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Anisotropic Ultrasound Propagation in a Smectic-A Liquid Crystal*
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An anisotropic ultrasonic velocity in smectic-A diethyl 4, 4'-azoxydibenzoate was mea-
sured at 2, 5, 12, and 20 MHz. The material was aligned by slowly cooling through the
phase transition point in a magnetic field of 12.4 kQe. An accuracy of +0.08% in the rel-
ative velocity was provided by the phase-matching technique, and three elastic constants
were calculated.

The propagation of sound in liquid crystals has
been discussed in terms of elastohydrodynamic
theories. " A unique prediction of these theories
is that the minimum in the angular dependence of
the longitudinal sound velocity of a smectic liquid
crystal does not occur at a symmetry axis, as is
the case for a nematic material; also, shearlike
modes can propagate in smectics. Preliminary
ultrasonic measurements' on a smectic material
showed a larger anisotropy than is typical for
nematics, but did not establish the unique angu-
lar dependence. Brillouin-scattering studies on
smectics showed clear evidence for the new shear
modes; however, the anisotropy of the longitudi-
nal mode was only slightly larger than experi-
mental error. The light-scattering measure-
ments probe hypersonic frequencies where vis-
coelastic effects may dominate.

We report here a detailed study of the propaga-
tion of longitudinal ultrasound in the smectic-A
liquid crystal diethyl 4, 4'-azoxydibenzoate,
which clearly shows the unique anisotropy of the
longitudinal mode in a bulk sample at low fre-
quencies. The phase-matching technique' was
employed, which is very suitable for highly at-
tenuative substances such as liquid crystals; the
typical resolution was 0.02/o. The copper sonic
cell and electronics have been described else-
where, ' with the exception that an Arenberg gated
amplifier was used to increase the power output.
The sound spacers, which contained the speci-
mens, were gold-plated brass cylinders (9 mm
i.d. by 7.8, 15.9, and 23.7 mm long for 20 and
12, 5, and 2 MHz, respectively). A thermo-
couple and two heaters were attached to the son-
ic cell which was, in turn, located in an evacu-
ated chamber. The temperature of the cell was
automatically regulated to better than + 0.07 C.

Considering the resettability of the temperature,
the error in the velocity was increased to + 10'
cm/sec (+0.08%). The material was obtained
from Eastman Organic, and recrystallization did
not affect the experimental results other than to
shift the isotropic-smectic transition point slight-
ly (-1'). A transition from smectic-A to isotropic
occurred at 122.6'C in the recrystallized sample;
after a 10-20-h run at high temperatures it de-
creased to 121.6'C. The sample was first heated
to the isotropic phase and then was cooled through
the phase transition point in a magnetic field of
12.4 kOe. ' The absolute value of the velocity
(1.18 & 10' cm/sec) was found at 181.8'C (where
the material is in an isotropic phase and has a low
attenuation) by measuring the time of flight of ech-
oes at 2 MHz, and all measurements were done
relative to this ve~ocity. Because of the limited
accuracy of this method, the error in the abso-
lute value of the velocity is estimated to be + 5/o.
The attenuation maximum was between 122.0
and 121.5'C. Between 122.4 and 120.4'C, the
temperature was lowered by 0.2-0.4 deg, and
at each step the sample was held at a constant
temperature until equilibrium (as judged from
the velocity shift and the attenuation change) was
reached (5-10 min). Without this precaution,
the sound velocity in the smectic phase was found
to be slightly less anisotropic and less reproduc-
ible.

Figure 1 shows the temperature dependence of
the sound velocity with the magnetic field paral-
lel and perpendicular to the sound propagation
direction. The velocity change is quite linear
both in the isotropic and smectic-A phases; at
the phase transition point it increases abruptly,
indicating the first-order nature of the transition.
In Fig. 2 we show-the angular dependence of the
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FIG. 1.. Temperature dependence of the sound veloc-
ity at 2, 5, and 12 MHz. Crosses, magnetic field par-
allel to the sound propagation direction; circles, field
perpendicular to the propagation direction. Arrows in-
dicate the smectic-A-isotropic transition point.

sound velocity at several temperatures; 0 is the
angle between the direction of propagation and
the magnetic field. A velocity minimum occurs
at about 60', and reflection symmetry of the pat-
tern about 90' was observed.

The anisotropic velocity can be explained phe-
nomenologically by simply using the symmetry
of smectic-A liquid crystals. " In a conventional
theory of elasticity, stress and strain are related
by a 6~ 6 matrix of elastic stiffness constants,
c,, (i,j= 1, 2, ..., 6). By imposing the condition
that the x and y directions (see inset, Fig. 2) are
equivalent, it follows that C»=C»=c» and c73

c23 al so, the fact that a liquid crystal cannot
support a static shear requires c44 = c» = c« = 0;
the remaining elastic constants vanish. Elastic
stability requires that c»c33 c73 &0. The angu-
lar dependence of the anistropie longitudinal
sound velocity v is then easily calculated by solv-
ing an eigenvalue problem, and is given by the
larger root of the equation

(pv')' —(c» sin'8+ c» cos'9)(pv')

+ (c»c» —c»') sin'0 cos'0 = 0, (1)

where 61 is the angle defined above arrd p is the
density of the material; the smaller root cor-
responds to a shear wave. The data were fitted
by least squares with Eq. (1) at each frequency,
and the results are shown in Fig. 2. At 20 MHz
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FIG. 2. Angular dependence of the velocity at several
temperatures. Angle is between H (magnetic field) and

q (sound propagation direction) .

the attenuation was so high that no reliable mea-
surements were possible at angles less than 30';
however, the three parameters were calculated
with the available data. The anisotropy at 12
MHz is significantly different from that at other
frequencies, This was completely reproducible
and, because the experiment at 20 MHz was done
under exactly the same condition as that at 12
MHz, the possibility of a size effect (a pertur-
bation on the properties of the bulk liquid by the
surface of the spacer or transducer) was exclud-
ed. The paremeters c», c», and c33 are related
to de Gennes's phenomenological parameters
(A„B„adnC,) and the thermodynamic deriva-
tives of Martin, Parodi, and Pershan' as fol-
lows [Eq. (1) is identical to de Gennes's Eq.
(III.7)]:

c„=A„=p(&p/&p), „,
c„—c„=—C„=(ep/& vp)„„
c„+c„—2c„=B,= ( &(p,/a v~).

The temperature dependence of these quantities
is shown in Fig. 3. Quantities which involve the
derivative with respect to V~ (compression and
expansion of layer spacings) are less sensitive to
the temperature change, which indicates that the
"rigidity" of the layered structure sets in at the
transition point and does not change significantly
afterwards. Some dispersion is observed, how-
ever, which may be responsible for the anoma-
lous anisotropy of the velocity at 12 MHz as was
noted before. However, because the data at 20
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FIG. 4. Frequency dependence of attenuation o' di-
vided by the square of the frequency, f '. n is the dif-
ference between the attenuations at 0 and 90 .
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FlG. 3. Temperature dependence of some combina-
tions of elastic constants.

MHz are in good agreement with those at 2 and
5 MHz, it is not understood if this effect is a
truly dispersive one or not. There is, however,
frequency dependence in the anisotropy of the
absorption as is shown in Fig. 4, where the dif-
ference of attenuation at 0' and 90' is divided by
the square of the frequency. A similar plot for
the absolute values of the sound absorption of
para-azoxyanisole was made by Hoyer and Nolle, '
suggesting that there is a relaxation process
which has a time constant of 10 '-10 ' sec. Al-
though the data points in Fig. 4 show that there
may be a relaxation process with a time constant
of the same order as in para-azoxyanisole, more
accurate measurements over a wider range of
frequencies are clearly required.

The rigidity of the smectic structure of diethyl

4, 4'-azoxydibenzoate was demonstrated by ro-
tating the magnetic field to 0' after cooling the
sample into a smectic phase through the transi-
tion temperature with the magnetic field at 90'.
After 30 min no change of either the attenuation
or velocity was noted within the resolution of our
equipment, indicating that the field could not
rotate the sample significantly. If there is a
strong boundary effect' at the surfaces of the
transducers and the spacers, then there could

be a variation of the molecular orientation over
the sample; this would result in the measured
velocity being less anisotropic. The consistency
of data points in Fig. 2 obtained using a variety
of sizes of samples suggests that the boundary
effect was not large. This point was further
checked by measuring the sound velocity without
an external field. If the boundary effect is small,
molecules or aggregates of molecules ("crystal-
lites") are oriented randomly and the sound ve-
locity v, will be the orientational average of the
anisotropic velocity v(0):

v, =(1/4m) f, dy J, v(8) sin&de.

The integration was done numerically using the
parameters derived from the least-squares fit,
and the calculated and measured velocities are
in agreement within experimental error at each
temperature,
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Densities of states and & x-ray emission and absorption spectra from both components
of a 50-50 intermetallic compound TiFe were calculated using results of self-consistent
energy-band calculations. The calculated x-ray spectra agree well with experiment.

In recent years, self-consistent band calcula-
tions have been performed for many monatomic
materials and some compounds in which only one
component is a transition metal. ' Several x-ray
emission spectra and a few absorption spectra'
have also been computed using the results of non-
self -consistent band calculations.

In the present work the augmented plane-wave
method (APW)' of band theory was employed to
calculate, self -consistently, the energy bands
and wave functions of an intermetallic compound
between the 3d transition elements Ti and Fe.
Slater's Xo method' was used to approximate the
exchange potential, with the n values calculated
by Schwartz. ' The results were subsequently
used to obtain the x-ray spectra involving the 1s
(K) level.

This is the first time that emission and absorp-
tion spectra have been calculated for both sites
in an alloy. Comparison of calculated and mea-
sured spectra provides a test of the theoretical,
local, component densities of states over a wide
energy range.

The APW calculation was carried out at 512
points in the simple cubic Brillouin zone. Eigen-
values and the electronic charges' within the
APW spheres were then interpolated' by Monte
Carlo sampling of 96000 points in the zone, and
the s-, P-, and d-like densities of states (DOS)
were obtained for both the Ti and the Fe sites.

Figure 1 shows the total DOS and its two d com-
ponents. We observe the low DOS at the Fermi
level characteristic of a paramagnetic material'
and consistent with electronic specific heat mea-
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surements. ' We also observe that, as one might
have expected, "the heavier element (Fe) has
larger local DOS below the Fermi level, while
the lighter element (Ti) yields larger local DOS
above the Fermi level. Figure 2 shows the s-
and p-like DOS which are, typically for transi-
tion metals, much smaller than the d-like DOS.
(Note a factor of 10 difference in our scale for
Figs. 1 and 2.)

In order to obtain x-ray spectra from the above
component DOS we form their products with the
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