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Local mean-field study of capillary condensation in silica aerogels

F. Detcheverry, E. Kierlik, M. L. Rosinberg, and G. Tarjus
Laboratoire de Physique The´orique des Liquides, Universite´ Pierre et Marie Curie, 4 place Jussieu, 75252 Paris Cedex 05, France

~Received 10 June 2003; published 17 December 2003!

We apply local mean-field~i.e., density functional! theory to a lattice model of a fluid in contact with a
dilute, disordered gel network. The gel structure is described by a diffusion-limited cluster aggregation model.
We focus on the influence of porosity on both the hysteretic and the equilibrium behavior of the fluid as one
varies the chemical potential at low temperature. We show that the shape of the hysteresis loop changes from
smooth to rectangular as the porosity increases and that this change is associated with disorder-induced
out-of-equilibrium phase transitions that differ in adsorption and in desorption. Our results provide insight in
the behavior of4He in silica aerogels.
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I. INTRODUCTION

The influence of quenched disorder on phase transit
and critical phenomena continues to be the focus of inten
experimental and theoretical research activity. Major effe
are expected and actually observed when the diso
couples linearly to the order parameter of the system, a s
ation that is realized when a fluid or a fluid mixture is co
fined within a porous glass or is in contact with the interco
nected strands of a gel. A dilute rigid network is
particularly interesting medium from a theoretical persp
tive because exclusion~i.e., confinement! effects do not play
a dominant role, so that the random-field Ising mod
~RFIM! may be a useful framework to interpret the expe
mental observations@1#.

A striking example of the influence of a gel network o
fluid phase behavior is provided by the thermodynamic st
ies of Chan and co-workers on4He in silica aerogels of
varying porosity. Silica aerogels are highly porous, fract
like solids made of a tenuous network of SiO2 strands inter-
connected at random sites. In a 95% porosity aerogel,
cific heat and adsorption ~vapor-pressure isotherm!
measurements@2# performed in the vicinity of the critica
temperature of the pure fluid (Tc55.195 K) show evidence
of a phase separation between a low-density ‘‘vapor’’ ph
~presumably composed of4He vapor plus a liquid film
around the silica strands@3#! and a high-density ‘‘liquid’’
phase filling the whole pore space. The first-order transit
appears to terminate at a sharply defined critical point tha
only 31 mK belowTc , which suggests that the system is
a weak random-field regime. The coexistence boundary
the presence of aerogel is, however, much narrower tha
the pure system. Subsequently, similar results were obta
with N2 in the same aerogel, using light scattering and vap
pressure isotherms@4#. Since out-of-equilibrium and hyster
etic effects due to domain formation are generally obser
in random-field systems below the critical temperature of
pure system~as illustrated by the behavior of binary mixture
in aerogels@5# and diluted antiferromagnets in a magne
field @6#!, it is noteworthy that no hysteresis is present in t
measurements performed in Refs.@2,4#. The gel-fluid system
has thus reached equilibrium within the time scale of
experiments, which is indeed found much longer than
1063-651X/2003/68~6!/061504~12!/$20.00 68 0615
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characteristic time of activated dynamics@4#. The situation
changes, however, at lower temperatures and the adsor
of 4He in a 98% porosity aerogel is clearly hysteretic at 3.
K and 2.34 K @7,8#. Both adsorption and desorption iso
therms display a vertical step at well-defined pressures,
draining occurs at a lower pressure than filling@9#. The shape
of the hysteresis loop, moreover, depends on the porosit
the aerogel: in an aerogel of 87% porosity,4He adsorbs and
desorbs gradually at 2.42 K and there is no signature o
‘‘liquid-vapor’’ phase coexistence@see Fig. 4~c! in Ref. @8##.
Such hysteretic behavior is reminiscent of capillary cond
sation in a low-porosity solidlike Vycor glass where one o
serves a rapid increase of the adsorbed quantity at a pres
below the bulk saturated vapor pressure, but no sharp v
cal step in the adsorption isotherms@10#. The mechanism for
hysteresis in porous substrates has prompted much dis
sion in the literature and various explanations have been
posed, focusing either on single-pore metastability of the
der Waals type or on network pore-blocking effects@11#.
Since both models seem completely inadequate to desc
light aerogels, the4He experiments raise several question
what is the scenario for the change in the shape of the h
teresis loops@12#? Do filling and draining obey differen
mechanisms? What is the true equilibrium behavior wh
hysteresis is present?

These questions are addressed in the present work w
we build on our earlier studies of capillary condensation
disordered porous solids@13–15#, but focusing on aerogels
We are mainly interested in the influence of the porosity
the hysteretic behavior of sorption isotherms. This is pa
motivated by theoretical studies of the zero-temperat
RFIM which predict the existence of a disorder-induced o
of-equilibrium phase transition in the hysteresis loop@16#.
The first experimental observations of this phase transi
have been recently reported in the literature@17#, and we
argue that the change in the4He adsorption isotherm from
sharp to smooth can be interpreted within the same fra
work. We propose a different scenario for draining and
relate the observed behavior to an out-of-equilibrium ph
transition associated with the depinning of the liquid-vap
interface. The approach we develop is similar to that u
previously for calculating the irreversible behavior of sp
glasses, random-field ferromagnets, and diluted antife
©2003 The American Physical Society04-1
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magnets@18#; it consists in studying the evolution of th
free-energy surface~more precisely, the grand-potential su
faceV) as the external driving field~here, the pressureP of
the external vapor or, equivalently, the chemical potentialm)
is changed.V is a functional of the local fluid density and
treated in the mean-field approximation. At low temperatu
this multidimensional free-energy landscape is character
by a large number of local minima in which the system m
be trapped. The main physical assumption underlying
description is that thermally activated processes play a n
ligible role on the time scale of the experiments~in other
words, the dynamics is similar to that atT50). The evolu-
tion of the system then proceeds either continuously by
deformation of the local minimum in which the system
trapped or when this latter becomes unstable by a jum
another minimum~avalanche!; the response to the drivin
field is then discontinuous and irreversible. Since it is imp
sible to perform such a study for a continuous model beca
of computational limitations~especially when finite-size
scaling analysis is required near phase transitions!, we adopt
a lattice-gas description that incorporates at a coarse-gra
level the geometric and energetic disorder of the gel-fl
mixture @19#. Previous work has shown that many of th
phenomena observed in experiments on fluids in disorde
porous solids can be reproduced qualitatively by such sim
lattice models@13–15,20#. As in other studies of phase tran
sitions in aerogel@21,22#, we model the solid by a fracta
structure obtained by diffusion-limited cluster-cluster agg
gation.

The paper is organized as follows. In Sec. II, we introdu
the lattice model and discuss some important features of
aerogel structure. In Sec. III, we present the local mean-fi
theory and describe the numerical procedure. The results
the adsorption, desorption, and equilibrium isotherms
87% and 95% porosity aerogels atT/Tc50.45 are given in
Sec. IV. The final section presents a summary and con
sion.

II. LATTICE MODEL AND AEROGEL STRUCTURE

The lattice model used in this work describes the solid
a collection of fixed impurities that exert a random yet c
related~by the connectivity of the strands! external field on
the atoms of the fluid. The Hamiltonian is given by@23,24#

H52wf f(̂
i j &

t it jh ih j2m(
i

t ih i

2ws f(̂
i j &

@t ih i~12h j !1t jh j~12h i !#, ~1!

where t i50,1 is the usual fluid occupation variablei
51, . . . ,N) andh i51,0 is a quenched random variable th
characterizes the presence of gel particles on the la
~when h i50, site i is occupied by the gel!; wf f and ws f
denote, respectively, the fluid-fluid and solid-fluid attracti
interactions,m is the fluid chemical potential, and the doub
summations run over all distinct pairs of nearest-neigh
~nn! sites. One can thus vary the gel porosity,p
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5(1/N)( ih i , by changing the number of solid sites o
modify the ‘‘wettability’’ of the solid surface by changing th
ratio y5ws f /wf f . For y51/2, the model reduces to a sit
diluted Ising model, as can be seen by transforming the fl
occupation variablet i to an Ising spin variable,si52t i21
@24#: preferential adsorption of the liquid phase onto the
is thus modeled byy.1/2. Random fields are generated
the system whenyÞ1/2, and the fluctuating part of the fiel
acting on spinsi is proportional to the number of solid pa
ticles that occupy the nearest neighbors of sitei @24#. This a
discrete random variable that can take the values 0,1, . . . ,c,
wherec is the coordination number of the lattice, and who
probability distribution is strongly porosity dependent.

Gel configurations~i.e., sets$h i%) are generated by a stan
dard on-lattice diffusion-limited cluster-cluster aggregati
~DLCA! algorithm @25# adapted to a body-centered-cub
~bcc! lattice with periodic boundary conditions. The choic
of the bcc lattice will be motivated in Sec. IV B. The DLC
algorithm mimics the growth process of base-catalyzed a
gels used in helium experiments, and it has been show
reproduce the main structural features of these aerogels m
sured from scattering experiments@26#. A typical example of
a 98% porosity DLCA aerogel on a lattice of linear sizeL
5100 is shown in Fig. 1~from now on, we take the lattice
constanta as the unit length; the total number of sites in t
lattice is thusN52L3). One can clearly see the fractal-lik
character of the gel network that results from the aggrega
mechanism.

More quantitative information on the structural properti
of the gel can be extracted from the two-point correlati
function g(r ). Each curve shown in Fig. 2 corresponds to
different porosityp and results from an average over seve
simulations in a box of sizeL5100 ~for p50.87, 0.92, 0.95!
or L5200 ~for p50.97,0.98,0.99). Only the most dilut
samples exhibit a true intermediate regime described by
power-law behaviorg(r ).r 2(32df ) revealing the fractal
character of the intracluster density-density correlations@27#.
For p50.99, one findsdf'1.87, a value that lies in the
range 1.7–1.9 expected for DLCA in three dimensions. No

FIG. 1. Three-dimensional realization of a 98% porosity DLC
aerogel on a bcc lattice of sizeL5100 with periodic boundary
conditions.
4-2
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LOCAL MEAN-FIELD STUDY OF CAPILLARY . . . PHYSICAL REVIEW E68, 061504 ~2003!
however, that the fractal dimension decreases with increa
porosity@28#, so that the asymptotic value must be somew
smaller. Another estimation ofdf can be obtained from the
average cluster sizejG by assuming thatjG varies as
rG

21/(32df ) , where rG512p is the gel concentration. As
suggested in Ref.@26#, jG can be estimated from the locatio
of the first minimum ofg(r ) ~which is hardly visible on the
scale of Fig. 2!. The plot ofjG versusrG shown in Fig. 3
yields df'1.85. Since the correlation length is in the ran
65021300 Å for a 98% base-catalyzed aerogel@3,29# and
jG(rG50.02)'21 in the simulation, one can estimate th
the lattice constanta corresponds to about 30–60 Å. This
consistent with the coarse-grained picture of a gel site re
senting a SiO2 particle with a diameter of about 30 Å.

Another relevant length scale is the size of the larg
cavity in the aerogel@30#. Figure 4 shows the distribution
P(n) of nearest distancesn from an empty site to the aeroge
as a function of porosity~the integer ‘‘distance’’n is defined

FIG. 2. Log-log plot of the aerogel correlation functiong(r ) for
p50.99, 0.98, 0.97, 0.95, 0.92, and 0.87~from top to bottom!. The
solid line is a fit with slope21.13 that corresponds to the fract
regime forp50.99 ~the unit length is the lattice constanta).

FIG. 3. Average cluster sizejG @estimated from the location o
the first minimum ofg(r )] as a function of the gel concentratio
rG512p. The dashed line corresponds to the power-law fitjG

50.707rG
20.868.
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here as the length of the shortest path on the lattice from
empty site to a gel site;n51 means that the empty site is n
of a gel site!. The plot is the normalized histogram of the
distances and(1

nP(n8) gives the probability of being close
thann to the aerogel. One can see that the size of the lar
cavity isn'32 for a 99% aerogel and decreases ton'10 for
a 95% aerogel and ton'5 for a 87% aerogel. It is notice
able that the distribution changes significantly when decre
ing the porosity from 95% to 87%. In the former case,P(n)
has its maximum atn52 and there is a significant proportio
of empty sites that are not in the immediate vicinity of t
gel. In the latter case,P(n) is monotonic and strongly
peaked atn51, which indicates that most of the empty sit
are very close to the gel. We shall see in Sec. IV A that th
differences have important implications on the behavior
the fluid during adsorption.

It is clear from Fig. 3 that the minimum system size ne
essary to describe correctly collective effects occurring
side the aerogel on long length scales~such as a sharp con
densation event in thewholepore space! depends strongly on
the porosity. For instance, a box of linear sizeL5100 is not
large enough to represent the whole pore space of a 9
aerogel because it does not contain a sufficient numbe
connected fractal aggregates~a problem that cannot be cure
by merely increasing the number of realizations!. Within the
framework of local mean-field theory, it is however impo
sible to simulate much larger lattices because the comp
tional time and the memory storage requirement become
hibitive ~at finite temperature, the local fluid densities a
continuous variables, which forbids the use of bits alg
rithms!. In the present work, we consider 95% and 87
aerogels for which we can investigate the statistics of coll
tive events while working with lattices of reasonable si
~betweenL525 andL5100).

FIG. 4. DistributionP(n) of nearest distances from an emp
site to the gel~see the text!. From right to left:p50.99, 0.98, 0.97,
0.95, 0.92,0.87~the dashed lines are guides to the eye!.
4-3
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Since it has been shown previously that the interface
tween the porous solid and the bulk gas may have a dram
effect on the desorption process@15#, two different setups are
considered. In the first one, the system is periodically re
cated in all directions so that no interfacial effects are ta
into account. In the second setup an interface is create
placing a slab of vapor of widthLb510 ~the gas ‘‘reser-
voir’’ ! in contact with one of the@100# faces of the simula-
tion box. Periodic boundary conditions are then imposed
the y and z directions and reflective boundary conditions
the x direction ~obtained by reflecting the lattice at th
boundaries!.

In order to completely specify the model, one must a
fix the value of the interaction parametery. As shown previ-
ously @15#, the shape of the hysteresis loops changes wity.
Since it is meaningless in a coarse-grained picture to c
putey from the actual values of the fluid-fluid and solid-flu
van der Waals interactions, we have chosen its value so a
reproduce approximately the height of the hysteresis loo
the 87% aerogel at low temperature. Specifically, the res
presented in this work are calculated withy52, a value for
which the filling of the 87% aerogel at the lower closu
point of the hysteresis loop is roughly the same as in
experiment atT52.42 K ~i.e., at T/Tc'0.45). This corre-
sponds to about 1/3 of the filling reached at the plateau
before saturation, as can be seen in Fig. 4~c! of Ref. @8# @see
also Fig. 5~a! below#. All calculations are done at this singl
reduced temperature~recall that kTc /wf f5c/452 in the
mean-field approximation!.

III. LOCAL MEAN-FIELD THEORY „LMFT …

AND NUMERICAL PROCEDURE

For the present model, the LMFT consists in solving t
self-consistent equations for the thermally averaged fl
densitiesr i($h i%)5^t ih i&T obtained from minimizing the
mean-field grand-potential functional@13#

FIG. 5. Hysteresis loops in the 87%~a! and 95% ~b! model
aerogels calculated atT/Tc50.45. Equilibrium isotherms are indi
cated by the dotted lines (wf f is taken as the energy unit!.
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V~$r i%!5kBT(
i

@r i lnr i1~h i2r i !ln~h i2r i !#

2wf f(̂
i j &

r ir j2m(
i

r i

2ws f(̂
i j &

@r i~12h j !1r j~12h i !#. ~2!

The variational proceduredV/dr i50 gives a set ofN
coupled nonlinear equations

r i5
h i

11expF2bXm1wf f(
j / i

@r j1y~12h j !# CG , ~3!

where b51/(kBT) and the sum runs over thec nearest
neighbors of sitei. At low temperature, these equations m
have several solutions, and the grand potential correspon
to solution$r i

a% is given by@14#

Va5kBT(
i

h i lnS 12
r i

a

h i
D 1wf f (̂

i j &
r i

ar j
a . ~4!

By using an iterative method to solve Eqs.~3!, one only finds
solutions that are only local minima of the grand-potent
surface, i.e., metastable states@18#.

For a given realization of the aerogel, the sorption is
therms @i.e., the curvesr f5(1/N)( ir i($h i%,m)] are ob-
tained by increasing or decreasing the chemical potentia
small stepsdm. At each subsequentm, the converged solution
at m2dm ~on adsorption! or atm1dm ~on desorption! is used
to start the iterations. The isotherms are then averaged ov
number of gel realizations depending on the system size
order to determine the equilibrium isotherms, we have a
searched for additional solutions of Eqs.~3! inside the hys-
teresis loop by performing scanning trajectories, as explai
below in Sec. IV C.

To accelerate the convergence of the numerical proced
we have introduced the following two modifications in th
iteration algorithm. First, the local densitiesr i are updated
during each iteration step, i.e., the new value ofr i is substi-
tuted into the right hand side of Eqs.~3! before waiting
for the rotation through the indicesi to be completed. Sec
ond, at each iteration step, fluid sites are sorted into
groups, ‘‘active’’ and ‘‘passive,’’ according to the relativ
change in the local density. At the beginning of the calcu
tion, all sites are active and the procedure stops when all s
are passive. At each iteration only active sites are conside
and their new density is calculated using Eqs.~3!. If ur i

(n)

2r i
(n21)u/r i

(n21),1026, wheren denotes thenth iteration,
the sitei becomes passive; otherwise it remains active and
nearest neighbors become~or remain! active~some sites can
thus be passive during a few iterations and become ac
again!.

The advantage of this algorithm is that the number
active sites may quickly become a small fraction of the to
number of sites, which of course significantly reduces
overall computation time. For instance, the number of act
4-4
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LOCAL MEAN-FIELD STUDY OF CAPILLARY . . . PHYSICAL REVIEW E68, 061504 ~2003!
sites is onlyO(L2) when a planar liquid-vapor interfac
propagates through the system. We have checked tha
numerical results are not different~to the precision of the
calculations! from those obtained without updating or wit
using a more standard convergence criterion, such as in
previous studies of fluid adsorption in random matrices@13–
15#. Convergence~to an accurracy of 1026) typically re-
quires between 102 and 103 iterations, and several CPU
hours on a 2.4 GHz workstation are needed to calcula
single adsorption isotherm in a system of linear sizeL
5100 ~using a stepdm/wf f51022 or 1023 to increment the
chemical potential!. The search for equilibrium isotherms
much more time consuming~see below in Sec. IV C! and has
been made possible by using parallel computation on a
owulf cluster of 24 processors.

IV. RESULTS AND DISCUSSION

The results of the present study are summarized in Fi
that shows the adsorption, desorption, and equilibrium
therms calculated for the 87% and 95% model aerogels
y52 andT/Tc50.45~from now on,m is in units ofwf f , the
fluid-fluid interaction parameter!. These curves result from
the detailed numerical analysis described in the follow
and correspond to the thermodynamic limit. The most st
ing feature is the change in the shape of the hysteresis
from smooth to rectangular as the porosity increases. T
change is similar to that observed experimentally by Ch
and co-workers@see Figs. 4~b! and 4~c! in Ref. @8##. As is
explained below, we predict that the three isotherms~adsorp-
tion, desorption, and equilibrium! are discontinuous in the
95% aerogel~at least within mean-field theory where therm
fluctuations are neglected!. The underlying physical mecha
nisms are, however, quite different.

A. Adsorption

We first examine the adsorption process. Calculations
formed in the presence and in the absence of a gel/rese
interface yield isotherms that are almost indistinguisha
~except for the smallest system sizes!, confirming the conclu-
sion reached in our previous work@15# that adsorption does
not depend on the existence of a free surface. This is als
line with the results of previous calculations done in sin
slitlike or cylindrical pores@31#.

In Figs. 6~a! and 6~b! are shown some adsorption is
therms calculated in 87% and 95% porosity samples of lin
size L550 and L5100, respectively~this corresponds to
roughly the same ratioL/jG'10). In both cases, we focu
on the region where the adsorption is the steepest~see Fig.
5!. At lower coverages, the isotherms look gradual a
smooth in the two systems, but asm increases, they consis
of little steps of varying sizes. In the 87% aerogel, the size
these ‘‘avalanches’’ remains small all the way up to t
slowly increasing plateau that extends to saturation. On
other hand, in the 95% aerogel, the size of the jumps tend
increase withm and in most of the samples there is a lar
final avalanche after which the filling is almost comple
@there are however some rare realizations where the
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jump is not much larger than the preceding ones, as ill
trated by one of the isotherms in Fig. 6~b!#.

In order to better visualize the underlying microscop
mechanism, we show in Figs. 7 and 8 some cross section
typical 87% and 95% porosity samples for different values
the chemical potential along the isotherms~here, the size of
both systems isL5100). One can see that in both aeroge
the first stage of the adsorption process is the formation
liquid layer that coats the aerogel strands. Then, asm in-
creases, the film thickens and condensation occurs in
smallest crevices defined by neighboring gel strands. In
87% aerogel, it is difficult to discriminate between these t
filling processes because the available empty space is sm
as illustrated by Fig. 4. For the same reason, the va
bubbles that remain in the system atm524.5 are isolated,

FIG. 6. Representative adsorption isotherms in 87%~a! and
95% ~b! aerogels. System sizes areL550 ~a! andL5100 ~b!. No-
tice the change in the scale of thex axis between the two figures.

FIG. 7. Cross section of a 87% aerogel sample on adsorptio
m525, 24.64,24.5, and24.35 (L5100). Gel sites are shown in
black and fluid density is shown as various degrees of gray~or red
in the online version!. As explained in the text, one can actual
distinguish only two regions corresponding, respectively, tor i

<0.05 @light gray# andr i>0.95 @dark gray#.
4-5
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DETCHEVERRYet al. PHYSICAL REVIEW E 68, 061504 ~2003!
and, as they shrink in size, the adsorption continues gra
ally until the solid is completely filled with liquid. This is
precisely the scenario described in Ref.@8# from the experi-
mental observations with4He. This is also similar to wha
happens in a low-porosity glass such as Vycor@32#. On the
contrary, in the 95% sample, one clearly distinguishes
small capillary condensation events that occur in some
gions of the aerogels~compare the figures form524.16 and
m524.13! and the major final event that corresponds to
filling of a large void space spanning the whole sample~asm
is increased from24.13 to 24.125!. Note that the local
liquid-vapor interfaces inside the gel are very sharp at
low temperature, which explains why one can only dist
guishes two different regions in Figs. 7 and 8. Indeed,
illustrated in Fig. 9 for the lighter aerogel, it is found that t
distribution of r i ’s is bimodal, with most of the fluid sites
having a density lower than 0.05 or larger than 0.95~the
distribution is similar in the 87% porosity aerogel with just
little more intermediate densities!.

From these results~see, for instance, the cross section
the 95% aerogel atm524.13), there is no indication tha
the radius of curvature of the liquid-vapor interface is co
cave and uniform throughout the sample just before the
jor condensation event, as was suggested in Ref.@8#. This
makes unlikely any interpretation in terms of a tradition
capillary condensation model based, for instance, on the
plication of the Kelvin equation@3,33#. Indeed, condensatio
in the remaining void space is itself triggered by a cond
sation event that occurs in one~or several! small region of
the aerogel and that induces further condensation in the
tem. This collective behavior in the form of avalanches
varying sizes is similar to that of the Gaussian RFIM atT
50 proposed by Sethna and co-workers to describe
Barkhausen effect in low-T ferromagnetic materials@16#. In-
creasing slowly the chemical potential of the adsorbed fl
is equivalent to increasing adiabatically the applied field i
ferromagnet, and changing the porosity of the aerogel m
fies the amount of quenched disorder in the system. In

FIG. 8. Same as Fig. 7 for a 95% sample atm524.5, 24.16,
24.13, and24.125 (L5100). This is one of the samples shown
Fig. 5~b!.
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RFIM, the amount of disorder is controlled by the width
the random-field distribution: only small avalanches are
served for large disorder, resulting in a smooth hystere
loop, whereas one macroscopic avalanche produces a dis
tinuity in the magnetization for small disorder@16,34#. The
transition between these two regimes for a certain value
the disorder corresponds to a critical out-of-equilibriu
phase transition at which the distribution of avalanches
lows a power law.

The existence of a major condensation event in mos
the 95% samples of sizeL5100 therefore suggests that the
is one macroscopic~i.e., infinite! avalanche in the thermody
namic limit, corresponding to a finite jump in the adsorpti
isotherm. However, this can be only confirmed by perfor
ing a finite-size scaling analysis of the isotherms obtain
after averaging over many gel realizations. We indeed
serve significant sample-to-sample fluctuations both in
location and the height of the largest jump. Such aver
isotherms are shown in Fig. 10. For the 87% aerogel, ther

FIG. 9. Histogram of the local fluid densitiesr i in the 95%
aerogel sample of Fig. 8 atm524.13.

FIG. 10. Average adsorption isotherms in 87%~a! and 95%~b!
aerogels for different system sizes. The number of gel realizat
ranges from 500 (L535) to 20 (L5100) for the 87% aerogel and
from 2000 (L535) to 300 (L5100) for the 95% aerogel.
4-6
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LOCAL MEAN-FIELD STUDY OF CAPILLARY . . . PHYSICAL REVIEW E68, 061504 ~2003!
obviously no size dependence and we can safely conc
that the adsorption is gradual in the thermodynamic limit.
the contrary, in the lighter aerogel, the isotherms look stee
and steeper as the system size is increased and the re
suggest that there is indeed a discontinuity whenL→` ~the
isotherm corresponding toL535 is shown here for com
pleteness, but this size is probably too small to desc
properly a 95% aerogel!. As we discussed elsewhere@14# in
the case of fluid equilibrium behavior in purely random s
ids, one expects that the maximal slope of the isothe
should scale asL3/2 at a first-order transition@assuming that
the location of the largest jump fluctuates around its m
value m̄ t(L) with a variancedm t(L)2}L23]. As shown in
Fig. 11, one can obtain a reasonably good collapse of thL
550, 70, and 100 irreversible ‘‘compressibility’’ curve
dr f /dm by using the scaling variableLx$m2m̄ t(L)% with
x'1.22.

There are at least two possible explanations for the
crepancy with the expected valuex53/2. First, the system
sizes could still be too small so that too many gel realizati
would have a nontypical behavior, with several avalanche
similar heights~note that in a coarse-grained picture of
95% gel-fluid system where a region of sizejG is repre-
sented by a single effective spin, there would be only ab
103 such effective spins in a sample of sizeL5100). Sec-
ond, one may be close to the critical valuepc of the disorder,
i.e., the critical value of the porosity fory52 and T/Tc
50.45, for which the infinite avalanche first appears. Stud
of the T50 RFIM have shown, moreover, that the critic
region is unusually large@16#. The valuex51.22 is compat-
ible with the predictions of Sethna and co-workers, w
x5bd/n.22h @35#, although one cannot also exclude th
the exponents differ from those of the conventional RF
because of the presence of impurities@36#. In any case, it
seems reasonable, on the basis of the present calculatio
predict the existence of a phase transition with most proba
a discontinuity in the adsorption isotherm in the thermod
namic limit, as shown in Fig. 5~b!.

FIG. 11. Scaling plot of the compressibility curvesdr f /dm dur-
ing adsorption in the 95% aerogel withx51.22 @m̄ t(L)524.123,
24.126, and24.128 forL550, 70, and 100, respectively; extrap
lation to L→` givesm t5 lim L→`m̄ t(L).24.131].
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B. Desorption

As discussed elsewhere@15#, fluid desorption in disor-
dered porous solids can take place via several differ
mechanisms, depending on the temperature and on the s
tural and energetic properties of the solid~in Ref. @15#, how-
ever, only the influence of the interaction parametery, i.e., of
the wetting properties of the adsorbed fluid, was describ!.
In a first mechanism, desorption is due to the appearanc
vapor bubbles in the bulk of the material, bubbles that gro
coalesce, and eventually extend over the whole pore sp
The mass adsorbed then decreases continuously. In the
mechanisms, draining of the solid starts from the surfa
and the desorption is associated with the penetration o
vapor-liquid interface which was previously pinned by t
irregularities of the solid structure form larger than some
threshold valuemc ~the ‘‘depinning’’threshold!. The desorp-
tion curve is then either gradual or discontinuous, depend
on whether the growth of the vapor domain is isotropic a
percolationlike ~self-similar!, or compact ~self-affine!. In
those cases the transition is however always critical beca
the scale of the rearrangements of the interface diverge
m→mc

1 . This is very similar to the physics of fluid invasio
in porous media@37#, although we are considering here
single compressible fluid, and of field-driven domain w
motion in disordered magnets@38#.

In order to find what are the relevant mechanisms in
87% and 95% aerogels fory52 andT/Tc50.45, we have
studied the two systems in the presence and in the absen
the interface with the gas reservoir. In the latter case, we
that emergence of vapor bubbles in the bulk of the solid o
occurs at low values of the chemical potential~m.25.27
andm.25.25 for 87% and 95% aerogels, respectively!, very
close to the valuemspi525.249 corresponding to the liquid
~mean-field! spinodal of the bulk fluid atT/Tc50.45. This
shows that the perturbation induced by the solid is too sm
to displace significantly the liquid spinodal. On the oth
hand, the contact with the ambient vapor at the surface of
gel has a major influence, as illustrated in Fig. 12 by typi
desorption isotherms calculated in the presence of a free
face. One can see that when decreasing the chemical po
tial all the curves exhibit a pronounced drop much befo

FIG. 12. Desorption isotherms in 87%~a! and 95%~b! aerogels.
System sizes areL550 ~a! andL5100 ~b!.
4-7
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DETCHEVERRYet al. PHYSICAL REVIEW E 68, 061504 ~2003!
vapor bubbles appear in the bulk of the material. This i
clear indication that the mechanism of desorption is due
the surface.

The isotherms shown in Fig. 12 consist of many steps
varying size, but it also appears that one step is significa
larger than the other ones in most of the 95% sample
feature that is not present in the isotherms of the 87% a
gel. This suggests that the growth morphology of the inv
ing vapor domain may change with the porosity. This is co
firmed by the snapshots displayed in Figs. 13 and 14
show the invading vapor domain in two typical 87% a
95% samples when about 10% of the fluid has drained ou
the aerogel. This is just after the onset of the sharp dro
the isotherms. As in the case of adsorption, we find that
distribution ofr i ’s is bimodal in this range of chemical po
tentials, with most of the fluid sites having a density low

FIG. 13. Invading vapor domainVt ~in dark! in a 87% aerogel at
m524.706 (L5100). 10% of the fluid has drained out. The g
reservoir located at the bottom of the box and the aerogel are
shown.

FIG. 14. Same as Fig. 13 but for a 95% aerogel atm524.220.
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than 0.05 or larger than 0.95. One can thus identify una
biguously the emptied sites. Although the volume occup
by the vapor is the same in the two samples~about 200 000
sites!, the morphology of the domain is remarkably differen
In the 87% aerogel, the vapor domain exhibits an intric
isotropic structure that resembles that produced in invas
percolation. In contrast, the domain looks compact with
self-affine interface in the lighter aerogel. This is very simi
to the two regimes observed in theT50 RFIM when an
interface separating two magnetic domains is driven by
external field@40#: when the disorder is large, the interfac
forms a self-similar pattern with a large-scale structure ch
acteristic of percolation, whereas the growth is compact
the domain wall forms a self-affine fractal surface at int
mediate degrees of disorder~note that the use of the body
centered cubic lattice has allowed us to suppress the fac
growth regime that is observed atT/Tc50.45 in the 95%
porosity aerogel on the simple cubic lattice@39#; this regime
is an artifact of the lattice description!.

In order to confirm the existence of two growth regim
and to determine the actual behavior in the thermodyna
limit, a finite-size scaling analysis of the desorption is
therms is required. Average isotherms calculated for differ
system sizes are shown in Fig. 15. By analogy with the pr
lem of a driven interface in theT50 RFIM, one expects tha
the total volumeVt(m) of the invading vapor domain show
a power-law divergence at the depinning thresholdmc .
Then, assuming that the only relevant length scales neamc
are the system sizeL and a single correlation lengthj
;@(m2mc)/mc#

2n, the dependence ofVt on system size
should be described by the scaling formLD fg(x), whereD f
is the fractal dimension characterizing the domain andg is a
universal function of the scaling variablex5L1/n(m
2mc)/mc @40#.

In both aerogels, one observes important finite-size effe
~see Fig. 15!, but, unfortunately, they are not only due to th
existence of a diverging correlation length in the system
also due to boundary effects. There is indeed an initial

ot

FIG. 15. Average desorption isotherms in 87%~a! and 95%~b!
aerogels for different system sizes. The number of gel realizat
ranges from 1000 (L525) to 100 (L5100) for the 87% aeroge
and from 1000 (L535) to 200 (L5100) for the 95% aerogel. The
arrow in ~b! indicates the common intersection of the curves.
4-8
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LOCAL MEAN-FIELD STUDY OF CAPILLARY . . . PHYSICAL REVIEW E68, 061504 ~2003!
gime in which desorption is due to the draining of lar
crevices at the surface of the gel where the fluid is in dir
contact with the ambient vapor. For a given porosity,
number of these crevices is proportional toL2 and the con-
tribution to the fluid density is thus proportional to 1/L. It
turns out that this initial regime extends to rather low valu
of the chemical potential~m.24.6 andm.24.15 for the
87% and 95% aerogels, respectively!, so that the scaling re
gion around the depinning threshold is too small to be st
ied properly and to extract the values of the critical exp
nents~such an effect is not present in the numerical stud
of domain growth in the standardT50 RFIM @38# because
there is a different random field oneachsite of the lattice and
no equivalent of the crevices!. We note, however, that th
curves in Fig. 15~b! have a common intersection a
m.24.24, in contrast with those in Fig. 15~a!. This is con-
sistent with the scaling ansatz for the volume of the invad
vapor domain withD f53 for the 95% aerogel andD f,3 for
the 87% aerogel. We thus conclude that the desorption se
to be discontinuous in the first case and gradual~percolation-
like! in the second one.

This leads to the isotherms shown in Fig. 5. Their sha
resembles that of the experimental curves in Figs. 4~b! and
4~c! of Ref. @8#. The minor differences can be rationalize
the experimental isotherm in the 87% aerogel@Fig. 4~c! in
Ref. @8## does not exhibit a sharp kink atmc , but this round-
ing may be due to the activated processes that are negle
in the present treatment; Fig. 4~b! in Ref. @8# corresponds to
a 98% aerogel, which probably explains why the shape of
hysteresis is more rectangular than in the present Fig. 5~b!.

C. Equilibrium

In order to determine the equilibrium isotherms, one h
to find, for each value ofm, the lowest lying state~s! among
all the metastable states obtained from Eqs.~3!. A complete
enumeration of these states is, however, an impossible
merical task, and like in previous work@13,14#, we have only
calculated a limited number of states that, hopefully, can p
vide a good approximation of the equilibrium isotherm. Th
can be checkeda posteriori by using the Gibbs adsorptio
equationr f52](V/N)/]m, which is only satisfied by the
equilibrium curve@13#. In Refs. @13,14#, we searched for
metastable states inside the hysteresis loop by starting
iterative procedure with initial configurations correspondi
to uniform fillings of the lattice~with r i

(0)5r varying be-
tween 0 and 12p). This method, however, does not co
verge in dilute aerogels because the structure is very in
mogeneous and correlated, at least for distances smaller
jG . It is then likely that all metastable fluid configuration
are also very inhomogeneous and cannot be reached i
tively from initial uniform fillings. We have thus searched fo
metastable states by calculating desorption and adsorp
scanning curves, i.e., by performing incomplete filling
draining of the aerogel and then reversing the sign of
evolution of the chemical potential. For convenience, th
~very long! calculations are done in systems with period
boundary conditions in all directions, i.e., in the absence
an interface with the reservoir@41#.
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Some typical desorption scanning curves are shown
Figs. 16~a! and 16~b!. In both cases, the top curve is th
major desorption branch, and by comparing with the is
therms shown in Figs. 12 or 15, it is clear that the part of t
branch extending to lowm’s and corresponding to liquidlike
metastable states that are isolated from the other states
artifact coming from the absence of the interface with t
reservoir. We also notice that there are no scanning curve
the upper part of the hysteresis loop for the 95% sam
This is because there is a jump in the adsorption isoth
and, thus, there are no intermediate states from which
sorption can be started. Therefore the states contained in
region of the plane (r f ,m) cannot be reached by performin
scanning trajectories@42#. ~Further work is clearly needed t
determine if there are no metastable states at all in this re
or if the states can be obtained, by other means, for insta
by changing the temperature.!

Figure 16 also shows the approximate equilibrium is
therms obtained by selecting, for each value ofm, the statea
that gives the lowest value of the grand potential, as ca
lated from Eq.~4!. We have checked that taking into accou
the additional metastable states obtained from the adsorp
scanning curves did not change significantly the results~as in
Ref. @14#, we have also checked that keeping all solutio
with a weighting factor equal to the Boltzmann factor giv
the same isotherms!. As illustrated in Figs. 17~b! and 18~b!,
the Gibbs adsorption equation is very well verified alo
these curves. This indicates that we have indeed obtain
good approximation of the true equilibrium isotherms.
contrast, thermodynamic consistency is strongly viola
along the adsorption and desorption branches@see Figs. 17~a!
and 18~a!#. The presence of~d! peaks in]V/]m also shows
that the grand potentialV changes discontinuously~as the
fluid densityr f) during adsorption and desorption in a sing
finite sample. On the other hand,V is continuous~but r f is
discontinuous! along the equilibrium isotherm, as alread
noticed in Ref.@14#.

One can see from Figs. 16~a! and 16~b! that the equilib-
rium behavior is different in the 87% and 95% porosity ae

FIG. 16. Typical desorption scanning curves~points! and equi-
librium isotherms~solid lines! in 87% ~a! and 95%~b! aerogels
(L570).
4-9
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DETCHEVERRYet al. PHYSICAL REVIEW E 68, 061504 ~2003!
gels. In particular, there is a large final jump in the isothe
of Fig. 16~b!. The same feature exists in all samples, but
order to conclude on the actual behavior in the infinite s
tem one has again to analyze the size dependence o
average isotherms. This is shown in Fig. 19. For the 8
aerogel, there is almost no size dependence and it is c
that no transition occurs whenL→`. On the other hand, fo
the 95% aerogel, the isotherms become steeper asL increases
and there is a rather well defined common intersection
m t.24.17. This is a clear indication that a phase transit
does occur in the thermodynamic limit. However, we ha
not succeeded in obtaining a satisfactory collapse of the
therms using the scaling reduced variableL3/2@m
2m t(L)#/m t(L) as was done in Ref.@14# in the case of a
random solid. The origin of this problem is still unclear, b
we suspect that the system sizes are again too small. Ind
we note that the maximal slope increases rather weakly
tweenL535 andL570, but has a size dependence cons
tent with the exponent 3/2 betweenL570 andL5100. We
thus conclude that our results are consistent with a disc
tinuous jump in the thermodynamic limit, as indicated in F

FIG. 17. Check of thermodynamic consistency along the ads
tion, desorption, and equilibrium isotherms for a 87% porosity ae
gel (L570). ~a! Adsorption and desorption and~b! equilibrium.
Symbols: average fluid densityr f . Dashed curves: related quanti
obtained by differentiating the corresponding grand potential w
respect to the chemical potential.

FIG. 18. Same as Fig. 17 but for a 95% aerogel.
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5~b!. This corresponds to a true equilibrium liquid-vap
phase separation in the system.

V. SUMMARY AND CONCLUSION

In this paper, we have proposed an interpretation of
hysteretic behavior observed in the experiments of4He ad-
sorption in light silica aerogels. The overall shape of t
experimental hysteresis loops is well described by our th
retical model and we have been able to reproduce the
matic influence of porosity. In this interpretation, the diso
dered character of the aerogel structure plays an esse
role, the porosityp being the tunable parameter that contro
the amount of disorder in the system. The history-depend
behavior is thus associated with the presence of many m
stable states in which the system may be trapped and
prevent thermal equilibration at low temperatures. The m
important conclusion of our study is that adsorption and
sorption obey to different mechanisms and may be gradua
discontinuous, depending on the porosity. Adsorption is
sensitive to the presence of the interface between the s
and the external vapor, and the change in the shape of
isotherm from smooth to discontinuous asp increases from
87% to 95% has been related to the appearance of an infi
avalanche occurring in the bulk of the system, similar
what happens in theT50 RFIM below the critical disorder
@16#. In contrast, desorption is triggered by the presence
the outer surface and an associated depinning transition.
change in the shape of the isotherm is then related t
change in the morphology of the invading vapor doma
from percolationlike to compact~note however that the
mechanism may be different in aerogels of lower poros
@43#!.

One must keep in mind that our calculations are based
local-mean-field theory in which disorder-induced fluctu
tions are properly accounted for but thermal fluctuations
neglected. This appears to be a reasonable assumptio
very low temperatures where the time scale associated
thermally activated processes is much larger than the exp
mental time scale. In this case, both the adsorption and

p-
-

h

FIG. 19. Average equilibrium isotherms in 87%~a! and 95%~b!
aerogels for different system sizes. The number of gel realizat
ranges from 500 (L525) to 20 (L5100) for the 87% aerogel and
from 2000 (L535) to 200 (L5100) for the 95% aerogel.
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LOCAL MEAN-FIELD STUDY OF CAPILLARY . . . PHYSICAL REVIEW E68, 061504 ~2003!
sorption branches are metastable and we have shown tha
true equilibrium isotherm~which probably cannot be reache
experimentally! is somewhere in between: this isotherm a
changes from gradual to discontinuous asp increases. The
situation is different at higher temperature~in the vicinity of
Tc) since true equilibrium behavior without hysteresis h
been observed experimentally@2,4#. It will be of interest,
therefore, to study the influence of temperature on the h
teretic behavior and to understand how the dynamics of
laxation towards equilibrium changes withT ~see, e.g., Ref.
@44# for a recent study of the relaxation behavior associa
with capillary condensation in a lattice model of Vycor!.

Finally, we suggest that the scenario for filling and dra
ing described in this work could be tested in more detail
performing experiments in a series of aerogels of gradu
increased porosity. If our interpretation of the adsorption p
cess in terms of avalanches is correct, there should ex
value of the porosity for which the isotherm becomes criti
and the distribution of avalanche sizes follows a power l
with well-defined critical exponents@16#. Using superfluid
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instead of normal4He could perhaps allow us to observ
distinct avalanche events in the aerogel and to study t
statistical properties. Such a study has been performed
cently in the nanoporous material nucleopore by a cap
tance technique@45#. One could also check that the drainin
of the aerogel starts from the surface and that the growth
the invading vapor domain obeys different regimes. Rela
studies have been for instance carried out in Vycor us
ultrasonic attenuation and scattering techniques@32,46#.
Such experiments would give a definite answer to the lo
standing question about the nature of hysteresis in fluid
sorption in disordered porous media.
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