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A flat, freely suspended film of smecti-liquid crystal supports a pressure differencep,
across its two free surfaces. The size of its meniscus is aboyini02 orders of magnitude
smaller than the capillary length, and its profile is predicted to be circular, in accordance with our
measurement. The measurement of its radius of curvature diyes We nucleateex nihilo an
elementary edge dislocation loop, and from its critical radius and growth dynamics (governed by
Ap), we find the line tensior{~8 X 1077 dyn) and the mobility of an elementary edge dislocation
(~4 X 1077 cn?s/g). [S0031-9007(97)02572-6]

PACS numbers: 61.30.Eb, 61.30.Jf, 68.10.—m

It is common knowledge that, in mechanical equilib- To produce a film, we draw out one side of a rect-
rium, an isotropic liquid in contact with air must have the angular frame whose sides are wet due to a droplet of
same pressure as the air providing its interface is flat [1]smecticA liquid crystal [3]. A mixture of 80 wt% of
This is not necessarily true in a smecfidiquid crystal  octyl-cyanobiphenyl (8CB) and of 20 wt% of 10CB was
because its layers are elastic and can support a normased (we did not use pure 8CB because its nematic-
stresso that will equilibrate any pressure difference pro- smecticA phase transition temperature was too close to
viding it is not too large. The pressure difference con-the room temperature during the summer; we also empha-
tributes to the tensiom of the freely suspended smectic size that the nematic-smectcphase transition is second

film, order within a very good approximation in the mixture
7= 2yss + ApH, (1) chosen [1_7]). The framg is placed in an oven whose tem-
] ) ] perature is controlled within 0.CC. We performed all
where H is the thickness of the filmAp = pair =  our experiments at 3L, i.e., 4°C below the nematic-

Psmectic, andysa is the surface free energy of the smectic-gmecticA phase transition. The film is observed with a
air interface. This law has been found experimentally by;ijeo camera via reflected light microscopy. Its thickness
Pieranskiet al. [2,3], and will be discussed in this article. is gptained by measuring its reflectivity as a function of
Because freely suspended smectic films are stressed jRe light wavelengt [18].
accordance with Eq. (1), many of their physical properties | order to observe the meniscus, a stainless steel
[4-11] will be affected. In particular, the stress contribu-neegle of diameter 0.6 mm (initially coated with the liquid
tion due toAp depends on the way the freely suspendedyrystal and placed just below the film) is raised through
film is prepared, on the amount of material near the edgespe film (Fig. 1). The profile of the meniscus surrounding
and on the applied external forces. _the needle is determined by observing in monochromatic
There has not been any systematic study of the menigiyht the fringes that form at mechanical equilibrium
cus, or any theoretical model which allows us to relate theﬂ:ig_ 2(a): The thickness of the film increases by
meniscus profile to this pressure difference. We shall S /4n between bright and dark lines (s the refractive
that a smectic phase near edges or walls, where a meni@,—dex). The meniscus profile is shown in Fig. 2(b).
cus forms, behaves differently from an ordinary liquid, \\/e immediately note that its height [5 um in the
and we shall explain why films are always thin in the hickest part of the meniscus experimentally observed, see
presence of steps (or edge dislocations). Fig. 2(b)] is much smaller than in ordinary fluids. Indeed,

We shall also see how to control experimentally theyith ordinary fluids, the meniscus heighg, at a point
nucleationex nihilo of an edge dislocation loop and how

to precisely measure its line tension and its mobility.

This study is pertinent to the field of liquid crystals. Meniscus Smectic Film
Indeed, although the line tension of an edge dislocation \ *

has been calculated theoretically [12—14] (apart from its

core contribution), there is no precise measurement of @ A <:I
this quantity beyond a preliminary estimate of Pieranski

et al. [3]. In addition, the mobility of a dislocation has
never been measured directly, to our knowledge, but
only indirectly via creep experiments of thick samples
sandwiched between two glass plates [15,16]. FIG. 1. Schematic representation of the experiment.

Needle Heating wire
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4 elastic constantsy;. is the core of the dislocation, and
- E. is the core energy. In Eg. (2), we have neglected
E 2 the gravitational forces and the interactions between dis-
S locations. This is based on the following estimate of the
% 0 orders of magnitude for various quantities: The surface
':¢IT:> 2 tensions are of the order of 20—30 dgm, the energy

of dislocation per unit area of the meniscus is of the or-
Circular fit (R = 1170 ym) der of 1-5 dyricm, the pressure difference multiplied by

| l | | | the height of the meniscus near the needle is of the order
0 20 40 60 80 100 120 of 1 dyn/cm, gravitational forces givé0—* dyn/cm, and

the same estimate holds for interactions between disloca-
tions [14]. Therefore, neglecting the latter two forces is
FIG. 2. Experimental determination of the meniscus profile.completely justified. Note that the height of the meniscus
(a) Fringes observed around the needle. (b) Meniscus profile.negr the edgen(0), is fixed by the irreversible process of
its creation h(0) = Nb/2, whereN is the number of lay-

ers in the film].

Distance (um)

where the surface makes an anglewith the horizontal Minimizing Eq. (2) with respect ta(x) [with 2(0) kept
plane, equalsxf [see formula (6) below], wherex =  fixed] leads to the following form of the meniscus:

Jv/pg is the gravitational capillary length [1}y the Ysa

smectic-air surface tensiop, the smectic density, ang h(x) = Ap [1 - \/1 — (c = xAp/vysa)? } (4)

the gravitation acceleration. Taking typical numbers and

9 = 0.08rd [Fig. 2(b)], we finda = 0.2 cm andhy =  Where

150 um instead of the Sum found experimentally. This

result shows that gravity is negligible and that the shape c= \/1 — [1 = Aph(0)/ysaP . ()

of a smectic meniscus is not fixed by the competitionThis mathematical form for the shape of the meniscus (a
between gravity and surface tension. circle of radiusy /A p) should be compared with the shape

In order to explain these observations, we assume thaif the meniscus for the isotropic liquid which, far from
the meniscus is composed of a collection of steps [2,3}the wall where the gradients are small, has the following
These “steps” are no doubt bulk edge dislocations becauserm:
these defects are repelled from the free surfaces [19]. _ o B
We then calculate the elastic energy (per unit length) _h(x) %(1 C089)anF(. x/a), (6)
associated with the creation of the meniscus. It has theherea is the capillary length and is the complement

following form: of the contact angle. We find experimentally that the
o profile of the meniscus is circular and that the pressure

F[h(x)] = 2ySAf dx[wll + (dh/dx)?* — 1} difference between the inside and outside of the film is
0 usually about 100—1000 dyom?, the same as measured

+ 2(yws — ywa)h(0) by a different method in Refs. [2,3]. Note that we can

o o 2 dh neglect the other radius of curvature due to the circular
+ 2Apf dxh(x) +f dxE[h(x)] — —. geometry of the meniscus because it is of the order of
0 0 b dx r/6 (wherer is the distance from the center of the needle)
(2) and, thus, always much larger than the radius of curvature
Here, h(x) is the height of the meniscus above the flatmeasured in the radial plane. Note also that, from the
surface of the film, and is the distance from the needle form of the meniscus, we in fact obtain only the ratio of
(wall). The following surface tensions appea, yws,  vsa/Ap. However, there are many independent methods
and ywa, whereW stands for wall,S for smectic, andA  for measuring the smectic-air surface tension [3,6,8]. It
for air. Also,Apis the difference between the air pressureis found to be close to 25 dyam, and therefore by using
and the pressure in the middle of the smectic fitnis the  this value we can estimate the pressure difference from
thickness of the smectic layer, apdx) = (dh/dx)(2/b)  the measured ratio.

is the density of dislocations in the film. Finallg[A(x)] It is possible (without removing the first needle) to
is the elastic energy, per unit length, of dislocation [14]place a heating wire (a 2-mm-long segment of a Constan-
located in the film of thicknes® + 2h(x): tan wire of 100um diameter, of resistana@14 (), and
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folded at its middle) very close to the film (typical dis- 350
tance~50 um), see Fig. 1. Sending a pulse of very short
duration ¢-100 us, ~2 V) through the wire can then nu-
cleate an edge-dislocation loop. If the voltage is adjustec
carefully (within a few mV) it is possible to systematically
nucleate elementary loops of edge dislocation. Increasini 250
slightly the pulse current leads to the nucleation of severa__
concentric edge-dislocation loops. One can also notice € 2o
that the nucleation of the loop is only due to the ther- %
mal effect, the film and the heating wire remaining at the .3
same electric potential. Furthermore, the intensity of theEs 150
pulse needed to create a loop decreases when the temp

ature is increased. We also observed that the film reflec 100
tivity locally changes a fraction of a second (one or two

video frames) before the nucleation process. This con

trast variation corresponds to a relative increase of the op

tical pathnH of ~1073, which we attribute to the increase

300

of the ordinary indexn when the temperature locally 0
increases. 0 50 100 150
Before explaining the nucleation process, let us first Time (s)

describe the loop evolution. Depending on its initial g 3. Experimental determination & and . Radius as
value, the radiuR of the loop increases or decreasesa function of time. From this experiment we deduEe~

in time. Indeed, the edge dislocation is first affected bys.10~7 dyn andu ~ 4.1077 cn? s/g. Inset: photograph of the
its line tensionE = E(h = 0) [Eq. (3)] (we are away dislocation loop. In the center, one can see the out-of-focus
from the meniscus) which tends to reduce its size. Th&nage of the heating wire.
resulting force per unit length is

E

Fr = R (7) Finally, we return to the problem of nucleation. We
Second, the pressure differendg tends to enlarge the have shown that the film must be heated locally for
radius of the loop: Indeed, the thickness of the film isobserving nucleation. This process is thermally activated.
smaller inside the loop, and the film pressure is less thahiar from the nematic-smecti&-transition, the activation
that of the air. The resulting force can be written as ~ €nergy is very large. It is equal to the difference between
Fp = bAp ®) the excess of line energy at the critical radius and the work
P ’ of the stress (or the pressure difference),

whereAp > 0. Finally, a dissipation force reduces the s

velocity of the dislocation Iinbe:d Eaet = 27R.E — wE2bAp = bli _ (10)
R p
Fp = _; dt 9) Typically, E,; is much larger thar0kgT, and homoge-

where u is the mobility of the edge dislocation. The neous nucleation is impossible. This explains the remark-
competition between line tension and pressure differencable stability of smectic films. By contrast, nucleation
allows us to define a critical radiug. = E/bAp. becomes possible i, is comparable td0kpT, which
Experimentally, we are able to produce an edgewe achieve by transiently heating the film to a temperature
dislocation loop withR < R. and then to observe the very close to the nematic-smectic transition temperature.
collapse of the loop. The film thickness remains un-Indeed, this transition is second order @Bdanishes at
changed. We, afterwards, increase the intensity of théhe transition, whereas remains constant. Knowing that
pulse in order to produce a dislocation with an initial E scales likes KB b [14,20], E,., scales Iike’i—lif’. Thus,
radius larger thanR.. The radiusR increases and, E,. is comparable td0kgT providingB is of the order of
when R > R., the velocity of the dislocation remains 1000 ergcm?. Such avalue is reached withifgZI00°C of
constant and equal¥ = wAp. We deduce from this the phase transition, which explains why the voltage must
experiment the line tensioR and the mobilityw of an  be adjusted so precisely experimentally. Note that, at this
elementary edge dislocation in a film of well known temperature, the strain of the layerss close to 10% with
thickness at a given temperature, see Fig. 3. For instancd,P = 100 dyn/cn? (becauser = —AP = Be). Thisis
we found in the mixture 8CB/10CB & = 34°C and the usual value for getting homogeneous nucleation in met-
by taking y =25dyn/cm, E =8 X 1077 dyn and als on laboratory time scales [21]. We also emphasize that
w=4x10"7cm’sg!. This value of the mobility is dislocations with Burgers vectordZor more) do not nu-
comparable to that found previously in thick samples ofcleate in these conditions because their activation energy
8CB via creep experiments [15,16]. is 2 times larger than for elementary dislocations.
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In summary, by careful measurements of the shape[8] C.H. Sohl, K. Miyano, J.B. Ketterson, and G. Wong,

of the smectic meniscus, critical radius of dislocation
loops, and mobility of dislocations, we have shown that
smectics support a static pressure difference across flat
surfaces. Additionally, we have presented a direct method
for nucleating and measuring mobility and line tension of
edge dislocations. Systematic measurements of these two
guantities are now in progress in order to explore possible[g]
confinement and surface effects on dislocations. Most
certainly the behavior of complex fluids near edges is far
from being understood [22], and we hope that theoretical
analysis combined here with experimental techniques will
be a good guide for future experiments.

This work was initiated from the work of P. Pieranski [10]
on films and benefited from numerous and very fruitful
discussions with him and J. Bechhoefer. This work wa
supported in part by KBN Grant No. 2P03B01810 and!11]
by the European Research Network Contract No. FMRX-
CT96-0085. R.H. acknowledges with appreciation the
support from CNRS and the hospitality of Ecole Normale
Supérieure de Lyon, where a large part of this work was
done.
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