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The critical temperature gradients for the onset of convection and turbulence were
measured in nematic para-azoxyanisole. The transition to turbulence was found to oc-
cur through two successive instabilities. The first of these clearly signals the entrance
to a periodic-motion regime, and the second, although less clearly, to a regime with
nonperiodic, time-dependent motion. A typical phase-transition behavior was observed
at the transitions to turbulence.

The behavior of fluids near hydrodynamic in-
stabilities, a classical field of study in fluid
mechanics, ' has recently become a topic of gen-
eral physics. A number of theoretical papers
have called attention to the fluctuations near the
instabilities which mark the onset of convection~'
and turbulence, +' and to the phase-transition
analogies of these instabilities. The possibility
of using light scattering to probe such transitions
has been pointed out' and realized experimental-
ly for the convective instability' and for the re-
lated Taylor instability. ' We have used the neu-
tron-scattering technique to locate the convective
instability and to study the time dependence of
fluctuations near the onset of turbulence in a ne-
matic liquid.

When a vertical temperature gradient hT is
imposed on a liquid, the quiescent state breaks
down when 4T exceeds a critical value hT, . This
phenomenon is usually referred to as the Ray-
leigh-Benard problem. The convective flow pat-
tern for 4T &AT, is one of rolls, the specific
form of which is i.nfluenced by the geometry of
the sample container. By further increase of hT
the steady-state convective motion becomes un-
stable to time-dependent, turbulent motion. The-
ory predicts that the transition to turbulence in-
volves at least two instabilities and a regime of
periodic motion with wavy convection rolls. ' Lo-
cal temperature measurements and visual obser-
vations on mercury and air showed the existence
of such periodic motion. Recent high-resolution
thermal measurements on liquid He~ revealed
the broad frequency spectrum of fully developed
turbulence, but not the periodic motion. "

Nematic liquid crystals are good candidates
for experiments on convective instabilities, main-
ly because hT, is lower by a factor of 10'-10'
compared with isotropic liquids. In addition they
present the possibility of studying the stabilizing
effects of external fields. Convective instabili-
ties in nematics have been extensively studied in
a series of papers by the Orsay group. " To the
best of our knowledge, turbulence has not earlier
been investigated in such substances.

It has earlier been demonstrated" that the in-
tensity of neutrons scattered coherently from a
nematic substance depends strongly on the ori-
entation of the molecules with respect to the scat-
tering vector. In the present experiment on para-
azoxyanisole (PAA) a field of 50 G along the hor-
izontal scattering vector was sufficient to extin-
guish the intensity of the liquid diffraction peak
at 1.VA ', in the absence of flow. Hence a field
of 50 G is sufficient to introduce a Freedericksz
transition in the nematic range for the geometry
of our experiment. At the onset of flow, because
of the coupling that exists between orientational
and translational motions in a nematic substance, "
the coherent intensity reappears and increases
with the flow. At any instant the molecules are
at an angle defined by the resultant of the viscous
torques and the magnetic torque.

Our sample was fully deuterated PAA. The
solid-nematic and the nematic-isotropic transi-
tion temperatures were measured to be 119 and
135 C, respectively. The sample was contained
in a cylindrical aluminum vessel with inner di-
ameter 5 mm and height 25. mm. Controlled heat-
ing from above and below makes it possible to
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FIG. l. (a) Average neutron intensity (Io) observed
as a function of the vertical temperature difference
(ZT) across the sample. (b) Variance ~~) = ((I-ID)~),
i.e., mean square of fluctuations of intensity about the
time average, as a function of DT.

keep a mean temperature and a chosen gradient
constant within+ 0.02'C for days. The tempera-
tures were measured with Pt resistance ther-
mometers and printed out at 10-min intervals.
Neutron data were printed out every 400 sec and
the total measuring time was on the average 24 h
for each gradient setting. The data included in
the present paper were all taken at sample tem-
peratures near 104'C, in the supercooled nematic
range, in order to get a large difference in count-
ing rate as one passed from the conduction to the
convection region. A field of 50 G was all the
time applied along the scattering vector.

Figure 1(a) shows average intensities (I,) re-
corded for several values of the gradient. The
first increase of the intensity at AT = 1.25'C
marks the onset of convection. The second in-
crease is accompanied by strong intensity fluctua-
tions, as seen from Fig. 1(b), which gives (I')
=((I—I,)') at each gradient value. The fluctua-
tions exhibit a large maximum at 4T = 3.6'C and
a smaller maximum at 4T - O'C. %Ye shall sug-
gest below that these correspond to transitions
to turbulent periodic and nonperiodic regimes,
respectively.

In Fig. 2 we give in more detail raw and pro-

cessed intensity data for seven selected values
of the gradient. For each value we give (on the
top two lines) the directly recorded time depen-
dence I(t) of the intensity, the autocorrelation
function (EI(0)bI(t)) of the fluctuations, and the
spectral function obtained by taking the Fourier
transform of the latter function. The following
tendency is observed: The increase in QZ')
marks the passage to time dependence of the fluc-
tuations; the first maximum falls in a region of
periodic motion and the second maximum marks
the passage to a less periodic and probably time-
dependent regime. Unfortunately the maximum
temperature difference obtainable was - 7 C
which prevented us from investigating this last
point more thoroughly.

In the valley between these two peaks the auto-
correlation function has very little structure,
while Io reaches a rounded maximum. It is in-
structive to follow the development of the spec-
tral function as we pass through the first maxi-
mum of M'. Initially, at AT = 3.4 C, there are
two sidebands at relatively high frequencies. As
we increase 4T they move to lower frequencies.
Near the maximum a wide central peak is clear-
ly seen, and perhaps also a narrow one. The ob-
servation of a narrow central peak is of course
difficult, since zero frequency corresponds to an
infinitely long observation time. McLaugmin and
Martin' have predicted four modes at the insta-
bility which marks the onset of periodic motion.
Although we have not so far been able to distin-
guish as many as four modes clearly, it is very
tempting to ascribe the maximum at h, T = 3.6 C
to an instability of this type. The second insta-
bility that they predict is the lower limit of a
time-dependent, nonperiodic regime. This tran-
sition takes place when the fourth mode becomes
large. Although, as remarked above, we have
not been able to establish clearly the nonperiodic
character of the motion, it is tempting to identify
our second maximum with their second instability.

The phase-transition character of our data is
very striking, in particular that of the first max-
imum and its spectral functions. The observa-
tion of softening sidebands and an increasing cen-
tral mode is a well-known phenomenon in struc-
tural phase transitions. '~ A pattern of coexisting
sidebands and two central peaks, as indicated
from our data at 4T =3.6'C, would correspond
closely to what is predicted for liquids in mode-
mode coupling theory, i.e. , sound-wave side-
bands and two central peaks due to viscous flow
and heat flow. '4
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FIG. 2. For seven different values of DT are shown (j.) the time variation of the neutron. intensity I(t) on two
lines, (2) the autocorrelation function of the fluctuations QI(0) al(t) ), and (8) the spectral function

1
Je' ~ QI(0)

xAI(t))dt ). Some characteristic frequencies, co& and cu2, and the corresponding periods, T& and T&, are indicated.
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An alternative statistical analysis of the fluc-
tuations was tried by calculating (M') and (bI4)
in addition to (M'). The ratio (bI')/(M') was
calculated with the hope of finding a high value in
the periodic regime. ' The actual values found
were always close to 3, as expected for a Gauss-
ian distribution of fluctuations.

It should be noticed that we have left out a few
data points, some of which do not fit to our curve
for QZ'). Some of them were left out because of
high values for the third moment. Others were
left out because they did not represent the final,
stationary state to which the system passed when
waiting long enough (several hours). These points
evidently correspond to local minima of the ther-
modynamic potential and some of them have auto-
correlation functions that display a very clear
damped-harmonic-oscillator behavior.

The experiments will be continued with the aim
of presenting more quantitative data. At present
we know only qualitatively how the data of Fig. 1
are connected with the order parameters that
have been defined for convection' and for periodic'
and strongly turbulent flow. 4 This work repre-
sents a novel application of neutron scattering
and of neutron-data analysis. We know of no oth-
er case where the neutron intensity oscillates on
a time scale longer than the period of measure-
ment. An effect of this is that the problem of en-
ergy resolution is converted to one of time and
patience.

We first observed such instabilities when in-
vestigating the nematic-isotropic transition of
PAA. The complicated time behavior and field
dependence of the intensities caused us initially
to draw some unjustified conclusions about the
nature of this transition. " The instability at this
transition, where two phases coexist, is probably
of the type found in binary mixtures. '
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The Van der Waals theory of surface tension and interface structure is extended to
three-phase equilibrium. The theory predicts that near a tricritical point the three inter-
facial tensions will satisfy "Antonoff's rule" in the form 0.

~&
=0.~8+Og&, where P is the

distinguished phase, and that the composition profile of the o.y interface will be qualita-
tively different from that of the O. P and Py interfaces.

Van der Waals's theory of the liquid-vapor in-
terface' 4 is summarized graphically in Fig. 1.

In Fig. 1(a,) is shown the analytic chemical-poten-
tial-density isotherm, p.(p), and the equal-areas
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