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Critical behavior of birefringence in the smectic-A phase of chiral smectic liquid crystals
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Using a high resolution polarimeter, we have measured the temperature dependence of birefringence in the
vicinity of smecticA—smectic€*, smecticA—smecticC?, and smectiA—smectic€, phase transitions of
chiral smectics. We have observed a large pretransitional decrease of the birefringence in materials exhibiting
smecticC¥ and smecticS phases, indicating unusually large pretransitional fluctuations of the tilt angle.
These fluctuations show a clear power-law behavior over more than two decades of temperature.
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Recently, Emaet al. have reported a series of high- cussions in the pa$fil]. This was partially due to the fact
resolution measurements of the heat capacity in chiral smechat the interpretation of experimental results in tilted smec-
tics that exhibit the antiferroelectric smec@ and incom- tics is complicated, as these transitions are very often close
mensurate smectic* phase[1]. The experiments reported to the tricritical point{12]. It was also stressed that different
critical pretransitional behavior of the heat capacity close tghysical quantities are influenced in a different manner by
the phase transition between the smegtiand tilted phases. critical fluctuations. The fluctuation effects are, for example,
In some materials, the heat-capacity critical exponemtas  far more pronounced in the ultrasonic experiments than in
found to be consistent either with a Gaussian tricritical bethe specific heat experimerjtkl]. The observation of a truly

havior[2], or showed a crossover from the three-dimensionatritical behavior at the phase transition into the tilted smectic
(3D) XY to tricritical bEhaV|Or[3]. Gaussian-like deviations phase is therefore of particu|ar relevance.

from the extended mean-field Landau model have also been | this Rapid Communication, we present the results of
observed in heat-capacity experiments by Reedl. [4],  high-resolution birefringence measurements on chiral tilted
performed close to the smecte-smecticE transition. smectic materials that exhibit a direct phase transition from
Recent experiments have definitely shown that both thene smectica phase to either the ferroelectric phd&E-9),
smectic€}, [5] and antiferroelectric smecticy [6] are  the antiferroelectric phas€EHPOCBQ or the smectic*
tited smectic phases. The order parameter of these tran%'bfhase(MHPOBC, MHP8CBG. In the experiment, we have
tions is therefore a two component tilt vector, introduced bymeasured the optical birefringenc®n, which is in the
de Genne$7]. In the antiferroelectric smectiCx phase the  smecticA phase directly related to the mean-square fluctua-
tilt direction is opposite for neighboring smectic layers andtions of the ftilt angIeAnzAno(1—§<502>) [13]. Close to
this unit cell precesses as we move along the layer normaghe transition into the tilted phase, we observe in all cases a
The structure of the smectic? phase was determined only critical suppression of the birefringence, which is due to pre-
recently in a resonant x-ray scattering experiment performeédansitional fluctuations of the order parameter. The ampli-
by P. Machet al.[8]. The smectic* phase was found to be tudes of these fluctuations are considerably larger in materi-
a truly incommensurate, short-period ferroelectriclike struc-als that exhibit antiferroelectric and smec@¢- phases. The
ture, as predicted by the model okfic and Zeks[9]. The  values of the critical exponents, as obtained in our experi-
phase transitions from the smecficphase to the ferroelec- ments are neither pure 3RY nor Gaussian, but somewhat in
tric, smectic€? and the antiferroelectric phase are thereforebetween. This resembles ti-smecticA transition, where
of the 3D XY universality class, where the soft mode con-the coupling between the nematic and smectic order param-
denses either at the center, the edge, or at a general point effer results in nonuniversal “effective” values of the critical
the smectic Brillouin zone. However, a truly critical region, exponentg14].
dominated by order parameter fluctuations, is rarely ob- Optical properties of the smectiephase are described by
served in phase transitions involving tilted phases. This caa uniaxial dielectric tensor, where the largest principal axis
be explained by a rather large bare coherence length of thesg is directed along the smectic layer normal and the smaller
transitions, which reduce the width of the critical region to principal axise; is in the smectic planes. Fluctuations of the
experimentally unobservable small valug40] of (T director field represent small rotations of this tensor and
—T.)/T,~10°. The dilemma of whether the critical behav- therefore tend to reduce the difference between the two ei-
ior was or was not observed in the experiments close to thgenvalues. For small amplitudes of the fluctuations, the av-
phase transitions to tilted smectics was a topic of many diserage value of the dielectric tensor of the smeétighase is
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The fluctuations of the local direction of the optical axis tion into the tilted phase, the birefringence starts to behave
therefore tend tancreasethe eigenvalues along the smectic qualitatively different: it decreases with decreasing tempera-
layers anddecreasethe dielectric constant along the layer ture. This suppression of birefringence was observed close to
normal. This corresponds to a slight increase of the ordinaryhe smecticA—smectic€ transition by Lim and H413] and
index of refraction and to a slight decrease of the extraordiis the result ofenhanced order parameter fluctuatior@ne
nary index of refrection. In total, thermal fluctuations of the can immediately observe that the magnitude of suppression
director field tend to decrease the birefringence of theof the birefringence is significantly larger in MHPOBC than
smecticA phase. A straightforward calculation shows thatin CE-8. We have observed similar enhanced behavior in the

the birefringence of the smectkphase is other two compounds that show a weakly first-order smectic-
3, an2 A-smectic€i  transition [4-(1-ethylheptyloxycarbonyl
An(T)=Any(T)[1—3(86%(T))]. (2> phenyl-4 -alkylcarbonyloxy- biphenyl-4-carboxylatdEH-

2 .
Here,An,= 23—\, is the birefringence in the absence of POCBQ] and a second-order smec#e-smecticE’, transi-

director fluctuations. This is slightly temperature dependenfio?  [4-(1-methylheptyloxycarbonyl-phenyl ~4’-octyl-

due to the temperature dependence of the nematic order paa Ponyloxybiphenyl-4-carboxyla@IHP8CBO]. |

rameter. The tern{56(T)) is due to director fluctuations The temperature depgndence of the birefringence was
and should therefore represent contributions from the Co”ecgnalyzed using the fqllowmg procedure. A Iarg_e temperature

tive director modes, including critical modes. '”tef"a' was Chosefﬁ in the_smecﬂcphas_e, starting _close to
The critical exponent for the mean-square tilt angle fluc-the Isotropic-smectic transition gnd ending approximately 10
tuations is simply related the heat-capacity exponeft3] K above the transition into the t||teq ph_ase. The temperature
dependence of the birefringence in this temperature region
(60%)~t1" (3)  Wwas fitted to the power law, in order to describe the gradual
increase of the birefringence due to the increase of the nem-
wheret=(T—T.)/T.. This shows a straightforward com- atic order parameter. This curve was then extrapolated into
parison between the critical exponents, as obtained from

heat-capacity and optical birefringence experiments.
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The optical experiments were performed with a high-
resolution polarimeter, based on a photoelastic modulator An |
[5]. The absolute sensitivity of this system is f@leg of the SmC' B SmA
retardation between the ordinary and extraordinary wave and 0.195 1 l

allows for a very accurate determination of the optical bire-
fringence. Samples were prepared between two DMOAP si- .
lane treated glass slides. The thickness of the samples was 0.190 4 g :
120 um and the quality of the alignment was carefully !
checked between crossed polarizers. In all of the samples we —

T T T T T T
obtained a high-quality alignment with no visible defects. 0.200 80 90 100 110 120
The sample was put in a double temperature controlled oven ST
where the temperature of the sample was controlled to better A i (b) MHPOBC

that £2 mK. The laser beam was slightly focused to a 20 b
um-diameter point on the sample, thus reducing the round- 01854 :
ing and smearing of the phase transition, due to temperature
gradients in the cell. The experiments were performed by
slowly cooling the sample from the isotropic phase through- 0.190
out the smectidA phase and into the tilted smectic phases. A
typical experimental run lasted for 24 hours and the width of
the temperature scan was typically 30 K. otes b —— ¢
Figures 1a) and Xb) show the measured temperature de- 115 120 125 130 135 140 145
pendences of birefringence in the smedicphase of TPC]
4-(2'-methybuty)phenyl 4 -n-octylbiphenyl-4-carboxylate
(CE-8 and 4{1-methyl-heptyloxycarbonyl-pheny FIG. 1. (@) Temperature dependence of birefringence in the
4'-octylbiphenyl-4-carboxylatéeMHPOBCQ). After a discon-  smecticA phase of  4-(2-methybuty)phenyl 4 -n-octyl-
tinuity at the first order transition from the isotropic phase,piphenyl-4-carboxylatéCE-8); (b) 4-(1-methyl-heptyloxycarbonyl-
the birefringence in both samples increases due to the irpheny) 4'-octylbiphenyl-4-carboxylatgMHPOBC). The dashed
crease of the nematic order parameter with decreasing temre is a background curve, describing a gradual increase of the
perature. However, several degrees before the phase transirefringence due to increased orientational order.
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FIG. 2. Temperature dependence of the mean square of the fluc- i 3. Log-log plots of{ 562(t=0))— (86%(t)) for (a) CE-8

tuations of the tilt angld 56%(T)) in the smecticA phases ofa) (b) MHPOBC, and(c) MHPS8CBC. One can clearly see power-law
CE-8, (b) MHPOBC, and(c) MHP8CBC. dependence over several decades of the reduced temperdfore

the region, where we observe a suppression of the birefrin’€S€ particular measurements, we obtair 0.46 for CE-8,
gence due to critical fluctuations. It was used as a back= 0-22 for MHPOBC, andx=0.2 for MHPSCBC.

ground curve, shown by the dashed lines in Fig. 1. This

procedure is analogous to the background correction in the The critical part of the fluctuations of the tilt angle is

temperature interval, chosen in the sme&iphase, does not therefore plot 562 — 5¢2(t) for CE-8, MHPOBC, and
Te ) )

significantly influence the values of the critical exponents. ; _
This is indeed true for all of our experiments, as theMHP8CBC. One can easily see a clear power-law behavior
background-correction curve is already quite smooth an@ver nearly three decades of reduced temperature <0
saturated in the region far away from the isotropic phase. We<10 2. For a given experiment, the critical exponent was
have found that different choices of the background correcteletermined from these plots for different background cor-
ing curve change the critical exponent by only several perrecting curves. We have also performed several experiments
cent. The phase transition temperature was determined frogh, different samples and we find slightly different values of
the sudden change of the slope in the temperature depefye critical exponents. The average values of these exponents

dence of the birefringence. We estimate that the phase raitg hiained for different experiments, different experimental
sition temperature could be located with a precision of 10

mK. This is also a typical width of the rounding region of the runs, 'and various backgrognd cqrrectlng CUTVES areé summa-
phase transitions. rized in Table I, together with estimated experimental errors.

Figures 2a), 2(b), and 2c) show the temperature depen-  1he experiments on CE-fFig. 3@)] yield an average
dence of the mean-square fluctuations of the tilt angle/alue ofa=0.4+0.06, whereas for MHPOB(Fig. 3(b)] we
(86%(T)) in the smecticA phases of CE-8, MHPOBC, and obtain «=0.26+0.04. Figure &) shows the mean-square
MHP8CBC. This was calculated from the difference be-
tween the extrapolated background correcting curve and the
experimental birefringence, using the calibration data for the . . ,
polarimeter. One can clearly see that the magnitude of fluc- TABLE I. _Note. the eXpoffnb‘ wasizqeterr_nmed n a_reduced
tuations is much larger in MHPOBC and MHP8CBC than int‘:"rmeratu:je interval of 10 °<t<10"%, which approximately
CE-8. The quantitative comparison of the magnitudes is difSOrresPonds 3K
ficult, however, because these depend on the choice of the

background correction curve, used in the analysis. It is also Liquid crystal ¢

difficult to determine these fluctuations in the tilted phases, CE-8 0.4 =0.05
because there is a very large mean-field contribution due to MHPOBC 0.26-0.04
the molecular tilt. As a consequence, it is not possible to MHP8CBC 0.2+0.05
separate the mean field from the fluctuation part below the EHPOCBC 0.380.04

phase transition.
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tilt fluctuation contribution for MHP8CBC. This is a particu- ments. If we compare the results for CE-8 and MHPOBC,
larly interesting compound because it shows a fluctuationve immediately observe that for a given temperature interval
behavior that is closest to the expected 8BDtype. We have the fluctuations are much smaller in CE-8 than in MHPOBC.
analyzed the slope of this fluctuation contribution for differ- One would than intuitively expect that the pretransitional
ent widths of the temperature interval. For the reduced tempehavior in CE-8 is closer to the mean-field regime than the
perature intervat,=2.5x 10 * we obtaina=0.07, which  critical one, as the fluctuations are here smaller and less
is close to the expected valugp xy=—0.006. By taking &  dominant. This is indeed reflected in the corresponding criti-
larger temperature interval, this exponent than stabilizes gty exponenta. This exponent isx~0.4 for CE-8 and is
the value Ofa:9é20i 0.05 for the reduced temperature cjoser to the Gaussian value af=0.5 than the critical ex-
range Oftmg,=10"". In all cases we observe the general ),nant, —0.26 for MHPOBC. This seems to confirm quali-

tretnqdof atfuryhelrl mcrgasedo;‘ the cr|tt|ca| gxr)onm"li);ggta tatively the overall conclusion of this Rapid Communication
outside a typically reduced temperature interygl= " that fluctuations are dominating the pretransitional thermo-

This corresponds to temperatures several degrees K above . . . .
P b 9 %ynamlcs of some chiral smectics that exhibit sme€ic-

the phase transition into the tilted phase. This resembles th ) . oy )
crossover behavior: for small temperature ranges close to tHd'd antiferroelectric smectic; phase. Our experiments

phase transitiom seems to approach 3RY values, whereas have also clearly shown that birefringence is very sensitive
far awaya seems to approach a Gaussian value @f05’ as to the pretransitional fluctuations of tilted smectics. We be-
predicted by the fluctuation correction of the Landau meanlieve that it is possible to improve experimental conditions to
field theory[15]. The crossover temperatures are several deenter the most interesting region of the reduced temperatures
grees K abovd, in all cases and are of the same order, agma<10 % and this will be reported in the future.
those reported by Ema and co-workgts-3]. It is, however, In conclusion, we have reported the critical pretransitional
difficult to directly compare the critical indices, as obtainedbehavior of optical birefringence in the smecficghase of
within this work, with those of Ema and co-workers. They chiral and polar tilted smectics. We have observed a power-
have used a renormalization-group expression, including thiaw behavior of the mean square of the filt fluctuations, as
corrections-to-scaling terms to the heat-capacity data, whichleduced from the birefringence. The magnitude of these
are already quite significant for the reduced temperature influctuations is significant in materials that exhibit the
terval of t,,=10"2. Qualitative comparison is possible, smecticC* and the antiferroelectric smectits phase. This
however, for the reduced temperature interval tgf,, is reflected in the corresponding critical exponeatghat
~10"4, where the amplitude of the corrections-to-scalingexhibit nonuniversal effective values. In view of similar re-
term is expected to be much smaller than the leading ternsults that were obtained for thé—smecticA transition, we
For this reduced temperature interval we obtain 0.07 for ~ conjecture that some coupling mechanism might be respon-
MHP8CBC, which is close tax=0.04, reported by Ema sible for this nonuniversality. Recently, it was pointed out by
et al.[3]. The agreement is worse for other substances.  Benguigui and Martinoty{11] that a coupling among the
Finally, we would like to point out the correlation be- molecular tilt, the layer compression, and the density in tilted
tween the magnitude of the tilt fluctuations and the corressmectics could result in effective critical exponents that are
sponding critical exponents that we observe in our experiamong the mean-field, Gaussian, or 3¥ values.
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