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The splay and bend elastic constants of nematic P-cyanobenzylidene-P'-octyloxyaniline
have been measured as a function of temperature. The bend constant diverges near the
nematic-smectic-A phase change, with the temperature dependence predicted by de
Gennes. The splay constant shows no anomaly, as expected.

We report here the first measurements of the
temperature dependence of elastic constants of
a nematic liquid crystal (p-cyanobenzylidene-p'-
octyloxyaniline, or CBOOA) near a second order
nematic —smectic-A phase change. Similar pre-
transition effects have been reported near a ne-
matic —smectic-t" transition, ' and a first order
nematic-smectic-A. transition. ' The bend elastic
constant %33 exhibits the theoretically predicted
rapid increase near the critical temperature T»,
while the splay elastic constant K» has only a
weak temperature dependence, as expected. We
find that the fluctuation-dependent part of &33 var-
ies a.s (T —T») ", with v=0. 65+0.05 in agree-
ment with de Gennes's' prediction. In the course
of the experiments a new magnetic-field-induced
instability was observed in the nematic near T»,
which is described briefly below.

The nematic phase is characterized by long-
range orientational ordering of rodlike molecules.
The smectic-4 phase has, in addition, one-di-
mensional periodic ordering; the molecules are
arranged in layers, with their long axes parallel,
on the average, to the layer normal. An appro-
priate order parameter for the nematic —smectic-
A transition is the amplitude of the lowest Fou-
rier component of the periodic smectic-A. struc-
ture.

Using this order parameter in mean-field cal-
culations, Kobayashi and McMillan' predicted
the possibility of a second order phase change.
de Genness developed an analogy between this
phase change and the normal metal-superconduc-

tor transition, on the basis of which he calculat-
ed pretransition fluctuation phenomena in the ne-
matic phase near T&&.

The fluctuations involved are localized regions
of dimension $, a coherence length, in which the
smectic layers appear temporarily. These can
be studied directly by x-ray diffraction, which
McMillan has done for this material. ' His results
are compared to ours below.

de Gennes showed that the fluctuations are also
manifested as anomalous increases in the bend
and twist elastic constants of the nematic, which
are analogous to pretransition diamagnetism in
the normal-metal-superconductor transition. '
The expression for the bend elastic constant is

, ~W~lT
3$ $3 6 d2 II I

in which K» is the ordinary nematic contribu-
tion, d is the smectic layer thickness, and $~~ is
the coherence length parallel to the molecular
axis. In contrast to the superconducting case,
the low-temperature coherence length $, should
be only a molecular dimension, so that the criti-
cal exponents are those for the A. transition in
He~, rather than for the superconductor.

In that case, $ varies as (T —T„„) " with v=y/
(2 —q). de Gennes estimates the critical expo-
nents, via the Wilson calculations, as y =1.3 and

g =0.04, yielding v=0. 66. The splay elastic con-
stant K» should be independent of the coherence
length, but may have a slight pretransition' anom-
aly due to nearest-neighbor rearrangements as
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the layers appear.
We chose to measure K33 and K» by optical ob-

servation of the magnetic-field-induced Freed-
ericksz transition in a homeotropically aligned
planar sample. ' " In this experiment, a thin
film of sample is contained between glass slides,
the surfaces of which have been treated with si-
lane surfactants" producing alignment of the mol-
ecules normal to the glass, in the absence of a
field. The magnetic field is applied in the plane
of the sample, and above a critical fieldII, , the
nematic alignment axis begins to tilt toward the
field direction. The birefringence b, g produced
by the tilting increases linearly with field, just
above H, . From H, and Bb,g/8(H ') one can de-
duce the ratio of the elastic constants to the an-
isotropy of the magnetic susceptibility ~x:

K„/~q = (H, t/~)',

K~~ (H, t)' n, (n.' —n, ')
n.', &(H ')

The wavelength of the light used is A. = 6328 A.
The sample thickness is f =145 pm. The ordi-
nary and extraordinary indices of refraction, n,
and n, , were measured, as a function of temper-
ature, in a Pulfrich refractometer.

The birefringence was measured conoscopical-
ly by focusing a helium-neon laser beam on the
sample placed between crossed linear polarizers
oriented at+ 45 to the field. Below II, , the usu-
al uniaxial pattern is observed, the center of
which locates the sample normal. Above 0, , the
pattern shifts off center, and the birefringence
is measured by counting the interference fringes
crossing the sample normal position.

The CBOOA was obtained from Eastman Organ-
ic Chemicals, and was used without further pur-
ification. The sample cell was sealed under ar-
gon with solvent-free epoxy to isolate it from the
atmosphere. This prevented degradation during
the experiment; T» changed by only 0.015'C
over a period of three weeks at high temperature.

The sample cell was held in an aluminum block
heated by a Yellow Springs Instruments temper-
ature controller providing long-term stability of
+ 0.006'C. The magnetic field was measured by
a Bell model 640 gaussmeter accurate to about
0.2%.

T» is easily determined visually, by the sud-
den disappearance of the characteristic nematic
scintillation, which occurs in this sample at
82.93'C. This is a useful test, because the scin-
tillation mode associated with K» remains strong
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FIG. 1. The ratio of splay (K&&} and bend (K3&} elastic
constants to the anisotropy of the magnetic susceptibili-
ty &p. The line is the orientational order parameter,
fitted to the splay curve at high temperature.

right up to Tz&.
Data were taken between 83.12 and 98.90'C. The

results are shown in Fig. 1. The overall accur-
acy for K»/a}( is + 2% and for K»/&}( is + l0%.

The equipment was accurate enough to examine
another decade in T —T» closer to T», but be-
low 83.12'C, a new instability appeared which in-
terfered with these measurements. In the pres-
ence of the magnetic field, we first observed a
regular array of stripes, oriented parallel to the
field. The period is of the order of the sample
thickness. Examination with polarized light in-
dicates a more or less constant tilt angle and
periodic rotation of the optical axis out of the
plane defined by the sample normal and the field;
that is, a splay wave. A possible explanation of
this phenomenon, involving the piezoelectric
(flexoelectric) effect" is described elsewhere. "

To compare the data to de Gennes's prediction,
one must account for the temperature dependence
of b, }( and subtract K»". We may assume h}((T)
= 6}(oS(T), with S being the orientational order
parameter. Mean field theory also predicts K;;"
=K; S'. Two measurements of S(T) are available
for this material: the index of refraction mea-
surements done for this experiment and NMR
measurements done by Cabane and Clark. ' The
two measurements are in close agreement. The
solid line in Fig. I shows S(T), normalized to fit
K»/6}(, far away from T». Clearly, K» devi-
ates only slightly from the ordinary nematic be-
havior near TN~, suggesting that the strong tem-
perature dependence of K33 is due entirely to the
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FIG. 2. Our best estimate of the temperature depen-
dence of the fluctuation part of E33, normalized to E33
(98.9 C).

pretransition fluctuations.
The fluctuation contribution to the elastic con-

stant ~+33 no rm aliz ed to K33 at an arbitrary
temperature To = 98.9'C, can be written in terms
of the measured K»(T)/by(T) and b, y(T)/b, y(T, )
as

5K„(T) K„(T) b, y(T) by(T„) K, 0$2(T)

K»( 0) bx(T) by(TO) K»(TO) KS3(TO)

The second term is K» (T)/K»(T, ).
Anticipating a power-law dependence on T —T»,

a log-log plot of 6%33 versus T —T» was made,
varying the constants T~„and K» (To)/K»(TO)
within reasonable ranges. Trusting our value of
T», we varied it by + 0.01'C. We varied the
background level, K» (To)/K»(T, ), from 0 to 1.
With T» at its lower limit and the background at
0.6, one obtains a distinctly bent curve to which
one can fit a straight line just passing through the
error limits (about the diameter of the dots in
Fig. 2) of the 23 lowest temperature points, with
a. slope of v=0. 71. Taking T„„at its upper limit,
a.nd the background level at 0.4, one obtains a
curve with the opposite bend, which is similarly
fitted by a line of slope v = 0.60; For T» = 82.935'
C and the background level at 0.52, one obtains
a remarkably straight curve (Fig. 2) with a slope
of 0.653, in excellent agreement with de Gennes's
prediction. We also tried the subtraction scheme
+33 Kg/ which produced the be st straight line
fit with a slope v=0. 670.

Estimating by(T») = 1.3&&10 ' cgs units from
measurements on structurally similar P -methoxy-

0
benzylidine-P-n butylaniline, " a.nd d = 35 A, from
McMillan's measurements, the straight-line fit
in Fig. 2 gives $,~

=2|40 A at T —T„~=0.185'C,
in excellent agreement with McMillan's x-ray

measurements. At 7' —T» = 5.965'C, the last
point fitting closely the straight line, $„=2|6A.
This is still probably large compared to the mo-
lecular interaction range, and therefore self-con-
sistent with the observation of a scaling-law criti-
cal exponent over the entire range of the experi-
ment.

The main disagreement between our results
and McMillan's x-ray results is that he finds y
=1.49, so that v= 0.75. McMillan measured the
x-ray intensity distribution in the diffuse peak,
observed above T, , centered at the location of
the first Bragg reflection from the layers. One
determines y from the temperature dependence
of the peak height, and $~, ($ j) from the linewidth
parallel (transverse) to the nematic axis. A pos-
sible source of error in interpreting these mea-
surements, pointed out by McMillan earlier, "is
orientational fluctuations of the nematic axis,
which reduce the peak height and increase the
transverse linewidth. They may also account for
the non-I orentzian transverse line shape McMil-
lan observed. These fluctuations are reduced as
the elastic constants increase. The strong tem-
perature dependence of K» and K» would there-
fore produce an apparently larger value of y.
Quantitative corrections for this effect, which
will also require K»(T), may bring the x-ray da-
ta into agreement with our results.

In conclusion, our results are in agreement
with the de Gennes theory. Our estimate of $~~

agrees well with McMillan's measurements near
T», and an explanation for the remaining dis-
crepancies between the x-ray measurements and
our results is proposed. Measurements of by(T)
and K»(T) for this material would be very useful.

The authors are grateful to W. I. McMillan,
B. Cabane, and W. G. Clark for making availa, ble
preprints of their work.
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Equations are derived for the motion of the magnetization and the "spin axes of the
Cooper pairs, " and solved for the case of unsaturated cw resonance, In general two dis-
crete resonances are predicted, but if a special condition is met, only one occurs. The
complete field dependence of the line(s) determines the gap configuration almost unique-
ly. The predictions are consistent with existing data and in strong conflict with Ander-
son s theory.

Several months after its original discovery, '
the anomalous NMR shift in the "A phase" of
liquid 'He remains a source of controversy. In
an earlier Letter' this author showed that the
existence of the shift couM be qualitatively un-
derstood if the system possessed the property
of "broken spin-orbit symmetry"; in the pres-
ence of the nuclear dipole forces there would
then be a strong correlation between the direc-
tion of total spin of any two particles and the di-
rection of their relative orbital angular momen-
tum. ' If, as seems to widely believed, liquid
He A is an anisotropic BCS-type superfluid, then

it is the Cooper pairs which have their spins and
orbital angular momenta correlated in this way.
This mechanism for the shift does not require
that the total orbital angular momentum or total
spin be finite, or that there be a preferred axis
of quantization for the spins: The shift is there-
fore predicted to persist to zero fieM, and to
occur even for the "isotropic" Balian-Wertham-
er' (BW) state Areson. ance is also predicted
to occur for "longitudinal" polarization of the
rf field (i.e. , parallel to the external field). How-
ever, this approach is clearly somewhat unsatis-
factory in that the existence of a single shifted
peak with the observed frequency dependence,

(d =(d p +(do (T),

and no appreciable background was taken from
experiment rather than demonstrated explicitly,

A very different approach to the problem of
this shift was developed by Anderson' under the
assumption that 'He A is indeed an anisotropic
BCS superfluid. This approach rests fundamen-
tally on the hypothesis of the existence of a mac-
roscopic total orbital angular momentum which
is coupled to the total spin and to the "reference
system for the spins of the condensed pairs"
(called hx by Anderson) by some semiphenome-
nological energies. Among the predictions of this
theory are that the shift 0)' —(~ L' is a strong func-
tion of the external field and tends to zero in zero
field; that there is no "longitudinal" resonance;
and that the BW state shows no shift. If the last
conclusion is correct, we could interpret the "8
phase" of 'He as a BW phase.

In the present Letter I outline' a microscopic
theory of NMR in an anisotropic BCS-type super-
fluid, based on a Born-Oppenheimer type of ap-
proximation. I derive general equations for the
magnetization vector and a vector related to the
spin of Cooper pairs at a particular point on the
Fermi surface. The equations are applicable to
quite general NMR situations in which fieM grad-
ients can be neglected. They are solved explicit-
ly for the case of unsaturated cw resonance, with
some somewhat surprising results. The predic-
tions of Ref. 2 are confirmed, in the sense that
if a single resonance line (rather than two) is
observed, then its frequency must satisfy Eq. (1),
and that the existence of a shift is a consequence
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