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The birefringence\n, the specific hea€,, and the layer compressional elastic moduuare reported for
two liquid crystals near the nematidN] to smecticA (SmA) phase transition. As predicted long ago by
MacMillan and de Gennd$. G. de Gennes and J. ProBhe Physics of Liquid Crystal€larendon, Oxford,
1993] the coupling of the nematic orientational order parameter to the smidéigering order parameter can
substantially alter the critical behavior near tieSmA transition if the nematic range is small and the nematic
order parameter susceptibility is large. In this paper, we present a direct experimental comparison of two
compounds: 4-octyloxy-4cyanobiphenyl(80CB) with a short nematic range and 4-octyloxybenzoyloxy-
4'-cyanotolane (golane) with a very larg&l range. The temperature variations of the apparent birefringence
An and the specific he&, across the N-Sk phase transition show the definite influence of the proximity of
the isotropic phase in the case of 80OCB while thgolane behaves as expected for the three-dimenskwal
universality class. The elastic modulBsin the SmA phase, measured at several wave vectors by the second-
sound resonance technique, was studied with high resolution as a function of temperature on approaching
T.(N-SmA). These elastic data confirm th leveling off in both cases with an apparent breakdown of
hydrodynamics in the case of thgt@ane compound.S1063-651X%97)02111-9

PACS numbes): 64.70.Md, 65.20+w, 62.20.Dc

[. INTRODUCTION more involved, even for the rather simple nematic to
smecticA phase transition. Most of these complications are
Liquid crystals have attracted interest from two points ofdue to the anisotropy of the phases; for example, one has to
view: applications and phase transitions. On the one handiefine two correlation lengthé parallel to the directon and
they respond easily to a weak electric constraint allowing the&, normal to it and two different associated critical expo-
design of low consumption flat displays; on the other handnentsy, andv, . Another peculiarity comes from the strong
they were thought to be rather versatile model systems fogoupling of smecticA and nematic orders: the smechc-
the study of phase transitions due to the almost infinite numlayers are normal to the local directofr) which direction
ber of molecular structures accessible via organic synthesi§ias strong thermal fluctuations about its average. So it has
de Gennes soon realized that there were strong analogi®§€n proposed that, when these fluctuations can be integrated
between phase transitions in liquid crystals and more classRut: theN-SmA phase transition would always be first order,
cal systems[1,2]. He first proposed that the nematic to €ven if no latent heat was measuraff¢. It is well known
smecticA phase transition belonged to the three-dimensionaf!S© that the director would prefer a helicoidal precession in
(3D)-XY universality class like the condensation of super-Chlral compounds. This leads in the framework of the super-
fluid helium with a two-component order parameterodu- co_nductor analogy _aIread_y mentioned, to the existence in
lus and phase of a complex numpetefined in a three- chiral systems of t,WISt grain bpundary phases that are analo-
dimensional space. He further showed that the analogy w Oigspfpg?”\,lf,césg\r/es (\:/(())rztceexrrlwaggcvevitlwnasﬁ(afwgrogﬁue%[ti]?nlgmatic
closer to the normal toisuperconductor transition .WI'[h theCoupling involving the moduli of the respective order param-
role of the vector potentiah played by the director field.
At that time, it was hoped that the universality classes in
phase transitions could be easily tested with liquid crystals,
since the determination of the associated sets of critical ex-
ponents would be accessible by rather straightforward ex-
perimental techniques. Unfortunately, the situation is much The smecticA order parameterys can be written
in the form of a plane wave of density modulation
|| exdigsn-r], whereqs is the wave vector of the layers,
*Permanent address: Department of Physics, Hokkaido Univerwhile the nematic order paramet€; is a rank-2 traceless
sity, Sapporo, Japan. tensor withn as one eigenvector and up to two modland
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P if biaxial (S<3Q/2 andP =0 if uniaxial),
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which is already condensdd, 2], FIG. 1. Temperature behavior of the birefringence in 80CB,

showing the ordering induced by the onset of smectic layering.
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Ill. BIREFRINGENCE MEASUREMENTS IN THIN CELLS
Contrary to what was stated in R¢B], where the data
where the susceptibility(T) is large near the nematic- were influenced by a systematic error due to the swelling of
isotropic transition poin®y, but smaller and smaller as one the glue maintaining the cell plates, planar samples with a
cools down deep into the nematic phase. When the free emthickness in the micrometer range are uniaxial. Thus, we

ergy AF is minimized with respect t®, one recovers an have measured the usual birefringenog-<{ny) between the
increment in the nematic order parameter proportional to thextreme indices of refraction of a 2m-thick 80CB
square of the smectic density modulation, sample and a 9.5um Cgtolane one. The birefringence is
directly related to the nematic order parame®diby means

of the anisotropic part of the optical frequency dielectric ten-

® son by

8So=xClyl%.

The effect of Eq.(3) is a renormalization of the quartic
term of the smectic Landau free energy that may change the
sign of the corresponding coefficient and drive the transition
from second to first order via a tricritical point if the suscep-
tibility x is high enough, i.e., if the transition poinfg, and
Tna are close enough together.

Most of the earlier studies carried out at tieéSmA phase phase.
transition were done on compounds with shbrtranges One can see in Fig. 1 for the case of 8OCB, where the
(typically a few kelving. Thus the MacMillan—de Gennes nematic susceptibility y is fairly large, a continuous
coupling is often strong enough to put the critical phenomena
under study in a crossover regime difficult to interpret. A
typical example of such previously studied compounds is
4-octyloxy-4' -cyanobiphenyl  gH;;0(@){(¢)CN (80CB),
where the symbole) denotes a benzene ring. 80OCB belongs
to the Sy class(partial bilayey and has a short nematic
range from 67 °C to 80 °¢5]. However, recent calorimetric
studies of liquid crystals with larg®l ranges have shown
that the excess heat capaciyC, associated with théN-
SmA phase transition conforms well to 3RY universality
[6]. We have thus carried out a comparison of NrSmA
behavior of the birefringencan, the specific hea€,, and
the layer elastic constantB in 80CB and in 4-
octyloxybenzoyloxy-4-cyanotolane (Cgtolane with the

Se
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where(n)2=(g,+2¢,)/3 ands,=¢,— ¢, , ¢, ande, being
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structure  GH,7;0(@)COXp)=C()CN. The latter SmA;
compoundmonolayey is very stable, which allows for time
consuming high resolution measurements, and exhibits
very largeN range from 99 °C to~247 °C[7]. The new
results for Gtolane are compared with those for 8OCB, and
it is shown thatN-SmA coupling is not important foAn and

C, in materials with a large nematic range whereas the be-
havior of B still shows an unexpected leveling off at the
transition.
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FIG. 2. TheN-SmA phase transition has no visible influence on
the birefringence of golane.
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transition-induced increase in the birefringenog- ny) oc- 1o
curs as soon as the fluctuations %fin the nematic phase ' 80CB
become sizeable. On the contrary, in the casegbbl@ne as . :

shown in Fig. 2, there is no obvious indication of any phase :
transition between nematic and smedaidn the temperature 100 i
dependence of the birefringence, which is perfectly smooth & | SmA 3 N
and quite flat neaiy,. One must remark that even with i

very high temperature resolutida data point every 3 mK goF f\
the birefringence for BOCB shows no apparent discontinuity &

in S at Ty, (driven by a discontinuity ir#|?). This means
that if the phase transition were to be first order in the sense
of Halperin, Lubensky, and M@] and Anisimovet al.[10], 65 70

any discontinuity in the birefringence must be smaller than T(°C)

the experimental accuracy of abouk 80~ °. For Gjtolane,

however, the susceptibility of the nematic order parameter ~ FIG. 3. Heat capacity of 8BOCB in the vicinity of tHg-SmA
is very low, since the nematic range is large &i$ essen- transition(taken from Ref[5h]). The quantity displayed is the di-
tially saturatedthe slopedAn/dt in theN phase is %103 mensionless ratio of the molar heat capa@yto the gas constant
for 8OCB but vanishingly small for golane. Thus, Eqs(3) R. Convz_ersion to a specific h_eat in JKg™! units can be easily
and(4) show thatAn for Cgtolane would not be sensitive to Made using the molecular weight of 8OCB (307.44 g_r‘]’h'_The
a discontinuous jump if¥|2, even it were to occur. dashed line represen;, /R (backgroung for the N-SmA region.

—————————

where[13] and will not been given here. The resulti,
values are given in Fig. 4 at two frequencigs, and wy/3,

The heat capacitf,(T) near theN-SmA transition has ~wherewy=0.196 s* corresponds to 31.25 mhiZThe excel-
been measured for a large variety of liquid crystals, includdent agreement between thg, and wy/3 values shows that
ing homolog series such as alkylcyanobiphenyCB) as a  the experimentaC,, corresponds to the static thermodynamic
function of chain lengtm and binary mixtures of homologs. limit. Furthermore,C, data for Gtolane were very stable
The overall picture can be summarized as follo\isll]. over a series of runs lasting two months: thig value
When the nematic range is largand therefore the orienta- drifted by only 25 mK and the shape and size of the
tional susceptibilityy is smal), the N-SmA transition is sec- Cp(N-SmA) peak were unchanged. Characteristic changes
ond order with aC,, behavior that conforms to 3BY uni-  in the phase shift between the ac heater input power and the
versality (critical exponentayy=—0.007. As the nematic T, Oscillating sample temperature are a very sensitive quali-
range is reduced, the transition remains second order buttative indication of the presence of two coexisting phases,
crossover behavior is observed with the effectivearying ~ which must occur if a transition is first ordgt3]. No such
from ayy toward a tricritical value &;=0.5). For very short phase shift anomalies were observed fgtone.
nematic ranges wherg is quite large, the nematic-smectic =~ The excess heat capaci®yC, associated with thil-SmA
coupling can drive the coefficient of thes|* term in the free  transition was analyzed with the power-law form given by
energy negative, causing a first-ord&SmA transition with  renormalization group theory and used previously to analyze

IV. HEAT CAPACITY RESULTS

a nonzero latent heat. other liquid crystalAC,(N-SmA) data[6,14],
There is no calorimetric or x-ray evidence that coupling

between¥ and director fluctuations causes invertéd be- 202 -

havior or detectable first-order character at Bh&mA tran-

sition when the nematic range is moderate to large. Neither L . 31.25 mHz

the early theory9] suggesting such behavior nor the experi- ¢ 10.42 mHz

mental dynamics of propagating interfacgk0], that is 1.98
claimed to support first-ordéd-SmA transitions, are defini-
tive. Indeed, the dynamic experiments have all been carried
out on systems with narrol ranges that are close to the
de Gennes tricritical point due to thie-S coupling. The most a
recent high-resolution experiments and theory indicate nor-
mal (non-invertedd XY second-order behavior for systems 5
with largeN range except for some correlation length expo- 1.90 |
nent anisotropy due t&-6n coupling[6].

The compound 80OCB, which has been studied exten- —
96 98 100 102 104

(JK-1g1)

1.94

Cc

sively [5,12], has a nematic range of 13.1 K and lies in the

middle of the crossover regime. THe,(T) variation for T (°C)

80OCB is shown in Fig. 3, and it is best described by an

effective exponentr=0.20+0.05[5,6]. FIG. 4. Specific heaC, for Cgtolane in the vicinity of the

High-_resolution spgcific heat measurements have beeR-sma transition. The dashed line represe@s (backgroung
made with an ac calorimeter at MIT on samples gfolane.  The solid line is fit 8 toAC, with Eq. (5); see Table | for the
The experimental techniques have been well described elseast-squares-fitting values.
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TABLE |. Least-squares values of the adjustable parameters for fitti@g(N-SmA) data of Gtolane with Eq.(5). Quantities in
brackets were held fixed at the given valugg, values are 2.8 10 ° and —8.6x 10 . The units ofA*, A~, andB, are JK g%, and
the estimated standard deviation o5 data points is 0.0025 JK g~*.

Fit [t/ max a T (K) A* A~IA* D; D; /Dy Dy D,/D} = X2

1 0.003 —0.021 372.868 —1.075 0.974 —0.662 0.875 (0] [1] 0.919 1.06

2 0.006 —0.020 372.872 —0.928 0.967 —0.513 0.670 [0] [1] 0.804 1.02

3 0.010 —0.015 372.873 —1.119 0.972 —-0.379 0.557 [0] [1] 1.006 1.03

4 0.003 [—0.007] 372.868 —2.782 0.991 —0.244 0.884 [0] [1] 2.642 1.06

5 0.006 [—0.007 372.872 —2.319 0.988 —-0.197 0.665 [0] [1] 2.207 1.02

6 0.010 [-0.007 372873 —2195  0.987 —0.194 0544  [0] [1] 2.090  1.03

7 0.006 [—0.007 372.862 —3.428 0.995 —0.348 1.387 0.986 2.585 3.248 0.92

8 0.010 [—0.007 372.868 —2.895 0.992 —0.303 1.005 0.666 1.731 2.746 0.99
AC,=A*|t|"*(1+ D1 |t|*1+D3]t|)+B,, (55 D;/Dj=1, and the experimental results &¥-like liquid

crystals range from 0.7 to 1[&]. Again the Gtolane fit 8
where AC,=C(observed)- C,(background) and value D;/D;=1.00+0.35 is consistent with expectations.

Cp(background) represents all the contributionsQp that  Thus all the universal aspects afC,(N-SmA) are fully
would be present even in the absence of Mi&mA phase compatible with 3DXY behavior. This conclusion is sup-
transition. The quantityt is the reduced temperaturel ( ported by the fact that power-law fits to anothetaane run
—T¢)/T¢, andA, is the corrections-to-scaling exponent. Thewith a greater density of data points but a smallgf,,,
background line shown in Fig. 4 and used in the fits isrange of 0.006 gave essentially the same parameter behavior
Cp(backgroundy1.919+0.0076(T—T;). The asymmetric as shown in Table I.

AC, shape for @olane is typical of liquid crystals with Only seven liquid crystals had previously been known to
3D-XY critical heat capacitief6(b),14]. A series of fits to  exhibit AC,(N-SmA) peaks that conform to 3D¢Y theory
the AC,(w() data shown in Fig. 4 were made with E§),  [6(a)], and only five of those had been analyzed in great
and the values of the least-squares fitting parameters atfetail[6(b),14]. The C,, behavior of Gtolane is quite similar
given in Table I. Fits 1-3 show the effects of range shrinkingto that of the compound§7 and T8, where Tn is 4-
whene is taken to be a freely adjustable parameterapds  alkyloxybenzoyloxy-4-cyanostilbene. The structure of Tn
held fixed at 0.5. These three fits are in good agreement, angbmpounds is very similar to that of ®lanes(Tn has a
the critical exponentr is quite stable at small negative val- _CH—CH— bridging group in place of the—C=C—
ues. Since th€,, data are compatible witek=axy, as ex-  group in Gtolane$, and theT-vsn phase diagrams are to-
pected for a liquid crystal with a very large nematic rangepologically the same for both homolog series. Thus, the
[6,14], the remaining fits in Table | were obtained with  present calorimetric study ofg@lane provides another good
held fixed at thexxy= —0.007 value and, fixed at theXY  demonstration that liquid crystals with very large nematic
value 0.524. Note that whea<<0, AC,, is a singularcusp  range have critical excess heat capaciti€, that conform
with a finite valueB. as the maximum value at; and am-  to 3D-XY universality. It should be kept in mind, however,
plitudesA™ that are negative. None of the numerous explorthat x-ray data show that these compounds still exhibit a
atory fits made initially to @olaneAC, data showed sys- small anisotropy of the smectic correlation lengths in the
tematic deviations or anomalous parameter values that wouldematic phase(> »,) due to coupling between the smectic
suggest first-order charactésuch asa*#a~, T{#T; or  order parameter and director fluctuatid6sa)].

Bs #B,).

The choice ofXY exponents allows th€gtolane experi-
mental amplitude ratios to be compared with theory and with V. CRITICAL BEHAVIOR OF THE ELASTIC
the fitting results for otheXY-like liquid crystals. Previous MODULUS B

analysis of AC,(N-SmA) for XY-like systems has shown — 5ying characterized the substantial influence of the nem-
that second corrections-to-scaling terms usually play a sig

,. , - X atic range on two properties of the studied compounds, let us
nificant role.;l’hus fits 4—6 were made Wiy =0 and fits 7 gxamine the sensitivity of the layer compressional elastic
and 8 withD; as free nonzero parameters. Although a goodnodulusB in the smectic phase to the same parameter. We
X’ value can also be obtained for a fit over thé,. first have to recall the present status of Biproblem, i.e., its
=0.003 range wheiD, #0, this fit is not given in Table | behavior when approaching the nematic phase in case of a
since the amplitude values are unreliable when this form isecond-order phase transition.

used over such a narrow range. The X-universal theo- In the mean-field approximatioB is simply proportional
retical value ofA"/A™ is 0.9714-0.0126[15], and several to the square of the modulus of the smediorder param-
liquid crystals with large nematic rangé€86 K or largej  eter, |¢|2, thus vanishing with a critical exponenig2 1.
have experimentalA”/A* values in the range 0.986 Such a behavior has never been observed experimentally,
—0.994 [6]. Thus for Gtolane fits 6 and 8, the values confirming that fluctuations do play a role at this transition as
A~/AT=0.987+0.004 and 0.992 0.004 are in good agree- seen from other techniques.

ment with previous work. One expects theoretically that Then it was showr1,2] that B should behave like the
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inverse correlation lengtl§~*; hence, for the 3DXY uni- T has been attributed _recenlﬂ94] to the fact that the fre-
versality class, it should vanish with the critical exponentduency of the propagating second-sound wave becomes too
vyy=0.67. If the nematic range is small enough, the_h'gh compared to the critical _slowmg down of the character-
MacMillan—de Gennes coupling would lead the transition to/StIC frequency of the smectic order parameter, so that the

exhibit crossover behavior toward a tricritical point where &Xperiments were not done in the hydrodynamic regime

. ; - . ... - ~close to the transition. This would lead to a measured quan-
fluctuations are Gaussian. In the limiting case of tricriticality, . ; :
the quantitied {2 and &~ * approach zero in the same man- tity B that is apparently temperature independent figgr

: LT T i.e., nonvanishing. We present in the Appendix the way we
ner (with tricritical exponentsy,=2f3,=0.5 andB should 5,6 addressed this problem, following closely a demonstra-

vanish agt|%®. Thus one would expect a crossover behaviotijg due to Lubensky25]. Third, we compare fits of Eq6)

from 3D-XY to tricritical. Unfortunately, power-law fits with B(|t|) data with and without a finit@®, value (i.e., with

B~|t|* yield effective critical exponents that are usually in  and without the constraint,=2v, ).

the range 0.3 to 0@-16], which is outside the 0.5 to 0.67 Reported below are the experimenﬁ(T) results for

expected range. both compounds 80CB andgBlane. As stated above, two
The next step has been to take into account the alreadypes of fit have been carried out. For the first kind, one

mentioned anisotropy of the correlation lengths and their exassumes a nonvanishing{>0) and expects in the Nelson-

ponents, which leads to a more refined prediction tBat Toner limit a first correction exponegt; (to be compared to

should vary likeg, /§foc|t|2”*V” [17]. This leads to a much the calorimetric oné\ ;~0.5) and if necessary, (compared

greater freedom for the numerical values of the empirgal to 2A;~1). Conversely, we tried fits witlB,=0 where in

critical exponentp. One expects thap should equal (2,  order to be coherent with x-ray data, one expegis-2v,

— ;) and be consistent with the x-ray determined values of~ ¥ and¢,=¢;+0.5.

v, and v, in the nematic phase: for example, in 80CB

[18], »=0.67+0.03 and », =0.51+0.04, which would A. The second sound resonance technique

yield ¢=0.35+0.11; the published empirical results 0.29 The experimental technique has been extensively de-

< ¢=<0.49 agree fairly well with this x-ray randd6,19. spribed e_Isewher&G]._ Let us jus’g me_ntion that an electric
A theoretical treatment of the anisotropi SmA model field, Whl_Clh is periodic in the direction of the layers),(

led to only two stable fixed pointg20]: namely, an in- =157 cm~) and in time with a frequency ranging from 1 to

verted 3DXY one (i.e., an inverted ratio of the excess spe-200 kHz, is applied to a 1-mm-thick homeotropic sample.
cific heats amplitudes, sA~ /A" is larger than Lwith », ~ Letus be aware that one cannot meaftimrer a wide range

— 1, =0.67, and a highly anisotropic one with=2, . The of wavevectorgor frequencieswith total confidence. At low

first fixed point has already been discussed, and it should bg10u9h frequencies, dislocations can move to relax stresses,
noted that an inverted /A" ratio has never been verified Which results in an apparent reductionB{27]. At frequen-

experimentally; but the second fixed point raises interestin |e3“?botve i few l\r/ll-rlé,irr]elraxatlogq pSroceizes Ozgnr setin,
guestions especially when dealing with tBemodulus. It nean 9 (i)va appate fr ¢ eaﬁe Wingc\c/)vw flobul W?SOi' |
implies alt|° law, i.e., a nonvanishing d at the transition. ances give access lo a irequency owwet below typica

; : nonhydrodynamic relaxation frequencies and well above
More precisely, as first stated by Nelson and Tdi#, B those characteristic of dislocation motip28]. When scan-

should decrease with power laws terms arising from . . .
corrections-to-scaling down to a nonzero vaBigat T, , ning the frequency, one excites successive resonances of a
compression-undulation stationary wave, the so-called sec-
B=By+ By|t|#1+ B,|t| 2. (6)  ond sound. Since there exists a trivipdependence due to
dispersion relations, let us extract the elastic moduBus
It has been reported for the first time by Fish, Sorensenywhich is notq dependent in the hydrodynamic regime,
and Pershaf22] in 60CB-80CB mixtures, that the elastic 2 2 2, 2 2o
modulusB measured with the help of second-sound reso- wiep 2 _ Ox(n"r/4D") )
nance was nonvanishing at tié-SmA phase transition. p@r as+92 a5+ (n?m?/4D?)’
Some of the present authdi3] have confirmed this result ) ) s ) .
in various compounds with rather small nematic ranges, fitwherep is the density=1 g cm ® andg;=2.5x 10" cm?is
ting the B(T) data with only a first order corrections-to- linked to the period of the applied electric field. Using Eqg.
scaling term yieldingBo~ 10" dyn cmi 2 and ¢, =A;~0.5. (7), one computes a series of data for the values of an appar-
Nevertheless, as for the inverted 30¢ point, all the ex-  €ntB(T) that WiII_ reveal(or not a hydrodynamic behavior if
perimental determinations of, and v, disagree with the they are(or noy independent of wave vector and frequency
extreme anisotropy,=2v, , as discussed in referenfg].  at @ given temperaturé. The transition temperaturBy, is
The present work addresses several different aspects of tif€termined by up to three different methods the disap-
apparent nonvanishing & at the transition. First of all, as Pearance of resonances in Smhaseii) the vanishing of a
we have seen previously, there may be a strong influence dW frequency signal ilN phase on cooling down, ar(di)
a narrow nematic range on the studied compounds and thf§e annealing of typical smectic defecf&9].
might lead to an apparem® leveling off in some materials.
Thus, a comparative study of 80OCB angtd@ane is of value.
The coupling of director fluctuations and the smectic order The bare temperature dependence of the resonance fre-
parameter, which is the cause of anisotropyrirvalues, quenciesw,/27 at wave vectorsi#/2D is shown in Fig. 5
should not play a role in a compound likgt@lane where the for 80OCB (D is the sample thickness of 1 mm ane-1, 3,
N range is very larg¢6]. Second, the nonvanishing Bfat  or 5).

2

B. Experimental results for 80OCB
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FIG. 6. Log-log plot of theB values of 80OCB calculated from
FIG. 5. Temperature variation of the second-sound resonancgd: (7) for three different harmonics. The solid and dashed lines
frequencies for the fundamental wave vectd2D and the harmon-  "éPresent fits 2 .and 4 in Table II.

ics 37/2D and 57/2D for 80OCB. ] 4 o
tions for |t|<10~* that may (artificially or not be sup-

One readily sees that the resonance frequencies are deressed by letting'. be an adjustable parameteiecreasing
creasing when approaching the transition; conversely, thi# order to improvey5). The resulting parameters are given
characteristic time of the smecticorder parameter fluctua- as fit 2.
tions increases following the law~ &2~ |t| =% (z is the dy- Fits 3 and 4 show variations of the second kirgh € 0)
namic exponent defined in the Appendi¥ it happens that €ach with a constraint. For fit 3 is fixed and one gets the
the productw, 7 crosses over from<1 far from Ty, to >1 besty? of 0.8 butep;=0.167+0.02 ande,=0.587+0.02 do
near it, the hydrodynamic regime would be lost amg not agree well with the expectations ¥2—v;)=0.35
would become temperature independent but still wave=0.11 andg,=¢,+0.5. If T is allowed to be an adjustable
vectorg dependent. One can plBtas a function of reduced free parameter, the resulting fit is the same as fit 3. In the
temperaturdt|=|Tya—T|/Tna as in Fig. 6. One then sees case of fit 4 wherep,=¢;+0.5 is required, the exponent
that the three different determinations Bfare superimpos- ¢,=0.291 agrees reasonably well withy 2— v, althoughxﬁ
able on the same curve proving that the final leveling off isis slightly higher and the effectivé. is 4 mK above the
not due to the loss of the hydrodynamic regime. The loss ofmeasured one.
third and fifth harmonics fojt| <10~ is due to the damping In summary, second-sound propagation at different
of resonances that did not allow a reliable fit. wavevectors in 80CB is found to be in a hydrodynamic re-

Several different fits are reported in Table II. Fit 1 is the gime, yielding aB(|t|) behavior that can be reasonably fitted
nonvanishing one witff ¢ fixed at the average of measured with a Nelson-Toner lawB,+ 0, fit 1) or with a power law
values(methodsi andii of section V A. The B, and ¢4 (Bo=0, ¢=0.29, fit 4 after the introduction in both cases of
(=A;) values are coherent with previously reported onesa first-order corrections-to-scaling tefti®®. This last result
[23] and with Nelson-Toner expectations for the correctionsdis reminiscent of previously published results on the same
to-scaling. The)(ﬁ value of 1.19 reflects systematic devia- compound[30—32 where an exponenp of about 0.3 was

TABLE Il. Least-squares values of the adjustable parameters for f{j) data in 8OCB and the third
harmonic of second-sound resonance jto@ne.|t | values computed from measur€gare 7.3< 10~ for
80CB and 8<1078 for Cgtolane. The units of Bi coefficients are ergtin and the estimated standard
deviation forB data points is 1Derg cm 3 for 8OCB and 4< 10° erg cmi 2 for Cgtolane.

Data set Fit T (K) 1077 By o1 108 B, ©s 10°B, X2
80CB 1 [340.493 1.070 0.501 8.991 [0] 1.19
80CB 2 340.493 1.132 0.510 9.302 [0] 1.13
80CB 3 [340.499 [0] 0.167 0.704 0.587 0.100 0.80
80CB 4 340.499 [0] 0.291 2.605 [¢;+0.5 0.118 1.06
Cgtolane 5  [372.209 1.911 0.706 81.03 [0] 1.33
Cgtolane 6  [372.209 0.461 0.351 5.672 0.868 1.15 1.00
Cgtolane 7 [372.209 [0] 0.277 3.31 0.838 1.12 0.98
Cgtolane 8 372.213 [0] 0.337 5.69 0.88 1.19 0.98
Cgtolane 9 372.218 [0] 0.351 5.90 [@1+0.5] 1.07 1.03
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FIG. 7. Resonance frequencies of second-sound resonance har-
monics in Gtolane. The bare values are higher than for 8OCB due FIG. 9. Plot of theratios of resonance frequencies. Top: 5th
to the stiffer elasticity of S, compounds. over 1st harmonic; middle: 3rd over 1st, and bottom: 5th over 3rd.
It appears that 8BOCBopen circles, left and bottom axesbeys Eq.

reported. This is not surprising if one recalls that these ex!{?) With constant, whereas glolanefilled circles, right, and top
periments dealing wittB/K were made in a very narrow axes does not. This is the signature of hydrodynamic breakdown in

region close to the transition where no correction term Waggtolane asB cannot be considered to be wavevector independent.

necessary. Fig. 8, the elastic moduluB in the SnA; phase~15K
below Ty, is of the order of 18 dyn cmi . More impor-
tantly, Fig. 8 shows that there is still a leveling off of the
When measured under the same conditions as previouslglastic modulus a$ approachedy, . This implies that this
Cgtolane yields the bare, /27 data shown in Fig. 7. Note effect is not due to the shoM range of previously studied
that the resonance frequencies increase much faster than fesmpounds. This answers one criticism.
80CB due to the stiffer character of &mas compared to Figure 8 shows also that tH& values are slightly larger
SMmAy. when determined from the second-sound first harmonic than
The greater stiffness of S materials is confirmed from the third and fifth harmonics. This cannot be due to a
when one extracts thB values using Eq(7). As shown in  crossover fromw,7<1 to w,7>1, since one would have
expected the reverse behavior, i.e. as shown in the appendix,
the plateau values at the transition temperature would have
been in the sequenc®q(57/2D)>By(37/2D)>By(m/
2D) if dynamic crossover had occurred. It could also be
attributed, as suggested by Fig. 9, to an anomalous increase
in the resonance frequency of the second-sound fundamental
mode in the vicinity of the transition. This behavior is not
usually observed since one may excite up to the 17th har-
monic of the second-sound resonaf88] without noticing
any discrepancy in the dispersion relation given in &g. A
breakdown of hydrodynamics at vanishing frequencies and
wave vectors has already been predidte4] and verified by
the second-sound techniqyi83], but this involves much
smaller relative variations iB and leads to a decrease of few
percent in the fundamental resonance frequency instead of
the largeincreaseobserved here.
107 Despite the nonhydrodynamic behavior revealed by the
10° 10° 10* 10° 10°* first harmonic of the second-sound resonance, we made sepa-
Il rate fits to first-harmonic and third-harmonic data sets. There
were not a sufficient number of data points for the fifth har-
FIG. 8. Log-Log plot of theB values in Gtolane for different ~MoONIcC to permit a fit to those data. The results obtained with
harmonics. The first and third harmonics are not superimposabldhe third harmonic, which we believe to be most reliable, are
The solid line represents fit 8 for the third harmonic in Table 11, reported in Table II, and the results for the first harmonic
while the dashed one is the same fit done with the first harmonic’gvere similar to the reported ones with comparable exponents
data. but greatep(i andB; parameters. Fit 5 with nonvanishiisy,

C. Experimental results for Cgtolane

o fundamental
e  3rd harmonic
X  5th harmonic
1 —fit8.3rd
fit8.1st

109':

B (ergcm®)
5@
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and one power law giveg,=0.706(0.739 for the first har- ACKNOWLEDGMENTS
monic), which is not the expected first corrections-to-scaling
exponent. Fits 6 and 7 hold, fixed but allow a nonzero
B,|t|#? term. In the case of fit GwhereB, is free a very
small B, value is obtained, and fit fwhere B;=0) is of
equal quality. The last two fits in Table Il allow, to be an
adjustable parameter. In fit 8, tbté does not improve bup,
increases to 0.3370.335 for the first harmonjcand ¢, is
close to ¢;+0.5, as shown by fit 9. The exponegt; In the second-sound resonance technique, one creates in a
=0.35infit 9 is quite similar to the 8OCB valug,=0.29 in  homeotropic smectié& sample a stationary perturbation at a
fit 4, but this Gtolane exponent is far away from the expec-given wave vector and adjustable frequency. An optical
tation ¢, =2v, — v;=0.56 based on similaF7 andT8 com-  setup sensitive to the light scattering by this periodic pertur-
pounds[6]. bation allows the determination of the response function of
In summary, second-sound propagation at differenthe layers(forgetting the intrinsic anisotropy
wavevectors in glolane reveals an unexpected and unusual
breakdown of hydrodynamics. Fitting tf8|t|) behavior of Tye 1
the third harmonic can be done with a Nelson-Toner law Xu(@,G,T) Bg’—pw’+jywg?®’
(Bo#0, but with a|t|® correction term, fit 5 or with a

power law including corrections-to-scalingB,=0, ¢, WhereB is the elastic modulus, the density, andy an ef-

~0.35, ¢,~0.85, fit 9. fective viscosity. A resonance occurs each time the fre-
No straightforward explanation can be given for our ob-guency o, matches the conditioBg?~pw?, where one

servations. It is, however, perhaps worth noting the alreadyeaches a pole of the response functign Dynamical scal-

mentioned analogy betwed)tolane andl n chemical com- ing tells us thaty,(w,q,T) is a homogeneous function of

pounds. Recall that tHEn series is famous for giving rise to 2, g, and the reduced temperature (Tya—T)/Tya Via

a nematic reentrancéN¢ SmA4-N,-SmA,) with its T8 mem-  £~|t| ", wherev is the coherence length critical exponent

ber[35], which is also the case fors@lane[7]. So Gtolane  andz is the dynamical scaling exponent such that the relax-

over its largeN phase range may undergo significant changegtion time 7 for the order parameter goes liké~[t| ~*":

in its short-range order from Siy-like to SmA;-like [36] homa 1z — o1 homor 11z

and this might explain the anomalous hydrodynamic behav- Xu(®,0,T)oxg" (@™%,0,6™ ) &y " 0'¢,0¢,1).

ior in smecticA phase. (A2)
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tional Science Foundation under Grant No. DMR-9311853.
We want to thank D. Collin and P. Martinoty for their help in
a part of this work.

APPENDIX: DYNAMICAL SCALING

(A1)

The poles of the functioly, are given by a unique func-
tion w,£%(q&) which has two different scaling behaviors in
This comparative study of two compounds with very dif- the hydrodynamide, r<1, whereB~ w?/q® depends only
ferent nematic temperature ranges has confirmed that tren t) and nonhydrodynamiéw, 7> 1, whereB~ »?/q? de-
coupling between nematic and smectic order is responsiblpends only org) regimes. In any casey, £ behaves like the

for the birefringence increase and the crossover exponent gower law @&)* so that
the excess specific heat for 8OCB at teSmA phase tran-

VI. SUMMARY

sition. It has also shown thatgtdlane near theN-SmA; E_w_rz_ wrzfzz 2-27,, 12x—2 z2x—27 A3
transition does not show any anomaly in the birefringence p q° Qg% ¢ 9= e ' (A3)
and the critical behavior of the specific heat behaves as ex-

pected for the 3DXY universality class. In the hydrodynamic regime one has=1 so thatB

On the contrary, the determination of the elastic modulus~ &>~ 2%, while in the nonhydrodynamic regime closeTiga
B by the second-sound resonance technigue shows a levelimgie should gex=2z so thatB~q** 2. In the framework of
off just below T (N-SmA) for both compounds. This elastic the 3DXY universality class, one may assume that3/2,
result is not sensitive to the extent of the nematic range ifenceB crosses over from g * law to aq** law. Experi-
contrast to the\n andC,, results. This may be due to the fact mentally, if the leveling off we observed ne® were due to
that the second-sound technique involves a periodic excitahis crossover, it can be checked easily by selecting the wave
tion in the kHz range while the two other techniques are awvectorq at different resonant harmonics= 7/2D, 37/2D,
zero or vanishing low frequencies. A simultaneous study aand 57/2D, whereD is the sample thickness of about 1 mm.
different wave vectors proves that 8OCB second-sound resdf a nonvanishing ofB is observed which is more or less
nances are always in the hydrodynamic regime whilgproportional tog, this will indicate nonhydrodynamic behav-
Cgtolane shows an unusual wave-vector dependence. ior.
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