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High-resolution heat-capacity studies of the hexatic-B–smectic-F phase transition
in liquid-crystal compounds

P. M. Johnson and C. C. Huang*
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

E. Gorecka and D. Pociecha
Department of Chemistry, University of Warsaw, 02-089 Warsaw, Poland

~Received 21 April 1998!

High-resolution calorimetric data for several compounds exhibiting the hexatic-B–smectic-F transition have
been obtained. This transition involves the formation of tilt in the presence of bond orientational order. Like
most of the smectic-A–smectic-C transitions, which show no bond orientational order, the heat-capacity
anomaly of the hexatic-B–smectic-F transition exhibits mean-field-like behavior and can be well described by
an extended mean-field model.@S1063-651X~98!52108-3#

PACS number~s!: 64.70.Md, 61.30.2v
c
ye
e
he
nd
e

th

m
e

ra
pr

b

ri
be

-

ab
is
n

o
l
to

l

ee
.

ce
ent
with
to
n.

in
m-
ti-
in-
he
-

ld
m-

he

ors.

the
en

-
g-
he
r

lo-

on

n-
R,

r

Many liquid crystals that show a layered~smectic! phase
display a phase transition in which the long axis of ea
molecule changes its orientation with respect to the la
normal@1#. This transition has now been observed with thr
different types of in-plane order. Within each layer t
molecules may possess liquidlike, long-range bo
orientational, and long-range positional ordering respectiv
for the following three classes of transitions:~i! smectic-
A (Sm-A) –smectic-C (Sm-C) @2#, ~ii ! hexatic-
B (Hex-B)-tilted hexatic phase@smectic-F (Sm-F) or
smectic-I (Sm-I )#, and ~iii ! crystal-B (Cry-B)-tilted crystal
phase @crystal-G (Cry-G) or crystal-J (Cry-J)#. Table I
gives the relevant molecular order within and between
layers for each of these transitions. Assuming that the m
lecular tilt from the layer normal is the primary order para
eter@C5u exp(if), u being the molecular tilt angle from th
layer normal andf the azimuthal angle#, that C does not
couple to other degrees of freedom, and the relevant inte
tions are short range, all three types of transitions are
dicted, due to the symmetry of the order parameter, to
continuous and to belong to theXY universality class. To
date, experimental results have contested this picture. Du
the past 15 years, extensive experimental data have
obtained near the Sm-A– Sm-C transition of various liquid-
crystal compounds@3–6#. Most of these studies yield mean
field-like static behavior for this transition@3–5#. A long-
range interaction would explain this absence of measur
critical fluctuations, a phenomenon that is commonly d
played in conventional superconductors. Yet there exists
experimental evidence of a long-range interaction resp
sible for the formation of molecular tilt in this liquid crysta
transition@3#. Thus, it remains incompletely understood as
why a majority of the Sm-A– Sm-C transitions can be wel
characterized by a mean-field free-energy expansion@4#. To
the best of our knowledge, only one experiment has b
conducted related to the Cry-B-tilted crystal phase transition
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The Cry-B– Cry-G transition of two liquid-crystal com-
pounds is found to be strongly first order@7#. Thus, the or-
dering of the structure in which the tilt transition takes pla
may affect the nature of the transition. Because very differ
results have been obtained when the transition occurs
liquidlike and crystalline in-plane ordering, it is important
investigate the effect of hexatic ordering on the tilt transitio
The Hex-B– Sm-F transition was first discovered recently
two enaminoketone derivative homologous series of co
pounds@8#. We report here our detailed calorimetric inves
gations of this transition in these compounds. Even with
plane bond-orientational ordering, we find that t
Hex-B– Sm-F transition is well characterized by the ex
tended mean-field model@4#, similar to the ordinary
Sm-A– Sm-C transition. We also show that the mean-fie
tricritical behavior observed in one mixture of these co
pounds@9# is consistent with our heat-capacity results.

The sixfold symmetry of hexatic ordering subdivides t
tilted hexatic phases into three types. In the Sm-F phase
each molecule tilts toward one of its next nearest neighb
This structure may be contrasted with the Sm-I phase in
which molecules tilt toward next nearest neighbors and
Sm-N phase in which molecules tilt in a direction in betwe
those defined by the Sm-I and Sm-F phases.

Below the Hex-B– Sm-F transition temperature, a mo
lecular tilt develops within the hexatic structure while lon
range positional ordering remains absent. Like t
Sm-A– Sm-C transition, this transition involves a molecula
tilt with respect to the layer normal. The results of our ca

ic

TABLE I. Inter- and intralayer order associated with each tra
sition. BOO, bond-orientational order; SR, short-range order; L
long-range order; QLR, quasi-long-range order.

Intralayer Interlayer

BOO Positional order Positional orde

Sm-A– Sm-C SR SR QLR
Hex-B-tilted hexatic LR SR QLR
Cry-B-tilted crystal LR LR LR
R1207 © 1998 The American Physical Society
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rimetric studies of this transition allow us to test the effect
long-range bond orientational ordering without long-ran
positional order on the formation of a tilted phase.

We focus on the compounds 6TEPI and the homolo
mixture (MTEP7)x(MTEP8)12x with x50.7 in molar frac-
tion. The molecular structures are diagrammed in Fig.
These compounds show the following phase behavior:

~1! 6TEPI:

Isotropic~162 °C! Sm-A ~111 °C! Hex-B ~97 °C!

Sm-F ~94 °C! Cry-G.

~2! ~MTEP7!0.7~MTEP8!0.3:

Isotropic~165 °C! Sm-A ~112 °C! Hex-B ~89 °C!

Sm-F ~82 °C! Cry-G.

Compound~1! was selected from the series for the prese
of the Hex-B– Sm-F transition while~2! was selected to tes
the reported tricritical behavior of this mixture@9#. The mol-
ecules are somewhat atypical for the presence of a hydro
bond in the central ring. The melting temperature of the cr
talline phase is over 100 °C for all three compounds. Th
the temperature range of the two hexatic phases is su
cooled with respect to the crystalline phase. This fact lim
the temperature ramping rates in our studies. Crystalliza
sometimes occurs during runs at rates below 50 mK/min.
obtain consistent results when operating at rates of 50 m
min or above.

Details of our bulk ac calorimeter have been describ
elsewhere@4,10#. Figure 1 displays the results of bulk hea
capacity data for both compounds over a sufficiently la
temperature window to cover three relevant phase tra
tions. To minimize sample deterioration rate, a cooling r
of 500 mK/min in the high temperature range~above 100 °C!
and 75 mK/min below that temperature was used. T
Sm-A– Hex-B transitions occur at the highest transition te
perature of the displayed transitions. Due to a larger sam

FIG. 1. Temperature variation of heat capacity of~a! 6TEPI and
~b! (MTEP7)0.7 (MTEP8)0.3 compound. The data show anomali
near the Sm-A– Hex-B, Hex-B– Sm-F, and Sm-F – Cry-G transi-
tions. The inset highlights the Hex-B– Sm-F and Sm-F – Cry-G
transitions.
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deterioration rate at elevated temperature, we decided n
study the Sm-A– Hex-B transition in detail. This figure
clearly elucidates the relative size of the heat-capa
anomalies associated with each transition. The anomaly
sociated with the Sm-A– Hex-B transition is about 30 times
larger than that of the Hex-B– Sm-F transition in both of the
samples studied. The Hex-B– Sm-F transition occurs in both
samples upon cooling from the Hex-B phase. The
Hex-B– Sm-F anomaly is more steplike and smaller in th
pure compound than the mixture, as seen in the inset of
1. Optical polarization transmission microscopy verifies th
these anomalies are the result of the formation of tilt in
hexatic phase. The schlieren pattern characteristic of m
domain tilt structures appears belowTc . This agrees with the
onset of tilt reported in Ref.@9#. The Sm-F – Cry-G transi-
tion is highly hysteretic both in the location of transitio
temperature and the shape of the anomaly. Thus, we
clearly distinguish between the tilt transition and the cryst
lization transition in both samples. In the MTEPn mixture
the Sm-F temperature window is seen to be larger~8 °C!
than that of either 6TEPI or the pure compounds MTEP7 a
MTEP8. We attribute this to the suppression of the crys
lization due to the increased entropy inherent in a mixtur

We examine the Hex-B– Sm-F transition in detail, as we
are interested in analyzing the critical onset of molecular
in the hexatic phase. Because of the close proximity of
Sm-A– Hex-B transition for all of these compounds, it i
necessary to subtract off a small quadratic background t
from the data when analyzing the anomaly. Our method
subtraction is to include a quadratic expression in fitting
pressions being sure that this expression fits smoothly w
data on either side of the anomaly. One typical set of dat
depicted in Fig. 2 with the quadratic background subtract
A total of eight passes were made through this transition
the compound 6TEPI. TheTc-shift rate is about (2863)
mK/hr. Within this resolution, the Hex-B– Sm-F transition
is continuous. The structure of the anomaly was found to
highly reproducible and independent of the temperat
ramping direction and rate within our resolution. The he
capacity anomaly is similar to those found near the conv
tional Sm-A– Sm-C transition.

The heat-capacity data of this transition is fit to the e
tended mean-field model first proposed for the Sm-A– Sm-C

FIG. 2. Heat capacity vs temperature near the Hex-B– Sm-F
transition for 6TEPI. The cooling rate is 50 mK/min. As describ
in the text, the solid line is the best fit to the extended mean-fi
model @Eq. ~1!#.
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transition@4#. In this approach one must retain the sixth ord
term in a Landau free-energy expansion. The resulting
pression for the heat capacity nearTc is given in Eq.~1!,

DCp5H 0 T.TC

ATuT2TMu21/2 T,TC
. ~1!

A nonlinear least-squares-fitting program is used to fit
heat-capacity data to Eq.~1!. The fit yields the following
parameters: A5(5.060.1)31025 JK23/2 cm23 and Tm
5(97.660.1) °C. The error bars onA and Tm are deter-
mined by the quality of the fit under independent variance
these parameters. The location ofTc is approximated as a
the midpoint of the sharply sloped side of the anomaly w
the error bar onTc determined by the 10%–90% width of th
slope. This yields the valueTc5(97.260.1) °C. The close
proximity of Tc to Tm is characteristic of the conventiona
Sm-A– Sm-C transition and suggests that the tilt transiti
occurs near a mean-field tricritical point.

We faced several limiting factors in acquiring high qual
data near this transition. The small size of the anomaly
the relatively large ramping rate cause the fairly large sca
in the data. The large ramping rate may also broaden
region over which the mean-field-like jump in heat capac
takes place. This forces us to exclude from the fitting expr
sion ~1! data over a range of approximately 200 mK on t
low side of theTc and 700 mK on the high side. With thi
exclusion and using a standard deviation determined a
from the transition, thex2 value of the fit was 1.6. Increasin
the range of the excluded region does not substantially a
x2 or the value of the parameters. The region of data fr
T592.4 °C to 92.9 °C on the high temperature side ofTc
can be seen in Fig. 1 to slowly deviate from the model. T
value ofx2 slowly increases with the inclusion of data in th
region. For example, including data within a range of 2
mK on the high side of the transition temperature increa
x2 to 2.6. However, the value of the parameters does
change substantially with this inclusion. Further reduction
the excluded region to below 200 mK on either side ofTc
dramatically increasesx2. Another limiting factor is the
close proximity of the Sm-F – Cry-G transition. Thus, our
fitting procedure excludes data below 96 °C. The shape
the anomaly within this temperature window and values
the fitting parameters~including Tc) are unaffected by the
temperature ramping direction, despite the fact that
Sm-F – Cry-G anomaly is highly hysteretic in both locatio
and shape. This suggests that the Sm-F – Cry-G transition
does not noticeably affect the shape of the Hex-B– Sm-F
anomaly within our region of analysis. The reproducib
qualitative features of the Hex-B– Sm-F anomaly along with
the very reasonable fitting results justify our application
the extended mean-field model.

While MTEP7 is reported to have a continuo
Hex-B– Sm-F transition, the homologue MTEP8 shows
first order discrete jump in the tilt angle at the transiti
temperature@9#. The onset of the first order transition may b
due to a smaller Hex-B temperature range of MTEP8. A
similar correspondence has been discussed in the case o
Sm-A– Sm-C transition@11#. Pociecha, Gorecka, and Prze
mojski have reported tricritical behavior in tilt angle me
surements for the 0.7/0.3 mixture of these two compou
r
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@9#. We prepared such a mixture by heating the compou
to a temperature of 170 °C~just above the Sm-A-isotropic
transition temperature! and stirring for 5 min. This mixing
procedure was performed in a helium atmosphere in orde
minimize sample contamination. Figure 3 shows our he
capacity data for the Sm-B– Sm-F transition for this mixture
with a fit to Eq. ~1!. The fitting results yield the following
values for the parameters: A5(9.660.1)31025

JK23/2 cm23 and Tm5(89.960.2) °C. The value ofTc is
found to be (89.760.3) °C. Tricritical behavior requires
Tc5Tm . Within the resolution of ourTc andTm values, the
fit is consistent with the tricritical behavior observed by P
ciecha, Gorecka, and Przedmojski@9#. Note also that becaus
the crystallization transition has been suppressed, the fit
be carried out over a wider temperature range on the
temperature side of the transition. We detected a slight h
teresis of (50625) mK and a transition temperature dri
rate of less than 2 mK/h. We could detect no hysteresis in
shape of the anomaly. The mixture is thus very close, on
first order side, to the tricritical point@12#.

For this transition we find that we must exclude 900 m
on either side ofTc in order to obtain reasonable values f
x2. With this exclusion, we obtainx251.77. The value of
x2 increases dramatically with reduction of the excluded
gion. This result is easily seen in Fig. 2 as arising from
inclusion of the rounded region nearTc . The widening of the
excluded region for the mixture may be caused by degra
tion during the high temperature mixing process. Unlike t
pure sample, which was never heated beyond 120 °C,
mixture was heated into its isotropic phase. Such therm
induced degradation may also explain the presence of
minute feature above the transition. This feature was irrep
ducible over several experimental runs.

Mean-field behavior in tilt transitions may be explained
part by a sufficiently large heat capacity jump (DCJ) and a
correlation length on the order of the molecular size@13#.
The mean-field to critical fluctuation crossover region
characterized by the Ginzberg parameter@14# tG

FIG. 3. Temperature variation of heat capacity near
Hex-B– Sm-F transition of (MTEP7)0.7 (MTEP8)0.3. The cooling
rate is 50 mK/min. As described in the text, the solid line is the b
fit to the extended mean-field model@Eq. ~1!#. In this plot,Tc is set
equal toTm in order to show that the data is consistent with tricri
cal behavior. The small hump on the high temperature side of
anomaly is irreproducible among the experimental runs.
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5kB
2/@32p2(DCJ)

2j0
6#, where DCJ is the observed heat

capacity jump andj0 is the bare correlation length. By usin
our measuredDCJ , provided thatj0510 Å, tG is smaller
than 1024 for the compounds studied here. This is beyo
our experimental resolution for these compounds. Simila
the Sm-A– Sm-C transition, even though the bare correlati
length may not be too large, a sufficiently large value inDCJ
will significantly reduce the critical fluctuation region, i
some cases, beyond the experimental resolution. A perti
question to be addressed concerning the mean-field beh
found near the Sm-A– Sm-C and Hex-B– Sm-F transition
may be the following: Why does the molecular tilt produ
a largeDCJ value? Even though the bare correlationj0 is on
the order of the molecular size, the Ginzberg parametetG
becomes sufficiently small to make the critical region expe
mentally inaccessible in most of cases.

To date, to the best of our knowledge, there exists
theoretical explanation of both the large value ofDCJ and
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closeness of this class of transitions to a mean-field tricrit
point. This Rapid Communication addresses the questio
possible effects of bond-orientation order on the nature of
transition. The question of whether the reasonably good fi
our calorimetric data to the extended mean-field mode
intrinsic to the nature of the molecular tilt transition remai
to be addressed experimentally and theoretically. So far
Hex-B-tilted hexatic phase transition has only been found
one series of compounds@8#. More compounds are needed
more conclusively determine the nature of the Hex-B-tilted
hexatic phase transition.
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