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Thermal fluctuations and x-ray scattering from free-standing smecticA films
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The present paper is devoted to theoretical investigation of thermal fluctuations and correlations between
them in free-standing smecti-films (FSSAF’'s) formed of liquid crystal compounds with bulk smectic-
A—isotropic (Sm\-1) and Sm\—nematic (SmMA-N) phase transitions, as well as small angle x-ray scattering
from these FS&F’s. The study took into account the dependence of the bending elastic codstaut the
smectic layer compressibilit on the distance from the boundary free surfaces of the films. The results of
calculation are compared with those obtained in the framework of the Holyst rffloled. Rev. Lett65, 2153
(1990; Phys. Rev. A44, 3692(1991)] for spatially uniform FS&F's. It has been found that, well below the
temperature at which the smectic order in the bulk liquid crystal disappears, taking into account the profiles of
the elastic modulK and B does not produce noticeable differences from this model. However, at maximum
temperatures of existence of FSISs, our results are considerably different from the predictions of the Holyst
model. The results obtained are applied to calculation of specular and diffuse x-ray reflectivitiesAdT &8S
the whole temperature interval of their existence. Displacement of the molecular centers within the film layers
along those normal to them and the deviation of the local orientational order lFFS8om the ideal are also
taken into account. The results of calculation are in agreement with experiments on the small angle x-ray
scattering from FS&F's.

PACS numbgs): 61.30.Cz, 64.70.Md

I. INTRODUCTION ity. These experiments provide us with information on both
equilibrium properties of the films and thermal fluctuations
A unique property of smectic liquid crystals is the ability in them. Measuring a specular reflectivity, one can determine
to form free-standing films, and during last 10-20 yeard11-13,22—-2%a number of the film layers, the layer spac-
these films are the objects of intensive experimefital2g| ing, the local layer structure as well as the thermal fluctua-
and theoretica[29—39 investigations. The surface area of tion profile [18,24,35,26—2B On the other hand, studying
free-standing smectic film@SSF'’s, which can be consid- the x-ray diffuse scatterinf26—2§ reveals the correlations
ered as stacks of smectic layers with two boundary free subetween the fluctuations in the different film layers. How-
faces, can be as large axn? [1], and their thickness can be ever, this information cannot be extracted from the experi-
varied from thousands of molecular layers down to two andnental data without an adequate theoretical model for both
even one smectic lay¢R,3]. Hence, varying the film thick- equilibrium structure of the FSSF and thermal fluctuations in
ness, one can study the crossover from three-dimensiontiie film. A simple discrete model for the thermal fluctuations
(3D) to 2D behavior. In addition, the combination of the in FSSAF’s, which takes into account not only the bending
surface-induced ordering and finite-size effects in FSSF'sind compression of the smectic layers, but also the surface
gives rise to the appearance of phenomena that are not otension of the film, has been proposed by Hol}at,32.
served in bulk liquid crystalLC) samples. First, the tem- Later, the continuous versions of the Holyst's model have
peratures of phase transitions in FSSFs can be significantlyeen developed in Refg33] and[34]. The model allows us
different from those in bulk LC sampléd—10], and in suf-  to easily calculate the smectic layer displacement fluctuation
ficiently thin films the first order phase transitions becomeprofile and the displacement-displacement correlations in the
the second order ones. Second, in FSSF’s of some LC’s orfeSSAF, and the results of these calculations are in a very
can observe smectic phases which are not observed in tlgpod agreement with data of experimefi26,27 on small
bulk samples of the same LC compouridd—13. Finally,  angle specular and diffuse x-ray scattering from KBS of
remarkable phenomena, namely, layer-thinning transitionssome LC compounds.
have been recently discovered in free-standing sméctic- However, the Holyst's model has two essential defects.
films (FS$\F's) of certain LC materiald14—-18. These The first defect is that in the framework of this model the
films do not rupture upon heating above temperature of th&SSAF is assumed to be spatially homogeneous and charac-
bulk smecticA—isotropic (SmA-1) or smecticA—nematic  terized with only four physical parameters, namely, the num-
(SmA-N) phase transition, but undergo a series of thinningoer of the smectic layersl, the surface tensiory, and the
transitions. Via these transitions the film with initial thick- elastic constant& andB for bending and compression of the
ness of several tens of smectic layers can thin step by step fmectic layers, respectively. The latter constants are assumed
two layers, and the temperature of existence of the final twoto be similar for all film layers and equal to those for the bulk
layer film can be about 10—20 K higher than the bulk®Sm  SmA phase. This assumption is physically justified only for
or SmA-N transition temperatures. FSSAF's studied at temperatures significantly lower than the
A most complete set of information on structure of bulk SmA-I or SmA-N transition temperatures. In this case
FSSF's can be obtained from experiments on x-ray reflectivthe Smh structure is well developed in whole volume of the
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film, and both orientational and translational molecular or-flectivity of FSSAF’s at temperatures well above the bulk
dering in internal film layers should be similar to those nearsma-N transition point can be achieved only when the local
the boundary free surfaces. Since the bending elastic coffisorder is assumed to be minimal near the boundary free
stantK is proportional tos?, and the smectic layer compress- surfaces of the film and maximal in its interior layers. At the
ibility B is proportional tor” [40,41], wheres and 7 are the  same time, however, the elastic constatindB, which, as
orientational and translational order parameters, respectivelgaid above, must be determined by the orientational and po-
the elastic constants andB should also be almost equal for sitional order within the smectic layers, are assumed to be
all film layers. As said above, however, FSSs of some  similar for all film layers. It is clear that such description of
LCs can exist at temperatures much higher than the bulkhe thermal fluctuations in F®%'s is essentially contradic-
SmA-I or SmA-N transition temperaturgd4-18. Accord-  tory, and in Ref[18] it has been noted a necessity to modify
ing to the microscopic model proposed in Rdf5,36 and  the Holyst model and take into account simultaneously a
[39], which describes many features of behavior of thespatial inhomogeneity of the film and the local disorder
FSSAF's at these temperaturgd?2], well above the bulk within its smectic layers.
SmA-lI or SmA-N transition points the internal film layers In the present paper we offer a simple generalization of
can be significantly less ordered than the outermost oneshe Holyst discrete mod¢B1,32 which takes into account
This theoretical result has been experimentally confirmed byoth the bending elastic constaitand smectic layer com-
experiments on x-ray scattering from F&Ss of LC com-  pressibility B profiles. These profiles are determined from
pound 4,4'-diheptyl-azoxybenzen&AB) heated above the microscopic model for FS&F proposed in Ref$35,36 and
bulk SmA-N transition temperaturgl8]. Thus in such films [39]. For FSRF formed of compounds exhibiting both
both the bending elastic constakitand the smectic layer SmA-l1 and SmA-N phase transitions, the smectic layer dis-
compressibilityB should decrease with distance from the placement fluctuation profiles and the displacement-
boundary free surface and reach minimal values in the intedisplacement correlations have been calculated. The results
rior of the film. In the Holyst mode[31,32 and its later of calculations are compared with those obtained in the
versions[33,34 such profiles of the elastic constamtsand  framework of the Holyst model. It has been found that below
B are not taken into account, and, consequently, above thge bulk Sri\-1 or SmA-N transition temperatures our results
bulk SmA-I or SmA-N transition temperatures these modelsis quite similar to those given by this model. However, well
should not give correct values of the smectic layer displaceabove the bulk phase transition temperatures, the results of
ment fluctuations and correlations between them. Anothepur calculations are significantly different from predictions
essential defect of the Holyst's model is that the layeredbbtained in the framework of the Holyst model. Using these
SmA structure is considered as a set of equidistant planes, iresults and the results of the microscopic mo@#,36,39
which the molecular centers are disposed, and a temperatufer FSSAF’s, which takes into account the displacement of
dependent displacement of the molecular centers within eaahe molecular centers within smectic layers along the normal
smectic layer along the normal to it is completely ignored. Into them and the deviation of the local orientational order in
addition, all LC molecules in the film are assumed to bethe film layers from ideal, we have also calculated the specu-
rigorously aligned parallel to the normal to the film layers, |ar and diffuse x-ray reflectivities of F®%'’s of given thick-
i.e., the orientational order in the film is assumed to beness in whole temperature interval of their existence. The
“ideal.” Thus, in the framework of the Holyst model, a tem- results of calculations are in agreement with data of experi-
perature dependent “local disorder” within smectic layers isments [18,26—-28 on the small x-ray scattering from
completely neglected, and deviation of the one-dimensiongtSSAF’s.
positional order in the film from ideal is assumed to be re- We start in the next section with a description of the
lated only to hydrodynamic displacements of the smectiGmectic layer displacement fluctuations and correlations be-
layers from their equilibrium positions. tween them in FS&F with taking into account the bending
Because of the above mentioned defects, the Holysglastic constanK and the smectic layer compressibili/
model predicts the specular and diffuse x-ray reflectivities ofrofiles obtained from the microscopic modi8b,36,39 for
FSSAF to be almost completely temperature independentrSSAF's. In Sec. Il the results of this model and those ob-
that is, in contradiction with experimenf48] on the small  tained in Sec. Il are used in calculations of the specular and
angle x-ray scattering from F&%’s of the LC compound diffuse x-ray reflectivities of FS&F. Section IV presents the
7AB. In order to fit the data of these experiments to results ofesults of numerical calculations of the thermal fluctuations
calculations performed in the framework of the Holystand correlations between them in FS9S as well as the
model, the mean square amplitudg, of the thermal fluc-  specular and diffuse x-ray reflectivities of the free-standing
tuations in the film is assumed to be composed of two partsgmA films, followed by a discussion.
namely,

) . Il. DESCRIPTION OF SMECTIC LAYER DISPLACEMENT
Tior= 07+ Ol &y FLUCTUATIONS IN FSSAF

where o2 is a mean square amplitude of the smectic layer Let us consider th&l layer FS\F. In this film the smec-
displacement fluctuations given by the mofigl,32 or its  tic layer displacements,(x,y) from equilibrium positions
continuous modification§33,34], and (leoc is the mean zﬁo)znd along thez-axis normal to the film layers, where
square amplitude of fluctuations related to the local disordeis the layer index and is the smectic layer spacing, give rise
within the smectic layers. The latter value is introdu@ed to the free energy excegsconsisting of surfac€ g and bulk
hoc and a satisfactory fit of data on the specular x-ray refg contributions, respectively. According to the Holyst
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model[31,32, the surface energis, which is associated

with an increase of the surface area of the two free surfaces,

is given by

1 N N o
Fsmy v | I WPV un®FI0R @
wherev is the surface tension of the free surface of RES
R is the radius-vector in the plane of the filnR{=x?2
+y?), V, is the projection of thé/ operator on thex,y)
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M1;=Myn=v0q7 +K1dq} +(By+By)/2d=b; = by,

@]
Man=Kndg?+(B,_1+2B,+B,1)/2d=b,,
n=2, N—-1, (8)
Mnt1n=Mnpns1=—=(Bn+Bpig)/2d=cy,
n=1, N—1. (9)

Further, one can find the elements of inverse matrix and,

excessF, it consists of two parts which are associated withgjy, layer displacement ﬂUCtU:’:ltiORﬁ,Z(Uﬁ(O))l/z and cor-

bending and compression of the smectic layers, respectivel
If an elastic constant for bending of tieh smectic layer is
denoted a¥,, andB, is the compressibility of this layer,
then, by analogy with the discrete Holyst model, the energ
Fg can be written as

N
1 N N
Fe=> >, Kndf[Alunm)]ZdR
2 n=1
N—-1

>

n=1

Bn+ Bn+1

2d

) f [Uns1(R) —Uy(R)?dR,
&)

where A | is the two-dimensional Laplacian in the,§)
plane. AddingFs andFg, one can obtain the following ex-
pression for the total free energy excé&sef FSSAF associ-
ated with the film layer displacement fluctuations:

X

N
+ 2, Knd[A un(R)J*+y

L1
2

N-1

>

n=1

1

2

Bn+ Bn+1

F 2d

)[un+1<ﬁ>—un<ﬁ>]2

V. uy(R)|?

+9|V, up(R) (4)

2]d§.

It is easily seen that, for spatially uniform FSE, when
the elastic constants,, andB,, are similar for all film layers
and equal toK and B, respectively, expressiof) for the
total free energy exce$sof FSSAF is completely similar to
analogous expression proposed by Hol&q. (3.2) in Ref.
[32]). Then using, as in Refd31] and [32], the Fourier
transformation

un<f<>=<2w)*zfun<6i)exm6¢-ﬁ>da¢, (5)

we can rewrite the free enerdy in the following compact
form:

1 N ..
F=> > fuk(qi)Mknun(—ql)dm, (6)
k,n=1

whereM,, are the elements of symmetrical ribbonlike ma-

¥'elationsgk,n(R)=(uk(§)un(0)>/(akan) between them.

As said above, the bending elastic consténis propor-
ional to s?, and the smectic layer compressibilByis pro-
portional tor?, wheres and r are the orientational and trans-
lational order parameters, respectivéy0,41. Using these
relationships we can calculate the elastic constéhtsand
B, for the film layers via the microscopic model for F&S
proposed in Refd.35,36 and[39]. The model allows us to
determine the local order parametexgT) and 7,(T) for
each FS8F layer at any temperatufiewithin the interval of
its existence. In addition, for very thick filmaN{(— <), this
model gives values of the order parametgrand 7, for the
interior film layers which completely coincide with results of
well known McMillan theory[43] for bulk SmA phase. So, if
we know values of the elastic constakt&ndB for the bulk
SmA phase at a certain temperatuils, [K(Tg)=K,,
B(Ty)=Bg] below the bulk Sm-1 or SmA-N transition
temperature, then, from the modd5,36,39, we can find
values of the order parametes€T)=s, and 7(Tg) =7, at
To, and, using relationships

Kn(T)=Ko[$n(T)/so]?, Bn(T)=Bol 7a(T)/ 1%,
(10

determine values of the elastic constaktsandB,, for each
layer of FS&\F of given thickness at any temperatufe
within the interval of its existence.

Ill. X-RAY SCATTERING FROM FSS AF

The intensity of x-ray scattering from any system is pro-

portional to the Fourier transfornS(Q) of the density-
density correlation function given by R¢B2]

S<<§>=fdr‘f (p(Np(r"))exdiQ-(r—r")ldr’,
(11)

where p(r) is the electron density operatd is the wave
vector transfer related to the x-ray scattering from electrons
of the system, and- - -) means average upon thermal fluc-

tuations. The electron density operatp(r) for N-layer
FSSAF can be, in turn, written as

N
p(2) :Pogl f

X O (z—2")pe(z')dZ'd cosd.

L/2 cos®
fu(z=2',9)
—L/2 cosd

(12

trix. The nonzero elements of this matrix are determined asHerep, is the molecular density in LGic(z') is the electron
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density distribution in a single LC moleculg(z—2z',9) is  which determine positions of the lower and upper boundary
a one particle distribution function for theh film layer, 3 is  planes of thekth film layer, can be written ak{ 1/2)d and

a polar angle between threaxis and the long molecular one, ((k+1/2)d, respectively. When théth layer is displaced

L is the molecular length, an®,(z—2’) is a step function fronj its equilibrium position along the axis by the value
equal to 1 forz{"'<(z—z')<z?, and 0 for ¢—z') outside  uy(r,), these coordinates becom&-(1/2)d+u(r,) and

this interval. (k+1/2)d+uy(r,), respectively. Then Eq11) can be writ-
In the equilibrium state, the coordinate§” and z{?),  ten in the form

N -
. . e o (k+1/2)d+ug(r ) .
s<Q>=p§feremeL<rL—rL>]er<kElf a2

(k—1/2)d+uy(r,)

L/2 cosd

XexgiQ,(z—2")]d(z—2")d cosﬁf pe(Z)exp(iQ,z")dZ’
sY

—L/2 co

=1

1/2)d r .
X 2 f(n-%— ) +u”(ri)fn(z’—z”’,ﬂ’)emez(z’—z”’)]d(z’—z”’)d cosd’
n=1 J(n—1/2)d+up(r

1

L/2 cos®’ .
xf pe(z”’)exp(—|sz”’)dz”>. (13
—L/2 cos®’
The calculations performed in Refdl8] and[26—28 show that amplitudes, of the layer displacement fluctuations in
FSSAF's are usually much smaller than the smectic layer spadjrand their profile should be smooth enough, i.e.,

|0 1= Wl (01090 2= (14

Then one can assume that both the local orientational and positional order within the film layers are not sensitive to such
fluctuations, and hence the one patrticle distribution functigsz—z',d) should be the same as in the equilibrium state. In
this case, it can be easily shown that Eff3) can be reduced to the following form:

N N

S<<3>=péf drlf exmdi-(rl—r*i)]drlgl n; (expliQ(u(r, ) —un(r) ) HexdiQ,(k—n)d]

+d/2 1
xf exp(iQZzl)dzlf fi(z1,9)Sy1(Q,,9)d cosd
dr2 0

+dr2 1
xf exrx—inzz)dzzf frn(Z2,9")Sy2(Q,,0")d cosd’, (15
—d/r2 0
T
where where
L/2 cos ) +d/2 1
SMl(Qz,f})=quzCosﬂpe(Z)eXF('QzZ)dzy (16) nk(Qz)=f7d/2 cos(QZZ)dZJOfk(z,ﬁ)SM(Qz,ﬁ)d cosd,
(19
_ L2 cosd i d 1 L/2 cosd
SW(QZ”?)‘J Lpcosp PR TIQ2) Az (D) Su(Q,.9)= f p2)c08Q,2)dz.  (20)
0

If it is also assumed that the electron density distribution
pe(z') within a single LC molecule is symmetrical with re-
spect to the molecular center, and the one particle distribu

Finally, if we take into account that

tion function is an even function o then f dﬂf driexdiQ, - (r, —r){expliQ,[uy(r,)
S(Q) =49 [ df. [ extiQ, (7, ~1)ar! O
N N R R R
x 2 2 (exBiQuui(r) ~Un(r])}) :Sof dr, exp(iQ, -1y )exp(—(1/2)

X cog (k—1)dQ,] 7(Qy) 7n(Qy), (18) X Qo+ o= 2(u(r)un(0)) T}, (21)
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wh§re50 is the film surface area, then the expression forc, (Q,,r,) much closer to unit than 1.09. Then, in case of
S(Q) can be represented in the following compact form:  the specular x-ray reflection from F&5, we can write

N N N N
S(Q=4p5%2, 2, f dr exp(iQ, -1, )cog (k—n)dQ,] S(Q)~4p3S2, 2, cod(k—n)dQ,]
X 71 Q) 7 Qo) Fien( Q) X Cren((Qz 1), (22) X 7K(Q2) 7n( Q) Finl Q2)- (27)
where Now let us turn to the x-ray diffuse scattering from
B FSSAF (Qﬁﬁﬁ). In this case we can expand E@4) in
Fin( Q) = exif — (12 Q3o+ o)1, @3 series ofQ2(u,(r , )us(0)) and restrict to first two terms. For

the films of a macroscopic transverse size, the first term

Cin(Qy.1 1) =exg QAU (1, )un(0))]. (24)

Equation(22) differs from analogous expression Q) f exp(iQ, -ry)dr, =0,
in Ref. [32] only with coefficients7,(Q,). In the Holyst
theory, in which both the orientational and positional orderand only the second term of the expansion gives a nonzero
within the film layers are assumed to be ideal, these coeffieontribution to intensity of the diffuse x-ray scattering from
cients are simply equal to the molecular form fact®®) at FSSAF. Then we have
9=0. The expressions for the one particle distribution func-
tions f (z—2z',9) are brought in Refd.35] and[36]. As for . ) NN
the form factorSy,(Q,,d), its form depends on a concrete S(QZvQL)”A'POSOIZl n§=:1 cog (k—n)dQ,]
model describing the electron density distribution within a

single LC molecule. For example, when this distribution is X 7(Q) 7n(Q2) Fin(Q,) Q2

assumed to be uniform, i.ege(z)=p., the form factor

Su(Qz,9) 15 equalto x [ un(0)extiG, -F, o,
Sw(Qz,¥)=(pe/Qz)SIN(Q,L cosI/2). (29

(28

If the LC molecules are assumed, as in R¢f8] and . . .
[26—-28, to be composed of a core with the electron density Inserting expressior(3.8) in Ref. [32] for correlator
peore amd two similar tails with density,,;, then the form  (U(F1)Un(0)) into Eq.(28), and taking into account that

factor Sy (Q,,9) is given by

1 ] -
SM(Qzrﬁ):(Pcore/Qz){(Ptail/pcore)Sin(QzLCOS{}/Z) (277)2 eXF[I(QJ‘ qJ‘) rL]er‘ 5(QL ). (29

~(ptait ! pcore=1) - . . :
Prail TPeore where §(x) is the Diracé function, one can obtain

X sin Q,(L/2—d4;)cosd]}, (26) NN
whered,,;, is the molecular tail length. S(szQL)%ArPSSokBTkEl nEl cog(k—n)dQ,]
For Q, =0, Eq. (22) describes the specular x-ray reflec-
tion from FSRF, and forQ, # 0, this equation describes the X 7(Q2) 7(Qy)
diffuse x-ray scattering from the film. However, it is conve- 21,2
nient to consider both these cases separately. First, let us XFin(Q2)Q;Min (QL)- (30

consider the specular reflection. It can be easily shown that PP o
in this case the factdr:kn(QZ,rl) in Eq. (22) can be with a HereM,; (Q,) is the element of the matrix inverse to that

; : . brought in Sec. I, andg is the Boltzmann constant.
d ted b t. Really, in E2¢) th . ! B
goo accuracyaappromma. ed Dy unit. keally, in ) e_ Equationg27) and(30) allow us to calculate the specular
correlator (uy(r,)u,(0)) in the exponent decays with and diffuse x-ray reflectivities dfi-layer FS3\F at any tem-

growth of |r, [, and for LC with typical values of the elastic peratureT of its existence. The coefficients (Q,) contain
constants K~10"° dyn, B~1C® dyn/cn?, and for |r | all information on the local orientational and positional mo-
larger than~100 molecular diameters, i.e-400 A, its  lecular order within the film layers, the coefficierig,(Q,)
value does not exceed?2 A? [32]. If we take, for example, determine dependence of the specular and diffuse x-ray re-
the value ofQ, corresponding to the first Bragg maximum in flectivities on average amplitudes, of the smectic layer
the x-ray scattering pattern for F8E, i.e.,Q,=2/d, then displacement fluctuations, and the matrix elements
one can easily check that, for typical value of the smectigy_1(Q,) determine dependences of thediffuse reflectivity
layer spacingdl=30 A, the factoern(Qz,rL) ~1.09. In ac- on the correlations between the thermal fluctuations in
tual experiments on the x-ray scattering from BES  FSSAF. It should be also noted that amplitude,s of these
[18,26-28, their transverse size is of the order ofL cm,  fluctuations and the matrix elemenits, X(Q,) are eventu-
and, consequently, a dominant contribution to the reflected)ly determined by the temperature dependent local orienta-
x-ray intensity is due to the values pf, | corresponding to tional and positional order profiles in the filtsee Sec. )l
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Thus the relations obtained allow to calculate the speculachosen to provide a coincidence between the absolute bulk
and diffuse x-ray reflectivities of F@& in a self-consistent SmA-I phase transition temperatufg, given by theory and
way and with taking into account its inhomogeneous andhe experimentally found oné396 K [26,27) in the LC

temperature dependent structure. compound FPP. Similarly, the magnitude \¢§ for second
FSSAF has been chosen to provide a coincidence between

IV. RESULTS OF NUMERICAL CALCULATIONS theoretical valueT,y of the absolute bulk SA-N phase

AND DISCUSSION transition temperature with corresponding val(@26 K

[18,28) experimentally found for LC 7AB. An orienting ac-
tion of the boundary free surfaces of both films on the LC
molecules has been assumed to be strong enough. The ratio
Numerical calculations of the smectic layer displacementiy/v,, whereW is the interaction constant, which, in the
fluctuationso, and correlationg, ,(R) have been carried framework of the model35,36,39, determines the strength
out for two FSAF's consisting ofN=24 smectic layers. of the “effective field” simulating this action, has been set
The first film is assumed to be created of LC exhibiting awv,=1.6. According to the model, for such sufficiently
“strong” first order SmA-l phase transition. According t0 strong orienting action of the boundary free surfaces of
the McMillan theory[43] for the bulk Smwh phase and the FSSAF on the LC molecules, thi-layer film does not rap-
microscopic model for FS&F's proposed in Refs.35,36  ture upon heating above the maximum temperafiy@),
and [39], in Zth's case the model parameter byt undergoes the layer thinning transition. Just the same
a=2exf—(7ro/d)’] used in the theory must be=0.98.  phenomena were observed in experimefits,2§ on
Herer is a characteristic radius of the model pair potentialFSsAF's of the compound 7AB. As for LC FPP investigated
proposed by McMillan. In our calculations we used in Refs.[26] and[27], it is composed of the molecules hav-
=1.05. The second F3% is assumed to be made of LC ing the partially perfluorinated alkyl tails. According to Refs.
having a “weak” first order SrA-N phase tran§|t|on. This  [14] and [16], FSSAF’s of such LC’s also do not rupture
case corresponds te<0.98 [43]. Our calculations have ypon heating abovd (N) and exhibit the layer-thinning
been performed fowr=0.871. Our choice of values of the transitions.
model parametew is caused by that the LC compounds  For both FS®F's, the bending elastic constafi for the
exhibiting such bulk phase transitions were used in experipylk SmA phase at the temperatufie, well below T, or
ments [18,26-2§ on the small angle x-ray scattering T, (for LC with the bulk SnA-I phase transition, we set
from FSSAF's. In Refs.[26,27] the objects of study are To=T{, and for LC having the bulk S&N transitionT,
FSAF's made of the compound 4-heptyk2<2-  _T(2)) has been assumed to Kg=10"° dyn (typical value
perfluorhexylethyphenyl-pyrimidin - (FPP  having the ¢, 1ot | C's [40,41)). Similarly, the smectic layer com-
strong” first order SmA-l phase transition, whereas in , oqqipility B, for the bulk SmA phase at the temperatufg
Refs.[18] and[28] the thermal fluctuations and correlations has been assumed to be determined at the temperaﬁr’es

between them are investigated in Fg3s of LC 4, 4'- 2) : .
. . : andT} for the first and second F@F, respectively. As for
dineptylazoxybenzend7AB) with the weak first order the absolute value of this elastic constant, for the first film

SmA-N phase transition. In both cases, the smectic layer : _
displacement fluctuations in F&8 and the correlations be- we use the value found in Reff26] and [27] (Bo=7.5

tween them have been calculated for two temperatures. Th>é.109 dyn/cnt), and for the second one the value deter-

first temperature,T{*?, is well below the bulk SmA-I fhined in Re;.[ZhS] (FBSO;;PB dyn/cr:’?).\iallgeds of/thefsurf?]ce
SmA-N) transition point, and the second o2, is just tensionsy of the s, namely,y=13 dynicm for the
( ' 2 first film, and y=25 dyn/cm for the second F3%, have

bglow the maximum .temperature gt w'h|ch PAFSof given been also taken from Ref§18] and [26]-[28]. The film
thickness N = 24) exists. For the first film, the temperature layer spacingd is assumed to be temperature independent
T{" has been choserT{"=0.205(/o/ks), and T’  5ng equal tadl=30 A, and we set the molecular diameter
=0.2298{/kg). HereV, is the intermolecular interaction —4 A (typical value for the LC moleculi0,41).

constant in the McMillan theory43]. According to this First of all, using the moddi35,36,39, for both FS®\F’s
theory, fora=1.05, the bulk SrA-I transition temperature_ IS we have calculated the bending elastic constardnd the
equal toT ;=0.2249,/kg). On the other hand, according gmectic layer compressibilitg profiles. For the first film

to the mode(35,36,39 for FSSAF's, for a=1.05, the maxi-  these profiles are shown in Figs. 1 and 2, respectively. From
mum temperature of existence of the 24-layer film is equal tqnege figures it is seefturves 1 that well below the bulk
T{(N=24)=0.2299/,/kg). Above this temperature the sma-| transition temperatureT=T{Y), both elastic con-
film either ruptures or undergoes the layer-thinning transisants are similar for all film layers, with the exception of the
“02“- For second FS‘S; («=0.871), the first temperature qtermost ones. In this case FSSis really spatially homo-
T{) has been takel{”=0.204(V,/kg) [according to the geneous, or nearly homogeneous, and the Holyst model
McMillan theory[43], for «=0.871 the bulk SrA-N transi-  [31,32 should give results similar to ours. However, close to
tion temperaturd »y is equal toT\y=0.2091/,/kg)], and  the maximum temperature of existence of the 24-layer
the second one is equal T§”=0.210 35V /kg) [according  FSSAF (T=TE), the film is no longer spatially uniform

to the model[35,36,39, for «=0.871, the maximum tem- (curves 2, and the elastic constartsandB in its interior are
perature of existence of the 24-layer F8Sis equal to significantly smaller than near the boundary free surfaces. In
TB)(N=24)=0.21036W,/kg)]. For the first film, the mag- addition, Fig. 2 demonstrates the heating-induced decrease of
nitude of the intermolecular interaction const&fthas been the smectic layer compressibilit$ at the free surfaces as

A. Smectic layer displacement fluctuations and correlations
between them
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FIG. 1. The bending elastic constatprofiles (in dimension- FIG_. 3. The smectic Iayiag displacement fluctuation profiles in
less units in the first FSBF well below the bulk Sm-l transition 1€ first FS3F. Ko=10""dyn; By=7.5 10° dyn/c_m’-; Y
temperature and near the maximum temperature of existence of thie 13 dyn/em. Other parameters are the same as in Figs. 1 and 2.
film. nis the film layer indexN=24; «=1.05: W/V,=16. 1:T "€ das(,?)ed curves represent the [f:)sults of the Holyst ridtiad.

sult of the Holyst model af =T{; 4: the result of the same model
atT=TY,
well as in the interior film layers. Consequently, just in this
case, a difference between predictions of the Holyst mod

[31,32 and our results should be noticeable. It should beT_T(z) f - ;
X . =T;" from the model[31,32 is not shown, because it
noted that the elastic constant profiles for the secondAFSS coincides completely with our profile However, for both

which are not shown here, are analogous to those depicted FSsaE's close to the maximum temperatures of their exis-

Figs. 1 and 2. Jgnce T=T?), the dependence of the elastic constatts

Further, the elastic constant profiles obtained above ha 4B dist f the boundary f » £ th
been used in calculations of the layer displacement fluctuaf"?im on a distance from the boundary Iree surtaces of the

: : ; Ims gives rise to a considerable deviation from the Holyst
tion profileso, for both FS&F’s. The results of these cal- L . .
culations are shown in Figs. 3 and 4, respectively. In th(am()dm[?’l.’32 predictions. So, for the f'rSt F3&, (see Fig.
same figures, using the dashed curves, the thermal fluctus: E?)e dlfferen(ztla) between.then prpflles .calclulated at
tion profiles obtained in the framework of the Holyst model — 11~ @nd T=T5", respectively, with taking into account
are also shown. As expected, for both films, our results ob-
tained well below the bulk Sal (T=T{") and SnA-N

et]hose given by this modéin Fig. 4 the profiles, obtained at

(T=T{?)) phase transition temperatures are very similar to 450 3
1.20 1
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1 1 ]
] /\ A\ o [A] ]
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B/Bs ]
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0.00 o T T T T FIG. 4. The smectic layer displacement fluctuation profiles in

the second FS&. N=24; «=0.871; W/Vy=16; K,
=10"° dyn; B,=1C dyn/cnf; y=25 dyn/cm. The dashed curve
FIG. 2. The smectic layer compressibiliB/profiles in the first  represents the results of the Holyst mod8l,32. 1: T=T(12)
FSSAF under the same conditions as in Fig. 1. T=T{  =0.204(,/kg); 2: T=T{)=0.210 35y, /kg); 3: the result of the

=0.205(, /kg); 2: T=TH=0.2298{, /kg). Holyst model afT=T¢.

n
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the elastic constant profiles shown in Figs. 1 and 2, is about 1.00
two times larger than that given by the Holyst model. In

addition, according to Refd31] and [32], the growth of

temperature only increases the average amplitagesf the 0.95
thermal fluctuations in the film and does not change the
shape of the fluctuation profile which has maximum at the
boundary free surfaces of the film and minimum in its inte- 91(0)
rior (see Fig. 3, curves 3 and.4On contrary, our calculation, 0.90
which takes into account the temperature dependences of the

elastic constant profiles, shows that heating the film to the

maximum temperature of its existence not only gives rise to 0.85
the growth of the absolute value of,, but also changes the

shape of the smectic layer displacement fluctuation profile

(see Fig. 3, curves 1 and.2t is clear that forT=T" the

value of o, in interior of the film becomes larger than near 0-80 e T T T T L

the boundary free surfaces of F&S As for the second

FSSAF, close to the maximum temperature of its existence

(T=T%), the difference between our results and those given FIG. 5. The correlationg; 4(0) between the displacement fluc-

by the Holyst model is much more pronounced than for thduations of the first and other smectic layers<(1,24) in the first_
first film. As in previous case, this model predicts a veryFSSM:- '{Re curves 1 and 2 represe(r;t) the results of our calculations
weak change in the thermal fluctuation profite upon in- ~ or T=T1°=0.205/o/k) andT=T5"'=0.2298Y/,/kg), respec-
creasing temperature of the filfiFig. 4, curve 3, whereas tively. The dashed curve represents the results of the Holyst model.
our calculation gives quite different resyFkig. 4, curve 2.

First, for T=T%), the absolute valuer, of the layer dis- Fig. 5 the correlationg; ,{0) at T=T$ is about 6%
placement fluctuations in interior of the film is about 30% smaller than at the initial temperatufe=T(, and for the
larger than fOfTIT(lz). Second, the initially flat enough second FSSF, the growth of temperature from:T(lz) to
fluctuation profile becomes “domelike” af=T%). It  T=T{ gives rise to about 34% decay of ,{0). Such
should be noticed that similar changes in the fluctuation prodecay of the correlationg, ,40) is due to a s'igniﬁcant de-
files with increasing temperature of the film have been obcrease of the elastic modwi and B in interior of the films
tained in experimentfl8] and[28] on the small angle x-ray upon heating to the maximum temperatufes TS of their
scattering from FS&F's made of the compound 7AB existencesee Figs. 1 and)2vhich is completely ignored in
(analogous experimenf&6,27] on FS$F's of the LC FPP  the Holyst model[31,32. Since the smectic displacement
have been performed only well below the bulk &htran-  fluctuations near the one boundary free surface of the film
sition temperaturje Thus our theoretical results are in a bet- are connected with those near the second boundary free sur-
ter agreement with experiment$8,28 than predictions of face via the central region of the film, a weakening latter

the Holyst mode(31,32. should give rise to the decay of correlations between these
We have also calculated the correlatiang,(R) between  flyctuations.

the displacement fluctuations of different layers in RES.
The results of these calculations for correlations between the
fluctuations of the first film layerkK=1) and other layers

(n=1,24ﬁ=0) for the first and second films are shown in

Fig. 5 and 6, respectively. In both cases, well below the bulk

SmA-l or SmA-N transition temperaturesTE T{?), our 0.80
results(curves 1 in Figs. 5 and)@re completely similar to

those predicted by the Holyst modé&1,32 (dashed curves G1a(0)
in these figures However, for the maximum temperatures 0.60
(T=TE?) of existence of both FS&’s, our values of the
correlationsy; ,(0) (curves 2 in Figs. 5 and)@re noticeably
different from the correlations given by this model. Accord-
ing to the Holyst theory, the correlatiomg ,(0) are practi-
cally insensitive to the growth of temperature of the fflim
Figs. 5 and 6, forT=T?, the correlationsy, ,(0) are
given by the same dashed curves asTerT{"?]. On con- 0.20 FrrrrrrrrrrrrreTEETTTeTTTTRTT
trary, our calculations show that increasing the temperature 0 5 10 = 20 25
does not affect only correlations between the fluctuations of n

neighboring smectic layers. When tkth andnth layers are FIG. 6. The same correlations as in Fig. 5 but for the second
disposed sufficiently far from each other, the correlationg=SsaF. The curves 1 and 2 correspond to the results of our calcu-
Ok,n(0) decrease with increasing temperature, and a largegdtionsT=T{?=0.204(,/kg) andT=T?=0.210 35/, /kg), re-
decay occurs for correlation between the fluctuations of thepectively. The dashed curve corresponds to the results of the Ho-
first and last film layers. For example, in the first BFSsee  lyst model.
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FIG. 7. Dependence of the specular x-ray reflectivity of the first ! ore 2 ore

FSSAF (in arbitrary unit3 on the componern®, of the wave vector

transfer. 1:T=T{H=0.2050, /kg); 2: T=TS=0.2298, /ks). [26,27 have been made only well below the bulk &#h
phase transition temperature, and therefore now it is impos-
B. Specular and diffuse x-ray reflectivities of FS®F sible to compare the results demonstrated in Fig. 7 with ex-

) _ _periment, we believe that such films should exhibit a similar
The results obtained above have been used in computatignayior upon heating well above the bulk St transition

of the specular and diffuse x-ray reflectivities of 24—Iayerpoint_
FSSAF's having the bulk Si-I and SmN phase transi- The results obtained can be physically interpreted as fol-
tions. As in Refs[18] and[26-28, we use expressiof26) |55 The microscopic modéss,36,39 for FSSAF's, which
for the molecular form factor and set the molecular lengthis ,sed in our calculations of the coefficiengs, the ampli-
L=29 A. We also use fai/pcored=1.14, and duii  (ydesc, of the smectic layer displacement fluctuations, and
=0.29 for the first FS@\F [26,27, and (pii/pcore)  correlations between them, predicts an insignificant enough
=1/1.5, andd,; =0.23 for the second ongl18,28. weakening both the orientational and positional order within
The dependences of the specular x-ray reflectivities  he gutermost film layers upon heating above the bullaSm
arbitrary unitg of both FS3\F's on the componer®; of the o 5N transition temperature. At the same time, accord-
wave vector transfer are shown in Figs. 7 and 8. In thesqang to this model, near the maximum temperature of exis-
flgu(rle)s, the curyes 1 correspond to the temperatires once of the film T=T.?), both the orientational and po-
=Ti andT=T;" which are we well below the bulk Wl gitional order in its interior layers should be much lower than
and Smh-N phase transition points, respectively, and curvesye|| pelow the bulk SmA-I or SmA-N transition point. Since
2 demonstratel analogouszdepen_dences for maximum tenfhe interference between x rays reflected from the interior
peratur(.asT='T(2 ) andT=T§ of existence of the films. Al fiim |ayers contributes only to intensity of the Bragg peak,
curves in Figs. 7 and 8 have the primdfiyst) Bragg peaks eakening the order in the interior of F&B gives rise to
at Q,=Qo=2m/d, which are due to a constructive interfer- gecay of this intensity and does not affect noticeably the
ence of x rays reflected from all film layers. These curvesntensities of the Kiessig fringes. So, the experimentally ob-
also exhibit a series of secondary oscillatiditse Kiessig served considerable decrease in the intensity of the first
fringes which are caused by constructive and destructivegragg peak and sufficiently small change in intensities of the
interference of x rays reflected from the boundary surfaces QQiessig fringes can be considered as conformation of the
the films [26—2@ Itis Clearly seen that, for both F8&'s, model for FS®AF’'s proposed in Refi35’3q and [39] In
the growth of temperature gives rise to a small change iyddition, our theoretical results can be obtained without in-
intensities of the Kiessig fringes, whereas, for the first f"m,troducing somead hocvalues which, as said in the Introduc-
the first Bragg peak at the maximum temperafireT$" is  tion, are required to fit the Holyst mod81,37 to the ex-
about 40% lower than that at=T{" (see Fig. 7, and, for  perimental dat418,28.
the second FS&-, the first Bragg peak becomes about 2.5 The results of numerical calculation of the diffuse x-ray
times lower with increasing temperature frofe=T{? to T reflectivity of the second FS& for temperature§ =T{?
=T (see Fig. & Just the same behavior has been observedndT= T are shown in Figs. 9 and 10, respectivépnalo-
in experiments on the small angle x-ray scattering fromgous results for the first film are qualitatively very similar
FSSAF's made of the compound 7ARB18,28. Although and therefore are not shown heréhese figures demonstrate
analogous experiments on the free-standing films of LC FPEependences of the diffuse x-ray reflectivity of RFS(in
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FIG. 9. TheQ, dependence of the diffuse x-ray reflectivity of
the second FS&F (in arbitrary unit$ for different values of the
transverse componer®, of the wave vector transferT =T§2)
=0.204V,/kg). 1: Q, /Q,=0.001; 2:Q, /Q;=0.003; 3:Q, /Q,
=0.007; 4:Q, /Q;=0.01.

arbitrary unit3 on the componen®, of the wave vector
transfer for several values of its transverse compofgnt
Similarly to the specular reflectivity of F% (see Figs. 7

minima in the x-ray diffuse scattering patterns can be con-
sidered as an evidence of a conformality of the smectic layer
displacement fluctuations in F88. In other words, the ther-
mal fluctuations in the film are not independent of each
other, and different film layers fluctuate “in unison.” It is
also seen that maxima of the x-ray diffuse reflectivity de-
crease with increasing the transverse compoi@niof the
wave vector transfer, and decay of the secondary maxima is
faster than that of the first Bragg peak. Eventually, for a
certain value ofQ, , the Kiessig fringes become completely
suppressed, whereas the Bragg peak, though very wakened
and smoothed, is still observed. Thus one can conclude that
the smectic layer displacement fluctuations lose their confor-
mality with growth ofQ, , i.e., with decreasing wavelength

of the displacement undulation modgk8,26—-28§. More-
over, the faster decay of the Kiessig fringes suggests that the
fluctuations of the outermost film layers, which are disposed
at a longest distance from each other, lose the conformality
earlier than fluctuations of other film layers.

These results, which are in a good agreement with experi-
ment[18,28,29, can be also obtained in the frame work of
the Holyst mode[32,32. However, Figs. 9 and 10 demon-
strate one very essential feature of behavior of the diffuse
x-ray reflectivity of FS&F which cannot, in principle, be
obtained from the Holyst theory and its continuous exten-
sions[33,34]. One can conclude from these figures that, near
the maximum temperature of existence of the film (
=T{?)), the smectic layer displacement fluctuations must

and 8, these dependences demonstrate the first Bragg peaksse conformality with growth o®, earlier than it occurs at

at Q,=Qy=2m/d, which are due to a constructive interfer-

lower temperatureT=T(12). So, according to Fig. 9T(

ence of x rays scattered from all film layers, and a series ot -|-(12))' for Q, =0.00M,, where Q,=2m/a, the Kiessig

the Kiessig fringes which are caused by constructive angringes, though very weak, are still observed. At the same
destructive interference of x rays scattered from the boundgme one can see in Fig. 10 that, e T(22) the Kiessig

ary surfaces of the film. In Ref$18] and[26]-[28] it has

been pointed out that occurrence of these maxima angs Q,.
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FIG. 10. The analogous dependence fof =T

=0.21035W,/kg). 1: Q,/Q,=0.001; 2: Q, /Q,=0.003; 3:
Q, /Q,=0.007.

fringes are almost completely suppressed at the same value
It means that near the maximum temperature of ex-
istence of FSAF the thermal fluctuations of the outermost
film layers become independent of each other for lower val-
ues ofQ, , i.e., for longer wavelengths of the displacement
undulation modes, than it occurs at lower temperatures of the
film. According to Eq.(28), intensity of the diffuse x-ray
scattering from FSAF is proportional to correlations be-
tween the thermal fluctuations of different film layers. As
said abovegsee Figs. 5 and)6the growth of temperature of
the film gives rise to weakening these correlations, and this
weakening is most pronounced for the correlations between
fluctuations of the outermost film layers. Such a decay of the
correlation is due to the significant decrease of the elastic
moduliK andB in the interior of the film which is ignored in
the Holyst theory31,32. Unfortunately, in Refg.18,28 the
diffuse x-ray scattering from F2%'s has been studied only
well below the bulk SmA-N transition temperature, and now
we cannot compare our theoretical results with experiment.
Therefore the experimental investigation of the diffuse x-ray
reflectivity of FS3\F’'s near the maximum temperature of
their existence seems to be very interesting.
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