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Capillary condensation for quantum fluids
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A simple model has been proposed and evaluated to predict the nature of capillary condensation in a slab
geometry. We present a study of adsorption of fluitte and“He that test this model. These calculations
employ the density-functional method applicable at zero temperature. Overall, the simple model works well in
comparison with microscopic calculatio$0163-1829)01945-1

[. INTRODUCTION densityn) and the adsorption potential presented by the sub-
strate. This model yields a kind of universal “phase dia-
The phenomenon of capillary condensati@€) has been gram” of CC behavior. The specific equilibrium phase is
the subject of extensive experimental and theoretical studyiound to depend in a simple way on the well depth of the
extending over many decadt3d?Nevertheless, there remain adsorption potentiaD*, the reduced differencA between
important questions about the validity of alternative interpreihe chemical potential and its value at saturatipn-(u,),
tations of the various phenomena. For example, some mode®d the reduced separatiai of the solid bodies confining
assume that the hysteresis observed experimentally origib€ adsorbed fluid. These reduced quantities are defined by
nates in the kinetics of fluid transport, which is certainly the following relations:
constrained by the constrictions present in most porous me-

dia. Other models assume that the hysteresis is inherent in a L*=L/zpy, @
first-order transition and is explicable in equilibrium terms as

a result of the competition of locally stable states. In either A=(po—p)NZylo, 2
case, regular geometriés.g., slab or cylindrical geometry

have often been assumed in theoretical treatments. Most D*=2nDz,/o. 3

model; rely on simplifying assumptions about the adsorption g e e gre considering the case of a 3—9 potential arising
potentials and/or use macroscopic arguments, such as tho§8m each of the neighboring surfaces

that appear in the derivation of the venerable Kelvin equa-
tion. V(z)=[4C%(27D?)]z °~Cz . (4)
Particular sources of current interest in this problem are
the appearance of experimental data available for adsorptiohhis form (used in much previous work on wettitfy cap-
within well-characterized nanomaterials such as carbofures the key aspects of the potential and includes parameters
nanotubes and zeolites. In such circumstances of extrenibat are relatively well known in many casds:is the well
capillarity one should realize that macroscopic models arélepth andC is the strength of the van der Waals asymptotic
particularly fallible. Nevertheless, such models may providenteraction***> For this potential the equilibrium distance is
reliable qualitative guides if used judiciously.
Recently[in a paper called GCC hencefortivhere GCC zn,=[2CI(3D)]"". ©)

IS Gauga, Czlb?!,_rz?]nd .C?E V‘;e har\]/e e>_<p|o|red SL(;CT a n?)ag— The net potential in the slab geometry is taken to be the sum
roscopic modet. The virtue ot such a simpie modet s obvi- Otf the respective contributions of the two surfaces

ous but it is essential to check whether the system of interes
really exhibits the predicted_ behavior. That is a motivation Vg 2)=V(2)+V(L—2). (6)
for the present study. Our “simple model” analyzes the ther-

modynamics of adsorption in a slab geomdsgparatiorl.) This assumption of additivity of the two contributions omits
in terms of bulk propertiegsurface tensionr and number many-body effects that would reduce the overall attractfon.

0163-1829/99/6(21)/149358)/$15.00 PRB 60 14 935 ©1999 The American Physical Society



14 936 CALBI, TOIGO, GATICA, AND COLE PRB 60

As with the functional form assumed fof(z), we oversim-
plify the description in order to derive qualitative predic- 7 \\ CS//
tions. 0

The adsorption behavior is to be predicted by evaluating 4 \/_\j
the equilibrium number of atoms adsorbed per unit &ees _ i
a function of the chemical potential, the value ofN and Li
other thermodynamic properties may be determined by mini-

mizing (as a function of the variabld) the grand potential
energy per unit area

1 Au

Vsiab (K)

Q(N)=F(N)— uN, ) ]

where F is the Helmholtz free energy per unit area. The -80 —
value of the temperature is implicitly present in b&hand .
F. 1
In this paper we explore density-function@F) models J
of quantum fluids at temperatufie=0.'""22The DF method
allows a detailed and reliable study of the film structure and
energetic. Typically, the uncertainty in the predicted energies
arising from inadequate knowledge of the adsorption poten- z (A)
tial. In fact, this model has been used successfully to predict
wetting behavior of quantum fluids on various surfate$’

'120 I T T ‘ T T T

FIG. 1. Adsorption potentials ofHe on various surfaces for the
case of separatiob=12 A . The potentials parameters and sources

are discussed in the text.
Il. 3He CALCULATIONS

The DF method employed here is that used by Calbi andameters used in these calculations are reported in GCC and
Hernandez to treat®He adsorption on graphif€. The total are based on the most recerdb initio potential
energy of the system is expressed in terms of the densit¥alculations:**® They vary between the weakly attractive
p(r) as follows, case of Cgthe most inert adsorption surface known for)He
the somewhat more attractive Li case, and the more typical
case of a Au surface. Note also that the hard-core region of
exchange repulsion is much more extended in the alkali-

Elp1=Eolp)+ | &1V aaf21p() ®
. . . . metal cases than for Au. Specifically, is 4.55 A for 3He
The functionalE[ p] is the putative energy of a hypothetical on Cs, but only 2.66 A on Ad.Hence the available adsorp-

nonuniform fluid in the absence of an external potential f|eld.,[ion volume (for given value ofL) is smaller in the former

This functlonz_;ll IS construc_ted phe_nomenologlcally S0 as tqhan in the latter cases. This can yield dramatic consequences
be both plausible and consistent with known properties of the

bulk system(i.e., equilibrium density, energy, and compress-When L is small,

- : A . . The first system to be discussed3sle confinement be-
ibility ). Its properties and justification are discussed by CaIb&\Neen Cs surfaces. These results are of particular interest

’ 18 . . =, .
and Hernadez.” The density functiorp(r) is because®He exhibits a prewetting transition at loW on
Cs?3 The present functional succeeds well in describing that
p(F) = 22 |¢i(F)|27 9) transition on a single surfacéso we are optimistic about its
i

accuracy here. Figure 2 exhibits the dependenqge of total

where ¢, are the single particlésp) states that comprise the 9€nsityN (number per unit argeor various separationk.

ground state, taken as a Slater determinant. We consider thaf'€ casé-=10 A reveals a monotonic very rapid variation.
these sp states have the form The reason is that the He is narrowly confined by the nearly

hard walls of Cs, forming a compressed quasimonolayer;
1 Fig. 3 compares this layer's density with that obtained for a
¢k”v(r|| z)=—¢e'l -’kaHV(z), (10  monolayer of a single surface of graphite. The latter is some-
VA what more localized due to the very deep adsorption poten-

herek: and h . fth oand tial on that surface. Indeed, the graphite case yields the most
wherek andr are the projections of the wave vectornd |, -qized 3He of any single surface because it provides the

the positionr in the plane parallel to the substrate. The func-deepest potentidP
tiOﬂkaHV(Z) are the self-consistent solutions of a mean-field As L increases, the calculated behavior Changes qua]ita_
equation derived from the minimization of the eneigjyp]. tively. ForL=15 A, the dependence ¢f on N is seen in

In our calculations we have exposed the He fluid to vari-Fig. 2 to be nonmonotonic. This indicates the presence of a
ous adsorbing surfaces separated by variable distanités  transition, requiring a Maxwell construction to find the equi-
important to realize how large is the differenceMz) pro-  librium behavior. The results are shown in Fig. 4. For the
vided by different adsorption surfaces. Here we restrict oucases 20 A=L>10 A the coverage jumps from zero to a
attention to three surfaces that vary between weakly attragnultilayer capillary condensed fluid, which fills the available
tive to moderately attractive. Figure 1 displays the three disspace. Figure 5 shows the evolution of the density profile,
tinct potentials we consider, in the calse=12 A . The pa- including the metastabl@r unstablgsolutions for which the
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FIG. 4. Coverage as a function ef for variousL values; as
FIG. 2. Chemical potential ofHe as a function of coverage, for discussed in the text these are derived from data in Fig. 2 by Max-
various separationis between Cs surfaces. well constructions.

density grows continuously and rel_atively smoothly t_hrough- Figures 8—10 present analogous results for adsorption iso-
out the available space. The layering structure manifested erms on Li beginning with. =15 A . At 15 A , the cov-

the highest density seen in Fig. 5 is very sensitive to theerage jumps from zero to about one layer 3fe. At L
value ofL. This dependence, which we have not explored in_ 20 and 24 A | instead, a film forms prior to this transition.

detail, implies that there exists an pscillatqry force bgtweenl.he key difference relative to Cs is thus the presence of the
the Cs surfaces, as would be manifested in an atomic forg

fhin-film regime. The density profiles of the film and CC
microscopy(AFM) experiment. We have not computed this 50 P
behavior because the use of such [BWFM'’s is unlikely in phases foL. =20 A are shown in Fig. 10, where the dotted

. 2P >~ ... lines are metastable solutions.
the near future. We hope that this pessimism is not justified. Finally, we turn to the much more attractive case of Au,

For very largel. (L>40 A.)’ although there is a transition hat we illustrate in Figs. 11 and 12 . A low-density phase is
to a CC phase, the adsorption at low coverages resembles t nd forL=<8 A while for L=9 A there is a transition to

single-surface prewetting, as is seen in Figs. 6 and A.for bilayer phase, the density evolution of which is shown in

=45 A thf ﬂUiO,l, behaves as a film at low coverages ar_u%g_ 12. This regime disappears as soorlLés sufficiently
eventually “sees” the other surface as the chemical potent|aIarge L=10 A, where we find a continuously growing film

approaches its value at saturation. It is important to mention that due to the strong attraction of
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FIG. 3. Comparison between density profiles’ble between Cs *)
surfaces (=10 A, full curves at densities 0.02, 0.04, and 0.06 FIG. 5. 3He densities for CsL=20 A and coverages 0.02,
A ~2) and of a monolayer on a single surface of grapkiteshed 0.06, 0.1, 0.14, 0.18, and 0.24 &. Dotted curves are metastable
curve, from Ref. 18 solutions.



14 938 CALBI, TOIGO, GATICA, AND COLE PRB 60

-2

e |

.
~n
[=}

UNSTABLE
PRE-WET

R
33

b v e vy vy

K (K)

’
(4]
[%,]

] EMPTY GG
4.0 - |
'4.5 T T 1T | T T 17T | L ‘ L | L ! T T '14 T T T T ‘ T T T T | T T T T
00 01 02 03 04 05 0.6 0.0 0.1 0.2 0.3
coverage (A?) coverage (A2

FIG. 6. Chemical potential ofHe between Cs surfaces sepa-  FIG. 8. Chemical potential as a function of coverage between Li
ratedL=45 A as a function of coverage. Dotted and dashed linessurfaces at various separations.
are derived by Maxwell constructions for the unstable prewetting

and empty-to-CC transitions, respectively. present calculations in several respects. For sinallthe

Bansition occurs at values qi that agree well with the
redictions of the model. This is remarkable and perhaps
ortuitous in view of the fact that the available volume is
essentially that of a bilayer film, for which the macroscopic
description should be ill suited.

For 3He in Li, again the comparison with the simple
@odel is rather favorablésee Fig. 4, Ref. 3 Note that the
range ofL* values that exhibit no film is much narrower
dthan the preceding case of Cs. Remarkably, the transition

agreement with the GCC model. For the case of Cs, the DPeha"iOF corresponds to the predict_ion insofar as the
results are summarized in Table |, where we show the values 15 '8*‘1 jump occurs cIosedt_o the p;rledlcted(j/ vaICLJCe;DfFU(-_

of the chemical potentigk at which the transitions occur for ther, t e Eowts co:respon c;_ng tg bl mhan vor | trgnlsmons
the different separatioris To facilitate the comparison with 29r€€ with theu values prf% icted by the simple model.
the predictions of the GCC model, we have also shown the Finally, for the case of"He on Au the results are dis-

reduced quantitied andL*. Comparing the values af and played in _Table ”: _Thg simpl_e mode;l’s prediction of the
L* in this table and Fig. 3 from Ref. 3 we can see that the€MPty-to-film transition is consistent with DF resulsee the

CC prediction of the simple model is consistent with theTable and Fig. 5, Ref.J3The CC phase is replaced in the DF

the substrate, when the coverage is high enough the formd
layers become very dense. In this situation the densit
reaches values that are beyond the range of validity of th
DF. We think that it is very likely that the first layer solidi-
fies below saturatiofiike the case ofHe on a single surface
of graphite and that the film-to-CC transition involves the
atoms situated in a second layer. This behavior cannot b
described with this DF.

The transitions predicted by the DF theory are in goo
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FIG. 7. Density profiles of*He between Cs surfaces. ( 11 (K)

=45 A) at densities 0.06, 0.18, 0.28, 0.37, 0.42, 0.49, and 0.6
A 2. Dashed curves are metastable solutions. FIG. 9. Adsorption isotherms on Li, derived from Fig. 8.
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FIG. 10. Density as a function of distance fo=20 A on Li.

curves shown correspond to coverages 0.02, 0.06, 0.1, 0.16, and

-2
calculations by a very inhomogeneous configuration with arf-22 A2

empty space in the middle of the slgdee Fig. 12 that we _ _ _
call the “bilayer phase.” This takes place in a narrow do-has been extensively used to study static and dynamical
main of L (8 A<L<10 A), as expected for the CC phase Properties of inhomogeneous phases of ligthte (surfaces,

in the simple-model description. The low-density phasedroplets, films, etg. . .

found forL=7 A (L*=2.6), corresponds to the transiton ~ The functional of Ref. 17 is known to give a good de-
to the empty phase predictedlat =2 by the simple model. scription of theT=0 equation of state, of the static density-
The same can be stated in the case of the Cs surfaces seggnhsity response function of the bulk liquid, and of the prop-
rated byL=10 A, (L* =2.2). The film-to-CC transition is erties of the free surface of liquitHe. It has been used in a
not described by this method because that appears very clo¥ariety of calculations, ranging from the study of

to saturation, at coverage values beyond the domain of thignpurities® and electror® in bulk “He, to alkali atom ad-
DE. sorption on the surface of liquidHe (Ref. 27 and wetting

phenomena on alkali-covered substr&feBSor a detailed de-

scription of this functional we refer the reader to Ref. 17.
This functional has been slightly revisddand supple-

To treat “He, again in the DF scheme of E¢B), we mented by an extra term depending on the gradient of the

choose for the phenomenological energy functioBig{p) liquid density so to correctly reproduce also the static struc-
the form originally proposed by Dupont-Ret al.}” which  ture factor and the bulk dispersion relations of sound excita-

tions in liquid “He. This extended functional has been ap-
0.25 plied to the study of density oscillations fite clusters? of
surface excitations ifHe films 19°C and of other related
dynamical phenomerfd.The phase diagram dHe between
two Li surfaces has been calculated using both functionals,
to check the differences. Since for a giveh the values of
A at the phase boundaries in the diagram reported in Fig. 15
do not differ by more than 5% but the computer time re-
quired to minimize the new functional increases by almost an
order of magnitude when using the new functional, we have

lll. *He CALCULATIONS

e
N
(=
[ R

o

coverage (A?)

TABLE I. Values of the chemical potential at which the tran-
sitions occur for each separatidn for 3He in a slab of Cs. Also
shown are the reduced quantiti#sandL*, defined in the text.

FIG. 11. Adsorption isotherms fofHe between Au surfaces
separated by various distances. Only ffor9 A is discontinuous

behavior found.

u (K)

u (K)

L (A)

A

L*

—-7.5
—6.4
—-5.7
—4.8
—-3.3

10
13
15
20
45

3.2
25
21
15
0.5

2.2
1.9
3.3
4.4
9.9




14 940

TABLE Il. Same as Table I, foPHe in a slab of Au.

u (K) L (R) A L*

—134 7 50.2 2.6

-106 8 39.6 3.0
-92.3 9 34.3 3.3
-85.1 10 31.6 3.7
-80.0 12 29.6 4.4
-775 14 28.7 5.2
~76.6 17 28.3 6.3
~76.0 20 28.1 7.4

decided to perform extensive calculations on several sub-

strates with the old functional.

To evaluateVg,{z) we have used the most recent

“He/alkali potentials given in Ref. 14

In the case of interest here, of a slab geometry with planar

surfaces, the minimization of E@8) leads to the equation

ﬁZ
(2MV2+U[p(Z)] Vp(2)=uvp(2), (11)
where the effective potential is defined asU[p(2)]

=0Eo[p(2)]/6p(2) +Vgaf2), and u is a Lagrange multi-

plier, which may be identified with the chemical potential,

and whose value is fixed by the normalization condition

pr(z)dz= N/A. (12
0

30

20

L*

0.2 0.4

0
0.0 0.8

FIG. 13. Predictions for*He in Cs O*=5.4, z,=4.55 A)
obtained with the simple GCC model of transitions empty-to-film or
filled pore(CC) (full curves compared with transition results found
from DF theory, present workfull diamonds.
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FIG. 14. Same as Fig. 13 fofHe in Na O*=8.9, z,
=413 A).

Imposing the boundary conditiongi(0)=p(L)=0, this
equation may easily be solved numerically thus providing
the ground-state eigenvalwecorresponding to a giveN/A.
Figures 13 to 16 show the comparison of the DF calcula-
tion and the GCC model’s results. In Fig. 13 we show the
situation of *He on Cs. As predicted there is no film phase in

L FiLM
15 | 1

EMPTY

10 l* .

L*

cC

A

FIG. 15. Same as Fig. 13 fofHe in Li (D*=12, z,

—3.95A).
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20 r r The case of'He on Li is shown in Fig. 15, where we can
see that the comparison is satisfactory, even though accord-
ing to the DF the empty-to-film transition occurs at a higher
A. The same situation is found fdfHe on Au, which is
shown in Fig. 16.

FILM

IV. SUMMARY

The present calculations indicate that the simple model
presented by GCC is generally in good agreement with de-
tailed microscopic calculations for the He isotopes. The
agreement, although not universal, occurs even in some in-
stances where it might not be expected to succeed, such as
the case of small separatiohs What remains to be seen is
whether experimental data for these cases and calculations
and measurements for more classical systems also corre-
spond to the model’s predictions. Of course, the calculations
are more readily achieved than experiments insofar as the
greatest interest arises in those instances of dmaliere the
parallel surface assumption is hard to realize experimentally.
0 . . Laboratory experiments with porous media are typically

0 10 20 30 . L
A done with heterogeneous surfaces. A future direction for our
research is an attempt to generalize the GCC model to such

FIG. 16. Same as Fig. 13 fofHe in Au (D*=42, z,  very important cases. Another direction is the study of car-
=27R). bon nanotubes, for which heterogeneity seems not to be a
critical problem; instead one needs to explore the validity of

this case, and as we can see the empty-to-CC phase transitigit model for a nearly cylindrical environment having a na-
obtained with the DF agree well with the phase diagramyometer scale diameter.

obtained with the simple model.

Figure 14 displays the phase diagram ftile on Na, We are grateful to Mary J. Bojan and Moses Chan for
notice that it is very similar toHe on Cs since the values of helpful discussions. This research was supported by the
D* are 8.79 and 9.42, respectively. The DF method yieldsArmy Research Office, the National Science Foundation, and
the empty-to-film, film-to-CC, and empty-to-CC transitions the Petroleum Research Fund of the American Chemical So-
that are in good agreement with the predictions as indicatediety.

in the figure.
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