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Disjoining pressure in free-standing smecticA 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 Amectic-
films (FSSAF’'9 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 film (N=10,9,8,7...,3) to its maximum temperature
T.(N) of existence, the average film layer thicknéssle-
Smectic liquid crystals possess a unique ability to formcreases monotonically to a certain minimum valyg, and
free-standing films with surface area as large-ds cn? [1]  then, at the thinning transition to théN¢ 1)-layer film, L
and thickness varying from thousands of molecular layergumps to a nearly initial value. Upon further heating, the
down to two and even one smectic lay&r3]. Such an abil- average smectic layer thickness in the neM—(1)-layer
ity allows one to consider these films as ideal objects for th&=SSAF exhibits a similar behavior. It should be noted that a
investigation of the behavior of two-dimensional physicalchange in the average layer spacing can be as largelds
systems. In addition, liquid cryst&lL.C) free-standing films and the minimum value of in the N-layer film, which is
exhibit phenomenpd—20] that are not observed in bulkC)  reached at the temperatufg(N), decreases with decreasing
samples. Therefore during last 10-20 years free-standinthe numbem of the film layers. In other words, the mini-
smectic films have been the object of intensive experimentahum value ofL in the nine-layer FSSAF is smaller than in
[2—28) and theoretical29—41 investigations. the ten-layer film, and. ,, for eight-layer film is smaller than
One of most effective techniques of the experimental inthat in the nine-layer one, etc. Measurements of the optical-
vestigation of free-standing smectic films is the study of theireflectivity of FSSAF's of another partially perfluorinated
optical properties, namely, the optical transmission spectraC compound H10F5MOPP, which also exibits layer-
[27] and the optical reflectivity3,4,14—-19. For example, thinning transitions upon heating above the bulk &rh-
measuring the optical reflectivity of free-standing smegtic- transition temperature, revealed a similar behavior of the
films (FSSAF’'9 of certain LC material$14,15 revealed a smectic layers in these filnf49]. However, their reflectivi-
remarkable phenomenon of layer-thinning transitions inties decay with increasing temperature about 2 times slower
FSSAF's upon heating above the temperature of the bulikhan those of similar films of LC H8B,2,)MOPP.
smecticA-isotropic  (SmA-lI) or  smecticA-nematic These results are in contrast with dat&] on the optical
(Sm-A-N) phase transition. Via these transitions the filmreflectivities of FSSAF's made of a hydrogenated LC com-
with initial thickness of several tens of smectic layers canpound 54COOBC composed of molecules having ordinary
thin step by step to two layers, and the temperature of thalkyl tails without fluorine atoms. Though free-standing
existence of the final two-layer film can be about 10—-20 Kfilms of this material also undergo layer-thinning transitions
higher than the bulk Sm-I or Sm-A-N transition tempera- upon heating above the bulk S+ transition temperature,
tures. their reflectivities, at a given numbétof the film layers, do
Subsequent high-resolution optical reflectivity investiga-not change with increasing temperature up to its maximum
tions [19] of FSSAF's of the compounds exhibiting such value T.(N). According to Eq.(1), the faster decay of the
behavior—for example, partially perfluorinated LC 2#41-  reflectivity of the film with growth of its temperature, the
dihydro-2{2-perfluorobutoxy perfluoroethoxy phenyl-5-  stronger the compression of the film layers. If the reflectivity
octyl pyrimidine[H8K4,2,)MOPP}—revealed a substantial of the N-layer FSSAF does not change upon heating up to
compression of the smectic layers in these films. An averagehe temperaturél((N) of its thinning transition, then the
smectic layer spacing ilN-layer FSSAF was determined average layer thickness in this film is completely temperature
from its optical reflectivityR by means of a simple relation independent. Hence, the compression of the smectic layers in
H10F5MOPP free-standing films should be smaller than that
R=CN?, (1) in FSSAF’s of the LC compound H&&2,JMOPP, and in
54COO0OBC free-standing films this compression is absent at
wherec=[(n3—1)koL1%/4, n, is the ordinary refraction in- all. The origin of such diverse behavior of the smectic layers
dex, kq is the wave vector of the incident monochromatic in free-standing films of different mesogens is not clear up to
radiation, andL is the average film layer thickness. The re- now.
fraction indexn, was assumed to be temperature indepen- It should be noticed that Eq1), which was used in all
dent and equal to the ordinary refraction index for the bulkexperimental papefs8,4,14—19 on the optical reflectivity of
smecticA phase. It was found that upon heating tiéayer = FSSAF’s, holds only for spatially homogeneous dielectric
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film with a refractive index independent of the distance fromthickness of theth film layer, which is compressed by the
its boundary surfacd#2]. But free-standing smectig-films disjoining pressure, and by a “local” refractive index.
can be assumed to be spatially uniform only for temperatureShe latter is calculated by taking into account the orienta-
significantly lower than the bulk SrA-I or Sm-A-N transi- tional order parametes profile in the FSSAF also deter-
tion temperatures. In this case the @wstructure is well mined from the microscopic mod¢B4,35,38,4Q0 The re-
developed in whole volume of the film, and both orienta-sults of calculations are in agreement with res(lts] of
tional and translational molecular ordering in internal film measurements of the optical reflectivities of free-standing
layers should be similar to those near the boundary free susmecticA films and allow us to explain the difference be-
faces. Since, in LC's, the ordinany, and extraordinaryn,  tween the temperature dependences of these reflectivities of
refractive indices are determined by the magnitude of th&SSAF’s of partially perfluorinated LC’s and those of free-
orientational order parametey [43], these indices should standing films of the hydrogenated LC compound
also be almost equal for all film layers. As said above, how54COOBC.
ever, compression of the smectic layers in FSSAF’s was ob- The paper is organized as follows. In the next section we
served at temperatures sufficiently higher than the bulldefine the disjoining pressure in FSSAF and calculate the
Sm-A-l transition temperatures. According to the micro- thicknesses of the film layers, which are compressed by this
scopic model proposed in Reff34,35,38,40, which de- pressure, by taking into account the smectic layer compress-
scribes many features of the behavior of the FSSAF's aibility B profiles obtained from the microscopic model
these temperatures, well above the bulk &rh-or Sm-A-N [34,35,38,40 In Sec. lll, using the formalism of a charac-
transition points the internal film layers can be significantlyteristic matrixM for a layered dielectric slaf#2], we obtain
less ordered than the outermost ones. This theoretical reswn expression for the optical reflectivity of spatially nonuni-
has been experimentally confirmed by experiments on optiform FSSAF with compressed smectic layers. Section IV
cal transmission spectf27] of cyanobiphenyl free-standing presents the results of numerical calculations of the tempera-
films of different thickness. Indeed, it was found that theture dependences of the disjoining pressure, thicknesses of
orientational molecular order in the outermost film layersthe film layers, their average thickness, and optical reflectiv-
exceeds that in the internal ones. In addition, a substantially for different free-standing Smfilms, followed by a dis-
decay of the orientational order in FSSAF’s upon heatingcussion.
was observed. Consequently, in such films the refractive in-
diCESﬂO and Ng should Change with both the distance from 1. DISJOINING PRESSURE AND COMPRESSION OF THE
the boundary free surface and the temperature. These depen- SMECTIC LAYERS IN FSSAF'S
dences are completely ignored in fitting experimental data
[3,4,14—19 on the optical reflectivity of FSSAF by means of ~ Let us consideN-layer FSSAF with unit surface area. We
the simple relation1). Therefore, such a fitting could not also suppose this film to be in contact with a reservoir of a
give the correct temperature dependence of the average fil§imilar LC. This reservoir is necessary to provide a stable
layer thickness and, hence, the correct compression of thglate of the film[1], because it compensates the molecular
smectic layers in FSSAF’s. For example, an experimentallyoss of the film caused by evaporation. Let us assume that the
observed absence of noticeable change of the optical refleESSAF under consideration undergoes a thinning by one
tivity of 54COOBC free-standing film upon heating up to the smectic layer at both fixed temperatufeand external pres-
temperaturd ¢(N) of its thinning transition does not indicate SUr€Pey;. It is obvious that LC molecules, which are lost by
the absence of such compression in this film. the film due to this thinning, transfer to the reservoir. Egt

In the present paper we show that the compression of thand Fy_; be the Helmholtz free energies of the initial
smectic layers in free-standing smectidilms is caused by N-layer and final N —1)-layer FSSAF, respectively, affd,
a so-called “disjoining” pressure, which appears in be the free energy of the reservoir before thinning &pgl
FSSAF’s upon their heating above the bulk ®mi- or  the analogous free energy after thinning. Then the change
Sm-A-N transition temperature. For free-standing smeatic- AF of the total free energy of the systefRSSAF + reser-
films of different thickness, the magnitude of this pressure ayoir) coming from such thinning is given by
a function of temperature is calculated in the framework of
the microscopic mode[34,35,38,40' The smectic layer AF=(Fn-11+F2) = (FntTFra). 2
thickness profiles and the temperature dependences of the
average thicknesk of the film layers compressed by the = When the temperatur€ is well below the bulk SmA-N
disjoining pressure are also obtained. The calculation of ther Sm-A-| transition temperature, a SA-phase similar to
film layer thicknesses is performed with taking into accountthe smecticA structure of the film occurs in the reservoir,
the smectic layer compressibili profile and its tempera- and thinning the film by one smectic layer is equivalent to a
ture dependence which are also determined from the modsimple transference of this layer in the space without any
[34,35,38,40for FSSAF's. The effect of the disjoining pres- change of its state. Obviously, in this case the chakgeof
sure on the optical reflectivities of the films with different the total free energy of the systefRSSAF + reservoij is
numberN of smectic layers is investigated. In the calculation practically equal to zero, and a work associated with thinning
of the optical reflectivity of FSSAF we use a characteristicthe film can be ignored.
matrix M [42] for the layered dielectric slab. Eacth layer The situation is quite different when the film under con-
of this slab is characterized by a thickndssequal to the sideration undergoes thinning by one smectic layer above the
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bulk SmA-N or SmA-| transition temperature. In this case is the translational order parame{d3]. If we assume that
a nematic or isotropic phase occurs in the reservoir, and théis relationship is valid for smectic layers of FSSAF's, then
smectic layer transferring to it must undergo a transition tdhe elastic moduliB; can be also found from the model
one of these less ordered states. Consequently, the chang,35,38,4Q The model allows us to determine the local
AF of the total free energy of the systefRSSAF + reser-  orientationals; and translationat; order parameters for each
voir) associated with thinning the film differs from zero. For film layer at any temperatur& within the interval of its
example, if FSSAF is formed of LC compound, in which the existence. In addition, for very thick filmsN(— ), this
Sm-A phase transits to an isotropic state, which can be, fomodel gives the order parametesisand 7; for the interior
simplicity, considered as a state with zero free energy, thefilm layers which completely coincide with the results of

F,1=F,»=0, andAF is simply equal to well-known McMillan theory[45] for the bulk SmA phase.
So if we know the value of the elastic const@nfior the bulk
AF=Fy_1—Fy. (3 SmA phase at a certain temperatifg [B(T,)=B,], be-

. . low the bulk SmA-I or Sm-A-N transition temperature, then
The valueAF, which can be obtained from the model from the mode[34,35,38,40we can find value of the order
[34,35,38,40 for any N-layer FSSAF at any temperatule  harameterr(T,)=r, at T, and, using the relationship
from the range of its existence, is equal to a work which

must be performed on the film with unit surface area to de- Bi(T)=Bo[ 7i(T)/75]?, (6)
crease its thickness by one layer. This work is associated
with an additional pressure determine the values of the elastic modsjifor each layer
of FSSAF of a given thickness at any temperatUreithin
AP=—AF/L, (4 the interval of its existence.

acting on the film layers from the boundary free surfaces. It
has been showf4] that this pressure, which is called the
“disjoining pressure,” must occur in all confined liquid lay-
ers with structure different from that of a bulk liquid phase. |n the calculation of reflectivity of theN-layer free-

It should be noticed that we define here the disjoiningstanding smectié: film we consider the latter as a nonuni-
pressure in terms of a finite changé= in the free energy form dielectric slab consisting of layers with thicknesses
associated with a finite Changdn the film thickness by one equa| to those of the smectic |ayers of FSSAF and “local”
smectic layer, whereas this pressure should be defined ifractive indices), . According to Ref[42], optical proper-
terms of the change in the free energy corresponding to affes of this slab are completely described by a characteristic

infinitesimal Change in the film thickness. The pOint is that2><2 matrix M which in the case of the normal incidence of
the mode|[34,35,38,4@ for FSSAF is a discrete model in monochromatic ||ght has the fo”owing elements:

which a minimum change in the film thickness, giving rise to

IIl. REFLECTIVITY OF FREE-STANDING SMECTIC- A
FILMS

a change in its structure, is the average thickrlessf a Mp;=My=1, (7)
single smectic layer. Since the disjoining pressure is associ-

ated with the structure of FSSAF, this minimum, but finite, N

change in the film thickness is considered here as infinitesi- M 1,= —ikoz1 Li, (8)
mal. =

When the valuelF in Eq. (4) is positive, the disjoining
pressure prevents the thinning of FSSAF, and the film layers . 2
are subjected to a stretching force. On the contran Rf Ma.= —lkozl niLi. ©)
<0, then the disjoining pressure promotes a thinning of the
film, and its layers are subjected to a compressive force. We The reflectivityR of such a layered dielectric slab is equal
will see below that just the latter situation occurs in FSSAF'stg
upon their heating above the temperature of disappearance of
the smectic order in the bulk LC sample. R=|r|?, (10)

An action of the disjoining pressure on the smectic layers
of FSSAF should give rise to a change of their thicknesseswvhere

According to the Hooke law, the thickneks of anith film
layer can be defined as r=[(My1+M1p) = (Mot M) J/[(M11+Myp)

Li=Lo(1—AP/B)), (5) +(M21+Mg)]. (11

N

whereL, is the thickness of the smectic layer in the absencdf e FSSAF is sufficiently thinN<10) and the wavelength
of the disjoining pressure, anB; is the compressibility of incident radiation is within the visible range, then the

modulus of theith layer of FSSAF. The values of these condition

moduli can be determined from the following speculation. It N
is well known that the smectic layer compressibility modulus K n2+ 1)L <1
B in the bulk smecticA phase is proportional te?, wherer 02‘1 (ni+ 1L,
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is satisfied, and a simple calculation leads to the followingmicroscopic model for FSSAF's proposed in Refs.
expression folR: [34,35,38,40) in this case the model parametes
=2 exg—(mry/L)?] used in the theory must be=0.98.
(12) Herer is a characteristic radius of the model pair potential
proposed by McMillan. In our calculations we used
] ) . o =1.05. This choice of value of the model parameteis
One can verify that if, as in Ref$3,4,14-19, the film is  caysed by the fact that LC compounds exhibiting such a bulk
assumed to be spatially uniformn{=n,=---=nj=---  phaqe transition were used in measuremghisld of the
=nNN=n,), then Eq.(12) transforms into Eq(1). optical reflectivity of FSSAF’s. According to the McMillan
The local refractive indices; of the layers of the FSSAF theory, fore=1.05, the bulk SmA-I transition temperature

can be determine_d by means qf a_speculation anglogous o equal toT =0.2249\/,/kg), whereV,, is the intermo-
that used above in the determination of the elastic mOdUI'ecular interaction constant ar’1q3 is the Boltzmann con-

B;. It is known that, for the bulk LC sample, the depen- . : . .

. . . stant. The magnitude of the intermolecular interaction con-
dences of the ordinary, and extraordinaryn, refractive tantV- has b h i id incid bet
indices on the orientational order paramet¢43,46 can be stantVo has been chosen 1o provide a coincidence between
written as follows: the absolute bulk Sm-I phase transition temperatufig,

given by theory and the experimentally found o384 K
n§=1+A[E—(1/3)ABs], (13) [19]) for the partially perfluor.inated LC compound
H8F4,2,)MOPP. An orienting action of the boundary free
2_ = surfaces of FSSAF's on the LC molecules is assumed to be
ne=1+A(B+(2/9Aps), (14) strong enough. The ratid//V,, whereW is the interaction

where A is a certain constant essential to given LC com-constant, Wh(ijCh’ in theh frameworr]k fth the ﬁmodel
pound, B8 is an average polarizability of the LC molecules [34,35,38,40 determines the strength of the “effective

and A is their polarizability anisotropy. If we know the field” simulating this action, has been set W/Vo=1.8.

o According to the model, for such a sufficiently strong orient-
values of these re_fractwe indices for the bulk Was(g at ing action of the boundary free surfaces of the film on the LC
the above-mentioned temperaturd, [ny(To)=ny’,

molecules, theN-layer film does not rupture upon heatin
ne(TO)Engo)], below the bulk SmA-1 or Sm-A-N transition Y P P g

) above the maximum temperatuiie,(N), but undergoes a
temperature, then, from the mod&4,35,38,40we can find |5y er thinning transition. Just the same phenomena were ob-

value of the orientational order parametéily)=s, at Ti served in  experiments [17,19 on FSSAF's of
and, combining Eq913) and(14), determine the value&8  the compounds H10F5MOPP, HgF2,JMOPP, and
andAA . Further, if we assume that, for FSSAF's, the local54COOBC. The smectic layer spacihg in the absence of
refractive indicesn; can be expressed in terms of the localthe disjoining pressure has been setlLig=30A (typical
orientational order parametessin the same manner as for value for LC'9, and the smectic layer compressibility modu-
the bulk LC sample, then the local refractive indices can beus B, for the bulk SmA phase is assumed to be determined
calculated by means of Eqsl3) and (14) by substituting  at the temperatur@& just below the bulk SnA-I transition
into them the valueé\3, AAB and the local order param- temperaturél,,. As for its absolute value, it has been set to
eters s; determined from the microscopic model Bo=5.5x10° dyn/cn?, which is about an order of magni-
[34,35,38,40 In the case of the normal incidence of the tude larger than the typical valueBd~10"-1G dyn/cn?)
monochromatic light, the final expression for the local re-for ordinary LC’'s composed of molecules with alkyl tails.

2

N
> (nZ—-1)L,
=1

R~ (k3/4)

fractive indicesn; is Such very large values of the smectic layer compressibility
5 (N2 (On2 (N2 0.2 modulus are typical for partially perfluorinated LC com-
ni=[(ng’)"+2(ng")°13=[(ng”)“—(ng”)“](si/sp). pounds[18,24,23 which form FSSAF’s exhibiting layer-

(15 thinning transitions upon heating. For simplicity, the refrac-
tive indicesn{”) andn{"?) are also assumed to be determined
at the temperatur&, just below the bulk SnA-I transition

temperatureT 5, . The ordinary refractive index has been set
to n{®=1.48. This value was used in experimental papers

Equations(12) and (15), as well as the above obtained
Egs. (4)—(6), allow us to determine the reflectivify of the
N-layer FSSAF at any temperatuFavithin the interval of its

existence.
[3,4,14-19. As for the extraordinary refractive indenéo),
IV. RESULTS OF NUMERICAL CALCULATIONS AND in our calculations we use three of its values, namag\%
DISCUSSION =1.6, 1.65, and 1.7. The reason for such a choice will be
discussed later.
Numerical calculations of the disjoining pressutdP, First of all, using the modd34,35,38,4)for FSSAF’s of

thicknessed ; of the film layers, their average thicknelss various thickness, we have calculated the disjoining pressure
=(1/N)E{\‘:1Li, and reflectivityR have been carried out for AP for all temperatures within the intervals of their exis-
FSSAF'’s consisting oN = 10, 9, 8, 7, and 6 smectic layers. tence. The dependence &P on a reduced temperatufe
These films are assumed to be created of LC exhibiting & kgT/V, is shown in Fig. 1. The dependence obtained cor-
“strong” first-order SmA-I phase transition. According to responds to heating the initially ten-layer FSSAF above the
the McMillan theory[45] for the bulk SmA phase and the bulk SmA-I transition temperatur&,,. The heating gives
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FIG. 1. Temperature dependence of the disjoining press&e ) ) o ]
upon heating initially ten-layer FSSAF above the bulk Srh-tran- FIG. 2. aneCt'C layer thickness profiles in ten-layer and nine-
sition temperature. Superscriptions<£10, ... N=7) above dis- layer FSSAF’s:(1) ten-layer film at a temperature just below the

tinct regions of the dependence denote corresponding numbers Bk SmA-I transition temperaturd,;, (2) the same film at a
the film layers. temperature just below the critical temperatrg10), (3) nine-

layer film at a temperature just aboVg(10), and(4) the same film

rise to a sequence of layer-thinning transitions 19— 8 ata temperature just below the critical temperafiy€s).

—7—-- ) which are manifested as small jumps in the dem-

onstrated dependence. These jumps separate it into distinehich the ten-layer film undergoes the thinning transition to
intervals describing the behavior of the disjoining pressure irithe nine-layer one. This temperature is sufficiently higher
ten-layer, nine-layer, eight-layer, and seven-layer FSSAF, rethan T,,, and, according to Fig. 1, in such superheated
spectively. This pressure is positive within each interval, andFSSAF, the film layers are subjected to a significant disjoin-
it grows monotonously with temperature reaching a maxiing pressure. Hence, all film layers must be compressed, and
mum value at the maximum temperature of the existence ofurve 2 clearly displays this fact. In addition, it is seen that
the film with a given number of smectic layers. Conse-the interior film layers are compressed much stronger than
quently, in all FSSAF's the smectic layers are subjected tqhe outermost ones. This result is a direct consequence of the
the compressive force which grows upon heating. It can bgansjational order parameter profile for superheated FS-
easily seen that the maximum valutR) nax of the disjoin- AP (for example, see Fig. 1 in Refi34,38) predicted by

ing pressure in the nine-layer film is larger thaR) maxin - he model[34,35,38,40 According to this model, near the

:Ee tetP]-I?yerﬂf]llm,_A Pl)max in the e;gh;r;lgyerl film is Iatrkg];etr thcritical temperaturd .(N), the translational order parameters
an that in the nine-iayer one, etc. 1t IS also seen that i % in the interior of theN-layer film are significantly smaller
absolute value of the disjoining pressure in the free—standmgjan those in the outermost film layers. Since the smectic

smecticA films can be sufficiently large. So, for example, . y 2
for seven-layer FSSAFAP),..,is about 5 times larger than layer compressibility modulB; are proportional tor{, then
atmospheric pressure.

according to Eq(5), the thicknesseg; of the interior film

Further, using the temperature dependence of the disjoil@yers must be smaller than those of the outermost ones.
ing pressure obtained above and E(s.and (6), we have Curve 3 presents the film layer thickness profile in the nine-
calculated the analogous dependences for the thicknessesl@yer FSSAF just above the 19 transition temperature
the film layers. The results obtained can be illustrated byl¢(10). It is seen that the thicknesses of the outermost film
means of Fig. 2, in which the film layer thickness profiles forlayers are almost the same as in the ten-layer film just before
ten-layer(curves 1 and Rand nine-layer(curves 3 and ¥  the thinning transition, whereas the thicknesses of the inte-
films are plotted. Curve 1 corresponds to ten-layer film at aior layers exhibit an observable growth. According to the
temperature just below the bulk SAH transition point. Itis  model[34,35,38,40) this result is a direct consequence of a
seen that all film layers have the same thickness almost equedcovering of the translational order in the interior film layers
to the smectic layer spacirlg, in the absence of the disjoin- upon thinning. As for curve 4, it shows the film layer thick-
ing pressure. This result agrees with that shown in Fig. 1ness profile in the nine-layer FSSAF at a temperature just
according to which the disjoining pressure below the bulkbelow its critical temperaturd;(9). One can seagain a
Sm-A-| transition temperaturd 5, is very small. Curve 2 significant growth of the compression of the film layers, and
presents the film layer thickness profile in the same film at dhe thicknesses of the interior layers are significantly smaller
temperature just below the critical temperatdrg10) at than those in the ten-layer film just beloiy(10). It should
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FIG. 3. Dependence of the average thickriess smectic layers T
in different FSSAF’s on the reduced temperatﬂ'r’e. The initial FIG. 4. Ana|ogous dependence for the reﬂecti\myn(eo): 1.6.
FSSAF consists of ten smectic layers. Superscriptions denote thguperscriptions denote the same as in Figs. 1 and 2.
same as in Fig. 1.

be also added that similar behavior is obtained for othefccording to Eq(S), the thicknesses; of the smectic layers
FSSAF’s under consideration. of (N—1)-layer FSSAF should undergo a discontinuous

The results obtained allow us to calculate the temperatur@owth with respect to those of the-layer one(see Fig. 2,
dependence of the average thicknéssf the film layers, —Curve 3. It should be also notgd, tha't calculated minimum
which was experimentally determined in REE9]. This de-  values of the average layer thickndssn the N-layer film,
pendence is plotted in Fig. 3. As in Fig. 1, it consists ofWhich are reached at the limit temperatitgN), decay with
distinct intervals for ten-, nine-, eight-, and seven-layerdecreasing numbe of the film layers(see Fig. 3 because
FSSAF, respectively, separated by jumps at temperaturé¥ QVOV}/th of th_e maximum value of the disjoining pressure
corresponding to the layer-thinning transitions. Within each(Se€€ Fig. 1 This result, as well as the order of magnitude
interval, the average thicknesdecays monotonously with (~1A) of the calculated absolute value of the decrease of
temperature, reaching a minimum value at the maximunihe average thicknedsof the film layers, is in good agree-
temperature of the existence of the film with a given numbefment with the experimerjtL9].
of smectic layers. However, thinning the film by one smectic Using Egs.(12) and (15), we have also calculated the
layer gives rise to a discontinues growth lof A simple  temperature dependenge of the reflectiRtfor initially t_e_n-
qualitative explanation of this theoretical finding, which is in 1ayer FSSAF upon heating above the bulk 8a-transition
good agreement with results of experimenits9] on temperatureTAl (see Fig. 4. In this calculation we used_
FSSAF'’s of the LC compound H&,2,JMOPP, is the fol- previously calculated temperature dependences of the thick-
lowing. As said above, the modg84,35,38,4) predicts the nessed,; of the film layers. As said above, used in the cal-
monotonous growth of the disjoining pressure in Mwayer culation the value of the ordinary refractive indefg?) for the
free-standing film upon heating up to the highest temperaturbulk SmA phase is set ta{’)=1.48. As for the valua®) of
T.(N) of its existencesee Fig. 1 Furthermore, the model the extraordinary refractive index for the bulk smedic-
predicts that heating the film gives rise also to a decrease gfhase, in the calculation of the dependence depicted in Fig.
the local orientationak;(T) and translational;(T) order 4, it has been chosen to bléf’):l.G. The reason for this
parameters and, hence, to a decay of the film layer compresshoice is the following. As a rule, for LC's composed of
ibility moduli B;. Consequently, according to E¢p), the  molecules with the usual alkyl tails, the birefringenta
thicknessed.; of the film layers should decrease with in- =n.,—n, is of the order of 0.446]. However, substituting
creasing temperatur@ee Fig. 2, curves 2 and.4Vhen the  hydrogen atoms in alkyl tails by fluorine ones significantly
limit temperatureT(N) is reached, thé\-layer film loses lowers the magnitude oAn [19]. Since in Ref.[19] the
one smectic layer, and such a thinning, according to theeflectivity of FSSAF's of partially perfluorinated LC
model[34,35,38,4( gives rise to a discontinuous growth of H8F4,2,)MOPP has been measured and we compare the
both the disjoining pressur&P and local order parameters results of our calculations with data present in this paper, the
si(T) and 7;(T). However, a jump in the value of the dis- valueAn has been set to be about twice smaller than for the
joining pressure is small enougkee Fig. 1, whereas a dis- usual LCs. Similarly to the above-mentioned temperature de-
continuous growth of the local order parameteisr’), and, pendences oAP andL, depicted in Figs. 1 and 3, respec-
consequently, the modul; , is very substantial. As a result, tively, the temperature dependence of the reflectiity
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49.60 erned by two competing processes. The first of them is a
decrease of the thicknessks of the smectic layers caused
by both the growth of the disjoining pressufé® and the
decrease of the elastic modWi with increasing tempera-
ture. The second process is an increase of the local refractive
indices n; caused by, according to Eq15), decay of the
local orientational order parametessin the film upon heat-
ing. From Eq.(15) it also follows that the larger difference
between refractive indices!” and n{?), the stronger the
growth of the local refractive indiceg and vice versa. Con-
sequently, when the birefringenda is small, the second of
the competing processes is less important then the first one,
and the reflectivity of the film decreases with increasing tem-
perature. If we take a larger value &f, then the decay dR
becomes slower. Finally, when the valueff for the bulk
Sm-A phase is sufficiently large, the growth of the local re-
fractive indicesn; can completely compensate the thinning
the film layers, and the reflectivity of FSSAF will not change
upon heating. This theoretical result allows us to account for
FIG. 5. Temperature dependences of the reflectiRitgf six- the difference mentioned in the Introduction in the behavior
layer FSSAF for different values of the extraordinary refractive of FSSAF's prepared of the partially perfluorinated LC's,
index n{” in the bulk SmA phase:(1) n{’=1.6, (2) n{"=1.65, H10F5MOPP and H8®,2,)MOPP, and LC 54COOBC
and(3) n{’=1.7. composed of molecules with ordinary alkyl tails. As said
above, the birefringence of the perfluorinated LC compounds

shown in Fig. 4 consists of distinct regio(steps separated
by discontinuities corresponding to layer-thinning transitionsShould be smaller than that of the hydrogenated ones. There-

: : fore, heating FSSAF's formed of H10F5MOPP and
in FSSAF. Each step describes the temperature depende ' : X : -
of R for the film with a given number of smectic layers. It is . H4,2,)JMOPP gives rise to a decrease of their reflectivi-

; - . On the contrary, the birefringende of the hydroge-
seen that these steps have a small negative slope that is colfEs
pletely in agreement with results of experimém®)]. nated ITC corr?.pound Sﬁ.CQOB? shoul,c,i ?e~0.2. At the
Finally, we have investigated dependence of behavior of@Me time, this LC exhibits a “strong” first-order SAw

the reflectivity of FSSAF with a given number of layers of phase transition similar to those exhibited by the perfluori-
the valuen(®) of the extraordinary refractive index in the nated compounds, whereas most hydrogenated mesogens
° gemonstrate either a “weak” first-order or second-order

bulk LC sample. The temperature dependences of the refle SmA-N phase transition. Therefore, for LC 54COOBC, the

tivity R of the six-layer film calculated fomgo) = 16, 1.65, smectic layer compressibility modulig, is assumed to be
and 1.7, respectively, at the same value of the smectic layer. Y b y

S = Similar to that for the perfluorinated mesogens. Then its be-
compressibility modulugo=>5.5x 10° _dyn/cm?, are :;,hown havior should correspond to curve 3 in Fig. 5, and heating
in Fig. 5. It is seen that, for the two first valuesmf’, the free-standing films of 54COOBC with a given numténof

reflectivity of the film decays monotonously with increasing g actic layers does not change their reflectivities
temperature, and fon{’=1.6, this decay is about twice

faster than fom{®=1.65. Forn{’’=1.7, the reflectivity of

49.20

TR0 B SO Y B A B R R N B Y N N S |
N

48.80

R (arb.units)

48.40

T R O S S A |

48.00

A T T T T T T T T e T e T
0.233 0.234 0.235 0.236 0.237 0.238 0.239 0.240

T

Ny s aaa

t_he film is pre_lctically independenF of temperalture. A qualita- ACKNOWLEDGMENT
tive explanation of these results is the following. From Egs.
(12) and(15) it follows that the behavior of the reflectivify This work was supported by the Russian Foundation of

of FSSAF with a given numbeX of smectic layers is gov- Basic ResearcfiGrant No. 98-03-32448

[1] P. Pieranski, L. Beliard, J.P. Tournellec, X. Leoncini, C. [5] S. Heinekamp, R.A. Pelcovits, E. Fontes, E. Y. Chen, R. Pin-
Furtlehner, H. Dumoulin, E. Riou, B. Jouvin, J.P. Fenerol, Ph. dak, and R.B. Meyer, Phys. Rev. Leb2, 1017(1984.
Palaric, J. Heuving, B. Cartier, and |. Kraus, Physicd 24, [6] R. Pindak, D.J. Bishop, and W.O. Sprenger, Phys. Rev. Lett.

364 (1993. 44, 22,(1980; 44, 1461(1980.
[2] C. Rosenblatt, R. Pindak, N.A. Clark, and R.B. Meyer, Phys. [7] J.C. Tarczon and K. Miyano, Phys. Rev. Let6, 119(1981.
Rev. Lett.42, 1220(1979. [8] D.J. Bishop, W.O. Sprenger, R. Pindak, and M.E. Neubert,
[3] M. Veum, C.C. Huang, C.F. Chou, and V. Surendranath, Phys. Phys. Rev. Lett49, 1861(1982.
Rev. E56, 2298(1997). [9] C. Bahr and D. Fliegner, Phys. Rev.4%, 7657 (1992.
[4] C. Rosenblatt and N.M. Amer, Appl. Phys. LeB6, 432 [10] I. Kraus, P. Pieranski, E. Demikhov, H. Stegemeyer, and J.
(1980. Goodby, Phys. Rev. B8, 1916(1993.

061701-7



L. V. MIRANTSEV PHYSICAL REVIEW E63 061701

[11] J. Collet, P.S. Pershan, E.B. Sirota, and L.B. Sorensen, Phy§26] E.A.L. Mol, G.C.L. Wong, J.M. Petit, F. Rieutord, and W.H.

Rev. Lett.52, 356 (1984). de Jeu, Phys. Rev. Leff8, 3157(1997).
[12] E.B. Sirota, P.S. Pershan, L.B. Sorensen, and J. Collet, Phy$27] VK. DIganov, V.M. Zhilin, and K.P. Meletov, Zh. Eksp. Teor.
Rev. Lett.55, 2039(1985. Fiz. 115 1833(1999.
[13] E.B. Sirota, P.S. Pershan, L.B. Sorensen, and J. Collet, Phy$28] C. Rosenblatt and D. Ronis, Phys. Rev28, 305 (1981).
Rev. A 36, 2890(1987). [29] J.V. Selinger and D.R. Nelson, Phys. Rev. Leitl, 416
[14] T. Stoebe, P. Mach, and C.C. Huang, Phys. Rev. [&{t1384 (1988.
(1994. [30] R. Holyst and D.J. Tweet, Phys. Rev. Le8f, 2153(1990.

[15] E.I. Demikhov, V.K. Dolganov, and K.P. Meletov, Phys. Rev. [31] R. Holyst, Phys. Rev. Al4, 3692 (1991).

E 52, R1285(1999. [32] A. Poniewerski and R. Holyst, Phys. Rev.4B, 9840(1993.

[16] V.K. Dolganov, E.I. Demikhov, R. Fouret, and C. Gors, Phys. [33] A.N. Shalaginov and V.P. Romanov, Phys. Rev4& 1073
Lett. A 220, 242(1996. (1993

0 Sireniranain ‘and C.C. Huang, s, Revie a0dp 134 LV- Mianisev, Phys. Let. /205 412(1955.
' ’ o ' ' [35] L.V. Mirantsev, Lig. Cryst.20, 417 (1996.

(1996. )
[18] P. Johnson, P. Mach, E.D. Wedell, F. Lintgen, M. Neubert,[36] T. Kran_cl and S. Zumer, J. Chem. Phy€)5 5242(1996.
and C.C. Huang, Phys. Rev. 55, 4386 (1997. [37] Y Martinez-Raton, A.M. Somoza, L. Mederos, and D.E. Sul-
[19] P. Mach, P. Johnson, E.D. Wedell, F. Lintgen, and C.c. _llvan, Phys. Rev. E55 2030(1997.
Huang, Europhys. Let#i0, 399 (1997. [38] L.V. Mirantsev, Phys. Rev. B5, 4816(1997.
[20] E.A.L. Mol, G.C.L. Wong, J.M. Petit, F. Rieutord, and W.H. [39] L.V. Mirantsev, Phys. Solid Statl, 1729(1999.
de Jeu, Physica B48 191 (1998. [40] L.V. Mirantsev, Liq. Cryst.27, 491 (2000.
[21] R. Geer, C.C. Huang, R. Pindak, and J.W. Goodby, Phys. Re\41] L.V. Mirantsev, Phys. Rev. B2, 647(2000.
Lett. 63, 540 (1989. [42] M. Born and E. Wolf Principles of Optic§Pergamon, Oxford,
[22] P. Mach, S. Grantz, D.A. Debe, T. Stoebe, and C.C. Huang, J.  1980)
Phys. II5, 217 (1995. [43] S. Chandrasekharl.iquid Crystals (Cambridge University
[23] P. Lambooy, S. Gierlotka, and W.H. de Jeu, Europhys. Lett. Press, Cambridge, England, 1977
12, 341(1990. [44] B.V. Derjaguin and N.V. Churaeluid Interfacial Phenom-
[24] J.D. Shindler, E.A.L. Mol, A. Shalaginov, and W.H. de Jeu, eng edited by C.A. CroxtoriWiley, New York, 1986, p. 663.
Phys. Rev. Lett74, 722(1995. [45] W.L. McMillan, Phys. Rev. A4, 1238(1971).
[25] J.D. Shindler, E.A.L. Mol, A. Shalaginov, and W.H. de Jeu, [46] G. Vertogen and W.H. de Jelthermotropic Liquid Crystals,
Phys. Rev. E54, 536 (1996. FundamentalgSpringer, Berlin, 1988

061701-8



