland [13] on the sa
compound.

The square of the velocityV 2sud can be written as

V 2sud ­ V 2
regsud 2 DV 2sud , (1)

whereV 2
regsud represents the regular part of velocity an

DV 2sud the critical part. The regular part has been take
to have the following linear variation with temperature:

V 2
regsud ­ psud sT 2 TACd 1 qregsud , (2)

where psud and qregsud are constants. Since, in the
case of thedr-C2 coupling, the critical behavior of
DV 2sud reflects that of the specific heat, we have used t

FIG. 1. Variation of velocity as a function of temperature fo
u ­ 0± and90± in the SmC and HexF phases. The data show
that the velocity presents marked pretransitional effects near
SmC-HexF transition, which occur even though the transitio
is strongly first order with a two-phase coexistence region
the order of3 ±C.
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expression of specific heat given by the renormalizatio
group [14]. The behavior ofV 2sud will thus be analyzed
with the following equation:

V 2sud ­ asud sT 2 Tp
CFd2ā 1 psud sT 2 TACd 1 qsud .

(3)

The first term represents the critical part, exponentā

being that of the specific heat. Constantqsud contains the
regular partqregsud and, as is the case for specific heat,
critical partqcritsud, with qsud ­ qregsud 1 qcritsud. Tp

CF
represents the virtual transition temperature at which t
SmC-HexF transition would occur if it were of the second
order. The difference betweenT andTp

CF is related to that
betweenT andTAC by the equation

T 2 Tp
CF ­ sT 2 TACd 1 sTAC 2 Tp

CFd . (4)

Equation (3) supposes that the measurements corresp
to the hydrodynamic regime, and are therefore ind
pendent of the measuring frequency. This suppositio
will be justified below, during analysis of the damping
measurements.

The results for each angleu have been analyzed
using Eq. (3). These analyses show that the critic
parameters̄a, asud, and dT ­ TAC 2 Tp

CF obtained for
u ­ 0±, 45±, and 90± are identical, within the limits of
standard deviations. This observation led us to ma
a simultaneous analysis of the results relating to th
three angles, assuming the critical effects to be isotrop
Under these conditions, parametersā, a, and dT are
independent of angleu, whereasp and q are depending
on this angle. The values of the parameters and stand
deviations are the following:ā ­ 0.64 6 0.05, a ­
s20.33 6 0.02d 3 1010 cm2 s22 K21, dT ­ s34.7 6

0.2d ±C; ps90±d ­ s26.889 6 0.069d 3 1023, qs90±d ­
1.2345 6 0.0049, ps45±d ­ s27.045 6 0.069d 3 1023,
qs45±d ­ 1.2204 6 0.0049, and ps0±d ­ s27.244 6

0.069d 3 1023, qs0±d ­ 1.2090 6 0.0049. Units for
psud and qsud are 1010 cm2 s22 K21 and 1010 cm2 s22,
respectively. The relatively highdT uncertainty stems
from the fact that the temperature region near the transiti
must be excluded from the fit, because of the two-pha
region. The slopepsud of the regular terms can be seen
to vary slightly from one orientation to another. Thes
differences reflect the structural anisotropy of the smec
phase. The plot made with these parameters is shown
the solid line in Fig. 2, and the quality of the fit confirms
that the critical effects are isotropic. This result is quit
different from those obtained for the SmA-HexB [15]
or SmA-SmC [9] transitions, which are characterized
by very anisotropic critical effects. For both of these
transitions, the anisotropy of the critical effects stems fro
the fact that the free energy contains terms which coup
the order-parameter fluctuations with density variatio
(coupling constantgr) and with the layer-spacing gradient
(coupling constantgu) [12]. The absence of anisotropy
at the SmC-HexF transition suggests thatgu is null or
1257



VOLUME 80, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 9 FEBRUARY 1998

t

lid
he

:

ce
to

e

r
),

ts
-

ith
n
ers

t

a

FIG. 2. Simultaneous analysis of the square of the veloc
for u ­ 0±, 45±, and 90±, showing that the critical effects are
isotropic. The solid line represents the fit to Eq. (3).Tp

CF
is the virtual transition temperature at which the SmC-HexF
transition would occur if it were of the second order.

very small compared togr. Exponentā has a high value
sā ­ 0.64d, which is close to those deduced from th
specific-heat measurementss0.48 , ā , 0.67d [1] for
the SmA-HexB transition. Comparison with the results
obtained for the SmC-HexF or SmC-HexI transitions is
not possible, as the specific-heat exponent determined
these two transitions is not̄a but g [3].

We shall now discuss ultrasound damping behavio
The data taken at a given temperature show thatayf2 is
not constant, as in conventional hydrodynamics, but h
abnormal1yf-type behavior, which is a function of the
angleu between the direction of sound propagation an
the normal to the smectic layers. This behavior can
analyzed with the anharmonic theory [16], which predic
thatayf2 is written as

ayf2sud ­ asud 1 bsudyf , (5)

whereasud is the classical damping term andbsudyf the
anharmonic term associated with the fluctuations of t
smectic layers. This analysis shows thatasud andbsud are
roughly temperature independent and present the follow
values:asud ­ 0.86, 0.62, 0.49 (in10214 s2 cm21 units)
andbsud ­ 0.70, 1.64, and 2.72 (in1028 s cm21 units) for
u ­ 0±, 45±, and 90±, respectively. These values are com
parable to those obtained in the SmC phase of TBBA [17].

Figure 3 shows the behavior of the damping obtain
for u ­ 0± andu ­ 90± after subtracting the anharmonic
effects (i.e., thebsudyf term). To enhance clarity, the
data for u ­ 45± are not shown, but they do present
similar behavior. It can be observed thatayf2 shows
marked pretransitional effects in the vicinity of the
SmC-HexF transition, as in the case of velocity. The
fact thatayf2 is independent of frequency, whatever th
angle considered, indicates that the data correspond to
hydrodynamic regime.
1258
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FIG. 3. Thermal variation of the damping obtained foru ­ 0±

andu ­ 90±, after subtracting the anharmonic effects. The fac
thatayf2 is frequency independent for each angleu shows that
the data correspond to the hydrodynamic regime. The so
lines represent the simultaneous fit of the data to Eq. (6). T
critical part of the damping associated with the SmC-HexF
transition is shown in the inset.

These data were analyzed with the following equation

Dayf2 ­ A1DT
2b1

1 1 A2DT
2b2

2 1 A3 , (6)

where DT1 ­ 2DT2 1 TAC 2 Tp
CF and DT2 ­ TAC 2

T . The first term accounts for the critical damping
associated with the SmC-HexF transition, and the sec-
ond one does the same for the SmA-SmC transition.
These two terms are independent of frequency, sin
the measurements, as we have just seen, correspond
the hydrodynamic regime throughout the whole rang
of temperatures studied. TheA3 term is a constant
which takes account of the noncritical effects. In orde
to limit the number of adjustable parameters in Eq. (6
we have imposed thedT ­ TAC 2 Tp

CF difference,
determined when analyzing the velocity measuremen
sdT ­ 34.7 ±Cd, as well as the expected value of expo
nent b2 for the SmA-SmC transition (b2 ­ 1.32). We
have also assumed the critical effects associated w
SmC-HexF transition to be isotropic, as has been show
by analysis of the velocity measurements. The paramet
of the adjustment made in these conditions areA1 ­
s23 578 6 552d 3 10217, b1 ­ 1.86 6 0.02, A2s0±d ­
s5299 6 134d 3 10217, A3s0±d ­ s663 6 12d 3 10217,
A2s45±d ­ s1828 6 161d 3 10217, A3s45±d ­ s490 6

12d 3 10217, A2s90±d ­ s1917 6 230d 3 10217, A3
s90±d ­ s306 6 13d 3 10217. Units for A1 and A2

are ss2 cm21 K21d and ss2 cm21d for A3. This fit was
made taking account of all the data in the SmC phase
sT 2 TAC , 22 ±Cd, and is shown by the solid curves
in Fig. 3. The quality of this fit confirms that the critical
effects associated with the SmC-HexF transition are
isotropic (the critical damping alone is shown in the inse
of the figure). The critical parameterssA1, b1d are not af-
fected by the critical effects associated with the SmA-SmC
transition, as is shown by a fit, which was made over
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smaller temperature intervalsT 2 TAC , 220 ±Cd, using
Eq. (6), in which parameterA2 ­ 0 [18]. In the case of
quadratic coupling and isotropic fluctuations, exponen
b1 and the exponent associated with the order paramet
relaxation timeft ­ t0sT 2 T p

CFd2zng are linked by the
equationb1 ­ ā 1 zn. If this equation is assumed to
remain valid for the SmC-HexF [19], then, sinceb1 and
ā are known, the value ofzn can be deduced, and is
of the order of 1.2. The value of the critical relaxation
time t0 can be estimated from the critical parameters
determined from the analysis of the damping and velocit
measurements and assuming a single-time relaxatio
mechanism [20]. The value obtained ist0 # 5 10212 s.

The presence of marked anharmonic effects shows th
the SmC-HexF transition occurs in a highly fluctuat-
ing layer system, whereas the description of the hexat
phases supposes that the transition occurs in a nonfluctu
ing layer system. In the case of the SmA-HexB transition,
Selinger [21] has shown that these fluctuations could lea
to a frustration which is geometrical in origin and which
introduces a coupling between the hexatic order paramet
and the layer fluctuations. This coupling, which should
also exist for the SmC-HexF transition, could explain the
unusually high specific-heat exponentā, and the fact that
the transition is of the first order.

The existence of important hexatic order fluctuation
suggests that the SmC-HexF transition of TB6A is not
very far from a critical point. Given that TB7A and
TB8A exhibit a first-order transition, the critical point
associated with the TBnA series should be realized fo
n . 8. An essential question is: Why does the first-orde
SmC-HexF transition of TB6A exhibit a fluctuation-type
behavior, whereas that of the critical point associated wit
the 8SI-8OSI mixture is of mean-field type [3]? Ul-
trasound measurements on the critical 8SI-8OSI mixtur
would enable us to determine whether this difference i
behavior is linked to anharmonic effects or not. Anothe
important question, which may be linked to the previ-
ous one, is that of why the coupling between the hex
atic order parameter and the molecular tilt field is wea
for TB6A [22] and strong for supercritical 8SI-8OSI mix-
tures [3].

In conclusion, the purpose of this Letter is to underline
the following: (1) The velocity and damping of ultrasound
show high-amplitude critical effects in the vicinity of the
SmC-HexF transition in T86A, even though it is a strongly
first-order transition, with a two-phase region of the orde
of 3 ±C and (2) the transition occurs in a highly fluctuating
layer system. The former observation shows that th
hexatic order parameter is strongly coupled to density
while the latter may give rise to a geometrical frustration
which enables the hexatic order parameter to be couple
to layer fluctuations. The importance of the critical effects
observed, allied to the fact that the transition occurs in
highly fluctuating layer system, may suggest that sufficien
attention may not have been paid to the lamellar structu
t
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of hexatic systems and to the coupling of the hexatic ord
parameter with the density.
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