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Kinetics of layer-thinning transitions in overheated smectic films

S. Pankratz, P. M. Johnson, A. Paulson, and C. C. Huang
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

~Received 23 November 1999!

The kinetic behavior of dislocation loops in overheated free-standing smectic-A films is reported. The loops
open at velocities that are much faster than those seen in nonoverheated films. The velocities increase dramati-
cally as a function of temperature and vary slightly as a function of film thickness. The behavior of dislocation
loops induced with a pulsed resistive wire heater is identical to that of the loops giving rise to the layer-
thinning transition. In addition, the interaction between two simultaneously nucleated dislocation loops is
analyzed. The observed interactions give evidence that thinning occurs in the interior of the film. The results
support a model for the layer-by-layer thinning transition based on the nucleation of dislocation loops.

PACS number~s!: 64.70.Md, 61.30.2v
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I. INTRODUCTION

Liquid crystals have long been used successfully to st
a variety of phenomena, including defects and surface in
actions in an ordered fluid@1–3#. Particularly useful in these
studies is the fact that many smectic liquid crystals can
made to span an opening as a free-standing film. This ge
etry allows for the study of monodomain, substrate-fr
variable thickness liquid-crystal films. In most liquid cry
tals, the degree of smectic order is strengthened by the p
ence of a free surface. This increased order can cause a
ered structure to exist at the surface of a bulk sample ab
the temperature range of its bulk smectic phase. Surfa
enhanced ordering can stabilize some liquid-crystal fr
standing films well into the bulk isotropic temperature ran
Of these compounds, a handful undergo layer-by-layer th
ning as the temperature is increased. In this process, an o
heated smectic film decreases in multiple- and single-la
steps as the temperature is increased@4#. We have found that
all compounds that display regular and reproducible lay
by-layer thinning share the common feature of being fluo
nated in one or both tails@4–7#. Irregular thinning transitions
have been reported in several conventional and nonflu
nated compounds@8–11#. In this paper, we present optica
measurements and video observations that reveal the n
and kinetics of the layer-thinning transition.

Unlike the free-standing films of most liquid-crystal com
pounds, a typical thick~.20 layers! film of a fluorinated
compound that exhibits the layer-thinning transition does
rupture when heated above the bulk smectic-A–isotropic
transition temperature (TAI). In contrast, it undergoes a se
ries of thinning transitions in which the film thickness d
creases in a stepwise manner. For example, the thicknes
smectic layers~N!, might exhibit the following thinning se-
ries:N515, 11, 9, 8, 7, 6, 5, 4, 3, and 2 as the film tempe
ture is increased. The two-layer film ruptures at a tempe
ture approximately 30 K aboveTAI . The thinning transition
is thermally driven and irreversible. For example, a tw
layer film does not rupture for more than 5 h at 20 Kabove
TAI and does not spontaneously thicken when cooled w
into the smectic-A ~Sm-A! phase@12#. Moreover, a film ofN
layers or less can be spread and will remain stable at t
peratures below the thinning temperature@TC(N)# for the
PRE 611063-651X/2000/61~6!/6689~7!/$15.00
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N-layer film even though the film temperature is aboveTAI .
The thinning temperatures of independently prepared fi
are reproducible to within a fraction~a few hundred mK! of
1°. The temperature of the final rupture of the two-layer fi
may vary up to 2° or 3°. Recently, in a compound with tw
fluorinated tails, single-layer thinning was observed from
down to two layers@7#.

The layer-thinning transition has been modeled as the s
cessive melting and subsequent removal of interior layer
the film as the global film temperature is increased in
range T.TAI or T.TAN @13–15#. Here TAN denotes the
bulk Sm-A–nematic transition temperature. The enhanc
smectic order at the free surface of the film penetrates
the film a distance on the order ofj, the smectic correlation
length. As this quantity decays with increasing temperatu
the film thickness for which the interior layer can be sta
lized decreases. In these models, whenj for an N-layer film
is reduced to less than half the film thickness, the inter
layer becomes disordered and melts, causing the laye
collapse and the material to be moved from the film into
surrounding bulk reservoir. Thus the thinning occurs on
after the interior layer has melted into the nematic or isot
pic phase. According to the results of our optical reflectiv
measurements described below, this scenario is unlikely
least on a macroscopic scale.

Recently, a different model was proposed, based on
one presented by Ge´minard et al. @16#, in which the condi-
tion necessary for a thinning to occur is not the melting
the interior layer, but the formation of a dislocation loo
@17#. As the smectic order of the interior layer of the film
decreases with increasing temperature, the energy cos
nucleating a dislocation loop large enough not to collap
under its own line tension decreases. When the nuclea
energy becomes comparable to the thermal energykBT, a
growing loop is nucleated at a random location. This mo
also predicts a sharp, steplike boundary between the exp
ing thin region and the rest of the film, since the dislocati
loop exists in a defined layer structure. In addition, the pr
ence of line tension favors a circular loop when the radiu
small. To gain further insight into the thinning phenomeno
we have studied the kinetics and time evolution of ma
layer thinnings. The compound used in this study is H8F~4,
2, 1!MOPP, in which the hydrogen atoms in one of the fle
6689 ©2000 The American Physical Society
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6690 PRE 61PANKRATZ, JOHNSON, PAULSON, AND HUANG
ible tails are mostly replaced by fluorine atoms~see Fig. 1!.

II. EXPERIMENTAL RESULTS AND DISCUSSIONS

One of the dynamical quantities characterizing the lay
thinning process is the velocity of the thinning front. W
have designed a system to directly measure this velocity
collimated white light beam is used to illuminate the ent
film and the reflected image of the film is recorded using
charge-coupled-device camera and video cassette reco
Thickness changes of single smectic layers~;30 Å! are
clearly visible in thin films~2–15 layers!. Using this method,
the origin of a thinning and the evolving shape and relat
sharpness of its boundary can be determined. The film th
ness is also monitored using a 633-nm He-Ne laserbeam
cused to a spot~;0.5 mm diam! to measure the optical re
flectivity of the film @5#. The reflectivity is a sensitive
measure of film thickness to within a resolution of 1 Å@12#.
The size of our free-standing films is about 3 cm2. The op-
tical reflectivity remains constant until the thinning fro
passes through it, indicating that the layer structure surrou
ing the dislocation loop is unchanged. Figure 1 shows f
video frames of a four- to three-layer thinning that occurr
spontaneously as the temperature was increased. The v
ity of a thinning front is obtained by measuring the distan
from the origin of a thinning to its expanding edge for su
cessive video frames. The distance increases linearly
time, as shown in Fig. 2. The slope gives the velocity~;1.7
cm/s!.

A. Single thinning loops

In order to determine the thickness and temperature
pendence of the thinning velocity, it is necessary to obt
thinning velocity data both for different film thicknesses
the same temperature and for a single film thickness at
ferent temperatures. This requires thinnings to occur in fi

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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that are not near the thermodynamic condition for sponta
ous thinning. Thus the process must be initiated by a loc
ized external source such that the thermodynamic state o
film away from the thinning origin is unaffected. To achiev
this we use an approach recently developed by Ge´minard
et al. @16#. A 2-mm-long piece of constantan wire, 75mm
diam, folded to a point, is used as a localized heat sou
This heater is positioned within 100mm of the film. By
raising the temperature briefly and locally using a short~;1
ms!, precisely controlled voltage pulse applied to the w
heater, we can initiate thinning transitions at the heater
while the rest of the film remains at temperaturesT
,TC(N) @18#. HereTC(N) is the spontaneous thinning tran
sition temperature for anN-layer film to an (N21)-layer
film. When the temperature of anN-layer film is nearTC(N),
only a small voltage pulseVN(T) is necessary to produce
one-layer thinning. If a larger pulse is applied, two- a
three-layer thinning transitions can be initiated. The
multilayer thinnings are further discussed below. AsDTN
5TC(N)2T increases, the required thinning voltageVN(T)
increases. IfDTN becomes too large, a single-layer thinnin
can no longer be induced and an increase in the app
voltage pulse instead causes a multilayer thinning or ruptu
the film.

Velocity data from induced dislocation loops at differe
film thicknesses and temperatures are compiled in Fig
The dislocation loop induced by a thermal pulse expands

n
-

FIG. 2. Displacement of the thinning front from the nucleati
origin for a 4→3 layer thinning. The slope of the linear fit yield
the thinning speed.

FIG. 3. Thinning speed of single-layer thinnings in five-lay
films ~crosses!, four-layer films~open circles!, and three-layer films
~triangles! as a function of temperature.
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PRE 61 6691KINETICS OF LAYER-THINNING TRANSITIONS IN . . .
constant rate, just as for the spontaneous thinning show
Figs. 1 and 2. The temperature range of each film thickn
shown is limited at the high end by the spontaneous thinn
temperatureTC(N), and at the low end by our inability to
initiate a single-layer thinning. The velocities of these fron
even just aboveTAI , are three to four orders of magnitud
greater than those measured by Ge´minard et al. @16# in the
bulk Sm-A phase window. As we shall discuss below, th
comes as a result of a force of physically different orig
driving the expansion of the fronts. Single-layer, expand
dislocation loops could not be thermally nucleated bel
TAI . The mechanism in@16# relied on a nearly second-orde
Sm-A–nematic~N! transition. An applied heat pulse cou
bring a local region of the film arbitrarily close to this tra
sition temperature (TAN), and the Sm-A order then decrease
locally to the point at which the layer collapsed, forming
dislocation loop. In our case, the Sm-A–isotropic transition
is first order, so the smectic order does not smoothly
crease to zero at the transition. The fluorinated compou
also have a very high degree of smectic order even asTAI is
approached. We found that upon applying a heat pulse, n
ing occurred until the heat pulse was large enough to m
material locally and form thicker multilayer loops or drople
that would invariably collapse. We can, however, deduce
order of magnitude speed for single-layer dislocation loo
below TAI , because these are often seen in an initially n
uniform film immediately after spreading. The rate of the
is comparable to values found for the ordinary liquid cryst
~on the order ofmm/sec!, rather than cm/sec as seen in o
system aboveTAI .

It is immediately clear from Fig. 3 that the temperature
the most important factor in determining the thinning velo
ity. For a given film thickness, the velocity increases asT is
raised. Note also that near 79 °C, it is possible to thin the fi
from five to two layers in single-layer steps at a single te
perature. For a given temperature, the velocity of the th
ning front becomes larger with increasing thickness. T
thickness dependence indicates that it is very unlikely t
the thinning front is located in one of the outermost laye
As will be explained below, this result is consistent with t
model in which a thinning is the result of a nucleated dis
cation loop within the weak interior Sm-A layer @17,19#.

We explain these results qualitatively using a rec
model by Pankratzet al. @17#. In this model, a pressure dif
ferenceDp exists between the film and the surrounding bu
reservoir to maintain thermodynamic equilibrium,DG
52 f I→A(T)1Dp50. Here the first term is due to the en
tropy difference between the overheated Sm-A film and the
isotropic bulk reservoir. It should depend on the degree
overheating.Dp represents the work necessary to move m
terial from the film to the bulk reservoir against the press
difference. ThusDp should be the same for all films at
given temperature. Once a dislocation loop has been form
Dp provides the driving force for its growth. The line tensio
and layer sliding viscosity oppose the expansion of the lo
For loop sizes greater than a few hundred micrometers,
force on the loop due to the line tension becomes insign
cant compared to the driving force, and the shear visco
between the layer being removed and its neighboring lay
becomes the significant retarding force. During a single-la
thinning, the shear viscosity should be related to the deg
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of smectic ordering. Based on a theory by de Gennes@20# for
the presmectic ordering between two walls, the magnitude
the smectic order at the center of anN-layer film for T
.TAI has the following form:

uCu25hx
2j2/sinh2~Nd/2j!, ~1!

where j5jo(T/TC21)21/2 @17#. For a given temperature
the smectic order at the film center increases with decrea
thickness. Thus a growing dislocation loop in the cen
layer of anN-layer film experiences the same driving forc
(Dp) as one in an (N21)-layer film at the same tempera
ture, but the magnitude of its shear viscosity is smaller du
the lesser degree of smectic ordering. This argument expl
the observed increase of the thinning velocity with fil
thickness. According to Eq.~1!, the smectic order, and henc
the viscous force, decreases with increasing temperature
addition, according to the condition for thermodynamic eq
librium @17#, Dp ~and hence the driving force! should in-
crease as the film is further overheated. Both the decrea
viscosity and the increasing driving force give rise to t
observed increase in thinning velocity as the temperatur
increased. Currently, we are still looking for a suitable the
retical model with which to describe our experimental fin
ings.

B. Interactions between two thinnings

In addition to single dislocation loops, we have studi
the interaction between two loops nucleated simultaneou
at a distance 1 cm apart. The loops are induced using
pulse heaters that are both triggered from the same po
supply. By adjusting the voltage applied to each heater se
rately, it is possible to cause thinnings with equal or uneq
total Burgers vectors to expand radially and approach e
other. Figure 4 is a compilation of 11 video frames of tw
single-layer thinnings nucleated in a five-layer film. The da
regions are one layer thinner than the light regions. As

FIG. 4. Compilation of 11 video frames of a one-layer thinni
in a five-layer film. The four-layer dark regions merge when the t
thinning fronts meet.
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6692 PRE 61PANKRATZ, JOHNSON, PAULSON, AND HUANG
be seen, when the two circles meet, the thin regions coal
into a connected area that is four layers thick, and this
havior is observed in all the single-layer thinnings. As w
shall explain below, this finding supports our previous obs
vation that the thinnings occur in the interior of the film a
not at the surfaces. The region where the two circles m
remains a very sharp V shape as the thinning region
creases. This confirms our assertion that the effect of the
tension is fairly small relative to the viscous and drivin
forces on the loop edge for a sufficiently large dislocat
loop.

Several thinning scenarios are possible. If the disloca
loops exist and expand in the same interior layer, the
thinner regions will naturally merge upon contact. If th
exist in adjacent interior layers, they can also effectiv
merge, as the two dislocations of opposite Burgers vec
collapse upon meeting. These cases are schematically sh
in Figs. 5~a! and 5~b!. In contrast, a thinning involving two
dislocations in nonadjacent layers separated by one or m
smectic layers, which are well defined according to the p
viously mentioned optical studies, cannot easily collap
when they meet. If each of the two dislocations nucleate
or near a surface rather than in the interior, there should
finite probability both for their formation near the same s
face and for formation near opposite surfaces. If such sur
dislocations occurred, we should observe two cases: on
which two single-layer thinnings occurring near the sa
surface merge, resulting in a film that is one layer thinn
and another in which the dislocation loops~near opposite
surfaces! cross and proceed to produce a two-layer thinni
The last scenario is depicted in Fig. 5~c! but in more than
100 single-layer thinning transitions observed during
course of this experiment it has not been observed. We c
clude from this argument that the dislocation loops are nu
ated at or near the center of the film.

In addition to simultaneously generating two single-lay
dislocation loops, we have obtained detailed time evolut
of the following pairs of thinning steps: (4→3,4→2),
(5→4,5→3), (4→2,4→2), and (5→2,5→4). The time
evolution for the last case is shown in Fig. 6. Three sepa
fronts are clearly visible in the three-layer~3L! thinning.
After meeting the single-layer~1L! dislocation loop, the

FIG. 5. Possible thinning scenarios for two one-layer thinnin
in a six-layer film.~a! Both loops are nucleated in the same inter
layer. ~b! The two loops exist in adjacent interior layers.~c! The
loops are nucleated near opposite surfaces of the film.
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steps of the remaining two-layer thinning keep moving ahe
into the four-layer-thick region. The positions of the 1L thi
ning front when meeting a 2L and a 3L thinning are plott
in Fig. 7 along two perpendicular directions, i.e.,x andy as a
function of time. Here they direction is along the line joining
the two small heaters. While the velocities of the fronts
main fairly constant in thex direction, those along they
direction behave very differently. In this direction, the fro
from the single-layer dislocation loop slows down signi
cantly and almost becomes stationary before meeting the
front of the three-layer thinning step. In addition, its speed
the opposite (2y) direction appears to be larger than in th
horizontal direction. Table I lists the initial and meetin
speeds of each pair of thinning steps having various t
combined Burgers vectors. In the first four cases, pairs
thinning steps having the same total Burgers vector~one or
two! yield about the same meeting speed~as a percentage o
initial speed! for each pair. In the last three, the meetin

s

FIG. 6. Compilation of five video frames of a three-layer thi
ning ~top! meeting a one-layer thinning~bottom! in an initially five-
layer film. Note the dramatic slowing of the one-layer front up
meeting the three-layer thinning front.

FIG. 7. Displacement of a thinning front from its origin for
5→4 layer thinning meeting a 5→3 layer thinning ~open! and
meeting a 5→2 layer thinning~solid!. The displacement was mea
sured in the forward direction~circles!, the backward direction
~squares!, and the sideways direction~triangles!.
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fronts have unequal total Burgers vectors and show la
differences in the meeting speeds.

In order to address these features, we propose a pictu
a 3L and 1L thinning in a five-layer film as shown in Fig.
Here lines indicate the center of mass of the smectic lay
If the interior layers are being removed, then for the
thinning all layers are moving except the outer two. T
three layers move with roughly the same speed, as is see
Fig. 6. Thus for three layers sliding together there are t
layer surfaces sliding next to stationary neighbor layers
single sliding layer also has two such sliding surfaces, res
ing in a higher per-layer viscous force. The driving force p
unit length per layer isdDp, indicating that the driving force
on a 3L front is three times the force on a 1L front. Th
explains why the rate of expansion for a multiple-layer th
ning loop is larger than for a single-layer loop. By assum
that the thinnings occur in the center of the film, we can a
explain the direction dependence of the velocity of the
dislocation. The shear force is determined by the rela
velocity between layers as they slide out of the film. Thus
expect the velocity of the 1L loop relative to its neighbors
be roughly independent of direction. As shown in Fig. 7, t
one-layer dislocation moves faster as it slides with its nei

TABLE I. Speeds of thinning fronts just prior to meeting fo
several pairs of thinning transitions. The disparity in meeting sp
is largest for the bottom three pairs, in which the thinning fro
involve unequal numbers of layers.

Thinning
Initial speed

~cm/s!
Meeting speed

~cm/s!
Meeting speed

~% of initial speed!

5-4 0.85 0.50 59
5-4 0.80 0.60 75

4-3 1.0 0.80 80
4-3 1.0 0.70 70

3-2 3.25 1.8 55
3-2 3.35 2.2 65

4-2 1.0 0.50 50
4-2 1.1 0.68 62

4-3 0.88 0.22 25
4-2 1.3 1.0 77

5-4 1.2 0.42 35
5-3 1.65 0.92 56

5-4 0.85 0 0
5-2 1.55 1.4 90

FIG. 8. Top and cross-sectional view of proposed film struct
for the thinnings of Fig. 6. Lines indicate the layer center of mass
and arrows the direction of motion.
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bors and away from the origin of the 3L. In contrast, t
front of the one-layer thinning in the region moving towa
the 3L thinning origin must move slower to maintain th
same relative velocity with neighbors. Notice that for the
dislocation meeting a 2L thinning~Fig. 7!, the effect on the
speed is noticeable but smaller, as only one of the two ne
boring layers is moving. As the radiusR of the 3L ~2L!
thinning front grows at a constant rate, the speed of the
terial at a given point ahead of it will increase linearly wi
R, and this will also tend to slow down the opposing 1
front. An additional slowing effect is the fact that two opp
site defects are expanding in the same layer, forcing mate
in the region between the two defects to slide in the6x
direction to the meniscus~Figs. 6 and 8!. If the velocity of
the neighboring layers is large enough and in the oppo
direction of the 1L thinning, the thinning front may actual
stop as is seen experimentally. Note finally that the motion
neighboring layers in a direction perpendicular to the dir
tion of the expanding front should, by the above reasoni
have a minimal effect on the velocity, and this is the o
served behavior~Fig. 8!. In the above explanations, only
qualitative description is given, as the total viscous force
a segment of loop is due to the force on all the contribut
areas of the sliding layer, and the relative velocity of neig
boring layers changes continuously between different lo
tions in the film.

C. Other phenomena

The application of a large heat pulse to an overhea
free-standing film produced other phenomena that are w
mentioning here. When a large pulse amplitude is used
temperatures less than 2° aboveTA1 the meniscus is seen t
briefly ~30–100 ms! extend into the film a macroscopic dis
tance, covering up to half the film area for a large pul
before rapidly retreating to the edge. The complete proc
may leave the global film thickness unchanged, but can a
initiate a thinning of one or more layers starting near t
small heater. A second and related feature of this effect is
appearance of a spherical droplet created at or near the p
heater immediately following the heat pulse. Both of the
phenomena can be seen in Fig. 9. Although the exact de
of this process are not fully determined, we propose a pr
able scenario. For anN-layer film, when DTN@5TC(N)
2T# is small, the pulse amplitudeVN(T) to produce a thin-
ning is also correspondingly small. In this case we obse
no meniscus involvement or droplet formation, and we
sume the thinning occurs via a thermally nucleated dislo
tion loop. If we remain at the same film temperature, for t
(N21)-layer film DTN21.DTN and accordinglyVN21(T)
.VN(T). Each successive thinning at temperatureT requires
a larger pulse voltage. For large voltages, the local ther
perturbation is very large and locally melts an internal reg
of material into the isotropic phase. If the melted interi
material is surrounded by exterior SmA layers, an interfacial
energy cost will exist at the SmA–isotropic interface. In
order to reduce this energy, the material will tend to p
itself into a spherical droplet. Its radius~up to several hun-
dred micrometers! is experimentally much larger~four or
five orders of magnitude! than the thickness of the film. A
droplet of this size contains more material than the en
film. It clearly contains not only material initially melted b
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6694 PRE 61PANKRATZ, JOHNSON, PAULSON, AND HUANG
the pulse, but also molecules from the reservoir. To form
0.3-mm droplet in 0.1 s, a typical time frame, material m
enter the film from the isotropic reservoir very rapidly~;50
cm/s! and increase in speed as it proceeds toward the dro
During this time the film surrounding the droplet appea
unchanged, indicating that the configuration of the mate
moving in from the edge is identical to the original film

FIG. 9. Time evolution of a two-layer thinning with drople
formation and meniscus involvement. Immediately following t
applied heat pulse, a droplet can be seen~a!, ~b!. Material rushes in
from the edge and two dislocation loops are formed~b! near the
heater. In~c! and~d! the ‘‘meniscus’’ material quickly retreats an
the dislocation loops grow rapidly, followed by slower growth
~e! and~f!. The asymmetry of the retreating meniscus in~d! causes
a shearing force that briefly flattens the droplet. The distortion
the thinning front caused by the droplet can be seen in~f!.
v.

rt
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et.
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Apparently, if isotropic material enters the film to make u
for material being pulled into the droplet, it rapidly arrang
itself into smectic layers.

The meniscus involvement is now evident: the high spe
of the moving layers drags thicker regions of material in
the film. After the droplet is formed, the thick meniscus r
gion quickly retreats~in a period of;50–300 ms! and exerts
a shear force on the remaining stable layers of the film. T
droplet remains and is seen to be stable against this fo
which should have the largest gradient and divergence a
near the location of the droplet formation. However, if t
force is strong enough it can pull open a growing dislocat
loop of one or more layers near the droplet location. In
cordance with a nonsymmetric shearing force due to the
served irregularly shaped retreating meniscus, the shap
the dislocation loop is irregular at its formation. A seco
confirmation of this shearing force is that the irregular dis
cation loop expands very rapidly initially, during the time th
meniscus is retreating, before continuing at a slower, c
stant speed.

III. SUMMARY

In summary, we have thermally induced thinning tran
tions by nucleating dislocation loops in overheated SmA
films at temperatures belowTC(N) and measured their rat
of expansion. The speeds obtained as a function of fi
thickness and temperature are qualitatively consistent w
the proposed model of a thinning transition as the result o
nucleated dislocation loop. In addition, we have studied
interaction between two simultaneously growing dislocat
loops, and find evidence for and the effects of an interla
shear viscosity. Finally, we have given a qualitative expla
tion for the observed meniscus involvement and droplet f
mation observed under certain conditions.
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