
VOLUME 32, NUMBER 2 PHYSICAL REVIEW LETTERS 14 JANUARY 1974

2W. Maier and G. Meier, Z. Naturforsch. 16a, 1200
(1961).

38. T. Klingbiel, D. J. Genov, and H. K. Bucher, in
Proceedings of the Fourth International Liquid Crystal
Conference, Kent, Ohio, 21-25 August 1972 (Gordon
and Breach, New York, to be published).

J. van der Veen, W. H. de Jeu, A. H. Grobben, and
J. Boven, Mol. Cryst. Liquid Cryst. 17, 291 (1972).

J. van der Veen, W. H. de Jeu, M. W. M. Wanninkhof,

and C. A. M. Tienhoven, J. Phys. Chem. 77, 2158
(197').

6W. H. de Jeu, Solid State Commun. 18, 1521 (1978).
A general survey of the theory of dielectric constants

is given in C. J. F. Bottcher, Theory of Electric Polari
zation (Elsevier, Amsterdam, 1978), 2nd ed. , Vol. I.

P. Bordewijk, to be published.
9A. de Vries, Mol. Cryst. Liquid Cryst. 10, 219

(1970).

Divergence of Cholesteric Pitch near a Smectic-A Transition*

Ronald S. Pindak, Cheng-Cher Huang, and John T. Ho
Department of Physics and Laboratory for Research on the Structure of Matter,

University of Pennsylvania, PhiladelPhia, Pennsylvania 19174
(Received 12 Novexnber 1973)

We have measured the detailed temperature dependence of the cholesteric pitch in
cholesteryl nonanoate near the smectic-A transition. The data show a power-law be-
havior with an exponent v=0.675 +0.025, in agreement with theoretical prediction and
with elastic-constant measurements in nematics.

Studies near the nematic or cholesteric to
smectic-A transitions in liquid crystals have
been of intense current interest' ' since the Mc-
Millan-de Gennes suggestion' "that they may
be second-order in nature, and that they are
analogous to, but in many respects more tangi-
ble than, the superconducting transition. The
buildup of short-range smectic order in the ne-
matic or cholesteric phase is--characterized by
a coherence length $ which diverges toward an
apparent transition temperature T, in the form

where the critical exponent v is typically between
0.6 and 0.7 from model calculations and exper-
iments on magnets and fluids. " This pretransi-
tional behavior manifests itself in liquid crystals
in the anomalous increase of the twist and bend
elastic constants K» and %33 and of the choles-
teric pitch p. Physically, the presence of short-
range smectic order in a nematic makes twist
and bend distortions energetically costly, and
leads to additional contributions to the respec-
tive elastic constants which are expected to be
proportional to $." A similar situation applies
to the elastic constants in a cholesteric. Fur-
thermore, the "rotary" part of the free energy,
proportional to K»/p, is believed to depend main-
ly on the intermolecular interactions and there-
fore to be unaffected by the smectic transition.
Hence K» and p should have similar temperature

dependences, "and the latter is expected to di-
verge like

p=po+c(T T,) ",—

where p, is the pitch in the absence of the smec-
tic ordering. Experimentally, the untwisting of
the cholesteric texture in the vicinity of the smec-
tic-A transition, with the accompanying dramatic
color changes, is well known, " "but has not
been studied carefully in the light of recent theo-
retical advances. In this paper we present the
results of a detailed measurement of the temper-
ature dependence of the pitch of cholesteryl non-
anoate (CN) near the smectic-A phase and the
first report of the value of a critical exponent
for a cholesteric-smectic-A transition.

Our samples of CN were obtained from Vari-
Light Corporation. On cooling from the iso-
tropic liquid, CN forms a cholesteric phase at
91'C and a smectic-A phase at 74'C. We found
using differential scanning calorimetry that the
cholesteric-smectic-A transition entropy was
0.05R„ in agreement with previous measure-
ments ''7 The sa,mples were pla, ced between
glass slides separated by a 12- p,m Mylar spacer.
A planar structure with the helical axis perpen-
dicular to the slides was formed by displacing
the top slide when the liquid was in the choles-
teric phase. Both untreated slides and slides
coated with obliquely deposited SiO thin film"
were used, the latter giving more uniform tex-
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FIG. 1. Temperature dependence of the peak reQec-
tion wavelength ~& in cholesteryl nonanoate.

tures. The sample temperature was controlled
to a stability of 0.003'C and measured with a
platinum resistance thermometer. We used the
rapid color changes near the smectic-A transi-
tion as a very sensitive indicator of sample de-
fects and thermal gradients in our sample selec-
tion. The selective reflection technique was used
to measure the pitch. Light from a modified
Perkin-Elmer model 4000A spectrophotometer
was focused on the sample at an angle of inci-
dence 8 of 10', and the specularly reflected in-
tensity was measured. Samples formed with
coated slides gave stronger reflection intensi-
ties than uncoated ones, but otherwise the two
types of slides yielded identical results. We ob-
tain smooth and symmetric reflection peaks, and
the wavelength A~ of maximum reflection was
resolvable with an accuracy of 0.5 nm in the
violet and 1 nm in the red. The temperature de-
pendence of A~ in CN is shown in Fig. 1. The
peak wavelength covered the entire visible range
of the spectrophotometer in the temperature
range of our measurement.

The peak wavelength A.~ is related to the pitch

p by the Bragg-like expression'9 "
X~ = np(1 —n ' sin'0) '~',

where n = (n, + n, )/2 is the average of the extra-
ordinary and ordinary refractive indices, and the
width 4A, of the reflection peak is given by

(4)

We found 4A, to increase near the smectic phase,
in qualitative agreement with Eq. (4), but with

a somewhat more pronounced temperature de-
pendence than that of the pitch. Between 75.0
and 74.5'C, while A, ~ increased from 470 to 560
nm, M changed from 19 to 33 nm. This could
be caused by the sample not being perfectly sin-
gle domain, or by a slight temperature inhomo-
geneity. The former possibility means our data
represent an average over the 1.5-mm & 4-mm
illuminated area of the sample, and the latter
allows us to estimate the temperature gradient
to be no more than 0.01'C„Variations in n due
to dispersion and temperature dependence in
cholesterol esters are typically within 1/o in the
wavelength and temperature range of our mea-
surement. " We could therefore neglect changes
in n without significantly affecting the result of
our analysis. With this approximation A.~ is a
direct measure of p, and we fitted the data with
the expression

where X, is the peak wavelength in the absence
of the smectic transition.

To take into account the slight temperature
dependence of A. „which affects principally the
analysis of the few data points furthest from T„
we measured the temperature dependence of the
pitch in cholesteryl propionate (CP), a member
of the same family of cholesterol esters as CN
that does not have a smectic phase. We found

that, except in the immediate vicinity of the iso-
tropic phase, the pitch decreased almost linearly
in temperature with an average slope of —0.28%/
'C. Practically identical temperature depen-
dences have been reported for other cholester-
ics."'" It is reasonable to expect Po in CN to
behave similarly. We obtained additional evi-
dence for this by doping CN with cholesteryl
chloride (CC) to depress the smectic-A transi-
tion temperature and extend the cholesteric
range. The temperature coefficient of the pitch
was measured as a function of the concentration
x of CC, and was found to extrapolate to a value
at x =0 very close to that obtained in CP." We
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ately, the usual method of measuring K» in cho-
lesterics by untwisting the helical structure with
an electric or magnetic field is not readily ap-
plicable to CN because its electric dipole moment
is canted to the molecular axis and it has a nega-
tive magnetic anisotropy. However, Frank elas-
tic-constant measurements have been made near
the nematic-smectic-A transition in several
materials. The value of v obtained in p-cyano-
benzylidene-p' -octyloxyaniline is 0.653 a 0.015
for K» ' and 0.66 + 0.05 for K», ' and that in p-
butoxybenzylidene-p' -octylaniline is 0.65 + 0.05.'
The value we obtained for v in CN is therefore
consistent with these experiments on nematics
and with theoretical expectation. Studies on other
cholesterics and binary systems are in progress.

We would like to thank Professor T. C. Luben-
sky for helpful discussions.

FIG. 2. Log-log plot of ~p- ~0 versus T —I', . The
straight line has a slope v =0.675.

therefore used the form

z, = Z„[l+o.(T'- T', )] (6)

for the peak wavelength in the absence of the
smectic phase, where o. = —2.6X10 '/'C and X«
is a constant.

A least-squares fit of the data by Eqs. (5) and

(6) yielded the optimum parameters )I,«= 360 nm,
T =74.14 C, and v=0. 675+0.025. A log-log
plot of A.p A.o versus T —T, is shown in Fig. 2.
The power law appears to be obeyed o' er nearly
two decades in T —T, . The value of v is in ex-
cellent agreement with that predicted by de Gen-
nes. " The error assigned to v already includes
the effect of allowing for reasonable variations
in the value of o. to be used in Eq. (6). Some
questions have been raised about the possible
effect of sample purity on the nature of the ne-
matic-smectic-A transition. ' The data discussed
above were taken with an unpurified sample. We
found that the apparent critical temperature T,
could range from 74.06'C in some aged samples
to 74.25'C in samples purified by recrystalliza-
tion with pentyl alcohol. The actual transition
temperature is typically 0.05'C higher than T, .
However, the values of the exponent v from the
various samples agree with one another within
the experimental uncertainty.

It would be interesting to see if the twist elas-
tic constant K» in CN exhibits a similar temper-
ature dependence as that of the pitch. Unfortun-
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The nuclear acoustic resonance of He~ spins has been excited and detected via Rayleigh
waves on a metal surface. The signal is many orders of magnitude larger than the nucle-
ar acoustic resonance signal detected in the bulk of solids. Its magnitude is very sensi-
tive to surface damage. The effect has been observed with liquid He in contact with gal-
lium, aluminum, and gold.

Nuclear acoustic resonance (NAB) ha, s been ob-
served in solids. The resonance is excited ei-
ther via the quadrupolar coupling' or via the di-
polar one." To my knowledge, NAR has not
been observed in liquids. In this paper, I report
the observation of the NAR of liquid He' in con-
tact with a metal surface. The NAR is excited
by forcing the solid surface to vibrate during a
short time at a frequency and magnetic field
which correspond to the resonance condition for
the He' spins (bm =1 transition). The detection
is made by recording the free decay of the sur-
face vibration following the acoustic pulse. The
experiment is similar to Hahn's experiment with
radiofrequency waves. 4

The observation conditions of this new effect
are as follows: The sample is a metallic single
crystal which has two faces flat and parallel.
The area of these faces is about 1 cm' and the
distance between them is 1 cm. The sample is
in a liquid He' bath and has an J-cut quartz trans-
ducer bonded to one of its flat faces. The trans-
ducer diameter is 0.5 cm. An rf pulse of 1 p, sec
duration is applied to the transducer which con-
verts it into a longitudinal acoustic wave train
which propagates in the bulk and on the sample
surface. ' In the bulk, the wave is reflected suc-
cessively on the two parallel sample faces and

gives rise to acoustic echoes on the quartz trans-
ducer which are converted into rf pulses, then
amplified and demodulated.

On the other hand, a Rayleigh wave propagates
on the sample surface. Nevertheless, this wave
does not return toward the transducer because
the wave front (that one can consider circular in
the simplest case of an isotropic medium) does

not reach the different points of the sample edge
(which is rectangular) at the same time. It is
important to note at this stage that, except for
the special case considered later, the vibrations
of the quartz transducer are damped as soon as
the rf pulse is removed (i.e., less than 0.5 psec).
As a result, the quartz vibrates only when an
echo from the bulk reaches the sample surface.
When the magnetic field is set up (normal to the
sample faces in the present experiments), the
echo amplitude varies because of all the magneto-
acoustic effects. Nevertheless, one does not ob-
serve any change in the damping of the quartz
transducer.

When the NAR condition is fulfilled for the He'
spins (i.e., ~ =yH, where e is the acoustic angu-
lar frequency, y the gyromagnetic factor, and

H the magnetic field), one observes on the quartz
transducer an acoustic free decay (AFD) follow-
ing the acoustic pulse (i.e., the quartz does not
stop vibrating as soon as the acoustic pulse is
removed). The AFD is exponential (Fig. 1) and

is quite similar to the nuclear induction signal
induced in a coil following an rf pulse. 4 Further-
more, the AFD interfers with the echoes from
the bulk. So, when the magnetic field is swept
around the NAR, beats are observed.

Figure 2 shows the beat patterns obtained for
the successive echoes. From the amplitude vari-
ation of the first echo (Fig. 2), one can see that
the effect is very large. It gives an apparent at-
tenuation variation of the order of 3x10 ' cm '.
This value is to be compared with the usual at-
tenuation vibration due to the NAR in the bulk
which is of the order of 10 ' cm '." Figure 2

shows also that the period 5H„of the beat pattern


