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Effect of optical purity on the critical heat capacity at the smectic-A–„chiral …-smectic-C
transition in an antiferroelectric liquid crystal
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High resolution ac calorimetric measurements have been carried out near the smectic-A–chiral-smectic-C
phase transition in the antiferroelectric liquid crystal 4-~1-methylheptyloxycarbonyl!phenyl
48-octyloxybiphenyl-4-carboxylate~MHPOBC!. Data on samples with different optical purities have been
analyzed in detail using a renormalization-group expression with corrections-to-scaling terms. The chiral-
smectic-Ca –chiral-smectic-C phase transition is first order, while the smectic-A–chiral-smectic-Ca phase tran-
sition is second order. A direct smectic-A–chiral-smectic-C phase transition, which occurs in near-racemic
mixtures, was found to be quasitricritical and weakly first order. This implies that the smectic-A–smectic-C
transition in the racemate locates at a special point where four critical lines intersect.

PACS number~s!: 64.70.Md, 61.30.2v, 64.60.Fr, 65.20.1w
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I. INTRODUCTION

It has been recently found that the heat capacity of 4~1-
methylheptyloxycarbonyl!phenyl
48-octyloxybiphenyl-4-carboxylate~MHPOBC! near the
smectic A(Sm-A) –chiral-smectic Ca(Sm-Ca* ) transition
shows critical fluctuation effect which can be described
the three-dimensional~3D! XY model in the immediate vi-
cinity of the transition temperatureTc @1#. While this result is
in agreement with the prediction of theory@2#, it is quite
unusual in the sense that almost all experimental studie
Sm-A–Sm-C or Sm-A–Sm-C* transitions reveal mean-fiel
behavior that is well described by the extended Land
theory @3–7#.

Furthermore, it has also been found that the heat capa
of a racemic mixture of MHPOBC exhibits a Gaussian t
critical behavior at the Sm-A–Sm-C transition@8#. This re-
sult is apparently compatible with the recent experimen
observation that the critical heat capacity in MHPOBC a
related substances exhibits crossover from 3DXY to Gauss-
ian tricritical behavior@9#. Thus it is of particular interest to
know how nearly-tricritical behavior changes into tricritic
behavior as the optical purity is decreased.

Another feature of interest in MHPOBC is the significa
effect of the optical purity on the phase sequence. The ph
sequences of optically pure MHPOBC and a racemic mixt
of MHPOBC are shown in Fig. 1 together with the molecu
structure@10,11#. Here Sm-A is a paraelectric phase, Sm-C*
is a ferroelectric phase, Sm-Ca* and Sm-CA* are antiferro-
electric phases, Sm-Cg* is a ferrielectric phase, andI stands
for the isotropic phase. It was found that the stability ran
of the Sm-Ca* phase and Sm-Cg* phase diminishes in op
tically impure systems@11#.

In this paper we report the results of ac calorimetric m
surements on R-S mixtures of MHPOBC for various mixtu
ratios. The Sm-Ca* –Sm-C* phase transition is first order
PRE 611063-651X/2000/61~2!/1585~8!/$15.00
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while the Sm-A–Sm-Ca* phase transition is second-orde
The direct Sm-A–Sm-C* phase transition, which occurs i
near-racemic mixtures, was found to be quasitricritical a
weakly first order. This implies that the transition in the rac
mate locates at a special point where four critical lines int
sect.

II. RESULTS

The heat capacity was measured using an ac calorim
described elsewhere@12#. Samples with several mixture ra
tios of the two enantiomers were prepared by mixi
S-MHPOBC and racemate MHPOBC. The mixture rati
will be referred to by citing the mole percentX of the S
enantiomer in the mixture. Hermetically sealed gold ce
which contained about 30 mg of liquid crystal sample we
used. Temperature scan rate was about 0.03 K/h in the t
sition region. Very slow drift rates in the Sm-A–Sm-Ca* ~or
C* ) transition temperature, typically22 to 24 mK/day, in-

FIG. 1. Molecular structure of MHPOBC, and phase sequen
of optically pure MHPOBC and a racemic mixture of MHPOBC
The transition temperatures are based on the present measure
on heating.
1585 ©2000 The American Physical Society
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dicate the stability and high quality of the sample.
The Cp values were determined from the following e

pression:

Cp5~Cp
obs2Cp

empty!/m. ~1!

Here Cp
obs and Cp

empty are the heat capacity of the filled ce
and the empty cell, respectively, andm is the mass of the
liquid-crystal sample in grams. The background heat cap
ity Cp(background) was determined as a quadratic func
of the temperature which joins the observed heat capa
data smoothly at temperatures away from the transition
both sides. The excess heat capacityDCp was obtained as

DCp5Cp2Cp~background!. ~2!

The DCp data for all values ofX studied in the presen
work are shown in Fig. 2@13#. The results for the optically
pure sample (X5100) and the racemic mixture (X550) are
also included. The data for the racemic and near-race
mixtures,X565.2, 59.6, 54.4, and 50, are shown as a fu
tion of DT5T2Tc in Fig. 3.

A. Results for high optical-purity samples

For relatively high optical-purity samples, X
5100, 90.5, 82.2, and 72.5, the data show twoCp peaks in
the temperature range displayed in Fig. 2, correspondin
the Sm-A–Sm-Ca* –Sm-C* phase sequence. Th
Sm-A–Sm-Ca* transition is located at around 396.3, 395
395.3, and 395.1 K, respectively, where a sharpDCp peak is
seen. On the other hand, only a smallCp cusp is seen at the
Sm-Ca* –Sm-C* transitions, located at around 395.0, 395
395.1, and 394.9 K. The temperature width of the Sm-Ca*
phase is 1.3, 0.50, 0.26, and 0.10 K, respectively.

In ac calorimetry, the existence of a two-phase coex
ence region at a first-order transition is often detected a
abrupt change in the phase lag of the ac temperature resp
~see Fig. 5 of Ref.@14#!. Figure 4 shows the temperatu
dependence of the phase lagf near the transitions of the

FIG. 2. Temperature dependence of the excess heat cap
DCp for MHPOBC for various values ofX, the mole percent of S
enantiomer. Data forX5100 are from@1#, and those forX550 are
from @8#. Data forX550 andX554.5 overlay so closely that the
look like one set of points in this scale.
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sample X590.5. A distinct peak is seen at th
Sm-Ca* –Sm-C* transition, indicating that this transition i
first order. On the other hand, only a small steplike variat
is seen at the Sm-A–Sm-Ca* transition. A possibility that
this small step could correspond to a very weak first or
transition is excluded as follows. The phase lagf is given to
the first order as

f5
1

vte
2avt i , ~3!

wherev is the angular frequency of the ac heating,te andt i
are so-called external and internal relaxation times@15,16#,
and a is a model-dependent constant@17#. Equation ~3!
shows thatf can exhibit an anomaly due to the temperatu
dependence of the sample heat capacityCp throughte andt i
@16# even in the absence of two-phase coexistence. In m
cases the variation ofCp is relatively small in comparison
with the total heat capacity and therefore Eq.~3! implies a
linear relationship betweenf andCp . In Fig. 5 data near the

ity
FIG. 3. Temperature dependence of the excess heat cap

DCp for the Sm-A–Sm-C* transition in MHPOBC with X
550, 54.5, 59.6, and 65.2. To avoid overlap of the data, the t
perature scale has been shifted for each data set.

FIG. 4. Temperature dependence of the phase lagf for MH-
POBC with X590.5. Arrow shows the Sm-A–Sm-Ca* transition
temperature.
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transitions are plotted on af-Cp plane. It is obvious that a
step off seen in Fig. 4 at 395.53–395.58 K is consiste
with a linear relationship betweenf andCp as indicated by
the slanting line shown in Fig. 5, while the odd behavior off
around 395.02 K, shown as open circles, corresponds to
two phase coexistence region due to the Sm-Ca* –Sm-C*
transition. From these considerations, the Sm-A–Sm-Ca*
transition is expected to be of the second order. The s
behavior was observed forX582.2 and 72.5 samples.

B. Results for near-racemic samples

It is seen in Fig. 3 that racemic and near-racemic m
tures, X565.2, 59.6, 54.5, and 50.0, undergo a dire
Sm-A–Sm-C* phase transition. It is seen that the magnitu
and the shape of the anomaly in each case is similar to th
the racemic mixture except in the immediate vicinity of t
transition temperature. ForX554.5 and 59.6,DCp is clearly
a single peak, indicating the absence of the Sm-Ca* phase.
The results forX565.2 seem marginal:DCp can probably
be viewed as a single peak, but it may also be possibl
regard it as a closely spaced combination of a hi
temperature sharp peak and a low-temperature broad pe

FIG. 5. Plot of data of the phase lagf againstCp for MHPOBC
with X590.5. Solid line is a guide to the eye. In this plot,Cp is the
total heat capacity of the sample cell including the liquid crys
sample and the gold cell.

FIG. 6. Temperature dependence of the phase lagf for MH-
POBC withX 5 54.5.
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Figure 6 shows the temperature dependence of the p
lag f near the transition for the sampleX554.5. The data
show a distinct peak at the Sm-A–Sm-C* transition, indicat-
ing that this transition is first order. Similar anomalies inf
were also observed inX559.6 andX565.2 samples. As-
suming that these anomalies in the phase correspond to
existing phase regions, their widths are 16, 38, and 98
for X554.5, 59.6, and 65.2 samples, respectively.

Figure 7 shows a comparison of typical heating and co
ing data near the heat capacity peak obtained for theX
559.6 sample. It is seen that the heating and cooling d
agree quite well. This shows that the first-order nature of
present transition is very weak.

III. ANALYSIS

TheDCp data around the Sm-A–Sm-Ca* transition have
been analyzed with the following renormalization-group e
pression including corrections-to-scaling terms@18,19#:

DCp5
A6

a
utu2a~11D1

6utuu1D2
6utu!1Bc , ~4!

where t[(T2Tc)/Tc and the superscripts6 denote above
and belowTc . We note that the use of this expression for t
analysis of the present data in near-racemic samples sho
first-order Sm-A–Sm-C* transitions can be justified as
starting trial function, because the first-order nature of
transition is very weak as pointed out above.

The exponenta was usually adjusted freely in the leas
squares fitting procedure. The correction-to-scaling expon
u is actually dependent on the universality class, but ha
theoretically predicted value quite close to 0.5@18#. There-
fore, its value is fixed at 0.5 unless otherwise stated. F
were made for the data over three ranges,utumax
50.001, 0.003, and 0.01, whereutumax is the maximum value
of utu used in the fit. The value ofTc was chosen as follows
Although we do not know the value ofTc a priori, it is
inconsistent to use differentTc’s for different data ranges
Therefore we fixedTc to the value determined in the narrow
est data range for each set of fits using the same fitting
pression. There is usually a narrow region very close toTc

l

FIG. 7. A comparison of heating~filled circles! and cooling
~open circles! data near the Sm-A–Sm-C* transition temperature
for the X559.6 sample.
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TABLE I. Least-squares values of the adjustable parameters for fittingDCp with Eq. ~4! for X590.5. The
minimum reduced temperatures forT.Tc andT,Tc are typicallytmin

1 5431025 and utmin
2 u5331025 . The

number of fitted data pointsN was 214, 357, and 836 forutumax50.001, 0.003, and 0.01, respectively. Th
number of degree of freedomn is given asn5N2p, wherep is the number of free parameters. Quantities
brackets were held fixed at the given values. The units are J K21 g21 for A1 andBc , and K forTc .

utumax Tc a u 103A1 A2/A1 D1
1 D1

2 D2
1 D2

2 Bc xn
2

0.001 395.530 0.035 @0.5# 9.93 1.482 1.04 22.94 @0# @0# 20.341 1.00
0.003 @395.530# 0.050 @0.5# 6.39 1.921 20.31 24.99 @0# @0# 20.147 1.50
0.01 @395.530# 0.119 @0.5# 3.01 3.49 24.77 26.80 @0# @0# 20.017 8.12
0.01 @395.530# 0.009 @0.5# 8.95 1.182 20.03 22.42 20.28 11.24 21.025 1.42
0.001 395.523 @20.0066# @0.524# 19.15 0.933 20.33 0.71 @0# @0# 2.780 1.11
0.003 @395.523# @20.0066# @0.524# 17.26 0.929 20.19 0.80 @0# @0# 2.517 3.07
0.01 @395.523# @20.0066# @0.524# 23.00 0.953 20.16 0.34 @0# @0# 3.345 26.4
0.01 @395.523# @20.0066# @0.524# 12.27 0.893 20.09 2.16 0.55 29.71 1.805 1.47
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where data are artificially rounded due to impurities or
strumental effects, and the data inside this region have b
excluded in the fitting.

A. High optical-purity samples

Table I shows the parameter values obtained for theX
590.5 sample. To avoid theCp anomaly due to the
Sm-Ca* –Sm-C* transition, data in the range 394.1 K,T
,395.0 K have been excluded. It is assumed that datT
,394.1 K in the Sm-C* phase are same as what would
expected for the Sm-Ca* phase if it existed@9#. When only
a first-order correction term is included, the results show
following: ~A! The a value is close to the 3DXY value of
20.0066@18# for narrow data ranges, while it increases s
nificantly as data range becomes wider.~B! XY fits where
the exponents are fixed at 3DXY values give reasonabl
good fits except for the violation of the theoretical expec
tion of D1

1;D1
2 @20,21#. These trends are similar to thos

seen in the optically pure sampleX5100 @1,9#. Inclusion of
second-order correction terms improves the quality of the
substantially. The a value when freely adjustable i
a50.009, which is close to the 3DXY theoretical value.
However,D1

1ÞD1
2 persists in theXY fit. Although the ratio

D2
2/D2

1 is not universal@19#, the present value for theXY fit
D2

2/D2
15217.6 seems rather large in comparison w

D2
2/D2

1 being within 62 obtained for the nematic–Sm-A
transitions showing a typical 3DXY behavior@19,22#. Fur-
-
en

e

-

-

ts

ther, allowing nonzeroD2
6 moves the critical amplitude ratio

away from the 3DXY theoretical value 0.971. These fac
make us to speculate that the improvement of the fit w
inclusion of second-order terms could be rather artificial.

Table II shows the parameter values obtained forX
582.2 sample. Data in the range 394.8 K,T,395.2 K, as-
sociated with the Sm-Ca* –Sm-C* transition, have been ex
cluded from the fits. The results are similar to those for
X590.5 sample. The parameter values forutumax50.001 are
not shown because the effect from the subpeak gap is
large.

B. Near racemic samples

Table III shows the values of adjustable parameters
tained in fits to the data for theX554.5 sample with Eq.~4!.
It is seen that the fits yielda values close to the tricritica
value 0.5. It is also noticed that the values ofD1

6 are anoma-
lously large, and are unstable against data-range shrink
Such a feature is qualitatively similar to that seen in t
racemate@8#. However, the physical significance of these fi
seems doubtful sinceA1 is anomalously small andD1

1 is
anomalously large. In our opinion, these fits are artificial d
not only to the almost tricritical nature but also to the firs
order nature of the transition. Ifa.0.5 andu50.5, the cor-
rection termA6D1

6utuu2a will diverge atTc rather than go to
zero as it should.

We next fitted the data with the following expression:
e
in
TABLE II. Least-squares values of the adjustable parameters for fittingDCp with Eq. ~4! for X582.2.
The minimum reduced temperatures forT.Tc and T,Tc are typically tmin

1 5531025 and utmin
2 u510

31025 . The number of fitted data pointsN was 331 and 779 forutumax50.003 and 0.01, respectively. Th
number of degree of freedomn is given asn5N2p, wherep is the number of free parameters. Quantities
brackets were held fixed at the given values. The units are J K21 g21 for A1 andBc , and K forTc .

utumax Tc a u 103A1 A2/A1 D1
1 D1

2 D2
1 D2

2 Bc xn
2

0.003 395.340 0.043 @0.5# 3.22 3.118 22.90 29.30 @0# @0# 20.064 1.49
0.01 @395.340# 0.222 @0.5# 0.457 17.10 271.7 211.0 @0# @0# 0.040 3.65
0.01 @395.340# 0.024 @0.5# 3.56 2.359 22.15 211.1 7.2 56.3 20.137 1.63
0.003 395.320 @20.0066# @0.524# 11.44 0.869 20.08 2.17 @0# @0# 1.684 1.70
0.01 @395.320# @20.0066# @0.524# 27.73 0.957 20.20 28.6 @0# @0# 4.017 16.7
0.01 @395.320# @20.0066# @0.524# 10.26 0.843 20.06 3.90 0.43 219.3 1.511 1.71
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TABLE III. Least-squares values of the adjustable parameters for fittingDCp with Eq. ~4! for X
554.5. The minimum reduced temperatures forT.Tc and T,Tc are tmin

1 5131025 and utmin
2 u5631025 .

The number of fitted data pointsN was 208, 499, and 919 forutumax50.001, 0.003, and 0.01, respectivel
The number of degree of freedomn is given asn5N2p, where p is the number of free parameter
Quantities in brackets were held fixed at the given values. The units are J K21 g21 for A1 andBc , K for Tc .

utumax Tc a 104A1 A2/A1 D1
1 D1

2 D2
1 D2

2 Bc xn
2

0.001 394.816 0.571 0.245 51.4 1668 33.1 @0# @0# 20.087 1.01
0.003 @394.816# 0.562 0.205 65.9 2691 40.1 @0# @0# 20.119 1.03
0.01 @394.816# 0.560 0.118 115.7 5394 45.8 @0# @0# 20.139 1.13
0.01 @394.816# 0.568 0.306 42.4 1179 27.7 21544 240.6 20.067 0.94
o-
e

n
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e
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DCp5
A6

a
utu2a~11D2

6utu!1B6, ~5!

whereDB[B12B2Þ0. The use of this form has been m
tivated partly because the first correction term behaves lik
constant term whena>0.5 andu>0.5 If a and u were ex-
actly 1/2, the correction term would becomeA6D1

6 , giving
B65Bc1A6D1

6 which can differ above and belowTc .
Note also that the scaling requirementB15B2 need not be
fulfilled for first-order transitions. The first four lines i
Table IV show the results of fits with Eq.~5!. Because
higher-order correction terms are expected to have sig
cant influence only away fromTc , results with nonzeroD2

6

are shown only for the widest data range,utumax50.01. Thea
values are still close to 0.5 in all these fits.

At first-order transitions, the temperature whereDCp di-
verges will be different when the transition is approach
from the higher or lower temperature side. This can be ta
into account by replacing the reduced temperaturet by

t6[
T2Tc

6

Tc
6

, ~6!
a

fi-

d
n

where superscripts6 denote above and belowTc . It is ex-
pected thatTc

1 is lower thanTc
2 , thus

DTc[Tc
22Tc

1 ~7!

should be positive. The middle four lines in Table IV sho
the results of allowing a nonzeroDTc . Fits were also tried
fixing a at the tricritical value 0.5, whileDTc was allowed to
have nonzero values. The results are shown in the last
lines.

Similar fits were tried forX559.6 andX565.2 samples.
It was found that fitting the data with Eq.~4! in these cases
resulted in unphysical results with negativeA2/A1, and
therefore such fits are not shown here. Tables V and VI sh
the results of the fits with Eq.~5! to X559.6 andX565.2,
respectively. It is seen from Tables IV–VI that thea show
almost tricritical values in all three cases. The fits obtain
by fixing a at 0.5 are as good as those witha freely adjusted.
It is also to be noted that the value ofDTc , when allowed to
be nonzero, increases in the order ofX554.5, 59.6, and
65.2. This indicates that the first-order nature of the tran
tion becomes more significant asX increases.
s. The
TABLE IV. Least-squares values of the adjustable parameters for fittingDCp with Eq. ~5! for X
554.5. HereDB5B12B2, and DTc5Tc

22Tc
1 . The minimum reduced temperatures forT.Tc and T

,Tc are typicallytmin
1 5331025 andutmin

2 u5731025 . The number of fitted data pointsN was 208, 499, and
919 for utumax50.001, 0.003, and 0.01, respectively. The number of degree of freedomn is given asn5N
2p, wherep is the number of free parameters. Quantities in brackets were held fixed at the given value
units are J K21 g21 for A1, B1, andDB, and K forTc

1 andDTc .

utumax Tc
1 DTc a 104A1 A2/A1 D2

1 D2
2 B1 DB xn

2

0.001 394.809 @0# 0.436 3.64 10.02 @0# @0# 0.018 0.044 1.26
0.003 @394.809# @0# 0.442 3.91 8.87 @0# @0# 0.014 0.035 2.70
0.01 @394.809# @0# 0.436 4.89 7.38 @0# @0# 0.007 0.030 6.07
0.01 @394.809# @0# 0.452 2.93 10.91 2402 24.5 0.024 0.040 1.09
0.001 394.806 0.005 0.466 3.03 9.71 @0# @0# 0.018 0.032 1.23
0.003 @394.806# @0.005# 0.462 3.51 8.65 @0# @0# 0.014 0.029 2.09
0.01 @394.806# @0.005# 0.450 4.59 7.23 @0# @0# 0.007 0.027 5.73
0.01 @394.806# @0.005# 0.477 2.50 10.69 2452 214.2 0.026 0.030 1.05
0.001 394.805 0.008 @0.5# 2.32 9.89 @0# @0# 0.020 0.020 1.26
0.003 @394.805# @0.008# @0.5# 2.63 8.83 @0# @0# 0.016 0.018 2.51
0.01 @394.805# @0.008# @0.5# 3.16 7.43 @0# @0# 0.010 0.015 7.86
0.01 @394.805# @0.008# @0.5# 2.08 10.95 2540 224.6 0.027 0.023 1.04
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TABLE V. Least-squares values of the adjustable parameters for fittingDCp with Eq. ~5! for X559.6.
Here DB5B12B2, and DTc5Tc

22Tc
1 . The minimum reduced temperatures forT.Tc and T,Tc are

typically tmin
1 5531025 andutmin

2 u51131025 . The number of fitted data pointsN was 173, 460, and 901 fo
utumax50.001, 0.003, and 0.01, respectively. The number of degree of freedomn is given asn5N2p, where
p is the number of free parameters. Quantities in brackets were held fixed at the given values. The u
J K21 g21 for A1, B1, andDB, and K forTc

1 andDTc .

utumax Tc
1 DTc a 104A1 A2/A1 D2

1 D2
2 B1 DB xn

2

0.001 394.770 @0# 0.413 3.42 12.99 @0# @0# 0.021 0.062 1.11
0.003 @394.770# @0# 0.443 3.47 9.96 @0# @0# 0.015 0.034 3.71
0.01 @394.770# @0# 0.423 5.25 7.60 @0# @0# 0.006 0.033 7.16
0.01 @394.770# @0# 0.464 1.975 14.79 2793 215.2 0.028 0.088 1.45
0.001 394.758 0.023 0.541 1.468 12.43 @0# @0# 0.024 0.017 1.04
0.003 @394.758# @0.023# 0.529 2.09 9.56 @0# @0# 0.017 0.013 3.03
0.01 @394.758# @0.023# 0.479 3.94 7.33 @0# @0# 0.007 0.021 6.85
0.01 @394.758# @0.023# 0.583 0.807 15.75 21700 299.0 0.039 0.000 1.33
0.001 394.761 0.016 @0.5# 1.955 12.33 @0# @0# 0.020 0.028 1.04
0.003 @394.761# @0.016# @0.5# 2.52 9.51 @0# @0# 0.013 0.019 3.03
0.01 @394.761# @0.016# @0.5# 3.26 7.46 @0# @0# 0.005 0.014 7.70
0.01 @394.761# @0.016# @0.5# 1.673 14.13 2868 219.9 0.029 0.030 1.43
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IV. DISCUSSION

Figure 8 shows a partial temperature-concentration ph
diagram obtained from the present work. The solid li
shows first-order transitions, and the dashed line show
second-order transition. This result agrees with the ph
diagram reported earlier based on DSC~differential scanning
calorimetry! @11# except for some of details. One of the di
ferences between the present results and the former on
that the Sm-Ca* phase does not disppear until relatively lo
optical purity. Although the Sm-Ca* phase was not detecte
for X580 in the DSC study, it is clearly visible here atX
;72. This disagreement is not surprising since DSC m
surements are usually less sensitive and are carried o
much faster scan rates@23#.

The present data indicate that the Sm-A–Sm-Ca* transi-
se

a
se

is

a-
at

tion is second-order at least forX>82.2. The critical nature
of the Sm-A–Sm-Ca* transition is almost unaffected by th
presence of the Sm-Ca* –Sm-C* transition. In particular,
there is no indication that the Sm-A–Sm-Ca* transition ap-
proaches a tricritical point asX decreases, at least down
X;72. This leads us to exclude a scenario in which
second-order Sm-A–Sm-Ca* transition observed for the op
tically pure MHPOBC changes smoothly into the tricritic
behavior seen for the racemate. If the Sm-A–Sm-Ca* tran-
sition remains second-order as far as the Sm-Ca* phase ex-
ists, the Sm-A–Sm-Ca* transition line ends up with a
critical-end point~CEP! because both the Sm-Ca* –Sm-C*
and the Sm-A–Sm-C* transitions are believed to be firs
order. If this is the case, it seems reasonable that
Sm-Ca* –Sm-C* transition line does not simply merge th
s. The
TABLE VI. Least-squares values of the adjustable parameters for fittingDCp with Eq. ~5! for X
565.2. HereDB5B12B2, and DTc5Tc

22Tc
1 . The minimum reduced temperatures forT.Tc and T

,Tc are typicallytmin
1 5731025 andutmin

2 u51731025 . The number of fitted data pointsN was 183, 470, and
911 for utumax50.001, 0.003, and 0.01, respectively. The number of degree of freedomn is given asn5N
2p, wherep is the number of free parameters. Quantities in brackets were held fixed at the given value
units are J K21 g21 for A1, B1, andDB, and K forTc

1 andDTc .

utumax Tc
1 DTc a 104A1 A2/A1 D2

1 D2
2 B1 DB xn

2

0.001 394.879 @0# 0.353 5.36 13.98 @0# @0# 0.019 0.110 1.52
0.003 @394.879# @0# 0.434 3.48 11.42 @0# @0# 0.018 0.047 5.07
0.01 @394.879# @0# 0.433 4.72 8.39 @0# @0# 0.010 0.037 14.92
0.01 @394.879# @0# 0.452 1.992 17.42 2738 21.7 0.032 0.052 1.78
0.001 394.852 0.054 0.584 1.189 13.47 @0# @0# 0.025 0.022 1.38
0.003 @394.852# @0.054# 0.589 1.400 10.95 @0# @0# 0.021 0.013 3.76
0.01 @394.852# @0.054# 0.536 2.77 8.04 @0# @0# 0.011 0.019 13.88
0.01 @394.852# @0.054# 0.668 0.380 21.31 23115 2165 0.048 20.009 1.21
0.001 394.862 0.034 @0.5# 2.05 13.61 @0# @0# 0.024 0.044 1.39
0.003 @394.862# @0.034# @0.5# 2.50 10.91 @0# @0# 0.019 0.033 4.62
0.01 @394.862# @0.034# @0.5# 3.34 8.14 @0# @0# 0.011 0.024 13.79
0.01 @394.862# @0.034# @0.5# 1.625 16.83 2819 24.2 0.034 0.049 2.07
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Sm-A–Sm-Ca* line tangentialy as drawn in Fig. 8, bu
makes some finite angle there as usually observed at CE

The Sm-A–Sm-C* transition in the absence of th
Sm-Ca* phase turned out to be almost tricritical but weak
first order. The main evidence presented here that
Sm-A–Sm-C* transition is first order is the existence of a
anomaly in the phase lagf observed in the ac calorimetri
measurement. The fact that better fits are obtained by all
ing Tc

1ÞTc
2 also supports the first-order nature of this tra

sition. One could argue thatTc
1ÞTc

2 might be an artifact
caused by a smearing of the transition due to imperfecti
and/or inhomogeneities in the sample. It should be notic
however, that smearing of the transition cannot explain
existence of an anomaly inf. On the other hand, regardin
the region of anomalousf values as a two-phase coexisten
region, this region decreases monotonically and smoo
goes to zero on approaching the racemic point. The dif
ence betweenTc

1 and Tc
2 determined in the fits describe

above also behaves in the same way. These facts lead
reasonable scenario that the weak first-order nature smoo
vanishes and changes into the tricritical behavior obser
for the racemic mixture@8#.

The phase diagram must be symmetric with respect to
racemate and therefore the transition is first-order on the b
sides ofX550. Because of this,four critical lines meet at the
racemic point instead of three lines as in the ordinary tricr
cal point where the transition changes from second to
order @24,25#. In this sense the racemic point in the prese
case can be called as atetracritical point according to Nagle
and Bonner@26#. Note that this is not contradicted by the fa
thata has the tricritical value. As pointed out in Ref.@24#, it
is impotant to distinguish the order of a critical point fro
the number of critical lines meeting there, and a tetracriti
point which was treated in Ref.@26#, and also our presen
case, is qualitatively the same as a tricritical point. Suc

FIG. 8. Partial temperature-concentration phase diagram of M
POBC obtained in the present work. Solid lines represent first-o
transitions, and the dashed line a second-order transition.
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special situation was also found in a ferroelectric crys
@27#.

A racemic mixture represents a very special position i
mixture system of two enantiomers since only there does
chirality of system vanish. Therefore, it seems highly im
probable that tricriticality would occur at the racemic poi
just by chance. Quite interestingly, another example
known where a racemic mixture exhibits tricritical behavi
at a Sm-A–Sm-C transition: 4-~3-methyl-2-
chlorobutanoyloxy! 48-heptyloxybiphenyl ~A7! @28#. Al-
though we do not have any clear theoretical reasoning,
conceivable that the transition in near racemic mixtu
evolves into a tricritical one atX550 due to some symmetri
cal reason when a certain requirement is satisfied.

The above picture suggests that the transition is driven
first-order by some chiral mechanism, which thus cannot
erate in a racemic mixture. The effect of coupling betwe
tilt order and strain in the Sm-A–Sm-C* transition was dis-
cussed by Benguigui and Martinoty@29#. They showed that
this coupling moves the transition toward a tricritical poin
They also showed, however, the order of the transition is
changed by this coupling. Besides, this coupling also ex
in a racemate. Therefore, this coupling is probably not
sponsible in the present case. Another key is that the me
nism is not applicable to the Sm-A–Sm-Ca* transition, since
this transition remains second order. Then possible ca
dates are the macroscopic dipole moment in the direc
normal to the tilting plane, and the helix structure. The co
plings of these degrees of freedom with strain have not b
investigated in detail especially in the presence of a sign
cant fluctuation effect, and therefore we should wait for
ture developement of theory.

Finally, we add here one more remark. In principle, w
cannot rule out the possibility of a very small window
Sm-Ca* region for X&65 exceptX550. Under this as-
sumption, the anomaly in the phasef as shown in Fig. 6 is
understood to be caused by the first-order Sm-Ca* –Sm-C*
transition, and therefore the Sm-A–Sm-Ca* transition need
not be first-order. On the other hand, we encounter a n
problem to explain the reason why the Sm-Ca* phase per-
sists as far as the chirality exists. Further, now we expect
two first-order transition lines and two critical lines meet
the racemic point, thus the situation seems as complex
before. Because a similar tricritical behavior is seen in
racemic mixture of A7 as mentioned above@28#, it is prob-
able that the appearance of the characteristic phase dia
does not need the existence of the Sm-Ca* phase. In any
case, detailed studies of the optical impurity effect would
desired on other liquid crystals including A7.
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