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Meniscus and Dislocations in Free-Standing Films of Smectic-A Liquid Crystals
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A flat, freely suspended film of smectic-A liquid crystal supports a pressure difference,Dp,
across its two free surfaces. The size of its meniscus is about 10mm, 2 orders of magnitude
smaller than the capillary length, and its profile is predicted to be circular, in accordance with ou
measurement. The measurement of its radius of curvature givesDp. We nucleateex nihilo an
elementary edge dislocation loop, and from its critical radius and growth dynamics (governed b
Dp), we find the line tensions,8 3 1027 dynd and the mobility of an elementary edge dislocation
s,4 3 1027 cm2 sygd. [S0031-9007(97)02572-6]

PACS numbers: 61.30.Eb, 61.30.Jf, 68.10.–m
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It is common knowledge that, in mechanical equili
rium, an isotropic liquid in contact with air must have th
same pressure as the air providing its interface is flat
This is not necessarily true in a smectic-A liquid crystal
because its layers are elastic and can support a no
stresss that will equilibrate any pressure difference pr
viding it is not too large. The pressure difference co
tributes to the tensiont of the freely suspended smect
film,

t ­ 2gSA 1 DpH , (1)

where H is the thickness of the film,Dp ­ pair 2

psmectic, andgSA is the surface free energy of the smecti
air interface. This law has been found experimentally
Pieranskiet al. [2,3], and will be discussed in this article

Because freely suspended smectic films are stresse
accordance with Eq. (1), many of their physical propert
[4–11] will be affected. In particular, the stress contrib
tion due toDp depends on the way the freely suspend
film is prepared, on the amount of material near the edg
and on the applied external forces.

There has not been any systematic study of the me
cus, or any theoretical model which allows us to relate
meniscus profile to this pressure difference. We shall
that a smectic phase near edges or walls, where a me
cus forms, behaves differently from an ordinary liqui
and we shall explain why films are always thin in th
presence of steps (or edge dislocations).

We shall also see how to control experimentally t
nucleationex nihilo of an edge dislocation loop and how
to precisely measure its line tension and its mobili
This study is pertinent to the field of liquid crystal
Indeed, although the line tension of an edge dislocat
has been calculated theoretically [12–14] (apart from
core contribution), there is no precise measurement
this quantity beyond a preliminary estimate of Pieran
et al. [3]. In addition, the mobility of a dislocation ha
never been measured directly, to our knowledge,
only indirectly via creep experiments of thick sampl
sandwiched between two glass plates [15,16].
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To produce a film, we draw out one side of a rec
angular frame whose sides are wet due to a droplet
smectic-A liquid crystal [3]. A mixture of 80 wt % of
octyl-cyanobiphenyl (8CB) and of 20 wt % of 10CB wa
used (we did not use pure 8CB because its nema
smectic-A phase transition temperature was too close
the room temperature during the summer; we also emp
size that the nematic-smectic-A phase transition is second
order within a very good approximation in the mixtur
chosen [17]). The frame is placed in an oven whose te
perature is controlled within 0.01±C. We performed all
our experiments at 34±C, i.e., 4±C below the nematic-
smectic-A phase transition. The film is observed with
video camera via reflected light microscopy. Its thickne
is obtained by measuring its reflectivity as a function
the light wavelengthl [18].

In order to observe the meniscus, a stainless s
needle of diameter 0.6 mm (initially coated with the liqu
crystal and placed just below the film) is raised throu
the film (Fig. 1). The profile of the meniscus surroundin
the needle is determined by observing in monochroma
light the fringes that form at mechanical equilibrium
[Fig. 2(a)]: The thickness of the film increases b
ly4n between bright and dark lines (n is the refractive
index). The meniscus profile is shown in Fig. 2(b
We immediately note that its heighth [5 mm in the
thickest part of the meniscus experimentally observed,
Fig. 2(b)] is much smaller than in ordinary fluids. Indee
with ordinary fluids, the meniscus heighth0, at a point

FIG. 1. Schematic representation of the experiment.
© 1997 The American Physical Society
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FIG. 2. Experimental determination of the meniscus profi
(a) Fringes observed around the needle. (b) Meniscus profi

where the surface makes an angleu with the horizontal
plane, equalsau [see formula (6) below], wherea ­p

gyrg is the gravitational capillary length [1],g the
smectic-air surface tension,r the smectic density, andg
the gravitation acceleration. Taking typical numbers a
u ­ 0.08rd [Fig. 2(b)], we find a ­ 0.2 cm andh0 ­
150 mm instead of the 5mm found experimentally. This
result shows that gravity is negligible and that the sha
of a smectic meniscus is not fixed by the competitio
between gravity and surface tension.

In order to explain these observations, we assume t
the meniscus is composed of a collection of steps [2,
These “steps” are no doubt bulk edge dislocations beca
these defects are repelled from the free surfaces [1
We then calculate the elastic energy (per unit leng
associated with the creation of the meniscus. It has
following form:

Ffhsxdg ­ 2gSA

Z `

0
dx

∑q
1 1 sdhydxd2 2 1

∏
1 2sgWS 2 gWAdhs0d

1 2Dp
Z `

0
dxhsxd 1

Z `

0
dxEfhsxdg

2
b

dh
dx

.

(2)

Here, hsxd is the height of the meniscus above the fl
surface of the film, andx is the distance from the needle
(wall). The following surface tensions appear:gSA, gWS ,
and gWA, whereW stands for wall,S for smectic, andA
for air. Also,Dp is the difference between the air pressu
and the pressure in the middle of the smectic film,b is the
thickness of the smectic layer, andrsxd ­ sdhydxd s2ybd
is the density of dislocations in the film. Finally,Efhsxdg
is the elastic energy, per unit length, of dislocation [1
located in the film of thicknessD 1 2hsxd:
.
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Eshd ­ Ec 1

p
KB b2

2rc
1

p
KB b2

4p

Z 1`

2`
dq

3
s1 2 ad

s1 1 adexpfl1q2sD 1 2hdg 1 s1 2 ad
, (3)

where l1 ­
p

KyB and a ­ gy
p

KB, K, B are smectic
elastic constants,rc is the core of the dislocation, and
Ec is the core energy. In Eq. (2), we have neglect
the gravitational forces and the interactions between d
locations. This is based on the following estimate of t
orders of magnitude for various quantities: The surfa
tensions are of the order of 20–30 dynycm, the energy
of dislocation per unit area of the meniscus is of the o
der of 1–5 dynycm, the pressure difference multiplied b
the height of the meniscus near the needle is of the or
of 1 dynycm, gravitational forces give1023 dynycm, and
the same estimate holds for interactions between dislo
tions [14]. Therefore, neglecting the latter two forces
completely justified. Note that the height of the menisc
near the edge,h(0), is fixed by the irreversible process o
its creation [hs0d ­ Nby2, whereN is the number of lay-
ers in the film].

Minimizing Eq. (2) with respect tohsxd [with hs0d kept
fixed] leads to the following form of the meniscus:

hsxd ­
gSA

Dp

∑
1 2

q
1 2 sc 2 xDpygSAd2

∏
, (4)

where

c ­
q

1 2 f1 2 Dphs0dygSAg2 . (5)

This mathematical form for the shape of the meniscus
circle of radiusgyDp) should be compared with the shap
of the meniscus for the isotropic liquid which, far from
the wall where the gradients are small, has the followi
form:

hsxd ­
q

2s1 2 cosud aexps2xyad , (6)

wherea is the capillary length andu is the complement
of the contact angle. We find experimentally that th
profile of the meniscus is circular and that the press
difference between the inside and outside of the film
usually about 100–1000 dynycm2, the same as measure
by a different method in Refs. [2,3]. Note that we ca
neglect the other radius of curvature due to the circu
geometry of the meniscus because it is of the order
ryu (wherer is the distance from the center of the need
and, thus, always much larger than the radius of curvat
measured in the radial plane. Note also that, from
form of the meniscus, we in fact obtain only the ratio
gSAyDp. However, there are many independent metho
for measuring the smectic-air surface tension [3,6,8].
is found to be close to 25 dynycm, and therefore by using
this value we can estimate the pressure difference fr
the measured ratio.

It is possible (without removing the first needle) t
place a heating wire (a 2-mm-long segment of a Const
tan wire of 100mm diameter, of resistance0.14 V, and
1925



VOLUME 78, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 10 MARCH 1997

-

e
y
i
r
i

h

e

o

b

h

i

e

e

n
t

n

o

us

e
or
ed.

en
ork

rk-
n

ure
re.

t

ust
his

et-
hat

rgy
folded at its middle) very close to the film (typical dis
tance,50 mm), see Fig. 1. Sending a pulse of very sho
duration (,100 ms, ,2 V) through the wire can then nu-
cleate an edge-dislocation loop. If the voltage is adjust
carefully (within a few mV) it is possible to systematicall
nucleate elementary loops of edge dislocation. Increas
slightly the pulse current leads to the nucleation of seve
concentric edge-dislocation loops. One can also not
that the nucleation of the loop is only due to the the
mal effect, the film and the heating wire remaining at th
same electric potential. Furthermore, the intensity of t
pulse needed to create a loop decreases when the tem
ature is increased. We also observed that the film refl
tivity locally changes a fraction of a second (one or tw
video frames) before the nucleation process. This co
trast variation corresponds to a relative increase of the
tical pathnH of ,1023, which we attribute to the increase
of the ordinary indexn when the temperature locally
increases.

Before explaining the nucleation process, let us fir
describe the loop evolution. Depending on its initia
value, the radiusR of the loop increases or decrease
in time. Indeed, the edge dislocation is first affected
its line tensionE ­ Esh ­ 0d [Eq. (3)] (we are away
from the meniscus) which tends to reduce its size. T
resulting force per unit length is

FT ­ 2
E
R

. (7)

Second, the pressure differenceDp tends to enlarge the
radius of the loop: Indeed, the thickness of the film
smaller inside the loop, and the film pressure is less th
that of the air. The resulting force can be written as

FP ­ bDp , (8)

whereDp . 0. Finally, a dissipation force reduces th
velocity of the dislocation line:

FD ­ 2
b
m

dR
dt

, (9)

where m is the mobility of the edge dislocation. The
competition between line tension and pressure differen
allows us to define a critical radiusRc ­ EybDp.

Experimentally, we are able to produce an edg
dislocation loop withR , Rc and then to observe the
collapse of the loop. The film thickness remains u
changed. We, afterwards, increase the intensity of
pulse in order to produce a dislocation with an initia
radius larger thanRc. The radius R increases and,
when R ¿ Rc, the velocity of the dislocation remains
constant and equalsV ­ mDp. We deduce from this
experiment the line tensionE and the mobilitym of an
elementary edge dislocation in a film of well know
thickness at a given temperature, see Fig. 3. For instan
we found in the mixture 8CB/10CB atT ­ 34 ±C and
by taking g ­ 25 dynycm, E ­ 8 3 1027 dyn and
m ­ 4 3 1027 cm2 s g21. This value of the mobility is
comparable to that found previously in thick samples
8CB via creep experiments [15,16].
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FIG. 3. Experimental determination ofE and m. Radius as
a function of time. From this experiment we deduceE ,
8.1027 dyn andm , 4.1027 cm2 syg. Inset: photograph of the
dislocation loop. In the center, one can see the out-of-foc
image of the heating wire.

Finally, we return to the problem of nucleation. W
have shown that the film must be heated locally f
observing nucleation. This process is thermally activat
Far from the nematic-smectic-A transition, the activation
energy is very large. It is equal to the difference betwe
the excess of line energy at the critical radius and the w
of the stress (or the pressure difference),

Eact ­ 2pRcE 2 pE2
cbDp ­ p

E2

bDp
. (10)

Typically, Eact is much larger than10kBT , and homoge-
neous nucleation is impossible. This explains the rema
able stability of smectic films. By contrast, nucleatio
becomes possible ifEact is comparable to10kBT , which
we achieve by transiently heating the film to a temperat
very close to the nematic-smectic transition temperatu
Indeed, this transition is second order andB vanishes at
the transition, whereasK remains constant. Knowing tha
E scales like

p
KB b [14,20], Eact scales likeKBb

DP . Thus,
Eact is comparable to10kBT providingB is of the order of
1000 ergycm3. Such a value is reached within 1y100±C of
the phase transition, which explains why the voltage m
be adjusted so precisely experimentally. Note that, at t
temperature, the strain of the layerse is close to 10% with
DP ­ 100 dynycm2 (becauses ­ 2DP ­ Be). This is
the usual value for getting homogeneous nucleation in m
als on laboratory time scales [21]. We also emphasize t
dislocations with Burgers vectors 2b (or more) do not nu-
cleate in these conditions because their activation ene
is 2 times larger than for elementary dislocations.
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In summary, by careful measurements of the sha
of the smectic meniscus, critical radius of dislocatio
loops, and mobility of dislocations, we have shown th
smectics support a static pressure difference across
surfaces. Additionally, we have presented a direct meth
for nucleating and measuring mobility and line tension
edge dislocations. Systematic measurements of these
quantities are now in progress in order to explore possi
confinement and surface effects on dislocations. Mo
certainly the behavior of complex fluids near edges is
from being understood [22], and we hope that theoretic
analysis combined here with experimental techniques w
be a good guide for future experiments.
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