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Equilibrium shapes of the nematic—smectic-B liquid-crystal interface have been investigated. Three
types of smectic-B germs with different orientation in a quasi-two-dimensional geometry have been
found at small undercooling. Two of these have a similar, rectanglelike shape with two long faceted
sides; the third is circular with a small hexagonal modulation. By heating the rapidly grown smectic
phase the nematic phase is nucleated below the phase transition. Nematic monodomains were detected
for different alignments having a nonfaceted, oval form. From the shape of the germs the angle depen-

dence of the surface tension was determined.

PACS number(s): 61.30.—v, 61.50.Cj, 64.70.Md

I. INTRODUCTION

Experimental investigations of equilibrium shapes of
crystals are generally very difficult because of the large
equilibration times, even for quite small crystallites.
Thus, in metal crystallites of a few micrometer diameter
at temperatures of several hundreds degrees Kelvin
equilibration times of a few days were observed [1]. An
exception is helium crystals in superfluid helium where
transport is extremely rapid, and here the best evidence
for a roughening transition has been found [2].

The solidlike liquid-crystalline phase smectic-B (Sm-B)
is a good candidate for equilibrium-shape measurements,
since transport is rather fast. In addition the very large
anisotropies lead to interesting effects. The usual meso-
morphic phase sequence on cooling is isotropic
(I)-nematic (N)-Sm-A -Sm-B, possibly followed by
more ordered smectics before the substance fully crystal-
lizes [3]. However, in rare cases one has a direct
N -Sm-B transition which is the subject of this paper. N
is characterized by purely orientational order, and Sm-B
has, in addition, layers perpendicular to the preferred
molecular axis (director) with hexagonal positional order
inside the layers [4]. This ordering makes the structure
stiff against bending of the layers in contrast to the Sm- 4
phase, where there is no positional order inside the lay-
ers. As a consequence, at the N-Sm-A4 (or I-Sm-4)
transition usually focal conic structure [7] or in rare cases
filamentary growth is observed [8]. To describe the equi-
librium shapes one has to treat bulk, surface, and elastic
energies together [9].

The equilibrium shapes in the Sm-A-Sm-B and
N -Sm-B transitions, on the other hand, should be de-
scribed by the classical Wulff construction which gives
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the shape of crystallites in terms of the angle-dependent
surface tension (or energy) only [10]. In fact, a measure-
ment of an Sm-B germ in an Sm- 4 environment has been
performed previously [11] (see also below). The less com-
mon N -Sm-B transition is particularly interesting since
it is the one where rapid dendritic mesophase growth has
been observed at large undercoolings [12]. In fact, a se-
quence of morphological transitions as a function of un-
dercooling was observed which have not yet been ex-
plained.

Motivated by these facts, we have performed experi-
ments on the N-Sm-B interface in a thin layer where
smectic germs were grown very slowly and then kept at
fixed size essentially at the transition temperature T'\s.
In this way we were able to determine the equilibrium
shapes of three types of Sm-B germs with different orien-
tation in a quasi-two-dimensional geometry, and extract
from that the angle dependence of the surface tension.
Strong faceting along the planes of the Sm-B layers but
no discontinuities in the slope (cusps) was found.

A very surprising feature occurred during the reverse
process, when melting the smectic which had been grown
rapidly from many dendrites. Nematic germs appeared
already substantially below Tyg. Most of them had a
uniform oval shape totally different from that of the
smectic germs (no faceting). This provides evidence that
fast dendritic growth produces a disordered, but optically
homogeneous type of smectic phase.

II. EXPERIMENTAL

Three liquid-crystalline substances were used for the
experiments, each of them having a N to Sm-B first-order
phase transition at Ty,

(56.3°C)
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II.  4-n-butyl-N-[4-(p-cyanophenyl)-benzylidene]-aniline, Tys = (87.4°C)

cm,,cn:u-@-cau

III.  4-n-propyl-4’trifluoromethoxyphenyl-ethylene-trans 1,1- bicyclohexane,

Tys =T77.0°C

The Tyg values of substances I and II given in
parenthesis indicate a monotropic Sm-B transition, while
III exhibits the phase on cooling and on heating from
below the crystallization temperature. Substance I was in-
vestigated by x-ray scattering [13] and it was found to be
an interdigitating bilayer structure with a weak three-
dimensional (3D) ordering, thus, a crystalline Sm-B. We
are not aware of similar structural analyses of substances
IT and III, but the fact that they do not exhibit an Sm- 4
phase makes it likely that their Sm-B phase is also crys-
talline (rather than hexatic), see, e.g., [6]. The N-Sm-B
phase transition appears to be of a rather well-developed
first-order type. Its latent heat (~ 10* J/kg) is about the
geometric mean of the latent heats of the I-N and the
Sm-B —crystal transitions, these two differing by a factor
of about 30. Since noticeable supercooling is possible in
the absence of nucleation sites pretransitional fluctua-
tions should be fairly small.

Cells of dimensions 10X 10 mm? and of thickness
d =10 um bounded by glass plates were prepared. Sam-
ples of both surface alignments of the nematic
director—homeotropic and planar—were prepared, with
an exception of substance III for which no homeotropic
orientation could be achieved.

The sample temperature was controlled in a hot stage
with an accuracy of 0.002°C. The growth process was
observed in a polarizing microscope equipped with a
CCD video camera. The images were recorded and fed
into a personal computer for digital analysis with spatial
resolution of 512X 512 and 256 gray scaling for each pix-
el.

III. RESULTS AND DISCUSSION

Formation of the Sm-B phase was observed at and just
below T'\g (undercooling AT=Tyg—T). Experiments
were carried out with smectic seeds formed spontaneous-
ly below Tng as well as with single germs which were
prepared by heating spontaneous ones back up to T'yg-
The general, quantitative features of the slow growth and
the equilibrium state are as follows.

The Sm-B phase nucleates in the nematic fluid, away
from the glass plates (in the interior of the sample) which
is a favorable condition for creating perfect smectic or-
dering. The director of the smectic body is presumably
parallel with that of the nematic phase until its diameter
approaches the sample thickness. During further growth
the germ usually prefers an orientation where its director
is parallel with the glass surfaces (smectic layers are per-
pendicular to them). This situation is naturally fulfilled

[

for planar initial alignment. In the homeotropic samples
most germs turn by an angle of 7/2 when reaching the
glass plates. We suppose, a nematiclike boundary layer
exists close to the glass plates [14].

The shape of this type of planar Sm-B monodomain in
equilibrium with its nematic phase is similar for all cases
studied. Typical examples are shown in Figs. 1(a) and
1(b) for substance I. In both cases the smectic layers are
perpendicular to the glass plates and parallel with the
two long straight facets of the germ, while the surround-
ing nematic is planar in Fig. 1(a) and homeotropic in 1(b).
Note the slightly convex boundaries on the short sides.
This form of the interface can be stabilized for a long
time (we kept germs up to 24 h) with careful temperature
adjustment within a range of 0.02°C. However, it is
difficult to determine the equilibrium value x of the (max-
imum) length to width ratio to better than about 20%.
Depending on substance and alignment x varies in the
range of 1.5-6 which is an extremely large shape anisot-
ropy compared to values of well-studied organic crystal-
melt interfaces. (For succinonitrile, the anisotropy is
0.005 [15].) For a given liquid crystal x is smaller by
about 60% in the homeotropic alignment than in the pla-
nar one.

The shape anisotropy factor x is equal to the ratio of
o,/0, where o, and o are the values of the surface ten-
sion for interfaces perpendicular to the director in the
Sm-B phase (along the long edge of the germ) and parallel
to it, respectively. It is interesting to note that from the
different values of x for the homeotropic and planar
alignment one can get an estimate of the order of magni-
tude of the surface tension of the Sm-B-N interface
which has, to our knowledge, not been determined be-
fore. In the homeotropic case one has additional contri-
butions to the surface energy coming from the elastic de-
formation of the nematic near the interface which is of
splay-bend type along the long edges and mainly twist
along the short ones. This deformation zone has a width
of order of the sample thickness d and appears to be bare-
ly visible, see Fig. 1(b). The elastic-energy contribution is
of the form aK /d where K is the relevant combination of
elastic constants and a is a numerical factor. Since one
has K,, <K,;,K3;, where K ;, K,,, and K ;3 are the usual
splay, twist, and bend elastic constants, respectively, the
contribution is somewhat smaller on the short side where
the surface tension is higher. Clearly, the germ in the
homeotropic environment should be less anisotropic, as
observed experimentally. With x =5 in the planar and
x =3 in the homeotropic case, and a deformation energy
ratio of 1.3 (which is a rough estimate of the splay-bend
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FIG. 1. Microscopic images of equilibrium shapes of Sm-B germs in contact with the nematic phase, d =10 um, AT=0.1°C. In
order to obtain the age of the Sm-B monodomains 10 h has to be added to the counting given in the pictures. Double arrows indicate
direction of director. (a) Planar Sm-B in planar N (b) Planar Sm-B in homeotropic N (c) Homeotropic Sm-B in homeotropic N.

elastic contribution divided by the twist) one gets
o,=1.5aK /d, which leads to o, =1.5X1072 erg/cm?
for K=10"°dyn, d =10 um, and a=10. This value is of
the order of experimental values measured for nematic-
isotropic interfaces [16] and one order of magnitude
smaller than that obtained for an Sm-A4 —Sm-B interface
[11]. Possibly K is considerably larger than the value we
took, since elastic constants are expected to increase near
the transition point to the Sm-B phase. One can also
compare this surface-tension value with the anchoring
energy coefficient which determines the strength of the
orientational surface ordering of a nematic on a solid in-
terface. This quantity depends of course on the quality of
the substrate surface, on the treatment procedure, on the
material parameters of the nematic, on the temperature,
etc. [17], but typically lies in the region of 107°-1072
erg/cm? [18,19] and is comparable to our o .

The faceting of the equilibrium germs along the smec-
tic layers indicates that in the Sm-B there is long-range
order with undeformed planes. The angle-dependent sur-
face tension o(60), where @ describes the orientation of
the surface, can be extracted up to a normalization factor
from the equilibrium shape by the Wulff construction
(10]. In Fig. 2(a) we show o(60) normalized to 0(0)=o0,
(continuous curve) as obtained from the germ in Fig. 1(b),
the boundary of which is described by r(¢) (shaded re-
gion; the Wulff construction is indicated). The plot can
be continued symmetrically into the other quadrants.
The cusp of o(6) at /2 expresses the faceting. Note
that 6 appears to be a continuous function of ¢. Since all
surface orientations occur (no “forbidden” directions) the
surface stiffness 0(0)+o0'"'(0) is positive everywhere [10].

a)

0 0.5 1

FIG. 2. Wulff plots showing the angle dependence of the sur-
face tension o () for (a) Sm-B N and (b) N-Sm-B interface.

This is in contrast to the measurement of an Sm-B
germ in an Sm-A4 environment [11] which was found to
be cusped at the short ends, so that there
c"(0)< —o(0)(<0). It is curious to note that in our
case, o(0) has a minimum at 6=0, so that ¢’’(0)>0. In
fact the minimum is very shallow: o(8) increases from
its value o at 6=0 by about 0.1% at 6~7° and then de-
creases monotonically to o,=0(0)/3 at 6=90°. It is an
interesting question whether the qualitative different
behavior of the surface tension in the two systems has
some fundamental relevance.

The elongated, rectanglelike shape [Fig. 1(a), (b)] de-
scribed above persists in a small range of undercooling
(AT <0.3°C), where slow dynamics are observed. The
growth velocity increases at the beginning, reaches a
maximum, and decreases later on.

In samples with planar nematic alignment we have
only found the type of germ described above, i.e., planar
alignment in the smectic phase too (the same director
orientation on both sides of the interface). The situation
is more complex for the homeotropic samples. For sub-
stance II, there are a few among the spontaneously nu-
cleated germs which do not turn over by 7/2 when
reaching the size of about the sample thickness but they
stay homeotropic. In compound I, spontaneously nu-
cleated germs always turn planar but with some effort
one can induce an already existing planar germ to turn
back to homeotropic alignment and to grow in this posi-
tion. The procedure involves melting of a planar germ
till it gets so small that it can turn back to homeotropic
orientation. Then a fast cooling is applied before the
germ melts and disappears completely. Due to the large
undercooling the homeotropic germ grows rapidly
without having a chance to turn back again. The shape it
has at the very beginning of the growth is a (slightly de-
formed) circle, the deformation clearly indicates a hexag-
onal shape which reflects the symmetry of the Sm-B
phase in the plane of the smectic layers. This form
demonstrated in Fig. 1(c) can be grown and stabilized
similarly to the planar germs. The germ does not get
faceted, and the hexagonal modulation developed on the
circular shape is within 0.1 This structure reminds one of
the results obtained for disklike molecules exhibiting a
hexagonal columnar phase [20].
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Concerning the rapid growth at large undercooling we
want to mention that the planar germs (in both homeo-
tropic and planar nematic surrounding) produce den-
drites with four main branches [12], while the hexagonal,
homeotropic ones grow a petal shape (splitting tips).

We have also studied the inverse process, namely, the
formation of the nematic phase in Sm-B during heating.
The Sm-B phase could not be overheated. At large heat-
ing rates the nematic nucleated on the glass surfaces and
the melting took place at Tyg. At slow heating rates the
melting scenario was strongly influenced by the thermal
history of the sample. Slowly grown equilibrium smectic
germs (“perfect” ordering) melt by moving the N -Sm-B
interface (they shrink) at T'=Tyg. The rapidly grown
smectic phase behaves differently: nematic germs appear
far (several degrees) below Tyg and stay in equilibrium
with the Sm-B. The germs grow steadily in number and
size with increasing temperature. The state of the system
then appears to be a function of temperature only. The
location of the first nematic seeds are the boundaries be-
tween slightly misaligned ( <7°) smectic domains origi-
nating from different germs. In fact we observed that the
melting temperature was lower where the misalignment
was larger. If the domain boundary is roughly parallel to
the director there appears a long nematic channel
separating the domains. Otherwise the equilibrium shape
of the nematic islands imbedded in Sm-B has a rather
uniform oval (nearly elliptic) form with its long axis
parallel to the director of the Sm-B. In Fig. 3 stable
nematic monodomains are shown for initially planar and
homeotropic samples 0.8°C below T'yg. The ratio of the
long and short axes is slightly affected by the initial align-
ment and is in the range of 1.6-2.0.

The Wulff plot giving the angle-dependent normalized
surface tension o(8) is shown in Fig. 2(b) for a typical
nematic germ. Whereas o(6) has a pronounced
minimum at =0, the curvature o' (6) is essentially zero
at 6= /2. The only obvious relation we can see between
the two cases represented in Figs. 2(a) and 2(b) is that the
difference between the (normalized) surface tensions of
the nematic and the smectic germs is a nonnegative,
monotonically decreasing function of 6. One might inter-
pret this in terms of a reduction of the surface tension by
long-range order of the smectic planes, this reduction be-
ing larger for surfaces oriented more parallel to the
planes.

(a) (b)

FIG. 3. Microscopic images of N monodomains in Sm-B,
d=10 pym, AT=0.8°C. (a) Planar N in planar Sm-B (b)
Homeotropic N in planar Sm-B.
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The features described above indicate that the Sm-B
phase, when produced by rather rapidly growing smectic
germs, is of a different nature than that produced in
quasiequilibrium growth. We suggest that the rapidly
grown phase has no long-range Sm-B order (“‘disordered”
smectic) and, therefore, there is no faceting of the nemat-
ic germs. Since this disordered phase is metastable hav-
ing a higher free energy it must melt already below T'\g.
Presumably the broad range of this transition to nematic
is connected mainly with structural inhomogeneities re-
sulting, in particular, from the domain boundaries.

In principle, the presence of impurities would also lead
to broadening of the transition, i.e., two-phase coex-
istence over some range of temperature. However, this
effect should be fully reversible, which is not the case
here (the transition is essentially sharp when cooling from
above, apart from the nucleation problem).

There is a rather long-range interaction between smec-
tic germs by mutual slowing down of the growth. This
can be understood from the fact that the temperature is
controlled at the outer surfaces of 1-mm-thick glass
plates which confine the liquid crystal. Clearly then local
heat sources (germs) perturb the temperature in their
neighborhood over this distance. A rather surprising
effect occurred after fairly rapid heating in the presence
of phase boundaries. Then there is competition of the
two growth mechanisms of the nematic phase: motion of
phase fronts and melting from the glass surfaces. Under
these conditions the surface melting seemed to be imped-
ed and possibly even reversed near the phase front when
the front invaded a surface melted part. We doubt that
this effect can be understood in terms of the heat transfer
characteristics of the cell.

IV. CONCLUDING REMARKS

We have presented an extended experimental investiga-
tion of the nucleation and slow growth of Sm-B in N and
vice versa giving three very different types of germs in a
quasi-two-dimensional sample. The fact that the hexago-
nal order within the Sm-B layers does not lead to faceting
of the homeotropic (hexagonal) germs is consistent with
general principles excluding faceting in two-dimensional
crystals with short-range interaction [10]. This is
presumably applicable here because the correlation of the
hexagonal ordering between layers is weak. By contrast,
the faceting along the smectic layers in the planar germs
is not excluded because the extension of the facets is in
two directions much larger than molecular dimensions.
Under conditions of rapid growth one apparently has
kinetic roughening [12]. It would be interesting to find a
way to induce an equilibrium roughening transition.

Our results for the angle dependence of the N-Sm-B
surface tension determined on the basis of the Wulff con-
struction is presumably accurate, whereas the estimate of
the absolute value is rather rough. We plan to determine
the surface tension directly by measuring the contact an-
gles between glass, Sm-B and N phases. This also gives
some information on the wetting properties.
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(a) (b)

FIG. 1. Microscopic images of equilibrium shapes of Sm-B germs in contact with the nematic phase, d =10 um, AT=0.1°C. In
order to obtain the age of the Sm-B monodomains 10 h has to be added to the counting given in the pictures. Double arrows indicate
direction of director. (a) Planar Sm-B in planar N (b) Planar Sm-B in homeotropic N (c) Homeotropic Sm-B in homeotropic N.
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FIG. 2. Wulff plots showing the angle dependence of the sur-
face tension (@) for (a) Sm-B-N and (b) N-Sm-B interface.



FIG. 3. Microscopic images of N monodomains in Sm-B,
d=10 um, AT=0.8°C. (a) Planar N in planar Sm-B (b)
Homeotropic N in planar Sm-B.



