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Influence of external field on layer-thinning transitions in free-standing smecticA films

L. V. Mirantsev
Institute of the Problems of Mechanical Engineering, Academy of Sciences of Russia, St. Petersburg, 199178, Russia
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In the framework of a simple microscopic mean-field model for thin sme&tiquid-crystal films with two
boundary surfaces the effect of an external magrietielectrig field on the recently observed phenomenon of
layer-thinning transitions in the free-standing smeétifilms upon heating is theoretically investigated. It is
found that the external field increases the layer-thinning transition temperatures and decreases the first
multilayer jump in the free-standing film thickness. The magnitudes of both magnetic and electric fields
necessary for experimental verification of the results obtained are numerically estimated.
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PACS numbd(s): 61.30.Cz, 64.70.Md

Free-standing smectic films can be considered as a statkat below a critical temperatuiie.(N) [T.(N)>T;] the Sm-
of smectic layers with two free boundary surfaces. One ca phase occurs in the film. In this phase the distribution the
produce smectic films consisting of 2—1000 layers, whichfree energy over the film layers is a monotonic function of
make them a convenient object for the investigation of low-the distance from the boundary surface. As a result, all layers
dimensional effect§1—-3]. The combination of the surface- of one-half of the film are subjected to forces directed to-
induced ordering and finite-size effects in these films givesvards the first boundary surface and the forces acting on the
rise to the appearance of phenomena that are not observedlayers of the other half of the film are directed towards the
bulk liquid-crystal (LC) samples. For example, Rosenblatt second one. When the critical temperatligéN) is reached,
and Amer[4] reported an anomalously high temperature ofthe N-layer SmA film becomes absolutely unstable to the
existence of the smecti-(Sm-A) phase in the free-standing occurrence of a “quasismecticA- film structure (QSmA)
film of octylcyanobiphenyl. Heinekampt al. [5] observed in which the LC molecules in the interfacial film layers are
the smectic€* (Sm-C*) phase in the free-standing film of orientationally and positionally ordered, but the order param-
DOBAMBC at the temperature significantly higher than thateters decay very rapidly to nearly zero with distance from the
of the SmC*- Sm-A transition in the bulk. The observation boundary surface. The monotonic character of the free-
of smectict (Sm{) layers in the smectiG (Sm-C) film has  energy profile appears to be distorted and, as a result, the
been reported in Ref6] and the SmA—smecticB (Sm-B) forces acting on 2—3 interfacial layers are directed towards
phase transition in boundary layers of the 8nflm has the boundary surface and the interior layers are subjected to
been found in high-precision calorimetry measuremgnts  the forces directed in the opposite direction. One can imag-
A different remarkable phenomenon in the smedgtic- ine that the interfacial layers seek to squeeze the interior ones
free-standing films has been observed by Stasta. [8,9]. into a surrounding isotropic reservoir thinning the film to a
It has been found that above the bulk $misotropic(Sm-  stableN’(N’<N) -layer smecticA film. The free energy of
A-l) transition point the S free-standing films of mem- theN’-layer smecticA film must not exceed that of the com-
bers of the partially perfluorinated ralkyl-2-{4-  posite, melted interior layer, QSH- structure in the
n-(perfluoroalkyl-metheleneoyghenyl pyrimidine homolo-  N-layer film. Choosing a suitable value of the parameter de-
gous series undergo the layer-thinning transitions with intermining the “strength” of the bulk Sr#—I phase transi-
creasing temperature. For example, the initially 25 layer filmtion, the model allows one to obtain a sequence of the layer-
of one of the above-mentioned compounds, namelythinning transitions (25-13—11—10—-9—8—---) very
H10F5MOPP, thinned to 15, 11, 9, 8, 7, 6, 5, 4, 3, and Ximilar to the experimentally observed one. The small differ-
layers before it finally ruptured at a temperature about 25 Kence between theory and experiment is possibly due to the
higher than that of the bulk SA—I transition. The tempera- use of the mean-field approximation, which is the simplest
tures of these layer transitions have been found to obey thapproach to the phenomenon under consideration. In addi-
simple power law tion, for N<13 the relation betweet(N) andL [Eq. ()],
similar to experiment is found.
L(t)~t 4, (1) It is well known that external magnetior electrig fields
have an effect on the orientational ordering and phase tran-
where L is the film thickness (in units of layer$, sitions in LCs[11-16. Since, according to Ref10], the
t(N)=[T(N)—Tol/Tq, T¢(N) is the maximum temperature layer-thinning transitions in the free-standing smedtic-
at which anN-layer SmA film exists, T is the bulk Sm-  films are due to melting of the interior smectic layers, one
A-l transition temperature, ang~0.74. can expect that these transitions and their characteristics
A theoretical description of the layer-thinning transitions (transition temperature and number of layers squeezed into
in the free-standing smecti-films based on a simple mi- the surrounding reservgiare also sensitive to the external
croscopic mean-field model for thin LC film with two bound- field. It should be also noted that the free-standing LC films
ary surfaces has been offered in Raf0]. It has been shown under the external field are the systems in which a triple
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combination of the field effect, the finite-size effect, and thewhere 9, (Jy) is the angle between long axes of the mol-
surface effect occurs. Therefore, such systems are extremed¢ules within the firstlasd layer and the normal to the

interesting. boundary surfaces of the film aMi, is the interaction con-
In this paper we present the results of a theoretical invesstant.
tigation of the influence of the external magnédtc electrig By analogy with the McMillan theory17], we can ex-

field on the layer-thinning transitions in the free-standingpand the pair potentigR) in a Fourier series with a charac-
smecticA film performed in the framework of the model teristic periodl along thez axis parallel tor and keep the
proposed in Refl10]. According to this model, the LC film first two terms of this expansion. Then, in a mean-field ap-
with two boundary surfaces is assumed to considiafis-  proximation, one can obtain the single-particle pseudopoten-
crete layers with thickness of the order of the moleculatials V;(z;,9;) (i=1,N) for the molecules within each film
length |. The film is also assumed to be homeotropicallylayer given by Eqs(4)—(7) in Ref.[10]. These pseudopoten-

oriented, i.e., the directat is aligned along the normaito  tials are the functions of the “local” orientationaj; and
the boundary surfaces. The intermolecular interaction i$Mectico; order parameters determined by self-consistent
simulated by the McMillan model pair potentigl7] equations(8)—(10) in Ref.[10]. If the free-standing LC film

is placed, for example, into an external, magnetic field

aligned parallel to the normal, then the energy of the in-

_ _ 3_3/2 _
ViaT12,912) = = (Vo/Norgm )(3/2c08 915~ 1/2) teraction between the LC molecules and this field must be

> 242 2 added to the single-particle pseudopotentigls; ,J;). This
xR~ ridro), @ energy for molecules within theth film layer is given by
[11]

where V, is the interaction constant};, is the angle be- B 2
tween long molecular axes,, is the distance between mo- AVi(H, )= = (113 xoH*(3/2c08 % ~ 1/2), ®)

lecular centerstq is the characteristic distance for the inter- wherey, is the LC diamagnetic susceptibility anisotropy per
molecular interaction, and, is the density of molecules. It one molecule. If the free-standing film, formed of a LC with
should be noted that though this model pair potential ispositive dielectric anisotropy, is placed into an external elec-
highly idealized and unrealistic, it allows us to obtain, in aic field E parallel tov, then the produck,H? in Eq. (13)
mean-field approximation, a phase diagram qualitativelyyyst be replaced bye(/4mn,)E2, wheree, is the dielectric
similar to the experimental ongd7]. Since in the frame-  permittivity anisotropy of a LC with perfect orientational
work of the McMillan theoryr, is assumed to be much qrger[14-16. The free energiek; of the discrete film lay-
smaller thanl (ro<l), this interaction must decay to nearly grs are determined by Eq€l2)—(14) in Ref. [10] and the

zero at a distance of the order of the molecular ledgiind  i5i4] free energyF of the N-layer film is equal to
the molecules within each layer can interact only with the

molecules of the same layer and those of the two neighbor- N
ing layers. F:izl Fi. (6)
As for the interaction between the boundary free surfaces
and the mesogenic molecules, the principle of independent We have performed a numerical investigation of self-
surface action, proposed by Langm{di8], states that each consistent equation®)—(10) in Ref.[10] for various values
part of the molecule possesses a local free energy. Then, t5f the dimensionless parameter y,H?/3V,, (in the case of
minimize the free energy of the system, each molecule in théhe external electric fielch=¢,E2/12mrnyV,) determining
interfacial layers prefers to have the molecular groups withthe effect of the external field on the phenomenon under
the lowest surface free energy exposed to the free surfaceonsideration. The values of other parameters involved into
Hence the free surface should act on the LC molecules as aur theoretical consideration, namely, the initial numbigr
“effective” orienting field, which induces the homeotropic of the film layers, the ratio of the interaction constants
orientation in the free-standing smec#chlms. Further, the W,/V,, and the parameter determining the strength of the
experiments on the surface tension of the free-standing LGulk SmA-I transition in the McMillan theonf17], have
films [19] show that the mechanism responsible for the surbeen chosen to provide a reasonable agreement with experi-
face tension is highly localized in the two outermost surfacement[8,9] performed in the absence of the external field. It
layers. Consequently, the above-mentioned effective orientias been foundi10] that most appropriate values of the pa-
ing fields should be very short ranged, i.e., they act directlyametersNo anda areNy= 25 anda=1.05. As for the value
only on the molecules within the first and last film layers. of the ratioW,/V,, in choosing it we can be guided by the
Since we have no detailed information Concerning the CONfact that the free_standing Swfiims experimenta”y inves-
crete coordinate dependence of the forces between the fréigated were stable above the bulk S transition tem-
surfaces and the LC molecules, we shall assume the eXte”‘ﬁra’ture. Consequently, it is reasonable to assume that the
orienting fields to be spatially independent. Such short-ranggee surface enhances the liquid-crystalline ordering, i.e., the
external orienting fields were used in previous papers on theC—_free-surface interaction consta{, must be greater
interfacial smectic structurg®0,21] and can be written as  than the intermolecular interaction constavig and we
should seWW,/Vy,>1. Therefore, as in Ref10], we will use
Wi ()= —Wq(3/2c08 9, — 1/2), 3) Wy /Vo=3. Using these yalues, we ha\{e obtain(_epl, first of all,
the dependence of the first layer-thinning transition tempera-
ture T,(Ng) on the external magnetic field. This multilayer
Wy () = —Wp(3/2c0€0y— 1/2), (4)  jump in the free-standing film thickness is much stronger
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FIG. 1. Dependence of the relative shift of the first layer-  FIG. 2. Dependence of the numkie; on the parameteln.

thinning transition temperature on the dimensionless pararheter ) . . .
No=25, a=1.05, andW,/V,=3. No-layer film minus the free energy &f;— N, film layers in

the PN phase. The paranematic order paranmigth) in-

than all subsequent layer-thinning transitions and hence is gfuced by the external field in the isotropic phase at the tem-
particular interest. As we have said before, at the criticaperatureT,(Ng,h) and the free energy of a single film layer
temperaturd (N,) the SmA phase becomes absolutely un- in the PN phase can also be determined by means of our
stable in theNy-layer film, i.e., T.(No) is a spinodal point for ~model in the limit case of infinitely thick LC filmN— ).
the free-standing smectig-film of initial thickness. The de- Using the above-mentioned procedure, we have obtained the
pendence of the relative shift of the first layer-thinning tran-dependence of the numbll; on the parameten shown in
sition temperatureAt(Ng) =[T<(No,h)—T(No)1/To(Ny),  Fig. 2. It is seen that this dependence is an increasing step-
where T¢(Ng,h) is the critical temperature for the free- like function ofh. Since the growth o, is equivalent to the
standing film under the external field, on the parambtés ~ decrease of the first and very sharp jump in the free-standing
shown in Fig. 1. It is seen thait(N,) grows almost linearly film thickness, one can conclude that the external field
with the parameteh, i.e., the shift of the first layer-thinning “moderates” this multilayer-thinning transition in the free-
transition temperature is proportional to square of the exterstanding smectié films.
nal magneticor electrig field. It should be added that the  Using the above-mentioned values of the parametgrs
relative shifts of the other layer-thinning transition tempera-a, andW,/V,, we have plotted, as in Reff10], the depen-
tures[At(N;), At(N,), At(Ns), . . .] depend on the param- dence of logd T.(N,h) —T,]/ T, on log;o(N) for four differ-
eterh in an analogous manner. ent values of the dimensionless paramétenamely,h=0,

We have also investigated the effect of the external field1=0.01,h=0.02, anch=0.03(see Fig. 3, curves 1,2,3,4t
on the numbeN; of layers remaining in the film after the has been found that these valueshaforrespond to the fol-
first layer-thinning transition. According to RdfL0], in the  lowing sequences of the layer-thinning transitions upon heat-
absence of the external field the numbgrmust be such as ing:
to provide the existence of the stable 2nphase with the 25,13 +11510-9—8—--- for h=0,
total free energy not exceeding that of the Qanhase in 25 515-1351211510—9—--- for h=0.01,
the Nqy-layer film (the free energy of the isotropic phase in 251614513 -512—-11-10—--- for h=0.02,

the surrounding reservoir was equal to 2efn the presence 25 ,1715—-14—-13—-12—11—- .. for h=0.03
of the external field the situation changes, because the field R

induces a “paranematic’(PN) phase[12—14 in the reser- One can see from Fig. 3 that all theoretical curves are
voir. In this phase the orientational order paramegggi(h) is similar to each other and fdd<10 they are parallel to the
not equal to zero and hence the free endfgy(h) of the  analogous experimental dependef8g] (Fig. 3, curve 5,
reservoir is also different from zero. Then the numbar i.e., for N<10 the theoretical curves, independent of the
must be such as to provide the sum of the free energy of theagnitude of the external field, are well described by rela-
Sm-A phase in theN;-layer film and the energy of the tionship(1) with the exponeng very similar to experimental
No—Nj film layers, squeezed into the paranematic reservoirpne (3~0.74), i.e., this exponent is independent of the ex-
not exceeding the total free energy of the Q8nphase in  ternal field. However, for larger values &f (N>10) the

the Ng-layer film. Consequently, we have to decrease theheoretical dependences become sharper and do not obey this
number of film layers [at the constant temperature simple power law. Moreover, the stronger the external field,
Tc(Ng,h)] from the initial valueN, to the final oneN,, for  the larger the deviation of the theoretical curves from rela-
which one can obtain the solution of Ed8)—(10) in Ref.  tionship (1). This result is qualitatively independent of the
[10] corresponding to the Sr-phase with the total free particular values of the parameters used in calculations and
energy (6) not exceeding that of the QSH-phase in the the discrepancy between theoretical curves and power law
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' i following way. According to the McMillan theory17], for

‘ a=1.05 the bulk SmA—-I phase transition temperature is

i equal to 0.2249(,/Kg). The mesogenic compound studied

\ in Refs.[8,9] exhibits the bulk SmA—I transition at the tem-

el Ll
~
P
-
R
[

o
Lol
-

1
-

-

/

T

logio(N) ] ARAN peratureT,~358 K. Hence we obtaiv,~2.2x 10 2 erg.
N \\\\\\ Substituting this value and a typical value pf~3x 1028
o NN [11] into Eq.(7), we obtainH;~ 3.3x 10° G. Evidently such
T ' N AN magnetic fields are not available now. As for the value of the
. \ ) electric fieldE; necessary to increase the first layer-thinning
: ‘\ transition temperature by 1 K, it can be obtained from Eq.
] . (7) by replacingy, by (e./47ng). Using the values ,~20
T typical for a strongly polar [14], and the value
-0 -25 -20  -15  -10 -05 no~1.4x 10 cm™2 typical for a LC[22], one can obtain
logo[{Te{N) = T0) /To] E,;~5X10° V/cm, which is, according to recent experimen-

o N tal papers on the electric-field-induced transitions in LCs
FIG. 3. Dependence of the layer-thinning transition temperaturetl4_1q a quite achievable value.
on the film thickness determined for different values of the param- In co,nclusion in the framework of a simple microscopic
ztetrh.slg,h=0; 2,h=0.01;3h=0.02;4h=0.03; 5, experimental 051 field model for thin LC layer with two boundary sur-
ata[8,9). faces[10] we have investigated theoretically the influence of
_ . the external magnetior electrig field on the recently ob-
(2) for thick films (N>10) is probably due to the use of the served[8,9] phe%mmg)non of I?dyer-thinning transiti)éns in

oversimplified mean-field approximation. ; s .
Finally, we can estimate numerically the magnitude of thef":"e'St'F’md'ng smectié- films upon heating. It has been

magnetic(or electrig field necessary for the experimental ];?t?g: ttehrit t:;ﬁﬁteesrrﬁg'ggc'rr:g:::?ﬁet?ﬁslt"’%etmtir;n2'rn.grtr:ari;
observation of the effect of the external field on the layer- peratures ; yerjump |

L - ) ; - the free-standing film thickness. The values of the magnetic
thinning transitions in the free-standing smeadidims. Let

. . . and electric fields, necessary for the experimental observa-
us determine, for example, the magnitddieof the magnetic .. )
. . : . . ) tion of the effect of the external field on the phenomenon
field, which gives rise to an increase of the first layer-

thinning transition temperature by1 K. According to ex- under consideration, are numerically estimated. The neces-

perimental datd8,9], this increase corresponds to the rela->20Y valrt:g obehe external electric fiefg, is found to be
tive shift At of the first layer-thinning transition temperature quite achievable.

of the order of~0.003. One can see from Fig. 1 that this

shift corresponds to the magnitude of the paramietef the This work was supported by Russian Fund of Fundamen-
order of ~0.005, which, in turn, leads us to tal InvestigationgGrant No. 96-03-32417a
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