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High-resolution ac calorimetry was used to measure the heat capacity of n-hexyl-4'-n-
pentyloxybiphenyl-4-carboxylate in the vicinity of the smectic-A (SmA) —hexatic-8 and hexatic-
8—E transitions. The Smd —hexatic-8 transition was found to be continuous with critical ex-
ponents u =n+ =0.61+0.02 and amplitude ratio 3 + /2 =0.84+0.03. The addition of a
crystalline-B material [N-(4-n-butyloxybenzylidene)-4-octylaniline (40.8), 10 wt. %] produced a
weakly-first-order SmA —hexatic-8 phase transition. The data with

~

T —T,
~

) 100 mK can be fit-
ted by a power law with +=0.49+0.02 and A+/A =-0.82+0.03. The large values for the critical
exponents and the theoretical suggestion that the Sm A —hexatic-B transition may be near tricritical
point (u, =O.S) are discussed. The hexatic-8 —E transition was found to be first order in nature.

I. INTRODUCTION 84' 67'

Among the various mesophases found in liquid crystals,
the structural characterization of the smectic phases with
in-plane order has been the least complete. One such
smectic phase, the 8 phase, was known to consist of mole-
cules hexagonally ordered within each layer with the mol-
ecules oriented perpendicular to the layer planes but,
for some time, the unanswered question had been to what
extent the order was local or long-range in nature. X-ray
studies have recently shown that the 8 phase can actually
be of two microscopically distinct forms: the crystalline-8
phase and the hexatic-8 phase. The crystalline-8 phase
has three-dimensional (3D) crystalline order as shown by
x-ray studies Various packing arrangements between
layers are possible. For example, the liquid crystal N-(4-
n-butyloxybenzylidene)-4'-n-octylaniline (40.8) has a crys-
talline phase consisting of hexagonal sheets stacked in an
ABA8 sequence with 30 long-range order. Hints of
another type of 8 phase came with reports of a 8 phase
without long-range interlayer correlations. A theoretical
model for this phase was proposed by Birgeneau and Lit-
ster, building upon the two-dimensional (2D) melting
theory of Halperin and Nelson. Halperin and Nelson
claimed that a 2D crystal could melt into an intermediate
hexatic phase lacking positional correlations but exhibit-
ing bond-orientational order. Birgeneau and Litster pro-
posed a 3D liquid-crystal phase consisting of stacked hex-
atic layers. In search of such a phase, Goodby syn-
thesized the liquid crystal n-hexyl-4'-n-pentyloxybi-
phenyl-4-carboxylate (650BC) which has the following se-
quence of phases on cooling: isotropic (I), smectic-A
(SmA), 8 phase, E phase, and

with the melting point at 65'C. Using x-ray techniques
on free-standing liquid-crystal films, Pindak et a/. ' have
found that the 8 phase of 6508C, now called the
hexatic-8 phase, has short-range in-plane positional corre-
lations and long-range 30 sixfold bond-orientational or-
der. Short-range herringbone packing order" was also
found in the hexatic-8 phase. The E phase is character-
ized by long-range positional, bond-orientational, and her-
ringbone order.

A series of experiments then followed which determined
the nature of the phase transitions in 650BC, particularly
the Smd —hexatic-8 transition. Huang et al. ,

' using
heat-capacity measurements, have shown the
SmA —hexactic-8 transtition to be continuous with a
powcl-law divergence fit that gave et=0.64+0.04. (40.8
had a first-order SmA —crystalline-8 transition. ) Mechan-
ical measurements' on free-standing films demonstrated
the absence of an in-plane shear modulus for 65OBC in
the hexatic-8 phase consistent with short-range in-plane
correlations from x-ray measurements. " (40.8 gave a
solid-like shear modulus in the crystalline-8 phase. '4) As-
suming that the nematic order parameter S and bond-
orientational order parameter g are coupled, then an in-
crease in (l(*g) or (p) will enhance S and thus the
birefringence hn should increase. Rosenblatt and Ho, '

using the above idea, found a =0.60+0.05 consistent with
heat-capacity measurements and 13=0.19+0.03, the criti-
cal exponent of l(, from the anomalous part 5(b,n) of the
birefringence below the Smd —hexatic-8 transition of
65QBC.

Because x-ray results indicated that herringbone pack-
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ing order exists in 65OBC, Bruinsma and Aeppli' have
recently proposed a theory based on the coupling of
bond-orientational order with herringbone order to explain
the nature of the SmA —hexatic-B transition. The theory
suggests that the SmA —hexatic-B transition of 65OBC
may be near a herringbone-fluctuation-induced tricritical
point.

The remainder of the paper consists of three sections.
Section II presents a detailed description of the ac
calorimeter system and experimental procedure for
measuring liquid-crystal heat capacity. Section III consid-
ers the heat capacity of 65OBC in the temperature range
59—76'C which includes the SmA —hexatic-8 and
hexatic-8 —E phase transitions. The heat-capacity anoma-
ly of the SrnA —hexatic-B transition for a 40.8-65OBC
10-90% mixture system follows. Details of the data
analysis are also given. Finally, the natures of the above
two transitions are discussed in Sec. IV.

The quasiadiabatic ac calorimetric technique of Sul-
livan and Seidel' was used to measure the variation of
liquid-crystal heat capacity with temperature. ' A
periodic heat input of constant amplitude b, Q causes a
periodic temperature oscillation in the liquid crystal. The
heat capacity C is inversely proportional to the
temperature-oscillation amplitude 6T.

The ac calorimetric technique permits the use of ac am-
plification and phase-lock detection with a resulting high
sensitivity and low noise. Reduced temperature, impurity,
and inhomogeneity gradients result from the use of a
small sample size. In addition, the method allows for a
continuous measurement of heat capacity as a function of
temperature.

Figure 1(a) shows schematically a liquid-crystal sample
of thickness h as used in the ac calorimeter. Of the heat
energy EQ applied to region X, a part EQ~ is dissipated
with a time constant ~& primarily through an exchange gas
to the heat reservoir and another part b, Q2 goes to region
F with a time constant &2. The heat capacity C is inverse-
ly proportional to the resulting temperature-oscillation
amplitude hT in region K Sullivan and Seidel' have
shown for one-dimensional heat flow that

' —I /2
2 1/2b T= — 1+ +(cor2) +2(10)'

(cur) )

(2.1)

hQq, Tq

TO HEAT
RESERYOIR

LIQUlD
CRYSTAL

may be adjusted by changing g; ~2 by changing h.
Because liquid crystals have a small thermal conductivi-

ty Irr (aL —O. les&„,), the sample must be thin to obtain a
measurable AT in region K In addition to guaranteeing
co~2 && 1, a sample thin enough gives h &&Lo, where Lo is
the thermal diffusion length. To eliminate finite-size ef-
fects, the correlation length g associated with a particular
phase transition must satisfy g «h.

The experimental apparatus consists of a sample cell
containing the liquid crystal, an oven to control the aver-
age sample temperature, and associated electronics. Fig-
ure 1(b) shows the sample cell with liquid crystal L, glass
slides 6, ac heater H, ac thermocouple A, and dc thermo-
couple D.

Two cover glass slides G form the liquid-crystal con-
tainer. Each slide is masked and then etched in a
hydrofluoric-acid —distilled-water solution. The etching
solution thins the glass in the unmasked regions to form
depressions, one of which holds the liquid crystal. The
thinning process also reduces addendum heat capacity
from the glass slides. Before an experiment the etched
glass slides are cleaned in an acidic solution. For 65OBC
the depression containing the liquid crystal was 20 pm
deep by 1.0 cm in diameter with 25-pm-thick glass above
and below. Consider the power-law representation for the
correlation length in the critical region g =$0 ~

t
~

where t= ( T T, ) /T, . —Assuming go-30 A, one molecu-
lar length, then g & h (g & 1 pm, h =20 p, m) for

~

t
~

) 10 . The glass slides contributed 74%%uo to the total
measured background heat capacity at T, .

On the bottom surface of the lower glass slide a gold

where APq is the power-oscillation amplitude per unit
area applied to region X, m is the angular frequency of os-
cillation, Cz is the heat capacity per unit area,
r2 ——h /[3(10)' n], n is the thermal diffusivity of the
sample, and r& ——C/g with g the sample-to-reservoir
thermal conductance. For operation independent of the
time constants ~& and ~2, then

cg'T) ))1, 607 2 « 1 (2.2)

Here, co~~~&1 ensures negligible heat loss to the heat
reservoir over one oscillation cycle (quasiadiabatic condi-
tion) and corz « 1 ensures sample thermal equilibrium.

FIG. 1. (a) Simplified liquid-crystal sample cross section. (b)
Liquid-crystal sample-cell cross section.
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FICx. 2. Electronics for measuring T and hT of a liquid-
crystal sample.

thin-film heater H provides the periodic (ac) heat b,g. A
gold film thickness of 90 A over an area of 2.0 cm gives a
heater with a resistance R of 50 0 and negligible adden-
dum heat capacity. To minimize ac-heater power fluctua-
tions 6P due to resistance fluctuations 5R in R, the heater
resistance is matched as closely as possible to the output
resistance (RO=50 Q) of the sine-wave oscillator which
drives the heater. For 65OBC, R=72 Q and 5R=0.6 Q
during an experiment, which means that 5P=1.5 pW for
an input power P = 1 mW, a 0.15% power variation.

Therm ocouple A senses the sample temperature-
oscillation amplitude AT within a distance of approxi-
mately one thermal diffusion length I.p. Thermocouple D
measures the average (dc) sample temperature. Both ther-
mocouples A and D are made from 25-pm-diam chromel
and constantan wires, spot welded and flattened to 5 pm
at the thermocouple junction. A flattened side of each
thermocouple is attached to the upper half of the top glass
slide with a small amount of GE 7031 varnish. A flat-
tened junction improves thermal contact between the ther-
mocouple junction and the glass slide. A and D are elec-
trically isolated and spaced a distance ~ apart. D lies
close to A to measure the average temperature at A, but
not so close as to contribute to the heat capacity measured
by A (~=41-0). For 65OBC thermocouple A and the CxE
7031 varnish adhesive gave an addendum heat-capacity
contribution of 17% to the total measured background
heat capacity.

An oven which controls the sample-cell average tern-
perature consists primarily of a heat reservoir and a
sample-cell —heat-reservoir thermal link. A noninductive
resistive heater heats an aluminum block to form the heat
reservoir. Thermal compound secures the sample cell to
an anodized aluminum base in the aluminum block and a
copper disc holds the sample cell in place against the
aluminum base. Argon exchange gas normally at a pres-
sure of 0.5 atm contributes 60%%uo to the sample-to-reservoir
thermal conductance g; the anodized aluminum base 40%
to g. For the 65OBC sample, g =5X10 W/K and the
sample-to-bath time constant ~&

——4 sec.
Figure 2 shows the electronic apparatus used for

measuring the liquid-crystal heat capacity C as a function
of temperature T. A sine-wave oscillator with an output
resistance of 50 Q provides the ac-heater power and the
lock-in amplifier reference signal. Thermocouple A with a
resistance of 15 Q senses the resulting ac temperature os-
cillations of amplitude 6T. A Princeton Applied
Research (PAR) 190 transformer (1:100 turn ratio) helps
to match the low thermocouple resistance to the lock-in

amplifier high input resistance thereby improving the sys-
tem signal-to-noise ratio. The thermocouple-
A —transformer primary circuit limits the low-frequency
response to 0.2 Hz. A 4-mK zero-to-peak (0-p)
temperature-oscillation amplitude gives a lock-in amplif-
ier signal of, typically, 20 pV rms with 0.05-pV peak-to-
peak noise.

Thermocouple D with a resistance of 50 0 measures the
average (dc) sample temperature T. A Leeds and North-
rup 7556 potentiometer and a Keithly 155 microvoltmeter
null detector read the dc thermocouple potential. The ac
and dc thermocouple signals are recorded on a chart
recorder. A minicomputer reads and averages the tem-
perature signals and then outputs the dc temperature in
degrees Celsius along with the corresponding total relative
heat capacity (0.1% resolution).

When initially placing a liquid-crystal sample inside the
oven, the following precautions are taken to reduce sample
deterioration. At room temperature an excess amount of
liquid crystal is placed in the upper depression L, of the
lower glass slide. The top glass slide then covers the
liquid crystal. A thin copper disc loosely clamps the two
slides against an anodized aluminum base inside the oven.
The oven is then sealed and evacuated overnight at a tem-
perature just below the liquid-crystal melting temperature.
A vacuum prevents the formation of air bubbles in the
liquid crystal after melting the sample and an elevated
temperature facilitates outgassing. The temperature is
then raised until the liquid crystal reaches the isotropic
phase which allows excess liquid crystal to leak from the
sample cell. After introducing argon gas into the oven,
the sample cell is tightly clamped against the aluminum
base while the liquid crystal remains in the isotropic phase
and argon gas flows through the system. With 0.5 atm of
argon gas in the oven to prevent sample deterioration and
provide a sample-to-heat reservoir thermal link, leakage of
liquid crystal from the sample cell is checked. If leakage
occurs, then hT gradually increases at constant T. A con-
stant value for bT indicates no leakage. The sample is
then cooled to an appropriate lower temperature phase for
the purpose of measuring the frequency response as
described by Eq. (2.1).

To select the proper operating frequency f (co=2mf), a
plot of fb, T versus f is made in the temperature range of
interest. From Eq. (2.1), f is chosen such that r, and r2
are unimportant. That is, f is chosen in a region such that
fb.T has a constant value. Because cor2 usually increases
at a phase transition and I /f noise increases with decreas-
ing frequency, f is selected as large as possible consistent
with co~2 &&1. For 65OBC at the SmA —hexatic-8 transi-
tion temperature (67.3'C) a graph of fb, T versus f gave
f2 ——I/(2vrr2)=50 Hz for a 70-pm-thick sample cell in-
cluding the ac thermocouple and ac heater. An operating
frequency of 1.74 Hz was chosen to satisfy cor2 f/f2——

To measure heat capacity as a function of temperature
the value of b, T is continuously recorded while slowly
sweeping the average (dc) temperature T of the sample.
For 65OBC, T changed by 50 mK/min far from the
SmA —hexatic-B phase transition (b, T=3.2 mK 0-p) to 1.4
mK/min near the transition (b,T=1.7 mK 0-p). The
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sweep rate r, was slow enough that the liquid crystal
remained in thermal equilibrium, i.e., r, =50
mK/min «co26T=5.6 X 10 mK/min far from the tran-
sition and r, =1.4 mK/min ~~~26T=3.2&10 mK/ min
near the transition.

In summary, a high-resolution ac calorimeter now ex-
ists for measuring the heat capacity of liquid crystals to
+0.1% resolution of the total sample-cell heat capacity
over the temperature range 10—150 C. Average tempera-
tures are known to 100-mK absolute accuracy and 2-mK
relative accuracy. In addition, the time to perform an ex-
periment is normally about ten hours which means that
the system is excellent for exploratory work. The short
experimental time also means less sample deterioration
and therefore less T, drift, if T, drift is present. The
sample-cell glass pieces are easily cleaned in an ultrasonic
cleaner and a used sample-cell containing liquid crystal
may be easily stored for possible future measurements.
Finally, the system may easily be adapted to light scatter-
ing experiments. However, the ac calorimeter does have
the disadvantage of heat-capacity measurements being no
better than 10% in accuracy.

III. DATA AND DATA ANALYSIS

Figure 3 shows the total heat capacity per unit area C&
(liquid crystal and sample cell) for 65OBC as a function of
temperature T from 59 to 76'C. An expansion of the
temperature axis (Fig. 4) reveals the SmA —hexatic-8
phase transition to be approximately symmetric about the
temperature Tz ——67.290 C at the heat-capacity peak,
which suggests a continuous phase transition. The
hexatic-8 —E phase transition (Fig. 3) shows a nonsym-
metric peak with quite noticeable thermal hysteresis and
no pretransitional fluctuations. Thermal hysteresis is in-
dicative of a first-order phase transition.

Because the liquid crystal 40.8 has a crystalline-8
phase with long-range in-plane and interplane positional
correlations, whereas 65OBC has a hexatic-B phase with
short-range in-plane (/~~=80 A) and interplane (/~=30 A)
correlations, ' the addition of 4O.8 to 65OBC may
enhance and reveal the function of in-plane and interplane
correlations for the Sr' —hexatic-B phase transition. For
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FIG. 4. Total sample-cell heat capacity per unit area of
65OBC near the SmA —hexatic-8 transition on an expanded
temperature axis {67.1—67.5 'C).

the case of 10% 40.8 in 65OBC by weight, Fig. 5 shows
the relative heat capacity C& as a function of temperature
T. The 65OBC portion of the mixture system came from
a high-purity preparation with T, =67.930'C for the
SmA —hexatic-B transition. ' The heat-capacity anomaly
of the 10-90% mixture system is approximately sym-
metric about Tz ——67.310'C, but shows a sharper decrease
in heat capacity near T& than does undiluted 65OBC. In-
creasing the amount of 40.8 in 65OBC to 30.5% by
weight results in a hysteretic heat capacity reminiscent of
pure 4O.8.' The 30.5-69.5% mixture system exhibits a
SmA-B phase transition with first-order behavior.

Because Cz versus T for the SmA —hexatic-B transition
displays a Cz divergence characteristic of critical phenom-
ena, the heat-capacity data was fitted to the following
equations:

(3.1)

where t =(T—T, )/T, and T, is the transition tempera-
ture. The term A

~

t
I

describes critical behavior,
whereas B+DT represents background heat capacity Cz.
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FIG. 3. Total sample-cell heat capacity per unit area of
65OBC as a function of temperature from 59 to 76'C showing
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FIG. 5. Total sample-cell heat capacity per unit area of a
4O.8-65OBC 10-90% by weight mixture for the SmA —hexatic-
B transition in the temperature range 67.31 +2.3 C.
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In all the cases the constraint D =D+ =D was imposed.
In general, the parameters A +—

, a—+, B+-, D, and T, were
determined using a least-squares procedure of minimizing
the variance s of the fit. ' The standard deviation cr; of
each data point (T~, C~;) provided a 1/o; weighting to
each data point. Fluctuations o-& in the measured total

pl

heat capacity Cz, and fluctuations o.T in the measured
I

average temperature T;, assumed independent, were com-
bined and ascribed to Cz, only as

2
aC,

Og =CTg + OT (3.2)
ps QT I

C+
P

A+ 3+
C + B+— B- (3.4)

oc was assumed as pe,. with r)=0.001 as found from
pl

measured fluctuations in C&, aT was taken as the rms
l

value of the temperature-oscillation amplitude; o.T —2j
mK near the SmA —hexatic-B transition.

Two methods of data analysis were used to determine
T„D, a +—

, A+/A, 8+, and 8: the method due to
Lederman and a nonlinear least-squares-fitting analysis.
In the method due to Lederman, Cz is defined as

Cp
——Cp

——Dt (3.3)

and using Eq. (3.1) with t the same magnitude for t ~0
and t &0, then

T

assuming that the scaling law a =a+ holds. Maximiz-
ing the linear correlation coefficient ' r between C andP
C& with respect to T„D, and the temperature-fitting
range AT, using a least-squares-fitting scheme gave
r=0.9999 for 65OBC in the range 25 mK &

~

T —T,
~

& 5
K with T, =67.289'C, D=O 014.0 J/K cm, A+/A
=0.87, and 8+ —(A +/A )8 =2.10&& 10 J/K cm
(Fig. 6). The remaining unknown parameters a, 8+, and
8 were found by scaling the Cz data using Eq. (3.4) and
merging the scaled Cz with the Cz+ data to form a
merged data set (T;,Cz~ ). A linear-least-squares analysis

was performed to fit the (T;,C~ ) data to logto(bC&~)
versus logto

~

t ~, where b, C& ——C~ Dt —8+—. Minimiz-
ing the variance s of the fit to logM(EC~ ) versus
logto

~

t
~

with respect to 8+ gave a=0.60+0 02 and
8+ =0.0126 J/Kcm . From 8+—(A+/A )8, then
8 =0.0121 J/Kcm . The results are summarized in
Table I.

When applied to the 40.8-65OBC 10-90%%uo mixture sys-
tem, the above method would not give a good correlation
coefficient r for

~

T —T,
~

& 100 mK. For a
temperature-fitting range 107 mK&

~

T —T,
~

&8.3 K,
then r =0.9996, T, =67.315 C, ' D=19.7,
A+/A =0.82, and 8+ —(A+/A )8 =5.28 in relative
units from the linear correlation of C~+ and C~ . As with
undiluted 65OBC, r =1 and scaling (a =a+) holds for
the SmA —hexatic-B transition, but now over a lesser
temperature-fitting range. Merging the 10-90%%uo mixture
system data in the manner as described for undiluted
65OBC gave a =0.50, B+=24.3, and, from
8+ —(A+/A )8, 8 =23.3 in relative units. Table II
gives a summary of the above results.

The nonlinear least-squares-fitting analysis minimizes
the reduced chi square ' g simultaneously with respect to
the parameters A —,a —,8-, D, and T, in Eq. (3.1). Let-
ting PJ (j = I, . . ., m) represent the parameters of Cz(t)
and Cz, represent the heat capacity of the ith data point of
N data points, then a minimum in X, with respect to all PJ
requires

~ [C„—C, (t, )] 'ac, (r)
Op J 1p ~ ~ ~ )pl s

ap.

Equations (3.5) are solved simultaneously using an algo-
rithm based on a nested Newton-Raphson method.
Starting with assumed initial values for a, a+, and T„
7„ is minimized with respect to all other parameters 2 +—

,B+—,and D. Then a Newton-Raphson iteration determines
new values for a, a+, and T, . The above process is re-
peated until the parameter values converge.

TABLE I. Summary of data-fitting results (65OBC).

Method of analysis T, ( C) D (J/Kcm ) A+/A a a+ B (J/Kcm ) 8+ (J/Kcm )

Lederman 67.289 0.0139 0.86 0.60 0.60 0.0121 0.0126

Nonlinear-least-squares fit
a =a+
a &a+

67.290
67.287

0.0126
0.0097

0.84 0.61 0.61
0.51 0.58 0.64

0.0121
0.0120

0.0126
0.0127
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TABLE II. Summary of data-fitting results (65OBC-40.8 90-10% mixture).

Method of analysis

Lederman 67.315 19.7

T, ( C} D (Rel. ) A+/A

0.82 0.50 0.50 23.3

a+ B (Rel. ) B+ (Rel. )

Nonlinear-least-squares fit
a =a+
a &a+

67.313
67.310

19.2
18.1

0.82
0.69

0.49 0.49
0.48 0.50

23.2
23.1

24.2
24.3

For the nonlinear-least-squares analysis, two cases were
considered. Case 1 imposed the constraint of scaling
a =a+ which gave a =a+ =061+0 02, A + /3
=0.84+0.03, and other parameters (Table I) for 25
mK&

~

T —T,
~

& 5 K. A graph of log, p[AC~/EC~(max)]
versus log~p

~

t
~

for T& T, and T & T, under the con-
straint a =a+ is shown in Fig. 7. Case 2 relaxed the a
constraint to a &a+ which gave a =0.58+0.02 and
a+ =0.64+0.02 with A+/A =0.51+0.02. Although the
difference between a and a+ is small, a+ is higher than
a . The same behavior was observed in 65OBC sample 1.
The reason for the difference between a and a+ is, as
yet, unknown.

The SmA —hexatic-B phase transition data for the
65OBC-4O. 8, 90-10% mixture system was also analyzed
using the nonlinear-least-squares procedure. Figure 8
shows the result of fitting log&p[KC~/EC~(max)] versus
log~p

~

t
~

in the temperature range 100 mK&
~

T —T,
~

& 8 K under the scaling constraint a =a+. The param-
eters are given in Table II. The fitting range 100
mK &

~

T —T,
~

& 8 K was chosen for the following
reason. When the data were fit in the temperature range
T„&

~

T —T,
~

&8 K, then a decreased from 0.59 to an
asymptotic value of 0.49 and P„decreased from 60 to S.O
as T„changed from 20 mK to 100 mK. Relaxing the
constraint a =a+ to a +a+ gave a =0.48, a+
=0.50, and A+/A =0.69 for 100 mK&

~

T —T,
~

&8
K. Table II presents the other fitting parameters.

The determination of parameter uncertainties is based
on the following idea. s will be a function of all parame-
ters, that is, s =s(A ,a +,B+,D, T, )—. T—o determ—ine, for

example, the uncertainty o. + in a+, fix all other parame-
ters at values that give s =s;„. Subsequently vary a+ un-
til s =2s;„. Then

o +=
~

a+(2s;„)—a+(s;„)
~

. (3.6)

IV. DISCUSSION

The C~-versus-T data from Fig. 3 shows the hexatic-
B—E transition to be asymmetric with thermal hysteresis.
The heat-capacity-peak temperature for heating
( T~h ——61.135 'C) is greater than that for cooling
(T~ =61.030 C) by 105 mK. And the heat-capacity-peak

The parameter uncertainties calculated in the above
manner gave uncertainty values of o. =0.02 and

Let b.T„be the temperature range T„&
~

T —T,
~

& Tf
over which the data was fit for T&T, and T~ T, . T„ la-
bels the range limit near T, and Tf far from T, . To test
the stability of a (under the constraint a =a+) or any
other parameter of Eq. (3.1), the range b T, was varied in
the following two ways. First, Tf was held fixed at 5 K
and T„was varied in the range 20 mK & T„&100 mK
which gave an a variation 0.60 & a & 0.63. Second,
bT„' &hT, was chosen and moved over the interval 20
mK&

~

T —T,
~

&5 K. For b, T„' =2 decades in

~

T —T, ~, then a varied in the range 0.58&a&0.62.
Similarly for b, T,' =1.5 decades in

~

T —T, ~, a changed
as 0.57&a &0.62. Figure 9 summarizes the above results
showing a versus T„ for 20 mK(T„&100 mK. The
above results indicate that a remains stable with respect to
fitting range.
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amplitude for heating exceeds the peak amplitude for
cooling by 20%. In addition, the heat-capacity-peak am-
plitude for heating increases with decreasing time spent in
the E phase before warming back into the hexatic-B
phase. The differences in transition temperatures and
peak heights indicate the presence of superheating and su-
percooling. The above observations of thermal hysteresis
show the hexatic-B —E transition to be first order in na-
ture; no discernible pretransitional anomaly occurs. The
hexatic-8 —E transition requires the development of both
long-range herringbone and long-range in-plane positional
ordering. From symmetry arguments a first-order transi-
tion is expected'; hence, theory and experiment are con-
sistent.

The SmA —hexatic-8 transition heat-capacity data for
65OBC indicates approximate symmetry about the heat-
capacity-peak temperatures (Figs. 3 and 4). Between suc-
cessive heating and cooling runs of C& versus T no
thermal hysteresis was observable within the relative tern-
perature resolution of the experiment (+2 mK). If the
SmA —hexatic-B transition of 65OBC has a latent heat,
then a decrease in the average applied ac-heater power P„
should result in an increase in the measured relative heat
capacity C& at the latent-heat temperature. In the pres-
ence of a latent heat (assumed to be at the heat-capacity-
peak temperature Tz ) a graph of P„/T„versus P„at Tz
would show an increase in P„/T„as P„decreases. Here
T„ is the ac rms temperature-oscillation amplitude. Fig-
ure 10 shows P„/T„versus P„at the SmA —hexatic-B
heat-capacity peak for 65OBC. Within the uncertainty of
the data, P„/T„shows no consistent increase as P„de-
creases down to T„=56 pK rms. Therefore, the
SmA —hexatic-8 transition of 65OBC has no detectable la-
tent heat within the uncertainty of the data.

The results of fitting the SmA —hexatic-B transition
heat-capacity data for 65OBC (sample 2) to the power-law
divergence b, C&

——A
+—

~

t
~

are a =a+ = 0.61+0.02,
A+/A =0.84+0.03, and T, =67.290 +0.003'C in the re-
duced temperature range 7.5X10 &

~

t
~

&1.5X10

Previous results for 65OBC (sample 1)' were
a =a+ =0.64, A+/A =0.83, and T, =67.930+0.003'C
in the reduced temperature range 2X 10 &

~

t
~

& 1.6&10 '. The values of critical exponents a and am-
plitude ratios A+/A are highly consistent for the two
different samples of 65OBC. However, the value of T,
for the present data is lower by 0.64'C. And the present
data could only be fit to within 25 mK of T, whereas the
data for sample 1 came within 7 mK of T, . Both the
lower T, and the smaller fitting range close to T, (more
heat-capacity-peak rounding) indicate that the present
sample contained more impurities than sample 1. The
present sample came from 65OBC prepared in a large
quantity; the previous sample prepared on a small quanti-
ty. Prepared in large quantities, the purity of 65OBC is
much harder to control, which is consistent with the
above results. Rosenblatt and Ho, ' using 65OBC from
the large quantity preparation, also reported a similar T,
(67.370'C) and fitting range limit (

~

t
~

=6X10 ) close
to T, . Because both samples 1 and 2 gave consistent
values for a, the impurities present in sample 2 do not
change the nature of the Sr' —hexatic-B transition in
65OBC.

For the 40.8-65OBC 10-90% mixture, the
SmA —hexatic-B transition showed thermal hysteresis.
On successive heating ( T~h =67.323 'C) and cooling
( T„,=67.308 'C) trials the temperatures of peak heat
capacity differ by 15 mK. By temperature-range-
shrinking the data from 20 mK &

~

T —T,
~

& 8 K to 100
mK &

~

T —T,
~

& 8 K, the value of a and X„decreased
and the value of a became asymptotic at 0.49 for a reason-
able X„at T„=100mK. Presumably for T„ too small, a
becomes artifically large due to first-order behavior near
T, in agreement with the presence of thermal hysteresis.
Therefore, the 40.8-65OBC 10-90% mixture system
SmA —hexatic-B transition is weakly first order and was
fitted to the power-law divergence b, C&

——A
+—

~

t
~

in
the reduced temperature range 2.9X10 &

~

t
~

&2.3
X10 (100 mK&

~

T T,
~

&8 K) whi—ch gave a
=0.49+0.02, A+/A =0.82+0.03, and T, =67.313

0.7— 650BC
I i I i I I

65OBC

0.6— OOO 0

+ T = 56'.K rms

0.5— 0.4—

50
I

100

FITTI NG-RANGE LONER L IM IT Tq(rnK)

i i I 1 I I i

5 10
&~-HEATER POWER P {W)

FIG. 9. a =a+ vs temperature-fitting-range lower limit T„
(mK) for 65OBC. 0, temperature range T„—5 K; CI, two de-
cade temperature range; E, one and one-half decade tempera-
ture range.

FIG. 10. P„/T„vs P„ for 65OBC at the heat-capacity peak
of the SmA —hexatic-B transition, where P„ is the average ac-
heater power and T„is the rms value of the temperature oscilla-
tion.
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+0.003 C. The 4Q.8-65QBC 30.5-69.5% mixture system
SmA-8 transition is first order in nature. The heat-
capacity-peak heights for heating and cooling differ by
11% and the temperatures of maximum heat-capacity
heating ( T~h

——65.303 'C) and cooling ( T~ =65.141 'C)
differ by 162 mK, an indication of superheating and su-
percooling. Assuming that the T, difference between
samples 1 and 2 of undiluted 65QBC was due solely to im-
purities which had no affect on the nature of the
SmA —hexatic-8 transition, then the resulting change to
first-order behavior from the impurity 4Q.8 in 65QBC
shows that different impurities affect the nature of the
SmA —hexatic-8 transition of 65OBC in different ways.

The large critical exponent m=0. 6 for 65QBC has also
been confirmed in a detailed measurement of the 1 —a
singularity of the in-plane position correlation of
65QBC. The large value for the exponent cx has ruled
out the 3D XF model, the model that should apply to a
phase transition with bond-orientation order as the order
parameter. Also, the 2D four-state Potts model with
a= —, and p= —„ is inconsistent with x-ray studies and a
measured value of the critical exponent p=0. 19. ' With
x-ray measurements on free-standing films of bulk
65QBC, Pindak et al. ' have shown that the SmA and
hexatic-8 phases contain local herringbone packing order.
Precisely how herringbone order and the hexatic-8 —E
transition affect the Sr' —hexatic-8 transition is not
known. For homologous series of n-alkyl-4'-n-
alkoxybipheny1-4-carboxylates, homologs with shorter
alkyl chain lengths favor a SmA —hexatic-8 —E phase-
transition sequence. Measurements are now in progress
on such homologs for the purpose of testing how the alkyl
chain length and the presence of the hexatic-8 —E transi-
tion affect the nature of the S~—hexatic-8 transition.

Noting the presence of local herringbone order in the
Smh and hexatic-8 phases of 65QHC, Bruinsma and Aep-
pli' proposed a theory based on the coupling of bond-
orientational and herringbone packing degrees of freedom
in layered liquid crystals. The theory predicts that a con-
tinuous bond-orientational order transition in 3D can be
driven first oldel by herringbone fluctuations and a tri-
critic31 point will separate the first- and second-order
transition lines. Because the measured values of u =0.61
and p=O. 19 are close to the 3D Gaussian tricritical point
values of a, =0.5 and p, =0.25, the Smd —hexatic-8 tran-
sition may be near a tricritical point. To test the Gaussian
tricritical point hypothesis, first consider undiluted
65QBC. If the SmA —hexatic8 transition is near a
Gaussian tricritical point, then ~=0.61 would be artifical-
ly high due to weakly first-order behavior near r;. How-
ever, 65QBC has no thermal hysteresis and no latent heat
within experimental error. In addition, Fig. 9 shows that
a remains stable with temperature-range-shrinking, i.e., as
T„varies from 20 to 100 mK for a fitting range of
T„&

~

T —T,
~

&5 K, a varies from 0.60 to 0.63. If a
were artificially high due to first-order behavior near T„
then as the temperature-fitting range decreased, o; would
decrease. The lack of first-order behavior and the stability
of a & a, with temperature-range-shrinking away from T,
contradict the Gaussian trier ltlcal point hypothesis fol
pure 65QBC. Nevertheless, a tricritical point hypothesis

could still be correct. A tricritical point with a&0.5, in-
duced by fluctuations with symmetry of a cubic lattice,
may be possible provided the fluctuation-induced and
Gaussian tricritical points have different fixed points in
renormalization group parameter space.

The data for the SmA —hexatic-8 transition of the
4Q.8-65QBC mixture system does not violate a Gaussian
tricritical point hypothesis. The transition shows weakly
first-order behavior and temperature-range-shrinking
from T„=20 mK to 100 mK for a fitting range of
T„(

~

T —T,
~

(5 K indicates that a evolves from 0.59
to an asymptotic value of 0.49+0.02, a value consistent
with o.', =0.5. Studies on the mixture system should pro-
vide further insight into the nature of SmA —hexatic-8
transition.

Heat-capacity measurements on the liquid crystal n-
nonyl-4'-n-pentyloxybiphenyl-4-thiocarboxylate (95SBC)
have shown the SmA —hexatic-8 transition to be first or-
der. This is consistent with x-ray structure measure-
ments with show an abrupt change in the in-plane corre-
lation length with no pretransitional behavior. In the
hexatic-8 phase of 95SBC, g~~-300 A compared to
g» —100 A for 65OBC. Therefore, the coupling of in-
plane positional order with bond-orientational order may
drive the SmA —hexatic-8 transition to 95SBC first order.
The liquid crystal 4Q.8 has crystalline-8 phase with long-
range in-plane and interplane couplings. The addition of
4Q.8 to 65QBC seems to increase the in-plane and inter-
plane coupling of the hexatic-8 phase for 65QBC and
drive the Smd —hexatic-8 transition of 95SBC first order.
denced by the results of 10% and 30.5% mixtures of 4Q.S
in 65QBC. Finally, a recent pressure study of 65QBC by
Cladis and Goodby revealed that the hexatic-8 phase
collapses to the crystalline-8 phase for pressures greater
than 1.5 kbar, which suggests that in-plane and/or inter-
plane correlations play a role as to the nature of the
liquid-crystal 8 phase as well as the SmA —8 transition.
Consequently, any theory which neglects the effect of the
in-plane correlation length may be incomplete as to ex-
plain the nature of the Sr' —hexatic-8 transition in
65QBC. In particular, the neglect of in-plane correlation
length may be the reaso~ that the measured exponents u
and p differ from Gaussian tricritical values. Further ex-
periments on 65OBC-95SBC mixtures and/or 65QBC
under pressure should cast some light on the role played
by in-plane correlation length.
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