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Surface dynamics of a freely standing smectié: film
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A theoretical analysis of surface fluctuations of a freely standing thermotropic srelitjoid-crystal film
is provided, including the effects of viscous hydrodynamics. We find two surface dynamic rfuodiesation
and peristalti. For long wavelengths and small frequencies in a thin film, the undulation mode is the dominant
mode. Permeation enters the theory only through the boundary conditions. The resulting power spectrum is
compared with existing experiments. It is also shown that feasible light scattering experiments on a freely
standing smectié film can reveal viscosity and elastic coefficients through the structure of the power spec-
trum containing contributions from both the undulation and peristaltic md@4€63-651X98)12805-2

PACS numbe(s): 61.30.Gd, 68.15-¢e, 83.70.Jr

Recent experiments on the dynamics and instabilities opendent of the permeation constant. We also show that the
soap[1] and smecticA films [2] have raised interest in the earlier experimental study of dynamic light scattering on a
general question of dynamics of freely standing films. TheFSSF[7] was performed in the limit of a very thin film such
interactions between bulk elasticity and surface tension mak#at the power spectrum has the same form as that of a soap
freely standing smectié-films (FSSF’3 suitable systems for film, i.e., bulk elasticity making no contribution to the power
studying finite-size and surface effects; hence fluctuations igpectrum. The scaling relations suggested in Réffor the
FSSF's are an important subject for both theoretical and exPeak position are not valid in general, especially when the
perimental study3]. However, during the past decade only thickness of the film is increased, thus allowing the bulk
static properties of these systems have been considered. Radasticity of the smectic material to play a role in the dynam-
cent x-ray-scatterinf] experiments probed details of static iCS. For a reasonably thick film, the power spectrum can
in-plane correlations in a smectiefilm. To our knowledge, have, in addition to a single undulation peak, some additional
however, studies on dynamic light scattering of freely standstructure that reveals the interaction between the two free
ing liquid films were concentrated on soap films, two-surfaces and the contribution from bulk properties. We sug-
dimensional orientational fluctuations in liquid crystal films gest that more light scattering experiments on a FSSF will be
[5], or other systems without internal struct(isd. The only ~ great help for an understanding of the interplay between sur-
experimental work on dynamic light scattering of FSSFs toface and bulk properties in this layered system.
our knowledgd 7] was carried out without a systematic the-  In the ground state, an ideal smecfigghase consists in a
oretical analysis. Hence a theoretical investigation of the dyuniform piling of planar, parallel and equidistant layers of
namics of smectid liquid crystals in the presence of free molecular thickness. We use a continuum description and
surfaces can help us to gain deeper insight into the physics ékke the average layer normals parallel to thaxis. When
FSSF’s and to provide a basis for understanding recent exémall fluctuations are present, the bulk elastic free energy of

perimentd 2]. smecticA phase is given by10]

At free surfaces, smectic layers always orient parallel to 5 5 5\ 2
the smectic-air interfacg8]. When the system is driven out sz d3r£| B(&—u) (3_11 &_u) ] (1)
of equilibrium, surface and bulk elasticity and hydrodynamic 2 9z H oox? dy? '

effects give the film very complicated dynamical properties.

In this paper we give a theoretical calculation of the powemwhereu(r,t) is the layer displacement from the equilibrium
spectrum of thermal fluctuations of the surfaces in equilibposition at positiorr at timet and B and K, are, respec-
rium by studying the linearized hydrodynamic equations detively, the the layer compression and undulation elastic
veloped by Martinet al. [9]. We show that for thin films, moduli. The characteristic length=\K,/B is typically of
long-wavelength surface fluctuations have two normakhe order of the layer spacing-(10~7 cm) [10].

modes: arundulation modén which the two interfaces mov- The equations for viscous flow in smec#ictiquid crys-

ing in phase and geristaltic modecorresponding to a tals were written down by Martiet al. [9] In the absence of

“breathing” motion. The undulation mode is the dominant topological defects, the system satisfies the equations of mo-
mode at low frequency and long wavelength. The amplitud&jon in bulk

of the peristaltic mode is expected to be very small. Only

when the thickness of the film becomes very large and the v ,

motions of the two interfaces decouple do the two modes P ot = —diptdjojj+hé, @
become comparable. Permeation processes are important

within the boundary layef10,11] in order that the proper and

boundary conditions are satisfied. However, our calculation

shows that, in the wavelength and frequency range consid- ‘9_u:v +Zh &)
ered, the power spectrum of the surface fluctuations is inde- gt TrocPe
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& indicates oscillatory behavior without damping, while a
z=0 purely realS, indicates purely damped behavior. In the zero-
frequency limit,S; reduces to its static value, which is real
---------------------------------------- (see below A* andA~ are the respective amplitudes at the
surfacesz=0 andz= —d. For givenq and v we look for
S¢’s yielding a velocity field that satisfies the equations of
--------------------------------------------- motion. We assume the film is incompressible so that the
pressure is chosen to satisfy the incompressibility. The sys-
tem is left with three hydrodynamic variables,( v,, and
--------------------------------------------- u), which gives three solutions fd§, ,k=1,2,3. When the
incompressibility condition is satisfied, only two combina-
tions of viscositiesy’ and 55 [12], enter the expressions for
(@) the S’s. A length scale associated with the permeation pro-
cess isk '=1{,m3~10"" cm [10-12. A dimensionless
FIG. 1. Schematic of a freely standing smedtidiim of thick-  (and pure imaginanyfrequency() is conveniently defined as
nessd. Q= —iwp/739°. The characteristic frequend§,q?/ 55 for
) ) the decay rate of the bulk undulation mode, divided by
where, as usuap,v;, andp are the ,d.ensny, velocity com- .42/ yields a dimensionless combination of material con-
ponents, gnd pressure, respectlveiy,|s the viscous stress stants =K p/ 775, which plays an important role in what
tensor,¢, is the permeation constant, ahds defined by follows. We consider low frequencies and long wavelengths
SF satisfying conditions £/9)?>1, \q<1, (|Q|/x)(Aq)?<1,
_) _ 4y and (Q]*/u)(Aq)?<1. These conditions mean that we con-
od;u sider a regime in which the velocity of the surface wave is
slow compared to the typical velocity of “second sound”

In Eq. (2) we sum on repeated indices aAg=d/dx;. An B 110]. Furthermore, since then the frequency cannot be

important length spa!e a_ssoc_:iated with permeation is theg large a;\ 2/ 775, permeation cannot have a significant
boundary layes. Within this distance to the boundary, per- -,niribution to the bulk undulation moddod]. In this fre-

mheation takes place to satisfy proper bound{:hry ﬁondigons uency and wave-number domain the three spatially decay-
the system under consideratipt0—~12. We will show that ing modes in thez direction can be found. One of them

the boundary layer is associated with the “permeationciys a lona spatial relaxation lenath and is aiven b
modes.” The boundary conditions for free surfaces are digy gsp g g y

cussed below.

hE&i

We consider a freely standing smecficltiquid crystal _ 9 _
. e . . . . 1-—(1-9)
film with film normal in thez direction. As noted, in equi- > 2 M 6
librium, the layers are parallel to the free surfaces. When the S3=(A0) ) 7' 6)
surfaces are perturbed by an external force, elastic forces and 1+ ;()\Q) (Q . 2)

dissipative effects act to drive the system back to the equi-

librium configuration. In this paper we study such a system

by including the hydrodynamics in the film. =\ f(Q,q)]1% @)
The geometry of the film is shown in Fig. 1; the film

extends fromz=-d to z=0, but is otherwise without The other two solutions§; andS,) have|ReS|,|ImS|>1

boundaries in thex,y directions. The displacements of the and satisfy

upper and lower free surfaces from their equilibrium values

are described by two functions"(x) and ¢~ (x). We con- Q

sider surface light scattering experimefit8] with momen- St —(kN)2S2 4+

tum transfer vectoq in the x direction; we further assume K

translational invariance in the direction. The quantities we

are interested in are the response functions and the shape ofIn typical light scattering experimentg~10°—10* cm ™!

the power spectrum of the surface displacement, which caand w=10° rad/s. For typical materialg;~1 P, so that the

be measured directly in experiments. long-wavelength, low-frequency conditions above are satis-
We look for surface wave solutions in the form of a trav- fied. We note that when the denominator of {ltcempley

eling wave parallel to the surface with amplitude exponenfunctionf((,q) defined above is significantly different from

2
=0. (8)

tially damped in the perpendiculag)( direction, i.e., unity, one cannot separate the solutions $9rS,,S; in the
way mentioned above. The relaxation governedsyys re-
_ A eSAZy A~ e~ Sd(z- N glot+iax 5 lated to th(_a dyn_am|g generalization of the penetration Ie_ngth
vz ; A k } © of layer distortion in the bulk due to surface undulation

[10,14. Following the terminology of Rapiril4], from now
where the real parts R§()=0. The indexk=1,2,...n on we refer to theS; solution as theslastic mode SinceS,;
runs over a finite number of solutions to a characteristicand S, depend on the permeation constdptthrough the
equation such as given below. All tt®’s are in principle  parametelk, their respective solutions are callpdrmeation
complex. Since botlw andq are real, a purely imaginar§ modes. For d>[Re(S;q)] %, [Re(S,q)] 1~4, the film
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thickness is large compared to the boundary layéidenti- and
fied as the exponential decay lengtland the permeation
modes relax in the bulk. 1 1

The surface displacements’, ¢~ satisfy the boundary XP= 2
condition for the normal component of the velocity in linear 2aq°A
theory

2 ’ (16)

AQ
1+gf(Q,q) cotl-( 5 f(Q,q))

9+ whereg={BK;/a is a dimensionless coefficient involving
T=vzlzzo<_d). 9 elasticity coefficients and surface tension. In typical materi-
alsg is of order unity. Nonetheless, the term involviggn

The other boundary conditions can be understood from th&9: (16) can be much greater than unity. Equati¢d$) and
covariant elasticity theory of smectit-systems developed (16 are the central results of our calculation.
by Kléman and Parodil5]. For free surfaces the force van- In the limit of infinite thicknesgl— o, the response func-

ishes and the normal component of the permeation farég NS XY andXP become equal, which indicates that the cor-
should also vanish. The condition that,=0 on the free relation between the two free surfaces vanishes for large
. V4

surfaces reveals, (V<A () for k=1,2, which indicates tNICkness, Le{£"(q.0)¢ (~q,0))—0. For low frequency
that the permeation modes have negligible contributions t(g|9|<100) and infinite thickness, our results reduce to the

the dynamics of the system. The condition thaj=0 yields earlier calculation by Rapinf14] for an infinitely thick

the following relation between the surface displacements angmecticA m_aterlal with a free surface. .
the infinitesimal external force®..,,P.,, which are as- We now introduce a natural frequency of surface motion
extr’ ex

2 2 iecinati e 2
5 as wy=(2al/pd)q“ and dissipation coefficieny= 73q/p.
sumed to act on the free surfaces: In the range of the only available experim¢i (thin film
d~100 nm and small wave numbgr-10* cm™ 1), one has

d ) g .
P: (=] p—al + Ba—u+a 4 _ . (10 |Ng?df(Q,q)/2<1. The response function is approximately
z 2 z=0(—d)
U 1 1
wherea is the air-film surface tension. The normal compo- Xo~— T o (D)
nent of the permeation force, in the system under consider- 1+20[f(Q,9)]°Aq°d  (wg— @) +iyw
ation, is L :
which is the same as the response function of a damped,
Ju driven simple harmonic oscillator. The peak position in the
B-, =0 (1) range of weak dampinf( 739% p) w<+2alpdq] is
atz=0,—d for all x. Finally, the linear response functiof w=q /2_“ (18)
which connects the surface displacements with the external d’

forces, is defined through
(In general, we may not have a system with weak damping
{9,0)=—X(q,0)Pey(q,w)A, (12 and the peak position should be slightly modifje@ihis re-
sponse is the same as for a soap film and it gives the scaling
where A is the surface ared, Pe,; are vectors for surface relation that the experimental data satisfy. However, the ex-
displacement and external force, respectively, edg., periment does not probe the full nature of a structured film.
=({",¢7), andX is a 2x2 matrix for the response func- Nonetheless, for the experiment referred to, the width of the

tion. undulation mode peak(;q%/p) does provide information
Putting Eqs(10)—(12) together, diagonalization of the re- about the viscosityys.
sponse matrix leads to two linear combinations: tinelula- The peristaltic mode changes the layer spacing much
tion modewith amplitude more significantly than the undulation mode; hence we ex-
pect that the peak in the peristaltic power spectrumXfn
§U=E(§++§‘) (13) occurs when the term proportional gpin Eq. (16) domi-
2 nates. Also in the range of interest, the relatif/u>1 is
valid. A straightforward calculation leads to an estimate of
and theperistaltic modewith amplitude the peak position of the peristaltic response
1 2 =~
gP:§(§+_§7) (14) )\q dfl(Q!q) , (19)

where f,(€2,q) is the imaginary part of the functioh we
The corresponding response functiome., eigenvalues of defined via Eq(7). In this approximation the surface tension
the response matnxare in turn given by plays no role and the peak position is essentially independent
of g and has the form
1 1

XY= > (15 2wl
2aG%A Ag“d Q~—i kil . 20
1+gf(Q,q) tanl‘( > f(Q,q) \q2d #A2q4d2+4,u,_772 (20)
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FIG. 3. Dimensionless power spectrynatural logarithm for a
typical choice of parameterscq=10"%, qd=15.0, u=10"%, ¢

. . . =0.1, andn’' = 53. The long dashed line is the undulation mode
FIG. 2. Dimensionless power spectriymatural logarithmfor a

ical choice of i ing thick  the fi contribution, the short dashed line the peristaltic mode, and the
typica 93°'Ce 0 ﬂarameters with increasing thickness of the filM:g g jine the total power spectrum. Notice that there is a small peak
Aq=10° =10 % g=0.1, andn' = n;. L=qd is dimensionless.

i _ _ > in the undulation mode contribution K |=4.
As the thickness increases, we can easily see that the peristaltic

mode and the extra structure of the undulation mode provide addia special feature of a structured fluid. Hence we conclude
tional contributions to the power spectrum. that for reasonable choices of material parameters and for an
experiment with typical dynamic range, it should be possible
For typical material parameters the above approximatiorio observe the peristaltic mode. Combinations of material
yields the peristaltic peak within 5% when compared to ourParameters can be extrapolated from the shape of the undu-
full calculation. From this relation we can estimate the bulklation peak and the peristaltic peak. However, the detailed
elastic coefficient&, andB by fitting the valuex and\ to ~ Shape of the power spectrum is sensitive to the specific ma-
measurements over a range of thickness and wave numbef€rial parameters used in a laboratory experiment.
One may ask whether it is possible to observe the peri- In conclusion, we have derived the power spectrum of a

staltic mode and the special features of a sme&tituid freely standing smectié: film within linear hydrodynamics

crystal in a free-standing film experiment. Figure 2 showsand assuming the absence of topological defects. The dy-

the total(dimensionlesspower spectrum of the displacement hamics of th_|s system are dominated by the_ elastic mode and
of one free surface, i.eP = Im2aq?A(XY+XP), for a typi- the permeation constant does not show up in the power spec-

cal choice of parameters with increasing film thickness. Astrum of the surfaces. The permeation process is important

the film gets thicker we observe that a peak develops in th ear the surfages and helps th? system to sqﬂsfy proper
higher-frequency range. This peak is due to the peristalt oundary conditions. When the thickness of the film is small

mode. WhenL=qd=12 and|Q|=3, there is some extra enough, bulk elasticity does not contribute to the undulation
structure arising from sources other than the peristaltic mod%.:‘)Ode and the peristaltic mode Is not observable. However,

Figure 3 shows the dimensionless power spectrum for th ra reasonably thick film Fhe power spectrum does show
e interplay of surface tension and bulk elasticity. The extra

same choice of parameters wigft=15. The contributions structure in the power spectrum is a special feature due to the
from both undulation and peristaltic modes are plotted in P P P

long and short dashed lines, respectively. We find that th xistence of two free surfaces and the contribution from the
power spectrum of the peristr;lltic mode is ébout one order c)Eulk elasticity. We suggest that further experimental work on

magnitude smaller than the contribution of the undulation SSFs over a wider range of film thickness and wave num-

mode. Notice that there is a second peak of the undulatioper can reveal these interesting features.

mode in the high-frequency region. It comes from the oscil-  We thank Professor X. L. Wu and D. Dash for very
lating behavior of the hyperbolic tangent function when thehelpful discussions and Professor Takao Ohta for his interest
argumentg2df(£2,q)/2 is complex. This extra structure in and assistance. H.Y.C. acknowledges financial support from
the power spectrum at hidi)| is a result of the interplay of the University of Pittsburgh. D.J. is grateful for the support
bulk elasticity and the existence of the two free surfaces; it iof the NSF under Grant No. DMR9297135.
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