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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 smectic-A–smectic-C* , smectic-A–smectic-Ca* , and smectic-A–smectic-CA* phase transitions of
chiral smectics. We have observed a large pretransitional decrease of the birefringence in materials exhibiting
smectic-Ca* and smectic-CA* 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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PACS number~s!: 61.30.2v, 64.70.Md, 64.60.Ht
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Recently, Emaet al. have reported a series of high
resolution measurements of the heat capacity in chiral sm
tics that exhibit the antiferroelectric smectic-CA* and incom-
mensurate smectic-Ca* phase@1#. The experiments reporte
critical pretransitional behavior of the heat capacity close
the phase transition between the smectic-A and tilted phases
In some materials, the heat-capacity critical exponenta was
found to be consistent either with a Gaussian tricritical
havior@2#, or showed a crossover from the three-dimensio
~3D! XY to tricritical behavior@3#. Gaussian-like deviations
from the extended mean-field Landau model have also b
observed in heat-capacity experiments by Reedet al. @4#,
performed close to the smectic-A–smectic-C transition.

Recent experiments have definitely shown that both
smectic-Ca* @5# and antiferroelectric smectic-CA* @6# are
tilted smectic phases. The order parameter of these tra
tions is therefore a two component tilt vector, introduced
de Gennes@7#. In the antiferroelectric smectic-CA* phase the
tilt direction is opposite for neighboring smectic layers a
this unit cell precesses as we move along the layer norm
The structure of the smectic-Ca* phase was determined on
recently in a resonant x-ray scattering experiment perform
by P. Machet al. @8#. The smectic-Ca* phase was found to b
a truly incommensurate, short-period ferroelectriclike str
ture, as predicted by the model of Cˇ epič and Žekš @9#. The
phase transitions from the smectic-A phase to the ferroelec
tric, smectic-Ca* and the antiferroelectric phase are therefo
of the 3D XY universality class, where the soft mode co
denses either at the center, the edge, or at a general po
the smectic Brillouin zone. However, a truly critical regio
dominated by order parameter fluctuations, is rarely
served in phase transitions involving tilted phases. This
be explained by a rather large bare coherence length of t
transitions, which reduce the width of the critical region
experimentally unobservable small values@10# of (T
2Tc)/Tc'1025. The dilemma of whether the critical beha
ior was or was not observed in the experiments close to
phase transitions to tilted smectics was a topic of many
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cussions in the past@11#. This was partially due to the fac
that the interpretation of experimental results in tilted sm
tics is complicated, as these transitions are very often c
to the tricritical point@12#. It was also stressed that differen
physical quantities are influenced in a different manner
critical fluctuations. The fluctuation effects are, for examp
far more pronounced in the ultrasonic experiments than
the specific heat experiments@11#. The observation of a truly
critical behavior at the phase transition into the tilted smec
phase is therefore of particular relevance.

In this Rapid Communication, we present the results
high-resolution birefringence measurements on chiral til
smectic materials that exhibit a direct phase transition fr
the smectic-A phase to either the ferroelectric phase~CE-8!,
the antiferroelectric phase~EHPOCBC! or the smectic-Ca*
phase~MHPOBC, MHP8CBC!. In the experiment, we have
measured the optical birefringenceDn, which is in the
smectic-A phase directly related to the mean-square fluct
tions of the tilt angleDn5Dn0(12 3

2 ^du2&) @13#. Close to
the transition into the tilted phase, we observe in all case
critical suppression of the birefringence, which is due to p
transitional fluctuations of the order parameter. The am
tudes of these fluctuations are considerably larger in ma
als that exhibit antiferroelectric and smectic-Ca* phases. The
values of the critical exponents, as obtained in our exp
ments are neither pure 3DXYnor Gaussian, but somewhat i
between. This resembles theN–smectic-A transition, where
the coupling between the nematic and smectic order par
eter results in nonuniversal ‘‘effective’’ values of the critic
exponents@14#.

Optical properties of the smectic-A phase are described b
a uniaxial dielectric tensor, where the largest principal a
«3 is directed along the smectic layer normal and the sma
principal axis«1 is in the smectic planes. Fluctuations of th
director field represent small rotations of this tensor a
therefore tend to reduce the difference between the two
genvalues. For small amplitudes of the fluctuations, the
erage value of the dielectric tensor of the smectic-A phase is
R1323 ©1999 The American Physical Society
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The fluctuations of the local direction of the optical ax
therefore tend toincreasethe eigenvalues along the smec
layers anddecreasethe dielectric constant along the lay
normal. This corresponds to a slight increase of the ordin
index of refraction and to a slight decrease of the extrao
nary index of refrection. In total, thermal fluctuations of t
director field tend to decrease the birefringence of
smectic-A phase. A straightforward calculation shows th
the birefringence of the smectic-A phase is

Dn~T!5Dn0~T!@12 3
2 ^du2~T!&#. ~2!

Here,Dn05A«32A«1 is the birefringence in the absence
director fluctuations. This is slightly temperature depend
due to the temperature dependence of the nematic orde
rameter. The term̂du2(T)& is due to director fluctuations
and should therefore represent contributions from the col
tive director modes, including critical modes.

The critical exponent for the mean-square tilt angle flu
tuations is simply related the heat-capacity exponenta @13#

^du2&'t12a, ~3!

where t5(T2Tc)/Tc . This shows a straightforward com
parison between the critical exponents, as obtained f
heat-capacity and optical birefringence experiments.

The optical experiments were performed with a hig
resolution polarimeter, based on a photoelastic modul
@5#. The absolute sensitivity of this system is 1022 deg of the
retardation between the ordinary and extraordinary wave
allows for a very accurate determination of the optical bi
fringence. Samples were prepared between two DMOAP
lane treated glass slides. The thickness of the samples
120 mm and the quality of the alignment was carefu
checked between crossed polarizers. In all of the sample
obtained a high-quality alignment with no visible defec
The sample was put in a double temperature controlled o
where the temperature of the sample was controlled to be
that 62 mK. The laser beam was slightly focused to a
mm-diameter point on the sample, thus reducing the rou
ing and smearing of the phase transition, due to tempera
gradients in the cell. The experiments were performed
slowly cooling the sample from the isotropic phase throu
out the smectic-A phase and into the tilted smectic phases
typical experimental run lasted for 24 hours and the width
the temperature scan was typically 30 K.

Figures 1~a! and 1~b! show the measured temperature d
pendences of birefringence in the smectic-A phase of
4-(28-methybutyl!phenyl 48-n-octylbiphenyl-4-carboxylate
~CE-8! and 4-~1-methyl-heptyloxycarbonyl-phenyl!
48-octylbiphenyl-4-carboxylate~MHPOBC!. After a discon-
tinuity at the first order transition from the isotropic phas
the birefringence in both samples increases due to the
crease of the nematic order parameter with decreasing
perature. However, several degrees before the phase tr
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tion into the tilted phase, the birefringence starts to beh
qualitatively different: it decreases with decreasing tempe
ture. This suppression of birefringence was observed clos
the smectic-A–smectic-C transition by Lim and Ho@13# and
is the result ofenhanced order parameter fluctuations. One
can immediately observe that the magnitude of suppres
of the birefringence is significantly larger in MHPOBC tha
in CE-8. We have observed similar enhanced behavior in
other two compounds that show a weakly first-order smec
A–smectic-CA* transition @4-~1-ethylheptyloxycarbonyl!
phenyl-48-alkylcarbonyloxy- biphenyl-4-carboxylate~EH-
POCBC!# and a second-order smectic-A–smectic-Ca* transi-
tion @4-~1-methylheptyloxycarbonyl-phenyl! 48-octyl-
carbonyloxybiphenyl-4-carboxylate~MHP8CBC!#.

The temperature dependence of the birefringence
analyzed using the following procedure. A large temperat
interval was chosen in the smectic-A phase, starting close to
the isotropic-smectic transition and ending approximately
K above the transition into the tilted phase. The temperat
dependence of the birefringence in this temperature reg
was fitted to the power law, in order to describe the grad
increase of the birefringence due to the increase of the n
atic order parameter. This curve was then extrapolated

FIG. 1. ~a! Temperature dependence of birefringence in
smectic-A phase of 4-(28-methybutyl!phenyl 48-n-octyl-
biphenyl-4-carboxylate~CE-8!; ~b! 4-~1-methyl-heptyloxycarbonyl-
phenyl! 48-octylbiphenyl-4-carboxylate~MHPOBC!. The dashed
line is a background curve, describing a gradual increase of
birefringence due to increased orientational order.
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the region, where we observe a suppression of the bire
gence due to critical fluctuations. It was used as a ba
ground curve, shown by the dashed lines in Fig. 1. T
procedure is analogous to the background correction in
heat-capacity studies. We made sure that the length of
temperature interval, chosen in the smectic-A phase, does no
significantly influence the values of the critical exponen
This is indeed true for all of our experiments, as t
background-correction curve is already quite smooth
saturated in the region far away from the isotropic phase.
have found that different choices of the background corre
ing curve change the critical exponent by only several p
cent. The phase transition temperature was determined
the sudden change of the slope in the temperature de
dence of the birefringence. We estimate that the phase t
sition temperature could be located with a precision of
mK. This is also a typical width of the rounding region of th
phase transitions.

Figures 2~a!, 2~b!, and 2~c! show the temperature depe
dence of the mean-square fluctuations of the tilt an
^du2(T)& in the smectic-A phases of CE-8, MHPOBC, an
MHP8CBC. This was calculated from the difference b
tween the extrapolated background correcting curve and
experimental birefringence, using the calibration data for
polarimeter. One can clearly see that the magnitude of fl
tuations is much larger in MHPOBC and MHP8CBC than
CE-8. The quantitative comparison of the magnitudes is
ficult, however, because these depend on the choice o
background correction curve, used in the analysis. It is a
difficult to determine these fluctuations in the tilted phas
because there is a very large mean-field contribution du
the molecular tilt. As a consequence, it is not possible
separate the mean field from the fluctuation part below
phase transition.

FIG. 2. Temperature dependence of the mean square of the
tuations of the tilt anglê du2(T)& in the smectic-A phases of~a!
CE-8, ~b! MHPOBC, and~c! MHP8CBC.
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The critical part of the fluctuations of the tilt angle
expected to follow the power laŵdu2&'t12a. In Fig. 3, we
therefore plot duTc

2 2du2(t) for CE-8, MHPOBC, and

MHP8CBC. One can easily see a clear power-law beha
over nearly three decades of reduced temperature 1025,t
,1022. For a given experiment, the critical exponent w
determined from these plots for different background c
recting curves. We have also performed several experim
on different samples and we find slightly different values
the critical exponents. The average values of these expon
as obtained for different experiments, different experimen
runs, and various background correcting curves are sum
rized in Table I, together with estimated experimental erro

The experiments on CE-8@Fig. 3~a!# yield an average
value ofa50.460.06, whereas for MHPOBC@Fig. 3~b!# we
obtain a50.2660.04. Figure 3~c! shows the mean-squar

c- FIG. 3. Log-log plots of̂ du2(t50)&2(du2(t)) for ~a! CE-8,
~b! MHPOBC, and~c! MHP8CBC. One can clearly see power-la
dependence over several decades of the reduced temperaturet. For
these particular measurements, we obtaina50.46 for CE-8,a
50.22 for MHPOBC, anda50.2 for MHP8CBC.

TABLE I. Note: the exponenta was determined in a reduce
temperature interval of 531025,t,1022, which approximately
corresponds to 3 K.

Liquid crystal a

CE-8 0.4 60.05
MHPOBC 0.2660.04
MHP8CBC 0.2 60.05
EHPOCBC 0.3860.04
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tilt fluctuation contribution for MHP8CBC. This is a particu
larly interesting compound because it shows a fluctua
behavior that is closest to the expected 3DXY type. We have
analyzed the slope of this fluctuation contribution for diffe
ent widths of the temperature interval. For the reduced te
perature intervaltmax52.531024 we obtaina50.07, which
is close to the expected valuea3D XY520.006. By taking a
larger temperature interval, this exponent than stabilize
the value of a50.2060.05 for the reduced temperatu
range of tmax51022. In all cases we observe the gene
trend of a further increase of the critical exponenta for data
outside a typically reduced temperature intervaltmax51022.
This corresponds to temperatures several degrees K a
the phase transition into the tilted phase. This resembles
crossover behavior: for small temperature ranges close to
phase transitiona seems to approach 3DXYvalues, whereas
far awaya seems to approach a Gaussian value ofa50.5, as
predicted by the fluctuation correction of the Landau me
field theory@15#. The crossover temperatures are several
grees K aboveTc in all cases and are of the same order,
those reported by Ema and co-workers@1–3#. It is, however,
difficult to directly compare the critical indices, as obtain
within this work, with those of Ema and co-workers. Th
have used a renormalization-group expression, including
corrections-to-scaling terms to the heat-capacity data, wh
are already quite significant for the reduced temperature
terval of tmax51022. Qualitative comparison is possible
however, for the reduced temperature interval oftmax
'1024, where the amplitude of the corrections-to-scali
term is expected to be much smaller than the leading te
For this reduced temperature interval we obtaina50.07 for
MHP8CBC, which is close toa50.04, reported by Ema
et al. @3#. The agreement is worse for other substances.

Finally, we would like to point out the correlation be
tween the magnitude of the tilt fluctuations and the cor
sponding critical exponents that we observe in our exp
d
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ments. If we compare the results for CE-8 and MHPOB
we immediately observe that for a given temperature inter
the fluctuations are much smaller in CE-8 than in MHPOB
One would than intuitively expect that the pretransition
behavior in CE-8 is closer to the mean-field regime than
critical one, as the fluctuations are here smaller and
dominant. This is indeed reflected in the corresponding c
cal exponenta. This exponent isa'0.4 for CE-8 and is
closer to the Gaussian value ofa50.5 than the critical ex-
ponenta50.26 for MHPOBC. This seems to confirm qua
tatively the overall conclusion of this Rapid Communicati
that fluctuations are dominating the pretransitional therm
dynamics of some chiral smectics that exhibit smectic-Ca*
and antiferroelectric smectic-CA* phase. Our experiment
have also clearly shown that birefringence is very sensi
to the pretransitional fluctuations of tilted smectics. We b
lieve that it is possible to improve experimental conditions
enter the most interesting region of the reduced temperat
tmax,1024 and this will be reported in the future.

In conclusion, we have reported the critical pretransitio
behavior of optical birefringence in the smectic-A phase of
chiral and polar tilted smectics. We have observed a pow
law behavior of the mean square of the tilt fluctuations,
deduced from the birefringence. The magnitude of th
fluctuations is significant in materials that exhibit th
smectic-Ca* and the antiferroelectric smectic-CA* phase. This
is reflected in the corresponding critical exponentsa that
exhibit nonuniversal effective values. In view of similar r
sults that were obtained for theN–smectic-A transition, we
conjecture that some coupling mechanism might be resp
sible for this nonuniversality. Recently, it was pointed out
Benguigui and Martinoty@11# that a coupling among the
molecular tilt, the layer compression, and the density in til
smectics could result in effective critical exponents that
among the mean-field, Gaussian, or 3DXY values.
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