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Layer thinning transition above the bulk smectic-A–isotropic transition
in free-standing liquid-crystal films
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Upon increasing temperature, high-resolution optical reflectivity data have revealed unusual melting transi-
tions above the smectic-A–isotropic transition in free-standing films of one partially perfluorinated compound.
For sufficiently thin films~fewer than nine layers!, a sequence of regular layer-by-layer thinning transitions is
found. The evolution of this unique thinning process can be well described by a simple power law with
exponentz50.70. @S1063-651X~97!07204-8#

PACS number~s!: 64.70.Md, 61.30.Eb
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Since the 1994 observation of a unique melting pheno
enon in which a liquid-crystal film’s innermost smectic la
ers melted one molecular layer at a time, we have b
searching for a different liquid-crystal compound that sho
the same behavior. One of our main goals has been to
whether the phenomenon can be described by a sim
power law with a universally applicable exponent.

Many solids melt from the outside in@1#. Because the
solid-vapor and solid-liquid interfaces have a disordering
fect on the surface molecules, these surfaces melt at a lo
temperature than the bulk. Thus as temperature increas
solid’s surface initiates the melting process after which m
ing penetrates the solid from the outermost surface inw
The bulk melting point is defined as the temperature at wh
the entire solid has melted. Given a smooth enough so
liquid interface, the melting may occur one molecular lay
at a time. Many of such melting processes can be descr
by a power law. The exponent has been shown to be a
versal constant dependent on the dominant intermolec
force.

Certain liquid crystals defy this common behavior, ess
tially reversing the melting process seen in most solids. T
liquid-crystal–vapor interface may have an ordering eff
on smectic surface layers. This effect manifests itself in s
eral forms. If this ordering penetrates into the liquid cryst
then at a given temperature the degree of order in the fil
layers decreases from the surface layer in@2–4#. In a liquid-
crystal film that is thin enough, the surface ordering m
penetrate the entire film, raising the film’s transition te
perature above what one would expect of a bulk liqu
crystal sample. This model allows for the innermost layer
have alowermelting temperature than its outer neighbors

In the past ten years, our research group has been
ducting extensive heat capacity, optical reflectivity, and s
face tension measurements on free-standing films of var
liquid-crystal compounds. On many occasions, we have
tentionally increased the film temperature beyond the b
Sm-A–isotropic transition (TAI) to check the existence o
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the surface-enhanced order. To our great surprise, in 1
Stoebe, Mach, and Huang observed@5# a remarkable layer-
by-layer thinning transition above TAI (585 °C!
of one partially perfluorinated liquid-crystal compoun
H~10!F5MOPP @5-n-decyl-2-„4-n-~perfluoropentyl-methy-
leneoxy! phenyl… pyrimidine#. The films were spread acros
a 1 cm diameter opening. Upon heating aboveTAI , instead
of rupturing as is usual for most liquid-crystal films, th
H~10!F5MOPP free-standing films exhibit multilayer thin
ning transitions forN ~layer number! .9. Then above
88 °C, the film undergoes a sequence of regular layer-
layer thinning transitions. Eventually, the two-layer film ru
tures at 113 °C, which is more than 28 K above theTAI . An
example of thinning transition sequence isN525, 15, 11, 9,
8, 7, 6, 5, 4, 3, and 2. This unusual thinning transition can
well characterized by a simple power law

h~ t !5 l 0t
2z, ~1!

where h is the film thickness ~in units of layers!,
t5@Tc(N)2T0#/T0, andTc(N) is the maximum temperatur
at which theN-layer film exists. The fitting results yield
z50.7460.02 andT0584.8460.04 °C, which is very close
to the bulkTAI(585 °C!. Later, Demikhov, Dolganov, and
Meletov @6# reported similar thinning behavior above th
Sm-A–nematic (N) transition of 50.6 ~4-n-pentyloxy-
benzylidene-4-n-hexylaniline!. This thinning transition was
observed in a much smaller film hole (0.135 mm2). We
have tried to reproduce the results with film diameters
small as 3 mm and failed. Thus we believe that such a sm
film is stabilized by the excess material in the menisc
along the small dimension, which may have a significa
effect on the reported exponent (z50.82).

Among ordinary hydro-alkyl liquid-crystal compound
Jin et al. @7# have recently found thinning transitions abo
theTAI (70 °C! of 54COOBC (n-pentyl-48-n-pentanoyloxy
biphenyl-4-carboxylate!. The film hole was also 1 cm in di
ameter. The sequence of thinning transitions is highly irre
lar. Both the temperatures at which each thinning occurs
the film thickness at which the film ruptures are not rep
ducible. Among 20 experimental runs, the one that came
closest to exhibiting regular layer-by-layer thinning sho
the following sequence:N511, 9, 8, 5, 4, 3, and 2. This
ic
4386 © 1997 The American Physical Society
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55 4387LAYER THINNING TRANSITION ABOVE THE BULK . . .
occurred only once. No such thinning transition was o
served innmOBC. HerenmOBC refers ton-alkyl-48-n-
alkyloxy biphenyl-4-carboxylate. One hypothesis for w
thinning transitions are seen in 54COOBC but not
nmOBC is that the former compound possesses a more s
metric molecular structure. We have specifically tested
hypothesis on the following four highly symmetric liquid
crystal compounds, in particular, the fourth compound, a
failed to observe any thinning transition.

Currently, we are continuing our effort to identify regul
layer-by-layer thinning transitions in the nonperfluorinat
compounds. Meanwhile, among the perfluorinated co
pounds, it remains a very important task to experimenta
identify and characterize the ‘‘regular’’ layer-by-layer thin
ning transition, find out the common features of such a tr
sition, and see if the exponentz is the same in differen
liquid-crystal compounds.

Recently we have observed a regular layer-by-layer th
ning transition in one of our newly acquired perfluorinat
liquid-crystal compounds, 2-~4-„1,1-dihydro-2-~2-perfluoro-
butoxy-perfluoroethoxy! perfluoroethoxy…) phenyl-5-octyl
pyrimidine @H8F~4,2,1!MOPP#. Its molecular structure is

The bulk transition sequence is isotropic (71 °C! Sm-A
(48 °C! Sm-C.

Our surface tension (g) measurement from free-standin
films of this compound yieldsg512.8 dyn/cm, which is
similar to that of H~10!F5MOPP @8#. Following our argu-
ment for H~10!F5MOPP, this value ofg strongly suggests an
antiparallel smectic layer structure, with a roughly equ
population of CF3 and CH3 groups at the smectic layer su
face.

The free-standing films were prepared at 60 °C insid
temperature-regulated two-stage oven filled with 0.5 atm
argon gas. Optical reflectivity measurements were recor
for temperatures ramped upward from a starting tempera
of about 68 °C at a rate of 75 mK/min. The temperature
the oven was computer controlled. To achieve a high sig
-

m-
is

d

-
y

-

-

l

a
f
ed
re
f
l-

to-noise ratio, a He-Ne laser (l56328 Å!, amplitude stabi-
lized through a proportional-integral-differential schem
was used as the light source. The long term stability of la
output intensity is better than 0.1%/h. With a small incide
angle, the optical reflectivity for anN-layer film of thickness
h5N« can be written as@9#

R5@~n0
221!«k#2N2/45cN2, ~2!

wherec5@(n0
221)«k#2/4 is a constant.n0 is the ordinary

index of reflection,k the wave vector of the incident radia
tion. Equation~2! holds forn0hk!1. For«'30 Å, this con-
dition is satisfied for thin films withN,10. Figure 1 shows
the temperature variation of optical reflectivity as a functi
of temperature. Upon heating, a small hump near theTAI
(571 °C! is discernible. The step-wise change in optical
flectivity signals the thinning transition. In comparison wi
the H~10!F5MOPP layer thinning data, Fig. 1 displays th
following two new features: the existence of a small hum
nearTAI , and a much larger slope for each step. The la
thicknesses determined through Eq.~2! areN59, 8, 7, 6, 5,
4, 3, and 2. This is the second compound exhibiting a reg
layer-by-layer thinning transition forN,9 in a large film
hole~1 cm in diameter!. Similar to H~10!F5MOPP, while the
number of layers lost in each thinning in the thick-film r
gion is highly irregular, forN,9 a sequence of single-laye
thinning transitions occurred reproducibly in six separate
perimental runs of different initial film thicknesses. Ult
mately, the two-layer film ruptures at above 100 °C, which
about 30 K aboveTAI . Each thinning transition occurs in a
extremely small temperature window (, a few mK!. This
thermally induced layer thinning transition is irreversibl
For example, cooling down a two-layer film from 95 t
42 °C does not change the film’s thickness. The inset sh
the details of thinning transition forN<7.

The data shown in Fig. 1 exhibit a noticeable negat
slope for each step which indicates a significantly large ne
tive thermal expansion coefficient in smectic layer spac

FIG. 1. Optical reflectance data showing thinning transitions
a free-standing film of H8F~4,2,1!MOPP. The original film thick-
ness is about 25 layers. The inset highlights the negative slopes
in all successive steps in the region of single-layer thinn
(N<7) before the two-layer film ultimately ruptured abov
100 °C.
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4388 55P. M. JOHNSONet al.
(ukLu.0.12 Å/K!. Detailed data analyses@10# reveal an un-
usual large layer compression.

Figure 2 exhibits the experimental data~solid dots!: the
film thickness (N) versus the maximum temperatureTc(N)
at whichN-layer films appear to be stable. The best fit to E
~1! is shown as a solid line withl 050.37, z50.7060.04,
and T0570.760.3°C. The exponent (z) is in good agree-
ment with that of H~10!F5MOPP.

Since our work on the layer-by-layer thinning transitio
two theoretical models@11,12# have been proposed. Bot
models employ the mean-field approach and impos
surface-enhanced ordering field. We believe that the surf
enhanced order is essential@13#, but do not yet know if the
observed thinning transition is mean-field-like. The mod
suggested by Mirantsev@11# yields an asymptotic variation
of Tc(N) in good agreement with our experimental resu
The second one@12# requires the layer-by-layer thinnin
transition found above the Sm-A–isotropic transition to be
close to a vapor–isotropic–nematic–Sm-A quadruple point
and possess a continuous or a very weakly first-or
nematic–Sm-A transition. Then the strong pretransitional e
fect associated with the nematic–Sm-A transition will pro-
mote a layer thinning transition instead of film rupture. U
lizing optical microscopic studies of binary mixtures, w
have ruled out the possible existence of a hidden nem
phase in the H8F~4,2,1!MOPP compound. With a direct Sm
A–isotropic transition found in both perfluorinated com
pounds, the second model predicts the film rupture and
layer-by-layer thinning transition. Moreover, this model pr
dicts a strong dependence of surface tension during the
thinning process. Figure 3 shows our surface tension d
obtained during the layer thinning transition of a
H~10!F5MOPP film. Within our resolution of 3%, the su

FIG. 2. N versusTc(N). The solid diamonds are the experime
tal data. The line is a fit to Eq.~1! discussed in the text.
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face tension remains constant throughout the thinning tra
tions @14#.

To obtain a better understanding of the nature of
layer-by-layer thinning transitions and to test their univer
behavior, it remains an important research project to sea
for such transitions in any nonperfluorinated compound. R
cent diffusive x-ray scattering measurements on partia
perfluorinated compound display the existence of high
order scattering peaks@15,16# and yield a significantly larger
value for the smectic compressional elastic modu
(B'109 erg/cm! @15# than that (B'108 erg/cm! of purely
alkyl-terminated compound. These experimental results in
cate that the layer structure in the perfluorinated compoun
much more well defined. Could this be why we have on
seen regular layer-by-layer thinning transitions in perfluo
nated compounds? Is the negative thermal expansion co
cient of the layer spacing found in both H10F5MOPP a
H8F~4,2,1!MOPP a necessary condition for such a thinni
transition? Further experimental investigations are
progress to obtain better insight into these intriguing qu
tions.
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FIG. 3. Surface tension of H10F5MOPP as a function of fi
thickness which is essentially constant. The data were obtained
ing a thinning transition run.
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