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Electric-field-induced transition between the anticlinic and the synclinic smecticz surfaces
in free-standing films
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Anticlinic smecticC surfaces were found experimentally as ground state structures in free-standing films
made of smectic liquid crystals with no anticlinic bulk phases. A mean-field interpretation of this observation
is given within a discrete phenomenological model of antiferroelectric liquid crystals, which additionally
considers the enhanced order present at the surfaces of the free-standing films. The temperature dependence of
the critical electric field that drives the transition between the anticlinic and synclinic sn@aticfaces is
evaluated, and fair agreement with the experimental data is found.
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[. INTRODUCTION transverse polarization, thermal fluctuations of the polariza-
tion field were recognized as an important source of the
Free-standing films of smectic liquid crystals are stacks ofong-range interactions that stabilize tBestructure]7]. The
N parallel smectic layers, spanned in the air over a windowentropic contribution of the polarization fluctuations was
of area approximately 1-5 énlin the SmA phase on the shown to reduce the free energy of @etructure more than
average the molecules are perpendicular to the layers. Updhe free energy of thé structure. As we understand, this
cooling toward the temperature of the transition from the€xplanation rests on the assumption that both configurations

SmA to the tilted phasérfj, the molecules in the surface Present locally stable structures, _and the contribution of the
fluctuations merely lowers the minimum of tl@ structure

layers tilt at the surface transition temperatTi@'", which - X
is higher tharT® [1,2]. The difference betweeRs"'" and T° below the minimum of theS structure. In this paper, we
c tmak c ¢ would like to show that the two minima actually appear in

can be from~1 K up to 10 K or even 20 K. The increase of the mean-field treatment of the free-standing films so the

the transition temperature in the surface layers is due to thgssumption in Ref7] is justified. Moreover, with a properly

sfurface tension, which quench_es layer displacement ﬂucwf?:hosen set of model parameters, Detructure happens to
tions and enhances the smectic order at free surf&les '

orf b . be preferred over th& structure even within the mean-field
At temperatures betweeTg"" andT¢, the molecules in  4pausis. Fluctuations, however, can additionally enhance its

layers close to the surfaces are tilted considerably more thaﬁability.

those in the interior layers. Two distinct molecular configu-  There have also been observations of the opposite effect
rations have been observed experimentally. The symmetrig, qiher compounds, where a transition from the ground state
one, where the directions of the filt in the upper and in theg girycture to the structure was induced by an electric field
bottom surface layers are parallel, is call@ynclinic [5_7) This was explained successfully by the appearance of

smectieC surfaces or the S structure or just thesynclinic  fiaygelectric polarization and its coupling with the electric
structure and the antisymmetric one, where the directions offia|q and we shall not discuss this case any further.

the tilt at the two surfaces are antiparallel, is catediclinic

smectieC surfaces or the C structure or simply theanti-

clinic structure[4—-8]. It is surprising that, although a par- ll. THE MODEL
ticular compound at temperatures belﬁ\@/in the bulk ex-
hibits only the synclinic Sn€=* structure, where the tilts
in neighboring layers are almost parallel, it forms t@e
structure as the ground state in free-standing films at te
peratures abové@ E’ [4]. Upon applying an external electric
field parallel to the smectic layers, a transition from the
ground stateC structure to thes structure was observed at j siands for theth layer. The free energ@, is written as a
the critical field Ec. The critical field was reported 0 in- g, of terms describing the intralayer and interlayer interac-
crease upon cooling and to decrease with increase in the o up to the second neighboring layers:

thickness of the film. When approachinTQ from above, a
transition from theC to the S structure was observed and the

In the following we shall show that the reported phenom-
ena can be interpreted within the discrete phenomenological
model of antiferroelectric liquid crystal®]. The order pa-

Mameter is a set of two-dimensional layer-tilt vectafs
=(&i x,&i,y), which are the projections of the layer directors
n; onto the planey parallel to the smectic layers. The index

. ; 1 1 1 1
critical field becomes zero. _ 2
Go= sap& + b+ sa(§- &)+t sax§ & .
In a recently proposed explanation for the stability of the 0 EI 2 & 4 Oéﬁ 2 & &41) 8 o8- &i+2)
C structure in compounds with high saturation values of the @
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Intralayer interactions are described by the first two termssijtion from the SmA phase first goes to a uniplanar struc-
whereag=a(T—Tj). To would be the SmA«~ tilted phase ture, and that a spatially modulated structure may only
transition temperature if there were no interaction betweervolve at a lower temperature. We call a structure or a fluc-
different layers and assuming a second order transition frortuation uniplanar if the molecules in all the layers tilt within
the SmA to the tilted phasey andb, are positive constants. a single plane. The same procedure was done here and we
The lowest order terms describing interactions betweenvill only review the results.

neighboring layers are tha; term, describing the nearest

layers’ interactions, and tha, term, describing the next-

nearest layers’ interactions. The signs of parametgrand . RESULTS

a, determine the preferred relative orientation of tilts in in- 54440t ingredients of our analysis are the temperatures
teracting layers. I, anda, are positive, anticlinic tilts are  \yhere the lowest eigenvalues of the inverse susceptibility
favored, and_ if they are negative, synclinic tilts are favored.natrix in the SmA phase become zero. In Figlal the larg-
Wherea, is negative or positive but smaller thiay|, the  est three among these temperatures denotéd byT.,, and
structure of the tilted phase is determined by the sign of thq—03 are plotted as a function afa,/«. Calculations were
parameter;. If a, is negative, the tilted phase at tempera-done for a nine-layer-thick film and an appropriate set of
tures below the Smi phase is the synclinic Si@8-phase, model parameters.  The  temperature  of the
and if a, is positive, it is the anticlinic SnG, phase. For Sm-A « tilted phase transition is the highest among them:
positivea,, which is also larger thaja;|, a balance between T, for Aay/a<~6 K and the higher off; and T, for
competing nearest layer and next-nearest layer interactions iarger Aay/ «, where the two temperatures almost coincide.
achieved in the short pitch structure of the Slpphase. We This part is reproduced in Fig.(d), where the difference
wish to explain the observed stability of the anticlifc  T.;— T, is plotted in dependence dxa,/«a. Later we shall
structure in a film made of the bulk synclinic material— recall that there exists a region of valuesiai,/a such that
therefore we shall choose the values of the model parameteis., is higher thanT ;.
so as to obtain the synclinic S@-phase just below the To understand the influence of large,/« on the small
Sm-A phase in the bulk. Thus, should be negative. But we difference betweeil.; andT, let us look at the shape of the
shall also permit a certain competition between the nearestniplanar fluctuations that they belong to. Due to the sym-
and the next-nearest layer interactions by settipgositive  metry of the film, all the eigenfluctuations are either symmet-
but smaller than|a,|. The competition should be weak ric or antisymmetric with respect to the midpoint. In Fig.
enough not to disturb the synclinic structure in the bulk, butl(c) the first two fluctuation modes are shown schematically
should result in the appearance of not completely syncliniat temperatures such that the fluctuation modesareould
structures in free-standing films. be) critical and where the corresponding relaxation fre-
In order to obtain the surface transition at temperatureuency(the eigenvalue of the inverse susceptibility matrix
higher than the bulk transition temperatif®, which in our is zero. The first one corresponds Tg, and is symmetric
case equaIsT2=To+(—al+ a,/4)/a, we shall follow a and the second one corresponddte and is antisymmetric
simple phenomenological approafh]. The parameters,  With respect to the midpoint.
and by, which describe intralayer interactions, will be the  For smallAag/«, both fluctuations are characterized by
same in all the layers in the bulk but we will take a different Small amplitudes in the surface layers compared to the am-

o in the surface layers of the free-standing film. Since theohtudes_ in the interior layers. This means that the t|_|t vector
. . . ~ . fluctuations are harder at the surfaces and softer inside the
smectic order is larger in the surface layers, we asstgie

_ film. Upon cooling, a tilted structure with a small tilt in the
higher thanT, and the temperature dependent paramager surface layers and a large tilt in the interior layers should
=a(T—T,) for the surface layer is smaller thag for inte-  evolve.

rior layers. The differenc@,— To=(ag— o)/ a=Aay/c is For largeAay/ «, the situation is reversed. The amplitude
a positive measure of the excess order at the surfaces aﬁ)a the first two fluctuation modes is Iarge at the surfaces and
will be temperature independent. small inside the film and both modes become unstable at

We have described elsewhere in defaid] how the sta- almost the same temperature. Since mostly the surface layers
bility analysis of the high temperature Stphase is per- are involved in this process for largkay/a, the critical
formed and how the structure of the tilted phase below théemperaturehigher betweer; andT,) is called the sur-
Sm-A phase in free-standing films is determined numericallyface transition temperatufg""". It is much higher than the
within this model. The SnA phase is stable as long as the bulk transition temperaturgy .
matrix of the second derivatives of the free eneftjywith At temperatures beloWi“”, the critical fluctuation mode
respect to the set of two-dimensional order paraméiers  induces a uniplanar tilted structure with nonzero tilt in the
the inverse susceptibility matjixis positive definite. The surface layers and either symmetric or antisymmetric tilt pro-
main part of the analysis is to find the temperature where théile. A schematic representation of both possible structures is
smallest eigenvalue of the inverse susceptibility matrix in theshown in Fig. 2. The symmetric one is tBetructure and the
Sm-A phase becomes zero. The corresponding eigenvector éntisymmetric one is th€ structure. They both resemble the
related to the structure of the tilted phase. We have showshapes of the fluctuations they evolve from.
that in films with a finite number of smectic layers the tran-  Within the next-nearest layer interaction model the two
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Aafo=T,~T, K] FIG. 2. Schematic representation of the unipla®andC struc-
tures, which evolve from the symmetric and the antisymmetric criti-
cal uniplanar fluctuations below the transition from the 8mhase

| (b) as the surface or_der is e_nhar_lced in a nine-layer film. The slightly

tited molecules in the interior layers suppress the degeneracy
| among the two structures, since they transmit interactions between
0 ! E— ) the two surface sides of the film. The parameters are chosen to
| correspond to the regio@ in Fig. 1(b), at some temperature be-
e | tyveen the surfac% transition temperatdi#'" and the bulk transi-
= | tion temperaturél; .

-~ W/ same, since the tilt in the middle layers of the film is not
|8 C 5 exactly zero and the interaction between the surfaces is trans-
I D i 30 -s  mitted across the film. Therefore only one of them describes
Aajo=T,-T, K] the ground state structure. Which one is it?
Let us look once more at Fig.(), where the difference
of the temperature§ ., —T., is plotted as a function of
8, (c) Aag/a. There is a region oday/a between 7.9 K and 12.8
1 . " | | K whereT,, is larger tharT.; and where the antisymmetric
i A . i fluctuation mode is critical. For the values &8,/ outside
' this region the critical mode is the symmetric fluctuation
P A groms mode. In the bulk the parametda,/« has no significance
: and the structure of the tilted phase is completely determined
— , by «, by, a;, anda,. But for an appropriate set of model
- — \". L S parameters the tilted structure in a free-standing film just
' R 'I below the TSU"" can be either symmetric or antisymmetric
about the midpoint, and the choice between them depends
FIG. 1. (a) Temperatures where the first, the second, and theessentially oM\ a,/«, the excess order at the surfaces of the
third eigenvalues of the inverse susceptibility matrix in the Sm- film.
phase become zero are plotted as functions of the surface order It is thus possible that in the bulk only the completely
Aay/a=Ty—T,. The SmA phase is stable at temperatures abovesynclinic tilted SmE structure is stable, whereas in the film
Te1 and T, whichever is higher. Calculations were done for athe ground state just belowiurf is the C structure. Its ap-
nine-layer film made of a ferroelectric liquid crystal described by pearance depends on the enhanced order in the surface |ayer5
parametersy /a=—10 K anda,/a=6 K. (b) The difference be- z5sumed at largehay/a and on a positive value of,,

tweenT., and T, in the region where they are almost the same.\yhich does not favor synclinic tilts in next-nearest layers.
The unstable fluctuation mode corresponds to the symmnethie-

, Let us illustrate the possible stability of th& structure by
tuation for Aag/a<7.9 K and forday/a>12.8 K, whereas for 5 examples dealing with films with odd and even numbers
Aag/ae (7.9 K, 12.8 K the unstable mode is the antisymmetiic of layers, respectively.

fluctuation.(c) Schematic representation of the symmetric and an- In the, next-nearest layer interaction model, a difference
tisymmetric uniplanar fluctuations at temperatures, where they bebetween the and theC structure emerges mainiy in the few
come unstable in the Si-free-standing film.

middle layers of the film. In the first approximation, we can
structures will have the same free energy if the tilt is nonzeraeglect the minor differences in the tilt profile of both struc-

only in a few surface layers and exactly zero in more thartures in other layers. If we look at the middle layers and their
two neighboring layers inside the film. In such a case thecontribution to the interlayer interaction energy, we should
directions of the tilt at the two surfaces of the film are notcompare the symmetrig and the antisymmetri€ configu-
related. But, in fact, their free energies are not quite theations. In Fig. 8a) the four middle layers of a film with an

L1 |

11,0005

- T, 1K

T
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a) Neven +al-< ----------- middle of the film —al—< -----------
/em,.d +a, B, —a, FIG. 3. Schematic representations of tBe
+a, ( +a, < and C tilt configurations in(a) the four middle
/ Oria 1 \emid—l layers in a film with an even number of layers
and (b) the five middle layers in a film with an
odd number of layers. The pairs of layers that
+a, < /emid—z +a, < /emfd—z contribute to the interlayer interaction energy and
+a the sign of their contributions are denoted by
/ Opnia_1 2 / Onia—1 0 4
+a, ( 0 (¢ *a;[see Eq(1)].
b) Nodd / Ot +a, middle of the film - -- - - Bua =07 —q,
+a, < 0 <
/ Opia_1 ta, \emid—l 0

+a; ( /e +a, <\e
mid-2 mid-2

even number of layers are shown. Their interlayer ()

. . L . OmidOmid1
interaction contribution to the free energy is a,>—4a,

2
mid@mid—21 Omid—1
=Gi_| Noddc

1
Gioin euen,s:5611(2‘9mm|—1¢9mid“L Oria)
<Gi—|,N0dd,S:>C stable. (3)

Upon cooling the tilt increases in the interior layers as
well and at some temperatufe g nearTEJ a completely syn-
clinic structure is preferred, as is observed experimentally
for the S configuration and [4]. We can easily reproduce such behavior: We present it in
Fig. 4, where the curve correspondingde- 0 represents the
difference of the free energies of the symme@iand anti-
symmetricC structuresAGy=Gps— Gy -

1
+ §32(29mid—19mid)

1
Gioin euen,CZEal(Zamid—lemid_ Oria)
nz2
1 —_E=0
— 532(20mig—16mia) bo———- E=1V/mm
8 e =34 W mm

o | . 01 - 27 52 12 viem
for the C configuration, where,,;4 is the magnitude of the .— '
tilt in the two middle layers and,;4—1 iS the magnitude of E (T..=T)
the tilt in the neighboring two layergsee Fig. 8a)]. If o Gl
Gi—iNeenc<Gi—|Neens: the C structure is preferred < 8
over theS structure: 3
T _-T,)

a,>-—2a mic =G; <G;i =C stable P J) T — -"-" el

2 lemid—l i—I,NevenC i—I,NevenS . * " 0 1 12 13 14

2 ajo=T-T,[K]

The magnitude of the tilt decreases toward the midpoint due FIG. 4. The d'ﬁere.nce between the free energies oebﬂ.dc
. Structures as a function of temperature for a nine-layer film. The
to a largeAay/ a, so thatf,iq< Omiq—1 and the approximate

o i ) - typical values of material parameters are chosen such as to obtain
condition (2) for the stability of theC structure is satisfied meaningful values of the energy: the smectic layer thickoigss 3
(a;<0, a,>0).

. . o . nm and «, which corresponds to the specific heat, is 4
In odd-layer films the magnitude of the tilt in the middle ¢ 37 K [11]. The ratio of the polarization and the tilt depends

layer is zero for the€ structure and small but nonzero for the on 4 compound. We have chosen a value that is twice as large as in
Sstructure. In Fig. @) the symmetricS and antisymmetric pOBAMBC (p-decyloxybenzylideng-amino 2-methyl buty! cin-

C configurations in five layers in the middle of the film are namatg, P=8 nC/cnf at 6= w/9. The other model parameters are
shown. A similar reasoning as for the even films leads to ahe same as befor@;/a=—10 K, a,/a=6 K, by/a=100 K,
similar condition for the stability of th€ structure: andAay/a=12 K.
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At temperatures wherdG,>0, below T$""" and above

Tcs, the C structure is the ground state since it has a lower 3 - —— f_‘::: o
free energy than th& structure. AtT.g their free energies b g s
are identical and the first order transition between the two 24 -~ ——-#«1il i
structures changes the character of the ground state belog
Tcs. As expected, the synclini® or SmC structures are = ™
preferred at low temperatures, where the tilt becomes large.; i

% E_ (N=9]

through the film. |
Until now we have not discussed the influence of an ex- ¢ L',
ternal electric field, which is commonly used in experiments ;
to align the sample. If the field is wedlnd usually it i$ it p L
does not distort the structure, but it can lift a degeneracy
between the various structures or increase the free energy
difference between them. We will consider the coupling be- £ 5. The critical electric field that induces the transition be-
tween the electric field parallel to the smectic layers and th@yeen theC and thesS structures in films with 8, 9, 10, and 11
transverse ferroelectric polarizatidh of separate layers, |ayers. At high temperatures, ti@structure is stable in the regions
which also lies in the smectic plane and is perpendicular tgelow the E.(ay/a) curves and theS structure is stable above
the tilt vector§; . them. At low temperatures or strong electric fields, the stable struc-
Transverse polarization of each smectic layer is inducedure corresponds to the S@-phase. FoiT>TS""" and E=0 the
by piezoelectric coupling between the tilt and the polariza-SmA phase is stable. The material and model parameters are the
tion, Pi=eC0; . Where the tilt is zero, there is no polar- same as in the previous figure.
ization. In theS and C structures, tilt and polarization are
present mostly in the surface layers. Tilts in the upper and isiderable tilt in all layers. The transition temperatdrgs
the bottom surface layers are parallel in Bstructure and depends on the number of layeXsin the film, whereas the
the average polarizatiofP)s=(1/N)=N_,P; of the film is  surface transition temperatufé""" does not depend ax for
maximal, whereas in the antisymmetf@cstructure tilts and  films thicker than approximately seven layers. In the Sm-
polarizations in the surface layers are antiparallel and th@hase there exists some nonzero tilt in the same direction in
average polarizatiofP)¢ of the film is zero(see Fig. 2 A all the layers ifE#0. This is the linear response due to the
weak external electric fiel& parallel to the smectic layers coupling betweee andP, which stabilizes th& structure at
aligns theS structure so thatP)g is parallel toE and does high temperatures. When cooling at constante first reach
not have any influence on th@ structure. a certain temperature where ti@ structure becomes pre-
When an external electric field is applied, an additionalferred over the field-induce8 structure, and at some lower
linear term must be added to the free ene@y The total temperature th€ structure becomes stable again. The cor-
free energy is now responding electric field is thus the critical fiel}, which
induces the transition from the to the S structure at the two
Ge=Go—E-(P). (4) temperatures. The temperature region yvherethm:ructure
is stable shrinks as the electric field is increasedE Ifs
larger thank,, .y, the C structure is driven out of the phase
sequence. This effect was reported first in R8f: The au-
thors experimentally observed the reentrant appearance of
the Sstructure when the SrA-film was cooled in a moderate
electric field of around 10 V/mm. When the field was even
. " ) , higher, the structure remained synclinic in the whole tem-
=0, there exists a critical fiel&, where the free energies of perature region, and th@ structure was not observed at all.
both structures are the sam@g_ s=Ge, c. If Eis larger Where else do our predictions meet the experimental ob-
thanE., the Sstructure is stable. In Fig. 4 the temperatureservations? The critical field calculated within our model is
dependence of the free energy differendeGe=Ggs  of the same order of magnitude as the measured fiBld$5
—Gg ¢ in the presence of an electric field is shown for thev/mm) [4,7,8. With increasing number of layelg, the criti-
same set of model parameters as before. cal field E, decreases as reportf4,8]. At higher tempera-
Our understanding of the effect is summarized in Fig. 5turesE, decreases with increasing temperature, as was ob-
where the critical fielcE is shown in dependence on tem- served experimentallyf4]. We also predict that at low
perature for a few films of different thicknesses. The curvegsemperatures close fbg the critical fieldE, should decrease
showing the temperature dependence of the critical fieldyith decreasing temperature. This was not observed yet to
separate the stability regions of ti&e C, and SmE struc-  the best of our knowledge, but such behavior can be ex-
tures. ForE.=0, theSstructure is stable at temperatures uUppected since the synclinic S@-structure is stable in the
to Tcs, where the transition to th€ structure takes place, bpulk at low temperatures and therefore the critical field
and theC structure is replaced by the Sfphase at tem-  should go to zero.
peratures abov&:""". At temperatures around and beld A word should be said also about the parameters we have
the S structure is more like Sn@, with synclinic and con- used in our calculations and their influence on the critical

i e

LJ - 1.[:; . H. 12 13 l:i-
afo=T-T,[K]

The free energyGg ¢ of the C structure is not changed by
this linear coupling term, whereas the free energy of $he
structureGe g is decreasedzg s<Ggs. If the Sstructure is
the ground state whel=0, it remains the ground state even
whenE#0. But if the C structure is the ground state far
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field. A large piezoelectric coupling consta@. leads to a  rameters, the estimated values of the critical electric field for
large spontaneous transverse polarization and to small critthe transition from theC to the S structure are macroscopic
cal fields. Strong interlayer interactioflargea, anda,) in  and of the same order of magnitude as observed experimen-
general increase the difference of the free energies of thilly [4,7,8. The temperature dependence of the critical field
various structures, and so the critical field becomes higheat high temperatures also agrees with observations; upon
On the contrary, a largAa,/« indicates a small magnitude cooling the critical field increases. The explanation we of-
of the tilt in interior layers, a less important contribution to fered involves a strong dependence of the critical field on the
the difference of the free energies of t8and theC struc-  number of layers in the film. With increasing number of lay-
tures, and therefore a small critical field. The explanation weers the critical field becomes smaller, which is the same func-
propose here is meaningful for substances that have a suiional dependence as obsenj&d.

able combination of different properties: Strong but weakly Finally, we must not forget that physical mechanisms
competing interlayer interactions increase the acceptable dibther than those included in our model can be important in

ference of the transition temperaturg ”—TE. these systems. Due to a large tilt and the polarization in the
surface layers, the dipolar interaction between the upper and
IV. CONCLUSION the bottom surface layers can be important; this was already

partially analyzed12]. We have shown that a direct dipolar
To summarize, a mean-field interpretation of the electricinteraction promotes antiparallel orientation of the transver-
field-induced transition from the ground stalestructure to  sal polarizations of both surfaces and thus stabilizesGhe
the Sstructure in free-standing films was proposed for com-structure. In an alternative explanation, the stability of@he
pounds with no anticlinic bulk phases. The model proposegitructure was proposed to result from the interaction between
is a discrete phenomenological model of antiferroelectric ligthe polarization fluctuations at the two surfa¢@sl3).
uid crystals, which explicitly includes interactions up to  But, as already suggested, further studies of the structure
next-nearest layers. The basic assumption of our explanatiogs a function of thickness are needed to confirm the validity
is the existence of a minimal competition between nearesgf the proposed models. Nevertheless, we believe that our
layer interactions, which favor synclinic tilts, and next- explanation contributes to a general understanding of this

nearest Iayerinteractions, which favor anticlinic tilts. In Spitemtriguing phenomenon, which has been much studied
of this the only tilted structure in the bulk is synclinic, recently.

whereas in films with enlarged surface order and increased

transition temperature the balance between the nearest and

the_ next-nearest layer interactions can restore t_he partially ACKNOWLEDGMENTS
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