VOLUME 72, NUMBER 2

PHYSICAL REVIEW LETTERS

10 JANUARY 1994

Pattern Formation at the Traveling Liquid-Crystal Twist-Grain-Boundary-Smectic-A4 Interface
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The different patterns observed at a twist-grain-boundary- (TGB,4-) smectic-4 (A4) interface moving
in a temperature gradient are quantified by measuring interface arclength scaling between two lengths
characterizing these patterns. The ragged melting TGB,4-A interface results from the growth of TGB,4
filaments into oriented 4. We attribute the destruction of TGB4 when A4 grows into TGB,4 to the
second-order nature of the TGB,-cholesteric transition. These results are interpreted within a defect

lattice model.

PACS numbers: 61.30.—v, 05.70.Ln, 47.20.—k

Pattern formation at phase boundaries moving in a
temperature gradient is a major area of nonequilibrium
physics attracting considerable attention [1]. While most
of the early work concentrated on moving solid-liquid in-
terfaces, now the focus has changed to phase transitions
characterized by broken continuous symmetries [1].
Most recently, we investigated consequences to interfacial
patterns of a chirality-induced equilibrium length [2].

Here, we study pattern formation at another chiral in-
terface where one of the phases has a chirality-induced
defect lattice, the twist-grain-boundary (TGB) phase.
The TGB state is analogous to the vortex lattice in type
Il superconductors predicted by de Gennes’ analogy be-
tween the nematic-smectic-4 (/V-A) transition and the
normal-superconducting transition [3]. Nematic and
smectic-A liquid crystals are anisotropic systems with
long range orientational order along a director A. Smec-
tic A is also layered with fill to the layer normals. Close
to a weakly first-order N-A transition, layer fluctuations
are large [4] and anisotropic being larger Il than L [5]
so that x the Ginzburg parameter [3] distinguishing be-
tween type I (x < 1/+/2) and type I1 (x > 1/ +/2) behavior
is such that x) < k.. Loosely speaking, TGB phases are
more similar to the vortex lattice of anisotropic ceramic
[6] than of metallic superconductors.

Cholesterics (N*), which show broken rotational sym-
metry as nematics, have, in addition, a helix structure
with curld L A. In de Gennes’ model, curlfi is analogous
to an applied field H =curlA, where A is the vector po-
tential: The cholesteric~smectic-A transition is necessari-
ly first order [7]. Consequently, Renn and Lubensky [8]
investigated the superconducting-smectic-A4 analogy for a
first-order N*-A transition. They found that type II be-
havior could be exhibited at this transition provided layer
fluctuations Lfi were small and the helix pitch (27/g) at
the V*-A transition large enough.

Independently, Goodby et al. [9] observed an unusual
state between the isotropic liquid and the smectic-C*
phase, layered like smectic 4 but with fi inclined to the
layer normal and a helix structure. As x-ray diffraction
showed this novel state to be layered, they concluded they

had observed the first TGB phase and confirmed its dislo-
cation structure with freeze fracture observations [9].
While more investigations [9-11] of this novel state fol-
lowed, up to now all physical investigations have been at
a TGB phase above smectic C*.

Here we report the first dynamic experiments on a pure
compound showing a TGB phase between a smectic-A
and a cholesteric phase [12]. The TGB,4-A phase bound-
ary is well defined and exhibits different patterns depend-
ing on whether TGB,4 grows or smectic 4 grows. TGB,4
only grows into well-oriented 4. As it cannot propagate
into N*, it is eventually squeezed out as N* A4 grows,
leaving behind a direct N * -4 phase boundary. We quan-
tify differences in these patterns by measuring their arc-
lengths and positions in the temperature gradient as a
function of interface velocity and interpret these results in
the context of the Renn-Lubensky model [8] and a con-
strained type I1 N*-A transition.

The material is 1202CI4MST [(S)-2-chloro-4-meth-
ylpentyl 4'-(4-n-dodecyloxypropioloyloxy)-4-biphenylcar-
boxylate] [12] and its phase sequence was determined
by differential scanning calorimetry and observations
of its textures in the polarizing microscope. While in
calorimetry, the heat of transition for the TGB 4-A transi-
tion is too small to measure (TGB, refers to TGB phases
containing blocks of smectic 4 [8]); its onset at 107.5°C
is observed in the polarizing microscope as a bright wavy
filamentary texture [Fig. 1(a)] against a uniform homeo-
tropic (optic axis, fi, | viewing direction) smectic-A4 back-
ground. In contrast, the TGB,4-N* transition at 111°C
has a measurable heat of transition (~0.1 cal/g) but its
phase boundary is not observed in the polarizing micro-
scope.

Figure 1(a) (top) shows a nearly periodic filamentary
texture exhibited by TGB,4 as it nucleates and grows
from the edges of a 50 um flat capillary at constant tem-
perature into oriented 4. The wavelength of this texture
is Ap=23.5 um. Slightly raising the temperature results in
the filaments nonuniformly lengthening and even bending
as they grow. However, while the average distance be-
tween filaments changes as they lengthen, their width
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FIG. 1. (a) TGB,’s filamentary growth habit into oriented
smectic A4 at fixed temperature. The wavelength in the top pic-
ture is Ao=3.5 um and the temperature is close to the TGB4-4
transition temperature, i.e., = 107.5°C. In the bottom pattern,
the temperature is slightly higher (about 108°C): While the
filaments are longer, they are the same width as in the top pic-
ture. (b) The freezing (top) and melting (bottom) patterns at
the traveling TGB,4 interface in a temperature gradient G. The
interface velocity is shown for 4 — TGB4 (TGB4 melting) and
TGB4— A4 (TGB, growing). The coordinate system used here
is at the top of (b) with the positive y axis pointing into the
plane of the figure. The magnification in (b) is half that of (a).

does not [bottom, Fig. 1(a)].

In a constant temperature gradient, G, the moving
TGB4-A interface shows patterns both on “‘freezing”
[Fig. 1(b), top, moving the sample towards the cold con-
tact, so 4 — TGB,4] as well as on “melting” [Fig. 1(b),
bottom, moving the sample towards the hot contact, so
TGB,4— A]. The same filaments as shown in Fig. 1(a)
are the smallest coherent structure in the patterns when
boundary conditions for A4 are well defined as they are in
Fig. 1. The fixed width of the growth filaments parallel to
the interface and the broadband of their length scales
perpendicular to it [Fig. 1(a)] are responsible for the
unusual observation of a ragged interface for the melting
TGB,— A interface [Fig. 1(b)]. Impurity diffusion is
too fast to account for the ragged TGB,4— A interface
on the time scales of these experiments (hours).

The sample is contained in a flat glass capillary of the
following dimensions: thickness #=50 um (Il to the
viewing direction §); width w=1 mm (liX); and length
L =50 mm (IIGIZ). Its interior has been prepared such
that the director at the surface is illy. The sample is
transported at constant speed (pulling speed v) through
a temperature gradient |G|=2.2 K/mm. The moving
TGB4-A interface is observed far from the sidewalls at

0.8 J
(a)
0.6 |-TGB, pm/'
o4l l -10
Q 0.2F A W&,\ -2
5 oo} — A 0

TGB,

_0'2[' T VNN I [y 5

A A A 10
-0.6 1 ] | 1 |
—300 —200 -100 O 100 200 300
Ax (um)
100 :
(b)
80 |- I
I A->TGB,
< 6o}
E g
& 40} }
TGB,—>A { i }
o) i
20} II -
0 1 | . I 1 1
15 -10 -5 10 15

0 5
v (um/s)
FIG. 2. (a) Data obtained by digitizing the TGB, interfaces
using a left-hand walker algorithm [14] are shown as a function
of space (x) and their position in the temperature gradient rela-
tive to the rest position for different pulling speeds. The left-
hand walker moves | pixel per step along the interface. (b) The
pattern amplitude measured by the standard deviation from
their mean position vs v.

x =0 and x=w with a polarizing microscope and an im-
age analysis system [13].

In these experiments, temperature is mapped onto the
spatial dimension z. Figure 2(a) shows typical length
and temperature scales of the patterns and their observed
positions in the temperature gradient. Figure 2(b) shows
the pattern amplitudes, AT, in degrees kelvin, K, mea-
sured by their standard deviation, o7, from their respec-
tive mean positions. Figures 2 show both qualitative
and quantitative differences between patterns where
TGB4— A and A— TGB,4: Freezing patterns have a
smaller amplitude and wavelength compared to melting
patterns.

We estimate the Ginzburg parameter for twist [8] «;
by assuming that at a first-order A-TGB,4 transition, the
free energy density of a cholesteric is not very different
from that of TGB4. Then, k;=(d/27)/~2q¢2, where
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d=~=40 A is the smectic-4 layer spacing, 2r/qq is the
helix pitch at T,, and &, is the coherence length at T, for
layer fluctuations LA. From measured maximum (AT y.x
= +0.5 K) and minimum (AT = —0.5 K) tempera-
ture differences of the interface with pulling speed, we
deduce €. =|T* = T.|/T, =AT max/Te = 1.5%10 3. Tak-
ing & as the molecular diameter, 5 A [4], & =&/
\/Zz 140 A. The pitch at T, is taken to be the filament
width that first appears at TGB4— A4 [Fig. 1(a)l],
qo=2n/Ao. With these assumptions, we find x; = 3/\/2:
While the blocks of smectic A separated by screw disloca-
tion walls are only &=~ 140 A wide and so not distin-
guishable from a cholesteric with a uniform twist in the
polarizing microscope, this N*-A transition must be in-
terpreted in a type II context.

Where classical methods, e.g., power spectra and self-
affine fractals, fail to quantitatively distinguish between
melting and freezing patterns [Figs. 1(b) and 2], analysis
of their arclengths (S) [15] as a function of the number
of steps (n) to cover the interface succeeds [Fig. 3(a)l.
Patterns at this TGB, interface show scaling behavior
[15] between two cutoff lengths: a longer one (== 28 ym)
determined by sample thickness and a shorter one, by the
filament width Ag= 3.5 um [Fig. 1(a)].

To find the scaling relation between cutoffs, we put
S =A/n?" "'+ B, then determine 4 and B from the condi-
tions S =Smax When n=nm.x— < and S=S, (the flat
interface) when n=n,. We fit the data [see, e.g., Fig.
3(a)] to

]—S/Smax - e o
1 —S0/Smax n .

S max is defined as the arclength obtained at the resolution
of 1 pixel (0.9 um) and Sy is the distance between the
first and last points on the interface in the field of view.
From these fits, we obtain n. and hence a cutoff length A,
from the step size corresponding to it. We also obtain the
exponent D. About 100 interfacial patterns with file size
ranging from = 1000 to 3500 points have been analyzed
as a function of interface speed v. The range of fits was
about one decade for A— TGB,4, and about two decades
for TGB4— A.

On the basis of this analysis and evident in Fig. 4, the
patterns fall into three regimes [16]:

(1) A small amplitude (o7 =25 mK corresponding to
a length of 11.4 um for G =2.2 K/mm [Fig. 2(b)]) freez-
ing regime limited by A9 and sample thickness. Its long
wavelength cutoff, nearly independent of pulling speed, is
Ar=11.8% 1.2 um=+/Aoh/2. The steady state tem-
perature shift of the interface depends linearly on speed,
reaching = —0.5 K when v =10 um/s [Fig. 2(a)l. In
this regime, TGB, disappears in ~3x10% s at v=1
um/s and in = 6x10%s at 10 um/s.

(2) A transition regime between rest and v = —2
um/s where {A.) grows from =11.8 um to Ay
= 2(A:)r. In this regime, the interface moves to succes-
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FIG. 3. (a) The interfacial arclength S scaled by the flat in-
terface length So vs the number of steps n to cover the interface
(Fig. 2). The larger step cutoff (smaller n) is related to sample
thickness and the smaller cutoff (larger n) is Ao [Fig. 1(a)]. (b)
Fit of the scaling regime for data such as shown in (a): @,
TGB4— A;0, A— TGB4. Here, v =|5 um/s|.

sively warmer average positions in the gradient as the ab-
solute pulling speed increases from rest to 2 um/s reach-
ing a maximum shift, = 0.5 K, when |v| > 2.5 um/s.

(3) A large amplitude (67~73 mK<«—33 um) melting
regime for v < —2 um/s, where (A\:)yy =26.8 = 1.8 um
and D=1.73 £0.02 are nearly independent of ¢. In this
regime, TGB 4 grows.

The short wavelength cutoff is deduced from data [e.g.,
Fig. 3(a)] and found to be == Aq, the filament width at 7
[Fig. 1(a)l. Both freezing and melting patterns have a
long wavelength cutoff, A., where for step sizes greater
than A, the interface is flat (D =1): Sample thickness in-
troduces a gap in the band of wave numbers, k, in the
pattern: as k — 2x/A¢ (i.e., the go used to estimate «,)
arclength scales between A, and A¢ with exponent D =1.7
reminiscent of 2D diffusion limited aggregation patterns
for TGB4— A4 and D=1.9 for A— TGB,, a more disor-
dered pattern.
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FIG. 4. The scaling exponent D vs interface velocity v deter-
mined from, e.g., Fig. 3(b) has three regimes.

What needs to be explained is why the short wave-
length cutoff is much larger than &., the Renn-Lubensky
[8] length for TGB,4. We suggest that this result can be
traced back to the boundary conditions determined by
sample preparation that constrain the A phase such that
illy. Then, the smallest unit of TGB 4 that can grow into
the oriented A4 phase are the filaments [Fig. 1(a)] with a
quantized amount of twist satisfying these boundary con-
ditions. Given the small size of &., cholesteric and TGB 4
are not distinguishable in an optical microscope; however,
they are distinguishable by their different growth dynam-
ics into an oriented 4 phase: The melting cholesteric-A4
interface is flat [17] while the TGB4-A interface is
ragged. Thus, we attribute both short and long wave-
length cutoffs in the patterns to sample preparations con-
straining Ally in the A phase.

The well-defined TGB4-4 boundary is consistent with
a weakly first-order TGB4-A transition and the poorly
defined TGB 4-cholesteric phase boundary with a mean-
field second-order TGB,-cholesteric transition [8] at
which TGB,4 cannot propagate into the cholesteric phase
[18]. Thus, A— TGB, until it reaches the immobile
TGB 4-cholesteric phase boundary. As A4 grows, it expels
curli into TGB,4 driving x;— /42, ie., eventually
squeezing out TGB,, leaving behind a disordered, direct
smectic-4 — cholesteric phase boundary.

To summarize, depending on whether A— TGB,4 or
TGB,4— A, qualitatively different patterns are observed.
Indeed, this may be the first time a steady state pattern is
observed in directional melting. When they are not sim-
ply periodic, directional growth patterns are difficult to
characterize physically [1]. The novelty of our analysis is
that arclengths of the traveling phase boundaries are used
to obtain quantitative information. Two lengths emerged
from this analysis: a longer one set by sample thickness
and a shorter one associated with the smallest unit of

TGB,4 that can grow into an oriented A phase. Being a
first-order transition, the A-TGB,4 phase boundary can
propagate either way. A second-order TGB 4-cholesteric
transition [8] is consistent with observations that this
phase boundary is visually poorly defined and does not
propagate into the cholesteric state: As smectic 4 grows,
TGB, is eventually squeezed out, leaving behind a direct
smectic-4 — cholesteric phase boundary.
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FIG. 1. (a) TGB,'s filamentary growth habit into oriented
smectic A at fixed temperature. The wavelength in the top pic-
ture is Ao=3.5 um and the temperature is close to the TGB4-A
transition temperature, i.e., = 107.5°C. In the bottom pattern,
the temperature is slightly higher (about 108°C): While the
filaments are longer, they are the same width as in the top pic-
ture. (b) The freezing (top) and melting (bottom) patterns at
the traveling TGB, interface in a temperature gradient G. The
interface velocity is shown for 4A— TGB, (TGB, melting) and
TGB4— A (TGB,4 growing). The coordinate system used here
is at the top of (b) with the positive y axis pointing into the
plane of the figure. The magnification in (b) is half that of (a).



