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Anomalous Temperature Dependence of the Elastic Constant B at the Smectic-
to-Nematic Phase Transition in Binary Mixtures of Hexyloxycyanobiphenyl-
Octyloxycyanobiphenyl (60CB-80CB)

M. R. Fisch, L. B. Sorensen, and P. S. Pershan
Division of Applied Sciences, Harvard University, Cambridge, Massachusetts 02138
(Received 10 December 1981)

In hexyloxycyanobiphenyl-octyloxycyanobiphenyl (60CB-80CB) binary mixtures display-
ing reentrant behavior, the smectic elastic constant, 8, deviates from a simple power
law of the form B =B(I'y,—T)? and levels off as 1' =1y ,. This behavior is consistent
with the Nelson-Toner dislocation-unbinding model of the transition.

PACS numbers: 64.70.Ew

The nematic to smectic-A (N-A) phase transi-
tion is one of the major unsolved problems in
statistical physics. Following de Gennes’s
proposal’ of an analogy between the smectic-4
and superconducting phases there have been
numerous experiments demonstrating the appar-
ently continuous nature of the N-A transition.
Unfortunately, the critical exponents extracted
from these experiments are not consistent with
the hypothesis of a universal transition.?™® Nel-
son and Toner” have recently argued that the N-
A transition occurs through the spontaneous gen-
eration of free dislocations. They predict that
although the correlation lengths £, and £, diverge
as the transition temperature, 7 ,, is approached
the ratio £,/&,% becomes a nonzero constant.
Since anisotropic scaling”?® predicts that the
smectic elastic constant B~ £,/£,%, Nelson and
Toner argue that it should vanish discontinuously
at the N-A transition. Analogous effects have
been observed as a result of vortex unbinding in
two-dimensional® *° films of superfluid *He and
have been searched for at the melting transition
of two-dimensional liquid-crystalline films,*
Confirmation of this effect in a three-dimensional
system for which the lower marginal dimensional-
ity is three would be particularly interesting.
Unfortunately, the expected jump discontinuity in
B has not been observed in previous experiments.
In this Letter we present experimental results
for the critical behavior of B in binary mixtures
of octyloxycyanobiphenol (80CB) and hexyloxy -
cyanobiphenol (60CB) that show this jump dis-
continuity and are -consistent with the Nelson-
Toner proposal.

For a range of concentrations mixtures of
80CB and 60CB exhibit sequentially (on lowering
the temperature) a nematic, a smectic-4, and
a “reentrant” nematic phase.’?”’® The width of
the smectic-A phase in temperature, 67(y),
is given by 37T(y) =A(y, —y)Y2 where y is the

fractional molar concentration of 60CB, y,
=0.4254, and A =87.22 K. In all previous studies
of these mixtures the N-A transition appears to
be continuous at a temperature resolution of 10
mK,

The experimental technique used here has been
described previously.!” The elastic constant, B,
was determined from the light scattered by bulk
second-sound modes at the free surface (i.e.,
air-liquid-crystal interface) of 300-500- um-
thick oriented samples. The materials were ob-
tained from British Drug House and were used
without further purification. The mole fractions
were determined to better than 1% and the transi-
tion temperatures agree with those in the litera-
ture.® The measured B(AT=T,, —T) for four
mixtures are shown in Fig. 1. In each case, Ty,
was directly determined on both heating and cool-
ing to +5 mK. It is clear for y =0.37 that the
B(AT) curves level off [ 8B/ 3(AT) becomes small-
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FIG. 1. B(AT) for pure 80CB and three different bi-
nary mixtures of 8OCB-60CB. The solid line repre-
sents the result of nonlinear least-squares fits to the
data for AT <1.0 K.
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er] as AT ~0.

Possible artifacts that might produce the ob-
served leveling off of B(AT) are (1) phase separa-
tion of the binary mixture, (2) vertical inhomo-
geneities of the samples, (3) nonhydrodynamic
behavior, or (4) temperature inhomogeneities
within the oven. Phase separation has never
been observed in 80CB-60CB mixtures and the
phase diagram that we obtain is essentially iden-
tical to those in the literature.'?”'® In addition,
absolutely no hysteresis was observed: The
transition temperatures obtained on heating and
cooling are identical to 5 mK.

To check experimentally for the presence of
either a vertical inhomogeneity or nonhydrody -
namic behavior the response of the first two
modes was measured. The results are shown in
Fig. 2 for the most sensitive case (y=0,417) and
three temperatures. In all cases the ratio of
the resonant frequencies of the two modes is in-
dependent of temperature and is equal to the value
predicted for a homogeneous sample. The ob-
served leveling off of B(AT) cannot be due to
either effect. To check for the presence of tem-
perature gradients, B was determined for dif-
ferent positions on samples with y=0 and y =0.42
with AT =10 mK. The measured gradient was
smaller than 5 mK.

The results of the least-squares fits of the data
with AT = 1.0 K by the Nelson-Toner form, B(T)
=B(Ty4) +B,(AT) ¢, are shown by the solid lines
in Fig. 1 and are given in Table I, fit I. Except
for y =0 (pure 80CB), B(Ty,)=0 is not allowed
by the fits. The results of fitting the data by the
form of a weakly first-order transition, B(T)
=B,[ T*(y) = T]¥, are shown as fit Il in Table L
The temperatures 7*(y) at which B(7T) would
extrapolate to zero are 50, 120, and 300 mK high-
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FIG. 2. The observed response as a function of fre-
quency at three different temperatures for the sample
withy =0.417.

er than the observed transition temperatures for
y=0.,377, 0.397, and 0.417, respectively. How-
ever, the absence of a peak in the specific heat
argues against a first-order transition.'® The

TABLE 1. Rqsults of nonlinear least-squares fits with x><1.0. FitIis with
the form B(T) =B (T y4) +B1(AT)? for AT <1.0 K. Fit II is with the form B (1)
=B[T*@) —T1?Y for AT <1.0 K. Values for T*(y) —1'y, are given in the text.

10°"B(1'y ) 1078, B, ®)
Fit ¥ dyn cm™? (dyn cm™2K™9 7 (dyn cm ™2 K~ 0-63§)
I 0.417 1.03+0.07 1.01+£0.07 0.69+0.07 1.26
0.397 0.90+ 0.07 1.81+0.11 0.64+ 0.04 1.72
0.377 0.86+ 0.07 2.07+0.13 0.56+0.04 2.11
0 0.15+0.43 5.9+0.45 0.33+0.04 4.17
II 0.417 1.83+£0.07 0.42+0.05
0.397 2.59+0.02 0.45+0.03
0.377 2.81+0.05 0.36+0.02
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results of fitting with a continuous transition with
a critical region <100 mK, B(T)=B,(AT)¥ are
@ =0,13+0,05 with x%=3,

An independent test of the present experimental
method derives from the concentration depen-
dence of B,. Recent x-ray measurements on
80CB-60CB mixtures by Kortan et al.™ have
shown that the correlation lengths in both the
nematic and the reentrant nematic phases are
described very well by a generalized Pershan-
Prost model.”® Within the smectic-A phase, the
model predicts B(T) =B(Ty ) +B,[0T(y)AT
+(AT)?]% For AT <06T(y), B(T)=B(Ty,)+B,()
X (AT) %, where B,(y)=B,[6T(y)]¥. Treating
B(Ty4), B,, and ¢ as free parameters, the data
within AT <1 K for the three samples with y
>0.37 were simultaneously fitted by this form.
The resulting values are B(T,,)=(0.89+0.06)
x107 dyn ecm™2, B,=(0.317+0.04) x107 dyn cm™2
K-? and ¢=0.636+0.04. For y>0, good agree-
ment is found between these values of B(Ty,)
and ¢ and the values obtained in the individual
fits. The calculated values for B,(y), displayed
in the last column of Table I, fit I, also agree
well with the values of B,. For y=0, the model
slightly underestimates B, and overestimates
B(Ty.4). Although the values for B(Ty,) decrease
with decreasing vy, the quantity that is expected
to have a universal value at the transition is
Nee < | B(Ty 4)K,]™? rather than B(Ty,). Our re-
sults suggest that the Frank constant, K,(Ty,),
should increase with decreasing concentration.
Since K,(T) does not display critical behavior at
the N-A transition, a measurement of its con-
centration dependence would provide an excellent
test of the universality of 7.;,. For a typical K,
[(1.5-6) X107 dyn] and B(Tj,) =0.89 X107 dyn
em™2 we find very reasonable values for 7).
(0.29~0.58). The largest experimentally meas-
ured nis 0.38+0.06,*°

Nelson and Toner? have argued from the aniso-
tropic scaling results that a necessary condition
for observing true critical behavior on the nemat-
ic side of the transition is that the dimensionless
parameter ¢=£,%g,/&, [where g,=27/(layer
spacing) ] be roughly equal to &, =k q,>/B(Ty,).
Using our measured values of B(Ty,) (0.89 x 107
dyn cm™ for y 2 0.37 and <0.58 X107 dyn ¢m 2
for y=0) we find £, =42 for ¥ 20.37 and ¢, =0.62
for y=0. Table II presents a comparison of the
largest observed values, .y, with the estimated
maximum values, ¢,, for the nematic critical
scattering measurements.?'* Extrapolating ¢ to
smaller AT =T - Ty, using the measured tem-

TABLE II. Comparison of the predicted critical re-
gion with critical x-ray scattering measurements for

ATy AT,
Material Sy Lexp K (K) Refs.
80CB-60CB:
y=0 =262 6.5 0.03 <2.3x107¢ 2
9 =0.330 42 12.1 0.045 3.5%X107% 14
y=0.413 42 8.7 0.215 5.5%X107% 14
v =0.420 42 15.4 0.13 2.6X1072 14
8CB =279 6 0.01 s7.9%x10°% 2,21
40.8 =50 11.7 0.003 <1.2x10™* 6,21

perature dependence of £, ;, we display in Table
II AT,, which is the value at which {=~¢,. The
smallest value of AT for which a measurement
was made i8 AT . Similar estimates for octyl-
cyanobiphenyl? (8CB) and butyloxybenzylidene
octylaniline® (40.8) demonstrate that by this
cviterion none of the previous x-ray measure-
ments have been in the true critical regime.

In conclusion, we have found that in 80CB -
60CB binary mixtures the smectic elastic con-
stant deviates from a simple power law and levels
off at T—~Ty,. This behavior is consistent with
the Nelson-Toner model of the transition in which
B goes to zero discontinuously even though the
transition is second order. However, it is not
possible to distinguish this result from either a
weakly first-order transition or a transition with
a very small critical region.

We would like to acknowledge numerous helpful
discussions with David Nelson, Bert Halperin,
and John Toner. One of us (M.R.F.) has been the
recipient of an IBM Predoctoral Fellowship dur-
ing a portion of this work. This work was sup-
ported by the National Science Foundation under
Grant No. DMR 79-23597 and by the Joint Services
Electronics Program (U. S. Army, Navy, and
Air Force) under Grant No. N00014-75-C-0648,
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Solitons in Quasi One-Dimensional Spin- and Charge-Density-Wave Systems

Tin-Lun Ho
Institute for Theovretical Physics, University of California, Santa Barbava, California 93106
(Received 19 October 1981)

The solitons of spin-density-wave and charge-density-wave systems of arbitrary com-
mensurability are discussed. Spin-density-wave systems can have both “scalar” (i.e.,
phase and amplitude) solitons as well as “polarization” solitons. A simple picture is
presented to-account for the various charge and spin states of the scalar solitons of both
systems. Localized states are also found in polarization solitons. Unlike those of the
scalar solitons, they are in general nondegenerate.

PACS numbers: 72.15.Nj

Most quasi one-dimensional materials (at am-
bient pressures) are either charge-density-wave
(CDW) or spin-density-wave (SDW) systems. Re-
cently, there has been much interest in the soli-
tons in CDW systems and the associated electron-
ic excitations.'”® These excitations are expected
to have unusual spin-charge relations!'? and are
fractionally charged in general.

There have been few studies on the solitons in
SDW systems. Unlike CDW’s, SDW’s are pseudo-
vectors rather than scalars. As a result, there
is a greater variety of SDW solitons. It is natural
to ask whether localized electronic states similar
to those in CDW systems!'2 also exist in SDW sol-
itons, and what are their spin-charge relations if
they do. Furthermore, since the charges of CDW
solitons result from nonintegral depletions on
states from both the valence and the conduction
band,!'? it is interesting to find out whether there
can be depletion mechanisms leading to fractional
spins in SDW solitons.*

Returning to the CDW solitons, I note that al-

though some of the earlier phenomenological
theories on CDW’s®¢ already anticipate the pos-
sibility of fractional charges, their predictions
are not identical to the recent microscopic cal-
culations.!'? References 1 and 2 predict more
charged states than Refs. 5 and 6. Apart from
these differences, there is also the question about
the generality of these results. While Refs. 5 and
6 consider only solitons with slowly varying
phase, Refs. 1 and 2 have ignored the interac-
tions between electrons and the quantum fluctua-
tions of phonons. It would be useful to know how
the predictions of these theories are affected by
the relaxations of these restrictions.

In the following, I shall present a simple pic-
ture for the charge and spin of the solitons in
both CDW and SDW systems. It enables us to
answer the previous questions. I also present
a study on the “polarization” solitons—a kind of
soliton special to SDW’s.

Formation of a single CDW (SDW) corresponds
to the appearance of a new Fourier component
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