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Local mean-field study of capillary condensation in silica aerogels
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We apply local mean-fieldi.e., density functionaltheory 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 of*He in silica aerogels.
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[. INTRODUCTION characteristic time of activated dynamig$]. The situation
changes, however, at lower temperatures and the adsorption
The influence of quenched disorder on phase transitionsf “He in a 98% porosity aerogel is clearly hysteretic at 3.60
and critical phenomena continues to be the focus of intensiv& and 2.34 K[7,8]. Both adsorption and desorption iso-
experimental and theoretical research activity. Major effectsherms display a vertical step at well-defined pressures, but
are expected and actually observed when the disordeatraining occurs at a lower pressure than fill[8¢ The shape
couples linearly to the order parameter of the system, a situsf the hysteresis loop, moreover, depends on the porosity of
ation that is realized when a fluid or a fluid mixture is con-the aerogel: in an aerogel of 87% porositije adsorbs and
fined within a porous glass or is in contact with the intercon-desorbs gradually at 2.42 K and there is no signature of a
nected strands of a gel. A dilute rigid network is a “liquid-vapor” phase coexistencEsee Fig. 4c) in Ref.[8]].
particularly interesting medium from a theoretical perspec-Such hysteretic behavior is reminiscent of capillary conden-
tive because exclusiafie., confinementeffects do not play sation in a low-porosity solidlike Wcor glass where one ob-
a dominant role, so that the random-field Ising modelserves a rapid increase of the adsorbed quantity at a pressure
(RFIM) may be a useful framework to interpret the experi-below the bulk saturated vapor pressure, but no sharp verti-
mental observationfl]. cal step in the adsorption isotherfri€)]. The mechanism for
A striking example of the influence of a gel network on hysteresis in porous substrates has prompted much discus-
fluid phase behavior is provided by the thermodynamic studsion in the literature and various explanations have been pro-
ies of Chan and co-workers ofHe in silica aerogels of posed, focusing either on single-pore metastability of the van
varying porosity. Silica aerogels are highly porous, fractal-der Waals type or on network pore-blocking effe¢id].
like solids made of a tenuous network of Si€trands inter-  Since both models seem completely inadequate to describe
connected at random sites. In a 95% porosity aerogel, spdight aerogels, the'He experiments raise several questions:
cific heat and adsorption(vapor-pressure isothehm what is the scenario for the change in the shape of the hys-
measurementf2] performed in the vicinity of the critical teresis loopg12]? Do filing and draining obey different
temperature of the pure fluidr{=5.195 K) show evidence mechanisms? What is the true equilibrium behavior when
of a phase separation between a low-density “vapor” phaséysteresis is present?
(presumably composed ofHe vapor plus a liquid film These questions are addressed in the present work where
around the silica strand3]) and a high-density “liquid” we build on our earlier studies of capillary condensation in
phase filling the whole pore space. The first-order transitiordisordered porous soligd3—15, but focusing on aerogels.
appears to terminate at a sharply defined critical point that i$Ve are mainly interested in the influence of the porosity on
only 31 mK belowT,., which suggests that the system is in the hysteretic behavior of sorption isotherms. This is partly
a weak random-field regime. The coexistence boundary imotivated by theoretical studies of the zero-temperature
the presence of aerogel is, however, much narrower than iRFIM which predict the existence of a disorder-induced out-
the pure system. Subsequently, similar results were obtaineaf-equilibrium phase transition in the hysteresis Iddg].
with N, in the same aerogel, using light scattering and vaporThe first experimental observations of this phase transition
pressure isothernmigt]. Since out-of-equilibrium and hyster- have been recently reported in the literat{it&], and we
etic effects due to domain formation are generally observedrgue that the change in tH#e adsorption isotherm from
in random-field systems below the critical temperature of thesharp to smooth can be interpreted within the same frame-
pure systentas illustrated by the behavior of binary mixtures work. We propose a different scenario for draining and we
in aerogels5] and diluted antiferromagnets in a magnetic relate the observed behavior to an out-of-equilibrium phase
field [6]), it is noteworthy that no hysteresis is present in thetransition associated with the depinning of the liquid-vapor
measurements performed in R€f2,4]. The gel-fluid system interface. The approach we develop is similar to that used
has thus reached equilibrium within the time scale of thepreviously for calculating the irreversible behavior of spin
experiments, which is indeed found much longer than theglasses, random-field ferromagnets, and diluted antiferro-
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magnets[18]; it consists in studying the evolution of the
free-energy surfacémore precisely, the grand-potential sur-
face()) as the external driving fielthere, the pressure of

the external vapor or, equivalently, the chemical potential

is changed() is a functional of the local fluid density and is
treated in the mean-field approximation. At low temperatures
this multidimensional free-energy landscape is characterized
by a large number of local minima in which the system may
be trapped. The main physical assumption underlying our
description is that thermally activated processes play a neg-
ligible role on the time scale of the experimeriis other
words, the dynamics is similar to that &&=0). The evolu-

tion of the system then proceeds either continuously by the
deformation of the local minimum in which the system is
trapped or when this latter becomes unstable by a jump to
another minimum(avalanchg the response to the driving
field is then discontinuous and irreversible. Since it is impos-
sible to perform such a study for a continuous model because
of qomputatio_na_l Iimitgtions(especially Whe_n_ finite-size aerogel on a bcc lattice of size=100 with periodic boundary
scalmg analysis |s_re_qU|red near phase transitiome adopt ~ conditions.

a lattice-gas description that incorporates at a coarse-grained

level the geometric and energetic disorder of the gel-fluid=(1/N)Z;7;, by changing the number of solid sites or
mixture [19]. Previous work has shown that many of the modify the “wettability” of the solid surface by changing the
phenomena observed in experiments on fluids in disordere@tio y=ws/w¢;. Fory=1/2, the model reduces to a site
porous solids can be reproduced qualitatively by such simpléliluted Ising model, as can be seen by transforming the fluid
lattice model§13—15,2(. As in other studies of phase tran- Occupation variabler; to an Ising spin variables;=27—1
sitions in aeroge[21,27], we model the solid by a fractal [24]: preferential adsorption of the liquid phase onto the gel
structure obtained by diffusion-limited cluster-cluster aggrelS thus modeled by>1/2. Random fields are generated in
gation. the system wheg+ 1/2, and the fluctuating part of the field

The paper is organized as follows. In Sec. II, we introducecting On spirs; is proportional to the number of solid par-

the lattice model and discuss some important features of th(%cles that occupy the nearest neighbors of s[ta4]. This a

aerogel structure. In Sec. lll, we present the local mean-fiel iscrete random variable that can take the values.0,1c,

theory and describe the numerical procedure. The results falyherec is the coordination number of the lattice, and whose

the adsorption, desorption, and equilibrium isotherms ir1m0b"Jlbility distribution is strongly porosity dependent.

. - . . Gel configurationsi.e., setq »;}) are generated by a stan-
87% and 95% porosity aerogels BT, =0.45 are given in dard on-lattice diffusion-limited cluster-cluster aggregation

S_ec. IV. The final section presents a summary and CO”C|U(DLCA) algorithm [25] adapted to a body-centered-cubic
sion. (bco lattice with periodic boundary conditions. The choice
of the bcc lattice will be motivated in Sec. IV B. The DLCA
Il. LATTICE MODEL AND AEROGEL STRUCTURE algorithm mimics the growth process of base-catalyzed aero-
) o i . gels used in helium experiments, and it has been shown to
The lattice model used in this work describes the solid ageproduce the main structural features of these aerogels mea-
a collection of fixed impurities that exert a random yet cor-g,red from scattering experimenis]. A typical example of
related(by the connectivity of the strandexternal field on 5 ggoy porosity DLCA aerogel on a lattice of linear size
the atoms of the fluid. The Hamiltonian is given [83,24] =100 is shown in Fig. Zfrom now on, we take the lattice
constanta as the unit length; the total number of sites in the
lattice is thusN=2L%). One can clearly see the fractal-like
character of the gel network that results from the aggregation
mechanism.
_stz [rimi(1— 7))+ 77,(1— )], (1) More quantitative information on the structgral properties
) of the gel can be extracted from the two-point correlation
functiong(r). Each curve shown in Fig. 2 corresponds to a
where 7,=0,1 is the usual fluid occupation variablé ( different porosityp and results from an average over several
=1,... N) andn;=1,0 is a quenched random variable thatsimulations in a box of size =100 (for p=0.87, 0.92, 0.95
characterizes the presence of gel particles on the latticer L=200 (for p=0.97,0.98,0.99). Only the most dilute
(when 7;=0, sitei is occupied by the gglw¢; andwg;  samples exhibit a true intermediate regime described by the
denote, respectively, the fluid-fluid and solid-fluid attractivepower-law behaviorg(r)=r (=) revealing the fractal
interactionsu is the fluid chemical potential, and the double character of the intracluster density-density correlat@T$.
summations run over all distinct pairs of nearest-neighbofFor p=0.99, one findsd;~1.87, a value that lies in the
(nn) sites. One can thus vary the gel porosity, range 1.7—-1.9 expected for DLCA in three dimensions. Note,

FIG. 1. Three-dimensional realization of a 98% porosity DLCA
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FIG. 2. Log-log plot of the aerogel correlation functig(r) for oI

p=0.99, 0.98, 0.97, 0.95, 0.92, and 0.8im top to botton. The
solid line is a fit with slope—1.13 that corresponds to the fractal
regime forp=0.99 (the unit length is the lattice constaay. 0
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however, that the fractal dimension decreases with increasing
porosity[28], so that the asymptotic value must be somewhat FIG. 4. DistributionP(n) of nearest distances from an empty
smaller. Another estimation af; can be obtained from the site to the gelsee the tejt From right to left:;p=0.99, 0.98, 0.97,
average cluster siz€g by assuming thatég varies as 0.95, 0.92,0.87the dashed lines are guides to the)eye

pgll(s_df), where pg=1—p is the gel concentration. As _
suggested in Ref26], &g can be estimated from the location here as 'the length qf the shortest path on the Iatnge from an
of the first minimum ofg(r) (which is hardly visible on the ©€Mpty site to a gel sity=1 means that the empty site is nn
scale of Fig. 2 The plot of £ versuspg shown in Fig. 3 of a gel sitg. The plot is the normahzeql .hlstogra_m of these
yields d;~1.85. Since the correlation length is in the rangedistances an@1P(n’) gives the probability of being closer
650— 1300 A for a 98% base-catalyzed aerof@29] and thann to the aerogel. One can see that the size of the largest
£6(pe=0.02)~21 in the simulation, one can estimate that cavity isn~32 for a 99% aerogel and decreases4o10 for
the lattice constara corresponds to about 30—60 A. This is & 95% aerogel and to~5 for a 87% aerogel. It is notice-
consistent with the coarse-grained picture of a gel site repreable that the distribution changes significantly when decreas-
senting a SiQ particle with a diameter of about 30 A. ing the porosity from 95% to 87%. In the former caB¢n)
Another relevant length scale is the size of the largeshas its maximum at=2 and there is a significant proportion
cavity in the aeroge[30]. Figure 4 shows the distribution Of empty sites that are not in the immediate vicinity of the
P(n) of nearest distancesfrom an empty site to the aerogel 9€el. In the latter caseP(n) is monotonic and strongly

as a function of porositythe integer “distance’ is defined ~Peaked ah=1, which indicates that most of the empty sites
are very close to the gel. We shall see in Sec. IV A that these

0w——————7———+- — differences have important implications on the behavior of
the fluid during adsorption.

It is clear from Fig. 3 that the minimum system size nec-
essary to describe correctly collective effects occurring in-
side the aerogel on long length scalsach as a sharp con-
densation event in theholepore spacedepends strongly on
the porosity. For instance, a box of linear size 100 is not

30—

u large enough to represent the whole pore space of a 99%
b aerogel because it does not contain a sufficient number of
connected fractal aggregat@sproblem that cannot be cured
0 o by merely increasing the number of realizatipr&ithin the

framework of local mean-field theory, it is however impos-
sible to simulate much larger lattices because the computa-
o tional time and the memory storage requirement become pro-
hibitive (at finite temperature, the local fluid densities are
continuous variables, which forbids the use of bits algo-

FIG. 3. Average cluster siz&; [estimated from the location of fithms). In the present work, we consider 95% and 87%
the first minimum ofg(r)] as a function of the gel concentration aerogels for which we can investigate the statistics of collec-
ps=1—p. The dashed line corresponds to the power-langdit tive events while working with lattices of reasonable size
=0.707g %%, (betweenL =25 andL =100).

)
S

L AL N S S B B B B B B
o

PR R T I Y N A T T T T N S RO S

061504-3



DETCHEVERRYet al. PHYSICAL REVIEW E 68, 061504 (2003

= B Q({ph=keT2 [pilnpit+ (= p)In(7 = pi)]

_Wff% pipj— MEI Pi

—wsf“Ej> [pi(1=p)+pi(1—m)]. (2

The variational procedure’(}/ép;=0 gives a set ofN
coupled nonlinear equations

7i

)

(b)_ pi=
B 1+ ex;{ -B

M+Wff2/_ [pj+y(1- 7]])])
ili

FIG. 5. Hysteresis loops in the 87%) and 95%(b) model ~ \yhere B=1/(kgT) and the sum runs over the nearest
aerogels calculated a‘t/TC:O_.45. Equilibrium |sotherm§ are indi- neighbors of sité. At low temperature, these equations may
cated by the dotted linesi; is taken as the energy uhit have several solutions, and the grand potential corresponding

to solution{p;*} is given by[14]

Since it has been shown previously that the interface be- )
tween the porous solid and the bulk gas may have a dramatic a_ i a a
effect on thpe desorption procddss), tw% differ)ént setups are Q= kBTzi" i In( 1= _> Wi % Pi P )

considered. In the first one, the system is periodically repli- ] ) ] )
cated in all directions so that no interfacial effects are takerBY USing an iterative method to solve E¢8), one only finds

into account. In the second setup an interface is created |;Jt|0nS. that arte ?nlgll Ioc;aler;mlma of the grand-potential
placing a slab of vapor of width,=10 (the gas ‘reser- urFi(;eéL?\./,er:er:aSIi?atieorsl ?)E‘ th]é aerogel, the sorption iso-
voir™) in contact with one of th¢100] faces of the simula- 9 gel, b

. . » . . therms [i.e., the curvesp;=(1/N)Z;p;({7},n)] are ob-
tion box. Pe.”Od'(.: boundary conqmons are then |m_p_osed_ Nained by increasing or decreasing the chemical potential in
they and z directions and reflective boundary conditions in

o . ) : small stepsSu. At each subsequept, the converged solution
the x dlrecnon (obtained by reflecting the lattice at the at u— S (on adsorptionor at u+ S (on desorptiohis used
boundaries to start the iterations. The isotherms are then averaged over a

~ In order to completely specify the model, one must alsoyymper of gel realizations depending on the system size. In
fix the value of the interaction parameterAs shown previ-  grder to determine the equilibrium isotherms, we have also
ously[15], the shape of the hysteresis loops changes with searched for additional solutions of Eq8) inside the hys-
Since it is meaningless in a coarse-grained picture to comeresis loop by performing scanning trajectories, as explained
putey from the actual values of the fluid-fluid and solid-fluid below in Sec. IV C.

van der Waals interactions, we have chosen its value so as to To accelerate the convergence of the numerical procedure,
reproduce approximately the height of the hysteresis loop inve have introduced the following two modifications in the
the 87% aerogel at low temperature. Specifically, the resultgeration algorithm. First, the local densitigs are updated
presented in this work are calculated witks 2, a value for  during each iteration step, i.e., the new valugpfs substi-
which the filling of the 87% aerogel at the lower closuretuted into the right hand side of Eq¢3) before waiting
point of the hysteresis loop is roughly the same as in thdor the rotation through the indicésto be completed. Sec-
experiment aff =2.42 K (i.e., at T/T.~0.45). This corre- ©0nd, at each iteration step, fluid sites are sorted into two
sponds to about 1/3 of the filling reached at the plateau jusgroups, “active” and “passive,” according fo the relative
before saturation, as can be seen in Fig) 4f Ref.[8] [see change in the local density. At the beginning of the calcula-

also Fig. %a) below]. All calculations are done at this single tion. all sites are active and the procedure stops when all sites
reduced temperaturéecall thatkT,/w;;=c/4=2 in the are passive. At each iteration only active sites are considered
C

mean-field approximation and their new density is calculated using E®. If [p(™
—p{"Y|1p("" V<1078, wheren denotes thenth iteration,
the sitei becomes passive; otherwise it remains active and its

lIl. LOCAL MEAN-FIELD THEORY  (LMFT) nearest neigh.bors becor(m remair) a_ctive (some sites can _
AND NUMERICAL PROCEDURE thusﬁbe passive during a few iterations and become active
again.

For the present model, the LMFT consists in solving the The advantage of this algorithm is that the number of
self-consistent equations for the thermally averaged fluichctive sites may quickly become a small fraction of the total
densitiesp;({ 7;}) =( 7 m;)7 obtained from minimizing the number of sites, which of course significantly reduces the
mean-field grand-potential functiongl3] overall computation time. For instance, the number of active
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sites is onlyO(L?) when a planar liquid-vapor interface LY A e e T T
propagates through the system. We have checked that th | | p—
numerical results are not differefito the precision of the U i
calculation$ from those obtained without updating or with 08 7 1 osk ': -
using a more standard convergence criterion, such as in ou 5
previous studies of fluid adsorption in random matrick®— i & 1 S
15]. Convergencedto an accurracy of 10°) typically re- 06 g
quires between foand 1@ iterations, and several CPU '
hours on a 2.4 GHz workstation are needed to calculate & - 4 1 T T
single adsorption isotherm in a system of linear size ﬁ;’f

=100 (using a stepdu/ws;=10"2 or 10”2 to increment the 0'4/ 7 0'4/ 7
chemical potential The search for equilibrium isotherms is i | |
much more time consumin@ee below in Sec. IV Cand has (a) (b)
been made possible by using parallel computation on a Be 02—~y o2 ———l—————
owulf cluster of 24 processors. 2 n

FIG. 6. Representative adsorption isotherms in 876 and
IV. RESULTS AND DISCUSSION 95% (b) aerogels. System sizes dre=50 (a) andL =100 (b). No-

. .. tice the change in the scale of tkeaxis between the two figures.
The results of the present study are summarized in Fig. 5

that shows the adsorption, desorption, and equilibrium isor . . _—
therms calculated for the 87% and 95% model aerogels f trlrjgt]gdIzyngag]gf?héa{gghgﬁg ti:eF%r((ta;]edmg ones, as illus
y=2 andT/T.=0.45(from now on,u is in units ofw;;, the N

fluid-fluid int " ter Th It t In order to better visualize the underlying microscopic
uid-Tiuid interaction parametgr tnese Curves resutt Iom - o opanism, we show in Figs. 7 and 8 some cross sections of
the detailed numerical analysis described in the followin

o ) gtypical 87% and 95% porosity samples for different values of
and correspond to the thermodynamic limit. The most str|k—the chemical potential along the isotherthgre, the size of

ing feature is the change in the shape of the hysteresis lo%’oth systems it = 100). One can see that in both aerogels

from sm_ooth to rectangular as the porosity Increases. Thlf‘he first stage of the adsorption process is the formation of a
change is similar to that observed experimentally by Char?iquid layer that coats the aerogel strands. Then uais-

andl c_o—v(\;ogktlars{see Flgsd._éb)handhz(c)hm Ref. rES]]érng IS creases, the film thickens and condensation occurs in the
exp a:jne elow, wedpre |c|tbt at the tdree ISot ef _orpr; smallest crevices defined by neighboring gel strands. In the
tion, desorption, and equil nu)ra_re Iscontinuous in the g, aerogel, it is difficult to discriminate between these two

95% aerogelat least within mean-field theory where thermal filing processes because the available empty space is small
fluctuations are neglectgdThe underlying physical mecha- as illustrated by Fig. 4. For the same reason, the vapor,

nisms are, however, quite different. bubbles that remain in the system at—4.5 are isolated,

A. Adsorption

We first examine the adsorption process. Calculations per-
formed in the presence and in the absence of a gel/reservoir
interface yield isotherms that are almost indistinguishable
(except for the smallest system sigze=onfirming the conclu-
sion reached in our previous wofk5] that adsorption does
not depend on the existence of a free surface. This is also in
line with the results of previous calculations done in single
slitlike or cylindrical poreqd31].

In Figs. Ga) and Gb) are shown some adsorption iso-
therms calculated in 87% and 95% porosity samples of linear
size L=50 andL=100, respectively(this corresponds to
roughly the same ratit/é5~10). In both cases, we focus
on the region where the adsorption is the steefe=t Fig.

5). At lower coverages, the isotherms look gradual and
smooth in the two systems, but asincreases, they consist

of little steps of varying sizes. In the 87% aerogel, the size of
these “avalanches” remains small all the way up to the |G 7. Cross section of a 87% aerogel sample on adsorption at
slowly increasing plateau that extends to saturation. On thg— 5 _4.64,—4.5 and—4.35 (L=100). Gel sites are shown in
other hand, in the 95% aerogel, the size of the jumps tends t§lack and fluid density is shown as various degrees of guayed
increase withu and in most of the samples there is a largein the online version As explained in the text, one can actually
final avalanche after which the filling is almost completedistinguish only two regions corresponding, respectively,pfo
[there are however some rare realizations where the last0.05[light gray] and p;=0.95[dark gray.
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FIG. 9. Histogram of the local fluid densitigg in the 95%
aerogel sample of Fig. 8 at=—4.13.

FIG. 8. Same as Fig. 7 for a 95% samplewat —4.5, —4.16,

—4.13, and—4.125 (L=100). This is one of the samples shown in i i )
Fig. 5(b). RFIM, the amount of disorder is controlled by the width of

the random-field distribution: only small avalanches are ob-
and, as they shrink in size, the adsorption continues gradwserved for large disorder, resulting in a smooth hysteresis
ally until the solid is completely filled with liquid. This is loop, whereas one macroscopic avalanche produces a discon-
precisely the scenario described in R&] from the experi-  tinuity in the magnetization for small disordgt6,34. The
mental observations withHe. This is also similar to what transition between these two regimes for a certain value of
happens in a low-porosity glass such as W{@2]. On the the disorder corresponds to a critical out-of-equilibrium
contrary, in the 95% sample, one clearly distinguishes thghase transition at which the distribution of avalanches fol-
small capillary condensation events that occur in some relows a power law.
gions of the aerogel&ompare the figures fgi=—4.16 and The existence of a major condensation event in most of
n=—4.13 and the major final event that corresponds to thethe 95% samples of side= 100 therefore suggests that there
filling of a large void space spanning the whole sampgu  is one macroscopi@.e., infinite) avalanche in the thermody-
is increased from—4.13 to —4.129. Note that the local namic limit, corresponding to a finite jump in the adsorption
liquid-vapor interfaces inside the gel are very sharp at thigsotherm. However, this can be only confirmed by perform-
low temperature, which explains why one can only distin-ing a finite-size scaling analysis of the isotherms obtained
guishes two different regions in Figs. 7 and 8. Indeed, aafter averaging over many gel realizations. We indeed ob-
illustrated in Fig. 9 for the lighter aerogel, it is found that the serve significant sample-to-sample fluctuations both in the
distribution of p;’s is bimodal, with most of the fluid sites location and the height of the largest jump. Such average
having a density lower than 0.05 or larger than O(8%  isotherms are shown in Fig. 10. For the 87% aerogel, there is
distribution is similar in the 87% porosity aerogel with just a
little more intermediate densities .
From these resultésee, for instance, the cross section of
the 95% aerogel gtv=—4.13), there is no indication that S 1 i ’:io"r;"“’;w
the radius of curvature of the liquid-vapor interface is con- . LZSO s B
0.8~ L=100 ; - 084 = -
cave and uniform throughout the sample just before the ma- g 12t &
jor condensation event, as was suggested in [3f.This L :
makes unlikely any interpretation in terms of a traditional _ :
capillary condensation model based, for instance, on the ape °¢ # 20 . L=35
plication of the Kelvin equatiof3,33]. Indeed, condensation i 0 .2 = L=50
in the remaining void space is itself triggered by a conden- g+ L=10
sation event that occurs in orfer several small region of 0.4/ 4 o04F - L=100
the aerogel and that induces further condensation in the sys
tem. This collective behavior in the form of avalanches of (a)‘ i ®)
varying sizes is similar to that of the Gaussian RFIMTat ke v 1wy q pla cru (5% gplad w e v g ) g p b
=0 proposed by Sethna and co-workers to describe the - m o T
Barkhausen effect in low-ferromagnetic materialgl6]. In-
creasing slowly the chemical potential of the adsorbed fluid F|G. 10. Average adsorption isotherms in 878band 95%(b)
is equivalent to increasing adiabatically the applied field in aaerogels for different system sizes. The number of gel realizations
ferromagnet, and changing the porosity of the aerogel modiranges from 5001(=35) to 20 (_=100) for the 87% aerogel and
fies the amount of quenched disorder in the system. In théom 2000 (=35) to 300 (= 100) for the 95% aerogel.

061504-6



LOCAL MEAN-FIELD STUDY OF CAPILLARY . .. PHYSICAL REVIEW E 68, 061504 (2003

1 —— 1 T T
o L=50 . i
025 - L=70 :,,3 3 —
+ L=100 5 s o8-
021 A -
32 ;
<,
Q. 015 s " -
o vo

= i

=4
— = |

0.1 =
A v
o o
R 5
0.05 ¥ —
qz’“"w i
“on -
[a sropav® AN AAvAo 7 02
g ‘ ; i . ! Y KO o

0
o =
L u—p, L)) . .
FIG. 12. Desorption isotherms in 87¢#) and 95%b) aerogels.

FIG. 11. Scaling plot of the compressibility curves; /du dur- ~ SYStem sizes are=50 (a) and L =100 (b).

ing adsorption in the 95% aerogel wifh=1.22[ u,(L)=—4.123,
—4.126, and-4.128 forL=>50, 70, and 100, respectively; extrapo- B. Desorption

lation toL—= gives uy=lim . (L)=~4.131]. As discussed elsewheffd5], fluid desorption in disor-

dered porous solids can take place via several different

obviously no size dependence and we can safely conclud@echanisms, depending on the temperature and on the struc-
that the adsorption is gradual in the thermodynamic limit. Ontural and energetic properties of the sdlinl Ref.[15], how-
the contrary, in the lighter aerogel, the isotherms look steepesver, only the influence of the interaction parametére., of
and steeper as the system size is increased and the resulie wetting properties of the adsorbed fluid, was descyibed
suggest that there is indeed a discontinuity wheno (the  In a first mechanism, desorption is due to the appearance of
isotherm corresponding tb=35 is shown here for com- vapor bubbles in the bulk of the material, bubbles that grow,
pleteness, but this size is probably too small to describeoalesce, and eventually extend over the whole pore space.
properly a 95% aerogelAs we discussed elsewhdr®4] in - The mass adsorbed then decreases continuously. In the other
the case of fluid equilibrium behavior in purely random sol-mechanisms, draining of the solid starts from the surface,
ids, one expects that the maximal slope of the isothermand the desorption is associated with the penetration of a
should scale ak®? at a first-order transitiofassuming that vapor-liquid interface which was previously pinned by the
the location of the largest jump fluctuates around its meairregularities of the solid structure fqu larger than some
value u;(L) with a variancesu(L)?<L~3%]. As shown in  threshold value, (the “depinning”threshold. The desorp-
Fig. 11, one can obtain a reasonably good collapse of.the tion curve is then either gradual or discontinuous, depending
=50, 70, and 100 irreversible “compressibility” curves on whether the growth of the vapor domain is isotropic and
dp;/du by using the scaling variableX{u— u(L)} with percolationlike (self-similap, or compact (self-affing. In
x~1.22. those cases the transition is however always critical because

There are at least two possible explanations for the disthe scale of the rearrangements of the interface diverges as
crepancy with the expected valye=3/2. First, the system u— u. . This is very similar to the physics of fluid invasion
sizes could still be too small so that too many gel realizationsn porous medid37], although we are considering here a
would have a nontypical behavior, with several avalanches ofingle compressible fluid, and of field-driven domain wall
similar heights(note that in a coarse-grained picture of amotion in disordered magnef88].
95% gel-fluid system where a region of siZg is repre- In order to find what are the relevant mechanisms in the
sented by a single effective spin, there would be only abou87% and 95% aerogels fogr=2 andT/T.=0.45, we have
10® such effective spins in a sample of size=100). Sec- studied the two systems in the presence and in the absence of
ond, one may be close to the critical valpigof the disorder, the interface with the gas reservoir. In the latter case, we find
i.e., the critical value of the porosity foy=2 and T/T.  that emergence of vapor bubbles in the bulk of the solid only
=0.45, for which the infinite avalanche first appears. Studie®ccurs at low values of the chemical potentjgl=—5.27
of the T=0 RFIM have shown, moreover, that the critical andu=—5.25 for 87% and 95% aerogels, respectiyelery
region is unusually larggl6]. The valuey=1.22 is compat- close to the valug.s,= —5.249 corresponding to the liquid
ible with the predictions of Sethna and co-workers, with(mean-field spinodal of the bulk fluid af/T.=0.45. This
x=Bd8lv=2— 5 [35], although one cannot also exclude thatshows that the perturbation induced by the solid is too small
the exponents differ from those of the conventional RFIMto displace significantly the liquid spinodal. On the other
because of the presence of impuriti&6]. In any case, it hand, the contact with the ambient vapor at the surface of the
seems reasonable, on the basis of the present calculations,gel has a major influence, as illustrated in Fig. 12 by typical
predict the existence of a phase transition with most probablgesorption isotherms calculated in the presence of a free sur-
a discontinuity in the adsorption isotherm in the thermody-face. One can see that when decreasing the chemical poten-
namic limit, as shown in Fig. (). tial all the curves exhibit a pronounced drop much before
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FIG. 15. Average desorption isotherms in 87&band 95%(b)
aerogels for different system sizes. The number of gel realizations
ranges from 1000L(=25) to 100 {=100) for the 87% aerogel
and from 1000 [L=35) to 200 { =100) for the 95% aerogel. The

FIG. 13. Invading vapor domai, (in dark) in a 87% aerogel at arrow in (b) indicates the common intersection of the curves.
u=—4.706 L=100). 10% of the fluid has drained out. The gas
reservoir located at the bottom of the box and the aerogel are n
shown.

%an 0.05 or larger than 0.95. One can thus identify unam-
biguously the emptied sites. Although the volume occupied

vapor bubbles appear in the bulk of the material. This is £Y the vapor is the same in the two samplabout 200 000
clear indication that the mechanism of desorption is due t&iteS, the morphology of the domain is remarkably different.
the surface. In the 87% aerogel, the vapor domain exhibits an intricate

The isotherms shown in Fig. 12 consist of many steps ofsotropic structure that resembles that produced in invasion
varying size, but it also appears that one step is significantlpercolation. In contrast, the domain looks compact with a
larger than the other ones in most of the 95% samples, aelf-affine interface in the lighter aerogel. This is very similar
feature that is not present in the isotherms of the 87% aerdo the two regimes observed in tle=0 RFIM when an
gel. This suggests that the growth morphology of the invadinterface separating two magnetic domains is driven by an
ing vapor domain may change with the porosity. This is con-external field[40]: when the disorder is large, the interface
firmed by the snapshots displayed in Figs. 13 and 14 thabrms a self-similar pattern with a large-scale structure char-
show the invading vapor domain in two typical 87% andacteristic of percolation, whereas the growth is compact and
95% samples when about 10% of the fluid has drained out ahe domain wall forms a self-affine fractal surface at inter-
the aerogel. This is just after the onset of the sharp drop imediate degrees of disordérote that the use of the body-
the isotherms. As in the case of adsorption, we find that theentered cubic lattice has allowed us to suppress the faceted
distribution of p;’s is bimodal in this range of chemical po- growth regime that is observed & T.=0.45 in the 95%
tentials, with most of the fluid sites having a density lowerporosity aerogel on the simple cubic latti&9]; this regime
is an artifact of the lattice descriptinn

In order to confirm the existence of two growth regimes
and to determine the actual behavior in the thermodynamic
limit, a finite-size scaling analysis of the desorption iso-
therms is required. Average isotherms calculated for different
system sizes are shown in Fig. 15. By analogy with the prob-
lem of a driven interface in the=0 RFIM, one expects that
the total volumeV,(x) of the invading vapor domain shows
a power-law divergence at the depinning thresheld.
Then, assuming that the only relevant length scales pear
are the system sizé& and a single correlation length
~[(u—pe) el ", the dependence o¥, on system size
should be described by the scaling fotrifg(x), whereD;
is the fractal dimension characterizing the domain grisl a
universal function of the scaling variable=LY"(u
= i)l pe [40].

In both aerogels, one observes important finite-size effects
(see Fig. 15 but, unfortunately, they are not only due to the
existence of a diverging correlation length in the system but
FIG. 14. Same as Fig. 13 but for a 95% aerogekat—4.220.  also due to boundary effects. There is indeed an initial re-
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gime in which desorption is due to the draining of large 7T o e e e
crevices at the surface of the gel where the fluid is in direct ’
contact with the ambient vapor. For a given porosity, the
number of these crevices is proportionalltd and the con-
tribution to the fluid density is thus proportional toL1/It
turns out that this initial regime extends to rather low values
of the chemical potentialu=—4.6 and u=—4.15 for the
87% and 95% aerogels, respectivelso that the scaling re-
gion around the depinning threshold is too small to be stud-
ied properly and to extract the values of the critical expo-
nents(such an effect is not present in the numerical studies 02} 4 o2
of domain growth in the standaff=0 RFIM [38] because R T R N R R
there is a different random field @achsite of the lattice and Y TR
no equivalent of the crevicesWe note, however, that the
curves in Fig. 18) have a common intersection at  FIG. 16. Typical desorption scanning curv@eints and equi-
u=—4.24, in contrast with those in Fig. (. This is con- librium isotherms(solid lines in 87% (a) and 95%(b) aerogels
sistent with the scaling ansatz for the volume of the invadingL=70).
vapor domain wittD ;=3 for the 95% aerogel arid;<3 for
the 87% aerogel. We thus conclude that the desorption Seems Some typica| desorption Scanning curves are shown in
to be discontinuous in the first case and gradpafcolation-  Figs. 16a) and 16b). In both cases, the top curve is the
like) in the second one. o , major desorption branch, and by comparing with the iso-
This leads to the isotherms shown in Fig. 5. Their shapgherms shown in Figs. 12 or 15, it is clear that the part of this
resembles that of the experimental curves in Figb) and branch extending to loyu’s and corresponding to liquidlike

?rEC) of Ref. [8].t 'Il'he mlnor Q|ﬁfr:en8c7e; can be.ratlzltzn)al'lzed: metastable states that are isolated from the other states is an
€ experimental Isotherm in the b aeropféih. 4(c) in artifact coming from the absence of the interface with the

Ref. [8]] does not exhibit a sharp kink at;, but this round- r%servoir. We also notice that there are no scanning curves in
ing may be due to the activated processes that are neglectﬁ1e upper part of the hysteresis loop for the 95% sample.

in the present treatment; Fig(b} in Ref.[8] corresponds to - : ) X N
a 98% aerogel, which probably explains why the shape of thél—hls is because there IS ajump In the adsorption |sptherm
and, thus, there are no intermediate states from which de-

hysteresis is more rectangular than in the present Fig. 5 , A N
sorption can be started. Therefore the states contained in this

region of the planed;,u) cannot be reached by performing
] S scanning trajectorigft2]. (Further work is clearly needed to

In order to determine the equilibrium isotherms, one hagjetermine if there are no metastable states at all in this region
to find, for each value ofi, the lowest lying state) among o if the states can be obtained, by other means, for instance,
all the metastable states obtained from E&s. A complete by changing the temperature.
enumeration of these states is, however, an impossible nu- Figure 16 also shows the approximate equilibrium iso-

merical task, and like in previous wofk3,14], we have only h - lecting. f hval h
calculated a limited number of states that, hopefully, can proJE erms obtained by selecting, for each valugipthe statax

. L o ._that gives the lowest value of the grand potential, as calcu-
vide a good approximation of the equilibrium isotherm. This L
o . . . lated from Eq.(4). We have checked that taking into account
can be checked posterioriby using the Gibbs adsorption

equationp;= — a(Q/N)/du, which is only satisfied by the the ad_dmonal metgstable states o_bta_l_ned from the ads_orpt|on
equilibrium curve[13]. In Refs.[13,14, we searched for scanning curves did not change significantly the regaksn

e ing tRef- [14], we have also checked that keeping all solutions
with a weighting factor equal to the Boltzmann factor gives

08

0.6

0.4

C. Equilibrium

iterative procedure with initial configurations corresponding : , =P
to uniform fillings of the lattice(with p(®=p varying be- the same isothermsAs illustrated in Figs. 1(b) and 18b),

tween 0 and % p). This method, however, does not con- the Gibbs adsorption equation is very well verified along
verge in dilute aerogels because the structure is very inhot_hese curves. This indicates that we have indeed obtained a

mogeneous and correlated, at least for distances smaller th§q0d approximation of the true equilibrium isotherms. In
. Itis then likely that all metastable fluid configurations contrast, thermodynamic consistency is strongly violated
are also very inhomogeneous and cannot be reached iterdlong the adsorption and desorption brandlsee Figs. 1(&)
tively from initial uniform fillings. We have thus searched for and 18a)]. The presence ofé) peaks ind()/du also shows
metastable states by calculating desorption and adsorptidhat the grand potentill changes discontinuouskas the
scanning curves, i.e., by performing incomplete filling or fluid densityp;) during adsorption and desorption in a single
draining of the aerogel and then reversing the sign of thdinite sample. On the other hanf, is continuougbut p; is
evolution of the chemical potential. For convenience, theseliscontinuous along the equilibrium isotherm, as already
(very long calculations are done in systems with periodicnoticed in Ref[14].

boundary conditions in all directions, i.e., in the absence of One can see from Figs. (@ and 16b) that the equilib-
an interface with the reservdi#1]. rium behavior is different in the 87% and 95% porosity aero-
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FIG. 17. Check of thermodynamic consistency along the adsorp- FIG. 19. Average equilibrium isotherms in 87 and 95%(b)
tion, desorption, and equilibrium isotherms for a 87% porosity aero-aerogels for different system sizes. The number of gel realizations
gel (L=70). (a) Adsorption and desorption an@) equilibrium.  ranges from 5001(=25) to 20 ( =100) for the 87% aerogel and
Symbols: average fluid densipt . Dashed curves: related quantity from 2000 (= 35) to 200 {=100) for the 95% aerogel.
obtained by differentiating the corresponding grand potential with

t to the chemical potential. . -
respect 1o the chemical potentia 5(b). This corresponds to a true equilibrium liquid-vapor

phase separation in the system.
gels. In particular, there is a large final jump in the isotherm

of Fig. 16b). The same feature exists i_n a_II sample_s,_ but in V. SUMMARY AND CONCLUSION
order to conclude on the actual behavior in the infinite sys-
tem one has again to analyze the size dependence of the In this paper, we have proposed an interpretation of the
average isotherms. This is shown in Fig. 19. For the 87%ysteretic behavior observed in the experiment$leé ad-
aerogel, there is almost no size dependence and it is cleaprption in light silica aerogels. The overall shape of the
that no transition occurs whdn—oo. On the other hand, for experimental hysteresis loops is well described by our theo-
the 95% aerogel, the isotherms become steepkeiimseases retical model and we have been able to reproduce the dra-
and there is a rather well defined common intersection amatic influence of porosity. In this interpretation, the disor-
w=—4.17. This is a clear indication that a phase transitiondered character of the aerogel structure plays an essential
does occur in the thermodynamic limit. However, we haverole, the porosityp being the tunable parameter that controls
not succeeded in obtaining a satisfactory collapse of the isghe amount of disorder in the system. The history-dependent
therms using the scaling reduced variable®q u behavior is thus associated with the presence of many meta-
—u(L)])/ (L) as was done in Ref14] in the case of a stable states in which the system may be trapped and that
random solid. The origin of this problem is still unclear, but prevent thermal equilibration at low temperatures. The most
we suspect that the system sizes are again too small. Indedportant conclusion of our study is that adsorption and de-
we note that the maximal slope increases rather weakly besorption obey to different mechanisms and may be gradual or
tweenL =35 andL =70, but has a size dependence consisdiscontinuous, depending on the porosity. Adsorption is in-
tent with the exponent 3/2 betweér=70 andL=100. We sensitive to the presence of the interface between the solid
thus conclude that our results are consistent with a discorand the external vapor, and the change in the shape of the
tinuous jump in the thermodynamic limit, as indicated in Fig.isotherm from smooth to discontinuous @sncreases from
87% to 95% has been related to the appearance of an infinite
. . avalanche occurring in the bulk of the system, similar to
| what happens in th& =0 RFIM below the critical disorder
£ 1 1 [16]. In contrast, desorption is triggered by the presence of
o8 1 the outer surface and an associated depinning transition. The
: change in the shape of the isotherm is then related to a
4 os| _ change in the morphology of the invading vapor domain
, | from percolationlike to compactnote however that the
’ mechanism may be different in aerogels of lower porosity
4 [43]).
'// ] One must keep in mind that our calculations are based on
1 o2F - local-mean-field theory in which disorder-induced fluctua-
1 1 tions are properly accounted for but thermal fluctuations are
o o, ., @ ol 1 neglected. This appears to be a reasonable assumption at
S T ooy 4 very low temperatures where the time scale associated with
thermally activated processes is much larger than the experi-
FIG. 18. Same as Fig. 17 but for a 95% aerogel. mental time scale. In this case, both the adsorption and de-
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sorption branches are metastable and we have shown that thgtead of normal*He could perhaps allow us to observe

true equilibrium isothernwhich probably cannot be reached distinct avalanche events in the aerogel and to study their
experimentally is somewhere in between: this isotherm alsostatistical properties. Such a study has been performed re-
changes from gradual to discontinuousacreases. The cently in the nanoporous material nucleopore by a capaci-
situation is different at higher temperatuie the vicinity of  tgnce techniqu@45]. One could also check that the draining
Tc) since true equilibrium behavior without hysteresis hasof the aerogel starts from the surface and that the growth of
been observed experimentall@,4]. It will be of interest,  the invading vapor domain obeys different regimes. Related
therefore, to study the influence of temperature on the hysstydies have been for instance carried out in Wcor using
teretic behavior and to understand how the dynamics of regjtrasonic attenuation and scattering techniquiag,46.
laxation towards equilibrium changes wilh(see, e.g., Ref.  such experiments would give a definite answer to the long-
[44] for a recent study of the relaxation behavior associatedtanding question about the nature of hysteresis in fluid ad-

with capillary condensation in a lattice model of Wgor sorption in disordered porous media.
Finally, we suggest that the scenario for filling and drain-

ing described in this work could be tested in more detail by

performing experiments in a series of aerogels of gradually ACKNOWLEDGMENTS

increased porosity. If our interpretation of the adsorption pro-

cess in terms of avalanches is correct, there should exist a The Laboratoire de Physique Tdrgue des Liquides is
value of the porosity for which the isotherm becomes criticalthe UMR 7600 of the CNRS. We thank R. Jullien for pro-
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with well-defined critical exponentgl6]. Using superfluid aerogel.
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