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Linear splay elasticity in surface-induced films of tilted smectic liquid crystals
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The prefrozen films that may be observed at the surface of isotropic liquid crystal droplets, close to the
isotropic-smectic phase transition, or surface-induced films, are essentially asymmetric. If moreover, the mol-
ecules are tilted inside the smectic layers, as in the sm€c{i&mC) or smectic€, (SmC,) phases, the
director that we may define as the order parameter of the film, is a real vector. Thus, the surface-induced films
of MHTAC exhibit vectorial or polar properties, though the molecules are not chiral. The film free energy
therefore contains a surface-elasticity teMnc?V - ¢, that is a linear function of the splay distortion, and that
may be negative enough to promote a mechanical instability. A spontanelistertion, orc modulation, then
invades the whole film and produces an array of parallel stripes, with a typical four-fringe periodicity when
observed between crossed polarisers. Here, we present optical measurements of the distortion for different film
thicknesses, and we propose a linear analysis of the data to test our model. Due to the limitations inherent to
the Fourier expansion that we use, the calculations are valid only between two limits: & lamgewhere
splay domains collapse into disclination lines, and a smdibrderline below which the distortion evolves
towards a system of independent solitons. We find that the sign of the spontaneous splay elastic Kgnstant
alternates as a function of the number of lay®&sa property that is reminiscent of the alternate structure of
the SnC, phase. We argue that the two-dimension elastic conskant, originates from the interactions
between the molecules in contact to the isotropic phase, and we d&duee (—1)Nx10 ' N and the
elastic anisotropy, with a ratio of the splay over bend elastic constaiits,~4.5. Similar properties could be
observed also in other types of ultrathin films, e.g., in free-standing, ferroelectri€{Bor antiferroelectric
(SmC3), films, in Langmuir films, and even in particular biological films. In some cases, a second, electric
instability may occur and superimpose onto the elastic one.
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[. INTRODUCTION and equidistant stripes, perpendicular toxaaxis. Though
produced by different physical mechanisms, the instabilities
Periodic morphologies are rather ubiquitous; they may benay keep the same appearance. In that sense, their mere
observed in a wide variety of systems belonging to both har@bservation is insufficient to lead to a unique interpretation.
and soft matter physics. They may be observed in supercoimNevertheless, provided characteristic features are correctly
ductors, in magnetic solids, in ferrofluids, and in organicmeasured, they may be used as an indirect, but powerful, tool
systems as well, in two or three dimensions. From an experifor studying the physical effects under competition, and to
mental point of view, they are more easily evidenced in two-obtain interesting insights into the physics of the system.
dimensional systems where imaging techniques may be used. Liquid crystals are well-suited to observe instabilities, be-
They then yield textures that reveal to be sometimes beautcause they are fluid and easy to prepare in two-dimensional
ful, always surprising1]. This probably explains in part that (2D) films. Moreover, they exhibit many different phag@s
they have been intensively studied in the past years. Some of them are close to biological systems and may some-
The morphologies have different physical origins. Excepthow mimic them. A simple method to make liquid crystal
in the trivial case where the observed periodic texture difilms consists of spreading them at the free surface of water,
rectly results from some intrinsic period of the structure, theyor of glycerin. Asymmetric films a few molecules thick, or
are produced by instabilities that are due to a competitioangmuir films, may be prepared in this way. Under particu-
between two antagonistic effects. However, this competitiodar conditions, they exhibit interesting patterns with domains
between antagonistic forces really exists only if the systeni3—5|, stripes or spiral§6—8]. Again, they are produced by
exhibits enough fluidity to evolve towards its free energydifferent mechanisms. In the case of thin nematic films
minimum. Let us also note that the competition may developspread at the free surface of glycerin, the instability is shown
in a static way, or dynamically, as for instance in the case ofo be promoted by surface-like elastic teridgg andK,,[7].
the Rayleigh-Beard instability. With smecticC Langmuir monolayers at the free surface of
The resulting periodic textures may be rather complicatedwater, a different mechanism that involves an interaction be-
with more or less regular arrays of domains, fingerprintsiween two order parameters, is invoked to explain the
labyrinths, etc., sometimes exhibiting several characteristicnechanism of the instabilit}8].
lengths. In the simplest case, the periodic phenomena arise Liquid crystals may also rather easily be conditioned in
along one direction only, and they draw patterns of parallefree-standing films held on a frani®]. The film naturally
exhibits the required fluidity mentioned above to allow insta-
bilities to form. Again, the film may be processed in different
*Email address: Yves.Galerne@ipcms.u-strasbg.fr phases, giving the opportunity to observe several types of
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instabilities. Stripes and multiarmed stars are thus observed a)

in hexatic films of achiral liquid crystalsl0]. Stripe textures + SmC,

are commonly observed in free-standing films of the ferro- Air film -
electric smecticC* (SmC*) phase[11,12, together with 1\ g\ /
possible square latticd4.3,14. They may similarly be ob- Iso

served in achiral freely suspended sme@itilms [15].

Liquid crystals are a very versatile molecular system.
They allow one to realize a third type of free thin film, some-
what intermediate between the Langmuir films and the free-
standing films, in the sense that they are obtained with pure
molecular systems. They are the prefreezing films that ap-
pear at the free surface of isotropic liquid crystal droplets,
slightly above the isotropic phase transition, and that are in-
deed smectic films induced by the surface figlé]. They
are analogous to the premelting filhs7]. However, con-
versely to most materials, they constitute a remarkable ex-
ception since, as in the alcanes, they are in a more ordered FIG. 1. SmecticC, film induced at the free surface of an iso-
phase than the bulk. In addition, the prefreezing films ob+ropic droplet of MHTAC liquid crystal. The film is observed in
served in liquid crystals, cannot grow more than a few mo-ransmitted light between crossed polarizées.General view.(b)
lecular layers. If one tries to make them thicker, for instanceDetailed sketch of a two-layer-thick film with an edge dislocation at
by cooling the temperature, they become instable, and sudhe front of a new smectic layer. The horizontal component of the
denly all the sample turns out to the smectic phidsd. In  electric polarizatiorP only, is represented.
that sense, they also may be considered as prewetting films.

Interestingly also, being somehow half free-standing filmsdistortions for different thicknesses of the film, obtained on
they are dissymmetric with two different interfaces. Thisslightly changing temperatur&ec. Ill). We thus verify that
property is essential concerning the physical effects we disits relative importance increases when the film thickness is
cuss here. decreased. In particular, it may become large enough to dis-

With no contact to solid substrates, except at their boundtort the film spontaneously, giving it a lower free energy than
aries, all three types of films are mechanically free. They arén the uniform orientation. This may explain the mechanism
therefore completely fluid and, not being submitted to an-of the instability observed in the form of arrays of distortion
choring effects, after a while, they reach to their equilibriumwalls. To make it clearer, we propose a linear analysis of the
state. In this manner, these three mechanical systems are pdistortion, based on its Fourier expansion up to the second
ticularly convenient for experimental studies on subtle physi-harmonicgSec. I\V). This process yields a support to discuss
cal effects that are not usually observed. Moreover, they areur experimental results in more detdi&ec. \J. Though the
two-dimensional systems that have different, and not vengexperimental results that we present here are essentially ob-
well-known properties, compared to the three-dimensionaltained on surface-induced films with a particular compound,
bulk ones. Another interesting feature of these systems is thate may argue that in fact, the effect should be really ubig-
they are almost perfectly well oriented, with the smectic lay-uitous and exist too in the Langmuir films and in the free-
ers being parallel to the free surface. They appear to betanding films, though in a slightly different for(Sec. VI.
driven by surface tension that is a very strong force at the
molecular scale. This orientation property is important if one
considers that a major experimental problem in liquid crystal
research essentially concerns the orientation of the sample The order parameter of the filns the c director, defined
itself. as the projection of the molecular directoonto the smectic

In this paper, we focus on smectic prefreezing films thatlayers[Fig. 1(b)]. Due to the vicinity of the free surface, the
are induced at the free surface of isotropic liquid crystaldirectorn is not equivalent to-n. It is therefore a real vec-
puddles[Fig. 1(a)] and more specifically, on the case wheretor, as also its projection onto the smectic layers. The polar
the molecules are achiral, and tilted by an angjlaside the  symmetry of the film arises from the asymmetry of the film
layers. We take advantage of the existence of mechanicidtself, combined to the molecular tilt, in a mechanism that is
instabilities to evidence a linear splay energy that has redifferent from the one discovered by Meyer in the chiral
ceived little attention up to nowl9-23. We show that this SmC* liquid crystals[24]. The polar property of the surface-
energy has significant consequences on the physical propenduced films is a surface property that vanishes in the bulk
ties of asymmetric films, a few smectic layers thick. In par-of the film, a few smectic layers below the free surface.
ticular, it may give different widths to the splay distortions There,n andc should again become equivalent to their op-
according to their signs, while correspondingly the smectiqosite as usudl2].
tilt angle is modulated. On using symmetry arguments, we Several physical mechanisms are able to produce a sur-
deduce that the linear splay energy involved in the surfaceface electric polarization. Two chemical systems in contact,
induced films is a surface energ®ec. I). We corroborate as air and liquid crystal, have naturally different electronic
this point experimentally on performing measurements ofaffinities. They consequently exhibit different electric poten-

Iso

Il. ORDER PARAMETER OF THE FILM
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tials, and an electric field appears at their interface, which imange of our experiments. So, in the following, we neglect
turn, induces a permanent electric polarization. Other mechdhe electric effects in the MHTAC surface-induced film and
nisms may add up their effects, as the ordoeled®E or ~ We restrict our attention to_the elastic properties. _
flexoelectric effect§26,27. In both cases, an electric polar- ~ The free energy of the film may therefore be expanded in
ization is produced by means of gradients in the orientationaf€'ms of the lowest order invariants that may be built with
order close to the surface. For symmetry reasons, these grile order parameter and its gradients. They respectively

dients are perpendicular to the surface. In the ordoelectri¢l€ld the Landau and Landau-Ginsburg energies, the latter

case, the polarization results from gradients of the oriental€/M$ corresponding physically to an elastic energy, since

tional order paramete®, while in the flexoelectric case it is gjg t?)lrt?](glgNIg\(lj?rlxgntsr,]i?)ncglgnoarttijorg g?rt?]%gfri]|rahﬁﬁgg|2?§6n|
due to gradients in the average tilt angle of the molecules ! y

indeed, such tilt variations in the interfacial smectic layers ofrwo quadratic gradient terms. They are classical. Here, be-

the surface-induced films have been observed by means {);fuse of the reduced symmetry of the system, a supplemen-

o ry invariant, that is proportional f@ - ¢, i.e.,linear in thec
careful birefringence measuremerj@8]. When the mol-  oradient, adds up to the free energy. Formally, this extra term

ecules are tilted in the film, as here, the electric polarizatioryhoy|d not be considered as an elastic term, since elasticity is
is tilted too. In our setup(see below we can apply an eggentially quadratic. It exists because the order parameter of
electric fieldE horizontally onto the film, by means of elec- e film, ¢, being a real vectorlV -c is a scalar that keeps

trodes evaporated on the glass subst(gtg. 1). In the fol-  jnyariant upon any axis reversal. However, as noted a long
lowing, we therefore restrict our attention to the projection oftime ago[2], the simplest term to be thought &,-c, is a
the polarization onto the filmP. Both vectorsP andc are  total derivative that readily integrates to boundary terms. If
therefore parallel to each other, and attached to the free sughe film contains defect lines, this term effectively contrib-
face of the film. utes to the total energy, as discussed in REES,20. In

In previous experiments, we were able to estimatejefect-free systems, the first invariant term, linear in the dis-
the horizontal component of the surface polarizationtortion, that may be considered is thereférg?V - c. Such a
P in 1-(methy)-heptyl-terephthalidene-bis-amino-cinnamateterm was introduced some years ago by Selirgjeal. [21]
(MHTAC) surface-induced films by means of a measuremenfp analyze instabilities in Langmuir monolayers. However,
of its ratio over the average Frank elastic constintOn  the instability that these authors considered was somewhat
taking the estimate~5x10""*N, known to be valid djfferent from the one studied here, since it corresponded to
for standard nematic liquid crystals, we deducBd-4  small undulations of the field, instead of the continuous
X10™** C/m [16,29. However, as shown later, the equi- rotation of thec director that we observe in the surface-
valent Frank elastic constant in tilted smectics is abouinduced filmg22]. Let us also notice that a similar term, the
two orders of magnitude larger than in nematics. In parferroelectric polarizatiorP replacingc, was introduced by
ticular, the smectic splay elastic constant has been directlyacobset al. [23] for studying instabilities in free-standing
measured in the S@F phase of 2-methylbutyl 4- fiims of chiral SnC*. Again, the instability is rather differ-
(4'-n-decyloxybenzylidene aminpeinnamate(DOBAMPC)  ent from the one discussed here. In particular, it contains
to be worthKs~6x10"'8J per layer[30]. We therefore arrays of defect lines, very similar to the defect structures
have to correct the above elastic and electric estimates by tudied in Refs[19-20.
factor of about 200, so that we deduce, in particular, that A direct consequence of th€,;c?V - ¢ term is to provide a
~10 ' C/m. Let us note that this last value is consistentdifferent energy to the splay distortions according to their
with the estimate obtained on the basis of a flexoelectrigign. In such a system, the positive and negative splay dis-
effect[27] and on assuming an overall tilt variation acrosstortions are no longer symmetric. Characterized by different
the film of the order of 1 rd. Though the evaluation of stiffnesses, they should extend differently if they are in com-
the projected polarization per surface unit of the MHTAC petition in the same film, and if therefore they are submitted
film seems small, it is nevertheless much larger than ao the same orientational pressure. Moreover in some cases,
typical ferroelectric polarization per smectic layeR* K,c?V - ¢ may be strongly negative so that the whole energy
~10 " C/m, as measured for instance in the sme@fc  of the film becomes negative. Then, surprisingly, the dis-
ferroelectric phase of DOBAMB(30]. torted film exhibits a lower energy than the uniformly ori-

Due to their asymmetry, our films bear a surface electricented one. This means that an instability takes place in the
polarizationP parallel toc [16], and a space charge density film, for purely elastic reasons.
—V-P. These electric charges, however, have no practical Clearly, the energy terrk,c?V - ¢ plays a role only if it
consequences if their interaction ener§¥q/8e is small  does not integrate to boundary terms. This condition requires
compared to the elastic energy of the fillg?, K~XNd  thatc? not be a constant over the entire surface of the film,
being the 2D average elastic constant of the fllibeing the  and consequently, that the tilt angle of the molecules in the
number of smectic layers in the film, add-3 nm being the  layers undergoes variations, so that the modulus of the order
layer thickness. With the above data, we hate-NX4  parametelc| varies too. Consequently, the Landau energy is
X108 J andP~10 ! C/m. We thus deduce that the elec- involved in this problem, and the effects of tigc?V -c
tric effects are negligible if the wave-vectors involved in theterm are increased if the tilt modulations are easy, in particu-
distortion are larger tham>N"1x10° m~!, ie., if the larif the sample is close to a real, or virtual, smectic A phase
wavelength of the distortion is smaller th&ix 40 um. As  transition. Let us finally notice that linear energy terms in
we shall see below, this condition is fulfilled in the useful VXc, since they change sign in a mirror symmetry, are not
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invariant in achiral systems. We therefore do not consider
them here.
Gathering the invariant energy terms discussed above, we

may therefore write the free-energy density per surface unit
of the film as[31]

1 2 1 2
fzsz(V-c) +§Kb(V><c)

+K, 2V -c+ %acZJr ‘1—1b(02)2. (1)
In this expressionKg and K, stand for the 2D splay and
bend, elastic constants of the film, respectivédy, is the
linear splay elastic constant introduced above, arahd b

are the first coefficients in the Landau expansion, also
written per surface unit of the film. Except for the term
K,c?V -c¢ which arises from a surface effect as discussed
above, all the other contributions to the free energy originate

from the film volume. Their respective coefficients are there- b)

fore proportional to the film thicknessixd, N being the S B S, B S_

number of the smectic layers in the film addtheir indi-

vidual thickness, whileK; should keep independent of. N\ * 'S m \*ﬂ > ¢ K
I 1 I

Formally, Ks and K, are constants that arise from the

Landau-Ginzburg theory. They should therefore be indepen- —>

dent of the order parameter However, they are currently 0 A X

expressed in terms of the 3D Frank elastic constants and of

the molecular tilt angley (=sin_1|c|). In the following, we FIG. 2. (a) Spontaneous distortion in a surface-induced film of

MHTAC with N=3 smectic layers. The polarizers are crossed and
oriented atw/4 from the wave-vector direction. The width of the
photograph is about 0.5 mn(b) Sketch of thec coiling up. The
dashed lines mark the mirrors of symmetry of the distortion. The

cient A=—6K/4K. As shown earlier, the elastic constant _ . L .
diff SK in tilted tics is | f th d f widths of the bend, positive splay, and negative splay zones are
Ierence In tited smectcs IS large, of the order ob o416y a8, S, , andS_, respectively. Note that conversely to the

2K/3. In_ particular, we have_ measured _thAt=—0._147 N=2 caseS,<S. . (see Sec. VE
+0.005 in 20-smectic-layer-thick, surface-induced films of
MHTAC [32]. It is therefore not justified to neglect the elas- as required for our study. Moreover, it has several advantages
tic anisotropy here, though such an assumption is commonlthat help in performing the experiments. In particular, it al-
admitted in the literature, and would clearly simplify the cal- lows one to tune the thickness of the films rather easily, just
culations. on changing temperature. With the other liquid crystal com-
pounds that we have testgtB|, the surface-induced films do
not exceed a few layers. If we try to increase their thickness
by slightly decreasing the temperature, we observe that the
Prefreezing films of smectic liquid crystals appear at thevhole isotropic droplet suddenly freezes into a disordered
free surface of droplets heated up to a temperature slightifmectic phase, and destroys the surface-induced film. On the
above the smectic to isotropic phase transition. We are therd/€tting point of view, this means that the surface-induced
fore restricted to work with compounds that exhibit such alllm iS & prewetting film and that it incompletely wets the
direct phase transition from the isotropic to the smectidSotropic phase. It then breaks out at a first order prewetting

phase, where, moreover, as discussed above, the molecu{é@ns.ition' Conversely, with MHTAC, the prewetting transi-
are tilt’ed insid’e the Iayer’s ’ ion is almost second order, or, in other words, close to a

critical point. Another advantage of MHTAC is its exception-
ally large birefringence. The path difference per smectic
A. Experimental background layer in normal incidenced,=Andsir? ~0.5 nm[28], al-
The experiments that we report here are essentially pefOWs one to observe the film in transmitted light by means of
formed with the symmetric mixture of @methy)-heptyl- & polarizing microscopéFig. 2). With the 'polarlzers crosseq
terephthalidene-bis-amino-cinnamatéMHTAC), 1/2RS & +ml4 and—m/4 from the reference axis, and for very thin
+1/4SS+1/4RR This liquid crystal exhibits a S@j films, i.e., _for path (_1|ffer_ences_sn_1all _compared to the wave-
phase, initially called Sm@33], with alternatetilting of the length of light, the light intensity is simply expressed as
molecules from one layer to the ngts first really shown in 2N2
Ref.[16]). At 158 °C, t)r/1e smectic phase direct)I/y melts into |~ 5N*(1+cos 4p), @
the isotropic phase. It thus provides the opportunity to obN being the number of the smectic layers in the film, ahd
serve prefreezing films with tilted molecules inside the layerghe azimuthal angle of the directoreferred to they axis. In

replaceK s andKy by more convenient parameters, the aver-
age elastic constait=(Ks+K})/2, and the elastic constant
differencesK = (Ks—Ky)/2, or the elastic anisotropy coeffi-

Ill. EXPERIMENTS
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this expression, we have neglected the reflections at the film
interfaces. Taking the optical indices into account, we esti-
mate the secondary rays to be less than*\@eaker than the
directly transmitted ray, and therefore that any Fabry-Perot
effect may be neglected here. The major optical consequence
of the film interfaces that we may suspect, is the difference
that they introduce between the amplitudes of the two polar-
izations, parallel and perpendiculardolt is, however, easy
to show that this effect is equivalent to an uncrossing of the
polarizers byAn/40~5x10"2 rd, and that it may be ne-
glected too.

On measuring the light intensity along the wave vector
of the distortion, and using expressi¢?), we both deduce
the numbemN of the layers in the film and the orientation of
¢ modulo 7/2. In order to get the complete determination of
¢, we take into account that the directois parallel, in the
same sense, as the electric polarizattorOn briefly apply- FIG. 3. Spontaneous distortion in the same film with about the
ing an electric fielcE in the plane of the film, and on notic- same magnification as in Fig. 2a, but now the polarizers are parallel
ing the places that suddenly extefwhich means that they and perpendicular to the wave vector of the distortion, to give better
have the lowest electric enengyve determine wher®, and ~ €vidence of the four-fringe period.
thereforec, is parallel in the same sensesThis observa-
tion, combined with the continuity of thefield, allows us to B. Observations

get the e_txact determination aﬁfeverywhe_tre in the film. Let Typical photographs of a three-layer-thick film are shown
us mention here that we prefer sometimes to determine jn Figs. 2 and 3, with the polarizers respectively oriented at
independently just by counting the number of simple dislo-z/4 and 0 rd, moduler/2, from thex axis. The film shown in
cations, or steps, that pass across the observation field wheny, 2(a) exhibits a distortion of the director field with a
cooling down the sample from a temperattrel65 °Q high  relatively large periodA =27/q~250um. Its smooth ap-
enough for the film be completely melt. pearance clearly indicates that it does not contain any discli-
To generalize our results, we have performed similar exnation lines, contrary to the case discussed in Ref]. This
periments on other liquid crystals too. Except with hexadefact is even more striking when observing the film on rotat-
canoxybenzoic acid (168A), the surface-induced films ing the microscope stage. The stripes then just drift along the
keep very thin and reach a maximum of one or two layers< axis. This observation indicates that the structure of the
only [18]. They are therefore extremely difficult to observe distortion corresponds to a continuous rotation of thei-
and to measure. With 1807, the film is five layers thick at rector along the axis, as sketched in Fig(l® [and modeled
the transition to the isotropic pha&e33 °Q. It is then in the in Eq. (3)]. It thus forms an array of disclination walls, with
smecticC phase, with all the molecules being tilted in the alternate splay and bend distortions. Since the compound is
same direction. Unfortunately, the path difference per smecachiral, the structure exhibits mirrors of symmetry, perpen-
tic layer is small in 16@BA, partly because of a compara- dicular to thex axis and located at a distand¢2. The bend
tively smaller tilt angle#~43.5°[34], instead of9~50° for  distortions along the axis are therefore equivalent and in-
MHTAC [33]. The accuracy of the optical measurements isdependent of the sense of rotation. Conversely, the splays
therefore rather poor, so that the results with this compoundepend on the sign oV-c. The widths of the distortions,
only keep qualitativg22)]. measured between the places wherectde&ector is oriented
The experimental set-up is simple, and has been described /4, modulo#/2, from the wave vectaq, i.e., between the
elsewhere[22]. A puddle of MHTAC, a few micrometers black fringes(Fig. 2), are calledB, S, andS_, respectively
thick, is placed on a glass plate, and is accurately thermdior the bends, positive splays and negative splays. The period
controlled by means of an INSTEC card, slightly aboveA of the distortion therefore corresponds to four fringes,
158 °C, the isotropic to S@), phase transition. The film is though this is not absolutely evident on the photograph of
observed in transmitted light with an Orthoplan Leica micro-Fig. 2(@). It is easier to observe that the period effectively
scope. The parasitic birefringence of the whole setup, includeorresponds to four fringes for smaller periods if the polar-
ing the windows of the thermostat, is almost uniform in theizers are rotated byt/4, i.e., parallel and perpendicular to the
field of observation, smaller than 0.5 nm. The pictures aravave vectorg. See, for instance Fig. 3, where~50 um.
caught by means of a high-sensitivity Cohu video cameraJhe texture again appears to be free of disclination lines.
digitized with a Matrox IP-8 card, and accumulated in a mi-This point is therefore independent of the period of the dis-
crocomputer. In this manner, the noise that is inerrant to outortion, as far as it is possible to see.
low light conditions, is partly washed out, and the images The distortion comes spontaneously up when cooling
that we get, are correct enough for light intensity analyseslown the film, a few degrees above the melting temperature
along anx axis perpendicular to the spontaneous distortionfo the isotropic phasg22]. At the beginning, the film is one
i.e., parallel to its wave vectar. layer thick N= 1) but the stripes are already there, faint and

031706-5



Y. GALERNE AND R. NAJJAR PHYSICAL REVIEW E69, 031706 (2004

A
y X
A ~
=2
' s
LAY -
—>\0K4—
v ¥ VA Y
0 25 50 75 100
X (Hm)

FIG. 5. Light intensity measured as a function of the distance
along the wave vector of the distorti@nin a surface-induced film
of MHTAC, two smectic layers thick. The film is placed between
polarizers crossed at/4 from gq. The light intensity variations and
its envelope are shown by means of a thin line and heavy lines,
> respectively. The interference fringes exhibit a typical intensity
X modulation with a four-fringe period.
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FIG. 4. Sketch of a-1 point defect in arlN=2 surface-induced . - . .

film, as observed between polarizers crossed/atrom thex axis, ~ Ine between liquid crystal, solid substrate and the air. In
chosen parallel ta, they axis being oriented towards the droplet these places, the director is anchored onto the solid sub-
center. The defect is close to an island of impurities located upStrate, and so the corresponding energy has to be activated
wards, out of the figure, and drives a right-handed distortion walfor the nucleation process may take place. Clearly, the dis-
(g<0). The black fringes are depicted as gray zones. tortion does not coil up thoroughly, the film never reaching

i o its complete equilibrium. This explains the wide spread val-
Ipose. Both the film and the disclination walls appear cony,eg that we observe for the periadof the distortion.
tinuously. At that moment, the walls are broken in bars with oy cooling down temperature further, an edge-dislocation
disclination point defects of opposite strengthd, or —1,at  |ine passes at the film interface with the isotropic droplet

both ends. On slowly cooling again, the point defects movéss) The film thus gets a new smectic layer and its thickness
towards an edge or towards the droplet center according t,creases '=2). Then, and for thicker films, we observe

their sign. The+1 defects are finally rejected out of the film, {nat walls may retract and eventually disappear into the film
probably because of a too heavy energy cost, while-#ie  g4ge now increasing. This observation shows that, fo

point defects gather close to an island of impurities floating.. 1 the film energy becomes positive, compared to the un-
around the summit of the droplet. In their movement, theyisiorted state. However, the nucleation process for pinning

and roughly parallel to one another,
radial figure over the whole droplet. This process imposes g,ag inN=

unique coiling sense for the distortion that precisely correxyangih at lower temperatures. In practice, the array of dis-
sponds to the right-handedrotation when moving in the  jination walls becomes metastable 1, and remains

x-axis direction(i.e., g<0), this axis being oriented in SUCh 5,6 in  even if the film thickness is increased upNo

a way that they axis points towards the droplet summit, i.e., _g o more. Most often, disclination walls take the oppor-
tov(\;a:ﬁs ihle ﬂo_at;ng |fslan(?):|gr.] 4)' Inl th|s| malnggr, thg wallf tunity of a surface edge-dislocation line, or step, that passes
an e point defect both involve local distortions of 5 osq the smectic-isotropic film interface, to disconnect

negativeq wave-vectors that may adapt easily to each otheg,,, e edge of the film and then to retract towards the
through weak supplementary distortions. The elastic energ&roplet center and disappear

of the film may then be minimized a little bit further on
placing the—1 point defects along the narrowest splay walls
(that correspond to negative splays in the case of a two-layer-
thick film, as sketched in Fig.)4 Since the distortion never reaches equilibrium, the period
On decreasing the temperature again, but not so as td is, in fact, a free parameter that widely depends on the
increase the film thickness, we observe that the walls getxperimental conditions and in particular, on the time. From
stiffer and more contrasted and finally build up a regularthe free energy of the film, that depends/dthrough Eq(1)
array of distortions, as shown on the photographs of Figs. ®ne may define a parameter conjugatedtd his parameter
and 3. Their energy is negative compared to the energy of directly acts onto the orientational periodicity of the distor-
uniformly oriented film since they appear spontaneouslytion. It has therefore the physical meaning of a pressure, and
From time to time we observe new walls that grow up in thewe may refer to it as the orientational pressure.
film and decrease the periotl of the distortion. However, In Fig. 5 we show the light intensity measured alongsthe
the wall nucleation is difficult, and indeed, becomes moreaxis, perpendicular to the stripes, on a surface-induced film
and more exceptional as temperature is lowered. The nucl®ef MHTAC, two smectic layers thick, the film being placed
ation occurs at the edge of the film which, in fact, is a triplebetween crossed polarizers, respectively rotatee by4 and

1 films, probably because of a larger anchoring

C. Measurements
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—al4 from thex axis. In order to filter out a large part of the q~1. We therefore deduce that the above expansion, when
noise that pollutes the imagéBigs. 2 and 3 we perform a  limited up to the second ordgEgs.(3)], cannot be a correct
space-time data accumulation over 32—64 rows of pixels pampproximation in the very largg™* range. In the following,
allel to thex axis, on typically 100 video frames. In the case to avoid this problem, we restrict its use to the range| of

that the period, which corresponds to four fringes, is short aat least one order of magnitude smaller than the soliton width
in Fig. 5(A=42 um), we then clearly observe a modulation [36].

of the interferences. This is a direct indication that the tilt of

the molecules, and therefore tkemodulus, changes along B. Theoretical solution

thex axis. At large periods, i.e., at smajk, the light modu- ,
lation becomes difficult to detect out of the experimental Averaging the free energy densitifq. (1)], we may now

noise. With thinner filmsi=1), the birefringence is about €aSily calculate the free enerdy per surface unit of the

twice as smaller, so that the signal to noise ratio is decreasdiiStortion approximated in Eq¢3), up to quadratic terms:

by a factor of 4Eq. (2)]. The measurements then do not give 1 1

any useful information. We therefore begin the measure-—F = 50(2)+ — 50§+ - 503— kq

ments withN=2 films. The noise decreases with thicker 2 2

films, but simultaneously the modulation also decreases and

the measurements are practically uselesd\ftarger than 4. X
From light intensity measurements as shown in Fig. 5, we

deduce at the same time, the amplitude of modulation of the

light intensity and the positive and negative splay widihs +k

andS_, as functions oy~ 1. We further use both types of

measurements to test the validity of the model that we pro-

pose in the next sections to analyze the experiment. +256¢,66,

1 1
561+ 5¢1562+ E 5¢2591+ 500501+ E 501502

E E 2 2 E 2 2
2+590+45¢1+ 5¢2+4501+ 6605+ 65,160,

1

1 1o, 1,
+ K| 5 8by— 5 80,— 5 6T+ 5 663

IV. CALCULATION OF THE MODEL

1
+5¢2590+Z5¢’1591 , (4)
In order to get a better understanding of the spontaneous
distortions that we observe in the surface-induced films Ot/vhere we use the dimensionless parameters

tilted smectic liquid crystals, we now try to compare our

experimental results, observations, and measurements to the K1q
c field that minimizes the free energy of the filEqg. (1)]. klzsz,
A. Fourier expansion 2Kq2

Formally, the periodic field may be expanded as a Fou- k= b
rier series. To write this, we prefer to use the polar coordi-
nates of then director, # and ¢, essentially because they are 26Kqg?
well suited to express the overall rotation involved in the ok= b )
observed distortions. Keeping terms up to the second order
only, we have In the case that the wave vectqris small enough fork

<k;<1, and that nevertheless;<k, which corresponds to
being below the threshold of the instabilityee below, the
minimum of free energy is obtained for a distortion such that

d(X)=w+ ¢y Sinw+ S, SN 2w,
0(X)= 0y+ 86y+ 56, cOsw+ 56, COS 2w, 3

wherew=q-r=qx, and where we have taken into account 660p=—
that ¢(x) and (x) are odd and even functions, respectively,
due to the mirror of symmetry at=0 [Fig. 2(b)]. This Fou-
rier expansion involves 5 parameters. One would like to re- Spy=—2k,
duce this number, but the second order is necessary here
because of the strong elastic anisotropy of the tilted smectic
phases that we mentioned above. This large anisotropy
makes the splay domains to be noticeably larger than the
bend ones, and consequently produces latg€&@urier com-
ponents that cannot be neglected. Spp,=A,

Let us also note that according to the experimental obser-
vations, the spontaneous distortion arises continuously from 856,= 5k, (6)
an array of parallel and periodic, individual disclination
walls, or solitons. Clearly, we need a great number of Fouriewhere the terms of higher orders th&p, k, and dk have
terms to describe the distortion in the soliton regime, at largéeen dropped out, and where, for simplification, the elastic

Ey

1+ 34
7

50y=ky| 1+
Or=ki 1+
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anisotropy is taken into account at the first order onlyvation indicates that, foN>1, the instability is unable to
through the coefficientA = — §K/4K~ —0.15. Except for develop by itself, and that the film is below the instability
S¢,=A, which eventually confirms that the Fourier expan-threshold. The parameters of the film should then satisfy the
sion has effectively to be performed up to the second ordeinequalityKi< Kb, ork§< k, which is a necessary condition
all the Fourier coefficients of Eq$3) are vanishingly small  for the validity of the solution presented in Sec. IV B.
asq or 2. Provided thaf is not too small to enter into the Finally, the last point to verify, is that the cutoff at the
regime of the periodic solitons, we may anticipate that Fousecond order of the Fourier serifggs. (3)] is effectively
rier coefficients of order larger than 2 are even smaller. Thivalid. As we mentioned in Sec. IV B, this approximation is
justifies that they are negligible, and that the above cutoff otorrect forq~! much smaller than the soliton width, a limi-
the Fourier expansion at the second orfiegs. (3)] is cor-  tation that may be evaluated simply in view of the experi-
rect. mental results. We therefore do not try here to calculate it in
Let us now convert the dimensionless conditidsk,  the detailq36].
<1 in terms of experimental quantities. These conditions
mean bothg<qg;=b/K,;v2 andq<q,=K;/Kv2. For a two- V. DATA ANALYSIS
layer-thick film (N=2), with |K;/b|~0.5um (see below, _ o ,
we haveql’lzo.?,um. We may also rather easily obtain an As _no_ted abo_ve_, the distortion in our surf_ace-lnduced
evaluation ofg,* if we remember that the two-layer-thick smectic films exh|p|ts an un_usu:_al fqur-frmge period that con-
films are close to the instability threshol8ec. Il B). This cemns bOt.h the az|_mutha| d.|rect|c§ﬁ|g. 3.) and the mod_ulus
means that, foN=2, the parameters of the film roughly of_ the c director (Fig. 5. This property is clearl_y consistent
satisfy the conditiorKf~Kb (see Sec. IV and therefore with the ab_ove Eqs(.S)_ and(6)(,;2and t_herefo_re with the exis-
that 0= ~a-1~0.7 um. Indeed. these limits are opticall tence of a linear elastic terml V -cin the film free energy.

2 ~01 - K . ' re op Y In order to test the experiment and the proposed model fur-
below our optical regoluuon, SO that the conditions; d, ther, we have to perform quantitative comparisons. To this
andq<q,, are experimentally fulfilled he_r €. . aim, we extract physical quantities from the light intensity

In other systems, however, the largémit may be easier o 5 rements, that may be rather easily compared to the
%hodel, as the amplitude of tilt modulation, and the widths of

see that the differenfd components should begin to diverge the positive and negative splay domaiss, andS. .

with g and get as large a&, itself at some moment. Then,
for particular values ok that correspond to periodic parallel
lines, the tilt should get null. In these places, theGpiilm
melts into the SM phase, forming an array of disclination ~ The ¢ direction being determined on briefly applying a
lines. It thus suppresses the places where the energy involvetnall electric field in the plane of the filiSec. 1l A), we

by the ¢V -c term is positive. For instance, in the case offirst deduce the signs of the different splay domains in the
two-layer films,K,(N=2) being negativdsee beloy, the distortion field. We then measure their width from the dis-
negative splay domains should then collapse, leaving only atance between the black fringes that border them when the
array of positive splay domains separated with parallel defeqeolarisers are crossed at4 from g. We repeatedly perform
lines. This situation indeed corresponds to the one first prothese measurements for different periotis and different
posed in Ref[19] where, to simplify, the tilt is taken to be numbers of smectic layers in the filk

constant, and where consequently, the linear splay term just In Fig. 6@ are shown the measurementsyf andS_ as
reduces to th&/-c term. Nevertheless, in view of the above functions ofq~ 1= A/27 in a two-layer-thick film, with open

g, andq, estimates, this simplification does not seem to beand close dots, respectively. Both quantities are clearly dif-

A. Splay widths in films two layers thick

observable in our films. ferent at large periods, since  saturates around 5pm,
while S, continues to grow withA. They thus exhibit a
C. Free energy minimum dissymmetry that confirms the four-fringe period mentioned

) L ) above. At smallA, however, the two splay widths get close
We may estimate the minimum of the film free energy byig each other, and eventually seem to become identical. A

calculating the free energy per surface URif, that corre-  gata analysis, as we propose now, is necessary to clarify if a

sponds to the above soluti¢gq. (6)]: difference really persists between the two splay widths.
8 From Eqgs.(3), (5), and(6) and under the same conditions
—Fo=k—k3(1+A). 7) as to obtain them, we may estimate
b 1
w 1 4K, A
Apart from secondary effects due to the elasticity anisotropy, S.=|5-28 - F 5] 8

this expression roughly shows that, for k2, the minimum
of free energy becomes negative, i.e., that the distortion mayhough the coefficiens¢, keeps constant and equal to the
then occur spontaneously. So, the relationki, or Kb elastic anisotropy coefficient ~ —0.15, and therefore can-
=K? in terms of experimental parameters, corresponds to theot be neglected in any expansion, the main limitations to
threshold of the instability observed and discussed here. this approximation essentially come from the validity condi-
As mentioned in Sec. Il B, walls tend to retract and even-tions needed for the second-order Fourier expangi®n#\s
tually to disappear in films several layers thick. This obser-discussed in Secs. IVA and IV C, this condition limits the
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a) 150 — ——T—T may be considered as correct. With this method, we test the

validity of the model and we are able to determine its physi-
cal parameters.

Practically, we proceed in two steps. Noticing that $ie
and S_ data are in equal numbers for eagh! value, we
average Eqs(8) over both signs of splays, to

S=(§—2A>q_1, 9

and first we fit this expression of the average splay width
versusq ! onto the experimental data taken as a whole, on
mixing both S, and S_. This fitting appears to be rather
stable and resistant to the crossover effects, sinc&_thand

S_ deviations partly compensate for one another. With the
data of Fig. 6a), we thus find the elastic anisotropy coeffi-
cientA=— §K/4K=—0.15+0.01, a value that is consistent
with a previous determinatiof82].

In a second step, we fiA at the previously determined
value,—0.15, and we perform separate one-parameter fits of
4 the linear equationg8) onto the experimental dat&, and

q (pm) S_, respectively. The fits are performed independently for
both signs of splays, on applying again the stability proce-

FIG. 6. (@ Widths of the positive and negative splay domains, dure detailed above, i.e., on eliminating the data above a
S. andS_, as functions ofy”*=A/2m in a two-layer-thick film.  specific cutoffq . For each cutoff; %, the fitted parameter
They are shown with open and close dots, respectivb)yDiffer- yields the corresponding offsé8= (4K, /b)[ 1+ A/2] from
encessS between the splay widths obtained from the fits of E85. e average splay widts [Eq. (9)]. In Fig. 6b) we plot §S
and the average valuggiven by Eq.(9) as functions of the cutoff = \eq5 its cutofig ™! with its calculated standard deviation,
g~ above which the experimental data are rejected out of the ﬁbs an open or a closed dot according to whether it originates

(see the .te)?t 0S, andsS. are shown, with the'.r calculated stan- from theS, or S_. measurements, respectively. Clearly, the
dard deviations, as open or close dots according to they originat

from theS, or S_ measurements, respectively. Away from the ver- RNO types of data, concerning the positive and n,e gative
tical long-dashed line, i.e., fay * larger than~20 um, the cross- spllays, are now well sepa@ted whatever the valug df .
over begins to deviate the data noticeably from the model. Be|OV\;rhIS res_u"_ Was not C_'ear '_n't'al_ly on the raw data plot OT Fig.
this limit, the model is valid. The best fitted valuekf /b is there-  0()- This is interesting since it shows that the off$& is

fore obtained for cutoffs around 20m, where the standard devia- NOt restricted to the soliton regime where nonlinear effects
tions are minimum. The best fits are shown in bathand (b), as ~ May take place. Clearly, it persists in the region betpw
short-dashed and solid lines for the positive and negative splays; 20—25um, where the crossover effects disappear within
respectively. the standard deviations, and where therefore, the validity
conditions of the above calculatioriSec. V) are fulfilled.

At very smallq~ %, below 10—12um, the number of data
ethat enter into the fit become so restricted that the standard
deviation strongly increases and correlatively, the fitted val-
ues are more and more disper$€dy. 6b)]. Between these
%wo limits, the fitted6S, and 6S_ are rather stable around
values, respectively, marked by dashed and solid lines:

0 10 20 30 40

range of validity of our model t@ ' being much smaller
than the soliton width that we may estimate now to be of th
order of the saturation value &, i.e.q 1~50um. This
distance therefore marks the separation between two r
gimes, a smallj~! regime that may be described with the
above model, and a soliton regime for largger®. In be-
tween, a crossover extends continuously over an undeter-
mined region. We therefore cannot analyze the experimental
data of Fig. 6a), directly on fitting expression$8) onto
them. We have to eliminate from the fit the data that belong 0S_=-0.93£0.36 um. (10

to the crossover domain. To determine the crossover exten-

sion, we perform different fits on a restricted basis, by rejectAt first sight, the standard deviations obtained here from our
ing the experimental data of larggr ! than a given cutoff. fitting procedure seem unreasonably small in view of the
We then progressively reduce the chosen cutoff, and we olyelatively poor quality of our light intensity measurements
serve the way the parameters of the fit evolve. At first, they(Fig. 5), though we get them after a large data integration
continuously drift due to the crossover effect, and they fi-(Sec. 1l1Q. In fact, the fitted parametergl0), 6S, and
nally stabilize when the fitting domain gets out of the cross-6S_, result from another two-stage data accumulation. First,
over region. At that moment, the crossover action becomethe raw data in Fig. 6, i.e., the splay widt8s andS_, are
negligible compared to the experimental errors, and the fiextracted from the intensity profiles through a direct averag-

8S,=0.78+0.34 pm,
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ing over several periods. They are thus obtained to within an
accuracy of 2—3 micrometers. Then, the fittings of Eg.
(Fig. 6) are performed on about 40 to 50 data each, so that
the resulting standard deviations on the fitted parameters,
8S, and 6S_, are again reduced by a factor of 6—7.
Remarkably, the fitted offset€l0) have opposite signs,
but the same modulus within the standard deviations, as in 2r . *
the model proposed aboyEgs.(8)]. They respectively yield
K./b values,K;/b=—-0.68-0.29um and K;/b=-0.81

2
66| (107 rd)

+0.32um, that are consistent with one another within the 0 . . .

standard deviations. In order to test the stability of the results 5 10 ) 115

relative to the lowest ! data, we proceed similarly as for g (10" um")

largeq !, and we perform successive fits on progressively

Suppressing the experimental data from the Smaﬂ side. FIG. 7. Modulus of the tilt modulation as a function gfin a

We observe that the fittings keep about stable inside increagyo-_layfar-thick film. A best f_it of_ the theoretica] variations yields
ingly large standard deviations. Such a behavior is norma? third independent determination of the raitig/b (see the tejt
since less and less data are taken into account in the fit. It
also indicates that the results of E¢0) suffer no particular  to a smallerg-range than the splay widths.
bias, and that the corresponding value&efb may be con- In Fig. 7 we plot the amplitude of the tilt modulation as a
sidered as correct. Taking the average between these tWanction ofqin a two-layer-thick film. The data appear to be
values, we get,/b=—0.75-0.30um for a two-layer-  rather dispersed, and it is clearly impossible here to test the
thick film of MHTAC. This value is of the order of magni- g-dependence predicted in EqS) and (6). We may never-
tude as a previous evaluation based on the same ridiiel . theless admit the linear variations 86, with g, and deduce
The d|fference_ from this earlier evaluation, about 35 /°_the proportionality coefficient. In this way, we get a supple-
smaller, essentially comes from the manner that the apprOXFnentary measurement of the rafi§ /b|=0.79+0.08 xm
VT:SOenxS (\a/vnedrg dtai‘::e‘: Ilirg)ljrr]ieercgg;?;:“c\;\?ﬁﬂgvssg&]s’t cc):rclylr):s(i%- in a two-layer-thick film of MHTAC, that is clearly indepen-

P . e J . dent of the previous determinations obtained from the splay
ered as a variable coupled th '_rhls _approach was simpler ths. Note that we do not obtain the sign Kf /b here
than the one presented here, since it needed three parametgj'rgce 6ur method for determining the sensge ofdhﬁrector,

instead of five but it came to fora®, and 56, to be zero. In ¢ v for th Il periods This is due t |

this manner, first order errors were irremediably introduceodo.eS not apply for tne smail perio IS 1S due 1o a slow

in the calculation of Ref[31] drift that occurs in the film when applying an electric field,
: and that makes it difficult not to confuse the positive and

Let us finally note that, since the elastic anisotropy coef . . . .
ficient A is a constantA=—0.15), the calculation at the first negative splay domains when the fringes are tightly close.
! Let us emphasis that this measuremeniKgfb, which is

order inA proposed here, could seem questionable. In fac . . ) . .
brop q tbased on the tilt modulations, is consistent with the two pre-

ZSSer:de;Sfe:rr; |(r)1f Ifr?eég ())}(;2? (;gszul?zg Or;a I:t;;\(/av ?)Z?é(san?,n viou_sf determinatioqs, that were independently based on the
which is fairly acceptable. posm\_/e and negative splay widths. Moreover, thoggh the
experimental data seem to be of relatively poor quality, they
reveal to yield an even better standard deviation on the final
B. Amplitude of the tilt modulations result.

As Eg.(2) shows, the intensity of the interference fringes _ .
is proportional to sifif=sin® 6,[1+456ltgb,], i.e., to 1+4356. C. Films more than two layers thick
So, according to the above model, the light intensity of the Upon slowly decreasing the temperature, single edge dis-
fringes is modulated by the molecular tilt variatiod®  locations pass at the isotropic-film interface and increase the
= 86y+ 66, cosw+ 50, cos 2v+---, and therefore, has the thickness of the film, layer after laygi8]. As mentioned in
same phase as. In other words, the intensity modulation of Sec. IlI B, distortion walls may then take the opportunity to
the interference fringes exhibits the same phase as the fringesitether from the film edge, retract, and eventually vanish,
themselves. Though our light intensity measurements are iadicating that the distortion is metastable fér-1.
bit noisy, we easily verify this simple property, e.g., in Fig. 5.  We have performed measurements of the splay widths of
Let us now test the model further. As Ed6) show, the the frozen-in distortions in films three and four layers thick,
second order terndd, is small compared t&#6,. So, and as forN=2 (Sec. VA. They are shown in Figs. 8 and 9,
taking the low accuracy of our light intensity measurementgespectively. The optimum accuracy is obtained ffor 3,
into account, we are not able to estimate it here. We only casince the path difference is sufficient then to reduce signifi-
determine the amplitudé#, of the tilt modulations for the cantly the noise of the light intensity measurements, while
smallest periods\, the measurements becoming worse atthe rigidity of the film is small enough not to mask the subtle
large periods because, as may be seen in Egsand (6), surface effect of th&; term. For thicker films, the measure-
66, decreases witly, and quickly becomes smaller than the ments are more difficult, and in practice, they become use-
noise. This explains that our tilt measurements are restricteléss aboveN=4.
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FIG. 8. (a) Widths of the positive and negative splay domains  FIG. 9. Same as Figs. 6 and 8, but for a four-layer-thick film.

S, andS_, as functions ofy~* in a three-layer-thick filmlopen  The measurements are taken around~25 um (vertical long-
and closed dots, respectivilyb) DifferencessS between the splay  dashed ling

widths obtained from the fits of Eq$8) and the average valu@

given by Eq.(9), vs the cutoffg *, as in Fig. 6.5S, andsS. are tions (see above More interestingly, they also yield the off-
shown, with their standard deviations, as open or closed dots aGets

cording to if they originate from th&, or S_ measurements, re-

spectively. Fog ! larger than~25 um, i.e., away from the vertical 58S, =-0.84+0.22 um

long-dashed line, the crossover begins to deviate the data noticeably 5S_=0.36+0.20 um for N=3,

from the model. The best fits are shown in bdgth and (b), as
short-dashed and solid lines for the positive and negative splays,
respectively. 6S,=0.14+0.18 um

5S.=-028+0.16 um [OF N=4.

As Figs. 8 and 9 show, the splay widtBs andS._ be- From these intermediate results, we deduce two independent

have similarly forN=3 anq 4 as forN.=.2. They INcreas-  values ofK; /b separately foN=3 and forN=4. Taking
mgly separat'e at large pe“oqs’ n ant|C|pat|on' to the SOIItor1heir respective averages, we obtain the measurements of
regime mentioned _above. E_)omg_ S0, ‘h?y confirm and 9€Nn€lz . /b for different film thicknesses. The results are gathered
alize the observation of distortions with the characterlsncin Table 1. They clearly show tha¢, /b depends on the film
four-fringe period, to films thicker thaN=2. However, we  hickness, not only because of the sign, but also for the
immediately notice tha§, is alternately larger and smaller \,oqulus. These points are discussed in Sec. VI.
thanS_, according to the number of the smectic layers in  Ag for N=2. we measure the light intensity along the
the film, N, being even or odd. This parity effect is well \yaye vector of the distortion in surface-induced films, three
known in the SmO or S@, phase. It gave indeed, the first anq four layers thick. We deduce the amplitude of the corre-
proof that the molecqleg in this phase, are alternately tilted 3§ponding tilt modulations, and get independent determina-
an angle+6 and — ¢ inside the layers, exactly one to one, tjons of the ratiok, /b on fitting the linear variations 086,
and not only on average, as macroscopic experiments show
[16]. ) . TABLE I. K /b ratio deduced from splay width and tilt modu-
We analyze the experimental data in the same manner ggion measurements, for different film thicknesses.
for N=2. The crossover effects begin at a slightly larget
than for two-layer films, around 2xm. The best fits are 5K K,/b |K1 /b
marked in Figs. 8 and 9 as short-dashed and solid lines fo¥ A=— ! !
the positive and negative splays, respectively. They give in-

2K (from splay widthg (from tilt modulation$

dependent determinations for the elastic anisotropy coeffi2  —-0.15+0.01  —0.75:0.30 um 0.79-0.08 um
cient A=-K/4K=-0.1750.005 for N=3, and 3 -0.175:0.005 0.5%0.18um 0.54+0.09 um
A=-0.165-0.005 forN=4, two values that are consistent 4 —0.165-0.005 —0.18+0.15um 0.17=0.07 um

with the previous determinations within the standard devia
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with g, according to Eqs(5) and(6). The measurements are —_
again restricted to the larggrange, where unfortunately, we ’;E,_ TF
are unable to determine the sign of the splay domains. We = 08}
therefore only obtain the modulus &f; /b, with moreover, % 0.6F
increasing relative errordable ). X oal

0.2}

VI. DISCUSSIONS
0

The first striking feature that arises from Table I, is the
alternate sign change df,/b with the parity of N. The
dependence of the physical properties of the surface-induced rig, 10. ModulugK, /b| measured as a function of the number
films on the parity of the number of smectic layers is char-N of smectic layers in the film, obtained from splay widtspen
acteristic of the Si@, phase, and indeed has been used foots and tilt modulation(closed dotsmeasurements. The solid line
the first nonambiguous identification of its phase structure, ashows the least-square fit of a hyperbolic law onto the experimental
recalled above. In particular, this parity effect has been noeata,| K, /b|~ 1/N.
ticed on the textures of racemate Smfilms observed be-
tween crossed polarizefd 6], on the orientation of the&  with the isotropic phase closer to one another at large tilts,
director with respect to the electric polarization in chiral and thus favor a converging, negative, splay ofdlrector
SmCj films [29], and on the anchoring propertiesobnto  when the tilt is increased. Conversely, in the place of weakly
surface edge dislocatiof85]. Clearly, it appears every time tilted smectic layers, the tips of the molecules in contact to
that, in some manner, a physical effect is involved on thehe isotropic subphase should be more disordered and less
other surface than the one to which the film directois = compact, and should consequently exert a less attractive in-
attached, i.e., each time that a physical effect arises from thieraction onto each other. Moreover, a weak tilting favors the
isotropic-smectic interface. When a smectic layer is added tintercalations of molecules from the isotropic subphase,
the film, because of the alternate structure ofCgmthe again increasing the distance between the tips of the mol-
isotropic-smectic interface is reverted, and its attached physecules in the smectic layer in contact to the isotropic phase.
cal effects, too. From the sign changeskf/b with the  Both effects thus help to produce a posito/splay distortion
number of layers, we may therefore conclude that the lineain the places where the tilt is reduced, as is consistent with
elasticity associated with; is essentially localized at the the sign found foK,. Naturally, such a mechanism of mo-
isotropic-smectic interface. lecular intercalation cannot exist at the smectic-air interface.

One may nevertheless be surprised thandK; are not  This could explain why the surface-elasticity termHKn is
attached to the same interface. This point may be understoazhly observed at the smectic-isotropic interface of the film.
better if we consider that both film interfaces, with the air Let us now consider the modulliK, /b| measured as a
and with the isotropic phase, formally bear their own surfacdunction of the number of the smectic layers in the filln,
polarizationP and their own linear elasticity constaKt,,  (Table ). It is plotted in Fig. 10. The open and closed dots
and that we observe and measure the addition of both polagorrespond to the splay width and tilt modulation measure-
izations and elastic constants. Practically, only the dominanments, respectively. For eadh both types of measurements
contributions are observed. They appear to be respectivelyield consistent results. This observation is important since
located at the smectic-isotropic and smectic-air interfacedioth measures are not submitted to the same systematic er-
Both interfaces thus exhibit opposite efficiencies concerningors. In particular, an insufficient focusing, or a slight blur-
their electric and elastic properties. Though surprising at firsting due to the slow drift of the stripes during data accumu-
sight, such a behavior is possible essentially because of tHation, would lead to an underestimate of the fringe
completely different origins of the surface polarizati®and  intensities, especially for the thinner fringes. One could con-
of the linear elastic ternk,c°V - c. secutively fear systematic errors on the tilt modulation mea-

The physical meaning of the sign found fisr(N) may  surements. They therefore appear to be well compensated.
be discussed for a particular film thickness. If we extrapolate We now examine the variations 0K, /b| with N. Ac-
the results of Table I, we see thai should be positive in the cording to the above discussiok, arises from a surface
one-layer case. This sign indicates that at equilibrium theeffect, so that its modulus is essentially independeniof
molecules in the smectic layer “prefer” to adopt a converg-The case of the Landau coefficieltis not so straightfor-
ing configuration at larger tilts, their tips in contact to the ward, and depends on the penetration depth of the tilt modu-
isotropic subphase getting closer to one another, and corations that, generates at the isotropic-smectic interface. If
versely a diverging splay at smaller tilts. This effect may bethe Landau terms are large compared to the elastic energy of
understood if one considers that increasing the tilt of thea distortion perpendicular to the film, the tilt modulations
molecules increases the orientational order parameter. Beingould practically concentrate on one smectic layer, and the
more ordered, the molecules in the smectic layer reject thpenetration depth would be limited to one layer. The Landau
disordered molecules of the isotropic subphase more effienergy would then concern only one layer,kas, and the
ciently. They also exert stronger, attractive, van der Waalsatio |K/b| would be independent df. As Fig. 10 shows,
interactions on the neighboring molecules. Both effects conthis hypothesis is not satisfactory. If, conversely, the Landau
jugate to bring the tips of the smectic molecules into contacterms are small compared to the elastic energy of transverse
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distortions, the tilt modulations are the same across the VII. CONCLUSIONS
whole film thickness. All the smectic layers of the film then

involve the Landau energy similarly, so that the coefficient films at the free surface of isotropic droplets of MHTAC

is proportional toN, and the ratigK, /b| is proportional to . . .
: ) ) T exhibit unusual vectorial or polar properties that may have
1/N. A least-squares fit of this hyperbolic behavior is drawn . . . 7
consequences in both the electric and elastic domains, inde-

as a solid line in Fig. 10. It clearly shows that this second )
. ) : ..~ _“pendently. The order parameter that describes the macro-
hypothesis of small Landau terms, and uniform tilt variations . : ) . : )
: o . copic properties of these films, i.e., tbelirector, is there-
perpendicularly to the film, is the good one. This means tha] . . i
S . . . ore a real vector. This allows a supplementary invariant,
the anticlinic elastic coupling between layers is strongI

) L . “linear in the distortionK,c?V - ¢, to enter into the free en-
enough to correlate the tilt variations across the whole f|Imer of the film. and to sianificantly chanae its physical be-
thickness, and to extend the tilt correlation length over 9y : 9 y 9 Py

distance larger than a few smectic layers. Indeed, Sucha}&awor, as to give rise to a spontaneous distortion. In this

. : senseK; may be considered as spontaneous splay con-
property is necessary for the Iy phase does really exist stant The ground state then no longer corresponds to the
Though the fit in Fig. 10 concerns only three film thick- 9 9 b

L : - uniform orientation, but to a continuous rotation of the
nesses, it is not excellent, and it passes at the limit of the. . . . .
standard deviations. In fact, things are slightly more compli-d'reCtor’ cqmbmed oa slight modulation of the t'lt. of the

| ' molecules in the smectic layers. Globally, the distortion may

cated_than sketched apove. The num_ber of smectic Iayersoie considered as an array of parallel and periodic walls that
experimentally determined on changing the temperature Gf,,reover exhibit a particular structure, with splay domains
the whole film, and consequentlit, andb, which above gifferent widths according to the sign &c; they there-
have implicitly been supposed to be constant, may changgye exhibit a four-fringe period when observed between
with temperature and, therefore, also with This effect  crossed polarizers. The period of the distortion cannot easily
could explain the observed deviation from the hyperbolicieach its equilibrium value because, though allowing the sys-
law in Fig. 10. One may also suspect a superposed deviatiogm to decrease its energy, each wall has to nucleate from the
due to a parity effect on the modulus of both the parametergqge of the film, and this is a slow and difficult process. In
b andKj. ) _ ] ractice, the observed periods are not reproducible. They es-
From this least-squares fit, we may nevertheless estima ntially depend on the manner in which the film is pro-
the one-layer film ratio |[K;/b(N=1)|=|NK;/b(N)|  guced.
~1 um, which in turn, allows us to deduce the spontaneous Obviously, the unusual linear invariant terid,cv - c,
splay constank, itself, provided that we are able to evaluate jntroduces a coupling between the Landau energy and the 2D
the Landau parametds. This evaluation may be done on Frank elastic energy of the film, that makes the distortion
noticing that the two-layer-thick films are close to the insta-gjfficult to calculate exactly. We therefore perform Fourier
bility threshold (Sec. 1lI B) and that, consequently, the pa- expansions up to second order lower order expansion is
rameters of the film satisfy the conditidtf~Kb for N=2  not satisfactory since the second order coefficiént=A
(Sec. IVO. So we haveK/b~0.25x 10" m?, and taking = — sK/4K, which is related to the elasticity anisotropy, is
K(N=2)~10'"J as discussed in Sec. Il we both deducerather large and cannot be negledted fact, this analysis
b(N=1)~10"°Jm? and K;~—(-1)"X10 " N. We significantly differs from the one used in R¢B1]. In this
may now try to compare these two quantities to independerirevious work, based on the same physical model, the math-
evaluations. An order of magnitude &f; may be found on ematical analysis was simplified. Only one varialghx)
considering that th;c°V - ¢ energy results from local inter- was expanded in Fourier series up to the second order. The
actions between molecules. With the van der Waals interacther variabled(x) was treated through its first order cou-
tions ~kT, and the lateral distance between molecules pling to ¢(x). Clearly, this approach was not completely
~0.5 nm, we estimatf | ~kT/I~10"** Jm*, whichisin  satisfactory because it did not use the same order of approxi-
good agreement with our measurement. A direct evaluatiomation on the two coupled variablegx) and 6(x). On the
of b is not possible for the S@) phase, where only a few other hand, it needed only three parameters instead of the
data are available. Instead, we may try to estintate the  five here. In fact, the values found by the two methods for
SmC phase, from tilt[37] and tilt susceptibility measure- the ratioK, /b, overlap significantly when taking the error
ments[38], though this phase is known to be much stiffer pars into account. This is not so much surprisingosteriori
than the St phase. We thus find~3x10* Jm *whenb  if we notice that the coupling used in R¢81] amounts to
is expressed as an energy density per volume unit, or equivgrop down the two smallest coefficienid, and 56,, that
lently, b(N=1)~10"* Jm™? if converted per surface unit of are respectively proportional to and 8k, i.e., that are of
a one-layer thick film. This value is an order of magnitudeorderqg?. In both cases, the expansions are not valid at large
larger than the value measured above in theCgrphase, wave vectors. There, the structure of the distortion is close to
which is in agreement with the observation that theCSm a well-known and simpler case withisclination linesreplac-
phase exhibits a larger tilt susceptibility than the Gm ing the splay domains of the disfavored sign, the molecular
phase[39]. The effect could arise from weaker interlayer tilt keeping constant everywhere in the film. The calculation
interactions in the S@, phase, and has been experimentallyis also limited on the smallj side, since there the system
confirmed by means of easy transitions from theC3nmo  evolves towards an array eblitonsthat cannot be described
the SnC* phase when applying an electric field. with a Fourier expansion limited to the second order.

Because of their asymmetry, the prefrozen smeClic
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We then use this expansion to analyze our optical meaHowever, two complications then arise, because of the super-
surements on the orientation of the molecules along the filmmposed helical distortion perpendicular to the film, and be-
In order to avoid errors essentially due to the crossover witigause of the electric space charges that arise in the places
the soliton regime, we perform fits associated with a stabilitywhere the polarization adopts a divergent configuration, i.e.,
test. Provided that the film is thin enougiN¢5), this in the bend domains. Now pe.ing a volume effect,_ the space
method allows us to detect the difference between the widthgharges are no longer negligible. They strongly interact so
of the splay domains according to their signs. With the tiltthat, above some threshold, afectric instabilityadds up to
measurements, the widths of the splay domains of the tw1€ Previous elastic instability. The symmetry between the
signs provide three independent determinations of the ratigh@r9es is broken, the charges of one sign no longer being

K,/b for each film thickness, so that gathering all our re- ocated at equal distances from the charges of the other sign.

sults, we finally get nine independent estimations for the Im-The widths of bpth splay domains becor_ne consequently un
. N equal as the widths of the bend domains were already, so
ear splay elastic constant. We evaluatg~—(—1) . ;
h . . that, on the whole, each splay or bend domains of the distor-
X 10" N, that moreover is of the same order of magnitude,. . .
) ; X . tion have different widths.
as the theoretical estimate based on the interactions between , . : ) . . .
An intermediate and interesting case to be mentioned is

the molecules. As Fig. 10 shows, all these independent de: . T :
terminations are globally consistent with one another. The he case of the chiral ST}, free-standing films with an odd

therefore give a supplementary proof of validity of our number of layersN. Being alternate, all the smectic layers
model compensate for each other but one, so that, on the whole, the
Ver)./ interestingly, the sign alternation &, with the par- film is asymmetric. In particular, it exhibits antiferroelectric-

ity of N, the number of smectic layers in the film, indicates ity with a transverse polarizatiof29]. Such a film should

that this linear splay elasticity is localized at the smectic_therefore present a linear elasticity that differentiates the two

isotropic interface, and that the molecules of the smectié)end ((jjlstt())monsb ‘is n the_thSIﬁ l_free-s;ano(ljmgl f|Itr_ns d|s-t i
layer in contact with the isotropic subphase prefer to adopt ussed above, but now with a finéar bend elastic constan

more converging configuration at larger tilts. This effect mayt atis .|ndependent of the film thickness instead of being
proportional toN.

be related to a reduced solubility of the aliphatic tips of the s . A )
p LY 'pnatic 1P Such a physics is not restricted to liquid crystal films.

smectic molecules inside the isotropic phase at larger tilts . . I ;

which could result from two mechanisms: a locally increaseomearly’ It may be observed_m_ Langmuir films of tited mol-_
orientational order that consequently increases the diﬁerenc%CUIeS’. since .they also exhibit polar symmetry. A reanalysis
from the isotropic phase, and a larger London interaction thal(i_)f the |n.st§1bll|t|es observgd by Tab.e and co-workison
draws the molecular tips closer to one another. Sokthe angmwr_fllms of BAZS, yields a rat|¢§<1/b|~0.4,um (see
effect appears to be extremely localized, inside the moIecuIa'rD‘ef' [31)) in _the same order of magmtude as .the value mea-
tip layer, i.e., within~1 nm, and therefore it may be men- sured here in the MHTAC surface-induced f|In11K,1/b(I_\l
tioned as a 2D effect without exaggeration. - 1)|~_1 pm. One may also extend this result to parUcngr

The value found for the linear elastic constakt, is biological films, provided that the molecules are locally ori-

indeed very small. Nevertheless, it proves to have appre(gnted in the same tilted direction, and that they have a polar

ciable consequences in thin systems. HEreis shown to be symmetry.' However 'this last p(_)int ;houlq be easily fulfilled
able to promote a mechanical instability in the surface-after the first one, since the biological films often separate
induced films of MHTAC. As preliminary experiments show different media, and are therefore essentially dissymmetric.

such a result may be extended to other types of films pro_Some examples of such a liquid crystalline behavior in bio-

vided that they have a polar symmetry. For instance, we Obl_og|cal membranes could be found during the numerous

serve similar spontaneous distortions in ferroelectric free:Stages of formation of particular biological systems, or also

standing films of chiral smecti€* liquid crystals, but then in the mec_hanics of th_e electric impulse propa_\gatio_n along
the role of the director is played by the ferroelectric polar-:ﬂe nerlv € f||ber_$41]. This ?(.)UId Stﬂécmre the_tr?netnttr?tl(;]n IOf ¢
ization, which is perpendicular to the molecular direction € molecules in asymmetric membranes without the help o

[40]. As a consequence, the linear elasticity now arises on thiéhlral molecules.
bend distortions instead of the splay ones, and the associated

parameter may be called spontaneous bend elastic con-

stant Also, the polarization being a volume property, the We acknowledge helpful discussions with Dr. Y. Bouli-
linear elasticity is no longer a surface effect in this casegand.
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