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Photopyroelectric ac calorimetric study of the nematic–smectic-A phase-transition line in binary
liquid crystal mixtures with injected smectic-A phases

J. Caerels, C. Glorieux, and J. Thoen*
Laboratorium voor Akoestiek en Thermische Fysica, Department Natuurkunde, Katholieke Universiteit Leuven, Celestijnenlaan

3001 Leuven, Belgium
~Received 17 October 2001; published 8 February 2002!

Using a recently developed photopyroelectric ac calorimetric technique we investigate two binary liquid
crystal mixtures with so-called injected smectic-A phases. Characteristic of these systems is the occurrence of
nematic-to-smectic-A transition lines in the phase diagram of mixtures of pure compounds having only a
nematic phase. The two binary systems are pentylcyanobiphenyl with either 4-n-propylcyclohexyl-carboxylate
or 4-n-pentylphenyl 48-n-pentyloxybenzoate. Both these systems have domelike smectic-A ranges with nar-
row nematic ranges at the top. Near the top theN-SmA transitions are of first order and are crossing over to
second order at a tricritical point on either side of the top with the increasing width of the nematic range. The
obtained critical exponents are almost completely Fisher renormalized because of the strong concentration
dependence of the nematic-to-smectic-A transition temperatures.

DOI: 10.1103/PhysRevE.65.031704 PACS number~s!: 64.70.Md, 65.20.1w
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I. INTRODUCTION

In the past calorimetric studies have contributed subs
tially to better understanding of phase transitions in gen
and of phase transitions in liquid crystals in particular. A
though differential scanning calorimetry~DSC! plays an im-
portant role as general characterization tool, detailed ther
phase-transition information is, however, mainly obtain
with high-resolution adiabatic and ac calorimetric techniqu
@1–3#.

Although, unlike adiabatic scanning calorimetry, ac ca
rimetry does not allow one to determine latent heats
distinguish between first- and second-order phase transiti
the method allows for a detailed investigation of pretran
tional specific heat capacityCp anomalies and to determin
critical exponents. Indeed, our present knowledge of deta
behavior ofCp near phase transitions in liquid crystals is
a large extend obtained from high-resolution ac calorime

The nematic–smectic-A (N-SmA) phase transition ha
undoubtedly been the most extensively investigated of
liquid crystal phase transitions. In the nematic phase, rod
molecules align with their long axes parallel, resulting
orientational order on a microscopic scale parallel to the
rector. In the SmA phase in addition to this, the system d
velops a one-dimensional density wave resulting in o
dimensional position ordering~layering!. The smectic wave
vector of this density wave is parallel to the nematic direc
The basic aspects of theN-SmA phase-transition behavio
was formulated by de Gennes in terms of the close ana
with the normal-superconducting phase transition in me
and in terms of a Landau mean field energy express
which included a coupling between the amplitude of t
SmA density wave and the nematic order parameter@4,5#.
Depending on the strength of the coupling between these
order parameters, theN-SmA transition can either be of firs
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order or second order. For narrow nematic ranges~between
the isotropic and the smectic-A phase!, the transition is first
order becoming second order via a tricritical point for wid
nematic ranges. In order to make further progress beyond
mean field approach, fluctuations have to be properly ta
into account. The fact that in reality the smectic-A order
parameter has two components led de Gennes@4# and Mc-
Millan @6# to conclude that theN-SmA transitions should
belong to theXY universality class for an order paramet
coupling-free situation. Most further theoretical studies a
attempts to calculate critical exponents beyond the m
field have been based on a free-energy functional introdu
by de Gennes@4#, which is formally very similar to the
Ginzberg-Landau free-energy functional for supercond
tion.

Although there have been several theoretical efforts, at
present time there exists no clear theoretical consensus a
the exact nature of the critical behavior of the de Gen
model and about the validity of the predictions for th
N-SmA transition from the superconducting analog@7#. Im-
portant differences are the absence of true-long-range sm
tic order in three dimensions@8# and the presence of th
splay elastic term in the de Gennes free-energy functio
These complications make it very difficult to properly ta
into account thermal fluctuation effects to arrive at the mo
fied critical exponents beyond mean field theory. Accord
to a prediction made by Halperin, Lubensky, and Ma@9# in
1974, fluctuations not only change the critical exponents,
may drive a second-order phase transition to a first-order
when two order parameters are simultaneously present
interact with each other. They predicted this to be the c
for the N-SmA transition in liquid crystals and for the
normal-superconductor transition for type-1 supercondu
ors. In addition to fluctuations in the nematic order parame
S ~as in the de Gennes–McMillan approach! they also con-
sidered director fluctuations beyond mean field. This ext
sion was sufficient to make theN-SmA ~very! weakly first.
Although high-quality adiabatic scanning calorimetry~ASC!
©2002 The American Physical Society04-1
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can determine minute latent heats, the first-order natur
the N-SmA transition for wide nematic ranges~away from
the tricritical point! could not be established in this way an
the results were in agreement with the second-order
Gennes–McMillan result. Recently, however, Yethiraj a
Bechhoefer@10#, using a high-resolution real-space optic
technique, presented quantitative evidence for the pres
of a small two-phase region~of the order of 2 mK! and a
smectic order parameter discontinuity for theN-SmA transi-
tion of 8CB, considered to be of second order within expe
mental resolution in ASC experiments@11#. Derived values
for the latent heats on the basis of the optical experime
@10# are, indeed, smaller than the resolution that had b
obtained in the ASC experiments. These recent results
firm earlier work by Cladiset al. @12# and Anisimovet al.
@13#. However, the presence of the very small discontinuit
and small two-phase regions should have hardly an effec
the determination of the~effective! critical exponents, e.g.
for the specific heat capacity or for the correlation leng
from x-ray scattering@3,7#. By far the dominant effect, intro
ducing effective critical exponents near the~Landau! tricriti-
cal point, is the~de Gennes–McMillan! coupling between
the nematic and smectic-A order parameters.

Since it is unlikely that one would find the proper cond
tions for aN-SmA tricritical point in a pure compound~al-
though 9CB is close@14#! measurements have usually be
carried out in binary mixtures of liquid crystals~often of the
same homologous series! to establish the proper width of th
nematic range. It is then~implicitly ! assumed that, as far a
theN-SmA transition is concerned, the mixture behaves a
pure compound and exponents relevant for theN-SmA
phase-transition behavior are obtained from the tempera
dependence of the physical quantity considered at a g
composition of the mixtures. This assumption is only valid
long as theN-SmA transition temperatureTNA is only
weakly dependent on the composition of the mixture. Fis
@15# has shown in 1968 that in mixtures the usual critic
exponents are only obtained along a path of constant ch
cal potential difference and not along a path of constant c
positionx of the mixture, as is~necessarily! done experimen-
tally. As long asdTNA /dx is sufficiently small the usua
exponents are obtained. In the other case one should obs
exponent renormalization along paths of constantx.

Using a photopyroelectric ac calorimetric technique,
have investigated the phase-transition lines between the n
atic and the smectic-A phase in two binary mixture system
showing so-called injected smectic-A phases. In both thes
systems, near theTNA transition temperatures, the observ
critical and tricritical specific heat capacity behavior is fu
Fisher renormalized.

II. EXPERIMENTAL METHOD

The technique we used in this study of the specific h
capacity along phase-transition lines in the liquid crys
mixtures is in essence a low frequency operation of the
verse photopyroelectric setup we developed for the meas
ment of absolute values of the specific heat capacity
thermal conductivity of liquids@16# and gases@17#. Figure 1
03170
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gives a schematic diagram of the relevant parts of the app
one-dimensional geometry. The thin liquid crystal sample
put on top of a thin pyroelectric transducer. As a pyroelec
transducer we use a 75-mm-thick flat piece (15315 mm2) of
LiTaO3, which is gold coated on both sides. At the botto
this pyroelectric transducer is illuminated with an intens
modulated laser beam. In this way the pyroelectric tra
ducer acts as a temperature sensor as well as a h
~through the absorption of the modulated laser light by
gold coating!. A detailed description of the practical imple
mentation of the one-dimensional scheme can be found e
where@16#.

The light induced periodic heating gives rise to a tempe
ture distributionT(x,y,z,t) in the system, which is depen
dent on the modulation frequency, and on the geometry,
the thermal parameters of the assembly. The tempera
variations in the pyroelectric transducer cause it to act a
current source,i 5pA@du(t)/dt#, which, considering the
equivalent circuitry, results in a pyroelectric output volta
@18#

V~v!5H~v!pAu~v!eivt, ~1!

wherep is the pyroelectric coefficient of the transducers,A is
the transducer area, andH(v) is an electrical transfer factor
u~v! is the spatially averaged temperature variation in
detector with respect to the temperatureT0 of the measuring
cell. In this inverse photopyroelectric~or front detection! ge-
ometry the signal output is determined by the distribution
the complex temperature of the different layers in the syst
The resulting distribution is a complicated relation amo
the modulation frequencyf 5v/2p, the thicknessLs andLp
of sample and transducer, the width of the gas gap betw
sample and thermal load, and the thermal diffusivitya j , and
thermal effusivityej of the layers involved. The temperatur
u j (x) can be found, for the different layers, by solving th
thermal diffusion equation for each layer@19#

FIG. 1. Schematic representation of the one-dimensional ph
pyroelectric setup with the pyroelectric transducer, sample, ther
mass, and surrounding~inert! gas.
4-2
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]2u j

]x2 5
1

a j

]u j

]t
2

Qj

k j
~2!

in which Qj is the heat density in each layer, caused by
absorption of the modulated light,k j is the thermal conduc
tivity of the layer considered. Because of the gold coating
pyroelectric transducer is opaque, andQj is nonzero only in
the pyroelectric layer. The solutions of Eq.~2! are coupled by
continuity conditions on temperature and heat flux at
interfaces and lead, in general, to complex expressions
the spatially averaged temperatureu~v! in the pyroelectric
transducer@20,21,16#.

At sufficiently low modulation frequencies one enters t
so-called thermally very thin sample and detector regim
i.e., Ls!ms and Lp!mp , with m5(2a/v)1/2 the thermal
diffusion length. In this frequency range, the output volta
depends only on the heat capacity of the sample and of
pyroelectric transducer. In this regime the thermal conduc
ity k, which normally is present in the equations via t
diffusivity a5k/rCp ~with r the density andCp the specific
heat capacity! and the effusivitye5(krCp)1/2, drops out of
the equations, meaning that, in this frequency range, the t
mal gradient over the detector and the sample are neglig
and true calorimetric measurements can be performed. If
can further neglect the effusivityeg of the surrounding gas
compared to the effusivity of the samplees and of the detec-
tor ep ~e.g., for air or dry nitrogeneg /es and eg /ep are
smaller than 1023!, the full expression of the one
dimensional model for sample and detector reduces to

u~v!5
I 0

4p i f

21

rsCsLs1rpCpLp
. ~3!

If desired, correction for the gas contributions~becoming
more significant at very low frequencies! can be made in a
straight-forward way@16#. Signals can be normalized wit
the ~temperature dependent! bare pyroelectric signal. The
normalized signal amplitude for the ac calorimetric mode
equal to

uV~v!unorm5H~v!
rpCpLp

rsCsLs1rpCpLp
~4!

while the phase of the signal is constant. The sample in
pendent parameters can, in principle, be obtained from c
bration with known samples. From Eq.~3! or Eq.~4! one can
see that in the ac calorimetric mode the parametersCs andLs
are degenerate. In the full frequency range also the ther
conductivity ks appears as a third parameter in the deg
eracy. This degeneracy can, however, as demonstrate
Ref. @16#, be removed by measuring one, or more, freque
spectra with a thermal load~see Fig. 1! in the gas near the
sample. This procedure also eliminates the need for cali
tion and one arrives at absolute values forCp in the low
frequency regime@16#.

In our setup the pyroelectric transducer was illumina
with a 10-mW HeNe laser, modulated with an acousto-op
modulator. Only a fraction of the light energy is absorb
and for a beam diameter of about 6 mm, temperature os
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lations~in the sample and detector! are estimated to be a few
millikelvin. Amplitude and phase of the pyroelectric sign
were recorded with a lock-in amplifier. The whole assem
was put in a temperature controlled oven, in which tempe
ture control was achieved via a heating coil, a thermis
~near the sample!, and a computer controlled servosystem

III. EFFECTIVE EXPONENTS AND FISHER
RENORMALIZATION

Modern theory of critical phenomena has resulted in
concepts of scaling and universality, leading to well-defin
values of critical exponents for the power laws describing
fluctuation induced contributions of different physical qua
tities near the critical point. The excess heat capacity ass
ated with fluctuations near a second-order transitionDCp

5Cp2Cp
b ~with Cp

b the background! can be represented by
simple power law expression or an expression including
or more correction-to-scale terms

DCp5A0t2a~11D0tD1¯ !1B0 , ~5!

with t5u(T2Tc)/Tcu, a the relevant critical exponent,D the
first correction-to-scaling exponent andA0 , B0 , D0 system
dependent nonuniversal parameters.

The N-SmA phase transition is expected to belong to t
same universality class as the normal metal-
superconductor transition, the lambda transition in heli
and the three-dimensionalXYmodel@5#. For this universality
class of theXY -model values ofa'20.01 andD'0.5 have
been obtained@22–24#. Experimentally, however, in mos
cases positivea values are obtained@3,7#, which implies that
DCp diverges atTc instead of having a finite cusp value a
implied from the~small! negativeXY value. These positive
~effective! exponents change with the width of the nema
range and are a consequence of the cross over between
cal ~XY! behavior and tricritical behavior witha50.5. In-
deed, the coupling between the smectic-A and the nematic
order parameter results in first-orderN-SmA transitions for
narrow nematic ranges crossing over to second order
tricritical point for wider nematic ranges@4–6#.

The N-SmA transition has been studied in many cases
mixtures with a given composition as a function of the te
perature. Calorimetric measurements result thus in values
Cpx . However, isomorphism of critical phenomena requir
that one should measureCpm , as a function oftm , wherem
designates a path of constant chemical potential differe
@15,25#. For many mixtures, in particular, for mixtures o
liquid crystal homologs, the distinction betweenCpx and
Cpm does not seem to be important and there are no appa
problems in analyzing the data with Eq.~5!. In other cases,
as in the systems studied here, the distinction between
stant mole fractionx and constant chemical potential diffe
encem turns out to be important. Fisher@15# has shown that
tm and tx are related by

tm~11«8!1«tm
12a5tx~11«9!, ~6!

where«'(dTc /dx)2 and«8 and«9 are both small quantities
proportional to«. If « is much smaller than 1 the distinctio
4-3
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betweenm andx is not important and no Fisher renormaliz
tion is obtained. If« is sufficiently large there will be a
region close toTc where tm

12a'tx since tm
12a goes to zero

slower thantm . In this region one finds@26,27#

DCp
65B2

A6tx
2aR

11D6tx
2aR

, ~7!

where the renormalized specific heat capacity exponentaR
,0 is defined by

aR[2a/~12a!. ~8!

In Eq. ~7! the superscript denotes above~1! or below~2!
Tc , andB, A6, andD6 are adjustable parameters in a fit

FIG. 2. Phase diagram of the binary system of 5CB and D
Open circles indicate transition temperatures~and two-phase re-
gions! obtained from the calorimetric measurements. The triang
indicate solidification points observed in cooling runs. TCP in
cates the location of a tricritical point.

FIG. 3. Phase diagram of the binary system of 5CB and 5Ō5.
Open circles are transition temperatures obtained from the ca
metric measurements. Solid dots are additional data obtained u
a polarizing microscope. TCP indicates the location of a tricriti
point.
03170
the data. As already pointed out, whether Fisher renormal
tion is observed depends on the magnitude ofdTc /dx and
also on the value ofa @15,25#. Large values of (dTc /dx)2

and large positive values ofa imply a large region of Fisher
renormalization. Since for a tricritical pointa is 0.5, positive
and large, whether Fisher renormalization is observed,
depend mainly on the slope of the phase-transition l
TNA(x). A suitable parameter to characterize this depende
and compare different systems is

z[
1

Tc
2 S dTc

dx D 2

. ~9!

IV. RESULTS AND DISCUSSION

We have carried out photopyroelectric ac calorime
measurements by the method described in Sec. II along

.
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FIG. 4. Excess specific heat capacity for mixtures of 5CB a
D55 near the tricritical point (x'0.47).

FIG. 5. Values of the parameterz of Eq. ~9! as a function of
mole fractions for the nematic–smectic-A transition lines. The open
circles and the solid line give values for the binary system
5CB1D55 as a function of the mole fraction of D55. Open circl

and dashed line are for the binary system 5CB15̄O5 as a function

of the mole fraction of 5̄O5. Solid dots indicate the value for th
tricritical points in Figs. 2 and 3.
4-4
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N-SmA transition line in two binary systems with so-calle
injected smectic-A phases, i.e., none of the pure compoun
involved exhibit a smectic-A phase.

The first system we investigated is composed of 4-pen
48-cyanobiphenyl ~5CB! and 4-n-pentylphenyl-
48-n-pentylcyclohexyl-carboxylate~D55!. The second was
composed of 5CB and 4-n-pentyl 48-n8 pentyloxybenzoate
(5̄O5). The compounds 5CB and D55 were obtained fr
Merck ~Germany! and 5̄O5 from AWAT Co Ltd ~Poland!.
The phase diagram of the 5CB1D55 system is shown in
Fig. 2. The open circles are transition temperatures der
from the calorimetric measurements. The smectic-A range
shows a domelike structure with a rather strong concen
tion dependence of theN-SmA transition temperature on e
ther side of the top. At the top, the nematic range is rat
small, and according to the theoretical expectations@4–6#
the transitions near the top are expected to be of first or
Although ~photopyroelectric! ac calorimetry cannot measur
latent heats and unambiguously establish the first-order
ture of the transition, the presence of a first-order transit
manifests itself by anomalous changes in the photopyroe
tric signal phase, which is almost zero for continuous tran
tions. The width of the two-phase regions of first-order tra
sitions can also be well determined by slope discontinui
in the amplitude and phase signals. In Fig. 2 the width of
two-phase region is, where sufficiently wide, indicated
two symbols for the mole fraction considered. The NI tra
sition is also first order everywhere but the width of t
two-phase region is too small to be visible in Fig. 2. In F
2 it can also be observed that the width of the two-ph
region becomes apparently zero at the top. This is consis
with thermodynamics arguments@28,29#. If, at the top, the
two-phase region were not zero the mixture would have s
in two nematic phases with different composition, for whi
there is no indication. The transitions at the top remain, ho
ever, clearly first order as could be clearly observed in
signal phase and also confirmed in an adiabatic scan
calorimetric ~ASC! experiment@30#. ASC allows the mea-
surement of the enthalpy as a function of the tempera

TABLE I. Results of least-squares fits of Eq.~7! to the excess
specific heat capacity data near the tricritical point of the sys
5CB1D55.

XD55 Tc ~K! aR xn
2

0.466 296.35860.003 20.9660.06 1.09
0.473 298.43660.003 20.9760.03 1.01
0.477 297.05360.010 21.0360.05 1.36

TABLE II. Results of least-squares fits of Eq.~5! to the excess
specific heat capacity data near the tricritical point of the sys
5CB1D55.

XD55 Tc ~K! a xn
2

0.466 296.36360.004 0.2660.02 4.29
0.473 298.38360.001 0.01360.010 6.06
03170
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@1,3# and permits one to deduce latent heat values at fi
order transitions. For a mole fraction 0.722 of D55~very
near the top! an almost vertical step in the enthalpy cur
was observed, resulting in a latent heat value of 2800 J
For wider nematic ranges on the low mole fraction side
the top, the two-phase region becomes narrower and
rower and disappears at a tricritical point~to be discussed
further! with a mole fraction of about 0.47. On the right han
side of the top, the width of the nematic phase also increa
and one would expect here also a tricritical point. This po
could, however, not be located because in this range the m
tures solidified~at temperatures indicated by triangles in F
2! before theN-SmA transition could be reached.

The phase diagram of the second binary system 5CB
5̄O5 is given in Fig. 3. The open symbols are transiti
temperatures from the pyroelectric ac calorimetric measu
ments, the solid ones have been determined with a polari
microscope. Both methods give consistent results. The ph
diagram for this system determined earlier by Dunm
Walker, and Palfly-Muhoray@31# is only in qualitative agree-
ment with our present results. These authors found q
wide ~several degrees! two-phase regions for parts of th

FIG. 6. The upper part gives a comparison of fits with Eq.~5!
~dashed line! and Eq. ~7! ~solid line! to the DC data at xD55

50.466 near the tricritical point along the nematic–smectic-A tran-
sition line in the binary system 5CB1D55. The lower part gives the
corresponding residuals. Solid triangles are for the fit with Eq.~5!
and open circles for the fit with Eq.~7!.
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N-SmA transition line, also at the top of the dome, which
as already pointed out, on thermodynamic grounds not to
expected. In this system, which has a more symme
N-SmA transition line, we did not encounter solidificatio
problems and a tricritical point~TCP! could indeed, be lo-
cated on either side of the SmA dome.

In Fig. 4 the specific heat capacity behavior for mole fra
tions near the TCP of 5CB and D55 are given. The tricriti
point occurs in a mixture aroundx50.47. For higher con-
centrations one clearly observes the width of the two-ph
region. Instead of a large diverging anomaly, one clearly
serves a cusplike behavior. A similar behavior has also b
observed by Huster, Stine, and Garland@26# for the N-SmA

tricritical region of 7̄S5 and 8OCB and by Stine and Garla
@27# for 8OCB and TBBA. In both cases a large value for t
parameterz of Eq. ~9! was found ~zTCP50.74 andzTCP
50.43, respectively! and the tricritical exponenta was fully
renormalized. In Fig. 5 the values of the parameterz are
given along theN-SmA transition lines of 5CB and D55 an
of 5CB and 5̄O5. For the former system a valuezTCP

FIG. 7. Fits with Eq.~7! to data for two mole fractions near th
lower x5̄O5 mole fraction tricritical point~see Fig. 3! in the binary

system 5CB15̄O5.
03170
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50.20 is found for the tricritical mole fraction of 0.47. Thi
is also a quite large value and would infer substantial Fis
renormalization. We have carried out fits for different rang
of the data with the unrenormalized power law expression
Eq. ~5! and the renormalized form given in Eq.~7! for three
concentrations~x50.466, 0.473 and 0.477! near the tricriti-
cal one. Only with Eq.~7! could good fits be obtained indi
cating full Fisher renormalization of the tricriticala50.5
value. Fit results are given in Tables I and II. In Fig. 6 fi
with a normal power law and with the renormalized expre
sion are compared forxD5550.466.

For the second system investigated 5CB and 5Ō5 two
tricritical points are found, one on either side of th
smectic-A dome in Fig. 3, for the mole fractionx5̄O550.34
and x5̄O550.84. Our location of the tricritical point on th
low x5̄O5 side of the dome coincides within experiment
uncertainty with the location obtained by Cross and Fu
@32# on the basis of a NMR investigation. On the basis of t
z curve in Fig. 5 for this system, one finds again large valu
~zTCP50.37 andzTCP50.33, respectively!. Thus cusplikeCp
peaks and substantial Fisher renormalization are to be

FIG. 8. Fits with Eq.~7! to data for two mole fractions near th
upperx5̄O5 mole fraction tricritical point~see Fig. 3! in the binary

system 5CB15̄O5.
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pected. This is indeed found for the results given in Fig. 7
the mole fractionsx5̄O550.334 andx5̄O550.344 and in Fig.
8 for the mole fractionsx5̄O550.840 and 0.866. Here als
good fits could be obtained with the renormalized express
of Eq. ~7!. In Table III fitting parameter results are given fo
the first tricritical point (x5̄O550.34) region and for some
lower mole fractions. In Table IV analogous results are giv
for the second tricritical point (x5̄O550.84) and for some

TABLE III. Results of least-squares fits of Eq.~7! to the excess

specific heat capacity data near the low 5Ō5 mole fraction tricritical

point of the system 5CB15̄O5

x5̄O5 Tc ~K! aR xn
2

0.314 297.53060.058 20.8860.15 1.68
0.326 298.67260.010 20.8560.14 1.57
0.334 300.87360.025 20.8860.08 1.09
0.344 303.19360.047 20.9660.06 1.13
.

R
hy

tt

W

V.
o

03170
r

n

n

larger mole fraction. On both sides of the dome, for larg
nematic ranges away from the tricritical points, full reno
malization still occurs but, as expected, lower correspond
unrenormalized effective exponents are obtained.
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TABLE IV. Results of least-squares fits of Eq.~7! to the excess

specific heat capacity data near the upper 5Ō5 mole fraction tric-

ritical point of the system 5CB15̄O5.

x5̄O5 Tc ~K! aR xn
2

0.871 297.0760.03 20.54060.088 2.56
0.866 300.6460.02 20.76460.036 1.06
0.840 305.6260.03 20.99160.016 1.18
tt.
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