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Self-Supporting Smectic Bubbles 

R.  STA"ARIUSa, C. CRAMERb and H. SCIdklNGa 

aUniversit(ir Leipzig, Fakultat f i r  Physik und Geowissemchaften Lindstr: 5, 
Leipzig, 04103, G e m y  and %hiversity of Delaware. Newark, DE 19716, USA 

Self-suppntiag smectic bubbles consist of highly ordered membranes of nanometer to 
micrometer thickness. They can reach radii of several centimeters. Analogous to soap bub- 
bles, they can be generated by excerting lateral pressure on a planar freely suspended smectic 
film. We describe the optical properties of these objects and the determination of the mem- 
brane thickness from transmission images. The dynamics of the growth and motion of holes 
(regions of reduced number of layers) on the bubble surface is briefly discussed. 

Keywonis: smectic bubbles; optics 

INTRODUCTION 
Freely susperitlrtl siiirct ir filnis Iiave attracted coiisiderable interest in  the 
past for the  study of optic. rlrrtric aiitl dyiiamic properties of ferroelec- 
tric and non-fcrrorlcct ric siiirct ic phasesl'l. When these films are exposed 
to external pressure froin oiie side. they bend until a balance between 
pressure difference ant1 surface teiisioii is esta1,lished~~. In this way. self- 
supporting splierical biilhles can lie produced13* '). These structures are 
characterized by il unique ratio of filiii tliickness and sphere diameter which 
may differ by almut 6 orders of iiiagiiitude. In this work we study bubbles 
with radii of sevcral ~iiilliiiwtcis. 
The spherical film is stabilized hy the ~nolecular smectic layer structure, 
comparable iii soilit ieslx*r~ to a soap bulhle. althougli the resemblance is 
superficial. The smcctic ~i~rniI)ra~irs are (mcta)stal~le. dynamic thickness 
fluctuations of the film arc  excluded. The bubbles persist as long as the 
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4244 10361 R. STANNARIUS et al. 

inncr pressure is kept constant. The surface tciisioii alone is responsible 
for their spherical shape, it relates mcmhrane curvature and inner excess 
pressure. Prerrclriisitc for a ntunbcr of uniquc experiments with these bub- 
bles is the knowledgc of tlicir nicmbranc t,liickncss. Its dct,erniination frorii 
the optical traaiwnission profile is t iexribed here. 

EXPERIMENTAL SETUP 
Figure 1 sketches the experimental setup. The huhhlrs a x  enclosed i n  a 
thermocontrol box w11ic.h protects t&lierii against ariibierrt air Row and ex- 
ternal disturbances. 'TemperatLirC is co~itrollccl with an acciiracy of 0.1K. 
We illuminate the bubbles with parallel monochromatic, light. The trans- 
mission images axe recorded by rnea~is of a HAMAMATSI! video camera, 
digitized and processcd in a computer. The experiments have been per- 
formed with DOBAMB(: in t,lic , 4 ~  and 5'2. phases if iiot sta.t.et1 otherwise. 
All images shown arc approximat~ely lcm x Icin, Fig. 51) is 4m1nx4mm. 

E'igure 1: Experimental 
setup for the geiieration 
aiid ohservat,ion of srriec- 
tic hiihliles. A smectic 
film prepared on the 
opening of a. g1a.s~ capil- 
lary is inflated to spher- 
ical shape. The bubble 
voluine is controlled, the 
iriner excess pressure is 
nirasiirstl w i t h  a co~ii- 
mrrcial precision gauge. 
Cijpillary radii are b c  
tween 0.5 and 3 mm. 

OPTICS 
The optical traiisiiiissioii images provide infornntion on the thickness d 
of the bubble 1iie1111~ra11e. 1 1 1  t.11~. ccritt,r of the iiiiages. light, passes t,hr 
bubble a t  norrnal incidence. and the cquations for optical transmission 
ape equivalent to  those for planar smectic films[']. 'I'he new feature of the 
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SMECTIC BUBBLES [ 1037]/425 

spherical bubbles is that the angle of incidence 8. of light onto the smectic 
film varies across the image in a well defined manner (Fig. 2) 

influencing the effective film thickness, effective refractive index, reflec- 
tion and transmission at the film surfaces. One image of a homogeneous 
spherical bubble yields optical information equivalent to the angular scan 
of a planar film. The thickness d can be determined in principle from one 
single image with monochromatic illumination (wavelength A). Figures 2,3 
show the geometry and define the quantities used in our calculations. We 
consider a smectic A bubble with radius R and film thickness d. The Sa 
phase is uniaxial with the optical axis normal to the film plane. Ordinary 
and extraordinary refractive indices are n,, no. 

Figure 2: Light beams 
transmitting the bubble: 

a 
ti 
3 

(1) and (2) are polar- 
ized in the plane of in- 
cidence, (3) perpendicu- 
lar to that plane; (mem- 
brane thickness dispro- 
portionally enlarged.) 

8 
5: 
B 
P 

Figure 3: Sketch of the 
transmitted and multiply 
reflected beams in the 
bubble membrane. The 
film curvature is much ex- 
aggerated in this scheme. 

For millimeter bubbles we can neglect the film curvature locally and ap- 
ply the standard equations for transmission of plane parallel The 
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membrane thickness is very small aiid therefore we disregard lateral dislo- 
cations of the light bcaiii after pasing the siiiectic layer. We calculate the 
intensity separately for c*acli position i n  the transmission image. The inci- 
dent light heam can be deconipow~l into the component polarized in the 
plane of incidence (( 1 )  a i d  (2)  iii Fig. 2. index 11) and a second component 
polarized perpendicular to that plaiie ((5) i n  Fig. 2. index I). The latter 
experiences only the ordinary refractive index. The transmission coeffi- 
cients for the electric field aiiiplitdes at the air/film and film/air surfaces 

respectively, with sin 6, = i to sin 0,. The internal reflection at the film/air 
surface is described by the corlfirieiit 

Exiting the film the directly transmitted beam has the phase & = 
27rn,lo/A = %riaad/( A cos 6,)  and the corresponding electric field ampli- 
tude is 

(4) 

The 2m times intcrnally reflected heam hrur the phase @,,, = (2m + I)& af- 
ter passing the meml>rane. We haw to correct this phase lag with the phase 
difference outside the film +c~~,~ = 2mrnal1/A = 4ntrn,dsin2 O i l (  A cos Bi)  

( 5 )  
and obtain .In,l = .40L&" exp(4nmj ti,dcos &/A).  

The total amplitude is found by suninmtion .-I* = .do* C;&o .4,1 and the 
transmitted intensity is 

From Snell's law oiic olltaiiis co?;O,(r) = ,/-. hi the center of the 
image (cos 0, = 1) the equatioii is tlic same as for a ylaiiar film at normal 
incidence with iiiiiiiiiia I 1  = - ! t a ~ / ( t t ~  + 1)' at d = ('LC + I)A/(lno) and 
maxima I1 = I at d = kA/ ( 'L i iu) .  k = { 1.2. ..). For thiii films (4n,d < A). 
the transiiiission iuteiisity I*( 1,) continuously decrcwes towards the outer 
border of the iniagt-. 

Eqs. (2-6) can br easily adopt4  to thr ralrulation of 111, Inside 
the medium. 11, has to be replaced by the effective refractive index 
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SMECTIC BUBBLES [ 1039]/427 

.-‘): 
’< ’ 

nl = Jn: + (1 - n; /nf ) (r /R)‘ .  Transmission and reflexion coefficients for 
the amplitudes change to 

uniform 70nm mem- 
brane in unpolarized 
X=589nm light (left) 
and cakulated equa- 
torial optical pro- 

2 sin 0i cos U, 
sin(0i t 6,) cos(Oi - 0,) 

2 cos Bi sin 0, 
#n) = and $ui’ = 

sin(0i + e,)cos(ei - e,) respa 

The internal reflection coefficient is p(1 = tan(U, - O 1 ) /  tan(8, + e,) and the 
transmitted intensity is 

(7) 
I 

“I = 1 + 4pfi/( 1 - p~)2sin2(2snodcos & / A ) *  

There exists a position r for any film thickness d where the transmitted 
intensity 111 is I (Brewster angle. beam (’2) in Fig. 2). 
The bubble membrane is pased twice by the light beam (see Fig. 2), 
therefore we have to multiply the calculated transmittivities of the rear 
and front half-spheres, cohcreuces can be neglected. When the thicknesses 
of rear and front membrane are equal, one obtains 1 ~ ’  and Ill2, respectively. 
The complete transmission intensity I ,  for unpolarized light is 

In general. stationary bubbles reach a filial state of perfectly homogeneous 
film thickness. Fig. 4 shows such a uniform DOBAMBC bubble in S: at 
85°C together with the calciilated transmission profiles for light of different 
polarization states. It titriis out that no has the dominating influence on 
the simulations while optical anisotropy and orientation of the optical axis 
are of minor importance. The equations derived for SA are satisfactory 
approximations also for ,5’~ and 5’; bubbles, textures are not observed. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
9:

30
 1

7 
A

ug
us

t 2
01

2 



4284 10401 R. STANNARIUS cr al. 

Figure 5: Experiinent.al (lejtfi) vs. simulated (right) images and correspond- 
ing film thickness d(h) as a function of the vertical coordinate h (middle). 
(a) a very thick honiogeiieoiis bubble. circular riugs reminding of 'Newton' 
fringes are observed lor very thick films ( d  > X/no), (b) non-stationary 
state of a bubble with contiriuoosly varying film thickness during fast in- 
flation, (c) a bubble with two sharp thickness steps. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
9:

30
 1

7 
A

ug
us

t 2
01

2 



SMECTIC BUBBLES [ 1O41]/429 

Figure 6: Growth of a 'hole' in a $ bubble (Merck  FELIX-16 at room 
temperature), after e l h  ( k f f )  and Gh (middle) ,  The graph (Tight) shows 
the vertical position of the thickness step vs. time, ( h = l  at the top). 

0.8 [ 

0.2 I 

0.0 
0 0  0 5  1 0  1 5  2.0 

trs1 

Figure 7: Motion of a 'hole' (dxlOnm) in a 75nm membrane towards 
the top, 8CB at rooni temperature, images after 0.56s (left) and 1.32s 
(middle) ,  contrast much enhanced. The top is reached after 1.5s. The 
graph shows the vertical position of the center of the hole vs. time. 

Figure 5 depicts other typical images. The first picture (a) shows a rel- 
atively thick but uniform membrane. Non-uniform bubbles can be easily 
created during the inflation process. Image (b) wits taken during rapid in- 
flation of an initially very thick SCB film. The film thickness continuously 
decreases towards the top. This state is not persistent. As soon as the 
inflation stops, an uniform membrane area grows until it  finally covers the 
whole bubble. Image (c) shows a bubble with three regions separated by 
sharp thickness steps. The borders between these regions shift very slowly, 
at the timescale of hours. Both the growth of holes at the cost of thick ar- 
eas and the opposite effect, the climbing of additional layers upwards have 
k e n  observed in bubbles of stationary radius. In the bubble presented in 
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Fig. Se, both the top and bottom regions grew and the middle region was 
extincted, after tliat tlie thin top region grew further and finally covered 
the hole nie~ribraiir. 
An example of hole growth is slionn in Fig. 6. two instant images of the 
same bubble and the tinie evolution of tlie hole are presented. Competing 
effects as gravity. line triision of the hole boundary and probably even 
small differences of tlir snrhcr tension of thin arid thick regions influence 
the hole evolution. 
The formation of a hole in  a Iiomogeiieous bubble during inflation is shown 
in Fig. 7. Clnlike l l i r  very slow growth dynaiiiics of the hole seen in the 
previous figure, the niot.ion of the hole oil tlie ineinbrane surface is very 
rapid, note the difkreiir tiiiir scales i n  the graphs (Figs. 6,7). 

SUMMARY 

The optical simulations allow a determination of the film thickness d from 
bubble images iii l~arallel monochromatic light. We have determined the 
vertical variation of d ia uniform atid non-uniform bubbles. The final state 
reached in most experiments was a uniform film thickness on the sphere. 
Bubbles with two or more sharply separated thickness plateaus are often 
observed after inflatioii. These regions are long-term persistent but not 
stationary. We have fouiitl 110 genrral trend favouriiig thinner or thicker 
regions. Instead. both tlir cliiiibing of excess layers (hole shrinking) as well 
as the retractioii of cscess layeis (hole growth) have been observed. 
Only during rapid iiiflation (growth e I n t m / . u )  of thick films. we observe 
a quasi-continuous spatial film thickness variation 
The dynamics of islands on sniectic filnis has  been studied only scarcely 
80 far, for example thr forniation of islands in vibrating films has been 
describedp. and discussed i n  teriiis of inertial forces. On the sperical 
buhble surface we observe a high mobility of Iioles and islands. The rising 
of holes to the bubblc top is driven by gravity and damped by the in-plane 
velocity gradienls. A qualitative analysis of the hole mobility on bubble 
surfaces and its relation 10 viscous yroprrties of the film is in progress. 

seen in Fig. 5b. 

We acknowlcdgr H. Chotliues and C. Tliiemc for contributions to the 
experiments. This study was supported by the DFC within SFB 291. 
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