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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 smec@c-hexatick 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

Some smectic phases, known as hexatic, possess a lorggmple deterioration, subjected to the same measuring pro-
range orientational order of the bonds (the lines connectintgpcol as that used for studying terephthal-bis-butylaniline
neighboring molecules), but only short-range positiona(TBBA) [5], i.e., degassing in the measuring cell and tak-
order. The molecules can be either perpendicular to theng measurements under an inert atmosphere.
layers (hexatid®), or inclined with respect to the normalto  The cell was placed between the poles of an elec-
the layers (hexati€ andl) [1]. The vector characterizing tromagnet producing a 10 kG magnetic field, and the
the direction in which the molecules are inclined pointssamples oriented by heating the compound to its ne-
between the two closest molecules in the hexBtjghase, matic phase, then cooling it slowly within the magnetic

and towards the closest molecule in the hexhpbtase. field, which was switched off a few degrees before the
For the inclined hexatic phases, theory [2] predictsSmA-SmC transition. In these conditions, the &rand
that the smecti€€—hexaticF (SmC-HexF) or smectic€—  HexF phases had a layered structure, but orientation of

hexatict (SmC-Hex/) transition is qualitatively similar to the molecules, and therefore of the bonds, was not fixed
that of a liquid-gas transition, with a first-order line end- (polydomain samples). Our measurements were taken as
ing in an isolated critical point. Beyond this point, there the temperature decreased, for three different orientations
is no longer a phase transition, but a supercritical evoef the sample, defined by = 0°, 45°, and 90, where
lution of the orientational order of the bonds and of thef represents the angle between the normal to the smec-
tilt angle within a single phase, generally known as thetic layers and the direction of sound propagation. A fresh
SmC phase at high temperature and the He(or Hext)  sample was used for each angle The experiments were
phase at low temperature. The theory also predicts that trearried out with the use of the resonance and pulse devices
SmC-HexF (or Hexl) critical point belongs to a new uni- previously elaborated for studying TBBA [5]. These two
versality class which includes the @r8mA and electric- devices are connected to the measuring cell via a switch.
field-induced chiral Sri-chiral SniC critical points. The The resonance device enabled us to measure velocity at
existence of the critical S@+HexI point has recently been 1.5 MHz, and the pulse device was used for measuring
established by high-resolution calorimetry experimentsdamping at 3, 9, 15, 21, and 27 MHz. The cell had an
carried out in a racemic mixture of methylbutyl phenyl interquartz gap of 7 mm and was thermally regulated to
octylbiphenyl-carboxylate (8Sl) and the octyloxybiphenylwithin +£0.01 °C. The above mentioned switch allows vir-
analog (80SI) [3]. tually simultaneous measurements of velocity and damp-
The dynamic properties of the SfaHexF or SmC-  ing. A detailed description of the setup, the cell, and the
Hexl transitions, unlike their static properties, have beemmeasuring protocol is found in Ref. [5].
the object of very few experiments. In this Letter, we The resonance device enabled us to show a two-phase
are presenting the first observations which show that ultraregion between the Sthand Hex phases. In this region
sound velocity and damping exhibit marked pretransitionathe two phases separate under the effect of gravity, and
effects in the vicinity of the Sifi-HexF transition. become gradually superimposed one on the other within
The compound chosen for this study was terephthal-bisthe cell, leading to a doubling of the resonance peaks [6].
hexylaniline (hereafter referred to as TB6A), which has theThis effect indicates that the SraHexF transition is of

following phase sequence [4]: the first order. Since it is impossible to define a transition
CrG — WC  HexF — 3°C — §mc — 187°C temperature for this transition, the data are shown as a
208 °C 515 eC function of their distance from transition temperat@e,
— SmA — =N < Isotrope defined as the temperature for which 3 MHz damping

It was synthesized in our laboratory and, in order to preventeaches a maximum [7].
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We shall begin by examining the behavior of ultrasoundexpression of specific heat given by the renormalization
velocity. Figure 1 shows the results obtained in theCSm group [14]. The behavior o¥?(#) will thus be analyzed
and Hext' phases for the two orientations definedéby=  with the following equation:
0°andf = 90°. To enhance clarity, the data fér= 45° 200\ — o \—a _
are not shown, but they do present a similar behaviory 0) = al®)(T' = Tep)™® + p(O)T = Tac) + 4(0).
Examining Fig. 1 shows velocity anisotropy to be marked (3)

in the SnC phase and slightly less so in the Hephase The first term represents the critical part, expon@nt
[8]. The SnC anisotropy, which is characterized by being that of the specific heat. Constai) contains the
V(0°) < V(90°), is analogous to that already observed inregular pari,, () and, as is the case for specific heat, a
TBBA [9]. Velocity anisotropy is reversed in the HEX critical partqei(0), With ¢(6) = gree(8) + gerie(6). TEr
phase, probably as a result of the proximity of the CrGrepresents the virtual transition temperature at which the
phase. Velocity can also be seen to present a pronounc&inC-HexF transition would occur if it were of the second

decrease in the vicinity of the SthHexF transition, which  order. The difference betwedhand7¢ is related to that
reflects the fluctuations of the hexatic order parametelhetweenr and7,¢ by the equation

This decrease, also observed at theASEmC [9], N-SmA . .

[10], and N-I [11] transitions, is the result[ (])f quadratic T = Tep = (T = Tac) + (Tac = Tcx). 4)
coupling between fluctuations of density and fluctuation€Equation (3) supposes that the measurements correspond
of the order parameter [12pp-¥? coupling). The two- to the hydrodynamic regime, and are therefore inde-
phase region associated with the SHexF transition pendent of the measuring frequency. This supposition
is shown by the two vertical dashed lines. The rangewill be justified below, during analysis of the damping

of this region, nearly 3C, shows that this is a strongly measurements.

first-order transition, which agrees with the specific-heat The results for each anglé have been analyzed
measurements taken by Stine and Garland [13] on the sanuising Eg. (3). These analyses show that the critical

compound. parametersy, a(f), and 8T = T4c — T¢rp Obtained for
The square of the velocity?(8) can be written as 0 = 0°, 45°, and 90 are identical, within the limits of
200\ _ 12 _ 2 standard deviations. This observation led us to make
V2(0) = VZ,(0) — AV3(0), (1)

_ a simultaneous analysis of the results relating to the

where V2, (0) represents the regular part of velocity andthree angles, assuming the critical effects to be isotropic.

AV?(9) the critical part. The regular part has been takerUnder these conditions, parametets a, and 6T are

to have the following linear variation with temperature: independent of anglé, whereasp and g are depending
Vrzeg(e) — p(O) (T — Tac) + drep(0). (2) ©On this angle. The values of the parameters and standard

_ _ deviations are the following:@ = 0.64 = 0.05, a =
where p(f) and g, (¢) are constants. Since, in the (—033 + 0.02) x 10" cm?s2K"!, 6T = (34.7 =

case of thedp-¥? coupling, the critical behavior of 0.2) °C; p(90°) = (—6.889 = 0.069) X 1073, ¢(90°) =
AV?(6) reflects that of the specific heat, we have used thg 2345 + 0.0049, p(45°) = (=7.045 + 0.069) X 1073,

¢(45°) = 1.2204 + 0.0049, and p(0°) = (—7.244 +

o 1 0.069) X 1073, ¢(0°) = 1.2090 * 0.0049. Units for
1225; 8y | p(0) and ¢(8) are 10'° cn?s 2K~ and 10'° cn?s 2,
] R respectively. The relatively higld7T uncertainty stems
o ] B f=1.5MHz from the fact that the temperature region near the transition
£ HexF 2 | SmC o0 9=90° must be excluded from the fit, because of the two-phase
— 11754 . o 0=0° region. The slope (@) of the regular terms can be seen
> R pg— to vary slightly from one orientation to another. These
O "l differences reflect the structural anisotropy of the smectic
S 11251 ! S, og phase. The plot made with these parameters is shown by
< ' 1 Two—phase © 'f,o og the solid line in Fig. 2, and the quality of the fit confirms
1 region ®o ;O that the critical effects are isotropic. This result is quite
10751 IIIIIIIII T R I different from those obtained for the 3nHexB [15]
—45 -35 -25 -15 -5 or SmMA-SmC [9] transitions, which are characterized
T—Tae (°C) by very anisotropic critical effects. For both of these

o . _ transitions, the anisotropy of the critical effects stems from
FIG. 1. Variation of velocity as a function of temperature for the fact that the free energy contains terms which couple

9 = 0°and90® in the SnC and Hex" phases. The data show the order-parameter fluctuations with density variation
that the velocity presents marked pretransitional effects near th

SmC-HexF transition, which occur even though the transition &zoupling constany,) and with the layer-spacing gradient
is strongly first order with a two-phase coexistence region of(coupling constanty,) [12]. The absence of anisotropy
the order of3 °C. at the SnC-HexF transition suggests that, is null or
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FIG. 2. Simultaneous analysis of the square of the veIocﬁyand@ —290° after subtracting the anharmonic effects. The fact
for & = 0°, 45°, and90°, showing that the critical effects are thata/f*is frequency independent for each anglshows that
isotropic. The solid line represents the fit to Eq. (3J¢r  (he data correspond to the hydrodynamic regime. The solid

is the virtual transition temperature at which the Giexr  lines represent the simultaneous fit of the data to Eq. (6). The
transition would occur if it were of the second order. critical part of the damping associated with the Giexr

transition is shown in the inset.

very small compared tg,. Exponentx has a high value These data were analyzed with the following equation:
(@ = 0.64), which is close to those deduced from the 2 _ —Bi —B
specific-heat measuremen(8.48 < a < 0.67) [1] for Aa/f7 =AM+ AZ‘ATZ A (©)
the Smi-HexB transition. Comparison with the results Where AT; = —AT, + Ty — T¢p and AT, = Ty —
obtained for the Si@-HexF or SmC-Hex! transitions is 7- The first term accounts for the critical damping
not possible, as the specific-heat exponent determined f@ssociated with the SthHexF transition, and the sec-
these two transitions is nat but y [3]. ond one does the same for the S8mC transition.
We shall now discuss ultrasound damping behaviorThese two terms are independent of frequency, since
The data taken at a given temperature show that? is  the measurements, as we have just seen, correspond to
not constant, as in conventional hydrodynamics, but hate hydrodynamic regime throughout the whole range
abnormall/f-type behavior, which is a function of the of temperatures studied. Thé; term is a constant
angle @ between the direction of sound propagation angvhich takes account of the noncritical effects. In order
the normal to the smectic layers. This behavior can béo limit the number of adjustable parameters in Eq. (6),
analyzed with the anharmonic theory [16], which predictswe have imposed thesT = Ty — T¢p difference,

thata/f? is written as ((jetermlned W)hen analyzing the velocity measurements
6T = 34.7°C), as well as the expected value of expo-
200\ — ;
a/f(6) = a®) + b(O)/f, ©) nent B, for the Smi-SmC transition 3, = 1.32). We

wherea(#) is the classical damping term andf)/f the  have also assumed the critical effects associated with
anharmonic term associated with the fluctuations of th&&mC-HexF transition to be isotropic, as has been shown
smectic layers. This analysis shows théd) andb(6) are by analysis of the velocity measurements. The parameters
roughly temperature independent and present the followingf the adjustment made in these conditions dre=
values:a(f) = 0.86, 0.62, 0.49 (inlo—14 s2cm ! units) (23578 * 552) X 1077, B; = 1.86 + 0.02, A,(0°) =
andb(9) = 0.70,1.64, and 2.72 (in0~% scm~ ' units) for (5299 + 134) X 1077, A3(0°) = (663 + 12) X 10717,
6 =0°, 45°, and 90, respectively. These values are com-A4,(45°) = (1828 + 161) X 1077, A3(45°) = (490 =
parable to those obtained in the 8mhase of TBBA [17].  12) X 1077, A5(90°) = (1917 = 230) X 1077, A3
Figure 3 shows the behavior of the damping obtained90°) = (306 = 13) X 1077, Units for A; and A,
for 8 = 0° andg = 90° after subtracting the anharmonic are (s’cm ! K™!) and (s?cm™!) for A;. This fit was
effects (i.e., theb(#)/f term). To enhance clarity, the made taking account of all the data in the Gmphase
data for# = 45° are not shown, but they do present a(T — Tac < —2°C), and is shown by the solid curves
similar behavior. It can be observed thay f> shows in Fig. 3. The quality of this fit confirms that the critical
marked pretransitional effects in the vicinity of the effects associated with the $hHexF transition are
SmC-HexF transition, as in the case of velocity. The isotropic (the critical damping alone is shown in the inset
fact thata/f? is independent of frequency, whatever theof the figure). The critical parametets,;, 3,) are not af-
angle considered, indicates that the data correspond to tliected by the critical effects associated with theAS8mC
hydrodynamic regime. transition, as is shown by a fit, which was made over a
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smaller temperature intervéll — Txc < —20°C), using  of hexatic systems and to the coupling of the hexatic order
Eq. (6), in which parametet, = 0 [18]. In the case of parameter with the density.
quadratic coupling and isotropic fluctuations, exponent We thank D. Collin for helpful assistance with the data
B1 and the exponent associated with the order parametanalysis, C. W. Garland for a useful correspondence, and
relaxation time[r = 7o(T — T¢p) 2] are linked by the H.R. Brand, P. E. Cladis, and J. Prost for discussions.
equationB; = a + zv. If this equation is assumed to
remain valid for the Srfi-HexF [19], then, since3; and
a are known, the value of» can be de'd.uced, and'ls [1] See, for example, C.C. Huang and T. Stoebe, Adv. Phys.
of the order of 1.2. The value of the critical relaxation 42, 343 (1993), and references therein.
time 7o can be estimated from the critical parameters [2] A.D. Defontaines and J. Prost, Phys. Rev.4g 1184
determined from the analysis of the damping and velocity — (1993).
measurements and assuming a single-time relaxatiorf3] H. Yao, T. Chan, and C.W. Garland, Phys. Rev5E
mechanism [20]. The value obtainedrig= 5 10~ !% s. 4585 (1995).
The presence of marked anharmonic effects shows that4] J.J. Benattar, D. Phil, thesis, Orsay University, 1983.

the SnC-HexF transition occurs in a highly fluctuat- [5] D. Collin, J.L. Gallani, and P. Martinoty, Phys. Rev. A
ing layer system, whereas the description of the hexatic 34, 2255 (1986).
phases supposes that the transition occurs in a nonfluctuaf®! This doubling stems from the fact that the cell was
ing layer system. In the case of the &HexB transition, placed between the poles of an electromagnet in such a

. . way that the smectic planes of the sample were vertical.
Selinger [21_] has S,hOV_V” that these flgctugtlpns COUld_lead This layout enables the layer structure to be maintained
to a frustration which is geometrical in origin and which throughout the two-phase region, on transition from the
introduces a coupling between the hexatic order parameter  smc to the Sn¥ phase.

and the layer fluctuations. This coupling, which should [7] Studying the Sm-SmC transition in TBBA shows that

also exist for the Si@i-HexF transition, could explain the the 3 MHz damping peak appears at the transition for
unusually high specific-heat exponent and the fact that 6 =45° and # = 90°, and deviates a few hundredths
the transition is of the first order. of a degree towards lower temperatures for= 0°; see

The existence of important hexatic order fluctuations _ Ref. [9]. _
suggests that the SfHexF transition of TB6A is not (8] V() — V(90) = 4 ms~! in the Hex" phase.
very far from a critical point. Given that TB7A and [9] D. Coallin, J.L. Gallani, and P. Martinoty, Phys. Rev. Lett.
TB8A exhibit a first-order transition, the critical point 61, 102 (1988). . .

. . . ’ . 10] P. Sonntag, D. Collin, and P. Martinoty (to be published).

associated with the TBnA series should be regllzed fo 11] Y. Thiriet and P. Martinoty, J. Phys. (Parig}0, 789
n > 8. An essential question is: Why does the first-order "~ (1979).
SmC-HexF transition of TB6A exhibit a fluctuation-type [12] See, for example, B. S. Andereck and J. Swift, Phys. Rev.
behavior, whereas that of the critical point associated with A 25, 1084 (1982).
the 8SI-80SI mixture is of mean-field type [3]? Ul- [13] K.J. Stine and C. W. Garland, Mol. Cryst. Lig. Cry$88
trasound measurements on the critical 8SI-80SI mixture 91 (1990).
would enable us to determine whether this difference il14] See, for example, K.J. Stine and C.W. Garland, Phys.
behavior is linked to anharmonic effects or not. Another ~ Rev. A39, 3148 (1989); G. Nounesis, C.W. Garland, and
important question, which may be linked to the previ- R. Shashidar, Phys. Rev. 48, 1849 (1991). ,
ous one, is that of why the coupling between the hex[lS] J.L. Gallani, P. Martmo.ty, D. Guﬂlor_w, and G. Poeti, Phys.

. i . Rev. A 37, 3638 (1988); (to be published).
atic order parameter and the molecular tilt field is Weak[le]

. . G.F. Mazenko, S. Ramaswamy, and J. Toner, Phys. Rev.
for TB6A [22] and strong for supercritical 8SI-80SI mix- Lett. 49 ;1 (1982): Phys. I\évev. );28 1618 (1983). y v

tures [3]. . . ~[17] D. Callin, J. L. Gallani, and P. Martinoty, Phys. Rev. Lett.
In conclusion, the purpose of this Letter is to underline 58, 254 (1987).

the following: (1) The velocity and damping of ultrasound [18] The value of parameted, determined by the previous

show high-amplitude critical effects in the vicinity of the fit cannot be taken as an accurate determination of
SmC-HexF transition in T86A, even though it is a strongly the amplitude of the critical effect associated with the
first-order transition, with a two-phase region of the order ~ SMA-SmC transition, owing to the lack of experimental
of 3 °C and (2) the transition occurs in a highly fluctuating data near this transition.

layer system. The former observation shows that thél9] The theory predicts that this transition presents anisotropic
hexatic order parameter is strongly coupled to density, E);F;OFZG];“S”“ ¥y, and », for comelation lengths (see
while the latter may give rise to a geometrical frustration, 0] For a silngle-time relaxation mechanism the damping is
which enables the hexatic order parameter to be couple related to the velocity (in the low-frequency limit) by
to layer fluctuations. The importance of the critical effects A, /72 — [272A(pV2)7]/p V2.

observed, allied to the fact that the transition occurs in @21] J.V. Selinger, J. Phys. (Pari8) 1387 (1988).

highly fluctuating layer system, may suggest that sufficienf22] D.Y. Noh, J.D. Brock, J.D. Litster, R.J. Birgeneau, and
attention may not have been paid to the lamellar structure  J. W. Goodby, Phys. Rev. B0, 4920 (1989).
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