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Kinetics of layer-thinning transitions in overheated smectic films
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The kinetic behavior of dislocation loops in overheated free-standing sn#efitios 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 numbd(s): 64.70.Md, 61.30-v

[. INTRODUCTION N-layer film even though the film temperature is abdvg.
The thinning temperatures of independently prepared films
Liquid crystals have long been used successfully to studwre reproducible to within a fractiofa few hundred mkof
a variety of phenomena, including defects and surface intert°. The temperature of the final rupture of the two-layer film
actions in an ordered fluidlL—3]. Particularly useful in these may vary up to 2° or 3°. Recently, in a compound with two
studies is the fact that many smectic liquid crystals can béluorinated tails, single-layer thinning was observed from 25
made to span an opening as a free-standing film. This geonglown to two layerg7].
etry allows for the study of monodomain, substrate-free, The layer-thinning transition has been modeled as the suc-
variable thickness liquid-crystal films. In most liquid crys- cessive melting and subsequent removal of interior layers of
tals, the degree of smectic order is strengthened by the prethe film as the global film temperature is increased in the
ence of a free surface. This increased order can cause a layange T>T,, or T>T,y [13—-15. Here T,y denotes the
ered structure to exist at the surface of a bulk sample abovieulk Sm-A—nematic transition temperature. The enhanced
the temperature range of its bulk smectic phase. Surfac&mectic order at the free surface of the film penetrates into
enhanced ordering can stabilize some liquid-crystal freethe film a distance on the order ¢fthe smectic correlation
standing films well into the bulk isotropic temperature rangelength. As this quantity decays with increasing temperature,
Of these compounds, a handful undergo layer-by-layer thinthe film thickness for which the interior layer can be stabi-
ning as the temperature is increased. In this process, an oveized decreases. In these models, wigdor an N-layer film
heated smectic film decreases in multiple- and single-layeis reduced to less than half the film thickness, the interior
steps as the temperature is incregggdWe have found that layer becomes disordered and melts, causing the layer to
all compounds that display regular and reproducible layereollapse and the material to be moved from the film into the
by-layer thinning share the common feature of being fluori-surrounding bulk reservoir. Thus the thinning occurs only
nated in one or both tailst—7]. Irregular thinning transitions  after the interior layer has melted into the nematic or isotro-
have been reported in several conventional and nonfluoripic phase. According to the results of our optical reflectivity
nated compoundf8—11]. In this paper, we present optical measurements described below, this scenario is unlikely, at
measurements and video observations that reveal the natuiegast on a macroscopic scale.
and kinetics of the layer-thinning transition. Recently, a different model was proposed, based on the
Unlike the free-standing films of most liquid-crystal com- one presented by @snard et al. [16], in which the condi-
pounds, a typical thicK>>20 layer$ film of a fluorinated tion necessary for a thinning to occur is not the melting of
compound that exhibits the layer-thinning transition does nothe interior layer, but the formation of a dislocation loop
rupture when heated above the bulk smegtidsotropic  [17]. As the smectic order of the interior layer of the film
transition temperatureT(,;). In contrast, it undergoes a se- decreases with increasing temperature, the energy cost for
ries of thinning transitions in which the film thickness de- nucleating a dislocation loop large enough not to collapse
creases in a stepwise manner. For example, the thickness, imder its own line tension decreases. When the nucleation
smectic layergN), might exhibit the following thinning se- energy becomes comparable to the thermal en&gdy, a
ries:N=15, 11,9, 8, 7, 6, 5, 4, 3, and 2 as the film temperagrowing loop is nucleated at a random location. This model
ture is increased. The two-layer film ruptures at a temperaalso predicts a sharp, steplike boundary between the expand-
ture approximately 30 K abovE,,. The thinning transition ing thin region and the rest of the film, since the dislocation
is thermally driven and irreversible. For example, a two-loop exists in a defined layer structure. In addition, the pres-
layer film does not rupture for more th& h at 20 Kabove ence of line tension favors a circular loop when the radius is
Ta; and does not spontaneously thicken when cooled welsmall. To gain further insight into the thinning phenomenon,
into the smecticA (Sm-A) phasg12]. Moreover, a film ofN  we have studied the kinetics and time evolution of many
layers or less can be spread and will remain stable at temayer thinnings. The compound used in this study is H8F
peratures below the thinning temperatifec(N)] for the 2, )MOPP, in which the hydrogen atoms in one of the flex-
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FIG. 2. Displacement of the thinning front from the nucleation
origin for a 4—3 layer thinning. The slope of the linear fit yields
the thinning speed.

that are not near the thermodynamic condition for spontane-
FIG. 1. Photographs showing a growing, single-layer dislocationpys thinning. Thus the process must be initiated by a local-
loop that spontaneously nucleated in a four-layer film as the temized external source such that the thermodynamic state of the
perature was raised abovg(4). Note thecircular shape and sharp  fjjm away from the thinning origin is unaffected. To achieve
loop boundary. The time between pictures is 150 ms. this we use an approach recently developed tiymard
et al. [16]. A 2-mm-long piece of constantan wire, #Bn
diam, folded to a point, is used as a localized heat source.
This heater is positioned within 10om of the film. By
Il. EXPERIMENTAL RESULTS AND DISCUSSIONS raising the temperature briefly and locally using a sliert

One of the dynamical quantities characterizing the Iayer-ms)' precisely cc_)n.t.rolled YO'Fage puls_g applied to the wir(_a
thinning process is the velocity of the thinning front. We heater, we can initiate thl_nnlng tra_nsmons at the heater tip
have designed a system to directly measure this velocity. A/Nile the rest of the film remains at temperaturés
collimated white light beam is used to illuminate the entire < 1 c(N) [18]. HereTc(N) is the spontaneous thinning tran-
film and the reflected image of the film is recorded using a>tion temperature for am-layer film to an (N—1)-layer
charge-coupled-device camera and video cassette recorddlm- When the temperature of alayer film is neaiT¢(N),
Thickness changes of single smectic layérs30 A) are only a small_vo!tage puls®(T) is necessary f[o produce a
clearly visible in thin films(2—15 layers Using this method, ©One-layer thinning. If a larger pulse is applied, two- and
the origin of a thinning and the evolving shape and relativerée-layer thinning transitions can be initiated. These
sharpness of its boundary can be determined. The film thickultilayer thinnings are further discussed below. A3y
ness is also monitored using a 633-nm He-Ne laserbeam fg= Tc(N) —T increases, the required thinning voltagg(T)
cused to a spot~0.5 mm dian to measure the optical re- InNcreases. IR Ty becomes too large, a single-layer thinning
flectivity of the film [5]. The reflectivity is a sensitive €a@n no longer be induced and an increase in the applied
measure of film thickness to within a resolution of 1 #]. volta_ge pulse instead causes a multilayer thinning or ruptures
The size of our free-standing films is about 3%ifihe op-  the film.. . _ . _
tical reflectivity remains constant until the thinning front _ Velocity data from induced dislocation loops at different
passes through it, indicating that the layer structure surroundlm thICkneS_SES and_ temperatures are compiled in Fig. 3.
ing the dislocation loop is unchanged. Figure 1 shows fourf he dislocation loop induced by a thermal pulse expands at a
video frames of a four- to three-layer thinning that occurred

ible tails are mostly replaced by fluorine atofisee Fig. L

spontaneously as the temperature was increased. The veloc- @5
ity of a thinning front is obtained by measuring the distance £ “
. . . . . O 4 A
from the origin of a thinning to its expanding edge for suc- > .
cessive video frames. The distance increases linearly with o 3 a
time, as shown in Fig. 2. The slope gives the velo¢id.7 & ) o at
cm/s. ) ‘o°°A .
€1 .
A. Single thinning loops E 0 ‘:‘*M , :
= "5 80 85 90

In order to determine the thickness and temperature de-
pendence of the thinning velocity, it is necessary to obtain
thinning velocity data both for different film thicknesses at  FIG. 3. Thinning speed of single-layer thinnings in five-layer
the same temperature and for a single film thickness at diffilms (crosse} four-layer films(open circley and three-layer films
ferent temperatures. This requires thinnings to occur in filmstriangle$ as a function of temperature.

Temperature (°C)
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constant rate, just as for the spontaneous thinning shown in
Figs. 1 and 2. The temperature range of each film thickness
shown is limited at the high end by the spontaneous thinning
temperaturel<(N), and at the low end by our inability to
initiate a single-layer thinning. The velocities of these fronts,
even just abovd ,,, are three to four orders of magnitude
greater than those measured bynGeard et al. [16] in the
bulk Sm-A phase window. As we shall discuss below, this
comes as a result of a force of physically different origin
driving the expansion of the fronts. Single-layer, expanding
dislocation loops could not be thermally nucleated below
T, - The mechanism if16] relied on a nearly second-order
Sm-A-nematic(N) transition. An applied heat pulse could
bring a local region of the film arbitrarily close to this tran-
sition temperatureT,y), and the SmA order then decreased
locally to the point at which the layer collapsed, forming a
dislocation loop. In our case, the SAa-isotropic transition

is first order, so the smectic order does not smoothly de-
crease to zero at the transition. The fluorinated compounds
also have a very high degree of smectic order even,ass FIG. 4. Compilation of 11 video frames of a one-layer thinning
approached. We found that upon applying a heat pulse, nothn a five-layer film. The four-layer dark regions merge when the two
ing occurred until the heat pulse was large enough to melthinning fronts meet.

material locally and form thicker multilayer loops or droplets

that would invariably collapse. We can, however, deduce agf smectic ordering. Based on a theory by de Gerh@8kfor
order of magnitude speed for single-layer dislocation l00pshe presmectic ordering between two walls, the magnitude of

below Ty, because these are often seen in an initially nonthe smectic order at the center of ahlayer film for T
uniform film immediately after spreading. The rate of these>T,, has the following form:

is comparable to values found for the ordinary liquid crystals
(on the order ofum/seg, rather than cm/sec as seen in our | W|?=h2£2/sinh?(Nd/2¢), (1)
system abové .

It is immediately clear from Fig. 3 that the temperature iSsyyhere E=&£(TITe—1)" Y2 [17). For a given temperature,
the most important factor in determining the thinning veloc-the smectic order at the film center increases with decreasing
ity. For a given film thickness, the velocity increaseslas  thickness. Thus a growing dislocation loop in the center
raised. Note also that near 79 °C, it is possible to thin the filmayer of anN-layer film experiences the same driving force
from five to two Ia}yers in single-layer steps ata single teM-Ap) as one in an N — 1)-layer film at the same tempera-
perature. For a given temperature, the velocity of the thinyre put the magnitude of its shear viscosity is smaller due to
ning front becomes larger with increasing thickness. Thigne |esser degree of smectic ordering. This argument explains
thickness dependence indicates that it is very unlikely thaghe observed increase of the thinning velocity with film
the thinning front is located in one of the outermost layerspjckness. According to Eq1), the smectic order, and hence
As will be explained below, this result is consistent with thethe viscous force, decreases with increasing temperature. In
model in which a thinning is the result of a nucleated dislo-aqdition, according to the condition for thermodynamic equi-
cation loop within the weak interior SvA-ayer[17,19. librium [17], Ap (and hence the driving forgeshould in-

We explain these results qualitatively using a recenfyregse as the film is further overheated. Both the decreasing
model by Pankratet al.[17]. In this model, a pressure dif- yjscosity and the increasing driving force give rise to the
ferenceAp exists between the film and the surrounding bulkopserved increase in thinning velocity as the temperature is
reservoir to maintain thermodynamic equilibriumdG  jncreased. Currently, we are still looking for a suitable theo-

=—f,_a(T)+Ap=0. Here the first term is due to the en- retical model with which to describe our experimental find-
tropy difference between the overheated &rfilm and the  jngs.

isotropic bulk reservoir. It should depend on the degree of
overheatingA p represents the work necessary to move ma-
terial from the film to the bulk reservoir against the pressure
difference. ThusAp should be the same for all flms at a  In addition to single dislocation loops, we have studied

given temperature. Once a dislocation loop has been formethe interaction between two loops nucleated simultaneously
Ap provides the driving force for its growth. The line tension at a distance 1 cm apart. The loops are induced using two
and layer sliding viscosity oppose the expansion of the looppulse heaters that are both triggered from the same power
For loop sizes greater than a few hundred micrometers, theupply. By adjusting the voltage applied to each heater sepa-
force on the loop due to the line tension becomes insignifirately, it is possible to cause thinnings with equal or unequal
cant compared to the driving force, and the shear viscosityotal Burgers vectors to expand radially and approach each
between the layer being removed and its neighboring layersther. Figure 4 is a compilation of 11 video frames of two

becomes the significant retarding force. During a single-layesingle-layer thinnings nucleated in a five-layer film. The dark

thinning, the shear viscosity should be related to the degreeegions are one layer thinner than the light regions. As can

B. Interactions between two thinnings
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FIG. 5. Possible thinning scenarios for two one-layer thinnings
in a six-layer film.(a) Both loops are nucleated in the same interior
layer. (b) The two loops exist in adjacent interior laye(s) The
loops are nucleated near opposite surfaces of the film.

) ) ) FIG. 6. Compilation of five video frames of a three-layer thin-
be seen, when the two circles meet, the thin regions coalesgghg (top) meeting a one-layer thinningotton in an initially five-
into a connected area that is four layers thick, and this bemyer film. Note the dramatic slowing of the one-layer front upon

havior is observed in all the single-layer thinnings. As Wemeeting the three-layer thinning front.
shall explain below, this finding supports our previous obser-
vation that the thinnings occur in the interior of the film and steps of the remaining two-layer thinning keep moving ahead
not at the surfaces. The region where the two circles meghto the four-layer-thick region. The positions of the 1L thin-
remains a very sharp V shape as the thinning region inning front when meeting a 2L and a 3L thinning are plotted
creases. This confirms our assertion that the effect of the lini Fig. 7 along two perpendicular directions, ixeandy as a
tension is fairly small relative to the viscous and driving function of time. Here the direction is along the line joining
forces on the loop edge for a sufficiently large dislocationthe two small heaters. While the velocities of the fronts re-
loop. main fairly constant in thex direction, those along thg

Several thinning scenarios are possible. If the dislocatiomlirection behave very differently. In this direction, the front
loops exist and expand in the same interior layer, the twdrom the single-layer dislocation loop slows down signifi-
thinner regions will naturally merge upon contact. If they cantly and almost becomes stationary before meeting the first
exist in adjacent interior layers, they can also effectivelyfront of the three-layer thinning step. In addition, its speed in
merge, as the two dislocations of opposite Burgers vectorthe opposite € y) direction appears to be larger than in the
collapse upon meeting. These cases are schematically shownrizontal direction. Table | lists the initial and meeting
in Figs. 5a) and 8b). In contrast, a thinning involving two speeds of each pair of thinning steps having various total
dislocations in nonadjacent layers separated by one or moksmbined Burgers vectors. In the first four cases, pairs of
smectic layers, which are well defined according to the prethinning steps having the same total Burgers vetoe or
viously mentioned optical studies, cannot easily collapsewo) yield about the same meeting spded a percentage of
when they meet. If each of the two dislocations nucleates dhitial speed for each pair. In the last three, the meeting
or near a surface rather than in the interior, there should be a
finite probability both for their formation near the same sur- |
face and for formation near opposite surfaces. If such surface 064 ay
dislocations occurred, we should observe two cases: one in i
which two single-layer thinnings occurring near the same
surface merge, resulting in a film that is one layer thinner,
and another in which the dislocation loofgsear opposite
surface$ cross and proceed to produce a two-layer thinning.
The last scenario is depicted in Fig(chbut in more than
100 single-layer thinning transitions observed during the
course of this experiment it has not been observed. We con-
clude from this argument that the dislocation loops are nucle- g
ated at or near the center of the film. ‘ : . .

In addition to simultaneously generating two single-layer 0.0 0.2 T 04 06
dislocation loops, we have obtained detailed time evolution ime (sec)
of the following pairs of thinning steps: (43,4—2), FIG. 7. Displacement of a thinning front from its origin for a
(5—4,5-3), (4—2,4-2), and (5-2,5-4). The time 54 l|ayer thinning meeting a 53 layer thinning(open and
evolution for the last case is shown in Fig. 6. Three separatgeeting a 5-2 layer thinning(solid). The displacement was mea-
fronts are clearly visible in the three-lay€BL) thinning.  sured in the forward directioricircles, the backward direction
After meeting the single-layeflL) dislocation loop, the (squarel and the sideways directiatriangles.

0.4

Displacement (cm)

-
0.2 )
40 o
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TABLE I. Speeds of thinning fronts just prior to meeting for bors and away from the origin of the 3L. In contrast, the
several pairs of thinning transitions. The disparity in meeting speedront of the one-layer thinning in the region moving toward
is largest for the bottom three pairs, in which the thinning frontsthe 3L thinning origin must move slower to maintain the

involve unequal numbers of layers. same relative velocity with neighbors. Notice that for the 1L
dislocation meeting a 2L thinningFig. 7), the effect on the
o Initial speed  Meeting speed ~ Meeting speed speed is noticeable but smaller, as only one of the two neigh-
Thinning (cm/s (cm/s (% of initial speed  poring layers is moving. As the radilR of the 3L (2L)
5.4 085 050 59 thinning front grows at a constant rate, the speed of the ma-
5.4 0.80 0.60 75 terial at a given point ahead of it will increase linearly with
' ’ R, and this will also tend to slow down the opposing 1L
4-3 1.0 0.80 80 front. An additional slowing effect is the fact that two oppo-
4-3 1.0 0.70 70 site defects are expanding in the same layer, forcing material
3-2 3.25 1.8 55 in the region between the two defects to slide in the&
3-2 3.35 2.2 65 direction to the meniscu-igs. 6 and 8 If the velocity of
the neighboring layers is large enough and in the opposite
4-2 1.0 0.50 50 . . — L
direction of the 1L thinning, the thinning front may actually
4-2 11 0.68 62 . . : .
stop as is seen experimentally. Note finally that the motion of
4-3 0.88 0.22 25 neighboring layers in a direction perpendicular to the direc-
4-2 13 1.0 "7 tion of the expanding front should, by the above reasoning,
5-4 1.2 0.42 35 have a minimal effect on the velocity, and this is the ob-
5.3 1.65 0.92 56 served behaviofFig. 8). In the above explanations, only a
qualitative description is given, as the total viscous force on
5-4 0.85 0 0 . L
5o 155 14 90 a segment of loop is due to the force on all the contributing

areas of the sliding layer, and the relative velocity of neigh-
boring layers changes continuously between different loca-
etIions in the film.

fronts have unequal total Burgers vectors and show larg
differences in the meeting speeds.
In order to address these features, we propose a picture of
a 3L and 1L thinning in a five-layer film as shown in Fig. 8.  The application of a large heat pulse to an overheated
Here lines indicate the center of mass of the smectic layersree-standing film produced other phenomena that are worth
If the interior layers are being removed, then for the 3Lmentioning here. When a large pulse amplitude is used at
thinning all layers are moving except the outer two. Thetemperatures less than 2° abdlg the meniscus is seen to
three layers move with roughly the same speed, as is seen biiefly (30—100 m$ extend into the film a macroscopic dis-
Fig. 6. Thus for three layers sliding together there are twaance, covering up to half the film area for a large pulse,
layer surfaces sliding next to stationary neighbor layers. Apefore rapidly retreating to the edge. The complete process
single sliding layer also has two such sliding surfaces, resultmay leave the global film thickness unchanged, but can also
ing in a higher per-layer viscous force. The driving force perinitiate a thinning of one or more layers starting near the
unit length per layer islAp, indicating that the driving force small heater. A second and related feature of this effect is the
on a 3L front is three times the force on a 1L front. This appearance of a spherical droplet created at or near the pulse
explains why the rate of expansion for a multiple-layer thin-heater immediately following the heat pulse. Both of these
ning loop is larger than for a single-layer loop. By assumingphenomena can be seen in Fig. 9. Although the exact details
that the thinnings occur in the center of the film, we can alsaf this process are not fully determined, we propose a prob-
explain the direction dependence of the velocity of the 1lable scenario. For amN-layer film, when AT\[=Tc(N)
dislocation. The shear force is determined by the relative- T] is small, the pulse amplitudéy(T) to produce a thin-
velocity between layers as they slide out of the film. Thus wening is also correspondingly small. In this case we observe
expect the velocity of the 1L loop relative to its neighbors tono meniscus involvement or droplet formation, and we as-
be roughly independent of direction. As shown in Fig. 7, thesume the thinning occurs via a thermally nucleated disloca-
one-layer dislocation moves faster as it slides with its neightion loop. If we remain at the same film temperature, for the
(N—1)-layer film ATy_,1>ATy and accordinglyy_1(T)
>V (T). Each successive thinning at temperaflirequires
a larger pulse voltage. For large voltages, the local thermal
perturbation is very large and locally melts an internal region
of material into the isotropic phase. If the melted interior
material is surrounded by exterior S&layers, an interfacial
energy cost will exist at the Sm—isotropic interface. In
e order to reduce this energy, the material will tend to pull
——— itself into a spherical droplet. Its radigsp to several hun-
dred micrometepsis experimentally much largetfour or
FIG. 8. Top and cross-sectional view of proposed film structurefive orders of magnitudethan the thickness of the film. A
for the thinnings of Fig. 6. Lines indicate the layer center of massesgroplet of this size contains more material than the entire
and arrows the direction of motion. film. It clearly contains not only material initially melted by

C. Other phenomena
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Apparently, if isotropic material enters the film to make up
for material being pulled into the droplet, it rapidly arranges
itself into smectic layers.

The meniscus involvement is now evident: the high speed
of the moving layers drags thicker regions of material into
the film. After the droplet is formed, the thick meniscus re-
gion quickly retreatsin a period of~50—300 mgand exerts
a shear force on the remaining stable layers of the film. The
droplet remains and is seen to be stable against this force,
which should have the largest gradient and divergence at or
near the location of the droplet formation. However, if the
force is strong enough it can pull open a growing dislocation
loop of one or more layers near the droplet location. In ac-
cordance with a nonsymmetric shearing force due to the ob-
served irregularly shaped retreating meniscus, the shape of
the dislocation loop is irregular at its formation. A second
confirmation of this shearing force is that the irregular dislo-
cation loop expands very rapidly initially, during the time the
meniscus is retreating, before continuing at a slower, con-
stant speed.

. SUMMARY

In summary, we have thermally induced thinning transi-
tions by nucleating dislocation loops in overheated Sm-
films at temperatures beloW.(N) and measured their rate

e : of expansion. The speeds obtained as a function of film

thickness and temperature are qualitatively consistent with

FIG. 9. Time evolution of a two-layer thinning with droplet the proposed model of a thinning transition as the result of a
formation and meniscus involvement. Immediately following the nucleated dislocation loop. In addition, we have studied the
applied heat pulse, a droplet can be sé®@n(b). Material rushes in  interaction between two simultaneously growing dislocation
from the edge and two dislocation loops are fornibginear the  loops, and find evidence for and the effects of an interlayer
heater. In(c) and(d) the “meniscus” material quickly retreats and shear viscosity. Finally, we have given a qualitative explana-
the dislocation loops grow rapidly, followed by slower growth in tion for the observed meniscus involvement and droplet for-
(e) and(f). The asymmetry of the retreating meniscugdncauses mation observed under certain conditions.

a shearing force that briefly flattens the droplet. The distortion of
the thinning front caused by the droplet can be seefi)in ACKNOWLEDGMENTS
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