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Binary mixtures of two compounds with phase sequences isotropic (I)—chiral-nematic (N)-chiral-
smectic-C (C*) and I-N —smectic-4 (A)—C* have been investigated. Spontaneous-polarization and
tilt-angle measurements near the A4-C* transition indicate a mean-field-like to tricritical crossover
behavior near the N-A-C* point of the phase diagram, the critical exponent 8 varying continuously
from values near 0.5 to almost 0.25. The heat capacity has also been measured with a high-resolution ac
calorimetric technique at the 4-C* and N- A4 transitions of three mixtures. It is found that the 4-C*
transition is well described by an extended mean-field model. The fits show that, in accordance with po-
larization and tilt-angle measurements, the transition evolves from a second-order regime towards tricri-
ticality as the A4 range decreases. Based on these results and other analogous studies published by other
authors, some considerations about the material requirements necessary to obtain first-order 4-C* tran-

sitions are briefly discussed.

PACS number(s): 61.30.—v, 64.70.Md, 64.60.Kw

I. INTRODUCTION

The character of the smectic- 4 to smectic-C or chiral-
smectic-C ( A-C or A-C*) phase transition is a subject of
considerable interest. Usually, 4-C (or C*) transitions
are second order. However, recent observations on fer-
roelectric compounds with high spontaneous polarization
have demonstrated the possibility of existence of first-
order A-C* transitions [1-3].

On the other hand, the properties of the nematic (or
chiral nematic) - 4-C (N AC) point have received great at-
tention. One important question about the N AC point is
the location of the tricritical point on the A4-C line. Ex-
perimental works performed on binary systems obtained
by mixing materials with sequences N-C and N-A4-C have
shown that the tricritical point is very near the NAC
point [4-7]. However, in view of the existence of first-
order A-C* transitions, there exists the possibility of ob-
taining a tricritical point displaced from the NAC*
point. Given our current understanding on the mecha-
nisms driving the A4-C* transition to first-order charac-
ter, a tricritical point away from the NAC* composition
would be likely to appear in a mixture with a rather nar-
row A range [3,8] and/or with a high spontaneous polar-
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ization at the C* phase [3,9,10] or at least with large
molecular dipole moments [11].

In this paper we report on a study of the 4-C* transi-
tion carried out on binary mixtures prepared from two
compounds with a first-order sequence N-C* and a
second-order sequence N-A-C*. Both compounds
present a medium value of the spontaneous polarization
(~20 nC/cm™2) and a broad range of N phase. The na-
ture of the A-C* line has been analyzed by means of
spontaneous polarization and tilt-angle measurements.
The results show a mean-field-like to tricritical crossover
behavior as the NAC* point is approached. X-ray mea-
surements for mixtures near the NAC* composition
confirm the continuous character of the 4-C* transition
along the entire 4-C* line. Likewise, high-resolution ac
calorimetric measurements support the above idea and
the specific-heat anomalies associated to the 4-C* transi-
tions are well described by the usual extended Landau
free energy. Finally, based on these results and analogous
studies reported in the literature, some considerations
about the materials requirements necessary to obtain
first-order A-C transitions are discussed. In this sense,
the importance of a narrow (or inexistent) N phase is par-
ticularly stressed.
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II. EXPERIMENT

The materials studied are binary mixture of two com-
pounds SCE9 and SCEI10, which were purchased from
BDH, London. Both materials are multicomponent mix-
tures with a large cholesteric pitch over a broad tempera-
ture range above the smectic mesophases. The phase se-
quences as determined by texture observation are the fol-
lowing:

I— N—A4—C*

119°C  87.3°C  56.2°C
(SCE10) .

(SCE9) ,

I— N—C*
110°C  70°C
Here I stands for the isotropic phase. Ten different mix-
tures were studied, with SCE9 concentrations x=1, 0.74,
0.48,0.22, 0.18, 0.15, 0.13, 0.07, and O (weight fraction).

Tilt angle and spontaneous polarization were measured
on sample cells with an area of 4 X4 mm? and a thickness
of 4 um. The glass plates were treated with nylon 6/6
and rubbed unidirectionally in order to achieve the
desired bookshelf geometry [12]. The materials were in-
troduced into the cells by capillary action in the I phase
and cooled slowly (0.1°Cmin~!) down to the ferroelec-
tric phase. Previously to the experiments, all samples
were rigorously examined to check the alignment quality.

The tilt angle was determined optically by measuring
the switching angle between the director positions at pos-
itive and negative applied electric fields [13]. The spon-
taneous polarization was measured using the triangular-
wave method [14,15]. The experiments were performed
dynamically at a constant rate of 0.1°C min~! both on
heating and cooling.

X-ray measurements were conducted using an au-
tomatic powder diffractometer (STOE). For these mea-
surements, capillaries of diameter 0.5 mm filled with
unaligned samples were used. The temperature of the
sample was controlled with a homemade oven with a
temperature stability of 0.1°C. Copper Ka; and Ka,
lines were separated and only the former was used for the
experiments. The accuracy in the determination of the
Bragg angle was 0.001 °.

Specific-heat measurements were performed using a
high-resolution ac calorimeter whose essential features
are based on a previous one described in the literature
[16]. Some modifications were introduced in order to
improve its versatility and resolution. The details of the
calorimeter have been described elsewhere [17]. Here we
will briefly review its basic characteristics.

The source of the modulated input power is a strain
gauge which operate as a resistive heater and as the sup-
port of the sample holder. The sensor for detecting the
temperature oscillations is a microbead thermistor sup-
plied by a high-stability home-built dc current generator.
A lock-in amplifier (EG&G PARC 5302) acts as oscilla-
tor for the heater and also measures the ac voltage and
phase shift generated in the thermistor. The sample
holder is a commercial aluminum capsule used for
differential-scanning-calorimetry (DSC) measurements,
with a volume of 10 ul and a diameter of 10 mm. It has
the advantage of facilitating sample preparation and per-
mits to compare the data with preliminary DSC measure-
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ments performed on the same sample. The sample holder
is surrounded by two concentric copper blocks where
vacuum can be made or helium can be introduced in or-
der to control the thermal link of the cell. The whole sys-
tem is immersed into a thermostatic bath (Lauda KP20)
and the temperature controller allows to scan the temper-
ature with different rates from 100 to 5000 mK h™!. The
external block reduces the influence of thermal fluctua-
tions of the bath on the temperature of the cell. As a re-
sult, temperature oscillations in the sample are less than 1
mK during long time when the bath is in thermal equilib-
rium. The temperature of the block is monitored by a
calibrated platinum resistance and measured by a mul-
timeter (Hewlett Packard 3457 A). Finally, all the equip-
ment is interfaced to a personal computer through Insti-
tute of Electrical and Electronics Engineers circuit
boards. The resolution of the calorimeter is estimated to
be better than 0.1%.

III. RESULTS AND DISCUSSION

A. Polarization and tilt

Figures 1 and 2 show the temperature dependence of
the spontaneous polarization P, and tilt angle 6 of the
compounds SCE9 and SCEI10, respectively. As expected,
the material SCE9 presents a gradually changing polar-
ization and tilt, starting from zero at the 4-C* transition
and continuously increasing as temperature goes down.
On the other hand, the discontinuous character of the N-
C* transition is clearly visible in the polarization and tilt
behavior of SCE10, where jumps about 8 nC cm ™2 in the
polarization and 15° in the tilt are observed at the transi-
tion point.

Binary mixtures prepared from SCE9 and SCEI10
present the phase diagram represented in Fig. 3. The
transition temperatures were determined on freshly
prepared samples from measurements of the electroclinic
effect at the N and A phases and direct microscopic ob-
servation. As can be seen, as the SCE9 concentration de-
creases the A4 range becomes smaller. The NAC* point
is attained for a SCE9 concentration x, =0.12+0.01.
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FIG. 1. Temperature dependence of the spontaneous polar-
ization and tilt angle in the C* phase of compound SCES9.
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FIG. 2. Temperature dependence of the spontaneous polar-
ization and tilt angle in the C* phase of compound SCE10. The
first-order character of the N-C* transition is clearly visible.

We will only present some of the results obtained on
various mixtures with x >x_.. For x <x_, clear jumps in
P, and O similar to those in Fig. 2 confirmed unambigu-
ously the well-known first-order character of the N-C*
transition. Figures 4(a) and 4(b) show the polarization
and tilt data of several materials with x =x_.. The varia-
tions of P, and 6 near the A-C* transition are steeper as
the concentration x,. is approached. However, no signs
of discontinuity appear, which suggests a second-order
character for the transition along the entire 4-C* line.
In order to confirm this point we analyzed the data using
a simple power law

6=04(T,—T)P, P,=Py(T.—T)F (1)

where T, is the A-C* transition temperature and 6, and
P, are constants.

It should be noted that the former expressions must
not perfectly hold (in a reasonable temperature range) if
the data are expected to be well described by a mean-field
model with a small fourth-order term and an important
sixth-order term, as usually happens in these materials.
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FIG. 3. Phase diagram for SCE9+SCEI10 liquid-crystal mix-
tures; x is the weight fraction of SCE9. Dashed lines have been
drawn only for eye-guiding purposes.

In this sense, 8 and 3’ should be considered as “effective”
critical exponents whose values depend on the fitting
range and are well defined only in the limit cases of ordi-
nary mean-field behavior (f3,8'=0.5) and a tricritical
point (3,8'=0.25). In fact, in all the samples studied the
B and ' values obtained in the fits were always between
these two limiting values, signifying a behavior inter-
mediate between mean field and tricritical. On the other
hand, it was found that 8 and 8’ decreased with increas-
ing fitting range so, in order to compare among the
different samples, the range was arbitrarily fixed to 5°C in
all cases. Figure 5 represents the evolution of the ex-
ponents calculated in this way. As can be seen, 8 and 3’
are quite similar, indicating that P, and 6 are approxi-
mately proportional to each other. Furthermore, a clear
tendency is observed from exponent values near 0.5 to-
wards values close to 0.25 as the A4 range shrinks. In ad-
dition, it was found that mixtures with the largest and
smallest 4 ranges could be fitted successfully to the
above power laws in larger temperature intervals without
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FIG. 4. Temperature dependence of the (a) spontaneous po-
larization and (b) tilt angle for several SCE9+SCE10 mixtures.
Open circles, triangles, and solid circles represent mixtures with
concentrations x=0.13, 0.15, and 0.48, respectively. The varia-
tion of both polarization and tilt near T, are steeper as the com-
position approaches x,=0.12, which corresponds to the NAC*
point.
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FIG. 5. Evolution of the critical exponents for the spontane-
ous polarization B’ (solid circles) and tilt 3 (open circles) as a
function of the SCE9 concentration. Both 3 and 3’ are increas-
ing functions of x, starting from a close to tricritical value (0.27)
near x..
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FIG. 6. Raw diffractometer traces obtained along the equa-
torial direction around the A-C* transition for the mixture with
x=0.13. (@ T—-T7T.=0.1°C, () T-—-T,=-—0.1°C, (c)
T—T,=—0.2°C, and (d) T —T,=—0.3°C. No coexistence of
two density modulations can be appreciated and the Bragg an-
gle corresponding to the peak maximum (65) presents a con-
tinuous evolution.
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important variations of the exponents. All these factors
indicate clearly a mean-field to tricritical crossover
behavior along the 4-C* line.

It is, however, difficult to decide the character of the
A-C* transition for x close to x, only with the above
measurements. The spontaneous polarization and tilt an-
gle were measured by applying a strong electric field
which can alter the intrinsic values of these quantities
and smear out possible (small) discontinuities at the tran-
sition point. In order to solve this problem, x-ray mea-
surements were performed on the mixtures with 1 and
2°C of A4 range (x=0.13 and 0.15). The results can be
summarized as follows. No coexistence of the diffraction
peaks corresponding to the density modulations of the A4
and C* phases was found (see Fig. 6). Moreover, the
Bragg angle presented a continuous evolution and no
jump was observed around the phase transition. Thus we
are induced to think that the A4-C* transition is always
second order. Therefore, the tricritical point on the A-
C* line must be in the vicinity or at the NAC* point.

B. Heat capacity

Three samples, with weight fractions of SCE9 x=0.48,
0.22, and 0.13, were studied over a wide temperature
range spanning the N-4 and A4-C* transitions. The sam-
ple weight was in all cases about 25 mg. For all the sam-
ples the operating frequency was fixed at 30 mHz, around
which linearity between the inverse ac signal and frequen-
cy was observed. The scan rate through the different
transitions was about 600 mK h™! and the temperature
oscillations in the sample were about 60 mK for an input
power of 2.5 mW and a helium pressure in the internal
chamber of 8 kPa.

Small drifts in the transition temperatures were ob-
served in successive heating and cooling runs. However,
the overall shape and size of the excess heat capacity as-
sociated to the transitions remained essentially unaltered.
We report here the data obtained during the first cooling
runs.

Apart from the mentioned drifts, no thermal hysteresis
could be detected in any of the transitions. This fact, to-
gether with the lack of any noticeable phase shift of the
lock-in signal during the measuring process (<0.01°),
suggests a second-order character for all the transitions.

The overall variation in the total specific heat (sample
plus addenda) through both the N-4 and A4-C* transi-
tions is shown in Fig. 7 for the x=0.48 sample. The
anomalies corresponding to the transitions are clearly
visible. The increase in C, at the high temperature re-
gion is due to the beginning of the anomaly associated to
the I-N transition.

In order to analyze the data, the excess heat capacity
AC, must be obtained and, therefore, appropriate back-
ground curves have to be estimated. This task is not
trivial in our case since the I-N, N-A, and A-C* transi-
tions are rather close to each other. For calculating the
excess heat capacity associated to the 4-C* transition we
chose as base line the extrapolation at low temperatures
of the polynomial fit of the total specific heat in the re-
gion above the A-C* transition and below the N- A4 tran-
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sition. In the case of the N-A transition a similar extra- -0.01 -0.005 0 0.005 0.01
polation of the points of the “tail” associated with the I- (T-T)H/T,

N anomaly was carried out. The resulting background
curves are shown by continuous lines in Fig. 7 for the
x=0.48 mixture. The AC, data corresponding to the A-
C* and N- 4 transitions are represented in Figs. 8 and 9,
respectively, as a function of their corresponding reduced
temperatures t =(7 —T,)/T. There is no curve in Fig. 9
for the x=0.13 mixture because, within the experimental
resolution, no C, anomaly could be detected for the N-A4
transition of this sample.
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FIG. 8. Excess heat capacity AC, due to the 4-C* transition
as a function of the reduced temperature for mixtures with
x=0.48 (open circles), 0.22 (solid circles), and 0.13 (rhombs).
Solid lines are fits to the theoretical predictions of the Landau
model.

FIG. 9. Excess heat capacity AC, associated to the N- A4 tran-
sition as a function of the reduced temperature for mixtures
with x=0.48 (open circles) and 0.22 (solid circles). Measure-
ments were obtained on cooling. For comparison, the results on
heating for the x=0.48 sample are also included (crosses). The
lack of thermal hysteresis is clearly visible.

The A-C* transitions were analyzed using the so-called
extended Landau model. According to this approach the
free energy of the smectic-C* phase relative to that of the
smectic- A phase is given by

G =at0*+b06*+c6° )

where a and ¢ are positive constants and the sign of b
determines the transition character. If 5>0, the transi-
tion is second order while it is first order for b<0. The
value b=0 corresponds to the tricritical point. From the
above free-energy expansion, the temperature dependence
of the excess heat capacity is obtained as

T, —T -1/2
T

c

_ .4
AG(T=T—5

c
where 4 =(a*/12¢)"? and T,, =T.(1+b2/3ac). If b>0
the theoretical AC, drops to zero above T, and Eq. (3) is
only valid for temperatures 7 < T,.. In a first-order case,
the transition does not take place at T, but at a higher
temperature T, =T,(1+b?/4ac) and the AC, expression
holds up to this temperature value.

In the fit process the parameter T, was fixed at the
temperature at the midpoint of the heat capacity jump.
Just above T, a non-Landau AC, tail can be observed for
the three samples which increases as the A4 range be-
comes smaller. This fact suggests that the excess AC,
above T, can be associated to pretransitional fluctuations,
although perhaps sample impurities or inhomogeneities

(3)




48 CHARACTER OF THE SMECTIC-4 -CHIRAL-SMECTIC-C. ..

1975

TABLE 1. Least-squares values of the fitting parameters appearing in Eq. (3) for the excess heat

capacity associated to the 4-C* transitions.

Mixture
X T, (K) T, (K) AJg™h AC, Theor. (T,) 0 g 'K™})
0.48 339.42 343.48 1.513 0.0407
0.22 345.28 347.27 2.182 0.0833
0.13 345.37 345.77 2.955 0.2514

can also produce the same effect [18]. Continuous lines
in Fig. 8 show the Landau fits for the three samples stud-
ied and the resulting parameters are given in Table I.
These parameters were obtained by means of a linear fit
of (T/AC, )2 vs temperature. It was found that the tem-
perature range in which the linear relationship between
these quantities is satisfied depends somewhat on the
choised background. However, the values of the slopes
and intercepts of the straight lines remained much less
affected.

As can be seen, with the exception of a small region
around the transition, the fits are rather good for the
x=0.48 and 0.22 samples. Keeping aside for the moment
the anomalous AC, hump detected for the x=0.13 mix-
ture, a clear tendency for the behavior of the b parameter
can be deduced from the data of Table I. This is evident
if the evolution of the theoretical AC, at T, (given by
a?/2bT,) or the difference between T, and T, (equal to
b2T, /3ac) are examined. From both sets of data the con-
clusion is reached that b tends to zero as the N AC* point
is approached, remaining positive along the whole 4-C*
line.

It is interesting to examine closer the anomalous
behavior of the x=0.13 sample. First of all, and as has
been pointed out before, there is no evidence of the pres-
ence of the N-A transition. This is not unusual and
reflects the fact that the correlation lengths for A4 fluctua-
tions at the N phase grow rapidly as the 4 range van-
ishes, leading to very small C, anomalies [19]. What is
unexpected is the complex structure of the 4-C* peak,
with an additional small but reproducible shoulder ap-
proximately 2°C below the jump. We do not know at
present the origin of this effect. As has been shown be-
fore, neither the spontaneous polarization nor the tilt an-
gle presented any anomaly in this region. The most likely
hypothesis is in our opinion that some composition inho-
mogeneities or chemical degradation may have occurred
in this sample that could have affected our results. This
is supported by the relatively high chemical instability
[20] of one of the mixture components (SCE10) in which
this sample is rich and the long time elapsed between po-
larization and tilt-angle studies and calorimetric investi-
gations (more than six months). We plan to prepare new
mixtures and investigate this point more thoroughly in
the near future.

We will finish this section with a brief mention of the
N-A transitions for the sake of completeness. For the
two samples analyzed (x=0.48 and 0.22), good fits were
obtained using the renormalization-group expression in-
cluding first-order corrections-to-scaling terms, i.e.,

AC,=A"|t|"*(1+D*|t|**)+B )

where the plus and minus signs refer to above or below
the transition point and A4, B, D, and a are constants.
Fits allowing the critical exponent to vary gave a values
close to zero, compatible with the well-known theoretical
prediction a= —0.007 of the three-dimensional XY mod-
el. This is in agreement with the expectations [21], given
the small McMillan ratios (0.90 and 0.92) of both sam-
ples.

C. Character of the 4-C* transition

From the above measurements we have concluded that
the tricritical point on the A-C* line is at or near the
NAC* point. This is not surprising since analogous re-
sults have been observed in other binary systems com-
posed by chiral as well as nonchiral molecules. In fact,
except for a few examples recently reported, the 4-C (or
C*) transition has been always found to be continuous.
However, it is interesting to comment on the reason for
this behavior and discuss the possible circumstances that
can drive the transition to be first order.

Up to now several possible factors determining the or-
der of this transition have been pointed out in the litera-
ture. For example, it has been found systematically that
a narrowing of the A temperature range can give rise to
first-order A-C* transitions [5,8,22]. The spontaneous
polarization magnitude at the C* phase is also believed to
have some influence in this respect [3,9]. Finally the size
of the transverse dipole moment of the constituent mole-
cules has been also mentioned as an important factor on
the nature of the transition [11]. Some theoretical treat-
ments supporting these ideas have already appeared in
the literature, but the relative importance of these factors
is still uncertain. Here we will just point out another fac-
tor which can promote discontinuity in the A4-C transi-
tion and, as far as we know, has not been mentioned in
previous works. In compiling our results and related
studies published by other authors we have noted that
there is no a single case of a phase diagram with a NAC
point which contains an interval of first-order A4-C transi-
tions [23]. This holds not only for concentration-
temperature but for pressure-temperature diagrams as
well [24]. Provided we have a small 4 range, this means
that the proximity of the I phase to the A phase (which
implies the absence or a small range of the existence for
the N phase) is, in our opinion, another important factor
influencing the character of the A-C transition. The
effect of the N range can be included in a phenomenologi-
cal model in an analogous fashion to that explaining the
first-order nature of the N- 4 transition as the N range de-
creases [25], ie., by adding the terms
—K 8562+ (8S)?/2x to the free energy (2). Here K> 0 is
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a coupling constant, S represents the fluctuations of the
nematic order-parameter, and Y is the susceptibility of
these fluctuations. After minimizing respect to 6S, the
free energy is still given by (2) but a renormalized
coefficient b —yK?/2 is obtained for the fourth-order
term. Clearly the proximity of the I phase to the 4 (and
to the C) phase enhances the Y value and, therefore,
favors the first-order condition for the A4-C transition. If,
as in our case, a broad N phase (> 50°C) exists above the
A phase, nematic fluctuations are negligible in compar-
ison with those in compounds without an N phase and
with a C phase close to the I phase. Thus, in spite of
small A4 ranges and moderate polarizations we always ob-
tain second-order 4-C* transitions.

In summary, we have presented experimental results of
the temperature dependence of the spontaneous polariza-
tion and tilt angle in binary mixtures of two compounds

with N-C* and A-C* transitions, respectively. The
behavior of these quantities indicates the existence of a
tricritical point at or close to the NAC* point. The
analysis of ac calorimetric measurements corroborates
this idea. Furthermore, in the light of the above results
and by comparison with other similar studies, we con-
clude that, in order to obtain a first-order A-C transition,
not only a narrow A range is necessary (wider for com-
pounds with high P, ) but the proximity of the transition
to the I phase is also required.
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