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Surface-enhanced ordering and layer-thinning transitions in freely suspended smectic-A films
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We propose a physical mechanism which leads to surface-enhanced smectic-A ordering~SESO! at the free
surface of a model liquid crystal. We also provide an explanation, based on a density-functional theory, for
recent experimental results for the melting behavior of freely suspended smectic~FSS! films. It is shown that
stepwise layer-thinning transitions donot usually occur during melting of FSS films, despite the presence of
SESO. We find that thinning transitions similar to those observed experimentally occur under conditions such
that the film interior melts to a nematic rather than isotropic liquid phase.@S1063-651X~97!13202-0#

PACS number~s!: 61.30.Cz, 64.70.Md, 68.45.Gd
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Several experimental studies have shown that surfa
enhanced ordering can occur at the free surface~i.e., liquid-
vapor interface! of liquid-crystal compounds. For exampl
the nematic (N) phase has been shown to partially or co
pletely wet the interface between the vapor (V) and isotropic
(I ) liquid phase in compounds of the homologous ser
nCB for n5528 @1#. Partial wetting by the smectic-A ~Sm-
A) phase, accompanied by several discrete layering tra
tions on varying temperature, has been observed at theV-I
interface of some higher-n homologs of thenCB series@2#.
ContinuousSm-A ordering has also been observed above
bulk N–Sm-A transition temperature in the compoun
4O.8, 8OCB, and 9CB@3#. Smectic ordering at interfaces ha
also been investigated theoretically@4–8#. A limitation of the
latter studies has been the necessity of applying anexternal
field in order to provide sufficiently strong surface-induc
ordering to result in Sm-A wetting and layering transitions a
an interface@7#.

Freely suspended films of smectic liquid crystals prov
another class of systems in which surface-enhanced orde
effects have been studied@9#. The nature of these films
whose thicknesses can be varied from two up to an arbitra
large number of layers, is ideally suited for studying t
evolution from two- to three-dimensional behavior as well
the effects due to a variable ratio of ‘‘bulk’’ to ‘‘surface’
interactions. Recently, a type of melting phenomena rela
to surface-enhanced ordering has been observed in fr
suspended smectic~FSS! films. Termed layer-thinning tran
sitions, these were first observed by Stoebe, Mach,
Huang@10# as the stepwise thinning of a FSS film when
temperature was raised above the bulk Sm-A–I transition
temperatureTAI . On the presumption that surface-enhanc
smectic ordering~SESO! stabilizes the outer layers of th
film, the successive thinning transitions were identified w
Sm-A–I transitions of interior layers located at distances
yond some temperature-dependent penetration length
either of the free surfaces bounding the film. A characteri
of these phenomena is that they appear to be fairly rare
far, such transitions have only been observed in two co
pounds out of more than 15 examined@10,11#, while films of
most materials rupture on heating. Recently, layer-thinn
transitions have also been reported for compounds in wh
551063-651X/97/55~2!/2030~4!/$10.00
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the bulk Sm-A phase transforms to a nematic~rather than
isotropic! liquid @12#. The latter work suggested that thinnin
transitions in these cases might beuniversalphenomena, al-
though this is contrary to the reports of Ref.@11#. So far, no
theory has been able to give a clear explanation of th
phenomena.

The aim of this paper is twofold. First, we introduce
physical mechanism which leads to SESO within mean-fi
theory. Second, we provide an explanation of the above
sults, accounting for the rarity of layer-thinning transitions
well as for similarities in the thinning behavior of film
which melt to isotropic and nematic liquids.

The starting point is a density-functional perturbati
theory. The reference system is modeled by parallel sp
roids of elongation ratios i /s whose free energy is obtaine
from a weighted-density approximation@6#. A standard
mean-field approximation is used to evaluate the contribu
of the long-range attractive pair potential. The latter is giv
by

VA~12!5e1V1~r 12!1e2V2~r 12!G2~u12!

1e3V3~r 12!G3~u18 ,u28!

1e4V4~r 12!G4~u18 ,u28 ,u12!, ~1!

where r 12[ur12u is the intermolecular distance,u12 is the
angle between the symmetry axes of molecules 1 and 2,
u i8 ( i51,2) is the angle between the symmetry axis of m
ecule i and the intermolecular vectorr12. The expressions
for Gn (n52,3) are given in Ref.@7#, while

G45@223cos2~u18!23cos2~u28!23cos2~u12!

19cos~u12!cos~u18!cos~u28!#/2.

The parametersen determine the strengths of the variou
terms in Eq.~1!. This model potential is common to mos
studies of nonuniform liquid crystals, although not all term
in Eq. ~1! are standardly included. In the present work, t
functionsVn(r 12) are given by Yukawa potentials ofdiffer-
ing ranges, explicitly,
2030 © 1997 The American Physical Society
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Vn~r !5H 0, r,1

2
1

r
e2ln~r21!, r.1

~2!

where distancer is expressed in units of the mean hard-co
diameters.

The use of different values for the inverse-range para
etersl1–l4 in this model plays a crucial role in promotin
SESO at a free surface. This can be rationalized by con
ering the respective roles played by the interaction term
Eq. ~1!. The functione1V1(r ) accounts for isotropic attrac
tive interactions which are responsible for inducing liqu
vapor phase separation and hence for the existence
liquid-vapor interface. The terme2V2(r )G2(u12) is analo-
gous to a Maier-Saupe interaction, and therefore indu
bulk nematic orientational ordering. The third and four
terms, proportional toe3V3(r ) and e4V4(r ), respectively,
describe coupling between rotational and translational
grees of freedom and induce orientational ordering in
presence of anonuniform density distribution. For suffi-
ciently largeue3u, the third term is responsible for inducin
nematic wetting at aV-I interface@1,13# and, in conjunction
with spatially anisotropic excluded-volume interactions@6#,
for stabilizing the bulk Sm-A phase. The fourth term, whic
corresponds to the (222) component in a standard sphe
harmonic expansion@14#, plays a somewhat similar role t
the third term. As the contribution of the last two terms to t
free energy is proportional to the density gradient@13#, their
surface-induced ordering effects are expected to be incre
on making the liquid-vapor interfacial density profi
sharper, i.e., more abrupt. This can be achieved by redu
the range of the isotropic attractive interactionV1(r ), i.e., by
increasingl1. At the same time, using alarger range for the
rotation-translation coupling interactions, i.e., reducingl3
and l4 so that l3 ,l4,l1, enables these interactions
‘‘sample’’ a larger interfacial domain and thus further e
hances surface-induced ordering. It is worth mentioning t
the importance of using different ranges of the poten
terms was not noticed before, to our knowledge, a
Lennard-Jones forms have been commonly used for
Vn(r ). In this case, increasinge3 and/ore4 would promote
smectic ordering at the interface, but a stable bulk SmA
phase always occurs before a significant amount of SES
achieved.

We have confirmed the qualitative reasoning descri
above by explicit calculations of the interfacial structure a
free energy predicted by the theory. For appropriate value
the reduced energy parametersen /e1 and inverse-range pa
rametersln , both partial and complete wetting by the Sm
A phase at the interface between coexistingI andV phases
can be achieved, accompanied by discrete layering tra
tions on varying temperature aboveTAI . This is, to our
knowledge, the first microscopic model able to produce t
behavior at a realV-I interface. Most details of the wettin
properties will be presented elsewhere@15#, while here we
shall focus on the behavior of FSS films.

Thermodynamically, a FSS film is characterized by
film tensiong @16#, which is equal to the excess~relative to
bulk vapor! grand canonical potential per unit area. Here
study the behavior of Sm-A films at temperatures abov
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TAI , while maintaining bulkV-I coexistence. In this region
the bulk Sm-A phase is unstable relative to bothI and V
phases, hence the film tension should increase with thickn
@17#. The behavior is actually plotted in Fig. 1 asg vs
t[(T2TAI)/TAI.0 for different values of the number o
smectic layersn. This shows the generic behavior of film
with a significant amount of SESO when the bulk pha
diagram contains aV–I -Sm-A triple point. ~The particular
set of parameters corresponding to Fig. 1 isl155, l253,
l35l453.5, e2 /e150.225,e3 /e1520.110,e4 /e1520.8,
ands i /s51.8. The triple-point temperature isTAI50.05, in
units of e1 /kB .) Each curve in this figure ends at the film
spinodal temperatureTn , defined as the maximum temper
ture for which ann-layer FSS film can exist as ametastable
state@17#. For any fixed value oft, the film tension increase
with n. Note that all curves approximately intersect t
t50 axis atg'2gVA , wheregVA is the interfacial tension
of a single interface between bulkV and Sm-A phases. For
large n, Tn approaches increasingly close to the valueT`

corresponding to the spinodal temperature of thebulk Sm-
A phase on theV-I coexistence curve. For the present cho
of parameters, the value ofT` is 0.051. In this work, films of
arbitrarily large n can be generated at all temperatur
T<T` , in contrast to the results of a previous theoretic
study @17# which did not account for SESO. For alln>12,
the film spinodal temperatures occur within 0.08% ofT` .
For smallern, the end points begin to deviate significant
from T` and occur at increasingly higher values oft, indi-
cating the increased importance of SESO in thin films.

The absence of any intersections between theg curves for
differentn in Fig. 1, except for that att50, agrees with our
earlier assertion@17# that ‘‘layer-thinning transitions’’ at
t.0 cannot be true thermodynamic phase transitions,
rather correspond to the loss of absolute metastability w
films are heated through their spinodal temperatures. T
figure appears able to account for layer-thinning transitio
because, when ann-layer film becomes unstable on bein
heated throughTn , a local free-energy minimum corre
sponding to a metastable (n21)-layer film is still available.
Whether this minimum will be reached or not depends on
film dynamics. The dynamical behavior is not available fro

FIG. 1. Reduced film tension vs temperature. The number
smectic layers varies from 12 to 2 as indicated.
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the present equilibrium theory. However, relevant inform
tion is obtained from knowledge of the different spinod
temperatures involved, namely,Tn , T` , andTAI

(s) this last
being the Sm-A–I interface spinodal temperature~such that
at T.TAI

(s) the outer layers melt and the interface moves
ward the smectic region!. As surface-enhanced ordering do
not appear to be significant at theI –Sm-A interface@15#, the
relation between the spinodal temperatures must
TAI
(s),T`,Tn . This implies that, regardless of the dynamic

details, once an interior layer melts into an isotropic liqu
the film subsequently evolves by melting of the remain
smectic peaks rather than by spontaneously compressin
order to show this behavior, we have studied the evolution
film structure by viewing the intermediate profiles of th
number densityr(z) and orientational order paramet
h(z) ~defined in Ref.@7#! generated during the numeric
minimization algorithm@17# when the temperature of an in
tially metastable film ofn layers is raised above the spinod
temperatureTn ~Fig. 2! @18#.

Several interesting features are revealed by this. The
is that the weak monotonic decay of the profile peaks w
distance into the film once more reveals the presence
SESO@Fig. 2~a!#. Second, these results clearly indicate th
the film instability occurs by ‘‘melting’’ of the interior lay-
ers, as hypothesized in experimental studies@10,12#, but
never confirmed by direct observation. Figures 2~b! and 2~c!
show that a region of liquid, characterized by a negligib
order parameterh(z), develops in the interior of the film an
results in the formation of twoI –Sm-A interfaces inside the
film. This final stage results in either the complete disappe
ance of the film, i.e., ‘‘rupturing,’’ or the formation of a
largely isotropic-liquid film with a single smectic peak
each free surface@Fig. 2~d!# @19#. This is probably the usua
situation, and explains the experimental findings which in

FIG. 2. Density~solid lines! and order parameter~dotted lines!
profiles for a ten-layer film.~a! Film structure for reduced tempera
ture 0.051 05~the film spinodal temperatureT10). ~b! and~c! Inter-
mediate structures obtained after heating up toT50.051 06 during
the numerical minimization process, after 160 and 190 iteratio
respectively.~d! Final converged profiles.
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cate that, although SESO is quite common in FSS film
layer-thinning transitions are unusual@10#. We have verified
that the behavior of FSS films shown in Fig. 2 is insensit
to whether the Sm-A phase partially or completely wets th
V-I interface@15#.

We propose a mechanism which accounts for obser
layer-thinning transitions and reconciles the experimen
findings. We suggest that the interior layers of the film c
melt into ametastable nematicrather than into the stable
isotropic liquid. This possibility is favored in the proximit
of a vapor-isotropic-nematic-smectic quadruple point. W
have obtained such a state under several different set
parameters. Here we shall illustrate the generic film beha
using the following set: l154, l253, l35l454,
e2 /e150.307, e3 /e1520.655, ande4 /e150. The corre-
sponding reduced quadruple temperature isTQ50.065. We
have studied FSS films on raising the temperature ab
TQ along the bulkV-I coexistence curve. Now, the interio
structure which initially forms on layer melting is nemat
(N), characterized by nonzero values of the orientational
der parameter, as shown in Fig. 3. It is interesting to note
whenn is even, as in the case of Fig. 3, thetwo equivalent
middle layers simultaneously melt to a nematic state@Figs.
3~b! and 3~c!#, but on further iterations a ‘‘smectic’’ laye
@exhibiting a peak in bothr(z) andh(z)# is createdas the
film compresses itself. This explains the experimental fin
ing @10# that single layers are removed from even-n films
despite the equivalence of the two middle layers. The fi
converged profiles @Fig. 3~d!# correspond to an
(n21)-layer film, completing a bonafide layer-thinning tra
sition.

Why does the film in this case evolve by thinning rath
than by enlarging the interior nematic region in analogy
Fig. 2? A key difference between the present and earlier c

s,

FIG. 3. Same as Fig. 2 but for a ten-layer film whose inter
melts into nematic and undergoes a layer-thinning transition t
nine-layer film.~a! Film structure atT1050.0654.~b! and~c! Inter-
mediate profiles generated after heating up toT50.0655,T9. ~d!
Final converged profiles corresponding to a nine-layer film
T50.0655.
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is the continuous~or very weakly first-order! nature of the
bulk Sm-A–N transition. The near-critical nature of this tra
sition leads, in conjunction with SESO, to ‘‘critical adsor
tion’’ @20# of the Sm-A phase at the vapor-nematic interfa
at temperatures nearTQ , a phenomenon characterized b
very slow decay of Sm-A ordering away from the free sur
face. We believe this is the crucial feature which produces
effective attractive interaction between the two interior S
A–N interfaces of the film after layer melting and promot
layer thinning.

Variations of the molecular parameters used in Fig. 3 c
vert the quadruple point into a pair of triple points, which a
either aV-I –Sm-A and aI –Sm-A–N triple point or aV-I -
N and aV–N–Sm-A triple point @6#. In these two cases, th
bulk Sm-A phase melts on heating to either a stable isotro
or nematic liquid, corresponding to the experiments of Re
@10,11# and @12#, respectively. For sufficiently weak pertu
bations, the layer-thinning behavior shown in Fig. 3 is s
obtained. The common feature of layer melting to anematic
phase accounts for the similar findings of the two types
experiments.
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In summary, we have shown in the context of a mea
field theory that the appearance of SESO at the free sur
of a liquid crystal is related to the presence ofdiffering
ranges for the various terms in a standard spherical harm
expansion of the anisotropic two-body interaction. We ha
also clarified the role of SESO in promoting layer-thinnin
transitions in FSS films and we have proposed a no
mechanism that accounts for many aspects of the experim
tally observed behavior.

Note added in proof.A recent experimental study indi
cates that the variation of FSS film tension with thickne
during the thinning process forT.TAI is no greater than 1%
@C. C. Huang, Phys. Rev. E~to be published!#. This finding
constrasts sharply with the results of our model shown
Fig. 1, although it is to be recalled that the latter results
not correspond to layer-thinning transitions. The pres
theory predicts a considerably weaker variation of the fi
tension in the case corresponding to Fig. 3~see@15#!, and it
is likely that with suitable model parameters the theory c
reproduce film tension variaitons comparable to experim
tal results.

This work was supported by the DGICyT of Spain~Grant
No. PB94-0005-C02! and NSERC of Canada.
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