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Sound velocity and damping were measured in 4-propionyivheptanoyloxyazobenzene above its
Sm-A—Hex-B phase transition. The measurements were taken at 1 (Vitlacity) and at 3, 9, 15, and 21 MHz
(damping as a function of the angl@ between the sound propagation direction and the normal to the smectic
layers. The velocity presents a marked anomaly#fer90°, whereas a much smaller anomaly is observed for
#=0°, indicating that the phase transition occurs essentially within the smectic layers. Analysis of these
measurements allows the de Gennes elastic constars andC to be determined. Like the velocity, the
damping presents significant pretransitional effects#fei90°, reminiscent of those generally observed in the
vicinity of second-order or weakly first-order phase transitions. The damping also increages@Gdrwhen
T—Ta.nex, bUt the behavior observed does not resemble the usual critical behavior. It is shown that this
pseudocritical behavior stems essentially from a contribution of the anharmonic effects. The anisotropy of the
critical effects on velocity and damping can be explained by the theory elaborated by Andereck and Swift for
the SmA-Sm-C transition and transposed to the Sta-Hex-B transition. Analysis of the velocity measure-
ments indicates that the specific-heat exponent is of the order of 0.6. This value, which is far from that
associated with the three-dimensioXat universality class-0.007 to which this transition should in principle
belong, confirms the results obtained by calorimetry. The critical relaxation time is characterized by the
dynamic exponentv=1, which corresponds to conventional critical slowing down.
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I. INTRODUCTION a short-range positional order and a long-range bond-
orientational order have indeed been obser{4fd These
The notion of hexatic order was introduced in order tophases, called stacked hexatics, have their molecules perpen-
describe the fusion of a two-dimensional solid by prolifera-dicular to the layers (HeB), or inclined in relation to the
tion of defectq1]. This description predicts the existence of normal to the layer§Hexl, HexF, and Hex.). At the mo-
a new state of matter, occurring between the crystalline solighent, these phases are the object of considerable attention,
and the isotropic liquid2]. This intermediate phase, called since they constitute excellent systems for studying the prop-
hexatic for systems with hexagonal symmetry, is a state irerties of the hexatic ordgb].
which the positional order of the two-dimensional network The SmA-Hex-B transition is the simplest transition be-
has been lost but the orientational order of the crystallotween an ordinary smectic phase and a stacked hexatic phase,
graphic axes, known as the bond-orientational order, continsince the molecules are perpendicular to the layers in both
ues to exist. To be more precise, this phase possesses a shpitases. The symmetry of the hexatic order parameter puts
range translational order and a quasi-long-range bondhis transition in the 3DXY universality class. The heat-
orientational order. This latter is characterized by a locakapacity critical exponent should then be given as0.007.
order parameteg(r)=(e® %)), where the brackets indicate Specific-heat experimenfs] carried out on a large humber
a coarse-grain average afds the angle between the refer- of compounds show, however, thathas a value ¢=0.6)
ence axis and a bond joining two neighboring molecules. which is totally incompatible with 3D<Y behavior. One
Birgeneau and Litste3] have suggested that this descrip- proposed explanation for these largevalues is the proxim-
tion could be applied to some smectic phases of liquid crysity of a tricritical point[6,7]. However, the absence of varia-
tals, provided that the quasi-long-range bond-orientationalion of « along the SmA—Hex-B transition line in binary
order is assumed to become a true long-range order. Thesgixtures seems to rule out this tricritical behavj&]. An-
predictions have proved to be correct, as smectic phases witither possibility based on the high anisotropy of the transi-
tion has been suggested by Braatkal.[9]. The specific-heat
exponent could be an apparent exponent associated with the
*Present address: Groupe des Maiex Organiques, Institut de fact that the system evolves from a two-dimensional type
Physique et Chimie des Mataux de Strasbourg, 23 rue du Loess, behavior far from the transition to a three-dimensional type

67037 Strasbourg Cedex, France. behavior near the transition. Recently, Hagfaal. [10] ar-
TPermanent address: Solid State Institute and Physics Departmemgtied that the specific-heat behavior could arise from a cou-
Technion Israel Institute of Technology, Haifa 32000, Israel. pling between the amplitude of the bond-orientational order
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and the in-plane positional strain. This theory also predicts that the veloc¥yof the sound
All the descriptions of the Smi—Hex-B transition as- is anisotropic, and is written

sume that this transition occurs in a system of nonfluctuating )

layers, while in reality there are high-amplitude layer fluc- pV?(6)=A—2C cos'f+B cos'o, ©)

tuations that do not allow a long-range positional order to ] ) ]

become established and totally alter the hydrodynamics oftherep is the density of the medium and, B, andC are

on the SmA—Hex-B transition has been investigated by Sel- SmecticA phase, which is given by

inger[12], who has pointed out the existence of a frustration

associated with layer curvature, which is geometrical in ori- = 'ZJ d3r é (@

gin, and which introduces a coupling between the order pa- © 2\p
d%u . d%u\?
x> ay?

2

B 5 op
+§(Vzu) +C 7 (V,u)

rameterys and the displacement of the layer§). This cou- K
pling can transform the transition into a first-order transition e (
if the hexatic-rigidity constants are high enough, and could 2
increase the value of the specific-heat exponent. The effects ) )
of this coupling on the dynamics of the transition have notU is the displacement of the layers along (e axis anddp
as yet, been investigated. represents the variation of density. Equatidh shows that

In contrast to the static features, very few studies havdhe rigidity constant®\, B, andC are related respectively to
been devoted to the dynamics of the PmHex-B density variation, layer compression, and the coupling be-
transition, and this article presents an ultrasound stud{een layer compression and density variation. Condant

4

of this transition, carried out on 4-propionyl-h- IS linked to the undl_JIation energy of the Iayers._
heptanoyloxyazobenzefBHOAB). Some preliminary mea- In order to take into account the anharmonic terms that
surements were presented in Réf3]. are characteristic of lamellar systems, the MPP theory has

Section Il reviews the ultrasound theories presently availPeéen modified by Mazenko, Ramaswamy, and T@MRT)
able, by means of which our results will be described. Thd15]- The main consequence of these terms, which are asso-
experimental techniques and specific problems associaté‘dated with the substantlal_ qu_ctuatlons of the smectic layers,
with the study of this transition are presented in Secs. Ill andS to destroy the dynamic independence of the system’s

IV. The results obtained are presented in Sec. V, and thefodes. More precisely, they are responsible for a nonlinear
analyzed and discussed in Secs. VI and VII. coupling between the velocity field and the undulation

modes of the thermally excited layers. This coupling leads to
a 1f-type divergence of the volume viscosities. One of the

Il. THEORETICAL BACKGROUND consequences of this divergence is the modification of low-

A. Behavior in the Sm-A phase far frequency ultrasound absorption, which is written
from the smectic-A—hexatic-B phase transition:
The Martin-Parodi-Pershan and Mazenko-Ramaswamy-Toner a _ b(6)
theories 12 (0)=a(o)+ F e ®)

The Martin-Parodi-PershatMPP) [14] theory predicts

that sound damping shall, in the smedighases, be written wherea(6) is the conventional absorption tefifig. (2)] and

b(#)/f the anharmonic contribution. In the case of the

as lowest-order calculation, terin( ) is given by
0
%)za(e), (1) L 2Tkl (B C)? ]
(6)= 128 2| aK, (%97 g/ (6)

wheref is the frequency of the ultrasound wave, a(®) is

a constant which is dependent on the an@lbetween the
normal to the layergdirected along the axi®©z) and the
direction of sound propagation. This form is quite similar to X ) o ©
that which is found in conventional liquids, the only differ- calculation ofb(6) gives a formula similar to Eq(6), the
ence being that ter( ) is anisotropic. This term is a func- ONly difference being that elastic constaAsB, andC are

tion of the five viscosity coefficientss£) that characterize feplaced by unknown coefficients, B, andC.

whereA, B, C, andK; are the constants already definkd,
the Boltzmann constant, an@l the absolute temperature.
Equation(6) is valid if A>B, C or B=2C. Higher-order

the smecticA phases and is written For all the smecti® phases studied up to no®>C and
C>0. In this case, Eq6), giving b(#), points to the exis-
2 2 tence of an angled,, given by co$g,=C/B, for which
a( B)ZW [(m2+ 74)SirP 6+ 71COS 6 b(6,)=0. The existence of this “magic angle” has been

observed in terephthal-bjsp’-butylaniline (TBBA) [11].
+(4n3+2m5— 7o~ m4— m1)COSO siPA]. (2)  This magic angle disappears in the case of higher-order ef-
fects whenC>B.
71, M4, and s are volume viscosities, whereag and 75 Unlike damping, the velocity of the sound is almost com-
are shear viscositiesy, corresponds to a flow within the pletely unaffected by anharmonic effects, since the elastic
plane of the smectic layers ang to the flow of one layer in  constantsA, B, andC are only weakly renormalizedoga-
relation to the other. rithmic behavioy. In practice, then, Eq.3) remains valid.
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B. The influence of order-parameter fluctuations 2. Modification of the elastic constants

and the ultrasound velocity
1. Free energy

In order to study the influence of the order-parameterf Andereck and Swift's calculations were made within the

fluctuations on the transition, the free energy of the smectic-ramewOrk of a mean-field-type theory, based on the exis-
A phase. in the vicinity of thé SM— Hex-B t?;/nsition was tence of a quadratic coupling between the sound wave and

P y -Inity . o the order parameter. The calculations show that the com-
assumed to be written as the sum of various contributions.

P i oo X . pound’s elastic constanss, B, andC are modified by fluc-
th e("g rdAeIr‘ir;c::rL:]ggrzﬁgégugﬁ)engogitcg#t&n associated with tuations of the order parameter, and are written

. . A=Areg— 75 I2,
_= 2,1 4, = 2
Fy=> fdv aly|?+ 3b|y| +2MV|VZ¢II B=Beg— 74 |2, (13
1 —Cc _
+ o Vo2 U C7 Creg™ a2l

Index “reg” indicates the value the elastic constants would
In this developmentM; and M, are the main values of a have in the absence of any fluctuatiohsjs a temperature-
mass tensor, which is assumed to be isotropic in the plane &nd frequency-dependent function, given by
the Ia_yers(MV is t_he value along axié)zZ which gives the AKaT dq 1
direction _p_erpendlcul_ar to the Iayerl_y_tT is the layer-plane = B > 5 — . '
value) Critical behavior at the transition is governed by co- (7o) (27)° [w™+ 41 (q) ]
efficienta(T), which is written

(14)

wherel'(q) represents the relaxation frequency of a fluctua-
tion of the order parameter, with a wave veagpandy, the

a(T)=a’(T=Te), ®) viscosity associated with this relaxation frequentyq) is
given by
where T is the transition temperature.
(b) The contribution resulting from the deformation of the 1 Cﬁ qg
smectic layers, as previously defined by E4). Fa)=—-|atsu" oy ) (19
(c) A kinetic-type contribution resulting from a shift in Yo + z
the centers of mass, Modification of the elastic constants implies a modifica-

tion in the velocity, this latter being linked to the elastic

F _1 43rlvI2 9 constants by formul@3). ReplacingA, B, andC with their
VT2 rlv]* ©  modified valuespV?(6) can be rewritten as

2 _ 2 _ 2
(d) Two final contributions, one coupling the order pa- PV(0)=pVied )~ A[pVE(O)], (16)

rameter with density variations, and the other with the Iayer-Wh

spacing gradients. These two contributions are given, respec- ere
tively, by PVZ 0)=Aeg— 2C e £0S 6+ BeLod  (17)
1 3.[ 6P ) is the normal part of the velocity, and where
Fz//pzz Yo d°r 7 |lr//| ) (10)

A[pV(0)]=(7,~ vy COS6)I, (18)

1 is the critical part iated with the order-parameter fluc-
Fu=y Yuf A& (V,u)| 2 (11) tlSJatignZ. cal part associated e order-parameter fluc
V(g iS the value that would be assumed by the velocity if
the phase transition did not exist. From the acoustic point of
view, this corresponds to infinite frequency, since, at this
frequency, the system cannot follow ultrasound disturbance;
pvfeg(a) therefore equalpV?(6,%) and Eq.(16) can be
rewritten as

wherey, and y, are phenomenological constants, to be de
termined experimentally.

The free energy of the smectikphase, in the vicinity of
the SmA-Hex-B transition, is therefore written as

F:F¢+ Fe|+ FU+Fz//p+ ngU' (12) PVZ(G,w):Pvz(G,OO)_('}’p_’)’U 00320)2|2. (19)

This form of free energy is identical to that used by An-  This equation shows that velocity¥(6,w) decreases in
dereck and Swift to study the behavior of ultrasound velocitythe vicinity of the SmA—Hex-B transition, and that this
and damping in the vicinity of the StA—Sm-C transition  decrease can be more-or-less important, according to the
[16]. This formal analogy enables us to transpose the resultangled considered. For example, when> vy, , the decrease
of their calculations on to the SHexB transition. These associated withV/(90°) must be much greater than that as-
calculations concern the smec#icphase only. sociated withV(0°).
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3. Modification of viscosity coefficients and ultrasound damping T~E~(T-To) %, (29)

Fluctuations of the order parameter affect not only the

compound’s elastic constants, but also volume viscositie¥/N€reé is the correlation length. _
71, 74, and7s, which are written Equation(25) shows that the critical behavior of the ve-

locity reflects that of the specific heat.

7= (1) regt (V,— Y21, Finally, it should be noted that the amplitude of the criti-
cal damping is linked to that of the velocity dispersion
7= (04)reg™ V211, (200  A[pV3(0)]=pV?(6,%) — pV?(6,0) by the relationship
- - _Aa(6) A[pV?(0)]
75= (75)reg™ ¥p( Vo~ Yu)l1. = 2 -
"\ Yp fltr:) 2 T 25V0) 7(g=0), (30

Index “reg” indicates the value the viscosities would have
in the absence of any fluctuatiorlg; is given by where 7(q=0) is the relaxation time of the longest-

wavelength mode.
_ 2KkgT f g x( J
(

Yoy 2m)° [w*+4T(q)]’

(21)
Il. EXPERIMENTAL TECHNIQUES

where The experiments were carried out by means of resonance
and pulse techniques, with 3-MHz quartz crystals. The pulse
22) device allowed the damping measurements to be taken at 3,
9, 15, and 21 MHz, and the resonance technique was used for
its capacity to measure simultaneously the velocity and
Since the volume viscosities are modified, the same WI|Hamp|ng in the megahertz range. By means of a simple
apply to ultrasound damping. In the cases of angle0°  switch, it was possible to take pulse and resonance measure-

XD=2 gy

and 6=90°, the critical part of the damping is written ments on the same cell. This enabled a significant compari-
. ) son to be made between the two types of measurements thus
Aa(0%) m (y,— )2 23) taken on the same sample.
-I:2 - pv3(oo) yp Yu 1

The resonator consists of two identical transdu¢¥esut
guart with the liquid to be studied in between. One of the
A«(90°) w? 2 transducers is excited by a tunable-frequency sine voltage.
2 pV3(90°) Yol1- 24 This generates a compressional wave which is propagated in
the liquid and travels forward and backward between the
These two formulas show that critical damping can be anisotransducers. A standing-wave sound field occurs in the cell
tropic, the rate of anisotropy depending on the valuey,pf each time the interquartz length is matched by a whole mul-
andy, . More especially, ify, is greater thary,, the critical tiple of the half wavelengttii.e., resonance is presgnThe
effect for /=90° must be greater than that fér=0°. resonance signal is detected by the receiver quartz, then am-
plified and displayed on an oscilloscope. The characteristics
4. Behavior of velocity and damping in the hydrodynamic regime of resonance peak@svidth at —3 dB, central frequengyen-
(w7<1) able the velocityV and the ultrasonic damping per wave-
length @\, to be determined according to the following for-

The hydrodynamic behavior of the critical parts of the

velocity and damping is obtained by taking the zero—mUIaS:
frequency limit of the function$, andl,, and is given by V=21 5f. 31
A[pVE(O)]=PH(O(T-Tc) ™, (25)
wAf
Aa(6) ak=——. (32
—z =Qf(O)(T-Tc) ™" (26)

In these formulasAf is the width of a peak at 3 dB andf
its central frequencysf is the gap between two adjacent
peaks and the cell length(interquartz distange

For pulse measurements, the continuous signal supplied
)2 by a rf generator is gated by rectangular pulses in a diode

P andQ are constants which are function bf;, M,,, and
vo. The functionf(6) is given by

(277 modulator. The pulses thus obtained are amplified and then
applied to the transmitter quartz in the cell. Measuring con-
sists in reading the amplitude of the various echoes at the
frequency concerned.

X=a+zv. (29 All the cells used were cylindrical in form with inter-
quartz distances ranging from 3.22 to 3.92 mm. The diameter

a is the specific-heat exponent and the exponent associ- of the sample @ =38 mm) was chosen to be larger than that

ated with the critical relaxation time which is defined by of the ultrasonic beam@=25 mm) in order to minimize

[16] possible parasitic effects due to the side walls.

f(a)=(1—ﬁco§a
Yo

and the exponent by
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The smectic samples were oriented by heating the comacoustically by a damping peak and a velocity dip which, in
pound in its isotropic phase and subsequently cooling it genthe hydrodynamic regime, appearTat.
tly in the presence of a 10-kG magnetic field delivered by an The measurements taken on PHOAB also reveal the exis-
electromagnet. The orientation is characterized by the anglgnce of a damping peak and, for some orientations, a veloc-
6 between the direction of the magnetic field and the direcity dip. These anomalies occur at a temperature that we have
tion of sound propagation. The study was made with oriencalled Ty, Which is not well defined, as it is probably
tations#=0°, 45°, and 90°. situated within the coexistence zone. That is why our mea-

The cells were never completely filled, and were placedsurements are shown with respect to the transition tempera-
between the poles of the electromagnet in such a way that there Ty, . In spite of the fact that thil-I transition is also a
smectic planes of the sample were vertical. These precadirst-order transition, its coexistence zone is narrow
tions, which allow the sample to expand, reduce the layer(<0.1 °C), with the result thaT,._, can be defined as the
undulation instabilities that appear when the sample is undeemperature associated with the damping p&ak; is there-
mechanical or thermal stress. A detailed description of théore known to within=0.05 °C.
experimental technique and the cell can be found in Ref.

[11]. C. Precautions taken in order to avoid sample deterioration

PHOAB is a compound that deteriorates very easily. This
deterioration is evidenced by a substantial decrease in the
transition temperaturg®-1, N—Sm-A, and SmA—Hex-B),

A. The compound and also by a broadening of the coexistence zone of the
phases concerned. Using PHOAB therefore requires the
elaboration of an experimental method enabling the samples
to be kept at a high degree of purity throughout the whole

experimental process. We used the method developed in our

0
0\ v laboratory for ultrasound study of TBBAL1], which con-
/C N=N C, sists in taking measurements in an inert atmosphere, any
CoHs 0— CeH13 trace of air dissolved in the sample having been eliminated.

This is one of the few compounds which, in addition to This is why the sample was degassed inside the cell itself,
smecticA and hexatid® phases, presents the nematic phaseand the measurements taken in an inert nitrogen atmosphere.
required in order to obtain smectic samples which are volin spite of these precautions, slight deterioration of the com-
ume orientated by a magnetic field. Its hexatic phase wapound could not be avoided, which was not so in the case of
identified by means of miscibility17] and x-ray[18] stud- TBBA.

ies. Dilatometric and calorimetric studiegl9] of the

Sm-A—Hex-B transition have shown that this is a first-order D. Determination of velocity and damping

transition.

IV. SPECIFIC PROBLEMS ASSOCIATED WITH THE
SMECTIC- A-HEXATIC- B TRANSITION IN PHOAB

This study of the SmA—Hex-B transition was carried out
on 4-propionyl-4-n-heptanoyloxyazobenzendPHOAB),
the formula of which is reproduced below:

In Sec. lll, we have seen that in order to determine the
velocity, it is necessary to know interquartz distahcend
this can be obtained using a reference liquid of known ve-
locity. This method enablelsand therefore/, to be deter-

In the case of first-order transitions, there is a temperaturenined, to within 0.5%, which leads to an uncertainty of the
zone, in the vicinity of the transition temperature itself, order of =5 m/s for a velocity of the order of 1000 m/s. This
where both phases coexist. The width of this zone can bancertainty, which affects each of the velocity measurements
experimentally determined by measuring temperatdigs  corresponding to a given angk is too great to allow accu-
andTc,, associated respectively with its appearance and digate determination of elastic constafsand C, which are
appearance as temperature falls. The thermodynamic transissociated with the low anisotropy of the velocity.
tion is situated in betweefic; and Tc,. The coexistence In order to determine these constants accurately, the fol-
zone is generally a function of the concentration of impuri-lowing method was used. For each angleve measured the
ties in the sample, which has the effect of increasing itsvariation in velocity as a function of temperature, from the
width and reducing the temperatufg, at which it occurs. isotropic phase through to the temperature at the end of the
Although this coexistence zone has been observed in sonexperiment. The resulting curves were plotted as a function
cases by using ultrasound resonance technif@@s it has of T-Ty_, then superimposed on each other in the isotropic
not been possible to detect it in this study as a result of thghase. This renormalization of the various curves is justified
excessively high value of damping, leading to significantby the fact that the velocity measurements in the isotropic
broadening or disappearance of the resonance peaks. Optigdiase are independent of angldJncertainty concerning the
microscopy[21] and dilatometryf 19] experiments have sug- velocity measurements stems essentially from this renormal-
gested that the coexistence zone associated with thigation, and is of the order of 20 cm/s, for the measure-
Sm-A—Hex-B transition of PHOAB stretches over a non- ments presented in this paper.
negligible range of temperatures, of the order of 0.2 °C for Damping in the SmA phase was determined by the pulse
the purest compounds. method, measuring the amplitude of the first echo as a func-

These coexistence phenomena do not exist for secondion of temperature in relation to a reference value deter-
order transitions and there is therefore only a single transimined in the isotropic phase. This normalization was per-
tion temperatureT.. These transitions are characterizedformed at 11 °C from thé\-1 transition temperature, where

B. The first-order nature of the Sm-A—Hex-B transition
and its consequences
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FIG. 1. Variation of velocity as a function of temperature for L 5 .
9=0°, 45°, and 90°.6 is the angle between the normal to the FIG. 2. Variation ofa/f< at 3, 9, and 15 MHz as a function of

smectic layers and the direction of sound propagation. As thdemperature fo#=90°. The results reveal the existence of consid-

hexatic phase is approached, velocity presents pretransitional eﬁ__’ameH pr(;atrangmo_nal effects on gach side oLthe tratr:smon. 9 and
fects which are large fof=90° and practically nonexistent far -MHz damping Is too great to be measured near the transition.

=0°. The disappearance of the resonance peak precludes any ve- . . .

locity measurements for temperatures el 1.5 °C. T peacis juonal effepts(a decrease in velocitythe amplitude of which

the temperature at which 3-MHz damping reaches its maximuni$ @ function of angled. These effects are great fér=90

value. (propagation in the plane of the laygrand practically non-
existent ford=0° (propagation perpendicular to the layers

the «/f2 ratio is frequency independent within the limits of This marked difference in behavior indicates that the transi-

experimental accuracy, and 461000 10~ 17 cn? s~ 2. tion takes place essentially within the smectic layers.

At temperatures very far from the Sf-Hex-B transi- , Like velocity, damping also presents_|mp0rtan_t pretranS|-
tion, damping is usually sufficiently weak for several echostional effects Ijomggo (;ee Fig. 2, Wh'cg ar; similar to "
to be observable, and can therefore be measured directly afjd°S€ 9enerally observed near a second-order or a weakly

first-order transition. Very high damping values preclude any

compared to the value previously obtained. The results o . i o
tained show that these two methods produce comparable rgeasurements m_the vicinity of the transition for the 9- and
15-MHz frequencies.

sults. . . . .
For #=0° (Fig. 3), damping also increases as the transi-

One final point concerns the reproducibility of the mea- . " X ¢ the effect | h
surements. The various experiments carried out have showpn iS approached, but the amplitude of the effect is muc

that velocity measurements taken at 1.5 MHz are reproducmaller than for¢=90° and does not resemble the fast in-
ible whatever the angle concernéd=0°, 45°, and 90f.

The same observation holds for the damping measurements 45 0=0°
taken at 3, 9, 15, and 21 MHz f@r=0° and 90°. However, 404 ° B
the damping measurements f=45° are not reproducible, %
the damping value varying by a factor as high as 2 from one 851 o 3 MHz
experiment to the next. In our opinion, this nonreproducibil- g ° D 12 i\ll'lgz
ity is linked to poor orientation of the smectic planes. These Nz 307 ° 2 z
45° damping measurements will not be taken into account. . 254 °,
|
V. RESULTS g 201 °
Figure 1 gives the thermal variation of velocity &t % 157 °
=1.5 MHz for the three orientations defined By-0°, 45°, } ‘0 o
and 90°. Ford=45° and 90°, it was not possible to measure Fay, .
the velocity for temperatures beloW,eq+ 1.5 °C, owing to 5 0o, “oo
a very substantial increase in damping, which leads to the e R g g4, aed
disappearance of the resonance peaks. On the other hand, QBO 5o —a0  —80 <50 —lo
these measurements could be made#fel0°, since there is T-Tyw (°C)

less damping at that orientation, but they present a consider-

able uncertainty, since the resonance peaks are very wide. FIG. 3. Variation ofe/f2 at 3, 9, and 15 MHz as a function of

These measurements, which can also be affected by the c@mperature fop=0°. The behavior of/f? is very different from

existence zone, are not shown in Fig. 1. that observed fos=90° (Fig. 2), and reflects the influence of an-
Examination of Fig. 1 reveals the existence of pretransiharmonic effectgsee text
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crease associated with the usual critical behavior. This quite 2.2
unexpected pseudocritical behavior shall be seen below to
come from anharmonic effects. The relative position of the 2.1
3- and 9-MHz damping peaks is not known with accuracy, &
owing to the considerable uncertainty over the measurements " 201
in the vicinity of the transition. As fop=90°, the very high g 1.9 ]
damping value precludes any measurements at 15 MHz near o ]
the transition. "g 1.8 1
VI. ANALYSIS OF THE VELOCITY MEASUREMENTS ~L7 ]
AND DETERMINATION OF THE ELASTIC 531 6
CONSTANTS A, B, AND C -
A. Analysis of the velocity measurements 1.5 1
Velocity measurements were analyzed with the formula et N,
0 10 20 30 40 50
V(0)=VZif0)—AVZ(0), (33 T-Tc (°C)

FIG. 4. Analysis ofV2(6) measurements. The dashed lines cor-
respond to the velocity values that would be found if the Sm-A—
Hex-B transition did not exist. The solid lines represent fit 1 of
Table | made with Eq(34).

in which Vrzeg( 6) represents the regular term aA¥?( ) the
critical one. The latter is given by E¢R5), in which we have
assumegh=1 g cm 3. Since the behavior afV?(6) reflects
that of the specific heat, we have incorporated into @§)
the constantc, in ord_e:r fo obtain an expression Sim”af 10 calculate the behavior fa#=0° and verify that it is compat-
that used2 for the specific-heat analy$28]. In these condi- e wyith the observed behavior, which has a very small criti-
tions, AV<(0) is written as cal effect.

The behaviors of/2(90°) andV?(45°) show variations
which are linear with temperature for temperatures higher
. . . than T=Ty.,—25 °C for §=45°, andT=Ty.,—20 °C for
where T¢ represents the virtual transition temperature aty_g0°. The fit of Eq.(36) to the experimental results gives
which the SmA—Hex-B transition would occur if it were of ¢ y_ gge

the second order anf{ ) is given by Eq.(27). The differ-

AV2(9)=f(O[P(T-T&) ™ “+ dend, (34

enceT—T¢ is linked to the differencd — Ty, by the rela- S(90°)=[—9.6+0.1]x 10" cnPs 2K 2,
tionship
Oreg 90°)=[1.401+0.001 X 10'° cn?s~2
T-Te=(T-Tn)+ (T —T2). (39
and for §=45°

Formula (34) assumes that the velocity measurements
correspond to the hydrodynamic regime#<1), and are S(45°)=[ —7.64+0.06]x 10" cn’s 2K,
therefore frequency independent. This assumption will be
justified later, when the damping measurements are ana- Oreg(45°) =[1.404+0.001 X 10'° cn?s 2,

lyzed. If « is positive,AV?(6) diverges, and Eq:33) shows _ ) )

that V2(#) becomes negative at the transition, which is not”'9uré 4 shows that these fits, which are shown by the
physically correct. In principle, one should consider the criti-dashed lines, give a good description of the data far from the
cal behavior of the bulk compliance. However, Eg3) is  SM-A—HexB transition. ) . A

valid as long asAV?/VZ;<1, which is the hypothesis on With the regular terms/{90°) andVi,{45°) known,

g 2 o 2 o
which the theory is based. In the present case, the maximufi€ critical termsAV=(90°) andAV*(45°) can now be de-
value ofAVZ/Vrzeg:O.%?. termined, and analyzed using E&4). In order to take into

We have assumed that variation of the regular term isicczountothe factbthadt the .Lhedrrgal Eehavior&lﬂ %(90°) ag_d d
linear with temperature, as shown by the behaviow#f6) VH(45°) mrl;'St ﬁ lescrl ef d yt %S‘?‘mz ?W’ Wi a jgste
observed far from the SmA—Hex-B transition. This linear Ed- (34 t0 the whole set of data obtained fér=45° an

behavior, which stems from the fact that tNe- Sm-A tran- '9:90:' The adjustable parameters &eqci, Yul Vo
sition is strongly first order, can be written as andT¢ . In order to take into account the fact that the mea-

surements for each orientation were taken on a different
Vied 0)=S(0)(T=T.) + Ured 0). (36) sample, T¢ was assumed to be an adjustable parameter,
which may be different fov=45° andf=90°. The fit was
Since the behavior of velocity in the vicinity of the made using measurements between Ty ,—53.8 °C and
Sm-A—Hex-B transition is characterized by very anisotropic T=Tn.;—25 °C. This interval takes into account the data
critical effects, theV2(#) measurements were analyzed asthat are the closest to the transition and excludes those that
follows. We first considered the measurements associatedllowed us to estimate the teri,(90°) andV7,(45°).
with 6=90° and 45°, which have marked critical behavior.  This temperature range corresponds to fit 1 in Table I. For
Then we used the parameters obtained from these analysesaach angled, the y,/vy,, T&(90°), and T¢(45°) values
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TABLE |. Values of the adjustable parameters obtained from least-squares fitg%990°) andAV?(45°) data with Eq(34). T, is
equal toTy.,—53.8 °C for =90°, andTy_,—53.2 °C for §=45°. The values off¢ for #=90° and 45° are not the same, since the
measurements were taken on different samples. Standard deviations are given for each least-squares parameter value.

Fit Temperature rang€C) T, (6=909(°C) T, (6=459(°C) P (10'°<cnm?s2K™Y) qg (10°%cnfs?) o Yl v,

1 [Trin s Tna—25] [Ty, —55.350.2] [Ty, —54.850.2] 0.18+0.01 —0.020+0.003  0.61-0.06 0.49-0.02
2 [Trin» Tna—35] [Ty, —55.350.3] [Ty, —54.850.3] 0.18+0.02 —0.020+0.008  0.6-0.1 0.49-0.02
3 [Tn,-50.5T\.,—25] [Ty, —55.6+1.6] [Ty, —54.31.5] 0.20+0.10 —0.019+0.009  0.6-0.2 0.54-0.06

given by this table, enable the behavior of the?(6)/f(6)  lowing resulting parameters:S(0°)=[ —1.122+0.005

ratio versusT-T¢ to be determined. According ER7), we  x10® cnPs 2K 1! and Oreg(0°)=[1.403+0.007]
havef(90°)=1 andf(45°)=[1—3(y,/v,)]% Both the be- x10% cn?s 2 Since the regular contribution is known, it is
haviors obtained are given in Fig. 5. They show that all thenow possible to determine the critical ond/?(0°). Since
data fit onto a single curve, which indicates that the criticalthis latter is very weak, we have, in E4), imposed the
effects are identical to within the anisotropy factor. The solidvalues ofa, y,/y,, P, andq,; deduced from fit 1 of Table
line shows the fit obtained with the values®f g, a, and |, keepingT% as the only adjustable parameter. The fit ob-
vuly, given by fit 1 in Table I. Several temperature intervalstained withTE =Ty, — (55.1+0.2) °C is given as the solid
were used in order to test the stability of the fit. The paramiine in Fig. 4, and shows that the decrease expected for
eters associated with each of the analyses are included {®2(g°) must only occur for temperatures below— T

Table I. =1.5°C. This slight decrease in velocity can hardly be ob-

Fit 2 excludes the data the farthest from the transition and g eq experimentally, owing to the wide dispersion of mea-
shows that a 10 °C reduction in the temperature interval doe§ rements in this temberature range.

not modify the parameters relating to fit 1. Fit 3 excludes the  z|| the experimental results can thus be described satis-
data the closest to the transition. Although the observed criti

ol HE actorily using the model applied. Thg,> v, inequality re-
cal effects are very greatly reduced, this fit gives parametergq s the fact that the critical effetl;ﬁ) are very anisotropic,

close to those of fit 1. There is greater uncertainty with these,q griginate essentially within the smectic layers. Since the
parameters, however, since the fit does not take into acCoUReyious analyses have been performed without correction-
all the experimental data associated with the critical eﬁeCtsto-scaling termg 23], the critical exponeni ought to be
These two analyses therefore indicate that the parametefgsijered as an effective exponent that describes the range

deduced from fit 1 can be taken to be significant. In particu yata fitted and does not necessarily reflect the asymptotic
lar, the value of they, /y, ratio is of the order of 0.5. behavior.

Let us now consider the results obtained #ier 0°, which The value of exponent (a=0.6) agrees with that deter-
shows no marked critical effect. In order to analyze thesgineq by the specific-heat measurements taken on other
results, we first of all determined the regular contributionCompoundS with a Smh—Hex-B transition [5]. Specific-
Vied0°). This is given by the linear behavior ¥#(0°) with  hoat measurements have also been made on PHOAB by
temperature, which is shown as a dashed line in Fig. 4. Theyyang, Nounesis, and Guilldi24]. These authors have em-
fit of Eq. (36) to the experimental plot associated with tem- phasized that a power law could not account for their mea-
peratures betweeRy, —30 °C andTy., —5 °C gives the fol-  syrements, but this fit was done without taking into account

the first-order nature of the transition. These measurements

0.14 can, in fact, be described with a power law, provided one
. ignores the data closest to the transition, and a rough analysis
°.’m 012 1 of these measurements gives anvalue similar to those
NE 0.10 determined for the other StA—Hex-B transitions.
9]
s 0.08 - o _
= B. Determination of elastic constantsA,B,C
— 0.06 1 These constants can be calculated by @p.which gives
) the angular variation of velocity. As before, it was assumed
E 004 1 that p=1gcm 3. The three constants and their thermal
) 0.02 ] variation have been calculated using the fits determined in
a;” ] the previous paragraph, and are shown as solid lines in Fig.
< .00 4 6. The valuegA ey, By, andCg), Which these constants

] would have if the phase transition did not exist, are also
-0.02 5 ; . shown in Fig. 6, as dashed lines. Examination of this figure

10 30 shows thaiA decreases strongly wha@h—T¢ , this decrease
is less marked foC, and hardly visible foB. This more-

FIG. 5. Critical behavior of the square of the velocity divided by Or-less marked decrease of the elastic constants once again
the anisotropy factor. The solid line represents fit 1 of Table | madeeflects the fact thay,> v, [cf. Eq. (13)]. The opposite re-

with Eq. (34). sult was obtained for the StA— Sm-C transition[25], since

.20
T-T¢ (°C)
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FIG. 6. Variation of elastic constanss, B, andC vs T-T¢ . FIG. 7. Variation ofa/f2 as a function of 1. The linear be-

These constants are deduced from £3).using the velocity-data payior is consistent with Eq37).

analysis from Fig. 4. The dashed lines correspond to the values that

would be found for these constants if the $m-Hex-B transition ;e 7, associated with thé=90° orientation, shows linear
did not exist. variation ofa/f2 with 1/f. The results fo@=0° (not shown
B and A were the constants that were respectively the mogfere show similar behavior. According to formu(&7), the

affected and the least affected by the transition. It should b&lope of these straight lines gives the anharmonic contribu-
noted thatB:ZC, which allows us to use Eqﬁ) to calcu- tion, and the ordinate at the origin gives the baCkgrOUnd term

late the anharmonic contribution. associated with the critical term and the conventional viscos-
ity term. This same formula shows that tBéC ratio can be
VII. ANALYSIS OF THE DAMPING MEASUREMENTS deduced from the ratio of the slopes obtainedder0° and

#=90°. Figure 8 shows that th&/C ratio thus determined

In order to analyze these measurements, we have assumid to within 10%, equal to that deduced from the velocity
that total damping is the sum of three contributions: measurements, which constitutes an argument in favor of the

(1) A critical contribution, assumed to be frequency inde-lowest-order development of the theory. Using valued pf
pendenthydrodynamic regime which will be confirmed by B, andC from the velocity measurements enables the behav-
the results of data analysis—this contribution is given by Edjor of K, to be determined. This is also shown in Fig. 8,
(26).

(2) A conventional contribution, the MPP contribution 10

[14], which is given by Eq(1)—this contribution, which is =t o 90°
due to viscosity, will be assumed constant for each orienta- 28l 0
tion throughout the whole temperature range studied. ~ I o o o 020 a
(3) An anharmonic contribution, typical of the smectic s 6z °Tom 0T o T o857
phases, which is given by E¢). Z 4’_ " -
Our measurements will therefore be analyzed using the |
following equation: 2 . N .
«(0) _ 4
(f—z)ZQf(ﬁ)(T—TE) X 3l
. g o [ °
2wkgT 1 [ B |32 C\? 2t .
_ —— + . m
* o8 27 (AKl) coso—g| +a(o) L
(37) 0 OSSN (N TR N ST S SN TN T TR TR NN SN T T N N S
_ . _ 0 10 20 30 40
Equation(37) will be seen below to give a good account T—T *(°C)

of our experimental 9-, 15-, and 21-MHz results, but not to
apply to those obtained at 3 MHz. This is why our presenta- F|G. 8. Lower panel: behavior of tH8/C ratio as a function of
tion of the results will separate those obtained at 9, 15, aneemperature. The points are deduced from the 0°- and 90°-damping

21 MHz from those at 3 MHz. measurements by using E@7). This behavior oB/C is in agree-
ment with that(in solid line) deduced from velocity measurements
A. Analysis of the 9-, 15-, and 21-MHz results (Fig. 6). Upper panel: behavior df; as a function of temperature.

K, is deduced from the 1/behavior ofa/f2 by using Eq.(37) and

the values of the elastic constarts B, andC. K, is temperature
We shall first begin by analyzing the/f2 measurements independent and has a mean valishown by the dashed line

obtained at each temperature as a function of frequency. Figvhich is near those determined for other compou(zée texk

1. Analysis of the anharmonic effects
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FIG. 9. Behavior ofa/f? obtained forg=90° after subtracting FIG. 10. Comparison of critical and anharmonic contributions
the anharmonic effects. The fact thetf? is frequency independent for 9=90° and 0°. The importance of the anharmonic contribution
indicates that the measurements are in the hydrodynamic regimgsr 9=0° explains the pseudocritical behavior observed in the
The solid line represents the fit to E@8). damping measurements.

which showsK; to be independent of temperature, with a
value (K;=6x10 7 dyn) close to that reported in literature
(K;=6.8x10" 7 dyn for 80CB[26], K;=9.3x 10"’ dyn for
TBBA [11]). This value ofK; suggests again that anhar-
monic effects are compatible with the first-order develop- o _ _
ment of the theory. Thisppoint could be tested by direct me%— a(90°) =[175+25]x 101" s’cm™ Y,

surements ofK,;. It should be noted that, owing to the Th 7y deduced f & and
disappearance of high-frequency measurements as a result of— € exponenizy deduced from exponenia and x (x
the substantial increase in ultrasound damping, it was not .7 Z¥) s Of the order of one, which corresponds to con-

possible to determine rati®/C and K, for temperatures ventional critical slowing down. The value of the critical
* R ! acoustic relaxation time, (q=0) can be deduced from Eq.
below TE+4 °C.

(30) using the critical parameters determined from the analy-
sis of the damping and velocity measurements. The value so
obtained leads to a relaxation frequency of the order of 2
We shall first analyze the results obtained fisr 90°, this  MHz for T— TE =3 °C. This seems to indicate that the result
being the orientation for which the critical effects are theat 9 MHz should correspond to the high-frequency regime,
most marked. whereas it is clear from Fig. 9 that they correspond to the

a. Analysis of the measurements f8+=90°. Figure 9  hydrodynamic regime. This difference shows that the An-
shows the behavior of/f? obtained after subtracting the dereck and Swift theory does not fully apply to the

anharmonic effects. The fact thatf? is independent of fre-  Sm-A—Hex-B transition, since it gives incorrect critical-

quency indicates that the data correspond to the hydrodyeffect amplitude$the P andQ coefficients of Eqs(25) and
namic regime. The anharmonic effects having been sub2g)].

Q=[33.7+1]x10 ¥ £cm 1K,

x=1.58+0.04,

2. Analysis of the critical effects

tracted, Eq(37) is reduced to the following expression: Figure 10 compares the critical part of the damping to the
(90%) anharmonic contribution calculated at 9 MHz using elastic
a(90° constantsA, B, andC deduced from the velocity measure-
— _T*\—X o ) l
( f2 )_Q(T Te) 7+a(90%), 38 ments and the value ok, (6Xx10 " dyn) as determined

above. This comparison indicates that near the transition the

which will be used for analysis of our results. amplitude of the critical effects becomes greater than that of

In order to reduce the number of adjustable parameterghe anharmonic effects, unlike the casefsf0°, as will be
we imposed the value afx deduced from the analysis of the seen below.
velocity measurements, since the damping and velocity mea- b. Analysis of the measurements fo0°. Figure 11
surements have been taken simultaneously. In these condihows the behavior of/f* obtained after subtracting the
tions, Eq.(38) only contains three adjustable paramet€s: anharmonic effects. The fact thatf? is practically indepen-
x, anda(90°). Figure 9 shows that the measurements arelent of temperature fof >Tg+10 °C indicates that the
well represented by Eq38). The fit of the theoretical curve critical effects are negligible in this temperature range. The
to the experimental data is shown as solid line, and correvalue of a/f? (a/f2=1300x10 1" se¢cm?) therefore
sponds to the following parameters: represents the value of the background-damping &(0).
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FIG. 11. Behavior ofa/f2 obtained forg=0° after subtracting

the anharmonic effects. The fact thatf? is frequency independent 0O - '1'0' — '2'0' — '3'0' — '40
indicates that the measurements are in the hydrodynamic regime. In .
contrast to the result obtained for=90°, the critical effects are T-T. (°C)

negligible in the temperature range studied. The solid line is calcu- ‘ )
lated from Eq.(39) and the parameters are deduced from the analy- FIG. 12. Comparison of the 3-MHz damping measureméhts

sis of Ve|ocity andg= 90°_damping measurements. dOtQ and the damplng calculated from E@?) (the solid Iines;
using the parameters resulting from the fits at 9, 15, and 21 MHz.

Possible explanations for the discrepancies between the experimen-
This value is greater than that obtained fb+90°, as ex- tal data and the calculated curves are given in the text.
pected from the MPP theory, and presents the same order of
magnitude as that measured in TBBA.

The anharmonic effects having been subtracted,(&f.  Pleiner and Brandi27] are weak. One essential feature that
is reduced to the following expression: differentiates the fluctuation theory from the theory of

Pleiner and Brand concerns high-frequency damping behav-
ior, since the contribution of relaxation indicates that damp-
a(0°) Yol 2 . . ing is independent of frequency in ther>1 regime,
( 2 ):Q( 1- y—) (T-Tg) *+a(0°). (39  whereas the contribution of fluctuations predicts that it
P should vary ag!**/?” [16]. Therefore, a decisive test could
consist in studying the 1 regime which appears near the
transition temperature. This study is unfortunately not fea-
sible in the present case, owing to the very high damping. It
should be noted that Li[28] envisaged a similar relaxation

This equation enables us to calculat@)®)/f2, since all the
parameters are known, and their values are as follows:

T=T..—55.1°C mechanism in the high-temperature phase of fh&mA
C N-1 . ’ .- h . .
transition, and experimental study of this transitifi20]
yuly,=0.49 showed that this mechanism was totally masked by the con-
u e ’ tribution of fluctuation effects.
x=1.58,
Q=33.7x10 * £cm KL B. Analysis of the 3-MHz results

We now consider the 3-MHz measurements o+ 0°

The first two parameters are deduced from analysis of thand 90°, which are shown in Fig. 12. The solid lines in this
velocity measurements, the last two from that of the dampingdigure represent, for each orientation, the damping calculated
measurements fa#=90°. The result obtained is shown as a from the parameters determined at 9, 15, and 21 MHz. A
solid line in Fig. 11. The agreement between this curve andubstantial discrepancy can be seen between the experimen-
the experimental data shows that all the analyses carried otdl results and those calculated, for which various possible
on damping and velocity are compatible with each other. explanations exist.

As for 6=90°, we have compared the critical part of the  The first consists in assuming the existence of defects in
damping to the anharmonic contribution calculated at %he sample, which could increase low-frequency damping.
MHz. This comparison, made in Fig. 10, shows that the anThe second could reside in the fact that the transition takes
harmonic contribution is always higher than the critical con-place in a system of strongly fluctuating layers. This being
tribution, which explains the pseudocritical behavior ob-the case, we can suppose that a coupling exists between the
served for this orientation. critical effects and the anharmonic effects, which is the re-

Since our results can be globally interpreted by the flucsults of the frustration associated with the layer curvature
tuation theory proposed by Andereck and SWif6] for the  mentioned by Selingef12]. This coupling would be more
Sm-A-Sm-C transition and transposed to the present case, iffective at low frequency than at high frequency, since an-
is therefore probable that the relaxation effects proposed blgarmonic effects increase as frequency decreases. This
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would explain why our analysis only gives coherent resultseflect a 2D-3D change of regime associated with Gaussian
at high frequencies. precritical fluctuations, as has been pointed out by Brock
et al.[9].
The damping measurements were analyzed assuming
CONCLUSION damping to be the sum of three effects: a critical effect, an

This study should be considered as an attempt to unde@nharmonic effect, and a conventional viscosity effect. The
stand the dynamics of the S—Hex-B transition using ul- critical effect is the dominant one when wave propagation is
trasound techniques. parallel to the smectic layers. On the other hand, the anhar-

The results obtained show that velocity and damping ofmonic effect is preponderant when propagation is perpen-
the ultrasound waves present, in the Srphase, very aniso- dicular to the layers, and its importance, which stems from
tropic critical effects, which are more marked for a wavethe fact that the layer-rigidity modulus is very high for this
traveling in the plane of the smectic layes<90°) than for = compound, explains the apparent pseudocritical behavior ob-
one traveling perpendicularly to these layes=0°). This  served for this propagation. Analysis of these measurements
anisotropy is reasonably well explained by the theory elaboindicates that the dynamical exponent is of the order of
rated by Andereck and SwiffL6] for the SmA—Sm-C tran-  one, which corresponds to conventional critical slowing
sition, and transposed to the S-Hex-B transition. This  down.
theory is based on the existence of terms that couple the If the damping measurements obtained at 9, 15, and 21
order parameter to density variation on the one handiHz can be explained by our analysis, those obtained at 3
([ 8p]4? coupling, and to the layer-spacing gradient on the MHz cannot. This difference could come either from experi-
other ([ V,u]¢? coupling. mental problemgthe existence of defects which might in-

Analysis of the velocity data shows that the anisotropycrease low-frequency dampingr from a frustration of the
rate, characterized by thg, /vy, ratio, is of the order of 0.5, hexatic order due to the curvature of the smectic layers. This
which indicates critical effects approximately four times frustration could lead to a coupling between the critical and
greater in the direction parallel to the layers than in the peranharmonic effects, whereas these effects have been assumed
pendicular direction. The same analysis gives a value of théo be uncoupled.
specific-heat exponent of the order of 0.6. This value, An interesting development of this study would be to in-
which is far from that associated with the 3D¥ universal- vestigate a compound with a quasi-second-order
ity class—0.007 to which this transition should, in principle, Sm-A—Hex-B phase transition and a smaller critical relax-
belong, confirms the results obtained by calorimetry. Theation frequency, which would enable us to characterize the
existence of important layer fluctuations, revealed by the anbehavior neafT, (i.e. thewr>1 regimg. It would also be
harmonic effects, could explain the unusually high value ofinteresting to study a compound that does not present anhar-
the exponent. It should be noted that this value may alsmonic effects at ultrasonic frequencies.
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