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Thinning transitions in free-standing liquid-crystal films as the successive formation
of dislocation loops
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We describe a model for the layer-thinning transition in free-standing liquid-crystal films based on the
successive, spontaneous formation of dislocation loops. As the film temperature increases and the smectic
order and layer compressional modulus decrease, the condition for creating a dislocation loop of critical radius
is met and a thinning is nucleated. The resulting equation forN, the number of smectic layers, as a function of
temperature yields good fitting results to the thinning transitions obtained from several fluorinated compounds.
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It is well known that in some complex fluids a free su
face has an ordering effect. This surface enhanced orde
liquid crystals is responsible for the observed growth
smectic order at a vapor-bulk isotropic interface@1#. In a
free-standing smectic liquid crystal film, the surface order
can allow the film to be superheated well into the bulk is
tropic temperature window before it loses its smectic str
ture and ruptures. These superheated films exist in a un
thermodynamic state with a number of interesting featu
The highly ordered smectic phase of the overheated film
exists with and is supported by a disordered isotropic me
cus and bulk reservoir, with the thin@almost one-dimensiona
~1D!# perimeter of the film acting as the interface. A fre
standing film is metastable because rupturing the film low
the free energy of the meniscus-film system. At a given te
perature, each integer film thickness of an overheated
represents a different metastable free energy state. Em
cally, several compounds show a highly reproducible se
of transitions between these metastable states@2–7#. Free-
standing films of these compounds spontaneously decrea
thickness by a single smectic layer at a reproducible thinn
temperature. This thinning temperature increases with
creasing film thickness. In this Rapid Communication
model the layer-thinning transition as a nucleation proce
Our model considers the effect of free surfaces and the p
coexistence of the smectic film and meniscus to describe
thermodynamics of the layer-thinning transition.

Since our first report of the layer-by-layer–thinning tra
sition above the bulk smectic-A (Sm-A) –isotropic transition
temperature (TAI) in a fluorinated compound@2#, the exis-
tence of the transition has been confirmed in several o
fluorinated compounds@3,7#. Unlike free-standing films of
most liquid-crystal compounds, a typical thick~.20 layers!
film of one of these compounds@2,3# does not rupture when
heated above the bulkTAI . In contrast, it undergoes a serie
of thinning transitions in which the film thickness decreas
in a stepwise manner. For example, the thickness, in sme
layers ~N!, might exhibit the following thinning series:N
515, 11, 9, 8, 7, 6, 5, 4, 3, and 2. The two-layer film ru
tures at a temperature approximately 30 K aboveTAI . The
thinning transition is thermally driven and irreversibl
PRE 601063-651X/99/60~3!/2456~4!/$15.00
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Moreover, a film ofN layers or less can be spread and w
remain stable at temperatures below the thinning tempera
@TC(N)# for theN-layer film even though the film plate tem
perature is aboveTAI . Recently, in a compound with two
fluorinated tails, single layer thinning was observed from
down to 2 layers@7#.

The film thickness is monitored by measuring the opti
reflectivity of the film. The details of our experimental setu
have been reported elsewhere@8#. The reflectivity of the film
is a sensitive measure of film thickness and changes as s
as 1 Å have been resolved@9#. The size of our free-standing
films is approximately 1 cm2, and the sample is typically
heated at 75 mK/min in an oven environment of1

2 atm. ar-
gon.

In the layer-by-layer–thinning regime, where the sing
layers thin at reproducible temperatures, the thinning se
has previously been characterized by the power law exp
sionN(t)5 l 0t2n, whereN is the film thickness as a functio
of the reduced temperaturet „5@TC(N)2T0#/T0…. Fitting
to our experimental data for several compounds has yiel
an exponent in a rather wide range 0.61,n,0.74 andT0
'TAI , while others have found values outside this range@4#.
In a thinning transition above the Sm-A–nematic transition,
the exponent of the power law has been compared to
expected value of the critical exponent of the smectic co
lation length@4#. The reasoning is that the center layer of t
film will remain stable until the smectic correlation leng
becomes less than half of the film thickness and the
hanced order at the surface can no longer penetrate to
center.

Considerable experimental@3–7# and theoretical@10–12#
effort has been made toward understanding the lay
thinning transition. In some theories, the thinning in
N-layer film proceeds by melting the interior layers into e
ther the nematic@11# or ‘‘quasismectic’’ @10# phase, after
which material is squeezed out of the film and it is resta
lized at (N21) smectic layers. In both cases the layer stru
ture is destroyed in the middle of the film prior to the expu
sion of material and thinning. Our visual observations a
optical reflectivity studies suggest instead that a disloca
loop spontaneously forms at the thinning temperature and
R2456 © 1999 The American Physical Society
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immediate growth causes the film to thin. Figure 1 is a p
tograph of white light reflected off a free-standing film, a
the sequence shows a single-layer, growing dislocation l
that spontaneously nucleated in a four-layer film as the t
perature of the film was raised aboveTC(N54). Note that
the loop is circular, characteristic of a dislocation loop a
its associated line tension, and that the optical thickn
changes sharply at the boundary. In addition to visual ob
vations, a laser was used to probe the optical reflectivity o
small area of the film. During a thinning, the reflectivity
the probing area was found to remain constant to within
resolution until the thinning front passed through it, and th
it decreased by a value corresponding to an integer num
of smectic layers. Furthermore, by using a small, pulsed w
heater similar to that used by Ge´minardet al. @13#, we have
nucleated thinnings inN-layer films aboveTAI , but well
belowTC(N) ~up to several degrees!. The reflectivity signals
behave the same as for the natural thinning. If in either c
the entire layer melted prior to being squeezed out, it is
likely that a constant optical thickness at a given point wo
be maintained before decreasing in the observed step
manner.

We propose instead that the thinning transitions proc
via the successive nucleation of dislocation loops. Unlike
ordinary liquid, a liquid-crystal film in the Sm-A phase can
support a pressure difference across a flat interface due t
compressional elasticity of its layers. The formation of a d
location loop inside a smectic film depends on the comp
tion between the pressure difference across the film-va
interface and the line tension of the dislocation. Such a p
sure difference is necessary in superheated films to main
the film-meniscus interface as we shall show below. The f
energy change of a dislocation loop isDF52pr 2dDp
12prE, where the first term is the work done against t
pressure difference, and the second is the dislocation
energy. From this expression, the critical radius is seen to

FIG. 1. Photographs showing a growing, single-layer dislocat
loop that spontaneously nucleated in a four-layer film as the t
perature was raised aboveTC(4). Note thecircular shape and shar
loop boundary. The time between pictures is 150 ms.
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r c5E/dDp, in which E depends on the elastic constants~K,
bend and B, compression! of the smectic materialE
'AKBd. If the dislocation loop is smaller than the critica
radius, it will decrease in size, and if it is larger it will grow
The energy of activation is thenDF5E2p/dDp
5KBdp/Dp @13,14#. The frequency of formation, per un
area, of a dislocation withr>r c is f 5 f 0 exp(2DF/kbT),
wheref 0'1026/cm2 s has been estimated by Prost@15#. Thus
the average time needed to nucleate one growing loop
system of total areaS is t'S/ f . The condition for a layer
thinning to nucleate in 0.1 s (t50.1) in a 1 cm2 film is then

pKBd/Dp'60kBT. ~1!

This expression can be evaluated further by looking at
dependence ofB on the smectic order parameterc
5ucueif, wheref is the phase of the smectic ordering. In
theory for the Sm-A–nematic transition, this dependence
estimated simply asB5B0uCu2 @16#. In the compounds we
have used in studying the layer-thinning transition, there
no bulk nematic phase. However, in the overheated SmA
films, we believe the nematic order parameter should
saturated as in the nematic phase, and thus a decay in
smectic order should occur analogously to a weakly first
der Sm-A–nematic transition. In such a case, presmectic
fects, such as a diverging correlation lengthj, will be strong
despite the fact that the bulk transition is strongly first ord
As previously stated, the optical reflectivity results indica
an ordered layer structure during thinning. In a thin film wi
such a layered structure, a significant decrease in the nem
order upon approaching a thinning temperature sho
change the film reflectivity, contrary to our observation
Therefore, we believe the smectic order decays smoothl
the point at which the condition of Eq.~1! is met, while the
nematic order remains saturated, and this simple depend
of B on C is justified.

To determineB requires knowledge of the profile ofc. A
model has been proposed by de Gennes@17# for the presmec-
tic ordering between two walls, in which

F@C#5E
2D

D

dzFauCu21LS dC

dz D 2G2hs@C~2D !1C~D !#,

wherea5a0t, t5T/TC21, andTC is close to the bulk tran-
sition temperature. In our system the pressure difference
tween the film and its environment is always less than1

2 atm
and may lead to some film compression, but it should
strongly affect the density profile. Hence the smectic or
parameter phase difference between the two walls is assu
to be small in our approximation. Minimization of the fre
energy givesC2j2d2C/dz250, wherej5(L/a)1/2 is the
penetration length. Applying the boundary conditions at
free surfaces yields the expression for the profile ofc, which
at the center of the film (z50) has the form uCu2

5hs
2j2/sinh2(Nd/2j). If this result is inserted into the simpl

model for the compressional constant, we have for the ce
layer B5B0hs

2j2/sinh2(Nd/2j). The condition@Eq. ~1!# for
the formation of a dislocation loop becomes

n
-
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N'~2j/d!arcsinh„@pKB0hs
2d/~Dp!60kBT#1/2j… ~2!

whered is the layer spacing andj5j0t21/2. We have now
relatedB to the smectic order parameter, but the value ofDp
is still undetermined. This value has been determined for
films in the bulk Sm-A phase temperature window by obtai
ing the circular profile of the meniscus and measuring
radius of curvature@13#. It is also known that such a menis
cus will, over a period of days, relax and retreat toward
edge of the film. Thus it is clear that the film is stressed a
is able to sustain this stress for a long period of time.
contrast, upon heating through the bulk Sm-A–isotropic
transition, the meniscus of the overheated smectic fi
quickly contracts as the smectic layers of its interior a
melted. There remains a pressure differenceDp between the
meniscus-film and the bulk isotropic reservoir. The s
rounding bulk reservoir on the film plate has a macrosco
cally flat isotropic-air interface such that it must be at or n
the air pressure. Therefore,Dp for film-bulk and film-air are
assumed to be the same. Since the Sm-A film and the isotro-
pic bulk coexist, the difference in the total Gibbs potent
per unit volume between the film and bulk must be ze
DG52 f I→A(T)1Dp50. The first term is the contribution
due to the phase change from the Sm-A–isotropic phase, and
it will grow as the overheatT2TC increases. Because th
exact form of f I→A(T) cannot be determined@18#, we will
use a linear function as a first approximation. The sec
term is the work necessary to move molecules from the fi
to the surrounding bulk against the pressure differenceDp.
From the equilibrium condition and our approximation,Dp
increases linearly with temperature and we writeDp5p0t.
We also see that, unlike films in the Sm-A temperature
range, the overheated films at the same temperature hav
sameDp, independent of how the films are prepared. O
experimental results support this finding as the thinning te
peratures of independently prepared films are reproducib
within a fraction of 1 deg for all but the final rupture of th
two-layer film. This fact, together with the thinning cond
tion of Eq.~1!, shows thatDp must be the same for all film
at a givenT.TAI . We can now rewrite Eq.~2! as

N5a0t21/2arcsinh@a1t21#, ~3!

where we have introduced the dimensionless constanta0
52j0 /d and

a15~pKB0dhs
2j0

2/60kBTCp0!1/2.

A thinning run on the compound F3MOCPF6H5O
(TAI5105 °C) @7#, which has two fluorinated tails, yielde
the thinning temperatures shown in Fig. 2. The least-squ
fit of N vs TC(N), using Eq.~3!, yielded TC5105.2, a0
50.12, anda150.024. Eight experimental runs on this com
pound yielded an average value fora0 of 0.1360.013. Simi-
lar to the simple power law fitting, three fitting paramete
are required. Equation~3! was also fitted to data from th
compound H8F~4,2,1!MOPP (TAI571 °C), which contains
one fluorinated tail. Figure 3 shows the fit to the thinni
temperatures for one run. Note that the layer-by-laye
thinning regime only extends to eight or nine layers in thic
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ness for this compound. Seven runs were performed with
average fora0 of 0.1260.011.

Using the simple model forB given above, we can predic
the stability time of the film after a single-layer thinning. If
is short, there is a high probability that the dynamics of t
initial thinning will immediately create a second dislocatio
loop and lead to a multilayer thinning. In our experiments
thin film that has thinned by a layer will remain stable at th
thickness for long periods of time if the temperature is co
stant. Taking 1 h as avery conservative time of stability, 0.1
seconds as the time to nucleate a single thinning~N to N
21!, and DB as BN212BN , we can write the condition
0.1epKDBd/DpkBT'3600, orpKDBd/Dp'10kBT. Compar-
ing with the original condition necessary to thin theN-layer
film, DF'60kBT, shows thatB must be roughly 20% large
at the center of the (N21)-layer film than theN-layer film
for the (N21)-layer film to be stable for 1 h after thinning.
This estimate is approximate, as the stability time depe
very sensitively onDB ~a 50% reduction ofDB changes the
time to 15 s and a 25% increase changes it to 12 h!. Thus a
crossover from a stable (N21)-layer film to an unstable one
occurs rapidly as a function of decreasingDB, equivalent to
stating that the probability of multilayer thinnings increas
with decreasingDB. Since removing one layer from a thic
film changesB by a lesser degree than for a thin film, w
expect multilayer thinnings to occur primarily in thicke

FIG. 2. N vs TC(N) for the doubly fluorinated compound
F3MOCPF6H5OB. The solid line is the fitted result@Eq. ~3!# with
TC5105.260.02 anda050.1260.01.

FIG. 3. N vs TC(N) for the singly fluorinated compound
H8F~4,2,1!MOPP. The fitting result~solid line! using Eq. ~3!
yieldedTC572.560.23 anda050.1160.01.
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films. This is the observed behavior.
For comparison, many attempts have also been mad

observe layer-thinning behavior in nonfluorinated co
pounds, with little success. For example, we conducted
experimental runs on the nonfluorinated compoundsnAB
(p,p8-di-alkylazoxybenzene,n57 and 8!, which exhibit a
Sm-A–nematic–isotropic phase sequence. Similar to the
sults of almost all other nonfluorinated compounds we h
tested, none of these showed what could be classified
layer-thinning transition. X-ray scattering measurements o
fluorinated compound in the Sm-A phase have yielded
value for B up to two orders of magnitude larger than f
nonfluorinated ones@19#, indicating a more ordered laye
structure. Thus for a fluorinated compound, asT is raised
aboveTAI , the correlation length is large enough and dec
sufficiently slowly to allow for the successive loss of interi
layers. For a nonfluorinated material the decay ofj from its
much lower value in the Sm-A temperature range ma
quickly reduce it below the value necessary to stabilize
film.

In summary, we have presented a model for the lay
thinning transition based on the spontaneous nucleatio
dislocation loops. The model fits the data as well as
rt
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power law, and has the advantage of being derived from
physical description. Similar to the power law, the thinni
transitions in our model proceed based on the critical de
of the smectic correlation length. However, the thinning
the interior layer is initiated by the formation of a dislocatio
loop, while the smectic order is still finite, rather than b
reaching the condition for melting. With no theoretical jus
fication available for the power law and a rather wide ran
of the critical exponentn being obtained, we believe that ou
theoretical advance presented here provides a physica
sight into the nature of layer-thinning transitions. More fi
ting results from other compounds are necessary to asce
whether different thinning behavior yields different physic
quantities in the model.
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