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Nonlinear Effects in Vibrating Smectic Films
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We observe nonlinear phenomena in vibrating smectic films. In particular, the shapes and positions
of steps present in smectic films are affected by film vibrations. Above a certain threshold, we observe
an instability in the meniscus consisting of the formation of a peninsula-shaped step. We point out
that these effects are driven by a nonlinear inertial force which is tangent to the film surface and is
proportional to the local density of the film and to the gradient of the film velocity squared.

PACS numbers: 61.30.—v, 68.15.+e

Unlike soap bubbles, the so-called free-standing smecSince one of the sides of the frame is mobile, it is
tic films are very robust and the numbiErof molecular  easy to “pull” films of arbitrary thickness by controlling
layers (of the average thickned$ they contain can be dynamically the size of the frame [6]. For convenience,
controlled, one by one, frol¥ = 2 to very large numbers room temperature Sfnand SnC* mixtures (S2 and
[1,2]. For this reason, they have attracted much attentiorSCE4 from BDH) have been used. Vibrations of films
and many structural studies have been devoted to thedix,y, ) = Acodwi)g(x,y) were excited acoustically by
over the last two decades [3,4]. Smectic films have alsa loud speaker situated about 5 cm below the film,
been studied because of their remarkable physical progcting as a piston which modulates the air pressure
erties. For example, they have been used for studies dfelow the film. The fundamental mode of approximate
nonequilibrium, nonlinear phenomena such as the pattershapeg(x,y) = sin(wx/L,) sin(zry/L,) and of frequency
formation in a rotating electric field [5]. ~380 Hz is excited very efficiently by this method so

Another remarkable property of smectic films, impor-its amplitudeA can easily be made large enough for the
tant for the purpose of the present Letter, is that theybservation of the nonlinear phenomena.
cannot exist on their own but must always be suspended The most striking nonlinear phenomenon (and the one
on a frame by the intermediate of a meniscus [6]. Be-which was first observed) consists of the instability of the
cause the meniscus plays the role of a reservoir ofmeniscus shown in the photographs of Fig. 2. We call
particles with respect to the film, smectic films of differ- this phenomenon thpeninsula instability. The images
ent thicknesse = Nd form a set of thermodynamically are typical for a very thin (the number of layeng,
metastable states whose stability, one with respect to the
other, is ruled by their tensionsy. These are defined as
the derivative of the free energyy per molecule with re-
spect to the surface area per molecule [6],

v = dfn(a,T)/da. 1)

Since the tension of films plays such a crucial role, several s
methods have been developed for measuring it. One Iﬂhﬁﬂﬂk_’ M
of these consists of “hearing the tension of films,” that f
is to say, in measuring frequencies of the eigenmodes . i
of transverse vibrations [6—8]. Indeed, smectic films / beam
composed of liquid Sm- or SnC-like layers can be seen sl
as perfect membranes in the Rayleigh sense [9]: (1) their frame
specific mass per unit areay is uniform, (2) they are R P ___‘
subjected to the isotropic tensiory so that (3) their T
transverse vibrations are governed by the wave equation.
Obviously, this is true only in the limit of small vibrations
which later neither the film tension nor its density. \

This is not always the case. Indeed, we will report here

on the first observations of severanlinear phenomena
occuring in Sm\- or SnC-like films when the amplitude

film

loud-speaker

of their transverse vibrations is large enough. FIG. 1. Experimental setup. Vibrations of the smectic film
The experimental setup is depicted in Fig. 1. Theheld on the rectangular frame are driven acoustically by the

_ Exper p P 9 loud speaker. The amplitude of vibrations is measured optically
smectic film is supported by a horizontal flat rectangularsing a laser beam reflected from the edge of the film. The film
frame of dimensiond., = 0.53 cm andL, = 0.53 cm. s observed in reflecting illumination by the video camera (VC).
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is less than 10) Sa¥ film. At rest, the meniscus uniform. Therefore, as expected, the curvature of the step
is very narrow and, consequently, its width (less thammust be constant if;,, = 0.

0.1 mm in thex-y plane) is uniform everywhere except As shown in the photographs of Fig. 2, in the presence
at the edges of the frame. In its thinnest portion, theof vibrations the curvature of the step varies along the
meniscus can be considered as a collection of stepbump and changes its sign between the summit and the
At rest, the distribution of steps in the meniscus isbase. In the absence of interactions with other steps,
stable and determined by the set of tensiegsand by Eq. (2) indicates that the difference in the film tensions
the interactions between the steps. Above a threshold(x,y;N) andr(x,y; N + AN) must vary along the step.

A = 0.01 cm, the meniscus becomes unstable; thick step®n the other hand, as there are no flows in the film,
emanate from it and invade the film. The thickn@s§  these spatial variations in the film tensions must result
of these steps depends on several factors such as tfrem some forcefyy per unit area, which is generated
film thicknessNy, the film structure, and the amplitude by the film vibrations{(x,y,t) = Acoqwt)g(x,y) and

of vibration. AN = 20 layers is typical for SCE4 films which depends on the film thicknebk such that

of thicknessN, = 10 at room temperature. Shapes= > N 3 )

y(x) of these steps evolve as a function of time. First, V7, yiN) = fanx.yiN). (3)
they are bumplike [Fig. 2(a)], later, one (or several) of theThe same force causes theotion of islandsfloating in
bumps take the shape of a kind of peninsula connected tiie film. By studying motions of a small island induced
the meniscus on the side of the frame by a narrowing necky the fundamental eigenmode of the rectangular film,
and, finally, when the neck breaks (this can take more thaane finds that all trajectories start from the meniscus and
several minutes in S@1 films) an island forms and floats coverage at the center of the film. From the velocity of
freely in the film. The island goes to the center of thethe island along such trajectories, one finds that the force
film and stays there [10]. The island shap@) shows fy; vanishes at the meniscus and in the center. Finally,
deviationsdr = r(0) — ro from the circular one. balancing the gravitational force in tilted films, one finds

This evolution of the bump shape involves a progresthat the forcefy; is proportional to(Aw)?. The simplest

sive increase in the surface aréa.y of the bump
(peninsula) and occurs on the time scale of several min-
utes. We think that this evolution is a quasistatic process
in the sense that for a given surface afa oy of the
bump, its shape is in equilibrium with respect to the re-
distribution of the matter in it. Indeed, experiments show
that when the amplitude of the film vibration is changed
rapidly, the bump or the island change their shape in a
characteristic time shorter than 1 sec. Theoretically, this
relaxation time can be estimated in the same way as
in the case of LB islands studied by Mamt al. [11].
For the step of tensioy =~ 5 X 10~°dyn [6] and thick-
nessh =~ 6 X 10~%cm, floating in the film of viscosity
n =~ 1P one getsT, = nh/yq =~ 102 sec when the
wave vector of the shape deformatiorgis= 10> cm™'.

In the presence of vibrations, the quasistatic shapes
of bumps, peninsulas, or islands are determined by the
balance of forces acting on the step. For a step of tension
v, one has

y/R(x,y) = A7(x,y) + fine(x,y). ()

The left-hand side of the equation represents the Laplace
force proportional to the local curvatulgR(x, y) of the

sftep WhiCh_ has the tension On the right-hand side, one FIG. 2. Peninsula instability of the meniscus in a Shfilm.
finds the difference\7 = 7(x,y; N + AN) — 7(x,y;N) The black background consists of a very thivi € 10 layers)
between the film tensions on the two sides of the step anfilm. (a) The bright bumps are abotN = 20 layers thicker.

the force of interactiorf;,, which exists between the steps They come out from the meniscus above a certain excitation
when they are close enough. threshold, and their surface ar§a.,n increases as a function

Without vibrai th hanical ilibri in field of time. The shape of the bump is a function of its surface area
Ithout vibrations, the mechanical equilibrium in Melds 5,4 pecomes peninsulalike for lar§e(b) The shape of steps
of the uniform thicknesse¥ andN + AN requires that = calculated from Eq. (10) are superposed on photographs of real

the tensionst(x,y;N) and 7(x,y; N + AN) must be steps.
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hypothesis, in agreement with all these indices, is that T(x,y;N) = (pyw?/2){{(x,y)*) + 7o(N). (9)

N = (52
fNL(x’y’]_V) a p.N.V(Z )/_2' _ (4) Therefore, one can say that the average effective tension
We argue that th@hysical origin of this NL (nonlinear) 7 of the films is lowered by its vibrations.
forceis a follows: Let us consider a surface element of \yhen the film of thicknes®l contains a step of height
coordinatedy, y) belonging to the vibrating film of shape Ay, the nonlinear forces are different on the two sides
{ = {(x,y,1) and suppose that, as shown in Fig. 3, thepf the step because of the differendgp = poydAN

trajectoryr(r) of this element is at each time orthogonaljn the two-dimensional densitpy. Consequently, the
to the surface of the film. The velocity of this element is giscontinuity in the tension of the film

then

W %<_£ -2 1) Ar(x,y) = =(paANdw?/2)({(x,y)) + Ay (10)

YT a T o ax’  dy’ will build up along the step. Replacing the local step
9\ 9 \2 curvaturel/R(x,y) in Eqg. (2) by its explicit expression,
/ [(a) + <@> + 1] (5)  one gets for the eigenmod&x, y, ) = Acodwr)g(x,y)

The acceleration of the surface element on its trajectory i€ following differential equation:

then, up to the second order i d2y dy \2 /> ,
: — /|1 + (= - K ,
g = ﬂ<_£’_%’l> x> [ <dx> } NLg (x, y(x))
8[2 ox ay + KO + Kint, (11)

2 2
%<_ ¢ - I°g ,0>_ (6) WhereKn. = ANpqdA*w?/4yay is the step curvature
. dt \ dtox  dtdy due to the NL forces,Ky = A7an/yan is the rest
The first term of this expression corresponds to theyrvature of a free step, anfli = fin/yay results

acceleration component orthogonal at each time to thgom interactions between steps when they become close
film surface and, consequently, is balanced by the Laplacgnough.

force due to the mean curvature of the film. The second |n the experiments for which the photographs are
term corresponds to the centripetal acceleration tangeRhown in Fig. 2, the last two terms of Eq. (11) are
to the film surface. Multiplied by—py, is gives the important at the base of the peninsula where the curvature
centrifugal force per unit area which is equal to the NLdue to the NL forces vanishes. The spontaneous curvature
force suggested above in Eq. (4). _ Ky is positive because the tension of the film increases
Let us suppose not that the shape of the film duringyith its thickness [6]. Its typical value is of the order of
its vibration is that of the eigenmode of frequeney  10cm™!. The interaction curvatur&;, is negative when
{(x,y,1) = Acodwi)g(x,y). The time-averaged value the interaction between steps is strictly repulsive and its

of the NL force is then ) modulus grows when steps get close together. Due to
L = (pnw?/2)V{?), this, the sumk, + K, varies betweerk, and zero when
. the step becomes tangent to the meniscus. When (starting
= [pn(wA)*/4]V[g(x, y)*]. (7)  from the base of the bump) one follows the step in the

From Eg. (3), we know that in the absence of flows in theopposite direction, one observes that the local curvature

film this NL force must be canceled by gradients in thedecreases, changes sign, and reaches its maximum value
film tension at the bump summit. This behavior is due to the inertial

pr2€<gZ>/2 - _@TN (8) curvature termkKnp gr'owiryg asg’(x,y) whgn the bump
Sy(x) penetrates the vibrating area of the film. In order to
get the inversion of the total curvature, the inertial term
must be larger than the spontaneous one. The magnitude
of the inertial curvatureky depends essentially on two
factors. First of all it depends ofwA)?, that is to
say, on the square of the vibration velocity amplitude—
this parameter is accurately controlled in our experiments
through the loud-speaker excitation voltage. The second
factor is the ratio between the 2D density discontinuity
Apan = ANdp. and the tensioryay of the step. If the
step tension is approximated by its maximal vatleNd,
- s — then this ratio is independent of the step thickness and
R =~ equalsp. /47 =~ 10" 2seé /cm?. In order to getky, >
FIG. 3. Genesis of the nonlinear inertial force: trajectories ofKO’ one has to satisfy the conditiémA)® > Ko/1072 =

molecules in the vibrating smectic film are curved so that therd 0° cm/ sec. Fore =27 X 380_sec_1, one getsA >
is a nonzero time-averaged centrifugal fofgg . 0.01 cm in agreement with experiments.

so that the film tension defined in Eq. (1) become
position dependent,
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The validity of the differential equation (11) has phenomena is due to the nonlinear force acting on each
been checked by comparing its numerical solutions, fosurface element of the vibrating film and this force is
g(x,y) = sin(xm/L,)sin(ym/L,), with the shapes of proportional to the gradient of the film velocity and to
the bump and of the peninsula on the Fig. 2(b). For theéhe local density of the film. Another class of nonlinear
bump, the agreement is satisfactory but in the case gfhenomena concerns the behavior of inclusions floating
the peninsula, the calculation yields intersecting steps ah smectic films. This depends significantly on the mass
the base of the neck. This nonphysical feature is due tand the shape of the inclusion as well as on the thickness
the fact that the interaction curvature has been neglecteaf the film. Since the motions of small inclusions are
in Eg. (11). The agreement between the experimental arstrongly damped by the film viscosity, they tend to take
calculated shapes of steps is surprising if one realizes thatable positions in the vibrating film which acts as a
the shape(x, y) of the eigenmode could be perturbed bykind of mechanical trap. We think that this kind of
the discontinuity in the film density due to the presence otrap could be used successfully for manipulation of large
the bump. Fortunately, when experiments are performechacromolecules or cells.
in air and the film is thin enough, the inertia of the air We are grateful to Daron Walker for careful reading of
participating in vibrations of the film is much larger than the manuscript and for useful remarks.
that of the film itself so that the density discontinuity in
the film has little effect org(x, y).

This is no more the case when a small droplet of the
smectic liquid crystal or a small tin sphere floats in the [1] G. Friedel, Ann. Phys. (Pari)8, 273 (1922).
film. The mass of such an inclusion perturbs the film [2] C.Y. Young, R. Pindak, N.A. Clark, and R.B. Meyer,
vibrations/ (r, 7) in a way that depends on its positi) Phys. Rev. Lett40, 773 (1978).
in the film. Inversely, the inclusion is subjected to the [3] For a collection of articles on structures of smectic films
nonlinear force similar to the one discussed above so that see P.S. PersharGtructure of Liquid Crystal Phases
its positionR,; is influenced by the vibrations. Because of _ (World Scientific, Singapore, 1988). o
this feedback loop, the behavior of the inclusion dependsl4] For a review on the influence of dimensionality on
on the frequency and the amplitude of the excitation. In structures of smectic films see Ch. Bahr, Int. J. Mod. Phys.

. " . N , 8, 3051 (1994).
the simplest case, the position of the inclusion in the film

. ble but d d he f f th .. .. [5] P.E. Cladis, P.L. Finn, and H.R. Brand, Phys. Rev. Lett.
is stable but depends on the frequency of the excitation. 75, 1518 (1995).

In _particular, for a certain fundamental fr_equenay), [6] P. Pieranski, L. Belliard, J.-Ph. Tournellec, X. Leoncini,
which depends on the mass of the inclusion, the stable * c. Furtlehner, H. Dumoulin, E. Riou, B. Jouvin, J.-P.
position is situated at the center of the film. One can  Fénerol, Ph. Palaric, J. Heuving, B. Cartier, and I. Kraus,
say that the vibrating film acts asmaechanical trapfor Physica (Amsterdani94A, 364 (1993).
particles. The behavior of heavy inclusions is much more [7] K. Miyano, Phys. Rev. A26, 1820 (1982). _
complicated because they perturb the vibrations of thel8] I. Kraus, Ch. Bahr, and P. Pieranski, Mol. Cryst. Liq.
film so much that the shapg(r; R,) and the frequency Cryst. 262, 1289 (1995). ,
o (R;) of eigenmodes depend on the positiRn of the [9] J_. W.S. Rayleigh,The Theory of Soun{Dover Publica-
: - tions, New York, 1945).
mass in the film. ) .
In conclusion, we reported here for the first time[lol In soap films, Y. Couder and M. Rabaud (private
| I" h . . ibrati communication) observed a continuous increase of the
on several noniinéar pnenomena occuring In vi ratlng film thickness in the center of the eigenmode which is
smectic films. The peninsula instability of the meniscus  gmjlar to the discrete changes in the film thickness due to
is one such example. Shapes and positions of steps, the presence of islands.

preexisting or created by this instability, are affected by[11] E.K. Mann, S. Hénon, D. Langevin, J. Meunier, and L.
the film vibrations. We have pointed out that this class of Léger, Phys. Rev. B1, 5708 (1995).
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