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Dynamics of a helium-4 meniscus on a strongly disordered cesium substrate

Alexis Prevost,* Etienne Rolley, and Claude Guthmann
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~Received 21 June 2001; revised manuscript received 14 September 2001; published 22 January 2002!

We have studied the dynamics of the contact line of a helium-4 meniscus on a strongly disordered cesium
substrate. We have used photolithographic techniques to obtain a controlled disorder with a correlation length
j59 mm. We observe a strong pinning of the contact line on the defects. We have measured the roughnessW
of the contact line as a function of its lengthL at the depinning threshold; we find thatW scales asLz, and is
almost independent of the contact angleu of the meniscus for values between 4° and 12°. The roughness
exponent is found to bez50.5660.03, which is higher than the value of 1/3 predicted at equilibrium. We have
analyzed the avalanchelike motion of the contact line, and confirmed the above value ofz by measuring the
ratio of the size of the step forward to the length of the line involved in a jump. Most theoretical and numerical
calculations assume that the motion of the contact line is quasistatic. We show that this assumption is false for
our system, which is weakly dissipative. This probably explains why the dynamical behavior of the contact line
depends on the contact angle, while the roughness does not. Whether the underdamped motion of the contact
line can account for the value ofz is still an open question.

DOI: 10.1103/PhysRevB.65.064517 PACS number~s!: 68.08.Bc, 64.60.Ht
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I. INTRODUCTION

The dynamics of a moving elastic boundary in a rand
medium has been extensively studied over the last dec
Examples of such systems include vortex lattices in typ
superconductors,1 domain walls in ferromagnets,2 charge-
density waves,3 and also the motion of the contact line of
liquid droplet on a heterogeneous solid.4

From a theoretical point of view, this is a very appeali
problem, as the complex physical behavior of most of th
dynamical systems can hopefully be captured using a sim
phenomenological model which involves only a limite
number of ingredients—typically the stiffness of the inte
face and the pinning energy of the defects. The balance
tween these two quantities controls the shape of the in
face: the defects distort the interface which, on the ot
hand, minimizes its elastic energy. When the disorder
strong enough, the interface can adopt many different m
stable equilibrium configurations: the system is hystere
As a consequence, one has to apply a forceFext per unit
length greater than a critical thresholdFc in order to move
the interface at a finite mean velocityv. Assuming that the
motion of the contact line~CL! is quasistatic and neglectin
thermal noise, the equation of motion for the CL reads5

mS v1
]h~x,t !

]t D5Fext1 f @x,vt1h~x,t !#1K@h#, ~1!

whereh(x,t) represents the distortion of the interface fro
its average positionvt, m is a dissipative coefficient,f (x,y)
is the random force due to the defects, andK@h# is an elastic
restoring force. In many systems, such as a liquid invadin
porous medium, the elastic force is short ranged and
elastic interaction is then local.6

As first pointed out by Joanny and de Gennes,7 the stiff-
ness of a CL arises from the liquid-vapor surface tension:
energy associated with a distortion of the CL is mainly due
0163-1829/2002/65~6!/064517~8!/$20.00 65 0645
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the increase of the area of the meniscus. Thus the ela
interaction is long ranged. In the limit of small contact ang
u, one finds

K@h#52
1

p
g lv sin2uE dx8

h~x8,t !

~x2x8!2
, ~2!

where the summation is taken over the whole CL;g lv is the
liquid-vapor surface tension.

Heterogeneities of the surface induce local fluctuations
the spreading coefficientS[gsv2(gsl1g lv) (gsl and gsv
are the solid-liquid and solid-vapor interfacial energies,
spectively!. The random forcef in Eq. ~1! is equal to these
fluctuations:f (x,y)5S(x,y)2^S(x,y)&. The amplitudeDS
of the disorder can then be characterized using the sec
moment off (x,y): DS2[^ f (x,y)2&.

Theoretical and numerical studies have been devote
solve Eq.~1! assuming the elastic force given by express
~2!. Close to the depinning thresholdFc , one expects by
analogy to critical phenomena, that the roughnessW of the
CL, which characterizes the fluctuations of the CL around
average position, varies with its lengthL like Lz wherez is
referred to as the roughness exponent. Function
renormalization-group~FRG! calculations givez51/3 to
first order in perturbation theory.5 This value coincides with
the value at equilibrium (Fext50), which was first obtained
by Huse~see Ref. 4! using Imry-Ma arguments, and mor
recently derived by Hazareesing and Me´zard8 using replica
calculations. A previous experiment on a weakly disorde
substrate by Rolleyet al.9 is in agreement with this predic
tion, as well as with the scaling ofW for short length scales
i.e., below the Larkin length. Furthermore, the numerical
sults of Tanguyet al.10 and Zhou and Robbins11 confirmed
that z.1/3 for large length scales.

In this paper, we present experimental results which
obtained on a substrate with strong and well-characteri
disorder. We measured the roughness of the CL, and founz
©2002 The American Physical Society17-1
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ALEXIS PREVOST, ETIENNE ROLLEY, AND CLAUDE GUTHMANN PHYSICAL REVIEW B65 064517
to be greater than 1/2, in contrast with the consensus w
seemed to prevail up to now. We have also analyzed the
dynamics. We found that, when the CL depins from the
fects, the local velocity is much higher than the mean vel
ity v, so that the usual assumption of a quasistatic mo
breaks down. This may be the reason for the unexpe
measured value ofz. It is also possible that the one loo
FRG calculation is not valid, as suggested by Chauveet al.12

This paper is organized as follows. In Sec. II, we fi
describe the experimental setup, as well as the fabricatio
the heterogeneous substrate and a description of the im
processing. In Sec. III, we qualitatively describe the mot
of the CL. In Sec. IV, we then describe the measurement
the roughness of the CL. Finally, we perform an analysis
the CL dynamics in Sec. V. Section VI is devoted to a d
cussion of our results.

II. EXPERIMENTAL SETUP

A. Helium-cesium system

Since a theoretical prediction in 1991~Ref. 13! and the
experimental verification the same year14 that superfluid
helium-4 does not wet cesium belowTW.2 K, the helium-
cesium system has proven to be a model system for stud
wetting phenomena, such as the prewetting transition15 and
the roughness of the CL,16 for various reasons. The thermo
dynamic properties of helium-4 are known with great ac
racy. It is the only element to remain liquid atT50 K,
which makes it extremely pure, a property which is harde
meet for ordinary liquids~only its isotope helium-3 can b
found in proportions as low as 1027). A major advantage of
working at low temperatures is that one avoids any conta
nation of the cesium substrate, and it is possible to work w
the exact same substrate repeatedly. The absence of a
point allows one to vary the temperature over a wide ra
between 0 and 2 K. By changing the temperature, the con
angleu can be decreased from about 25° at low tempera
down to zero atTW . Furthermore, helium is superfluid fo
T<TW , so that bulk dissipation is extremely low. This h
proven to be an adequate property in observing a therm
activated motion of the CL when the length scale of t
disorder is mesoscopic.17

B. Fabrication of the disordered cesium surfaces

The disordered substrates are obtained in two steps. F
we use microphotolithography techniques to obtain resin
fects randomly distributed over a perfect optical gold mir
~Fig. 1!. The gold substrate is coated with a layer of pho
resistive resin, Hoechst AZ 5740, at a spin rate of 1500 re
lutions per minute. The layer is then exposed to light throu
a pattern mask, and the exposed resin is washed a
through the development process. One is left with one m
lion resin defects deposited over a square 21321 mm2 sur-
face. The defects have a flat-top shape, and appear r
more roughly cylindrical than cubic as was expected; th
lateral size is about 9mm and their height is 10mm. Due to
the randomness of the deposition process, some defects
merge and form clusters, as shown in Fig. 1.
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These clusters have a small effect on the size distribu
of the defects, as seen in Fig. 2: the main peak of the dis
bution which corresponds to the isolated defects is m
larger than the second peak, very likely related to the cl
ters. When plotted in a log-log scale, this distribution sho

FIG. 1. Pictures of the substrate at two different magnificatio
Using microphotolithography techniques, two types of defects w
generated: isolated defects which are roughly cylindrical with
nearly flat top, and clusters of defects which result from allowi
overlapping.

FIG. 2. Size distribution of the defects. The main peak is due
isolated defects of size 8.760.3 mm. A second peak in the distri
bution can be clearly identified. It corresponds to the existence
clusters, as clearly seen in Fig. 1. Inset: size distribution of
defects on a log-log scale, showing a fast decay.
7-2
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DYNAMICS OF A HELIUM-4 MENISCUS ON A . . . PHYSICAL REVIEW B65 064517
a fast decay. Thus the correlation function of the disorde
short ranged and decays on a length scalej which is of the
order of the size of the defects.

In a second step, the substrate with the random defec
placed into a cryostat and a cesium layer is evaporatedin situ
at low temperature, typically 20 K. The cesium layer is a
proximately 100 nm thick, so that the topography of the s
strate is almost not modified by this additional layer.

C. Behavior of the helium meniscus on the rough cesium
substrate

All the experiments are performed in an optical helium
cryostat whose temperature can be regulated within 1
between 0.8 and 2 K. The cesium substrate lies on the
tom of the cell and is tilted by a few degrees~the tilt anglea
is typically 1 to 4°) with respect to the horizontal directio
therefore creating a well-defined CL whose average direc
is straight. The mean velocity of the CL is controlled by
regulated flow meter in the filling line of the cell in a rang
from 0.1 to 240 mm/s.

The behavior of the helium meniscus on the disorde
substrate described previously depends strongly on the
perature of the system. It was reported elsewhere,18,19 and
here we recall briefly how the strong roughness of the s
strate modifies the wetting transition. For temperatures
low a critical temperatureTc of about 1.4 K, we observe
well-defined meniscus on the dry cesium substrate; the
strongly pinned by the defects, is very distorted. AboveTc ,
the contact angle is small enough for the liquid to invade
capillarity the channels between the defects, ahead of
meniscus~Fig. 3!. The height of the liquid in the channels
equal to the height of the defects. This allows the liqu
surface to be flat, as the contact angle at the top edge o
defects is undetermined. Using interferometric measu
ments~Fig. 3!, we confirmed that the thickness of the resu

FIG. 3. Equal thickness fringes image of the cell~top view!. In
the upper part of the picture, the orientation of the fringes
changed by the presence of the meniscus. Ahead of the meni
the helium-4 film induces a shift of the fringes pattern as o
crosses the film front. This shift was measured to correspond
film thickness of 10mm, which is exactly the height of the defect
The CL as well as the edge of the film are distorted by the defe
(T51.6 K, and the actual image width is 14 mm.!
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ing film is equal to the height of the defects. The film thic
ness is homogeneous over the whole sample, and does
depend on temperature. The maximum extension of the
away from the CL, however, does increase with temperat
due to the decrease of the contact angle, and is limited
gravity. It will be larger asa is lowered. For temperature
above 1.8 K, and witha50.7°, the liquid completely in-
vades the disordered surface well before the liquid menis
can be seen~Fig. 3!. Unexpectedly, the meniscus does n
wet the invaded substrate, although 85% of the surfac
covered with liquid helium with only 15% with cesium de
fects~Fig. 4!. We took advantage of this unique experimen
situation to study the motion of the CL on this disorder
substrate, which we call ‘‘binary’’ since the local conta
angle has only two possible values:uCs on the top of the
defects, and zero elsewhere. The disorder is completely c
acterized, and one can ignore the difficulty of properly d
scribing a rough substrate.

The following procedure is used to prepare the bina
substrate: helium-4 is condensed in the cell at low tempe
ture ~typically 0.87 K! until a liquid meniscus appears. W
then cut the flow of helium, and increase the temperature
to 1.8 K, favoring invasion and the formation of the film. A
its thickness does not depend on the temperature, we
then decrease the temperature to the value at which we
to perform the experiment. We then turn the flow of heliu
back on to force the meniscus into motion.

The mean contact angleu of the meniscus on the binar
substrate is found to decrease from 12° at low tempera
down to zero at the wetting temperatureTW51.95 K. We
have also measureduCs using flat and homogeneous Cs su
strates~see Ref. 18 for a more precise description of t
contact angle measurements, which are always done fo
advancing meniscus!.

D. Image processing

The meniscus is imaged using white light and vario
spatial filtering are used to enhance the contrast between
border of the meniscus and the cesium substrate@Fig. 4~a!#.
Images of the CL are acquired using a standard CCD cam
at a rate of approximately eight frames per second~a rate of
50 frames/s can be achieved for short sequences!. The im-
ages, once acquired, are stored to a hard drive and anal

s
us,
e
a
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FIG. 4. ~a! Raw image of the meniscus which is on top a
appears dark, on the binary substrate.~b! Binary image obtained by
subtracting from the raw image a reference image with no menis
present, and by applying a numerical threshold to it. The CL is t
defined as the boundary between the black and the white reg
(u510°, and the actual width is 7 mm.!
7-3
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ALEXIS PREVOST, ETIENNE ROLLEY, AND CLAUDE GUTHMANN PHYSICAL REVIEW B65 064517
a posteriori. To locate the CL, we use the following proc
dure. First of all, we subtract from the raw image@Fig. 4~a!#
an image of the substrate when no meniscus is present in
cell. This has the advantage of removing black pixels due
the disorder along the meniscus, which could be incorre
considered part of the CL. We then apply a threshold to
resulting difference to obtain a black and white image@Fig.
4~b!#. Additional image processing is then needed, and c
fully applied to this image to locate with one pixel accura
the position of the CL, taken as the black to white bounda
We have checked that the roughness of the CL is indepen
of the details of the additional image processing. The us
magnification was about30.5. Higher magnification~up to
32) was used to check the accuracy of the CL location.

III. QUALITATIVE DESCRIPTION OF THE CL
BEHAVIOR

We used the experimental procedure described in Se
to obtain a binary substrate and study the motion of the
for average contact anglesu in the range 0° –12° and fo
various mean velocitiesv ranging from 1 to 240mm/s. The
motion of the line is composed of fast jumps which occur
segments of the CL depin from the defects. This motion
sembles an avalanche process. As discussed further b
the velocity of the CL during these jumps is much larger th
the mean velocity, so that their detection is very easy.

In a previous study,17 we showed that the motion of th
CL was thermally activated when the length scale of
disorder was mesoscopic, typically for a length scale of
disorderj of about 10 nm. For the binary substrate, the d
fects are macroscopic in size (j59 mm) and the activation
energies are consequently very large. Therefore, ther
noise is irrelevant. In this situation, the disorder is said to
quenched: the motion of the CL is entirely determinist
Indeed, when one does the experiment several times in
same conditions of temperature and flow rate, the vis
configurations are always the same. Temperature is then
a relevant parameter in describing the dynamics of the CL
only acts via the liquid surface tension to change the aver
contact angle, which therefore is the important quantity
describe the dynamics of the CL on a macroscopic disor

Figure 5 shows the successive configurations of the C
the same contact angleu510°, for two different helium flow
rates. Although there is a difference of two orders of mag
tude in the mean velocity of the CL, the pinned configu
tions remain almost identical. There is almost no effect of
velocity. We could not measure any effect of the velocity
u as well. In other words, the range of mean velocities wh
are accessible corresponds to forces applied on the CL c
to the depinning thresholdFc .

We have also measured the instantaneous velocityv i of
the CL during a local jump~i.e., an avalanche!. Using an
acquisition rate of 50 Hz, we could capture the internal d
namics of an avalanche, as displayed in Fig. 6. We find
v i is of the order of 5 mm/s. The value ofv i is related to the
dissipation in the liquid, in the vicinity of the CL. For
classical liquid, the shear flow in the meniscus produces
cous dissipation. For superfluid helium, dissipation is v
06451
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weak, and may arise from the viscosity of the normal co
ponent as well as from other mechanisms such as the nu
ation of vortex lines.20

In order to move away from the vicinity of the depinnin
thresholdFc , and to reach the regime where the velocity
the CL is limited by bulk dissipation, it seems reasonable
guess that the mean velocityv should be of the order ofv i .
Thus one would have to reach mean velocities of the CL
least 20 times larger than the highest value ofv (240 mm/s)
imposed by our experimental setup. The dynamics of the
beyondFc is thus difficult to study because of the very sm
bulk dissipation in superfluid helium.

IV. ROUGHNESS OF THE CONTACT LINE

One way of quantifying the spatial fluctuations or roug
nessW of the CL as a function of its lengthL, is to measure
the following correlation function, defined as the root me
square of the spatial fluctuations of the CL around its aver
direction:

W~L !5$^@h~L1x0!2h~x0!#2 &%1/2.

The bar denotes an average onx0 along the line and the
brackets an average over successive and independent p
configurations of the line.

FIG. 5. Images of successive pinned configurations of the
moving downward. In image~a!, the mean velocityv of the CL is 1
mm/s and images of the meniscus were recorded every 120
whereas on image~b! v5240 mm/s, with a recording every 20 ms
The shaded regions correspond to a few of the numerous avalan
which are the same on both images. (u510°, and the actual size o
the images is 6.934.9 mm2.!

FIG. 6. Close-up look at an avalanche (u510°, v
5240 mm/s). Successive positions of the CL are separated by
ms. The black curves are pinned configurations of the CL, defi
as configurations where the CL stayed at least for two succes
frames. The gray curves are instantaneous, unpinned configurat
~The actual size of the image is 3.731.4 mm2.!
7-4
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DYNAMICS OF A HELIUM-4 MENISCUS ON A . . . PHYSICAL REVIEW B65 064517
As seen in Fig. 7, the roughness of the CL is almost
dependent of the contact angle in the range 4° –12°.W(L)
looks slightly steeper foru512°. This is likely due to a
change in the optical setup for this particular run. As t
magnification is larger than for the other runs, the pixel d
cretization is negligible and leads to smaller value ofW(L)
for small L. On the other hand, the small, systematic d
crease ofW(L) with u is significant.

In the usual models used to describe the roughness o
CL,4 the magnitude ofW is controlled by the balance be
tween the stiffness of the line and the strength of the dis
der. The stiffness varies likeg lv sin2u @see Eq.~2!#, and van-
ishes at the wetting transition. The strength of the disor
DS can be easily computed for the very special case o
binary substrate. One finds thatDS is equal to g lv(1
2cosuCs), so thatDS also vanishes at the transition. Prev
ous measurements ofu and uCs ~Ref. 18! are not accurate
and reproducible enough to compare the variations of s2u
and (12cosuCs) precisely. Still the values of the conta
angles are compatible with a line stiffness vanishing
roughly the same way as the strength of the disorder, lea
to distortions of the CL very weakly dependent onu.

When looking for the scaling behavior ofW(L), one has
to determine the cutoff lengths in our experiment. The sm
one is the correlation length of the disorderj59 mm and
the large one is the effective capillary lengthLe f f
5(g lv /rg sina)1/2.4.5 mm, wherer is the liquid density,
g the gravitational acceleration, anda the tilt angle of the
substrate. We find thatW(L) follows roughly a power law
for L ranging between these two cutoff lengths for all valu
of the contact angle. A more precise value of the roughn
exponentz is obtained by fittingW(L) by a power law for
5j,L,Le f f/5; we findz50.5660.03 foru>4°. This value
has been confirmed first by computing the power spect
H(q) of h(x), which scales asH(q);q122z, and second by
analyzing the aspect ratio of the avalanches as we shall s
the next section.

FIG. 7. RoughnessW of the CL for various contact angles. Fo
all contact angles,W follows a power law of the formLz. z varies
slightly, and decreases for contact angles smaller than 4°.
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This value ofz is in contradiction with the theoretica
predictions at the depinning threshold by Ertas and Kard5

who found z51/3 using functional renormalization-grou
calculations. Numerical estimates are close to the FRG
sult: Tanguyet al. found z'0.33,10 and Zhouet al. found
z'0.39.11 However, Chauveet al.12 extended the one loop
calculation of Ertas and Kardar to two loops and foundz
50.560.1, a value which is tentatively very close to wh
we find. We will discuss their results in Sec. VI.

V. DYNAMICS AND SIZE DISTRIBUTION OF THE
AVALANCHES

In order to confirm the value we have found forz, and to
shed some light on the dynamics of the CL, we analyze
dynamics of the avalanches. An avalanche occurs when
a CL which is pinned by the defects jumps to another pinn
configuration. We consider that a CL is pinned if its config
ration does not change intacq5120 ms, the image acquisi
tion period. We have checked that the CL remains loca
pinned for a much longer time thantacq , so there is no risk
of lumping together distinct jumps. The only difficulty i
detecting avalanches is due to the nonlocal character of
CL elasticity. Let us consider the jump of a local segmentS1
of the CL ~Fig. 8!. This jump causes a change in the men
cus shape, which can trigger a secondary event for ano
segmentS2 of the CL. This avalanche can no longer be co
sidered as a segment depinning locally. One must include
part of the same avalanche, all depinning events which
separated by less than the effective capillary lengthLe f f .
The sizeA of the avalanche is then defined as the sum of
individual areas, the height of the avalanche as the maxim
of all H, and its lengthL as the total length joining the
different segments.A priori, identifying disconnected seg
ments as being part of the same avalanche is not so e
because the corresponding jumps do not occur exactly a
same time. The deformation of the interface propagates
velocity which is of the order of the velocityvs of the sur-
face waves. The surface waves we are interested in
propagating at a distance of the order of the capillary len
Lc behind the CL, where the liquid depth is of the order
u3Lc @Lc5(g lv /rg)1/2#. For a wavelength of 1 mm corre
sponding to a large avalanche, the usual dispersion rela
for surface waves in shallow water yieldsvs;0.1 m/s, and

FIG. 8. Definition of the parameters used to characterize
avalanche. Shown by the thick black line is the position of the
pinned at an instantt. At an instantt1Dt, two segmentsS1 andS2

of the CL jump simultaneously to dashed line positions. If these t
events are separated by a lengthL122 less than the effective capil
lary lengthLe f f , we consider them as being part of the same a
lanche of sizeA5A11A2, whereA1 and A2 are the shaded area
swept, respectively, byS1 andS2.
7-5
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ALEXIS PREVOST, ETIENNE ROLLEY, AND CLAUDE GUTHMANN PHYSICAL REVIEW B65 064517
the maximum delay of secondary events is of the orde
Le f f /vs;50 ms. As this delay is smaller thantacq , we are
not able to split primary and secondary events into sepa
avalanches.

We have first computed the aspect ratio of the avalanc
for different contact angles. Figure 9 showsH as a function
of L for two different angles. One expects that the scaling
H(L) is the same as the one of the roughnessW(L). This is
the case, and we measure thatz.0.55, confirming the pre-
vious measurements.

For forces close to the thresholdFc , one expects that the
distribution in sizeP(A) will follow a power law as well,
with an exponentgA . The distributionP(A) for two differ-
ent contact angles is shown in Fig. 10. The power-law

FIG. 9. HeightH of the avalanche jumps as a function of the
lengthL for two different contact angles (12° which corresponds
T51.1 K and 4° andT51.7 K). The two continuous and dashe
lines are power-law fits to the data for 50mm,L,2 mm. The
roughness exponent is found to bez;0.55, compatible with a more
direct analysis.

FIG. 10. Log-log plot of the size distribution of the avalanch
P(A) for two different contact anglesu512° and 2.5°. The lines
are power law fits to the points:P(A);AgA.
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pendence holds only below a dynamic cutoff length. T
cutoff is not relevant in our experiment, since it is presu
ably larger thanLe f f . The dispersion inP(A) is rather large
for large avalanches: the total number of jumps is of
order of a few thousand, and cannot be increased by rep
ing the experiment because of the deterministic motion of
CL. We have fittedP(A) with a power law forA in the range
1500–15000mm2. For u larger than 4°, we findgA.21.0;
for u52.5°, we findgA.21.3. Numerical simulations o
the CL dynamics yieldedgA.21.09,10 and gA521.2
60.1.11 Within uncertainties, the experimental values ofgA

are compatible with the numerical estimates. However th
numerical simulations do not provide any explanation for
effect of the contact angle on the distributionP(A).

This effect is more clearly seen in Fig. 11, where t
distribution in heightP(H) is plotted both foru512° and
2.5°. At very small contact angles, there is a smaller pr
ability to have large avalanches, and the aspect ratio chan
avalanches appear flatter. This is consistent with what is
served on the roughnessW of the CL.

Interestingly, there is a strongu dependence of the CL
dynamics, even in the range 4° –12°, where the roughnesW
is almost independent ofu. This dependence of the CL dy
namics is clearly seen when comparing directly the mot
of the CL for different contact angles~Fig. 12!. A careful
examination of the CL motion shows that the pinned co
figurations at largeu are also pinned configurations at sma
u. However, going from one of these configurations to t
next is done with more intermediate stops when the con
angle u is small. One expects that a line is more eas
trapped by the defects if it is soft, that is if the ratio
stiffness to pinning is small. So the occurrence of interme
ate stops seems contradictory to the observation that
roughness of the CL is almost independent ofu. To summa-
rize, the usual assumption that the dynamics at thresho
entirely controlled by the ratio of stiffness to pinning mak
it difficult to understand why the dynamics of the CL
strongly dependent onu while the roughness is not.

FIG. 11. Log-log plot of the maximum height distributionP(H)
for two different contact anglesu510° and 2.5°.
7-6
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VI. DISCUSSION

Our experiments raise two problems. First, the exp
mental value of the exponentz (0.5660.03) is larger than
the value 1/3 predicted by theories and numerical simu
tions. Interestingly, the same roughness exponentz was mea-
sured for two-dimensional interfacial rupture fronts prop
gating at a very small velocity21 (z50.5560.05).
Presumably, this system is very similar to the CL, as
scribed by the same type of nonlocal elastic interaction
to the elastic stresses in the material, and may be we
dissipative.

Second, it is difficult to reconcile the contact angle dep
dence of both the roughness and the avalanche size dist
tion. When decreasingu, the roughnessW slightly decreases
which implies that the ratio of pinning to stiffness decrea
as well. On the other hand, when decreasingu, more and
more pinned configurations appear in the motion of the C
which rather indicates that the pinning increases.

Let us first discuss the value ofz. The valuez51/3 was
obtained either at equilibrium or using a FRG calculation
one-loop order. However, Chauveet al. recently found that
extending renormalization-group analysis in dimensiond
522e beyond one loop leads to a higherz exponent. They
found z.0.5, which is close to the experimental value. Th
result is very appealing for our problem. However, one m
wonder if the two-loop calculation provides a correct es
mate ofz. For lines with a local elasticity, it does: Chauv
et al.’s estimate ofz is indeed in good agreement with nu
merical simulations and a recent numerical calculation22

However, for a line with a long-range elasticity, the pred
tion by Chauveet al. disagrees with the simulations, whic
all yield z.0.33, in the context of both CL~Refs. 10 and 11!
and crack propagation.23,24 A recent numerical calculation
gavez50.39060.002,25 in agreement with Ref. 11. Eventu
ally, let us stress that FRG calculations as well as numer
calculations are based on the same model, given by Eq.~1!.
So, at threshold, the only parameter which governs the
namics is still the ratio of pinning to stiffness, and we are l
with no explanation for the effect of the contact angle.

Among the hypotheses that lead to Eqs.~1! and ~2!, the
most questionable may be the quasistatic motion of the
When one has a closer look at the internal dynamics of

FIG. 12. Dynamics of the CL: effect of the contact angle. O
both images, the CL moves downward with the same average
locity v51 mm/s. ~a! u512°. ~b! u54°. ~The actual size of the
images is 8.138.7 mm2.!
06451
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avalanche~see Fig. 6 for an example!, we note that the edge
of a depinning area moves laterally with a velocityv lat

;4 cm/s foru512°. Thusv lat is of the same order of mag
nitude as the surface waves velocityvs we estimated in Sec
V. The meniscus then cannot adjust its shape adiabatic
during an avalanche, and the elastic restoring force is
longer given by Eq.~2!, which corresponds to the stati
force. A phenomenological approach of this situation w
recently proposed by Schwarz and Fisher.26 For weakly dis-
sipative systems such as contact lines or crack fronts
brittle materials, they argued that the motion of a segmen
the line causes a transient inertial stress to neighboring
ments, in addition to the static elastic stress. When depinn
occurs, it may happen that the CL does not stop in the n
metastable configuration but to another, further away,
cause of inertia. Such a mechanism is certainly relevan
our experiment, and can explain why more and more c
figurations are skipped in the motion of the line whenu is
increased, as the inertia of the CL increases with the con
angle. Let us also note that Schwarz and Fisher found
the distribution of the sizes of the avalanches changes w
the inertia in qualitatively the same way as shown in Fig. 1
the larger the inertia~i.e., the largeru), the slower the de-
crease ofP(A).

We propose the following interpretation to account f
what happens when the contact angle is changed. The ro
ness of the CL changes very little, at least foru in the range
4° –12°, which means that the properties of the pinned c
figurations and the balance between the pinning and the s
ness do not change much either. The marked change in
CL dynamics is due to the change of inertia, which is t
second parameter controlling the amplitude of the jumps
the CL. Whether inertial effects can also change the natur
the depinning transition is still an open question, as the st
by Schwarz and Fisher was restricted to a mean field mo

We wish now to compare the present results with previo
ones that we obtained in an earlier experiment, in which
same system~helium on cesium! was used.9 Let us first recall
those previous results. The roughnessW(L) was found to
scale as expected from equilibrium calculation,4,8 that is,
with a large scale exponent of order 1/3, and to increase w
the temperature. ForL51 mm, the value ofW increases
from 20 mm at T50.9 K to 50 mm at T51.9 K. So the
scaling and the temperature dependence ofW(L) are differ-
ent from the present results, and the values ofW are signifi-
cantly smaller.

We think that the main reason for the differences in t
two experiments lies in the type of substrate disorder. In
earlier experiment, the disordered substrate was prepare
the same way as now, that is, by evaporation of a Cs laye
a rough surface. However, this rough surface was not
tained by well-controlled photolithographic techniques, b
resulted from the oxidization of a first Cs layer whose thic
ness was smaller than 0.1mm. This technique led to a rough
ness whose typical length scalej was about 20mm, and
whose topography was unknown, though presumably
steep than the mesa defects described in the present p
We argued earlier that the resulting substrate was expecte

e-
7-7
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present wettable spots, and that it could be described
binary substrate. However, in light of the present experime
for which we are sure that the substrate is actually descri
by a bivalued spreading coefficientS, we now think that the
type of disorder in the two experiments was qualitative
different, as exemplified by the different temperature dep
dence. The variations ofS with the position on the substrat
were presumably much smoother in the earlier experim
leading to a much weaker pinning of the contact line, and
CL configurations close to the equilibrium ones. This is co
sistent with the fact thatW was smaller thoughj was larger
by a factor 2.

To summarize, we have studied the properties of the c
ic

d

s

9

06451
a
t,

ed

-

t,
o
-

n-

tact line on a strongly disordered substrate. We find a va
of the roughness exponent which disagrees with most
merical predictions, and which is in reasonable agreem
with the two-loop FRG calculation of Chauveet al. How-
ever, the underlying assumption that the CL motion is q
sistatic is clearly false for our experiment. We think that t
CL dynamics is dependent on the fact that the system
weakly dissipative. In particular, the way the CL jumps fro
one configuration to the next depends on its inertia. To w
extent the scaling of the roughness of the CL depends on
inertia is an open question. Studying the wetting of ordin
~viscous! liquids will certainly help to answer the questio
and we hope to report on it in the near future.
ev.
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