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Disjoining pressure in free-standing smectic-A films and its effect on their reflectivity
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The results of calculations of a disjoining pressure and smectic layer spacings in free-standing smectic-A
films ~FSSAF’s! heated above the temperature of disappearance of the smectic order in bulk liquid crystal
samples are presented. An effect of the disjoining pressure on the optical reflectivity of FSSAF’s having a
different number of the smectic layers is investigated. The results of calculations are in agreement with results
of experimental optical-reflectivity investigations of FSSAF’s.
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I. INTRODUCTION

Smectic liquid crystals possess a unique ability to fo
free-standing films with surface area as large as;1 cm2 @1#
and thickness varying from thousands of molecular lay
down to two and even one smectic layer@2,3#. Such an abil-
ity allows one to consider these films as ideal objects for
investigation of the behavior of two-dimensional physic
systems. In addition, liquid crystal~LC! free-standing films
exhibit phenomena@4–20# that are not observed in bulk~LC!
samples. Therefore during last 10–20 years free-stan
smectic films have been the object of intensive experime
@2–28# and theoretical@29–41# investigations.

One of most effective techniques of the experimental
vestigation of free-standing smectic films is the study of th
optical properties, namely, the optical transmission spe
@27# and the optical reflectivity@3,4,14–19#. For example,
measuring the optical reflectivity of free-standing smecticA
films ~FSSAF’s! of certain LC materials@14,15# revealed a
remarkable phenomenon of layer-thinning transitions
FSSAF’s upon heating above the temperature of the b
smectic-A-isotropic (Sm-A-I ) or smectic-A-nematic
(Sm-A-N) phase transition. Via these transitions the fi
with initial thickness of several tens of smectic layers c
thin step by step to two layers, and the temperature of
existence of the final two-layer film can be about 10–20
higher than the bulk Sm-A-I or Sm-A-N transition tempera-
tures.

Subsequent high-resolution optical reflectivity investig
tions @19# of FSSAF’s of the compounds exhibiting suc
behavior—for example, partially perfluorinated LC 2-4-„1,1-
dihydro-2-~2-perfluorobutoxy! perfluoroethoxy… phenyl-5-
octyl pyrimidine@H8F~4,2,1!MOPP#—revealed a substantia
compression of the smectic layers in these films. An aver
smectic layer spacing inN-layer FSSAF was determine
from its optical reflectivityR by means of a simple relation

R5cN2, ~1!

wherec5@(no
221)k0L#2/4, no is the ordinary refraction in-

dex, k0 is the wave vector of the incident monochroma
radiation, andL is the average film layer thickness. The r
fraction indexno was assumed to be temperature indep
dent and equal to the ordinary refraction index for the b
smectic-A phase. It was found that upon heating theN-layer
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film (N510,9,8,7, . . . ,3) to its maximum temperature
Tc(N) of existence, the average film layer thicknessL de-
creases monotonically to a certain minimum valueLm , and
then, at the thinning transition to the (N21)-layer film, L
jumps to a nearly initial value. Upon further heating, t
average smectic layer thickness in the new (N21)-layer
FSSAF exhibits a similar behavior. It should be noted tha
change in the average layer spacing can be as large as;1A,
and the minimum value ofL in the N-layer film, which is
reached at the temperatureTc(N), decreases with decreasin
the numberN of the film layers. In other words, the mini
mum value ofL in the nine-layer FSSAF is smaller than
the ten-layer film, andLm for eight-layer film is smaller than
that in the nine-layer one, etc. Measurements of the opti
reflectivity of FSSAF’s of another partially perfluorinate
LC compound H10F5MOPP, which also exibits laye
thinning transitions upon heating above the bulk Sm-A-I
transition temperature, revealed a similar behavior of
smectic layers in these films@19#. However, their reflectivi-
ties decay with increasing temperature about 2 times slo
than those of similar films of LC H8F~4,2,1!MOPP.

These results are in contrast with data@17# on the optical
reflectivities of FSSAF’s made of a hydrogenated LC co
pound 54COOBC composed of molecules having ordin
alkyl tails without fluorine atoms. Though free-standin
films of this material also undergo layer-thinning transitio
upon heating above the bulk Sm-A-I transition temperature
their reflectivities, at a given numberN of the film layers, do
not change with increasing temperature up to its maxim
value Tc(N). According to Eq.~1!, the faster decay of the
reflectivity of the film with growth of its temperature, th
stronger the compression of the film layers. If the reflectiv
of the N-layer FSSAF does not change upon heating up
the temperatureTc(N) of its thinning transition, then the
average layer thickness in this film is completely temperat
independent. Hence, the compression of the smectic laye
H10F5MOPP free-standing films should be smaller than t
in FSSAF’s of the LC compound H8F~4,2,1!MOPP, and in
54COOBC free-standing films this compression is absen
all. The origin of such diverse behavior of the smectic lay
in free-standing films of different mesogens is not clear up
now.

It should be noticed that Eq.~1!, which was used in all
experimental papers@3,4,14–19# on the optical reflectivity of
FSSAF’s, holds only for spatially homogeneous dielect
©2001 The American Physical Society01-1
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L. V. MIRANTSEV PHYSICAL REVIEW E 63 061701
film with a refractive index independent of the distance fro
its boundary surfaces@42#. But free-standing smectic-A films
can be assumed to be spatially uniform only for temperatu
significantly lower than the bulk Sm-A-I or Sm-A-N transi-
tion temperatures. In this case the Sm-A structure is well
developed in whole volume of the film, and both orien
tional and translational molecular ordering in internal fi
layers should be similar to those near the boundary free
faces. Since, in LC’s, the ordinaryno and extraordinaryne
refractive indices are determined by the magnitude of
orientational order parameters @43#, these indices should
also be almost equal for all film layers. As said above, ho
ever, compression of the smectic layers in FSSAF’s was
served at temperatures sufficiently higher than the b
Sm-A-I transition temperatures. According to the micr
scopic model proposed in Refs.@34,35,38,40#, which de-
scribes many features of the behavior of the FSSAF’s
these temperatures, well above the bulk Sm-A-I or Sm-A-N
transition points the internal film layers can be significan
less ordered than the outermost ones. This theoretical re
has been experimentally confirmed by experiments on o
cal transmission spectra@27# of cyanobiphenyl free-standin
films of different thickness. Indeed, it was found that t
orientational molecular order in the outermost film laye
exceeds that in the internal ones. In addition, a substa
decay of the orientational order in FSSAF’s upon heat
was observed. Consequently, in such films the refractive
dicesno and ne should change with both the distance fro
the boundary free surface and the temperature. These de
dences are completely ignored in fitting experimental d
@3,4,14–19# on the optical reflectivity of FSSAF by means
the simple relation~1!. Therefore, such a fitting could no
give the correct temperature dependence of the average
layer thickness and, hence, the correct compression of
smectic layers in FSSAF’s. For example, an experiment
observed absence of noticeable change of the optical re
tivity of 54COOBC free-standing film upon heating up to t
temperatureTc(N) of its thinning transition does not indicat
the absence of such compression in this film.

In the present paper we show that the compression of
smectic layers in free-standing smectic-A films is caused by
a so-called ‘‘disjoining’’ pressure, which appears
FSSAF’s upon their heating above the bulk Sm-A-I or
Sm-A-N transition temperature. For free-standing smecticA
films of different thickness, the magnitude of this pressure
a function of temperature is calculated in the framework
the microscopic model@34,35,38,40#. The smectic layer
thickness profiles and the temperature dependences o
average thicknessL of the film layers compressed by th
disjoining pressure are also obtained. The calculation of
film layer thicknesses is performed with taking into accou
the smectic layer compressibilityB profile and its tempera
ture dependence which are also determined from the m
@34,35,38,40# for FSSAF’s. The effect of the disjoining pres
sure on the optical reflectivities of the films with differe
numberN of smectic layers is investigated. In the calculati
of the optical reflectivity of FSSAF we use a characteris
matrix M @42# for the layered dielectric slab. Eachi th layer
of this slab is characterized by a thicknessLi equal to the
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thickness of thei th film layer, which is compressed by th
disjoining pressure, and by a ‘‘local’’ refractive indexni .
The latter is calculated by taking into account the orien
tional order parameters profile in the FSSAF also deter
mined from the microscopic model@34,35,38,40#. The re-
sults of calculations are in agreement with results@19# of
measurements of the optical reflectivities of free-stand
smectic-A films and allow us to explain the difference b
tween the temperature dependences of these reflectivitie
FSSAF’s of partially perfluorinated LC’s and those of fre
standing films of the hydrogenated LC compou
54COOBC.

The paper is organized as follows. In the next section
define the disjoining pressure in FSSAF and calculate
thicknesses of the film layers, which are compressed by
pressure, by taking into account the smectic layer compr
ibility B profiles obtained from the microscopic mod
@34,35,38,40#. In Sec. III, using the formalism of a charac
teristic matrixM for a layered dielectric slab@42#, we obtain
an expression for the optical reflectivity of spatially nonun
form FSSAF with compressed smectic layers. Section
presents the results of numerical calculations of the temp
ture dependences of the disjoining pressure, thicknesse
the film layers, their average thickness, and optical reflec
ity for different free-standing Sm-A films, followed by a dis-
cussion.

II. DISJOINING PRESSURE AND COMPRESSION OF THE
SMECTIC LAYERS IN FSSAF’S

Let us considerN-layer FSSAF with unit surface area. W
also suppose this film to be in contact with a reservoir o
similar LC. This reservoir is necessary to provide a sta
state of the film@1#, because it compensates the molecu
loss of the film caused by evaporation. Let us assume tha
FSSAF under consideration undergoes a thinning by
smectic layer at both fixed temperatureT and external pres-
surePext . It is obvious that LC molecules, which are lost b
the film due to this thinning, transfer to the reservoir. LetFN
and FN21 be the Helmholtz free energies of the initi
N-layer and final (N21)-layer FSSAF, respectively, andFr1
be the free energy of the reservoir before thinning andFr2
the analogous free energy after thinning. Then the cha
DF of the total free energy of the system~FSSAF1 reser-
voir! coming from such thinning is given by

DF5~FN211Fr2!2~FN1Fr1!. ~2!

When the temperatureT is well below the bulk Sm-A-N
or Sm-A-I transition temperature, a Sm-A phase similar to
the smectic-A structure of the film occurs in the reservoi
and thinning the film by one smectic layer is equivalent to
simple transference of this layer in the space without a
change of its state. Obviously, in this case the changeDF of
the total free energy of the system~FSSAF1 reservoir! is
practically equal to zero, and a work associated with thinn
the film can be ignored.

The situation is quite different when the film under co
sideration undergoes thinning by one smectic layer above
1-2
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DISJOINING PRESSURE IN FREE-STANDING . . . PHYSICAL REVIEW E63 061701
bulk Sm-A-N or Sm-A-I transition temperature. In this cas
a nematic or isotropic phase occurs in the reservoir, and
smectic layer transferring to it must undergo a transition
one of these less ordered states. Consequently, the ch
DF of the total free energy of the system~FSSAF1 reser-
voir! associated with thinning the film differs from zero. F
example, if FSSAF is formed of LC compound, in which t
Sm-A phase transits to an isotropic state, which can be,
simplicity, considered as a state with zero free energy, t
Fr15Fr250, andDF is simply equal to

DF5FN212FN . ~3!

The valueDF, which can be obtained from the mod
@34,35,38,40# for any N-layer FSSAF at any temperatureT
from the range of its existence, is equal to a work wh
must be performed on the film with unit surface area to
crease its thickness by one layer. This work is associa
with an additional pressure

DP52DF/L, ~4!

acting on the film layers from the boundary free surfaces
has been shown@44# that this pressure, which is called th
‘‘disjoining pressure,’’ must occur in all confined liquid lay
ers with structure different from that of a bulk liquid phas

It should be noticed that we define here the disjoin
pressure in terms of a finite changeDF in the free energy
associated with a finite changeL in the film thickness by one
smectic layer, whereas this pressure should be define
terms of the change in the free energy corresponding to
infinitesimal change in the film thickness. The point is th
the model@34,35,38,40# for FSSAF is a discrete model i
which a minimum change in the film thickness, giving rise
a change in its structure, is the average thicknessL of a
single smectic layer. Since the disjoining pressure is ass
ated with the structure of FSSAF, this minimum, but fini
change in the film thickness is considered here as infinit
mal.

When the valueDF in Eq. ~4! is positive, the disjoining
pressure prevents the thinning of FSSAF, and the film lay
are subjected to a stretching force. On the contrary, ifDF
,0, then the disjoining pressure promotes a thinning of
film, and its layers are subjected to a compressive force.
will see below that just the latter situation occurs in FSSA
upon their heating above the temperature of disappearan
the smectic order in the bulk LC sample.

An action of the disjoining pressure on the smectic lay
of FSSAF should give rise to a change of their thickness
According to the Hooke law, the thicknessLi of an i th film
layer can be defined as

Li5L0~12DP/Bi !, ~5!

whereL0 is the thickness of the smectic layer in the abse
of the disjoining pressure, andBi is the compressibility
modulus of thei th layer of FSSAF. The values of thes
moduli can be determined from the following speculation
is well known that the smectic layer compressibility modu
B in the bulk smectic-A phase is proportional tot2, wheret
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is the translational order parameter@43#. If we assume that
this relationship is valid for smectic layers of FSSAF’s, th
the elastic moduliBi can be also found from the mode
@34,35,38,40#. The model allows us to determine the loc
orientationalsi and translationalt i order parameters for eac
film layer at any temperatureT within the interval of its
existence. In addition, for very thick films (N→`), this
model gives the order parameterssi and t i for the interior
film layers which completely coincide with the results
well-known McMillan theory@45# for the bulk Sm-A phase.
So if we know the value of the elastic constantB for the bulk
Sm-A phase at a certain temperatureT0 @B(T0)[B0#, be-
low the bulk Sm-A-I or Sm-A-N transition temperature, the
from the model@34,35,38,40# we can find value of the orde
parametert(T0)[t0 at T0 and, using the relationship

Bi~T!5B0@t i~T!/t0#2, ~6!

determine the values of the elastic moduliBi for each layer
of FSSAF of a given thickness at any temperatureT within
the interval of its existence.

III. REFLECTIVITY OF FREE-STANDING SMECTIC- A
FILMS

In the calculation of reflectivity of theN-layer free-
standing smectic-A film we consider the latter as a nonun
form dielectric slab consisting of layers with thicknessesLi
equal to those of the smectic layers of FSSAF and ‘‘loca
refractive indicesni . According to Ref.@42#, optical proper-
ties of this slab are completely described by a character
232 matrixM which in the case of the normal incidence
monochromatic light has the following elements:

M115M2251, ~7!

M1252 ik0(
i 51

N

Li , ~8!

M2152 ik0(
i 51

N

ni
2Li . ~9!

The reflectivityR of such a layered dielectric slab is equ
to

R5ur u2, ~10!

where

r 5@~M111M12!2~M211M22!#/@~M111M12!

1~M211M22!#. ~11!

If the FSSAF is sufficiently thin (N<10) and the wavelength
of incident radiation is within the visible range, then th
condition

k0(
i 51

N

~ni
211!Li!1
1-3
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L. V. MIRANTSEV PHYSICAL REVIEW E 63 061701
is satisfied, and a simple calculation leads to the follow
expression forR:

R'~k0
2/4!F(

i 51

N

~ni
221!Li G2

. ~12!

One can verify that if, as in Refs.@3,4,14–19#, the film is
assumed to be spatially uniform (n15n25•••5ni5•••

5nN5no), then Eq.~12! transforms into Eq.~1!.
The local refractive indicesni of the layers of the FSSAF

can be determined by means of a speculation analogou
that used above in the determination of the elastic mo
Bi . It is known that, for the bulk LC sample, the depe
dences of the ordinaryno and extraordinaryne refractive
indices on the orientational order parameters @43,46# can be
written as follows:

no
2511A@b̄2~1/3!Dbs#, ~13!

ne
2511A~ b̄1~2/3!Dbs!, ~14!

where A is a certain constant essential to given LC co
pound,b̄ is an average polarizability of the LC molecule
and Db is their polarizability anisotropy. If we know the
values of these refractive indices for the bulk Sm-A phase at
the above-mentioned temperatureT0 @no(T0)[no

(0) ,
ne(T0)[ne

(0)], below the bulk Sm-A-I or Sm-A-N transition
temperature, then, from the model@34,35,38,40# we can find
value of the orientational order parameters(T0)[s0 at T0

and, combining Eqs.~13! and~14!, determine the valuesAb̄
andADb. Further, if we assume that, for FSSAF’s, the loc
refractive indicesni can be expressed in terms of the loc
orientational order parameterssi in the same manner as fo
the bulk LC sample, then the local refractive indices can
calculated by means of Eqs.~13! and ~14! by substituting
into them the valuesAb̄, ADb and the local order param
eters si determined from the microscopic mod
@34,35,38,40#. In the case of the normal incidence of th
monochromatic light, the final expression for the local
fractive indicesni is

ni
25@~ne

(0)!212~no
(0)!2#/32@~ne

(0)!22~no
(0)!2#~si /s0!.

~15!

Equations~12! and ~15!, as well as the above obtaine
Eqs. ~4!–~6!, allow us to determine the reflectivityR of the
N-layer FSSAF at any temperatureT within the interval of its
existence.

IV. RESULTS OF NUMERICAL CALCULATIONS AND
DISCUSSION

Numerical calculations of the disjoining pressureDP,
thicknessesLi of the film layers, their average thicknessL
5(1/N)( i 51

N Li , and reflectivityR have been carried out fo
FSSAF’s consisting ofN 5 10, 9, 8, 7, and 6 smectic layer
These films are assumed to be created of LC exhibitin
‘‘strong’’ first-order Sm-A-I phase transition. According to
the McMillan theory@45# for the bulk Sm-A phase and the
06170
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microscopic model for FSSAF’s proposed in Re
@34,35,38,40#, in this case the model parametera
52 exp@2(pr0 /L)2# used in the theory must bea>0.98.
Here r 0 is a characteristic radius of the model pair potent
proposed by McMillan. In our calculations we useda
51.05. This choice of value of the model parametera is
caused by the fact that LC compounds exhibiting such a b
phase transition were used in measurements@17,19# of the
optical reflectivity of FSSAF’s. According to the McMillan
theory, fora51.05, the bulk Sm-A-I transition temperature
is equal toTAI50.2249(V0 /kB), whereV0 is the intermo-
lecular interaction constant andkB is the Boltzmann con-
stant. The magnitude of the intermolecular interaction c
stantV0 has been chosen to provide a coincidence betw
the absolute bulk Sm-A-I phase transition temperatureTAI
given by theory and the experimentally found one~344 K
@19#! for the partially perfluorinated LC compoun
H8F~4,2,1!MOPP. An orienting action of the boundary fre
surfaces of FSSAF’s on the LC molecules is assumed to
strong enough. The ratioW/V0, whereW is the interaction
constant, which, in the framework of the mod
@34,35,38,40#, determines the strength of the ‘‘effectiv
field’’ simulating this action, has been set toW/V051.8.
According to the model, for such a sufficiently strong orien
ing action of the boundary free surfaces of the film on the
molecules, theN-layer film does not rupture upon heatin
above the maximum temperatureTc(N), but undergoes a
layer thinning transition. Just the same phenomena were
served in experiments @17,19# on FSSAF’s of
the compounds H10F5MOPP, H8F~4,2,1!MOPP, and
54COOBC. The smectic layer spacingL0 in the absence of
the disjoining pressure has been set toL0530A ~typical
value for LC’s!, and the smectic layer compressibility mod
lus B0 for the bulk Sm-A phase is assumed to be determin
at the temperatureT0 just below the bulk Sm-A-I transition
temperatureTAI . As for its absolute value, it has been set
B055.53108 dyn/cm2, which is about an order of magni
tude larger than the typical values (B0;107–108 dyn/cm2)
for ordinary LC’s composed of molecules with alkyl tail
Such very large values of the smectic layer compressib
modulus are typical for partially perfluorinated LC com
pounds @18,24,25# which form FSSAF’s exhibiting layer-
thinning transitions upon heating. For simplicity, the refra
tive indicesno

(0) andne
(0) are also assumed to be determin

at the temperatureT0 just below the bulk Sm-A-I transition
temperatureTAI . The ordinary refractive index has been s
to no

(0)51.48. This value was used in experimental pap
@3,4,14–19#. As for the extraordinary refractive indexne

(0) ,
in our calculations we use three of its values, namely,ne

(0)

51.6, 1.65, and 1.7. The reason for such a choice will
discussed later.

First of all, using the model@34,35,38,40# for FSSAF’s of
various thickness, we have calculated the disjoining press
DP for all temperatures within the intervals of their exi
tence. The dependence ofDP on a reduced temperatureT*
5kBT/V0 is shown in Fig. 1. The dependence obtained c
responds to heating the initially ten-layer FSSAF above
bulk Sm-A-I transition temperatureTAI . The heating gives
1-4
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DISJOINING PRESSURE IN FREE-STANDING . . . PHYSICAL REVIEW E63 061701
rise to a sequence of layer-thinning transitions (10→9→8
→7→•••) which are manifested as small jumps in the de
onstrated dependence. These jumps separate it into dis
intervals describing the behavior of the disjoining pressure
ten-layer, nine-layer, eight-layer, and seven-layer FSSAF
spectively. This pressure is positive within each interval, a
it grows monotonously with temperature reaching a ma
mum value at the maximum temperature of the existenc
the film with a given number of smectic layers. Cons
quently, in all FSSAF’s the smectic layers are subjected
the compressive force which grows upon heating. It can
easily seen that the maximum value (DP)max of the disjoin-
ing pressure in the nine-layer film is larger than (DP)max in
the ten-layer film, (DP)max in the eight-layer film is larger
than that in the nine-layer one, etc. It is also seen that
absolute value of the disjoining pressure in the free-stand
smectic-A films can be sufficiently large. So, for exampl
for seven-layer FSSAF, (DP)max is about 5 times larger tha
atmospheric pressure.

Further, using the temperature dependence of the disj
ing pressure obtained above and Eqs.~5! and ~6!, we have
calculated the analogous dependences for the thickness
the film layers. The results obtained can be illustrated
means of Fig. 2, in which the film layer thickness profiles
ten-layer~curves 1 and 2! and nine-layer~curves 3 and 4!
films are plotted. Curve 1 corresponds to ten-layer film a
temperature just below the bulk Sm-A-I transition point. It is
seen that all film layers have the same thickness almost e
to the smectic layer spacingL0 in the absence of the disjoin
ing pressure. This result agrees with that shown in Fig
according to which the disjoining pressure below the b
Sm-A-I transition temperatureTAI is very small. Curve 2
presents the film layer thickness profile in the same film a
temperature just below the critical temperatureTc(10) at

FIG. 1. Temperature dependence of the disjoining pressureDP
upon heating initially ten-layer FSSAF above the bulk Sm-A-I tran-
sition temperature. Superscriptions (N510, . . . ,N57) above dis-
tinct regions of the dependence denote corresponding numbe
the film layers.
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which the ten-layer film undergoes the thinning transition
the nine-layer one. This temperature is sufficiently high
than TAI , and, according to Fig. 1, in such superhea
FSSAF, the film layers are subjected to a significant disjo
ing pressure. Hence, all film layers must be compressed,
curve 2 clearly displays this fact. In addition, it is seen th
the interior film layers are compressed much stronger t
the outermost ones. This result is a direct consequence o
translational order parameter profile for superheated
SAF’s ~for example, see Fig. 1 in Refs.@34,35#! predicted by
the model@34,35,38,40#. According to this model, near th
critical temperatureTc(N), the translational order paramete
t i in the interior of theN-layer film are significantly smaller
than those in the outermost film layers. Since the sme
layer compressibility moduliBi are proportional tot i

2 , then
according to Eq.~5!, the thicknessesLi of the interior film
layers must be smaller than those of the outermost o
Curve 3 presents the film layer thickness profile in the ni
layer FSSAF just above the 10→9 transition temperature
Tc(10). It is seen that the thicknesses of the outermost fi
layers are almost the same as in the ten-layer film just be
the thinning transition, whereas the thicknesses of the in
rior layers exhibit an observable growth. According to t
model @34,35,38,40#, this result is a direct consequence of
recovering of the translational order in the interior film laye
upon thinning. As for curve 4, it shows the film layer thic
ness profile in the nine-layer FSSAF at a temperature
below its critical temperatureTc(9). One can seeagain a
significant growth of the compression of the film layers, a
the thicknesses of the interior layers are significantly sma
than those in the ten-layer film just belowTc(10). It should

of

FIG. 2. Smectic layer thickness profiles in ten-layer and ni
layer FSSAF’s:~1! ten-layer film at a temperature just below th
bulk Sm-A-I transition temperatureTAI , ~2! the same film at a
temperature just below the critical temperatureTc(10), ~3! nine-
layer film at a temperature just aboveTc(10), and~4! the same film
at a temperature just below the critical temperatureTc(9).
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be also added that similar behavior is obtained for ot
FSSAF’s under consideration.

The results obtained allow us to calculate the tempera
dependence of the average thicknessL of the film layers,
which was experimentally determined in Ref.@19#. This de-
pendence is plotted in Fig. 3. As in Fig. 1, it consists
distinct intervals for ten-, nine-, eight-, and seven-lay
FSSAF, respectively, separated by jumps at temperat
corresponding to the layer-thinning transitions. Within ea
interval, the average thicknessL decays monotonously with
temperature, reaching a minimum value at the maxim
temperature of the existence of the film with a given num
of smectic layers. However, thinning the film by one smec
layer gives rise to a discontinues growth ofL. A simple
qualitative explanation of this theoretical finding, which is
good agreement with results of experiments@19# on
FSSAF’s of the LC compound H8F~4,2,1!MOPP, is the fol-
lowing. As said above, the model@34,35,38,40# predicts the
monotonous growth of the disjoining pressure in theN-layer
free-standing film upon heating up to the highest tempera
Tc(N) of its existence~see Fig. 1! Furthermore, the mode
predicts that heating the film gives rise also to a decreas
the local orientationalsi(T) and translationalt i(T) order
parameters and, hence, to a decay of the film layer compr
ibility moduli Bi . Consequently, according to Eq.~5!, the
thicknessesLi of the film layers should decrease with in
creasing temperature~see Fig. 2, curves 2 and 4!. When the
limit temperatureTc(N) is reached, theN-layer film loses
one smectic layer, and such a thinning, according to
model@34,35,38,40#, gives rise to a discontinuous growth o
both the disjoining pressureDP and local order parameter
si(T) and t i(T). However, a jump in the value of the dis
joining pressure is small enough~see Fig. 1!, whereas a dis-
continuous growth of the local order parameterst i(T), and,
consequently, the moduliBi , is very substantial. As a resul

FIG. 3. Dependence of the average thicknessL of smectic layers
in different FSSAF’s on the reduced temperatureT* . The initial
FSSAF consists of ten smectic layers. Superscriptions denote
same as in Fig. 1.
06170
r

re

f
r
es
h

r
c

re

of

ss-

e

according to Eq.~5!, the thicknessesLi of the smectic layers
of (N21)-layer FSSAF should undergo a discontinuo
growth with respect to those of theN-layer one~see Fig. 2,
curve 3!. It should be also noted, that calculated minimu
values of the average layer thicknessL in the N-layer film,
which are reached at the limit temperatureTc(N), decay with
decreasing numberN of the film layers~see Fig. 3! because
of growth of the maximum value of the disjoining pressu
~see Fig. 1!. This result, as well as the order of magnitu
(;1A) of the calculated absolute value of the decrease
the average thicknessL of the film layers, is in good agree
ment with the experiment@19#.

Using Eqs.~12! and ~15!, we have also calculated th
temperature dependence of the reflectivityR for initially ten-
layer FSSAF upon heating above the bulk Sm-A-I transition
temperatureTAI ~see Fig. 4!. In this calculation we used
previously calculated temperature dependences of the th
nessesLi of the film layers. As said above, used in the c
culation the value of the ordinary refractive indexno

(0) for the
bulk Sm-A phase is set tono

(0)51.48. As for the valuene
(0) of

the extraordinary refractive index for the bulk smecticA
phase, in the calculation of the dependence depicted in
4, it has been chosen to bene

(0)51.6. The reason for this
choice is the following. As a rule, for LC’s composed
molecules with the usual alkyl tails, the birefringenceDn
5ne2no is of the order of 0.2@46#. However, substituting
hydrogen atoms in alkyl tails by fluorine ones significan
lowers the magnitude ofDn @19#. Since in Ref.@19# the
reflectivity of FSSAF’s of partially perfluorinated LC
H8F~4,2,1!MOPP has been measured and we compare
results of our calculations with data present in this paper,
valueDn has been set to be about twice smaller than for
usual LCs. Similarly to the above-mentioned temperature
pendences ofDP and L, depicted in Figs. 1 and 3, respe
tively, the temperature dependence of the reflectivityR

he
FIG. 4. Analogous dependence for the reflectivityR. ne

(0)51.6.
Superscriptions denote the same as in Figs. 1 and 2.
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DISJOINING PRESSURE IN FREE-STANDING . . . PHYSICAL REVIEW E63 061701
shown in Fig. 4 consists of distinct regions~steps! separated
by discontinuities corresponding to layer-thinning transitio
in FSSAF. Each step describes the temperature depend
of R for the film with a given number of smectic layers. It
seen that these steps have a small negative slope that is
pletely in agreement with results of experiment@19#.

Finally, we have investigated dependence of behavio
the reflectivity of FSSAF with a given number of layers
the valuene

(0) of the extraordinary refractive index in th
bulk LC sample. The temperature dependences of the re
tivity R of the six-layer film calculated forne

(0) 5 1.6, 1.65,
and 1.7, respectively, at the same value of the smectic la
compressibility modulusB055.53108 dyn/cm2, are shown
in Fig. 5. It is seen that, for the two first values ofne

(0) , the
reflectivity of the film decays monotonously with increasi
temperature, and forne

(0)51.6, this decay is about twic
faster than forne

(0)51.65. Forne
(0)51.7, the reflectivity of

the film is practically independent of temperature. A quali
tive explanation of these results is the following. From E
~12! and~15! it follows that the behavior of the reflectivityR
of FSSAF with a given numberN of smectic layers is gov-

FIG. 5. Temperature dependences of the reflectivityR of six-
layer FSSAF for different values of the extraordinary refract
index ne

(0) in the bulk Sm-A phase:~1! ne
(0)51.6, ~2! ne

(0)51.65,
and ~3! ne

(0)51.7.
C.
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erned by two competing processes. The first of them i
decrease of the thicknessesLi of the smectic layers cause
by both the growth of the disjoining pressureDP and the
decrease of the elastic moduliBi with increasing tempera
ture. The second process is an increase of the local refrac
indices ni caused by, according to Eq.~15!, decay of the
local orientational order parameterssi in the film upon heat-
ing. From Eq.~15! it also follows that the larger differenc
between refractive indicesne

(0) and no
(0) , the stronger the

growth of the local refractive indicesni and vice versa. Con-
sequently, when the birefringenceDn is small, the second o
the competing processes is less important then the first
and the reflectivity of the film decreases with increasing te
perature. If we take a larger value ofDn, then the decay ofR
becomes slower. Finally, when the value ofDn for the bulk
Sm-A phase is sufficiently large, the growth of the local r
fractive indicesni can completely compensate the thinnin
the film layers, and the reflectivity of FSSAF will not chang
upon heating. This theoretical result allows us to account
the difference mentioned in the Introduction in the behav
of FSSAF’s prepared of the partially perfluorinated LC
H10F5MOPP and H8F~4,2,1!MOPP, and LC 54COOBC
composed of molecules with ordinary alkyl tails. As sa
above, the birefringence of the perfluorinated LC compou
should be smaller than that of the hydrogenated ones. Th
fore, heating FSSAF’s formed of H10F5MOPP an
H8F~4,2,1!MOPP gives rise to a decrease of their reflecti
ties. On the contrary, the birefringenceDn of the hydroge-
nated LC compound 54COOBC should beDn;0.2. At the
same time, this LC exhibits a ‘‘strong’’ first-order Sm-A-I
phase transition similar to those exhibited by the perfluo
nated compounds, whereas most hydrogenated meso
demonstrate either a ‘‘weak’’ first-order or second-ord
Sm-A-N phase transition. Therefore, for LC 54COOBC, t
smectic layer compressibility modulusB0 is assumed to be
similar to that for the perfluorinated mesogens. Then its
havior should correspond to curve 3 in Fig. 5, and heat
free-standing films of 54COOBC with a given numberN of
smectic layers does not change their reflectivities.
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