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Can one hear structures of smectic films?
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Drumhead vibrations are used to detect phase transitions in smectic films. We point out experimentally and
theoretically that vibrational eigenmodes are specially sensitive to structural transitions when the films are
curved. In particular, stacking transitions in thick Bgglike films of 70.7 are detected.
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I. CAN ONE HEAR STRUCTURES OF SMECTIC FILMS? )
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The question addressed in the title of this paper is a para-
phrase of the celebrated article “Can one hear the shape of a
drum?” [1] in which the author, Mark Kac, asked, a long and
time ago, whether one can recognize the shape of a drum
from its sound. =X

The drum considered by Kac consists of a thin, perfectly L
flexible, elastic, and isotropic membrane, spanned on a flat
boundaryI" (Fig. 1). When the two-dimensional density of  From Kac’s mathematical point of view, the answer to his
the membrane is uniform, and the tensiom to which the  question is given when the nature of the relationship between
membrane is submitted is isotropic and uniform as well, thghe shapd” and the spectrum of eigenvalueg is found. In
drum’s vertical displacemenf(x,y;t) in the limit of small  particular, Kac wondered whether the spectaugris unique

mIs<

and y= (1.7

amplitudes obeys the wave equation for every shape of the boundary. We know today that the
2 2 5 answer to this last question is “no,” because there are
a_gz T (a_g + (9_@’) (1.1) known examples of different shapes having the same spectra
at* pl\ax® ay?)’ ' of eigenvalue$2-5].

. . From the physical point of view represented in the present
with the boundary conditions paper, the main interest in studying the sound of a drum is to
{(T:)=0 (1.2 extract information on the physical properties of the drum
' ' ' membrane from its\,, spectrum. It has been shown previ-

Such a drum is able to produce pure tones of frequescy ©Uusly [6,7] that the so-called free-standing smectic films in

which are known as normal modes and have the form ~fluid” phases such as St or SnC behave indeed, to high
' accuracy, as such ideal drums and are characterized by only
Loyt =2 (X,y)etent, (1.3 two physical parameters: the two-dimensio(2) densityp

and the isotropic tension. Indeed, unlike soap bubbles,
The frequencyw, of the eigenmodes and their associatedwhich must be held in a wet atmosphere in order to preserve
geometryl,(x,y) satisfy the equation their stability, smectic films can vibrate in quasivacuum.
5 5 When submitted to vacuum, they evaporate slightly, unless
7 “Ln N 9Ly the vapor pressure of the liquid crystal material reaches its
p\ax2 " ay? saturation value, which is by few orders of magnitude lower
than the one of water. Thus the mass of the surrounding gas

+w2,=0, (1.4

which can be rewritten in a dimensionless form udinghe
length scaling the size of the drum, as

Pl 0%Ln
e s X
g

where -
N
p
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put into motion by the vibrating film can be neglected with
respect to the magsof the film itself. It is also important to
emphasize that in the liquidlike Sor SnC phases, the
restoring force is mainly due to the tensiemf the smectic

film. This is so because the curvature elasticity effects of a \
reasonably thin films can be neglected with respect to the meniscus  frame
tension effects. To sum up, in the case of smectic films in film of uniform thickness

SmA or SnC phases, for known shagdéand sizeL of the
frame, the frequency of eigenmodes provides information on

the ratio 7/p of the tensionr to the densityp of the mem-

brane in the case of smectic films in 8nor SnC phases, b
for known shapd™ and sizeL of the frame.

In the present paper we will show that smectic films in o )
crystalline smectic phaséSmB, SmG, etc) no longer be- FIG. 2. Structure of a smectic film suspended on a circular
have as an ideal drum because their 3D elasticity contributd@me: (@ Perspective view of the film(b) Enlarged view of the
to the restoring force and affects the tune of the drum. Morefnenlscus{ln.sectlomWhlch, in the vicinity of the film, can be seen
over, we will point out that the change of tune due to the 3p*? collection of steps pushed toward the frame.
elasticity is very sensitive to th_e .3D shapg of the drum memY/vhereh(x) is the local thickness, and is the thickness of
brane, that is to say, to the built-in Gaussian curvature of the

film due to the deviation from the planar shape of the contou?ne molecular layer. The first step of the meniscus consti-
I'. In other words, we will show thaine can hear both the utes obviously the limit of the filni8]. The position of the

structure and shape of the drum first step as well as the whole distribution of other stefs)
The paper is oPganized as follows. In Sec. Il the genesisi]r_] the meniscus are determined by forces acting on ff&im
: . i Cn : he stability of the first step position requires that it must be
structure, and physma} properties of smectic fllms are brlgfly ubmitted t):) a thermodyngmpic force pqushing it toward the
d'rse(\:/lijésjgd 32\}2@ bea:jSIi?] g;{‘g tlf;legggdlyl??kr]r; 'Ce pgér;;toﬁf(;/fle next steps of the meniscus which will exert a repulsive action
Fnotion 0¥ smectig films is re;/isited i'n order t?) take into " the first step and stabilize the edge of the meniscus. In the
account effects due to the curvature at rest and to the 3 pposite case, that s to say, if the first step was pulled by the
O X ; - ermodynamic force toward the center of the film, its diam-
eIast|g|ty. Section 1V is devoted to the dgscrlptmn of t.heeter wou);d decrease and, finally, the step would collapse.
experimental Setup dgvelqpeq for experiments involving Starting from the discijssion ’of the behavior of the first
curved SmeCt'C f|Ir_ns V|b_rat|r_19 in vacuum. Experimental re'step in the meniscus, we arrived at a more general question
zlijsltcsugs;'?ﬁ?hr:?égys\gggowéns of@.7 are presented and about the sense and amplitude of the thermodynamic force
' acting on an isolated straight step separating two portions of
the film with different thicknessedl and N+ 1. This force
[l. THERMODYNAMICS OF SMECTIC FILMS being nothing else but the difference between the tensigns

Before we start to discuss the effects of the Gaussian cuﬁng EN“ tﬁf f:c[lrns tOf thlckgesse? andtw +ti1,' vll/e have 10
vature on the vibrations of smectic films, it seems necessarg'/n ow the Tiim tension depends on the thickness.

to make a short introduction concerning the structure of From the thermodynamic point of view, the tension of

smectic films, and to make clear that smectic films are verf‘meCt.IC films is S|m|Iqr to'the pressypan 3D materials, and
Is defined as the derivative of the free energy per molecule

gﬁ;ﬁ:gfpﬂﬁﬁ? ;;O\? ef/c.e structural, thermodynamic, and mefN(a,T) with respect to the surface araaper molecule(T
The most important fact about smectic films is that theyrEferS to the temperatuke

cannot exist on their own, but must stay suspended on a stiff ofn(a,T)

enough frame. This is so because the elastic moduli of smec- W — (2.2

tic phases, even of those that are crystalline in three dimen- Ja

SIons(SMBry; OF SMG), are so low that they are unable to ITet us emphasize that the free enefgyas well as the sur-

stand strains due to the surface tension, unlike thin slices 9 ce areaa occurring here are quantities averaged on the
qrdmary 3D crystals such as silicon. Being suspended, SMethickness of the film. In particular, the surface area per mol-
tic films are always surrounded by a meniscus Connectln%Cule is defined as the ratio

them to the frame. It is possible only when the liquid crystal
material has a tendency to wet the frame. a=A/N 2.3

The limit between the film made of an arbitrary numbeer
of molecular layers and the meniscus is well defined. Indeedsf the film area to the total number of molecul®sin it.
in its thinnest portion, the linear meniscus shown on Fig. 2is  The value of the film tensiomy is determined by the
nothing but a collection of monomolecular steps whose dengondition of its equilibrium with the meniscus which, in
sity per unit lengtm(x) determines the shape of the menis- most cases, has a large volume and acts as a reservoir of
cush(x), particles fixing the chemical potentigle,in the system. As

shown in Fig. 3 the equilibrium condition

steps

-
X

h(x):hf+df n(x)dx, 2.9 mun=Fn(a) = Tna= tmen 2.9
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f,“ TN>TN+1' (27)

fun@ fy(a) fno(@ Thicknesses from the interveN,,N,] will thus be prohib-
ited, and the meniscus will have a clifflike shape; the thick-
ness of the film will jump fromN<<N; to N>N,. As the
free energyfy depends on the temperature as well, such an
interval of prohibited thicknesses can appear for some tem-
perature ranggT,,T,]. Outsidg T4, T,], a film of thickness
Np[N1,N>] can coexist with a smooth meniscus. However,
when the temperature enters thé;,T,] range, theAN
=N,—N, steps of the meniscus will collapse until the film
thickness reachel, .

It is obvious from the above considerations that the ten-
sion of smectic films is the parameter ruling their stability.
el AN AN From a formal point of view, the equilibrium states of a
system in contact with a reservoir of particles are ruled by

FIG. 3. Geometrical representation of the thermodynamic equi;[h d ical potenti&l which tb inimal. |
librium between the meniscus fixing the chemical potentiak, € grand canonical potenti&l which must be minimal. in

and films of thicknessed— 1, N, andN+ 1. The tensionry of the our case, one has, by definition,
film of thicknessN corresponds to the slope of the line starting e
from ue,and tangent to the functiofy(a). Q=F—uN 28

umen

Yo

whereF is the total free energy, anil'is the total number of

leads to the construction of a tangent to the cufu€d)  molecules in the film. Using the definition of the chemical
intersecting the ordinate axis at,q,. Clearly, the resulting potential[Eq. (2.4)], one finds that
slope 7y depends on the position and shape of the function ’

fn(a), which can be approximated as O=7A, (2.9

fn(a) = fy mint Bn(@—a min)*+0(a%). (2.5  whereA is the total area of the film fixed by the frame. As
expected, the tension of the film should be minimal for con-
In the simplest model, where the smectic film is treated as gtantA.
stack ofN identical layersfy min="fo is independent oN, In the above analysis of the thermodynamic equilibrium
an mn=a/N and By= BN with a and g constants. Within  in smectic films, the free energy per moleciije, averaged

such a model, it results from the construction of Fig. 3 thatover the film thickness, plays the central part. By definition,
the tension of the film increases with its thickness wherpne has

Mmer<fo. In other words, for eacN one has

TN<TN+1' (26) fN:

N
;1 i, (2.10

Zl -

When this inequality holds, the collection of steps form- heref for the f lecule in i
ing the meniscus is stable for aly, but the film itself is Wherel, stands for the free energy per molecule in itfe

only metastable with respect to any decrease of its thickned@Ye" c_)f the s?ack made & layers. When -the thickness of a
[9]. In order to decrease the film thickness, a pore must b mectic film is very small, the contribution to the_average
created in at least one of themolecular layers forming the 11€€ energyfy(a) of molecular layers close to the film sur-
stack. This process is analogous to the nucleation of a neffices becomes important. In spite of gxchanges of molecules
phase in the old one during a first-order phase transition!T oM layer to Iayer,. eac_h O.f the layers in the stack can have a
When the radius of the pore is large enough, that is to sa2lfferent structure in principle and, consequently, gdlffergnt
larger than the critical radius, [7], the pore will open more urface area or free energy per molecule. Indeed, interactions
and more until its edge hits the meniscus edge. In the opp(P-etWeen Iayers and exchanges Qf molecules petween a_dja-
site caser<r., the pore will collapse. It is important to cent layers impose only the equal!ty of the chgmlcal potential
know that in most cases the nucleation barrier for the creN;- The free energyfy, can be different provided the ten-
ation of a pore is much larger th&T, so that the metasta- Sion7y,, defined separately for each of the layers, is properly
bility of smectic films with respect to the reduction of their adjusted. Obviously, because of different environméhés
thickness is only virtual. This explains the astonishing ro-cause of the drastic change at the interfacgtsuctures in the
bustness of smectic films contrary to the proverbial fragilitysurface layers can be very different from those in a bulk
of soap bubbles. material at the same temperature. Moreover, these structures
The above analysis of the film stability has to be revisitedmust depend on the film thicknebk
when the structure of thd molecular layers depend on their ~ Because of the dependence of layers structure on the film
positioni=1,...N in the stack or when the structure of the thickness, the polymorphism of the smectic films can be dif-
ith layer is a function of the total thickness of the stack. Inferent and sometimes richer than that of the bulk material.
such case, all coefficients of expressi@®b) can depend on For this reason, the structural terminology coined for bulk
N in a complex way. In particular it can happen that in somesmectic phases, where all layers are identical, cannot be used
thickness intervalN,,N,], the inequality is inverted: for smectic films such as it is. For example, in ALILOO], in
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the temperature range where the bulk material should be ifim and the meniscus are rapid enough to restore the mini-
the SmA phase, films of thickness larger than 90 layers cammal surface area of the film on a less-than-few-minutes time
have a hybrid structure: a Sxdike core sandwiched be- scale. Obviously, the relaxation time of such strains depends
tween several S@-like surface layers. Such a structure cana lot on the structure of molecular layers in the films and on
be described by the tilt angle distributi#h(T). In the limit its thickness. It is of the order of 16 sec in thin films made

of very large thicknesses, when the relative contribution ofof SmA-like layers, but it can be as large as few minutes in
the surface layers to the averaged thermodynamic quantitighick films made of crystalline SBtlike layers.

can be neglected, one can say that the film structure is In conclusion, the drums we want “to hear” are all mini-
SmA-like. Nevertheless, because of the presence of thenal surfaces and as such must have the zero mean curvature
SmC-like layers, the symmetry of the whole film is broken H. Using the expression of the mean curvature for surfaces
and cannot be qualified as @m strictly speaking. In the of the Monge formz=z(x,y), one obtains a nonlinear dif-
temperature range where the bulk material should be in théerential equation:

SmC phase, the tilt angle®,(T) are larger than in the

P i 2 2
SmA-like films. Thus the “state” of a smectic film canbe 1 =1 _ (1+2))2— szzyzxy+(1+zx)zyy=0
established considering its tilt angle distributiof(T). In R, R, (1+2z;+2)% ’
ALLO films thicker than 90 layers, there is a discontinuous (3.1a3

change in the tilt angle distribution as a function of the tem-
perature. By continuity with thél= limit, such a struc- Where 1R; and 1R, are the principal curvatures of the sur-
tural change can be qualified as a/&S8mC-like transition. ~ face,z, andz, are the first derivative of with respect tax
For thicknesses less than 90 layers there is no discontinuigndy respectively, and,y, z,,, andz,, are second deriva-
in the distributiong;(T) but just a continuous change: the fives. Equatior(3.13 reduces to the linear Laplace equation
SmMA-SMC phase transition line in theé\(,T) phase diagram P27 5’z
terminates foN=90 at a critical point. —+—>=0 (3.1

As a second example of the specific polymorphism of Ixe - ay
smectic films, important for the purpose of the present paper . .
let us quote that of @.7 films established on the basis of the ?f';he Ilrtr_ntl of alrr:_ost flgt shag% ?h Thﬁ SOI'];'tt'r?nSf of these
x-ray diffraction studies. On the\,T) phase diagram estab- ifferential equations depend on the shdpef the frame.

lished by Siroteet al. [11] the phase sequence in the=8 fl In the smzleit case, |r.1vofll<|ed .by Kac, the contbus a.
limit is at curve and the smectic film is a plane. However, it is

important to remark that such a perfectly flat film is only a
C/33 °CISNG,/55 °C/SnB,/69 °C/SNC/72 °CISMA/ mathem{:\tical concept be(_:ause in practice several _mecha-

¢ ¢ nisms will generate deviations from the flat shape. First of

83.7 °C/N-84 °Cl/lso, all, every smectic film is submitted to the gravity force which
has to be equilibrated by the adequate deformation of the

but for thicknesses less than%, the SnfF-like structure  film. In the case when the film is horizontal and its surface

appears between the 8ntike and SnG-like structures. The —density is given byph, one obtains

temperature range of the $iHike structure increases with

; . i . #z Pz
decreas!ng\l, mainly at' the cqst of the SBilike phase, with T(—z + —|=pgha, (3.2
decreasind\N. Another interesting feature of thed77 (N, T) 2 S

phase diagram is the existence of stacking transitions be- . . : .
tween different variants of the $nrlike phase, as pointed wht_areg Is the gravity acceleration. On a circular contour of
out in Refs.[11]. Our purpose here will be to show that all fadiusrr, the film will take the shape of a paraboloid:

these structural transitions irO77 films can be detected “by r2 w242
hearing the sound of the drum.” Z(X,y)= L y , (3.3
2R 2R
IIl. MECHANICAL PROPERTIES OF SMECTIC FILMS where the curvature radil® is inversely proportional to the
film thicknessN,

One can expect that vibrations of smectic films, when
their structure is crystal-like, should be very sensitive to their T R;
shapes. Indeed, the common-day experience shows that the R= pohg N (3.4
rigidity of an iron sheet depends a lot on its shape, and,
consequently, quite complex shapes are generated in order émd where
satisfy requirements for the rigidity.

In the case of smectic films, like for soap bubbles, the R.— T 12 3
choice of shapes is limited to minimal surfaces. Indeed, sur- 1 pggd d @5

face strains that would result from any deviation of the mini-

mal surface shape cannot be equilibrated by the bulk rigiditys the curvature radius calculated for one molecular layer of
of smectic phases on a long time scale. This is quite similathicknessd. In the above equation we introduce the capillary
to the necessity mentioned above of suspending smectiength 1 which for a film tension of the order of 50 dyn/cm
films on a rigid frame. More precisely, exchanges of mol-and a density opy=1 g/cm is of the order of 2 mm. The
ecules between smectic layers in the film and between theurvature radiusR calculated for a two-layer films of the
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(©) ¥=100

(b) ¥=14 (d) ¥=1000

FIG. 4. Minimal surfaces spanned on a frame made of eight straight mutually orthogonal edges. These shapes are calculated by means
of the Weierstrass’ formulagEq. (3.7)] using the analytic functiolR(z) =(z8—¥z*+1) Y2 The aspect ratiae=L,/L depends on the
value of the parameteb.

thicknessh=6x10"" c¢cm is of the order of one kilometer, ture, smectic films show corrugations located in the vicinity
and seems enormous. However, the deflection in the centéf the meniscus. Well visible in a reflecting microscope, the

of the film of radiusry, local curvatures of such corrugations can be fairly large, of
5 the order of a few cm'. In conclusion, perfectly flat films do
re not exist in practice and one has to examine how local or
Zmax~ )2 h, (3.6 global curvature affect vibrations of such “flat” films.

When a smectic film is disturbed by a transverse vibration
is of the order of the film thickness for-~1 cm and thus, from its rest shape(x,y), the resulting deviatiof(x,y,t)
strictly speaking, cannot be neglected. The second source &m the equilibrium state will generate restoring forces im-
deviation from the flat shape is due to the imperfections oplied in the film’'s equations of motion. The nature and the
the frame. For any frame constructed by conventional mamagnitude of these forces depend on the slzipgy) of the
chining procedures, the scale of these imperfections is in thBlm as well as on the structure of the film, that is to say, on
best case in the micrometer range. For the frames used in tliee whole set of structures of tli¢ molecular layers in the
present study and the previous studies, we estimate the instack.
perfection to be in the I¢-cm range, that is to say, 10 In order to be more explicit, let us consider the example
times larger than the thicknebs= 1000 A of a 30-layer film.  of a family of minimal surfaces generated by the contbur
Finally, as we shall see in Sec. IV, the film shape can banade of eight mutually orthogonal straight edges, as shown
affected by a nonuniform distribution of the excess liquidin Fig. 4. Let the length of the horizontal edges be the same,
crystal material in the meniscus. Without annealing theL,=L,=L. The shape of the surface depends then on the
sample slightly below the SMm-nematic transition tempera- lengthL,=«aL of the four vertical edges. The minimal sur-
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faces spanned on such a frame are known as the so-dalled
surfaceq 14]. Their shape can be calculated numerically us-
ing the method of Weierstrass in which the Cartesian coor-
dinates &,y,z) of the surface are calculated as following
integrals:

x=Re fZI(l—zz)R(z)dz,

20

y=Re fZ|i(1+22)R(z)dz,

20

z=Re fZIZZR(z)dz, (3.7

)

wherez=u+iv andR(z) is the analytic function of the form
FIG. 5. The displacemerit of the saddle generates a shear de-
R(z2)=(f-Vz*+1)"12 (3.8)  formation indicated by the arrows.

When z,=0 (the origin of the complex planeandz; are  whereF (1/a) is an unknown function. The system looks like

points from the interior of the circle of radius 1, this algo- a3 harmonic oscillator of frequency:

rithm generated surfaces with the aspect ratiodepending

on the value of the paramet#d. In the limit W=, o tends ( T )1’2 T ( 1)
w:

L

(3.13

to 0, and the surface is flat. Whan is finite but very large,
a<1, and one obtains a saddlelike surface which approxi-

mate analytic expression is From Eq.(3.11), we already know thaE(1/a)=2?in the
2 (X2 2 limit of @=0. In the limit of a= o, the energy of the system

7= M (3.9 cannot depend on the positidiag of the saddlewhen the

L four vertical edges arestrictly parallel and equidistahnt
Therefore, the functiof(1/a) must tend to zero. It is cru-

FOI“I’='2,_a tends to infinity, and one obtains the so-called 5| t5 emphasize here that the expression of the restoring
Scherk'sk=1 surfacg13,14. Such a surface can be seen asg,cq is hased on the implicit assumption that the film is

composed of two pairs of almost flat and vertical walls CON-iquid and inviscid. Nevertheless, during the “up and down”

nected by a saddle. In the apsence_of gravitation, the equiggtion of the saddle, the molecules must be transferred be-

librium position of the saddle i(0,0)=0. tween the two pairs of vertical walls that change their
In the fundamental mode of vibrations of such surfaces|engths_ As the amount of the transferred mattdiriear in

the central saddle point moves up and down. In the lanit  , it'can generate forces linear inwhich must be taken into

=0 of the flat square film, the eigenmodes and their frequenaccount at the same level of calculations as the restoring

cies are known: force due to the film tension.

PN @l

m(x—L/2) When the layers in the film are liquidlike, this transfer is
LY D) = Einax cos{wmnt)sin<m —> possible by way of a pure shear flow in the saddle region
L (Fig. 5. In a viscous fluid, such a flow generates viscous
_ stresses which in the limit &=0 are of the order of
| w(y—L/2)
Xsin n (3.10
L _7]h é’vi (71)]' h ggo 1 0 (3 1
F\12 T axX; X ~TM o 1) 14
W= | — — Jym?+n?
m (PN) L where 7 is the viscosity and is the flow velocity. These
stresses create a difference
so that (3.11)
hd h
2.\ 12 A7~n——€oo=iw 77—§oo (3.19
W= (_ _ L dt L
11 L
PN

in the film tension between the two pairs of vertical walls

In the opposite limita>1, the vibration of the surface con- and contribute to the restoring force acting on the saddle:
sists in the motion of the saddle whose approximate mass is

m%pNLz. The restoring force due to the film tensierand F‘Z’is%i wnhlgo. (3.1
acting on the saddle can be written as
Let us note that as this viscous friction force does not depend
pten. _ E ¢ (3.12 on a, the oscillator becomes overdamped and its relaxation
z a) % ' time of the order of
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7h

T T ()

(3.17

diverges in the limit 1¢=0.

When the film is crystalline, the vertical displacement of
the saddle creates elastic stresses due to the shear deforma-
tion

1

,L,Lh au; ou; {00 0
23l 2 o

2 \ax, T ax) M T

O-ij
whereu is the shear modulus andis the displacement. The
corresponding restoring force is

FS'~ uh{oo. (3.19

Neglecting the contribution of the film tension in the limit
a=0, one obtains the frequency of the oscillator:

_ M_h 1/22 3.20 FIG. 6. Definition of curvilinear coordinate§; and &. The
w= Pal L’ (3. principal curvature R, is positive, while 1R, is negative.
independent of the film tension. When a#0, the symmetry with respect to the mirror

Let us now consider in more detail the cas&1 of an  plane ,y) is broken so that forces tangent to the film sur-
almost flat surface. During the surface vibratigfx,y,t),  face may have components which are first ordef.iklow-
each surface element is submitted to inertial and restoringver, as these tangent components must be linear they
forces that can be elastic and/or dissipative. These forces caan be made as small as necessary by a proper choice of the
be decomposed into the components parallel and perpendicaut-of-plane deformation.
lar to the film surface. For these reasons, let us start the search for eigenmodes
In the limit of =0, the most important are the compo- by considerations of normal forces. We know that the film
nents orthogonal to the film surface. Indeed, for symmetrytension is a source of such a force. As defined in Sec. Il, the
reasons, the forces orthogonal to the film must be first ordethermodynamic tensiom provides an isotropic contribution
in £, while those which are tangent to the film must be seco the stress tensor components tangent to the surface of the
ond order inZ. If one considers the trajectories of moleculesfilm. In the curvilinear orthogonal coordinateg;(¢,,¢3),
in the film, and supposes in the first approximation that theyone has
are orthogonal to the film surface at each time, then the in-

stantaneous velocity is Nj=7d; fori,j=12. (3.24
o Even if the modulusr of the tension tensor is uniform
D(&y,Ep, 1)~ = A, (3.2)) throughout the film, it can make a contribution
. ) cap 1 1
where /i is the unit vector normal to the surface and Fsr=71 R_1+R_2 (3.29

(&€1,¢&,,&3) are the orthonormal coordinates such thaand

&, are curvilinear coordinates along the curvature lines of theo the restoring force in the normal direction when the film

surface(Fig. 6). The acceleration of this surface element hashas an average curvature during its vibration. At rest, one has

then two components. The first, Fs=0, so that the principal curvaturesRi/, and 1R,, must
cancel each other:

e
8= 52 (3.22 1Ryy= — 1Rye=1IR,. (3.26
is of the order ofw?¢, while the second, Due to the displacement=w(¢;,&>,t) in the directiongs
orthogonal to the surface, the changes of the principal cur-
AL R [aL\? oA vatures ard12]
A=t o\t ag, (3.23
3 1 1_10(1(9w>+1 &Al(law)+w
is one order higher if. It has been shown recently that this R1  Ro A1 dé1 \ Ay dé1] ~ AiA; 9&; \ Az 0é5) RS’

nonlinear inertial force is at the origin of a large variety of
phenomena occurring when the amplitude of vibration is (327
large e_nougk[lS]. Here we are |'nterested in the limit of 1 1 1 9 /1 aw 1 A, [ 1 ow W
small vibrations, so that the amplitude of motions tangentto — + — = — + =z

_—— ] ——— — —
the film surface is a second order small quantity. 2 Ro A 06 \ Az 085)  AtAz 961 \ Ay 08, 0
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so that one obtains the restoring force This has three contributions. In the limit af=0 (flat film),
the two last contributions tend to zero, while the first one

Fap_ i+i _ 2—W+Z 3.2 tends to the usual Laplace termAw, as expected. On a
3 =7 R, R T Rg Wi (3.28 square frame of the size?, its order of magnitude depends
on the wave vector of the eigenmode. Fow
where =w,(t)sin(mmx/L)sin(hmy/L), one getsAw=—(m?+n?)
X (r/L)?w. When the film becomes curved, one has to com-
A 1 9 (1 4 1 9 (1 4 pare this term with the two other ones which, respectively,
TAL 98, |\ A, 9E, +A_2(9_§2 A, 9&, are of t?e_z order of’L(m?+n?)Y(#/L)w and a®w. The _
factor a© in these two terms corresponds to the Gaussian
. 1 A (i i)+ 1 A, (i i) curvature of the surface:
A1 98 \ Az 0&,]  ArA; 961 \Aq 0&; 1 16
~g2= 2 2
1 2 1 & 1A, & 1 dA, 9 R = 2 (339
“\azoztaz 2 T\ a3 a2 T a3 52 2 °
A1 &1 A5 98 A7 981 981 A; 9§, 9&;

Therefore, as long as the principal curvature of the film

1/R,~a is much smaller than the wave vectomi
(329 +n?) YA 7/L) of the eigenmode, the Laplacian term domi-

nates and the correction due to the Gaussian curvature is
is the Laplacian operator in curvilinear coordinatés,¢,). second order inx. Besides the restoring forces due to the
In the above equationg,; andA, are coefficients of the first isotropic static tension of the film, one has to examine forces

N 1 aAl(l a)+ 1 aAz(l d
A1Ay 3& \ Ay 9&r)  A1Ay 961 VA 9,

fundamental form of the surface: due to stresses induced by in-plane strains of the vibrating
film. Indeed, it is well known from the theory of thin shells
ds?=A3d&s+ Asdés. (3.30 that the deformatiom(&, ,&,) orthogonal to the film surface

induces the in-plane straif42]:
The restoring force in Eq3.28 has two terms. The first one
corresponds to the mean curvature induced by the displace-
mentw of the minimal surface. It would exist even when the
displacementw was position independent. Moreover, this
term is proportional to the local Gaussian curvaturélf)lbf

w w
811:R_1, 822:R_2 and 812:821:0. (335)

On a minimal surface, these deformations are traceless be-

the surface at rest and, consequently vanishes when the siAuse lmlz. ~1R;=1/R,. Therefore, as expected, there IS
face is flat. The second term contributes to the restoring forc8° change in the surface area O.f th_e f'.lm an(_j the deformation
when the displacement is position dependent. On a flat sufS @ pure shear. When the film is Ilqwd, as in Sror SrrC
face, whereA;=1, the differential operatoA becomes the phases, the shear rate generates viscous stresses:

usual Laplacian so that the restoring force equaiAw, as . . w/l 0

expected. On a curved surface, the functidgsdepend on 0}i*°= nhe;j=nh R (0 1
curvilinear coordinates and one has to calculate the corre- °
sponding derivatives. Let us take as an example the surfaggniie, when the film is crystalline, like in the By, phase,
given by Eq.(3.9. For smalla, the curvature lines are al- the shear deformation generates elastic stresses:

most parallel to the andy axes, so that andy coordinates

(3.39

play the role of the curvilinear coordinatés and &,. In ol w(il O
such coordinates, the coefficients of the first fundamental oij=pheij=ph R, 0 -1/ (337
form are
These in-plane stresses generate the normal force
AZ=1+a?x?> and A3=1+a’? (3.3
(o1, 92| , W
where F3_( R; * RZ)NZMh R2 (3.39
a=4all. (3.32 in an elastic film, and
From Egs.(3.25, one obtains the restoring force due to the visc_ [ 911 T22| . w
deformationw=w(x,y): F3m= R, + R, ~2iwnh RZ (3.39

cap
B

T

1 Pw 1w in a viscous film.
1+a2x2 WJF razyz (9_y2> Let us note that expressio3.38 and(3.39 are similar
to the first term in expressiof8.28 of the force due to the
a’x  aw ay  ow thermodynamic tensiom of the film. In all three cases one
(1+a%%)?2 ox + (1+a?%y?)? gy finds the same term/R2 multiplied by different prefactors:
5 7 for the isotropic tensiong, =2 uh for the elastic response,
" 2a’w (3.33 andi 7,,=2iwyh for the viscous one. The typical tension of
[1+a%(x*+y?)]*" ' smectic films is of the order of 50 dyn/cm. For the shear
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elastic modulus of crystalline film of the order of

1% dyn/cnf, one obtainsr,~10? dyn/cm for a two-layer faser beam
film, 10° dyn/cm for a 20- Iayer fllm and fadyn/cm for a I |\ - .
0.5-um-thick film. Forw~2000 s ! and »~1 P, the viscous “ \%ml_m??osfaren
contributionr,, is only of the order of X 102 dyn/cm for a four-quadrant
two-layer film. In conclusion, the shear deformation in photo-diode vacuum
curved films is expected to have significant effects on eigen- } —EH
modes in crystalline thick films, but can be neglected in lig-
uid films. electrodes

In order to estimate the effects of the Gaussian curvature 1
on the eigenmodes, let us introduce the forces given by Eq. l piezo
(3.39 in the equation of motion of a film submitted to a L frame : translator
deformationw(x,y,t) in the directionés: toa film Ijj d:I

translatiop

(92W stage
Pz TAW+ 2 (27+2uh). (3.40 ZI? ? 11*%105;?3

In the approximation wher&,, is considered as small and Vac(®) ff1¢¢
position independentthe eigenmodes of this differential Vac(©d)
equation are the same as the ones for the flat[fins. (3.8) TVDC \ )

and(3.9)], and one obtains the dispersion equation Ref  Ref
. 27+2uh L LI L]
POmR= TOmpt _R2_ (3.4) ) . -
First Lock-in Phase Second lock-in
where FIG. 7. Experimental setup.
. m2  n2
OQmn=7 L_)Z( + L_;Z/ . (3.42 of the liquid crystalLC) substance than the film itself. With-

out annealing the sample slightly below the Samematic

In agreement with the heuristic arguments from the beginiransition temperature, the distribution of the LC in the me-
ning of this section, one finds that the global Gaussian curhiscus and, consequently, its shape vary on the scale of few
vature of the film increases the frequency of the eigenmodetgnths of a mm, so that the film presents corrugations local-
in the case when the film possesses an in-plane shear eldged along its boundary. These corrugations are well visible
ticity. The shift of the frequency squared is proportional toin the reflecting microscope, as they show a quite strong
the product of the global Gaussian curvature and of the elagntensity variations.
tic shear modulus of the film. 2°—After annealing the sample, these localized corruga-
tions disappear but the film keeps always a global Gaussian
curvature due to unavoidable mechanical imperfections of
the frame. This global curvature shows @hd can be de-
The general view of the experimental setup is presented iduced from an elliptical modification of the shape of the
Fig. 7. This setup is roughly similar to the one used in predaser beam reflected on the film.
vious studieg 16], but the frame on which the smectic films  Once we started to suspect that these accidental curva-
are spanned is new, to our knowledge. It is presented itures modify vibrations of the smectic film in crystalline
detall in Fig. 8. phases, even if they are small, we decided to amplify and
The smectic film is held on a rectangular metallic framecontrol them by means of two different modifications of the
with two sides fixed and two sides mobile. As shown in Fig.frame.
8, the two fixed sides have V-shaped, 90°, sharp linear edges In order to introduce the localized curvature, the edags
E, andE, playing two roles. First, they serve as rails for the andE, of the frame have been made sinusoidal shaped using
two mobile parts of the frame fitted on these edges by meansorrugated stripes of a thin copper sheet soldered to the lin-
of 90° notches. Moreover, they constitute two linear seg-ear edges of the standard V-shaped mobile parts of the frame
ments of the film boundary, which is completed by the edge$see Fig. &)]. Let us note that the corrugations present on
E; andE, of the mobile parts. opposite edges fit precisely one to the other, so that such a
In the case when these mobile edges are V-shaped, lineanodified frame can be closed completely and the procedure
and, by construction, put in the same plane as the fixedf drawing a film is identical to the one using the standard
edges, the whole boundary is, in principle, a plane rectanglé&ame([7,8].

IV. EXPERIMENTAL SETUP

and the held film should be fldFig. 8]. In practice, one The global Gaussian curvature of the film has been ob-
always observes deviations from such an ideal flat shap&ined simply by a change in the height of the mobile linear
mainly for two reasons: edgesk; andE, with respect to the fixed edgés, andE,

1°—First of all, as we saw in Sec. I, the film is con- [see Fig. &)]. Let as note that the frame modified in such a
nected to the frame via the meniscus containing much mormanner cannot be completely closed; when the efigeand
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direct observations and for detection of the film motion by
means of a laser beam. The bottom window allows also a
passage of a chopped IR beam used for the purpose of a
periodic modulation of the film’'s temperature.

6°—The mean temperature of the cell is regulated using
two electric heaters situated in the base and in the cover of
the cell. Moreover, the fixed parts of the frame are equipped
with two other heating elements, so that the temperature of
the frame is controlled independently and can be made
higher than the one of the cell. As we will see below, this is
very useful when one wants to avoid film damages caused by
phase transitions. The temperature regulation thus obtained
is better thant0.03 °C.

7°—The cover of the cell holds a system of four elec-
trodes that have been machined from a single copper block
in order to control as well as possible their geometry. These
electrodes can be translated vertically by means of two
coupled rods gliding ino-ring-equipped bearings situated
within the cover. In their “up” position, the electrodes are
far enough from the frame to allow the motion of the mobile
edges during pulling of the film. Once the film has been
drawn, the electrodes are lowered and approached to the film
as close as about 0.1 mm.

The four electrodes can be supplied independently with
voltagesV;=Vy.+ Vi (i=1,...,4) having dc and ac com-
ponents.

The dc componeny . of about 50 V is identical for all
electrodes. Its role is to charge the capacitor consisting of
these four electrodes, and of the film whose conductance is
very low but which behaves effectively as a conductor at
time scale longer than 30 s. The surface density of charges
o4 brought by this dc field on the film is proportional to the
capacityC and to the dc voltage,

FIG. 8. Frames(a) Planar rectangular framéb) Out-of-plane 0dc~ CVgc. (4.1
frame; the edge&; andE, are lower tharE; and E, due to the

lateral shiftAL. (c) Frame with crumpled edges, andE,. These dc charges are submitted to the alternating field

created by the ac components of the voltage applied to the
i i ) . electrodes. It can be eith¥f,. sin(wt) (coming directly from
E, are in contact, open spaces persist at their extremities. Io internal generator of the lock-in amplifieror
order to pull a film, these holes must be carefully filled with —V,.sin(wt) (produced by a voltage inverforThe geom-
an extra amount of the L.C materlal_. , etry of the electric field created by the ac voltage is mainly
The frame is installed in a metallic cell fixed to the trans- yeafinaq py the distribution of grounded metallic parts in the
lation stage of the reflecting microscope. The cell of a qunece"’ because the presence of a very resistive film can be
comoplex structure plays several roles. ignored due to the high enough frequeneyThe ac electric
1°—It has a removable cover fixed to the base part byje|q is the most intense in the vicinity of the electrodes, to
means of six screws. When the cell is open, all manipulagpich it is orthogonal. In conclusion, the dc charges distrib-
tions necessary for deposition and distribution of the LC may o4 in the film(mainly below the electrodgsre submitted

terial on the frame are possible. _ to forces proportional to the ac voltages:
2°—When closed, the cell is tight, thanks to tbering

situated between the cover and the base, and it can be sub- f~CVyEac~ CVyViac (4.2)
mitted to vacuum.
3°—The cell is equipped with two axles screwed to the Using different combinations of the ac voltages, several
mobile parts of the frame. Both axles glide in tightings  eigenmodes of the film can be excited selectively. For ex-
equipped with bearings, and can be manipulated from thample, in order to excite the fundamental ma@tid), all four
exterior of the cell by means of translation stages. Thereforeglectrodes are connected to the same source of the ac voltage
smectic films can be drawn and their dimensions can bé¢also see Sec. VIn order to excite selectively thd,2) and
changed with the cell closed. (2,1 modes, adjacent electrodes are connected in pairs, re-
4°—One of the axles is connected to a piezo translator, sepectively,AB-CD andAD-BC (see Fig. 7.
that dimensions of the frame can be modulated with accuracy Vibrations of the film are detected optically using the sys-
in the micrometer range. tem shown in Fig. 7. The He-Ne laser beam reflected from an
5°—The cell is equipped with oblique glass windows for appropriate portion of the filrtthe portion where, for a given
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mode, the excursion of the film slope is the largé&ssent on U e e T : ]

a quadrant photodiode which detects its motions. The differ- . 2[ fimet 707 inthe smCprase 1*°

ential signall (w) coming from the photodiode and synchro- i ‘/' / 1, =

nous with the exciting ac voltage is analyzed by the first g *E (12) 22) ] g

lock-in. =} SE_ (2.1) /\ —:-200 @
The first eigenmodes of the film usually being very £ “f - ]

slightly damped(in air, the damping is mainly due to the < 25/\« 00

viscous dissipation of air currentsthe signall (w) shows Qoo o a0 500 1000 1200 3400 7600 1500

quite sharp resonances with well defined eigenfrequencies Frequency (Hz)

wn - In order to track the evolution of the resonance fre- w ' Y ' . . .

quency of one of the eigenmodes as a function of tempera- ~_E b=s=t=m o 3 100

ture, the phase outpub of the first lock-in is used as the § Wb /_ .

error signal. Necessary corrections of the excitation fre- g f ] g

quency are calculated from this, and are sent to the lock-in 5 E~"» @1 e 17 =

signal generator by a computer that also deals with all other £ JF Jeo &

tasks such as temperature control and data accumulation. g 2:'Vf,\u e /\\-f.soo
Let us note that the precision of this resonance tracking o ™™ Ty,

method is limited by the accuracy of the frequency definition 2000 40 G0 80 1000 1200 1400 Te00 1800

of the lock-in generator which is 0.1 Hz in the range 100— Frequency (Hz)

1000 Hz and 1 Hz in the range 1-10 kHz. FIG. 9. Spectra of the first four eigenmodes in theGSand

Once the excitation frequency is corrected back to itsspg phases. The frequency shift at the GmSnB transition of
resonance Va'_Uﬁ)nm, th(_i' slopeA ¢/Aw of the phasap vs  the(2,1) mode is larger than the one of thie2) mode. This differ-
the frequency is determined from measurements of the phasgce is due to the curvature localized in the vicinity of the corru-

for frequenciesw,,,+ 10 Hz andw,,,,— 10 Hz. gatedL, edges.
In some experiments, due to the modulation of the frame
surface or film temperature, the film tension and, conseg, 5 rectangular framéL,=5.5 mm andL,=5.0 mm. In

quently,'the fre.q.ue.ncy of the eigenmc_)des, oscillat.e SIObehe SnC-like phase[Fig. 9a)], the resonance frequency of
around its equilibrium va_llue. The typical m_odulat|on fre- the (2,1) mode is lower than that of thel,2) mode. This is
quency() of about 1 Hz is lower than the eigenmode _fre- due to the fact that the smectic layers are liquidlike, so that

o T ®he localized Gaussian curvature has almost no effect on the
Awnm({2) and the phasd’,,(02) of this vibrato is detected film vibrations, as discussed in Sec. Ill. At lower tempera-

lby tkh_e second 'OC""{" da”ddhas thﬁ phase ougpat the firSt 4,0 "\hen the film is in the SBrlike phase[Fig. Ab)], the
ock-in as an input. Indeed, one has frequencies of all four eigenmodes are higher than the cor-
A (Q) responding ones recorded in the Gtlike phase, but the
nm

Awnn(Q)= ——t 4.3 frequency shift is much larger for tH&,1) mode than for the
d_‘;” (1,2 mode. These results are summarized in Fig. 10 where
do the frequencie$,,,c of the four eigenmodes in the SIHike

phase are plotted versus corresponding frequerfgieg of
whereA ¢,,({2) andd¢/dw are, respectively, the excursion the eigenmodes recorded in the Biike phase(crosses
of the phase and the phase slope detected by the first lock-in. This anisotropic behavior of thél,2) and (2,1) eigen-
modes at the S@= SnB,,,; phase transition constitutes a
V. EXPERIMENTAL RESULTS suitable proof of the rigidifying action of the curvature. In-

As stated at the beginning of Sec. Il the rigidity with T
respect to the bending of crystal-like smectic films should be 1600~
influenced by their Gaussian curvature. In order to prove the r
validity of this generic idea by a simple but nevertheless
crucial experiment, we first used a frame with sinusoidal-
shaped mobile edges. In this case, the Gaussian curvature is
localized in two bands of approximate widi) parallel to
the deformed edges. The corresponding increase in the bend-
ing rigidity of the film should be localized there. In practice,
this means that when the film becomes crystalline, these two
peripheral bands where the film is strongly curved should be
excluded from vibrations. As a consequence, the film should 3 ]
behave as if it was shorter in the direction orthogonal to the ™ 200[ (1.1) 3
crimped edges, and the frequeney,, of its eigenmodes C ]
should rise.

Results of this crucial experiment are shown in Figs. 9
and 10. In Fig. 9 are plotted four resonance peaks corre-
sponding to the first four eigenmodes of ®.7 film drawn FIG. 10. Fit of the experimental results using E§.4).
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1000}
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deed, the distribution of the Gaussian curvature in the film is Pmnc=PaiHmnt peh, (5.2
anisotropic. The curvature is localized in two bands orthogo-

nal to thex axis, so that the effective, dimension of the |\ hareh is the film thickness.

film is shortened under the SPe=SnB transition while the In the SnB phase, expressiais.1) is modified according
L, dimension remains unchanged. Quantitatively, the freyg £q (3.40) by the addition of the curvature dependent term
guency of the fn,n) eigenmodes in the S@ilike phase is
expected to obey the Rayleigh-type expression:

2 2
EAL: | LN VR L PP S
o= ( : )2+( ; )2 (5.1) " 4pmos[\Lxe/ Ly > '
mnc 4pmnc [\ Lxc LyC ’ '
where
wherelL,c=L, andL,c=L,. The densityp,nc is an effec-
tive quantity taking into account not only the mass of the 1 2.h
smectic film but also the mass of the air surrounding the film, foo_—_ K (5.3b

and that is put into motion by the vibrating film. As the mass P(2m)* PmnBRg

of the air participating in the film vibrations depends on the

shape of the eigenmode, the effective denpgijty,c depends In agreement with our model, tHg, dimension of the film

on the indices ify,n). Introducing the air density,;, and the  stays unchanged, g=L,, while L,g=L,— AL is shortened
effective thickness of the air layet,,, the effective 2D by the ripples. From the above two equations one obtains the
density can be written as following relation:

2
+

2

2 2 B

mnB mnC
e

+f2 (5.4

m n
L—AL) Ly,

between the frequencies of eigenmodes in CSmand vibration amplitude and phase versus the excitation fre-
SmB-like phases. This contains three adjustable parameterguency is shown in Fig. 11. Knowing the value of the reso-
The first one is the ratiag/ 7 between the film tensions in nance frequencyf,,, the dimensions of the framélL,

the SnB-like and SnC-like phases respectively. It is ex- =0.5cm andL,=0.59 cm), the liquid crystal densityp
pected to be of the order of 1. The second parameter is the 1 g/cn?, and the film tensionr~50 dyn/cm, the film
ripple-induced reductionAL of the film length in the thicknessh was determined from Ed5.2) with the 2D mass
SmB-like phase. It should be of the order of the ripple wave-density set tp,,,= ph.

length, i.e.,A=0.1 cm. Finally, there is the frequency shift  After the thickness determination, the air was introduced
f, due to the global Gaussian curvature of the film. As notednto the sample cell again, and all other measurements were
in Sec. Il, one cannot exclude its existence due to smalimade in the air atmosphere. Except for very thick films, the
accidental imperfection of the frame geometry. With theeffective densityp .= pgh+ par IS dominated by the contri-
choice of the three adjustable parametgys-134 Hz, AL bution of the air participating in the vibrations of the film, so
=0.1065 cm, andg/7.=1.03, the theoretical values of the that effects due to changes in the film density as a function of
frequencied ,,,g are calculated from Ed5.4) and plotted in  the temperature can be neglected.

Fig. 11 versus the measured frequencfgsgz. The data For each film, four different quantities were measured as a
computed(open circle are aligned on a straight line of function of temperature during a slow cooling froi,
slope 1. ~68°C to T{~35°C. The typical scan rate wa$T/dt

Besides the confirmation of the expected rigidifying role~—0.1°C/60 s. The two plots shown in Fig. 12 concern
of the localized ripples, this experiment and several othetwo parameters of thé€l,2) eigenmode: its resonance fre-
similar experiments show that, even when the accidental gloguencyf,,T) and the phase slopk /20 Hz measured as
bal film curvature is small, it plays an important role in film explained in Sec. IV. The two other plots in Fig. 13 concern
vibrations in the SmB-like phase. the response of the eigenmode frequency to thermomechani-

In order to understand better the role of the global curvacal stresses induced in the film by an IR beam modulated at
ture in different mesophases, a long series of experiments low frequency of 1.2 Hz. It is important to note that during
was performed on @.7 films of various thicknesses drawn these temperature scans, the frame was slightly heatsd
on the out-of-plane frame with straight edd€gy. 8b)]. The  Sec. IV) in order to introduce a small radial temperature
effective radius of curvature in the center of those films wagradient in the film. The purpose of this temperature gradient
estimated from the shape of the reflected laser beam to beas crucial: Due to the radial temperature gradient, the
R,~20 cm. SmB-like phase always nucleates in the center of the

All films were drawn first in the Siy-like phase. In order SmC-like film during the phase transition, and grows by a
to determine their thickneds, the frequencyf,,, of their  slow outward propagation of the phase boundary. During
(1,2 mode was measured in vacuum. The typical plot of thesuch directed growth of the Snrlike phase, the density dis-
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FIG. 11. Spectra of thél,2) mode recorded in vacuum for films FIG. 12. Frequency of the eigenmo@ie?) and the slope of the
of different thicknesses. Knowing the dimensions of the film andphase at the resonance plotted as a function of the temperature.
the density of the liquid crystal, the thicknes$es590 and 12 400  Note differences in the range of temperatures for which, due to the
A of films have been determined from the resonance frequencies.SnB crystalline structure, the frequency of tlilg2) eigenmode is
shifted with respect to its level in the Srphase.

2

2
+ } (5.5

continuity Ap between the SB- and Snt-like phases gen-
erates a mass flow of molecules from the meniscus to th@ith two adjustable parameters
moving phase boundary. Due to the persistent fluidity of the
meniscus which is still in the liquid S8like phase, such a f2_ e (i i
mass flow is possible without generation of the destructive ° A4paiHi |\ Ly Ly
mechanical stresses that would have appeared in the opposite
case if the meniscus became frozen @nbefore the main and
body of the film. All four plots in Figs. 12 and 13 show
anomalies coinciding with phase transitions in the film. h _ Pair H (5.5b
The main feature of the plot,,(T) is the increase of °py '
about 20% in the resonance frequerfgy in the SnB-like i _ )
phases with respect to all other phases. The heighb The parameteh(_) cor.respondsf to the film th|(_:kness in the
=f— f1ac Of the frequency jump at the SBa>SnB tran-  Case where the inertia of the film qnd of the air are the same.
sition depends on the film thickne§sompare Figs. 1)  'he values extracted from the fit afg=830 szndho
and 12b)], as shown in Fig. 14filled circles. The two other = 2500 nm. Knowingh, and the ratiop,/p,~10"", one
plots of this figure show the variations of the frequenciesoPtains the effective thickness of the air layert,,
f1,c andf,g with the film thicknessh. =2.5mm. This valug is in agreement W|t.h_tt_1e crude esti-
Following Eg.(5.1), the observed variation df;,c(h) in mate based on the air flow_ pattern in the vicinity of th(_a film.
the SNC phase can only be due to the variation of the effec.FTom fo, Hi,, the air density,,=10"° g/en? and the film
tive densityp,,nc with the thicknes$Eq. (5.2)] because itis  dimensions (Ly=0.5cm, L,=0.59 cn, one obtains rc_
known that the film tension varies very little with the film =45 dyn/cm, in agreement with typical values of the film
thickness[4]. Using this assumption, the experimental datatension(6,7,18. _ o
were fitted to the expression In the SnB-like phase, the experimental data in Fig. 14
show that thg1,2) eigenfrequency increases with thickness,
fioc(h)="1,/\1+h/hg, (5.5 unlike with the SntC-like phase. Following Eq(5.3), this
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FIG. 13. The film is submitted to a chopped IR light beam. The
frequency of the eigenmodd,?2) is modulated due to thermome-
chanical stresses induced by IR heating. The amplitude and pha
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FIG. 15. Phase diagram of temperature vs thickness @f77
films established from singularities occurring in plots shown on
Figs. 12 and 13. Note the presence of stacking transitions in the
SmB phase. Lines on this diagram are only guides to the eye.

f1(h)=\f2+ah/\J1+h/h,, (5.6
where the meanings df, and h, are the same as above,
while the meaning of the parametaiis given by Eq.(5.3):

1 2u
a=——>—.
(277)2 anBRg
Its value determined from the fit is=1.5x10" s 2cm L.
Using p15=2.5x 10 2 g/cn? and R,~20 cm, one obtains
w~10° dyn/cn?, in agreement with the expected value of
the shear modulus in the Bmphase.

se

of this modulation measured with the second lock-in are plotted as

a function of the temperature.

VI. DISCUSSION
Besides the positive shift of thél,2) eigenfrequency

means that the effect of the in-plane shear elasticity mOdUIUﬁ/hen entering the SB1phase, the plots of Figs. 12 and 13

uh of the SnB-like phase overcomes the action of the ef-

contain several other interesting features.

fective density rise. The experimental data were fitted to the Range of the SmB phasiost obviously, the width\ Tg

expression
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FIG. 14. Frequency jump of thé€l,2) mode at Sr&@=SmB

transition as a function of the film thickness.

of the temperature range in which this shift occurs depends
on the film thickness. It is about 7.5 °C for a 590-A-thick
film and 20 °C for a 12 400-A-thick film. For films thinner
than 300 A, a frequency jump does not occur, which can be
interpreted as due to the absence of theBSphase. In the
phase diagram of Fig. 15, the upper limit of the Biphase
is plotted using filled triangles, while the lower limit is indi-
cated with filled circleSmB=SnF phase transition—see
below) or diamondgSmB=SmG phase transition

Stacking transitions:As reported in Ref[11] several
stacking transitions occur in the range of theBSphase in
70.7. These stacking transitions are visible on plothl3
showing the modulation of the eigenmode frequency due to
thermomechanical stresses induced by the IR chopped beam.
One notes two changes in the amplitude level: one at 52 °C
and one at 54 °C. These features are plotted as open dia-
monds, squares, and triangles on the phase diagram of Fig.
15.

Presence of the SmF phadeor thicknesses between 300
and 2000 A, the S phase is partiallfdepending on the
thicknes$ replaced by the SF phase. Due to the absence of
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the crystalline order, the shear modulus of this phase is zerenodulusuh, and of the global Gaussian curvatur&®?./
so that the frequency of thél,2) eigenmode recovers the  Let us note that the theoretical model used here was over-
level of the Sn€ phase. The lower limit of the temperature simplified because, in the search for the eigenmodes of the
range of the St phase(filled squares on the phase diagram equation of motiorfEq. (3.40], the Gaussian curvature was
of Fig. 19 has been determined from small irregularities supposed to be position independent. This is a crude approxi-
such as those visible in plots of Figs.(&and 13a) around  mation because, in general, the Gaussian curvature varies
45 °C. from one point of a minimal surface to another and therefore
Shear modulus of the SmG phasehe SnG phase is depends on the two curvilinear coordinates ,&,), except
known to possess a crystalline order but, in contradistinctiorior the case of the catenoide. As pointed our recently by Ben
with the SnB phase, the frequency of tlig,2) eigenmode is Amar and da Silvg17], the Gaussian curvature does not
not shifted[see Fig. 1%)]. The explanation of this paradox depend on the azimuthal angle, due to the symmetry of revo-
was given in Ref[16]. In the SnG phase, molecules are |ution.
tilted with respect to the layers normal. The tilt angle is an In light of this remark, one could say that the shapes of
additional degree of freedom used by the system in responsgnectic films used in our experiments were too complex
to changes in the in-plane distances between molecules. Féom a theoretical point of view. However, our aim was to
this reason, the in-plane elastic moduli of the@phase are explain some surprising results obtained previously with a
smaller by a factor of the order of 1@vith respect to those rectangular planaiin principle) frame[8]. This is the reason
of the SnB phase. why frames used here were obtained by simple modifications
In-plane thermal dilation:The tilt angle also plays a cru- of the rectangular planar one. For future experiments, a
cial role in thermal dilation. As shown in Fig. {8, the  “tilted square” frame made of four oblique straight seg-
phase of the thermally induced modulation of the eigenmodeents seems to be the most suitable. Within such a frame,
frequency has ar change at the SB=SmG phase transi- the minimal surface can be approximated as a simple saddle
tion. This means that, for example, under an increase in tenfEq. (3.9)], and its Gaussian curvature can be controlled by
perature, the thermomechanical stresses are compressivednanges in the tilt angle.
the SnB phase and tensile in the &phase. This is due to As the frequency shift due to the Gaussian curvature is
the fact that molecules are normal to the layers in tha8Sm proportional to the in-plane shear elastic modulus of the
phase, so that they can respond only by a change of theimectic film, its measurements as a function of temperature
intermolecular distances when the temperature changes. Assdlowed us to detect phase transitions. In particular, the
result, under heating, the 2D density of the Brphase stacking transitions, discovered previously by Sirota, Pers-
would decrease if the surface area of the film could changéhan, and DeutsckL1] in the SnB phase, have been detected.
In the SnG phase, the tilt angle depends on the temperature. The signature of the stacking transitions has also been
It decreases under heating, so that the 2D density of tr@ Smfound in experiments where the modulation of tfg2)
phase would increase if the surface area of the film coulgigenmode was induced by a low frequency periodic heating
change. of smectic films with an IR beam. These experiments show
Temperature vs thickness phase diagrathe phase dia- that the sign of the in-plane thermomechanical stresses is
gram established from all these features is shown in Fig. 18nverted, with respect to the Snphase, in the S@ and
Let us note that th¥ axis indicates the reduced temperatureSnF phases. We interpreted this effect as due to the pres-
T—Tcg with respect to the S@=SnmB (or SnC/SnF) ence of the molecular tilt, which decreases with temperature
phase transition temperatufg.g. The reason for such a and leads to an in-plane contraction under heating.
choice is that our experiments were performed in air on a day In conclusion, the drumhead vibrations of smectic films
times scalgtypical length of a runso that the phase transi- have been shown to be very sensitive to their structures when
tion temperatures showed some shifts due to the degradatidhe films have a built-in Gaussian curvature. This allowed us
of the liquid crystal. In spite of this lack of knowledge of the to detect phase transitions and to establish a phase diagram
absolute temperatures, we can conclude that the diagram of temperature vs thickness similar to the one of R&L].
Fig. 15 is very similar to the one established from x-rayFurther progress in the quantitative interpretation of the mea-

studies by Sirotat al. [11]. surements requires exact calculations of the eigenmodes.
This seems to be difficult in cases where the Gaussian cur-
VII. CONCLUSIONS vatureK depends on the two curvilinear coordinates of the

) ~surface. The case of a catenoid seems simpler, ${nde-
In the present work, it has been shown both theoretlcall)pends only on one of the isothermal coordinates.

and experimentally that in-plane crystalline elasticity in-
creases the frequency of eigenmodes of smectic films when

they are curved and, more precisely, _Whe_n they possess a ACKNOWLEDGMENTS
Gaussian curvature. The frequency shift with respect to the
pure-capillary cas€SmA or SnC phaseswas found to be We thank Ceile Durost and Sandrine Lemonnier for a

proportional to the product of the effective in-plane shearvery useful collaboration.
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