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The temperature dependence of the flow alignment angle has been measured in. two ne-
matic liquid crystals, P'-methoxybenzylidene-P-n-butylaniline and P-n-hexyloxybenzyli-
dene-P'-aminobenzonitrile. For both compounds this angle reaches a peak value at the
nematic-isotropic transition point. Experimental evidence is reported for the first time
that Qow alignment does not occur over the entire mesophase of certain nematics.

In a nematic liquid crystal the long axes of the
rodlike molecules align, apart from small fluctu-
ations, in a common direction. This preferred
orientation, the director, depends upon several
factors such as boundary conditions at the sur-
face, externally applied fields, or shear flow.
So far it has been observed that the director al-
ways aligns nearly parallel to the direction of
flow in the absence of other orienting forces. '
This flow alignment appears to be a stable con-
figuration characterized by zero torque density.
In terms of the hydrodynamic theory of Ericksen'
and Leslie' it can be shown that the torque acting
on the director vanishes if the angle O„between
director and direction of flow, is such that

Here Ky and K, are shear torque coefficients hav-
ing the dimensions of a viscosity; they are relat-
ed through the Parodi-Onsager relation, '

to the main viscosity coefficients q, and r),
'

(g,
and g, are the apparent viscosities measured
when the orientation of the molecules is parallel
to the shear gradient or to the direction of flow,
respectively). Because of the rodlike shape of
the molecules we have g, &g, . It follows from the
entropy-production inequality' that Ky is positive.
This implies that the sign of K, must be negative
for flow alignment to occur. The condition K, &0
has generally been assumed in discussions about
stability conditions of shear flow in nematics. "
The magnitude of the shear torque acting on the
molecules is expected to depend largely upon the
shape of the molecules' Bs well as on their mutu-
al interaction.

In this Letter we present the first direct deter-
mination of the flow-alignment angle 8, made on
nematic compounds. The measurements were
done on P '-methoxybenzylidene-P-n-butylanaline
(MBBA) and on P -n-hexyloxybenzylidene-P '-ami-

nobenzonitrile (HBAB). These two compounds
were chosen for their negative and positive di-
electric anisotropy, respectively. '" In the case
of HBAB we find for the first time that flow align-
ment does not occur over the entire mesophase
of a nematic liquid crystal.

We used the following experimental procedure
to study flow alignment: A flow cell was built of
two parallel glass plates separated by Mylar spa-
cers. The nematic was made to flow through the
rectangular cross section by means of a slight
pressure difference. Prior to assembly the glass
surfaces were "rubbed" parallel to the direction
of flow. A laser beam shone perpendicularly
through the cell which was placed between crossed
polarizers. Initially the orientation of the nema-
tic was kept uniformly parallel to the direction of
flow with a magnetic field applied in this direc-
tion. As this field was turned off the molecular
orientation changed to a flow-alignment configura-
tion. The direction then made an angle 6)0 relative
to the flow direction with the exception of a thin
layer halfway between the glass plates and of two
adsorption layers at the cell walls. Theoretical
estimates indicated that these layers were at
most a few micrometers thick and could be ig-
nored compared to the cell thickness of approxi-
mately 350 p. m. Only very small shear rates up
to 50 sec ' were applied in order to avoid the for-
mation of disclinations. As the orientation of the
molecules varied from 0 =0 to 0 = I9„ the optical
path difference I between the ordinary and extra-
ordinary components of the incident polarized
light changed by an amount 4I'. Hence the trans-
mitted light intensity oscillated, passing through
a minimum each time I" equaled an integral num-
be'r of wavelengths.

For a small angle I9, we have

&I'= —,n,d(n, '/no' —1) tan'0, ,

where n, and n, are the ordinary and extraordina-
ry ref ractive indices, r espectively, and ~ the
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FIG. 1. Flow alignment angle 00 as a function of tem-
perature for MBBA (curve a) and HBAB (curve b).

cell thickness. From the measurement of ~I we
can therefore determine ~,. Reproducible values
within 5% were obtained for AI'. They were inde-
pendent of the applied shear rate, hence confirm-
ing the existence of the zero-torque condition of
flow alignment and justifying the neglect of the
three transition layers just mentioned.

Figure 1, curve a, shows the alignment angle
6I, as a function of temperature measured over
the entire nematic range for MBBA. 0, is found
to rise steeply from a value of 5' at room temper-
ature up to 17.5 just below the nematic-isotropic
transition point (T,=43.0'C). In the isotropic
phase there is a weak flow alignment of the elon-
gated molecules, " the preferred orientation being
at an angle of 45 with the direction of flow. Re-
cently, Helfrich" discussed a phenomenological
relation between the flow alignment angle 6, and
the degree or order, 8, in weakly ordered ne-
matics. Near the clearing point, where S is
smallest, the molecules have a large degree of
freedom with respect to their parallel orientation
and may rotate even around their short axes as in
the isotropic phase. Hence the same mechanism,
which in shear flow tends to orient the molecules
at 45' in the isotropic phase, contributes to some
extent to the flow alignment in the nematic phase.
This contribution decreases with decreasing tem-
perature as the degree of order becomes larger.

Flow alignment has been shown to occur' in an
idealized nematic constituted of ellipsoidal mole-

cules of constant and equal orientation which col-
lide elastically with each other. This model
seems adquate to describe qualitatively flow align-
ment of MBBA well below the clearing point. The
torque exerted on each ellipsoid has a negative
sign if the long axis makes an angle smaller than
8, with the direction of flow. But if the actual
shape of the molecule departs substantially from
the assumed ellipsoid, this torque turns out to be
positive for all orientations of the molecules with
respect to the velocity gradient.

Similar values for (90 are found in HBAB near
its clearing point T, =101.8'C (Fig. 1, curve b)
However, compared to MBBA, ~, falls off much
more rapidly with decreasing temperature and
becomes equal to zero at T =91.8'C. As the tem-
perature is lowered past this critical point, the
flow turns abruptly from a uniform configuration
into many irregular rotating domains over the en-
tire volume. Even if the shear rate is reduced by
a factor of 50, no uniform alignment can be ob-
served below 91.8'C. Only when a magnetic field
of a few kilogauss is superimposed on the shear
is the flow free of turbulence and can reproduci-
ble values for &I be measured. Exactly the
same behavior is also observed with another ne-
matic compound. " Hence HBAB is, to our know-
ledge, the first representative of a new class of
nematics for which no uniform alignment of the
molecules can be achieved with shear flow over
a certain temperature range. Phenomenological-
ly this means that the coefficient lc, in Eq. (1) be-
comes positive below T = 91.8'C in HBAB.

The different response to shear flow found in
HBAB compared with MBBA is particularly strik-
ing if we consider that the two molecules are sim-
ilar in both size and chemical structure (Fig. 1).
We suggest that the permanent dipole-dipole in-
teraction, which is unimportant for MBBA, is
crucial for the disappearance of flow alignment
in HBAB.

In MBBA the component of the permanent dipole
moment in the direction of the molecule's long
axis has about the same value as in P,P'-dimeth-
oxyazoxybenzene (PAA), i.e. , -1 D. For PAA,
which like MBBA has a negative dielectric anisot-
ropy, the dipole-dipole interaction was shown not
to contribute appreciably to the interaction ener-
gy of the molecules. " In the case of HBAB, how-
ever, there is a large contribution to the dipole
moment (-4 D) associated with the C=—N bond,
and the total permanent moment in the direction
parallel to the long axis of the molecule is at
least 5 D. The dipole-dipole interaction energy
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in HBAB is therefore of the order of kT. It is
high enough for two neighboring molecules to at-
tract each other, the strongest attraction occur-
ring when their C =—N bonds are antiparallel and
side by side.

In terms of the hard-ellipsoid model previously
discussed, we may visualize this attraction by
the formation of a rigid pair of ellipsoids. Be-
cause of its "bumpy" contour, such a pair placed
in a shear field is likely to feel a torque of posi-
tive sign even if it is oriented parallel to the di-
rection of flow. Provided the ratio of paired to
total number of molecules is high enough, this
positive contribution to the torque acting on a
small volume element will compensate the nega-
tive contribution from the unpaired molecules.
If this picture is correct, flow alignment would
not be possible.

Clearly, more detailed considerations are ne-
cessary to ascertain the existence of paired mol-
ecules in HBAB or, alternatively, to show how
the dipole-dipole interaction affects the short-
range correlation between the molecules in such
a way that flow alignment disappears when the
degree of order becomes larger than a critical
value. In this respect it would be interesting to
compare the temperature dependence of the order
parameter S for MBBA and HBAB, or to look for
a dispersion in the dielectric constant of HBAB
at very low frequencies.

The author would like to thank W. Helfrich and
D. Schmidt for many helpful discussions and
A. Boiler and H. Scherrer for the careful syn-
thesis of the liquid crystals.
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de Gennes's equations for the Bogoliubov amplitudes in an inhomogeneous supercon-
ductor are solved in a simple geometry with the use of a one-parameter Ansats for the
pair potential. The solutions are used to determine the parameter self-consistently.
In the limit 1" T„ the results agree with the Ginzburg-Landau theory, but the present
method is applicable at all temperatures T & T~ .

At any temperature T & T, in a superconductor, the pair potential 6 is given' by

A(r) = Vg„u„(r)v„*(r)[1—2f (E„)],
where f(E) is the Fermi-Dirae distribution, V is the strength of the interaction, E„are the quasipar-
ticle energies measured from the Fermi energy E F, and u„(r) and v„(r) are the Bogoliubov' amplitudes.
In a pure crystal with no magnetic field, they obey'

E„qp =(- g, [(8'/2m)V'-E, ]+a„A(r)) cp,

where P is the spinor (u„, v„), o„and o, are Pauli matrices, and m is the effective mass of a Bloch
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