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Solitary Modes and the Kckhaus Instability in Directional Solidification
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In a directional solidification experiment on a moving nematic-isotropic interface, we observe solitary
modes propagating across the interface. We also observe the Eckhaus instability. In the presence of sol-

itary modes, the pattern-selection mechanism is dynamic.

PACS numbers: 68.10.La, 61.30.Jf

In a previous study, ' we reported observations of the
Mullins-Sekerka instability of a moving nematic-
isotropic interface of thin, slightly impure liquid crystal.
As a function of the interface velocity v, we observed
three regimes. For velocities less than a critical velocity
v„the interface is flat. For v, ( v & vd, the interface is
cellular, almost periodic and stationary in the reference
frame moving at the front velocity v. Above a second
critical velocity vd, the interface leaves a series of drop-
lets of the isotropic phase behind.

In the experiments we report here, we show that in the
cellular regime (v, & v & vd ), one observes solitary
modes that propagate along the interface, transverse to
the overall direction of interface motion. As discussed
below, solitary mode motion is closely linked to a unique
wavelength selection.

We also show that by first increasing the interface ve-

locity to v » vd and then reducing v to a value in the cel-
lular regime, we can impose a smaller cell wavelength.
If the contrast in wavelength is large enough, we observe
period doubling of the cellular pattern, or occasionally, a
larger period multiple. When the contrast in wave-

lengths is still larger, the interface undergoes a series of
increasingly large-amplitude fluctuations that terminate
in the destruction of one or more cells, and hence in an
increase in wavelength of the cells that remain. We be-
lieve these fluctuations to be a manifestation of the Eck-
haus instability, which has been observed in other sys-
tems. '

Our samples consist of two parallel glass plates (bot-
tom plate, 24x28x1 mm; top plate 22x22x1 mm )
separated by a wire spacer to a gap of 26.5+ 1.5 pm.
The gap is filled by capillary action with the liquid crys-
tal 4-n-octylcyanobiphenyl (8CB) doped with 1.2 mo1%
hexachloroethane. 8CB is chosen for its chemical stabil-
ity and its convenient nematic-isotropic transition tem-
perature (40.5 C). The inner glass surfaces of the sam-

ple were treated with silane" to orient the nematic phase
perpendicular to the glass plates, a configuration known

as homeotropic.
Our directional solidification apparatus is standard'

and will be described elsewhere. ' Briefly, one end of the
sample is placed in a hot oven and the other end in a cold

one, separated by a 4-mm gap. The high thermal con-
ductance of the glass plates imposes a linear temperature
gradient along the sample. The temperatures are chosen
so that the nematic-isotropic interface sits in the gap,
where it is observed in bright-field microscopy. The ex-
periment consists of moving the sample at a controlled
velocity from the hot side to the cold side, while holding
the ovens fixed. Thus, we "freeze" the liquid, creating
the nematic phase at constant rate.

In our sample, we measured an onset velocity v, of
v, =16.0 ~ 0.5 pm/sec at a temperature gradient of
23+' I K/cm. At onset, the critical wavelength k, is
96 ~ 7 pm. The dispersion in X, is due mostly to the
variation of the cells themselves rather than to the pre-
cision of our measurements (~ 2 pm).

For 16 & v & 38 pm/sec, we observe cells whose ampli-
tude increases and wavelength decreases with velocity.
In this regime, there is approximately a 5% scatter in the
cell wavelength at any given velocity. As we increase the
velocity, the wavelength is decreased via tip splitting.

At a critical velocity v, =38 pm/sec, a new regime ap-
pears with defect motion. These defects, which we call
solitary modes, propagate in both directions along the in-
terface. The solitary mode is a region of the interface
where cells are stretched to connect two regions of
"normal"-sized background cells. We call the defects
solitary modes rather than fronts' because two stable
states are connected. Figure 1 shows a complete cycle of
the solitary mode's motion: A background cell in front
(i.e., to the left in th= photo) of the solitary mode is
stretched at the same time the last piece of the solitary
mode is compressed to form a new normal cell. Al-
though the sequence of solitary mode shapes is represen-
tative, not all solitary modes show the same amount of
stretching. They can also vary in length, from one to ten
stretched domains. A stretched domain can extend to al-
most the length of two background cells.

Solitary mode velocities show scatter. At v =40
pm/sec, we measured solitary mode velocities of 16 to 33
pm/sec, with most measurements in the range 25-28
pm/sec. At v=48 pm/sec, we measure velocities of
28-38 pm/sec, with the average clustering around 30 to
31 pm/sec. Roughly, one can say that the solitary modes
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FIG. 1. Solitary mode propagating to the left. The se-
quence shows one cycle of the motion, with the time indicated,
in seconds, on the right. Interface velocity 40 pm/sec.

travel at approximately —,
' the front velocity. Larger sol-

itary modes tend to travel faster: A tripling of solitary
mode length changes the velocity by about 10%. The
main reasons for the scatter are the effects of perturba-
tions of the interface due to dust particles and defects in

the silane treatment of the glass. Both these effects can
change a solitary mode's length, split it in two, or even

destroy it.
If a right-moving solitary mode meets a left-moving

solitary mode of equal length, the two annihilate each
other. Thus, the solitary modes are dissipative, rather
than dispersive. More generally, if a solitary mode of
length I meets a smaller solitary mode of length I', the
result is a solitary mode of length I —I' moving in the
direction of I (Fig. 2). The solitary mode is stable to
small perturbations. We have seen solitary modes that
propagate across the entire 2-cm sample (300 cells).

A most remarkable feature of the solitary modes is
their effect on wavelength selection. When the velocity
is changed suddenly from zero to a velocity in the range
where solitary modes are observed, the initial pattern
contains many wavelengths. After the passage of just
one solitary mode, the average value of the wavelength is
reduced and has a much more uniform distribution (Fig.
3). As the solitary mode moves through a field of back-
ground cells, it packs the trailing cells to a uniform spac-
ing A,, behind it. Further solitary modes, in either direc-
tion, do not affect the value of the wavelength. When
the states before and after the solitary mode have
different wavelengths, the phase slip between the two
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FIG. 2. Collision of two solitary modes. The result of the
collision will be a single solitary mode propagating to the right.
Velocity -40 pm/sec.

states accumulates. Eventually, either a new stretched
domain will form or a new normal cell will be inserted.

We have seen that a solitary mode will compress large
cells to some selected wavelength A, What if we start
with a wavelength smaller than X,? Starting at a high
velocity (100 pm/sec) and then quickly reducing to a ve-
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FIG. 3. Histogram of cell wavelength distributions. Bars
shaded in dots, horizontal stripes, and diagonal stripes repre-
sent initial distribution at 40 pm/sec, cells after the passage of
one solitary mode, and cells after a quench from 100 to 40
pm/sec, respectively.
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FIG. 4. A period-doubling cellular pattern, obtained after
quenching the velocity from 100 to 40 pm/sec.
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locity within the solitary mode range (40 pm/sec), the
interface will first come to a very uniform state of cells
with k(A, , (Fig. 3). After about 2 min, we observe
period doubling of the interface pattern (Fig. 4). We
also occasionally observe higher-order modulations of the
interface.

If instead of quenching the velocity to 40 pm/sec, we
quench it to 30 pm/sec, the interface comes to the same
compressed-A, state and will, after 2 to 3 min, begin a
series of amplitude oscillations (see Fig. 5). Each suc-
ceeding oscillation is larger and faster than the last, until
the amplitude approaches 100% of the equilibrium cell
amplitude where the largest swing in amplitude will col-
lapse a cell. The fastest frequency is about 0.25 Hz, and
there is an overall modulation of the amplitude. We be-
lieve that the long-wavelength amplitude modulations
are manifestations of the Eckhaus instability. After the
cell collapse, the overall wavelength is increased from
52 ~ 2 to 63+ 2 pm, which is in the stability region.

To summarize, if we start from zero velocity and go to
any v )v„we observe stable cells and moving defects.
If we start from a larger velocity and reduce it to the
same v, we impose a larger k vector. There is a critical
k, k„above which we always observe the Eckhaus insta-
bility. Period doubling appears only for a narrow range
of k about k, .

We note that the diffusion length in the isotropic
phase at 40 pm/sec is about 10 pm, which is small com-
pared to the cell wavelength (60 p/m). Thus, local
boundary-layer models of directional solidification may
be useful. ' In our system, the impurity diffusion con-
stant in the nematic phase is about half its value in the
isotropic phase (4x10 6 cm /sec). Also, the partition
coefficient k has a value of approximately 0.85 to 0.90.
The thermal length lT =mac/G is estimated to be about
50 pm, while the capillary length lc = (y/L) (T /mAc) is
estimated from our experiment to be about 0.3 pm.
Here, m is the liquidus slope, h,c is the miscibility gap, G
is the temperature gradient, T is the transition temper-
ature of pure 8CB, L is the latent heat, and y is the sur-
face tension.

One approach to a theoretical understanding of the
phenomena described above would be to write a Ginz-
burg-Landau equation for the order parameter (the am-
plitude of the cells). ' The deduced phase equation is

(e)
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FIG. 5. Sequence showing the evolution of the interface
after quenching from 100 to 30 pm/sec. The time between
each photo is approximately 0.5 sec. (a) The metastable state
obtained immediately after quenching. (b) A long-wavelength,
time-dependent, amplitude modulation. (c)-(f) The destruc-
tion of three cells because of the amplitude pulsation shown in
(b).

known to have defect solutions and an Eckhaus instabili-
ty 17

In conclusion, we have seen the solitary modes mediate
pattern selection over a finite range of velocities. Our
quenching experiments reveal the short-wavelength
branch of the Eckhaus instability. As a corollary, we
note that the wavelength of the system depends as much
on the history of the solidification velocity as it does on
the final velocity. Prevous theoretical studies of direc-
tional solidification predict a band of stable wave-
lengths. ' ' Their common feature was that they
looked only at the stability of stationary solutions. We
now have clear evidence that the selection mechanism is
dynamic in the present of solitary modes. For velocities
below v„wesee no sharp selection.
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