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Metastability of freely suspended liquid-crystal films
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We investigate the conditions required for the existence of smectic-A liquid-crystal films freely
suspended in vapor. This work is based on a molecular density-functional theory developed in
earlier studies of wetting and layering transitions of smectic-A films at liquid-solid and liquid-vapor
interfaces. It is emphasized that all freely-suspended films are metastable with respect to either the
absence of the film or the formation of the bulk smectic phase, depending on the relative stability
of the bulk vapor and smectic phases. Films containing diferent numbers of layers correspond to
local minima of the grand canonical potential, and are "stabilized" relative to each other by the
presence of suKciently large metastability barriers. The disappearance of these barriers corresponds
physically to the "rupturing" of the films. It is demonstrated that surface enhancement of smectic
ordering does not play an essential role in the existence of freely suspended films, but may influence
the order of disappearance of the layer-layer metastability barriers on changing temperature. We
relate these findings to the results of recent experimental studies of "layer thinning transitions" in
freely suspended films.

PACS number(s): 61.30.Cz, 64.70.Md, 68.45.Gd

I. INTR.GDU CTIQN

Among the many important and interesting proper-
ties exhibited by liquid-crystal (LC) materials, one of the
most novel is the ability of smectic phases to form freely
suspended (FS) films under appropriate conditions. For
several years, such films have been the focus of consider-
able experimental and. theoretical study, aimed primarily
at understanding the effects of reduced dimensionality
and surface-enhanced ordering on LC phase transitions
[1—6]. In the more recent of these studies [4—6], the latter
efFects have been connected to interfacial wetting phe-
nomena.

Despite the work cited above, there remain fundamen-
tal questions concerning the existence and stability of
freely suspended smectic (FSS) films [7]. It has some-
times been asserted that the stability of such films is due
to their surface tension p [7,8]. This statement by it-
self has little meaning, however, since ordinary liquids or
nonsmectic LC phases should then be just as capable of
forming FS films, in contrast to most observations. In a
few studies, FS films have been obtained using nematic
LC's [9,10], but these have only been observed within a
very narrow range of temperatures abave the smectic-
nematic transition temperature. More properly, it can
be said that the proximity of surfaces may enhance the
stability of smectic phases relative to other less-ordered
phases. This arises from variaus surface-induced efFects,
related both to increased orientational ordering [11]and
the suppression of smectic elastic fluctuations [12 . While
these eKects probably contribute, they do not fully ac-
count for the particular stability of FSS films.

FSS films are examples of "black films" and are con-
sidered to be thermodynamically open systeins [7,13,14],
able to exchange molecules with a reservoir (i.e., the film
meniscus) and thus characterized by a fixed chemical po-
tential p. As such, the thermodynamically stable states
of the system are those that minimize the interfacial ex-
cess grand canonical potential LQ = 0 —O~ ——pA,
where 0 is the total grand potential, O~ is the grand
potential of the bulk vapor in equilibrium with the film,
and A is the fixed area of the film. Experimentally, it is
found that the surface tension (more properly called the
film tension) p of a FSS Elm is positive [7,8]. But this
implies that any FSS film is only mt tastable, as the abso-
lute minimum of the excess grand potential can then be
achieved by the absence of the film, for which LO = 0.
The conclusion that FSS films are only metastable ther-
modynamically is not new'. for example, it is contained
implicitly in the argument of Prost [15] about the limited
lifetimes of these films, based on considering the free-
energy barrier for nucleation of a "hole" in such a film
[16].

This suggests that one should view a sequence of FSS
films, difI'ering in thickness from each other by inte-
gral numbers of layers, as a sequence of thermodynami-
cally metastable states. The existence of such a discrete
sequence of metastable states is a natural consequence
of the "quantized, " i.e., layered, structure of a smectic
phase. What we describe in the remainder of this pa-
per is the elaboration of this picture at a mean-field level
of approximation. This is based on calculations using
a density-functional theory developed in previous work
to examine wetting and layering transitions in smectic-
A (Sm-A) films adsorbed at liquid-vapor and liquid-solid
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interfaces [17,18]. In the present work, we study solu-
tions of the theory that represent planar suspended Sm-A
films of variable thickness in equilibrium with an infinite
vapor phase. These discrete structures correspond to lo-
cal minima of the grand potential functional, separated
from each other by metastability barriers, and are shown
to be globally metastable with respect to either the ab-
sence of any such film or the formation of the bulk Sm-A
phase, depending on the relative stability of the bulk va-
por (denoted V) and Sm-A phases. The connection to
wetting behavior at interfaces between bulk V, Sm-A and
isotropic liquid (I) phases is also discussed. In the final
section of the paper, we discuss the relationships between
the present findings and recent experimental evidence of
"unusual layer thinning transitions" reported in Ref. [5].

II. THEORY: CENEB.ATION
OF FHEEI Y SU SPENDED FII MS

We refer the reader to previous work [17—19] for a de-
tailed description of the density-functional theory used
in the present study. The intermolecular pair potential
is taken to consist of a hard-spheroid repulsive core with

a
)

major and minor diameters labeled o~~ and o~, respec-
tively, and a long-range attractive potential. The latter
in turn contains both a spherically symmetric component
(of well depth ei) and two orientation-dependent interac-
tions (whose strengths are denoted e2 and es) which, re-
spectively, favor nematic and smectic-A ordering. Com-
bining a mean-Geld approximation for the contribution
of the attractive interactions and a "weighted-density"
treatment of the repulsive-core contribution, the total
grand canonical potential B is obtained as a functional
of two coupled spatially varying densities. These are the
number density p(z) and the orientational order param-
eter rI(z) = (P2(cos 8)) /p(z), where the angular brackets
denote thermal averaging and 0 is the angle between a
molecular axis and the z direction, which is assumed to
be normal to the film plane. The equilibrium structure of
the system is determined by functional minimization of
0 with respect to p(z) and q(z). As in Refs. [17]and [18),
space is discretized in the z direction using a fine mesh,
and the minimization with respect to p(z) and g(z) at ev-
ery mesh point is performed using the conjugate-gradient
algorithm. The calculations in the present work dier
&om those in Refs. [17] and [18] in that we iinpose the
boundary conditions p(z) + pir and g(z) i 0 in the lim-
its that z approaches both +oo and —oo, where pv is the
number density of the bulk vapor (which is determined
by the chemical potential p, and temperature T), as is
appropriate for representing a planar film suspended in
vapor. In practice, p(z) and rl(z) are assumed to equal
the bulk vapor values beyond a finite distance ~z

Consistent with the boundary conditions and the ab-
sence of external potentials, one solution of the minimiza-
tion algorithm is the trivial one in which the vapor phase
fills all space, p(z) = pv and rl(z) = 0 for all z. The corre-
sponding value of the grand potential is denoted O~. We
have searched for other nontrivial stationary solutions by

(( )0seeding the numerical iteration procedure with initial
p(z) and rI(z) profiles that mimic smectic layers localized
near z = 0. Depending on the values of the molecular po-
tential parameters and thermodynamic state conditions
T and p~, the iterations converge either to the trivial
homogeneous solution or to a layered structure. An ex-
ample of the converged profiles corresponding to a Gve-
layer film is shown in Fig. 1. Such stationary profiles can
then be used as initial guesses for searches under other
parameter or state conditions. As in our previous work
on the development of smectic layers at a wall-liquid in-
terface [18], whenever conditions allow the formation of
layers, we generally can obtain several distinct simultane-
ous solutions of the theory, representing films that difFer
by integral numbers of layers. The relative stability of
these diferent film states is indicated by the correspond-
ing values of the excess grand potential per unit area,
(n —nv)/A = p.

We have studied the stability behavior under variations
of the thermal and molecular parameters over ranges sim-
ilar to those found in Ref. [18] to generate layered films at
a wall-liquid interface. We will also confine our attention
to parameter ranges in which the bulk V, I, and Sm-A
phases are near or at three-phase coexistence with each
other. For details of the bulk phase diagrams prod ds pro uce

y t e present theory, see Ref. [19]. In all present cal-
culations, we have Gxed the hard-core anisotropy at the
value o~~/cr = 1.8 used in Ref. [18], where cr = (o cr2 )
is a mean hard-core diameter. ] Our basic findings about
the Glm stability behavior are illustrated in Figs. 2 and
3, which plot the film tension as a function of film thick-
ness for several fixed sets of values of the thermal and
molecular parameters, analogous to the method used for
analyzing wetting behavior at interfaces [18]. The mea-
sure of film thickness used in Figs. 2 and 3 is expressed
by the integrated order parameter,

I
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I
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z/a.
FIG. 1. Profiles of the number density (solid line) and ori-

entational order parameter (dashed line) of a five-layer film
at the V-I—Sm-A triple point.
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FEG. 2. Curves of reduced film tension vs integrated order
parameter. The lines are only a guide to the eye, while the
discrete points correspond to the actual values of p obtained
for films with the indicated numbers of layers (see text). From
top to bottom, the values of ~e3

~

corresponding to the curves
are 0.675, 0.6786, 0.6787, 0.6789, and 0.68.

gint— dzq(z).

The particular results shown in the figures correspond to
fixed values of T = 0.31, pv = 0.07049, and e2 ——0.43 (in
units of ei/kgb, cr, and ei, respectively), and for several
different values of e3. For these values of the fixed pa-
rameters, and when ~es~ is suKciently small, the bulk va-
por is at coexistence with the isotropic liquid phase. For
larger values of ~es~, however, the bulk smectic-A phase
becomes more stable than either the V or I phases. As
discussed shortly, this transition in the bulk phase sta-
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FIG. 3. Same as Fig. 2, but for a wider range of ~es
~

values.
Prom top to bottom, these values are 0.675, 0.7, 0.8, and 0.9.

bility accounts for the gross variations of the curves in
Figs. 2 and 3. The discrete points on the curves in these
figures correspond to the final stationary values of p for
films containing the indicated numbers of layers, while
the smooth lines joining the points are only to guide the
eye. As in analogous graphs discussed in Ref. [18], it is
expected that the discrete points are actually separated
by metastability barriers, i.e. , local maxima in p, but
the latter are not associated with well-defined. physical
structures and our calculations do not produce them.

For the smaller magnitudes of ~es~ between 0.675 and
0.68, shown in Fig. 2, nontrivial solutions are obtained
only for films containing a minimum of five smectic layers.
In these cases, if the minimization algorithm is started
with an initial iterate containing a smaller number of lay-
ers, the algorithm always converges to the homogeneous
vapor state. This corresponds physically to the sponta-
neous "rupturing" of such thin Elms. As ~es~ is progres-
sively increased, the minimum number of layers that can
be "stabilized" is reduced successively from five to one,
as shown in Fig. 3. However, in the latter cases the stable
bulk phase is smectic-A rather than vapor, and FSS films
of all thicknesses are unstable relative to the bulk Sm-A
phase. The bulk transition from V to Sm-A is reflected
by the sign of the slope of the asymptotically linear varia-
tion of p with film thickness. This asymptotic behavior is
easily understood from the fact that, for large thickness
I (which should then be proportional to rl;„t), the sys-
tern approaches that of a bulk Sm-A phase sandwiched
between two V—Sm-A interfaces. Therefore, in the large
thickness limit, the excess grand potential per unit area
should be given by

p —2p~~ —APL, (2)

where AP = P~ —P~ is the difference between the pres-
sures of the bulk Sm-A and V phases (both characterized
by the same chemical potential p) and pv~ is the inter-
facial tension of a single interface between these two bulk
phases. The asymptotic slope of a film-tension curve
is thus controlled by the relative stability of' the bulk
phases, the more stable phase having the larger pressure.
When the smectic-A phase is more stable, the film ten-
sion p inevitably becomes negative for sufIiciently large
thickness L, and the minimum grand. -potential state of
the system is that in which the Sm-A phase fills all space.
When the bulk vapor phase is more stable, the film ten-
sion asymptotically increases with thickness L and thus
becomes increasingly unstable relative to the absence of
any film.

Details of the behavior near the bulk transition are
shown in Fig. 2. At bulk V—Sm-A coexistence, AP = 0
and the film tension asymptotically approaches the con-
stant value 2p~~. We associate this situation with that
physically realized in most experiments [8]. In Fig. 2,
this is seen to occcur for eq ———0.6786. For values of
~es~ smaller than this, the film tension increases inono-
tonically with thickness &om its value for the five-layer
film. For slightly larger values of ~es~, when the bulk
smectic-A phase is more stable, the film tension exhibits
a maximum between five and ten layers. This implies the
occurrence of first-order transitions between films with
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diferent numbers of layers, when two such films have
equal values of p. However, both such "coexisting" films
are unstable relative to the bulk smectic-A phase. We
cannot rule out the possibility of more complex behavior
of the p vs L curves on using either a difI'erent molecular
model or a different theoretical method. For example,
in the most experimentally relevant case of bulk V—Sm-
A-coexistence, we can envision nonmonotonic variation
and/or a negative initial slope of p vs L.

One other property revealed by Figs. 2 and 3 con-
cerns the "penetration length, " i.e., the distance into the
film beyond which surface efIects become negligible. It is
plausible to associate the penetration depth with half the
value of the thickness I beyond which p obeys the linear
variation in Eq. (2). From the curves in Fig. 2 near bulk
V—Sm-A-coexistence, this appears to occur at film thick-
nesses slightly greater than ten layers. We note that the
relative variation of p between the minimum-thickness
five-layer film and the asymptotic linear regime is very
small, about 2%%uo. In their initial measurements of the
film tension, Stoebe et al. [8] found that p was practi-
cally constant for films varying in thickness from two up
to around 100 layers, within an experimental resolution
of about 5%%uo, which was remarked to be "surprising. " In
more recent experiments, the film tension was found to
be independent of thickness within a resolution as small
as 1% [20]. We believe that refinements to the present
theory may reduce the predicted variation in p to levels
that are consistent with these experiments.

Experimentally, at bulk V—Sm-A-coexistence, it is usu-
ally found that FSS films can exist down to thicknesses of
two layers, while single-layer films rupture spontaneously
[1-8,15]. As noted, the minimum film thickness that we
have obtained at bulk coexistence is five layers. This may
be related to the absence of surface-enhanced smectic or-
dering in our theory, as will be discussed in the next sec-
tion. Nonetheless, the existence of a finite lower thickness
limit for FSS films is a qualitatively correct prediction of
the theory.

III. CONNECTION TO WETTINC BEHAV'ION

In this section we investigate w'hether there is any
surface-enhanced stabilization of the smectic-A phase in
films relative to less-ordered phases, i.e. , isotropic (I)
or nematic (N) liquid. To examine this we shall con-
sider the wetting behavior of interfaces between the bulk
Sm-A, I and V phases, choosing parameter ranges such
that the K phase does not become stable in bulk. Using
Eq. (2), we can obtain the interfacial tension pv. ~ on let-

ting L ~ oo at bulk V—Sm-A-coexistence. In practice,
as noted earlier, the film tension under these conditions
becomes essentially constant for thicknesses greater than
ten layers, but we have verified the following results us-
ing films as large as 20 layers thick. Alternatively, one
could, in principle, calculate p~~ by generating an inter-
face between the semi-infinite bulk phases, as was done in
Ref. [17] for the case of the V I in—terfacial tension pvl.
This approach is problematic, however, as first pointed
out by Widom [21] in a slightly difFerent context, due
to an ambiguity in the interfacial tension obtained in
this manner when either of the coexisting phases is spa-
tially modulated. The present approach, which is based
on considering the limiting behavior of thin films, does
not exhibit the ambiguity described by Widom, since the
method does not entail subtracting the grand potential
of the bulk modulated (i.e. , smectic-A) phase.

By an analogous method, generating smectic-A films
suspended in the bulk isotropic liquid rather than vapor,
we can calculate the interfacial tension pl~ between coex-
isting I and Sm-A-phases. Choosing state conditions so
that the vapor and isotropic liquid are also in coexistence
with each other, as applies to the curves in Figs. 2 and
3 at sufficiently weak ~es], we are thus able to obtain the
three sets of interfacial tensions pv~, pl~, and pv. l (the
latter calculated as in Ref. [17]) required for determining
the wetting behavior. Figure 4 illustrates the determina-
tion of p~~ and pl~ by extrapolation of the film-tension
curves to large I.

Table I summarizes our results at fixed temperature
T = 0.31 and for several difFerent values of the parame-
ters ~2 and ~3, which are varied simultaneously in such a
way as to maintain three-phase coexistence of the vapor,
isotropic liquid, and smectic-A phases. The table also
lists the values of two "spreading coefFicients" defined by

SI QVA ( [VI + VIA)) SA YVI (YVA + GAIA)~ (3)

which are used to characterize wetting of the V—Sm-A-
interface by the isotropic liquid and of the V-I inter-
face by the smectic-A phase, respectively. [Note that
SI —S~ = 2(pi ~ —pi I).] In all cases, we see that
SI ) S~ (pi ~ ) pv. l), which indicates that the vapor
phase prefers contact with the isotropic liquid rather than
with the smectic phase, i.e. , the isotropic liquid partially
wets the V—Sm-A interface while there is nonmetting of
the V-I interface by the smectic-A phase. One trend in-
dicated in Table I is that Sl increases monotonically with
increasing e2 (decreasing ~es~), which suggests that wet-
ting by the isotropic liquid could become complete, i.e.,
Sl ~ 0, at larger values of @2, although this might be pre-

TABLE I. Variation of reduced interfacial tensions and spreading coefBcients with molecular
parameters at fixed temperature T = 0.31.

6'2

0.30
0.43
0.50

E3

-0.8529
-0.6786
-0.5747

fvA
0.4274
0.4586
0.4448

GAIA

0.3693
0.3855
0.3562

fvI
0.1031
0.1034
0.1035

Sl
-0.045
-0.0304
-0.0149

Sw
-0.6936
-0.7407
-0.6975
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empted by the eventual bulk transition to the nematic
phase. We have not pursued this question, as we are
more interested in determining whether any conditions
favor the possibility of partial wetting by the smectic-A
phase.

Before considering the latter question, we briefly note
two other trends indicated by the data in Table I. Both
p~~ and pl~ exhibit weak maxima as functions of e2 or
e3, while p@l remains practically constant. The behavior
of the latter is not surprising, since the degree of both ori-
entational and smectic order at the V-I interface is quite
weak and is only slightly modified by the changes in e2
and es [17]. The occurrence of the maximum in pl~ (and
hence in pv~) is likely caused by a subtle competition be-
tween "orientational" and "smectic" ordering under the
present parameter variations. Both contributions to 0,
i.e. , the terms directly proportional to e2 and ~es~, re-
spectively, are expected to be negative. Thus, in order
to maintain bulk coexistence, if ez is increased ~es~ must
be decreased and vice versa. The eKect of this competi-
tion at the interface plausibly may lead to nonmonotonic
beliavlor of pl~.

The nonwetting of the V-I interface by smectic-A dis-
agrees with our earlier conclusion in Ref. [17] that the

FIG. 4. Curves of reduced film tension vs g;„t at the
bulk V-I—Sm-A triple point, T = 0.31, r2 ——0.43, and

—0.6786. The upper and lower curves correspond to
smectic-A films suspended in vapor and isotropic liquid, re-
spectively.

Sm-A phase part2allp lDets the V-I inter face which re-
quires S~ ) SI or pv. ~ ( p~l. The conclusion of Ref. [17]
was based on the observation of weak oscillations in the
profiles of p(z) and g(z) at the V Ii-nterface, implying
that a weak degree of smectic ordering is induced at that
interface. It now appears that such weak smectic-A or-
dering is not suKcient to produce partial wetting by the
Sm-A-phase, according to our present results for the in-
terfacial tensions. We have studied the behavior under
a wider range of parameter variations, intermediate be-
tween the values used in Table I and those considered in
Ref. [17], but no qualitative differences have been found.
This is indicated in Table II. Here the temperature T
is systematically lowered while the parameters E2 and c3
are adjusted to maintain three-phase V-I—Sm-A coex-
istence as before while also approximately maintaining
a constant value of Lc2 = c2 g

—6g, where c2 g is the
value of e2 that would produce a V-I-% triple point at
the given temperature for sufficiently weak ~es~. In the
present theory, e2 q depends only on temperature, and
the condition of constant Le2 is imposed in order to re-
duce any inHuence on wetting properties from the onset
of bulk nematic ordering. As before, it is still found that
p~~ —p~l is positive and there remains nonwetting by
the smectic-A phase. While the table indicates that the
difference p~~ —pvl is reduced with lowering tempera-
ture, the trends suggest that it only approaches zero at
unphysically low temperatures.

IV. LAYER.-THINNINC TB,ANSITIONS

A recent article by Stoebe et al. [5] reported observing
"unusual layer-thinning transitions" in FSS films heated
above the I—Sm-A transition temperature Ty~. In sum-
mary, it was found that such Alms would remain stable
above Ty~ without spontaneously rupturing. Instead, as
the temperature was progressively raised, a film under-
went a sequence of layer-by-layer "melting" transitions,
producing discrete reductions in thickness as the result-
ing isotropic liquid was absorbed by the bulk reservoir
surrounding the 61m. It was suggested that the layer
melting transitions occur in the interior of a film rather
than at the vapor interface, based on assuming the pres-
ence of surface-enhanced smectic ordering. Two impor-
tant points are that the 6lms were not observed to spon-
taneously increase in thickness upon cooling, and that the
thinning transitions did not occur spontaneously when
temperature was held constant but were only induced by
changes in temperature.

TABLE II. Variation of reduced interfacial tensions and spreading coefBcients with temperature.

T
0.31 0.50
0.29 0.43
0.25 0.30
0.21 0.20

0.0984
0.0976
0.1033
0.1000

63
-0.5747
-0.5509
-0.5109
-0.4574

Pv A.

0.4448
0.4980
0.6865
1.0338

QI A

0.3562
0.3580
0.3952
0.4768

fv I
0.1035
0.1877
0.4350
0.8344

Sl
-0.0149
-0.047?
-0.1437
-0.2774

-0.6975
-0.6683
-0.6467
-0.6762
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Can our theory shed any light on these results'? In
this regard, we are restricted by the fact that the theory
does not predict a significant degree of surface-enhanced
smectic ordering, as indicated by the wetting behavior
described in the previous section. We can envision other
scenarios, however, due to an improved model or the-
ory, in which surface-enhanced smectic ordering does oc-
cur and which could account qualitatively for the ob-
served sequence of layer-thinning transitions with in-
creasing temperature [22]. On the other hand, several
key features of the experiment can be explained by the
fact that the suspended films are only metastable. In par-
ticular, the two aspects mentioned in the previous para-
graph about nonspontaneity of the growth or reduction
of the film on changing temperature suggest that the ex-
periment does not measure true thermodynamic transi-
tions but rather detects the spinodal points or limits of
metastability of successive layers of the film.

One other important point about the experimental re-
sults of Ref. [5] is that the layer-thinning transitions are
only observed for a particular class of partially fIuori-
nated LC's [23]. In all other instances, the authors re-
port that FSS films ruptured at temperatures at or below
TI~. Our theoretical results are fully consistent with the
latter behavior. The curves in Figs. 2 and 3 for variations
of ~es~ ( 0.6786 apply to FSS films under conditions of
bulk V-I coexistence, i.e. , when the bulk Sm-A phase is
unstable relative to both V and I phases. We have also
studied FSS films along a more physically relevant path,
fixing e3 and varying temperature through the V-I—Sm-
A triple point. Film-tension curves in the latter case
are shown in Fig. 5 and are seen to be very similar to
those contained in Figs. 2 and 3. (The thermodynamic
path considered here is along the bulk V-I coexistence
curve for temperatures T ) Tl~ and its metastable ex-
tension for T ( Tlg. ) With increasing temperature (or
decreasing ~es~), we find that the minimum number of
film layers that can be formed progressively increases,
and ultimately tends to infinity. This is demonstrated
in Fig. 6, which actually plots the maximum tempera-
ture at which a film can exist as a function of the film
thickness. Most of the temperature range shown in this
figure lies below the V-I—Sm-A triple point temperature
Tl~ ——0.31. Above Tl~, films exist only within a very
narrow range of temperatures up to the spinodal temper-
ature of the bulk smectic-A phase. It follows from these
results that, on increasing temperature, a film of n layers
becomes unstable before one of (n+ 1) layers. This means
that, if one attempts to raise the temperature in order
to melt one layer, the whole film becomes unstable and
thus ruptures.

As mentioned in Sec. II, our calculations do not di-
rectly reveal any information about the nature of the
metastability barriers separating successive local minima
of the grand potential 0, i.e. , the "heights" of these bar-
riers and their evolution on variation of the thermal and
molecular parameters. We can infer some of this informa-
tion empirically by detecting the loss of stability of films,
as described in the previous paragraph. Additional infor-
mation can be obtained by viewing the successive iterates
of p(z) and rl(z) generated during the conjugate-gradient
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FIG. 5. Similar to Figs. 2 and 3, but showing variation of
the film tension as a function of thickness at difFerent tem-
peratures for fixed e2 ——0.43 and e3 ———0.6786. From top to
bottom, the temperatures are k~T/ei = 0.312, 0.31, 0.3, 0.29,
and 0.279.
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FIG. 6. "Rupturing" temperature of a suspended film as a
function of g;„t for e2 ——0.43 and e3 ———0.6786. The discrete
points are labeled by the number of film layers, and as before
the lines are only to guide the eye.

minimization of 0 (which might be considered as viewing
a type of "time evolution" of the profiles). In particular,
on raising temperature through a film-instability point,
we find that the profile peaks closest to the interface (see
Fig. 1) always disappear first. This is consistent with our
finding of nonwetting by the smectic-A phase [24].

We conclude that the order of disappearance of the
metastability barriers between films of difFerent thick-
nesses is the key to explaining the results of Ref. [5].
What is required is to reverse the order of disappear-
ance from that implied by the present theory, so that the
barrier between an n and (n+ 1)-laye-r film disappears
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at a lou)ex temperature than that between an (n —1)-
and n-layer film. The variation of the metastability bar-
mers with film thickness and state conditions should be
distinguished from the variation of the the film tension
values at the local minima, such as those displayed in
Figs. 2, 3, and 5. It is plausible that a sufIiciently strong
surface-enhancement of smectic ordering, such as to pro-
duce partial or complete smectic-A wetting of the U-I
interface, may lead to the desired ordering of the loss of
metastability barriers. This is not necessarily sufFicient,
however, as the more common phenomenon of film rup-
turing at T = Tl~ is apparently observed in many LC
materials that exhibit partial srnectic wetting [5].

Although our findings are inconclusive about the

causes of the layer-thinning transitions, we believe that
the present work establishes a framework for understand-
ing these transitions, and we hope that it encourages fur-
ther experimental and theoretical study of this topic.
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