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Effect of optical purity on the critical heat capacity at the smecticA—(chiral)-smecticC
transition in an antiferroelectric liquid crystal
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High resolution ac calorimetric measurements have been carried out near the #netiiial-smectice
phase transition in the antiferroelectric liquid crystal (14methylheptyloxycarbonyphenyl
4'-octyloxybiphenyl-4-carboxylatéMHPOBC). 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€ ,—chiral-smectid€ phase transition is first order, while the smediieehiral-smecticc,, phase tran-
sition is second order. A direct smecte-chiral-smectiocc phase transition, which occurs in near-racemic
mixtures, was found to be quasitricritical and weakly first order. This implies that the sndeeatimecticE
transition in the racemate locates at a special point where four critical lines intersect.

PACS numbse(s): 64.70.Md, 61.30-v, 64.60.Fr, 65.20rw

. INTRODUCTION while the SmMA-Sm<C_* phase transition is second-order.

The direct SMA—-Sm-<C* phase transition, which occurs in
It has been recently found that the heat capacity ¢t-4- near-racemic mixtures, was found to be quasitricritical and
methylheptyloxycarbonyphenyl weakly first order. This implies that the transition in the race-

4'-octyloxybiphenyl-4-carboxylate(MHPOBC) near the mate locates at a special point where four critical lines inter-
smectic A(Sm-A)—chiral-smectic C,(Sm-C_*) transition sect.

shows critical fluctuation effect which can be described by

the three-dimensiondBD) XY model in the immediate vi-

cinity of the transition temperatufg, [1]. While this result is Il. RESULTS

in agreement with the prediction of theofg], it is quite

unusual in the sense that almost all experimental studies of The heat capacity was measured using an ac calorimeter
SMA—SMC or SMA—SMC* transitions reveal mean-field described elsewhefd2]. Samples with several mixture ra-

behavior that is well described by the extended LandadiosS of the two enantiomers were prepared by mixing
theory[3—7]. S-MHPOBC and racemate MHPOBC. The mixture ratios

ill be referred to by citing the mole percedt of the S
nantiomer in the mixture. Hermetically sealed gold cells
which contained about 30 mg of liquid crystal sample were

. . . . Psed. Temperature scan rate was about 0.03 K/h in the tran-
sult is apparently compatible with the recent experimental .

. . : . *
observation that the critical heat capacity in MHPOBC andsriIon region. Very slow drift ratgs in the an—SmCa (_or
related substances exhibits crossover fromX3Dto Gauss- C*) transition temperature, typically2 to —4 mK/day, in
ian tricritical behavio9]. Thus it is of particular interest to
know how nearly-tricritical behavior changes into tricritical MHPOBC  CsHyy0<{O){0)-C00<0)-CO0C H(CHs)CeHys
behavior as the optical purity is decreased.

Another feature of interest in MHPOBC is the significant
effect of the optical purity on the phase sequence. The phas Fhase sequence of optically pure MHPOBC
sequences of optically pure MHPOBC and a racemic mixture
of MHPOBC are shown in Fig. 1 together with the molecular Sm—Cy* &= Sm—C,* £ Sm—C" £ Sm—C* = Sm—-A £y 1.
structurg[10,11]. Here SmA is a paraelectric phase, S@t

Furthermore, it has also been found that the heat capaci
of a racemic mixture of MHPOBC exhibits a Gaussian tri-
critical behavior at the SM—Sm-C transition[8]. This re-

is a ferroelectric phase, S@;* and SmE,* are antiferro- Phase sequence of racemate MHPOBC

electric phases, Si@-* is a ferrielectric phase, arldstands

for the isotropic phase. It was found that the stability range Sm—Cy +— Sm—C «— Sm—A «— I.

of the SmE,* phase and SiG-* phase diminishes in op- ssrIK ek b

tically impure system$11]. FIG. 1. Molecular structure of MHPOBC, and phase sequences

In this paper we report the results of ac calorimetric meaof optically pure MHPOBC and a racemic mixture of MHPOBC.
surements on R-S mixtures of MHPOBC for various mixtureThe transition temperatures are based on the present measurement
ratios. The Snt,*-Sm-<C* phase transition is first order, on heating.
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FIG. 2. Temperature dependence of the excess heat capacity

AC,, for MHPOBC for various values oX, the mole percent of S
enantiomer. Data foX=100 are fron1], and those foiX=50 are
from [8]. Data forX=50 andX=54.5 overlay so closely that they
look like one set of points in this scale.

FIG. 3. Temperature dependence of the excess heat capacity
AC, for the SmA-SmC* transition in MHPOBC with X
=50, 54.5, 59.6, and 65.2. To avoid overlap of the data, the tem-
perature scale has been shifted for each data set.

dicate the stability and high quality of the sample. sample X=90.5. A distinct peak is seen at the
The C,, values were determined from the following ex- SmC_*—Sm<C* transition, indicating that this transition is

pression. first order. On the other hand, only a small steplike variation

is seen at the SMA—Sm-C_* transition. A possibility that

this small step could correspond to a very weak first order

transition is excluded as follows. The phase #& given to

the first order as

Cp=(C»=Ce™)/m. (1)
Here Cgbs and Cgmpty are the heat capacity of the filled cell
and the empty cell, respectively, amdis the mass of the
liquid-crystal sample in grams. The background heat capac-
ity Cp(background) was determined as a quadratic function
of the temperature which joins the observed heat capacity
data smoothly at temperatures away from the transition on . i
both sides. The excess heat capadity, was obtained as wherew is the angular frequency of the ac heatimgand ;
are so-called external and internal relaxation tirfies, 16,
(20 and a is a model-dependent constafit7]. Equation (3)
shows thatp can exhibit an anomaly due to the temperature
The AC,, data for all values oK studied in the present
work are shown in Fig. 213]. The results for the optically

dependence of the sample heat capaCigythrough, and 7;

[16] even in the absence of two-phase coexistence. In most
pure sample X=100) and the racemic mixtureX(=50) are  cases the variation oE,, is relatively small in comparison
also included. The data for the racemic and near-racemigith the total heat capacity and therefore E8). implies a
mixtures,X=65.2, 59.6, 54.4, and 50, are shown as a funciinear relationship betwee#t andC,. In Fig. 5 data near the
tion of AT=T-T, in Fig. 3.

1
=——awT;,
=y mawn

()

AC,=C,—C,(backgroundg.

0.08 ———T

A. Results for high optical-purity samples

For relatively high optical-purity samples, X
=100, 90.5, 82.2, and 72.5, the data show @ppeaks in
the temperature range displayed in Fig. 2, corresponding to
the SmA-SmC, *-SmC* phase sequence. The
Sm-A-Sm<C_* transition is located at around 396.3, 395.5,
395.3, and 395.1 K, respectively, where a shafp, peak is
seen. On the other hand, only a snm@jl cusp is seen at the
Sm-C_*-Sm<C* transitions, located at around 395.0, 395.0,
395.1, and 394.9 K. The temperature width of the Spt-
phase is 1.3, 0.50, 0.26, and 0.10 K, respectively. 395

In ac calorimetry, the existence of a two-phase coexist- T (K)
ence region at a first-order transition is often detected as an
abrupt change in the phase lag of the ac temperature responser|G. 4. Temperature dependence of the phasedidgr MH-

(see Fig. 5 of Ref[14]). Figure 4 shows the temperature POBC with X=90.5. Arrow shows the SA—Sm<C,_* transition
dependence of the phase l@gnear the transitions of the temperature.
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FIG. 5. Plot of data of the phase lggagainstC, for MHPOBC FIG. 7. A comparison of heatingfilled circles and cooling

with X=90.5. Solid line is a guide to the eye. In this pl6, is the (open circleg data near the SPA—Sm-<C* transition temperature
total heat capacity of the sample cell including the liquid crystalfor the X=59.6 sample.
sample and the gold cell.

Figure 6 shows the temperature dependence of the phase
transitions are plotted on @-C, plane. It is obvious that a 129 ¢ near the transition for the sample=54.5. The data
step of ¢ seen in Fig. 4 at 395.53-395.58 K is consistentshow a distinct peak at the SA-SmC* transition, indicat-
with a linear relationship betwees andC, as indicated by ~Ing that this transition is first order. Similar anomaliesdn
the slanting line shown in Fig. 5, while the odd behaviogof Were also observed iX=59.6 andX=65.2 samples. As-
around 395.02 K, shown as open circles, corresponds to th&ming that these anomalies in the phase correspond to co-
two phase coexistence region due to the Ggi—Sm<C* existing phase regions, their widths are 16, 38, and 98 mK
transition. From these considerations, the SasmcC,*  for X=54.5, 59.6, and 65.2 samples, respectively.
transition is expected to be of the second order. The same Figure 7 shows a comparison of typical heating and cool-
behavior was observed fot=82.2 and 72.5 samples. ing data near the heat capacity peak obtained for Xhe

=59.6 sample. It is seen that the heating and cooling data
agree quite well. This shows that the first-order nature of the

B. Results for near-racemic samples present transition is very weak.
It is seen in Fig. 3 that racemic and near-racemic mix-
tures, X=65.2, 59.6, 54.5, and 50.0, undergo a direct lll. ANALYSIS

Sm-A-Sm<C* phase transition. It is seen that the magnitude N .
and the shape of the anomaly in each case is similar to that itr)1 ThEA?P d%ta i[]o'{'hndftrhe S_rA—SmCa T_rant_smon have
the racemic mixture except in the immediate vicinity of the een analyzed wi € foflowing renormaliza '°”'9r°“p ex
transition temperature. FOt=54.5 and 59.6AC, is clearly pression including corrections-to-scaling terfi§, 19

a single peak, indicating the absence of the G- phase. A

The results forX=65.2 seem marginah C,, can probably AC,=—|t|"*(1+D|t|’+D:|t|)+B (4)
. . ) . P 1 2 c»

be viewed as a single peak, but it may also be possible to a

regard it as a closely spaced combination of a high-
temperature sharp peak and a low-temperature broad peakvheret=(T—T.)/T. and the superscripts denote above
and belowT. . We note that the use of this expression for the
0.084 N — analysis of the present data in near-racemic samples showing
first-order SmMA-Sm-<C* transitions can be justified as a

X=54.5 1 starting trial function, because the first-order nature of the
0080l s | transition is very weak as pointed_ out above. _
: 1 The exponentr was usually adjusted freely in the least-
- L c : A ] squares fitting procedure. The correction-to-scaling exponent
g r » 0 is actually dependent on the universality class, but has a

theoretically predicted value quite close to (1B]. There-

0.076 -
gﬂw BRI fore, its value is fixed at 0.5 unless otherwise stated. Fits

°
were made for the data over three rang€$)max
0.072} ] =0.001, 0.003, and 0.01, wheltg. is the maximum value
of |t| used in the fit. The value df, was chosen as follows.
394 395 Although we do not know the value 6f; a priori, it is

inconsistent to use differenti;’s for different data ranges.

Therefore we fixed ., to the value determined in the narrow-
FIG. 6. Temperature dependence of the phasedldgr MH-  est data range for each set of fits using the same fitting ex-

POBC withX = 54.5. pression. There is usually a narrow region very closé@ to

T (K)
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TABLE I. Least-squares values of the adjustable parameters for filifygwith Eq. (4) for X=90.5. The
minimum reduced temperatures for- T, and T<T, are typicallyt,,,,=4x10"° and|t,;,|=3x10"°. The
number of fitted data pointsl was 214, 357, and 836 fdt]|,,,=0.001, 0.003, and 0.01, respectively. The
number of degree of freedomis given asv=N-—p, wherep is the number of free parameters. Quantities in
brackets were held fixed at the given values. The units are’JK? for A" andB., and K forT,.

[t]max Te o ¢ 10°A* A/A* D D D, D, B, X2

0.001 395530 0035 [0.5 993 1.482 104 —294 [0] [0] —0.341 1.00
0.003 [395.530 0.050 [0.5] 6.39 1.921 -031 —4.99 [0] [0] —0.147 150
0.01 [395530 0119 [05] 3.01 349 -477 —-6.80 [0] [0] —0.017 8.12
0.01 [395530 0.009 [0.5] 8.95 1.182 —0.03 —2.42 —0.28 11.24 —1.025 1.42
0.001 395.523 [-0.0066 [0.524 19.15 0.933 —0.33 071 [0] [0] 2.780 1.11
0.003 [395.523 [—0.0066 [0.524 17.26 0.929 —0.19 080 [0] [0] 2517 3.07
0.01 [395.523 [-0.0066 [0.524 23.00 0.953 —0.16 034 [0] [0] 3.345 26.4
0.01 [395.523 [-0.0066 [0.524 12.27 0.893 —0.09 2.16 055 —9.71 1.805 1.47

where data are artificially rounded due to impurities or in-ther, allowing nonzer®, moves the critical amplitude ratio
strumental effects, and the data inside this region have beegway from the 3DXY theoretical value 0.971. These facts

excluded in the fitting. make us to speculate that the improvement of the fit with
inclusion of second-order terms could be rather artificial.
A. High optical-purity samples Table Il shows the parameter values obtained for

Table | shows the parameter values obtained for Xhe :82'2 sample. Data |n*the range 3942&K<395'2 K, as-
—90.5 sample. To avoid theC, anomaly due to the sociated with the Sn&G,* —Sm-C* transition, have been ex-
SmC *_SmC* transition. data pin the range 394.1<K" cluded from the fits. The results are similar to those for the

<395.0 K have been excluded. It is assumed that data X=90-5 sample. The parameter values [fdf,,,=0.001 are
<394.1 K in the SME* phase are same as what would benOt shown because the effect from the subpeak gap is too
expected for the S, * phase if it existed9]. When only ~ 1arge.

a first-order correction term is included, the results show the _

following: (A) The a value is close to the 3IXY value of B. Near racemic samples

—0.0066[18] for narrow data ranges, while it increases sig-  Taple 11l shows the values of adjustable parameters ob-
nificantly as data range becomes wideé) XY fits where  tajined in fits to the data for thé=54.5 sample with Eq(4).

the exponents are fixed at 3RY values give reasonably |t js seen that the fits yield values close to the tricritical
good fits except for the violation of the theoretical expecta~,g)ue 0.5. It is also noticed that the valuesnf are anoma-
tion of Dy ~D; [20,21. These trends are similar to those |ously large, and are unstable against data-range shrinking.
seen in the optically pure sampte=100[1,9]. Inclusion of  gych a feature is qualitatively similar to that seen in the
second-order correction terms improves the quality of the fityacematd8]. However, the physical significance of these fits
substantially. Thea value when freely adjustable is seems doubtful sinca™ is anomalously small an®; is
«=0.009, which is close to the 3IXY theoretical value. anomalously large. In our opinion, these fits are artificial due
However,D; #D; persists in theXY fit. Although the ratio  not only to the almost tricritical nature but also to the first-
D, /D, is not universa[19], the present value for theY fit  order nature of the transition. >0.5 and6=0.5, the cor-
D,/D,=-17.6 seems rather large in comparison withrection termA™D;|t|’~“ will diverge atT, rather than go to
D, /D, being within =2 obtained for the nematic—SW-  zero as it should.

transitions showing a typical 3XY behavior[19,22. Fur- We next fitted the data with the following expression:

TABLE Il. Least-squares values of the adjustable parameters for fiftig with Eqg. (4) for X=82.2.
The minimum reduced temperatures f&>T, and T<T, are typically t;,=5x10"° and |t;,|=10
X 10 %. The number of fitted data pointé was 331 and 779 folt|n,,=0.003 and 0.01, respectively. The
number of degree of freedomis given asv=N—p, wherep is the number of free parameters. Quantities in
brackets were held fixed at the given values. The units are’JK* for A" andB., and K forT,.

[t]max T, a 9 10°A" A/AT Dy D; D; D, B, %

0.003 395340  0.043 [05] 322 3.118 —-2.90 —9.30 [0] [0] —0.064 1.49
0.01 [395.340 0222 [05] 0457 17.10 —71.7 —11.0 [0] [0] 0.040 3.65
0.01 [395.340 0024 [05 356 2359 —2.15 —11.1 7.2 56.3 —0.137 1.63
0.003 395.320 [—0.006§ [0.524 11.44 0.869 —0.08 2.17 [0] [0] 1.684 1.70
0.01 [395.320 [—0.0066 [0.524 27.73 0.957 —0.20 286 [0] [0] 4.017 16.7
0.01 [395.320 [—0.006§ [0.524 10.26 0.843 —0.06 3.90 043 -19.3 1511 1.71




PRE 61 EFFECT OF OPTICAL PURITY ON THE CRITICA. .. 1589

TABLE Ill. Least-squares values of the adjustable parameters for fimﬁ% with Eq. (4) for X
=54.5. The minimum reduced temperatures Tor T, and T<T, aret,,,,=1x107° and|t,;,|=6x10"°.
The number of fitted data point$ was 208, 499, and 919 fdt|,,.,,=0.001, 0.003, and 0.01, respectively.
The number of degree of freedomis given asy=N-—p, wherep is the number of free parameters.
Quantities in brackets were held fixed at the given values. The units aré g ¥ for A* andB,, K for T.

[t]max T, a 1A AT/ATY D D; D, D, B, %
0.001 394.816 0571 0.245 51.4 1668 33.1 [0] [0] -0.087 1.01
0.003 [394.814 0.562 0.205 65.9 2691 40.1 [0] [0] -0.119 1.03
0.01 [394.81§ 0.560 0.118 1157 5394 458 [0] [0] -0.139 1.13

0.01 [394.814 0.568  0.306 42.4 1179 27.7 —1544 -40.6 —-0.067 0.94

AT . . where superscripts denote above and beloWw. It is ex-
ACy=—[t"*(1+Dzt))+ B, (®)  pected thafl; is lower thanT; , thus
whereAB=B* —B~#0. The use of this form has been mo- AT =T, -T7 (7)

tivated partly because the first correction term behaves like a
constant term whema=0.5 and¢=0.5 If « and 6 were ex-

ac;tly 1/2, th+e c+orrec.tion term v_vould becorAe Dy , giving  ghould be positive. The middle four lines in Table IV show
~=Bc+A"D; which can differ above and beloWc.  the results of allowing a nonzemT, . Fits were also tried
Note also that the scaling requiremesit=B" need not be  fixjng « at the tricritical value 0.5, whild T, was allowed to

fulfilled for first-order transitions. The first four lines in have nonzero values. The results are shown in the last four
Table IV show the results of fits with Eq5). Because

higher-order correction terms are expected to have signifi-
cant influence only away frori,, results with nonzer®,
are shown only for the widest data ranfi¢,.,=0.01. Thea
values are still close to 0.5 in all these fits.

At first-order transitions, the temperature whey€, di-
verges will be different when the transition is approache
from the higher or lower temperature side. This can be take
into account by replacing the reduced temperaturg

Similar fits were tried forX=59.6 andX=65.2 samples.

It was found that fitting the data with E¢4) in these cases
resulted in unphysical results with negative /A", and
therefore such fits are not shown here. Tables V and VI show
GIhe results of the fits with Eq5) to X=59.6 andX=65.2,
r[]espectively. It is seen from Tables IV-VI that theshow
almost tricritical values in all three cases. The fits obtained
by fixing a at 0.5 are as good as those wiilfreely adjusted.

It is also to be noted that the value & ., when allowed to

L be nonzero, increases in the order %£54.5, 59.6, and
t = +° , (6)  65.2. This indicates that the first-order nature of the transi-
Te tion becomes more significant sincreases.

TABLE IV. Least-squares values of the adjustable parameters for fitiGg with Eq. (5) for X
=54.5. HereAB=B*—B~, andAT,=T. — TS . The minimum reduced temperatures for T, and T
<T. are typicallyt ;,=3x10"° and|t,,,/=7x10 . The number of fitted data poiniéwas 208, 499, and
919 for |t]na=0.001, 0.003, and 0.01, respectively. The number of degree of freedsrgiven asy=N
—p, wherep is the number of free parameters. Quantities in brackets were held fixed at the given values. The
units are JK g1 for A", B*, andAB, and K forT;] andAT,.

[t/ max TS AT, a 10°AT  AT/AY DJ D, B* AB  x?

c

0.001  394.809 [0] 0436 364  10.02 [0] [0] 0.018 0.044 1.26
0.003 [394.809 [0] 0442 3.91 8.87 [0] [0] 0.014 0.035 2.70
001  [394.809 [0] 0436  4.89 738 [0] [0] 0.007 0.030 6.07
001  [394.809 [0] 0452 293 1091 -402 —45 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 [394.804 [0.005 0.462  3.51 8.65 [0] [0] 0014 0029 2.09
0.01  [394.80§ [0.005 0.450  4.59 723 [0] [0] 0.007 0027 5.73
0.01  [394.804 [0.005 0.477 250  10.69 —452 —14.2 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 [394.803 [0.00§ [0.5] 2.63 8.83  [0] [0] 0.016 0018 251
001  [394.805 [0.00§ [0.5] 3.16 7.43  [0] [0] 0.010 0.015 7.86
001  [394.80§ [0.00§ [0.5] 2.08  10.95 -540 -—24.6 0.027 0.023 1.04
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TABLE V. Least-squares values of the adjustable parameters for filtdg with Eq. (5) for X=59.6.
Here AB=B"—B~, andAT,=T; —TJ . The minimum reduced temperatures for T, and T<T, are
typically t,;,,=5x10"% and|t;,/=11X 10"°. The number of fitted data poinkéwas 173, 460, and 901 for
|t| max=0.001, 0.003, and 0.01, respectively. The number of degree of freedsmiven asv=N—p, where
p is the number of free parameters. Quantities in brackets were held fixed at the given values. The units are
JK tglforA*, BY, andAB, and K forT} andAT,.

[t] max TS AT, a 10°A"  AT/AT D, D, B* AB %

0.001  394.770  [0] 0.413  3.42 1299  [0] [0] 0.021 0.062 1.11
0.003 [394.77Q [0] 0.443  3.47 9.96 [0] [0] 0015 0.034 3.71
0.01  [394.77Q [0] 0423 525 7.60 [0] [0] 0.006 0.033 7.16
0.01  [394.77Q [0] 0464 1975 1479 -793 -152 0.028 0.088 1.45
0.001  394.758  0.023 0541 1.468 12.43 [0] [0] 0024 0017 1.04
0.003 [394.75 [0.023 0.529  2.09 9.56 [0] [0] 0017 0.013 3.03
0.01  [394.758§ [0.023 0479 3.94 7.33 [0] [0] 0.007 0.021 6.85
0.01  [394.759 [0.023 0.583 0.807 1575 —1700 —99.0 0.039 0.000 1.33
0.001  394.761  0.016 [0.5] 1.955 1233  [0] [0] 0020 0.028 1.04
0.003 [394.761 [0.016 [0.5] 252 9.51 [0] [0] 0013 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 [394.76] [0.01¢ [0.5] 1.673 1413 —-868 —19.9 0.029 0.030 1.43

IV. DISCUSSION tion is second-order at least f¥=82.2. The critical nature
s%f the SmA-Sm<C_* transition is almost unaffected by the

diagram obtained from the present work. The solid linePresence of the Sig;*-SmC* transition. In particular,
shows first-order transitions, and the dashed line shows W€re is no indication that the Sm-SmC,” transition ap-
second-order transition. This result agrees with the phasgroaches a tricritical point ax decreases, at least down to
diagram reported earlier based on DSﬂferentia' Scanning X~72. This leads us to exclude a scenario in which the
calorimetry [11] except for some of details. One of the dif- second-order SMA—Sm<C,* transition observed for the op-
ferences between the present results and the former onestigally pure MHPOBC changes smoothly into the tricritical
that the Sme,,* phase does not disppear until relatively low behavior seen for the racemate. If the 3mSmC,* tran-
optical purity. Although the SnG_* phase was not detected sition remains second-order as far as the Ggi- phase ex-
for X=80 in the DSC study, it is clearly visible here ¥t ists, the SmMA-Sm<C_* transition line ends up with a
~72. This disagreement is not surprising since DSC meaeritical-end point(CEP because both the S@;* -SmC*
surements are usually less sensitive and are carried out ahd the SMA-Sm-<C* transitions are believed to be first-
much faster scan rat¢23]. order. If this is the case, it seems reasonable that the
The present data indicate that the & mSm<C_* transi- Sm-<C_,*-Sm<C* transition line does not simply merge the

Figure 8 shows a partial temperature-concentration pha

TABLE VI. Least-squares values of the adjustable parameters for fitifg with Eq. (5) for X
=65.2. HereAB=B*"—B~, andAT,=T. — TS . The minimum reduced temperatures for T, and T
<T. are typicallyt ;,=7>x10"° and|t,|=17x 10" 5. The number of fitted data poinkéwas 183, 470, and
911 for|t|na=0.001, 0.003, and 0.01, respectively. The number of degree of freedisngiven asy=N
—p, wherep is the number of free parameters. Quantities in brackets were held fixed at the given values. The
units are JK! g~ for A", B*, andAB, and K forT; andAT,.

[t] max TS AT, a 10°AY AT/AY D, D, B* AB X

c

0.001 394879 [0] 0353 536  13.98 [0] [0] 0.019 0.110 152
0.003 [394.879 [0] 0434 348 1142 [0] [0] 0.018 0.047 5.07
001 [394.879 [0] 0433 4.72 839  [0] [0] 0.010 0.037 14.92
001 [394.879 [0] 0452 1.992 1742 -738 -17 0.032 0052 178
0.001 394.852 0054 0584 1.189  13.47 [0] [0] 0.025 0022 138
0.003 [394.853 [0.054 0589 1.400 10.95  [O] [0] 0.021 0013 3.76
0.01 [394.85 [0.054 0536 2.77 8.04 [0] [0] 0.011 0019 13.88
0.01 [394.85 [0.054 0668 0.380 2131 -3115 -165 0.048 —-0.009 1.21
0.001  394.862 0034 [05] 205 1361  [0] [0] 0.024 0044  1.39
0.003 [394.867 [0.034 [05] 250 1091  [O] [0] 0.019 0.033 4.62
001 [394.867 [0.034 [05] 3.34 8.14  [0] [0] 0.011 0.024 13.79
0.01 [394.867 [0.034 [05 1.625 16.83 —819 —4.2 0.034 0.049 2.07
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special situation was also found in a ferroelectric crystal
\ 1 [27].

3961\ 1 A racemic mixture represents a very special position in a
AN SmA mixture system of two enantiomers since only there does the
AN chirality of system vanish. Therefore, it seems highly im-
AN, probable that tricriticality would occur at the racemic point
SmCa "~ just by chance. Quite interestingly, another example is
395, * 2 known where a racemic mixture exhibits tricritical behavior

1 at a SmA-SmC transition: 4¢3-methyl-2-
smC” chlorobutanoyloxy 4'-heptyloxybiphenyl (A7) [28]. Al-
though we do not have any clear theoretical reasoning, it is
100 50 conceivable that the transition in near racemic mixtures

X evolves into a tricritical one &= 50 due to some symmetri-
cal reason when a certain requirement is satisfied.

FIG. 8. Partial temperature-concentration phase diagram of MH-  The above picture suggests that the transition is driven to
POBC obtained in the present work. Solid lines represent first-ordefirst-order by some chiral mechanism, which thus cannot op-
transitions, and the dashed line a second-order transition. erate in a racemic mixture. The effect of coupling between

tilt order and strain in the SMA—Sm-C* transition was dis-
SmA-SmC,* line tangentialy as drawn in Fig. 8, but cussed by Benguigui and Martinofg9]. They showed that
makes some finite angle there as usually observed at CEPthis coupling moves the transition toward a tricritical point.

The SmA-SmC* transition in the absence of the They also showed, however, the order of the transition is not
Sm-C_* phase turned out to be almost tricritical but weakly changed by this coupling. Besides, this coupling also exists
first order. The main evidence presented here that th& a racemate. Therefore, this coupling is probably not re-
Sm-A-SmC* transition is first order is the existence of an sponsible in the present case. Another key is that the mecha-
anomaly in the phase lag observed in the ac calorimetric nism is not applicable to the Si—Sm<C,* transition, since
measurement. The fact that better fits are obtained by allowthis transition remains second order. Then possible candi-
ing T, # T, also supports the first-order nature of this tran-dates are the macroscopic dipole moment in the direction
sition. One could argue thaf; #T. might be an artifact normal to the tilting plane, and the helix structure. The cou-

caused by a smearing of the transition due to imperfectionQ”ngs of these degrees of freedom with strain have not been

and/or inhomogeneities in the sample. It should be noticednVestigated in detail especially in the presence of a signifi-

however, that smearing of the transition cannot explain th&ant fluctuation effect, and therefore we should wait for fu-
existence of an anomaly i®. On the other hand, regarding ture_developement of theory. o

the region of anomalous values as a two-phase coexistence Finally, we add here one more remark. In principle, we
region, this region decreases monotonically and smoothl annot*rule out the possibility of a very small window of
goes to zero on approaching the racemic point. The differ>MCa” région for X<65 exceptX=>50. Under this as-
ence betweerT, and T, determined in the fits described sumption, the anomaly in the phalﬁxeas shown in Fig. 6* S
above also behaves in the same way. These facts lead tougde_rstood to be caused by the f”S"OrEer Sm_—_SmC
reasonable scenario that the weak first-order nature smoothf{AnS!tien. and therefore the Si-SmC,* transition need
vanishes and changes into the tricritical behavior observe ot be first-order. On the other hand, we Encounter anew
for the racemic mixturés]. p_roblem to explain t_he reason why the ®p* phase per-

The phase diagram must be symmetric with respect to the!Sts as far as the chlrallty exists. Further,_ now we expect that
racemate and therefore the transition is first-order on the bot'© f|rst-or_der transition lines gnd wo critical lines meet at
sides ofX=50. Because of thidpur critical lines meet at the the racemic point, thys.the situation seems as Comp'?x as
racemic point instead of three lines as in the ordinary tricriti-before: Be'cause a similar tr|cr|t|cal behaVIOI"IS. seen in a
cal point where the transition changes from second to firsfacemic mixture of A7 as mentioned aboﬁ?"ﬁ]_- It is prob_—
order[24,25. In this sense the racemic point in the presemable that the appearance of the characteristic phase diagram
case can be called adetracritical point according to Nagle does not need the' existence Of thg S'ﬁ'. phase. In any
and Bonnef26]. Note that this is not contradicted by the fact case, detailed stuglles of the opt_lcal '”_‘pu“‘y effect would be
that @ has the tricritical value. As pointed out in R§24], it desired on other liquid crystals including A7.
is impotant to distinguish the order of a critical point from
the number of critical lines meeting there, and a tetracritical
point which was treated in Ref26], and also our present We are grateful to C. W. Garland for valuable discus-
case, is qualitatively the same as a tricritical point. Such a&ions.

T (K)

ACKNOWLEDGMENT

[1] K. Ema, J. Watanabe, A. Takagi, and H. Yao, Phys. Re32E (1986.

1216(1995. [5] C.W. Garland, inPhase Transitions in Liquid Crystal&/ol.
[2] P.G. de Gennes, Mol. Cryst. Liq. Cryst1, 49 (1973. 290 of NATO Advanced Study Institute, Series B: Physds
[3] C.C. Huang and J.M. Viner, Phys. Rev.25, 3385(1982. ited by S. Martelucci and A.N. ChestéPlenum, New York,

[4] C.C. Huang and S. Dumrongrattana, Phys. Rev34A 5020 1992, Chap. 11.



1592 EMA, KANAI, YAO, TAKANISHI, AND TAKEZOE PRE 61

[6] T. Chan, Ch. Bahr, G. Heppke, and C.W. Garland, Lig. Cryst.[17] In a geometry where the heater and the thermometer are at-

13, 667 (1993. tached on opposite sides of a platelet sampte]l is obtained
[7] J. Thoen, Int. J. Mod. Phys. B, 2157(1995. as described in Ref15]. If the heater and the thermometer are
[8] K. Ema, A. Takagi, and H. Yao, Phys. Rev. 3, R3036 attached on the same side, we obtain — /10. Our measur-
(1996; 55, 508 (1997. ing condition is close to the latter case.
[9] K. Ema, M. Ogawa, A. Takagi, and H. Yao, Phys. Re\b4& [18] C. Bagnuls and C. Bervillier, Phys. Rev.3, 7209(1985; C.
R25(1996; K. Ema and H. Yaojbid. 57, 6677(1998. Bagnuls, C. Bervillier, D.l. Meiron, and B.G. Nickehid. 35,
[10] A.D.L. Chandani, Y. Ouchi, H. Takezoe, A. Fukuda, K. 3585(1987).
Terashima, K. Furukawa, and A. Kishi, Jpn. J. Appl. Phys.,[19] C.W. Garland, G. Nounesis, M.J. Young, and R.J. Birgeneau,
Part 228, L1261 (1989; Y. Takanishi, K. Hiraoka, V.K. Phys. Rev. E47, 1918(1993.
Agrawal, H. Takezoe, A. Fukuda, and M. Matsushita, Jpn. J[20] DI=D1‘ is expected from ar-expansion calculation to first
Appl. Phys., Part B0, 2023(1991); K. Hiraoka, Y. Takanishi, order ine. See A. Aharony and G. Ahlers, Phys. Rev. Lét,
K. Skarp, H. Takezoe, and A. Fukuda, Jpn. J. Appl. Phys., Part 782 (1980.
2 30, L1819(199)). [21] The values oD /D; obtained from are-expansion to higher

[11] H. Takezoe, J. Lee, A.D.L. Chandani, E. Gorecka, Y. Ouchi, order and from field theory are only slightly larger than unity
A. Fukuda, K. Terashima, and K. Furukawa, Ferroelectrics for the 3D XY universality class: 1.17 and 1.6, respectively.

114, 187 (199)). See V. Privman, P.C. Hohenberg, and A. AharonyPlmse
[12] K. Ema and H. Yao, Thermochim. Ac&04305 157 (1997, Transitions and Critical Phenomenadited by C. Domb and
and references therein. J.L. Lebowitz(Academic, New York, 1991 Vol. 14.
[13] In the present work, racemate MHPOBC samples of two dif-[22] G. Nounesis, C.W. Garland, and R. Shashidhar, Phys. Rev. A
ferent origins(called no. 1 and no. 2, hereaftdnave been 43, 1849(199)).

used. Our early measuremep®3 were made on sample no. 1, [23] A phase diagram which is closer to ours has been obtained
while most of the results shown in the present work have been  recently from a dielectric measurement. See Fig. 5 in H. Ue-
obtained using racemate sample no. 2. The obseGpte- hara, Y. lino, and J. Hatano, Jpn. J. Appl. Phys., Pa861
haviors were identical to each other except that the 6118(1997.

Sm-A-Sm<C transition temperature of sample no. 2 was 0.30[24] T.S. Chang, A. Hankey, and H.E. Stanley, Phys. Re8, B46

K higher than that of sample no. 1. Because of this, the tem-  (1973.

perature scale for the data shown in the present work has bed@5] The present case corresponds to Fig. 8 of R&f|, whereh is

shifted by 0.30 K (concentration of racematevhen race- interpreted as the field conjugate to the &h-ordering, and
mate sample no. 1 was used. This amounts to 0.24 KXfor h, is the concentratioiX.
=59.6 and 0.06 K foiX=90.5 mixture. [26] J.F. Nagle, Phys. Rev. &, 2124(1970; J.F. Nagle and J.C.
[14] K. Ema, G. Nounesis, C.W. Garland, and R. Shashidhar, Phys.  Bonner, J. Chem. Phy&4, 729(1971); J.C. Bonner and J.F.
Rev. A 39, 2599(1989. Nagle, J. Appl. Phys42, 1280(1971).
[15] P. Sullivan and G. Seidel, Phys. RewZ3, 679 (1968. [27] Y. Takeuchi and I. Tatsuzaki, J. Phys. Soc. Jpd, 545
[16] 7.=RC;, whereC; is the sample heat capacity including the (1982, and references therein.
cell, andR is the thermal resistance between the sample andi28] H.Y. Liu, C.C. Huang, Ch. Bahr, and G. Heppke, Phys. Rev.
the heat bathr,=L?/\/90D+, whereL is the sample thickness Lett. 61, 345(1988.

and D+ is its thermal diffusivity and thereforB;=1/C,. See  [29] L. Benguigui and P. Martinoty, Phys. Rev. Le®3, 774
Ref.[15]. (1989; J. Phys. 117, 225(1997).



