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Stability of free planar films of liquid “He at T=0K
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The stability of planar films of liquid*He atT=0 K without a supporting potential is investigated. For this
purpose, the third-sound velocitys, is examined within the framework of two different theoretical descrip-
tions: (i) the correlated-basis functions theory in conjunction with the hypernetted-chain approximation and
the nonlocal density functional theory. All the calculations yield negative valua%.ofn particular, the
behavior of the chemical potential as a function of the coverage provides convincing evidence in favor of the
instability of all the analyzed free films. Furthermore, the analysis of the trend of thick films leads to the
plausible conjecture that free planar films with finite coverage would be always unstable. The conclusion of the
present work matches well with the nonwetting phenomenon of Rb and Cs substrates by 4Higuibin at
T=0 K and with the hydrodynamic prediction that a free semi-infinite system with a flat surface is unstable.
[S0163-18297)03141-X

[. INTRODUCTION one hand, this special kind of system may be considered as
the limiting case of very weak external potentials and, on the
In recent years much work has been devoted in order tother hand, very thick free films should tend to exhibit fea-
study planar helium films by performing both experimentstures of the bulk liquid.
and theoretical developments. In this geometry the liquid is Let us now put the case of free planar films in the context
translationally invariant in the-y plane and exhibits a den- of the current state of the art concerning the study of the
sity profile in thez direction. To get an insight into the dif- stability of inhomogeneous liquid*He. In a pioneering
ferent theoretical approaches for tackling this problem thevork, Widom has shown within the hydrodynamic theory of
reader is referred to the review article of Chestcal? surface tension that a semi-infiniftde system with a free
The investigation of the stability of Bose helium films at planar surface is unstableSubsequently, Cole has demon-
T=0K is perhaps one of the most interesting issues in thistrated that this instability can be removed by including a
field. The condition for having a stable geometry is related togravitational tern®. In both these papers the microscopic
the third-sound velocity. Third sound is a long-wavelengthstructure of the liquid was ignored. After the dramatic im-
surface perturbation which is propagated parallel to therovement of computational facilities microscopic theories
liquid-vacuum interface of the helium film like a tidal wave have been applied to carry out self-consistent calculations for
on the ocean. The speed of propagation of this disturbance ishomogeneous liquidHe. In the present work we shall to
denoted as;. The stability condition for a film of finite refer to two of these approaches. One of them islauinitio
surface coverage,. requires thats be positive. The surface variational method based on the theory of correlated-basis
coverage is the number of particles per unit area functions (CBF’s) proposed by Feenbefd which is em-
ployed in conjunction with the hypernetted-ch&iiNC) ex-
pansion. Within this framework the structure and excitation
n :E: jw dzp(2) (1.1) spectra of liquid*He films atT=0 K could be satisfactorily
AT ' interpreted.? The CBF-HNC approach has also been suc-
cessfully applied to analyze semi-infinite systems of liquid
wherep(2) is the density profile as a function of the coordi- “He at zero absolute as well as at finite temperattiré® The
natez perpendicular to the surface. The third-sound velocityother procedure which we shall introduce is the nonlocal
may be calculated either from the long-wavelength limit ofdensity functionalNLDF) theory developed on the basis of
the ripplon excitation energy at a fixeqd or from the behav- the density functional model proposed by Saam and
ior of the chemical potential as a function nf. Explicit Ebner’’32 The NLDF method reported by Dupont-Roc
formulas to evaluate; are given in a next section. et al>® has been used to calculate several propertie$Hef
Within the general problem of the stability of inhomoge- films3*=38In the following lines we shall focus our attention
neous Bose quantum systems, the behavior of free films afn results of the studies of helium systems adsorbed to sur-
liquid “He at zero absolute temperature deserves particuldaces. For instance, Clemengs al*~1*Zinvestigated the
attention. Although a self-supporting fluid with translation- growth of “He films adsorbed to attractive substrates by us-
ally invariantx-y planar symmetry does not exist in nature, ing the CBF-HNC expansion. This microscopic theory has a
it is still relevant to know properties of such rather academic‘built in” consistency test in the sense that the correspond-
systems. The interest is mainly due to two reasons. On thimg Euler-Lagrang€EL) equations cease to have solutions if
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the assumed geometry of the system under consideration @aimed that such systems are stable since there is no clear
unstable against infinitesimal density fluctuations. To this reindication for the contrary. Of course, an argument based
spect, it is well known that for a uniforriHe liquid the EL  exclusively on the rejection of calculated values is not strong
equation does not giveinphysical solutions if one attempts enough to ensure unambiguously stability. On the other
to solve the system at a density lower than #pmnodal hand, if non-very-thick planar free films were stable, while
density where the compressibility becomes negafifé® the same systems adsorbed to Rb and Cs surfaces are not, we
The authors of Refs. 16—19 and 23 found that EL equationg/ould be faced with am priori striking feature.
do not have solutions for all surface coverages Figure 2 From the scenario described above, it becomes relevant to
of Ref. 16 clearly shows that only in some well-defined re-know whether films without a supporting substrate are stable
gimes of coverage the third-sound velocity is positive. Quanor not. In view of the importance of this question and the
tity c; becomes imaginary between stable domains indicatrather confused situation arisen from Refs. 11 and 13, it turns
ing regions of instability, the first of which occurs for 0 outto be worthwhile to devote some effort in order to clarify
<n.<n?™ when the film just begins to grow. The latter the posed controversy establishing definitively the actual be-
result is in agreement with a previous remark of Chenghavior of such systems. Therefore, the aim of the present
et al,>® who pointed out that a remarkable feature ‘e work is just to review the issue concerning the stability of
films is that for any substrate there is a minimum stableself-supported planar films of liquidHe at zero absolute
coveragen™ below which the adsorbed systems are un-l€mperature. In;h|s QO_lng, we shall first summarize and com-
stable. In the literature it is frequent to say tHate wets a  Plete the analysis within the CBF-HNC expansion. Next, we
certain substrate when the adsorbed helium forms a stabh@ll solve the problem using the NLDF theory to allow a
film. comparison of results provided by different approaches. This
For our purpose, it becomes illuminating to look carefully PaPer is organized as follows. In Sec. I the stability condi-
at the feature that films supported by substrate potentialdons are outlined. The discussion of the numerical results is
U.{2) can be unstable at certain regimes of surface covePresented in Sec. lll. Section IV provides our conclusions.
age. In order to explore the sensitivity of this behavior to the
actual shape of the external field, Clements and [l. STABILITY CONDITIONS
collaborator®®~'8have carried out calculations varying both

thewell depthand therangeof the substrate potential, which . .
/o9 o3 .~ mention that in the case of a planar geometry any one-body
frequently obeys the forts,fz) = B/Z —C/z". A compari function satisfiesf(r)=f(z) and any two-body quantity

son among interaction potentials for*sle atom above dif- £(r 1) depends onl : o )
; P , on three variablép:the z coordinate
ferent substrates is shown in Fig. 4 of Ref. 18. They con-c%fc éaczr)1 of Itahe WO p)allrticles ez, andi? and (i) the dis-

cluded that less attractive potentials lead to larger domains 9L ce between both particles,=|r,—r,| projected onto the
instability (see, e.g., Fig. 12 in Ref. 17and, in addition, v . 27 1] Proj

found that stability depends significantly on thange of X-y piane, 1.e.,
U,.{2) determining that shorter-ranged potentials also tend
to yield more extended regions of instabiliy'® From these 7= 11= | == | = V(X2— X1+ (Y2—y1)?,

results one can infer that for very short-ranged potentials (2.9
with smaller and smaller strength the unstable domains will, - . any two-body function may be expressed as
dominate the whole pattern. Furthermore, by extrapolating(nzl,zz)_ Due to the planar symmetry sometimes it be-

this tendency to the extreme limit corresponding to the abbomes useful to write formulas in terms of two-body quan-

sence of any external potentid) {z)=0, one could con- .. ~ )

jecture that in such a case the stable regions would finall%t'es(;.(q’le’z2) which alre tHkaeI trg_nsfotrms of the corre-
disappear completely. In fact, this trend has already bee pondingf(7.2,.2,) evaluated according to
observed in calculations carried out for alkali-metal surfaces

by using the NLDF theory. In particular, it was predicte®f ~ ~ 3

that “He should not wet substrates of heavy alkali metals like [(d:Z1:22)=Vp(21)p(22) | 1(77.21,25)

K, Rb, and Cs which generate attractive adsorbate-substrate

Before summarizing the stability conditions, we shall

potentials weaker than that corresponding tdHe “sub- xexdi(gx+ayy)Jdxdy

strate” (see, e.g., Fig. 1 in Ref.)1This prediction has been ©

supported by subsequent variational Monte Carlo =27T\/p(21)p(22)f ndndo(7n9)f(n,21,2,),
calculationd® and the nonwetting ofHe on rubidium and 0

cesium atT=0 K has already been confirmed by a few ex- (2.2

perimental group&!=4° o . )
In fact, free planar films of helium have been aIreadyWhere'” Jo is the zeroth-order Bessel function of the first

investigated®!! by applying the CBF-HNC expansion and kind. Hereq is the momentum parallel to the surface. The
the question related to their stability has been also analyzegistance between two particles is

in this approact!® However, from the discussions of the

latter papers emerges a discr_epancy. Whilg our study of r_ip- Fo=r2—T1|= 72+ (22— 21) 2= 7?+(2,— 21)2.

plon excitation energies provided some evidence for the in- (2.3
stability of finite free films! Krotscheck and Tymczak

criticized the meaning of our finding. They stated that our In order to check the stability of a film one must calculate
results might be influenced by numerical uncertainties andhe third-sound velocity, which is conveniently expressed as
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an energym(é, wherem is the atomic mass ofHe. As for a film with fixed n.. The stability condition derived in

already mentioned in the Introduction, there are two ways ofR€f- 11 has been written in terms of solutions of the excita-
evaluatingm(ﬁ. We shall first refer to that based on the tion spectrum determined by the eigenvalue equation of the

calculation of the ripplon energy at very small momegta Bogoliubov-type derived in Ref. 7:

H2(.200,(02)+2 | 42T, 4(0.2.2)H(0.20,(0.2) = W02 @022, 2.4

and by the adjoint eigenvalue equation to E2j4) introduced if!

H2(0,21)(0,20) +2 f 42 H(@.20Vp 1(0.20,2101(0.2) =F 202 ul(a,20), (29
where
H = h_z ( 2_ i i i i (2.6)
(q:z)_zm q mdzp(z)dzm ’ .

andvp_h(q,zl,zz) is the Hankel transforn2.2) of the “particle-hole” potentialV_,(7,2;,2;) defined by Eq(A4) in the
Appendix of Ref. 21. The quantiti »,(q) is the energy of the excitation modes(q,z) and #/'(q,z) labeled by quantum
numberx. A stable system requires a positive ripplon enefigypde withx=0) for g—0

%1292 hi(q—0)
2,20050)= —— _ ~25242

Wherehg(q) is the matrix element

ni@=-el@+2via- | dzsdaznanvla+a| | dudzulazVonan 2 ez,
2.9

~ 5 g2 T Ysid 2+ Vu(2) Np(2) = ().
(2.11)

andNg(q) is the generalized orthonormalization integral [ K2 d?

N =fxdz 20 d(0,21). 2.9
o() — 1/0(0,20) (9, 21) 9 HereVy(z) is a Hartree mean-field potential; its explicit ex-

pression depends on the adopted theoretical model. Cheng
From Eq.(2.7) one gets the requirement and collaborators have demonstrated within the NLDF

theory thatc; is related to the derivative gf with respect to

n.. These authors derived the stability condititsee the

2 1 hi(q—0) 210 Appendix of Ref. 36
mce=- ———-—-—>0. .
2 N3(g—0)
du
SinceN3(g—0) is positive, to have a real third-sound ve- me;=ne d_nc)>0' (212

locity the inequalityhg(q—>0)>0 must be satisfied.

The other procedure to determimed; relies on the analy-  Subsequently, Krotscheck and TymcFakave shown that
sis of the variation of the chemical potentjalas a function condition(2.12) is also sufficient to guarantee stability in the
of the coverage. The quantigyis obtained from the Hartree- CBF-HNC framework. However, within the latter approach
like equation which also determines the square root of théhe speed of the third sound calculated with E@s10 and
density profile (2.12 will normally agree only for an exact expansith.
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Ill. ANALYSIS OF THE STABILITY 0

L L e L B B B B S S L

A. Evidence from the ripplon excitation energy ‘x\\! « (6B¥° « 0.063 &7

We shall first focus our attention on the numerical results B
concerning the stability test based on the evaluation of the L
third-sound velocity from the ripplon excitation energy in the -2
limit of very small momentuny. Equationg2.8) and(2.10
indicate that, in order to have a stable system the matrix
elementh{(0*)=(H(0")+2V, ,(0")), (here 0" stands
for g—0) must be positive defined. In a previous work we
have calculated1$(0+) for free symmetric films of liquid S,
“He atT=0K assuming that atoms interact via a standard L b9 0 oo
6-12 Lennard-Jones potential. The obtained values are listed I
in Table Il of Ref. 11 and all of them are negative. Unfortu-
nately, those results cannot be compared to others since in -6t
Refs. 7 and 8 there are no numerical datanaf (from Figs.

1 and 3 of the latter paper it is impossible to get any precise

Ug2) =0

and E/N [K]
A

u [K]

« pB = 0.037 872

information forq—0). Although our data have not be con- | Ep/N==7.14 K
trasted with other evaluations, they were criticized in the o ol oz s
literaturé® and their implication was disregarded. In order to n, [872]

make clear the grounds for such a criticism, we shall de-
scribe the context in which it is formulated. As is well

"”0""(" the ”.‘at.”x elemerl(tH(O+)+2Vp_h(0+)>o goes to_ of the coverage. Results obtained with the CBF-HNC/0 expansion
zero in the limit of large coverage dug toa Cance”at'onare indicated by circle&chemical potentialand square&nergy per
effect? In particular, the evaluation o¥/,.4(d,21,2) at particle. In this case open symbols stand for the short-ranged val-
small momentaj becomes numerically very delicate. Such aues calculated in the present work, while full symbols are the opti-
cancellation is still operative to an important extent at finitemized results taken from Table | of Ref. 7. Full triangles and stars
coverages affecting the calculation of the long-wavelengthare, respectively, the chemical potential and the energy per particle
limit of required matrix elements. In view of these facts, evaluated using the NLDF theory. The vertical lines indicate the
Krotscheck and Tymczak suggested that our values of two-dimensional spinodal densifysh and the equivalent surface
h{(0") calculated from ripplon excitations in Ref. 11 might density (32)*® of the three-dimensional spinodal valuyes},
be negative due to possible computational uncertainties0.0158 A~.
caused by the above-mentioned cancellation effect rather ) o )
than to real physical reasons. The authors of Ref. 13 corpeglecting the contribution of all elementary diagrams as
cluded stating that our results cannot be utilized to draw anpointed out when discussing Eq.6)—-(2.8) in Ref. 11.
conclusion about the stability question. So one has to reThe difference is due to the fact that the calculations were
course to an alternative way to settle this controversial situc@rried out by assuming different potentials to account for
ation. the interaction between helium atoms. As mentioned before,
the standard 6-12 Lennard-Jones potential was used in Ref.
11, while in Ref. 7 the Azi¥ potential was utilized. The
B. Evidence from the chemical potential values of Ref. 7 are plotted in Fig. 1. In a discussion of these
If one disregards the indication for instability appearingesults Krotscheck and Tymczdisuggested that free planar
intrinsically in the CBF-HNC calculational scheme, then thefilms are stable because even though the calculated)
unique way to gain insight into the stability of a finite systemYi€ld a small negative slope they suspect that such a negative
of liquid *He at T=0K is to analyze the behavior of Value is not large enough to indicate a real instability of the
du/dn.. In practice, Krotscheck and co-work&$316-1835 equations. Howev_er, no evaluation of the slope |II_ustrates
well as Cheng and collaboratér§~38have explored the be- their statement. Since in order to establish unambiguously
havior of the derivativedu/dn, in order to get information that & numerical result is negligibly small one should per-
aboutmd in confined systems. Following such a proceduref0rM an appropriate comparison, a claim like the one tran-

we shall now examine the variation of the chemical potentiafscrIbGd above cannot be taken as a final assevgratlon. There-
as a function ofn, in the case of free planar films. This fore, we have undertaken a search for the physical content of

investigation is done in two steps: first we complete andeSe optimized values gf by adopting a more comprehen-

analyze data provided by the CBF-HNC expansion: secondSive perspective, which includes an estimation of the ex-

we calculateu applying the NLDF theory and examine its pected slqpe. . . . .
behavior. # appying Y According to the idea outlined in the previous paragraph,

the first step was to evaluate a set of valuesuofor the
planned comparison. Our experience in the study of this kind
of film indicates that results obtained by solving the system
This section is devoted to analyze the dataudfsted in ~ assuming short-ranged correlations provide a good reference
Table | of Ref. 7 and in Table Il of Ref. 11. Both these setsfor meaningful comparisonsee, e.g., trends of short-ranged
of u were obtained in the CBF-HNC/0 approximatifire.,  and optimized solutions in Table Il and Figs. 5, 9, and 10 of

FIG. 1. Chemical potential and energy per particle as a function

1. Chemical potential in the CBF-HNC expansion
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Ref. 11). So we solved free films of liquidHe atT=0K by ~ Monte Carlo evaluation of the binding energy tfle films
using short-ranged correlation factors of the generalize@n several alkali-metal substrat®sThe CBF-HNC/O calcu-
McMillan-Schiff-Verlet type introduced in Ref. 11: lations were performed by adopting foty(z) the formula

derived by Saarelat al?*
bo+b1vVp(z1)p(2,) .
TP+ (02 Va(z)= [ 02p(2 )12z ) + B2 220,

with by=2.8 A andb,=9.98 A*. It is worthwhile to men- (3.2
tion that Carraro and Cole have also utilized a sort of
McMillan-Schiff-Verlet correlation factor in a variational where

u(”]!Zl!ZZ): -

5
) (3.9

oo

ﬁZ
EC(ZleZ):'”'j ndn(g(n,zl,zz)v(r12)+ %[|V1Vg(77,21,22)|2+|V2\/g(7],zl,22)|2]

0

ﬁ2
_8_m[V19(77,21,22)'VlN(ﬂ,21,22)+V29(77,21,22)'VzN(’/I,ZLZz)] , (3.3
and
2 )
ENX(ZlaZZ):_m o ndn[ V,N(2,21,2;,) -V, X(9,21,25)]. (3.9

Quantity v(ry,) is the “He*He interaction potential(Lennard-Jones or Azjz The two-body functionsg(7,z;,2,),
N(7,21,2,), andX(#n,z,,Z,) are determined by the hypernetted and Ornstein-Zernike chain equations given K2.6gs.
(2.9) in Ref. 21.

In fact, two series of results were evaluated for coverages rangingrigen®.04 to 0.32 A2, one by using the standard
6-12 Lennard-Jones potential and the other by utilizing the Are-*He interactiorf® Since in the short-ranged approach
there is no infrared divergence one gets very precise numerical results. Both sets of evaluated short-ranged density profiles
exhibit similar features to the optimized ones plotted in Fig. 2 of Ref. 7, i.e., a maximum density at the center of the film
pc.=p(z=0) and a smoothly decreasipgz) which falls out at the surfaces. A typical difference between short-ranged and
optimized films is displayed in Fig. 5 of Ref. 11. The energy per particle was computed according to

E 1[#2 (= dVvp(z)\? = (=
N:n_c m fwdzl( é)z(ll ) +fﬁwJloodzleZP(zl)P(Zz)Ec(Zlazz) ; (3.9

with the correlation energy densiy.(z;,2,) given by Eq.  Fig. 2. Furthermore, the latter picture is completed by includ-
(3.3). Figure 1 shows a rather complete pattern of the behaving the values ofu obtained with the Lennard-Jones inter-
ior of the short-ranged valugsandE/N calculated with the atomic potential to allow a direct comparison, since such
Aziz potential. It clearly indicates that both the energy perdata are only partially listed in Table Il of Ref. 11. From this
particle and the chemical potential vanish in the limit of zeroplot it becomes clear that always decreases monotonically
coverage, which is a usually required physical feature. Irfor increasing coverage and that calculations carried out by
addition, this figure shows that both quantities are monotoniadopting the Lennard-Jones and Aziz interactions provide
cally decreasing functions af.. After including in Fig. 1  equivalent results. Of course, the latter values are somewhat
the values ofE/N quoted in Table | of Ref. 7 one realizes lower than the former ones as expected for a more realistic
that the results obtained with improved two-body functionspotential*’
are, as expected, somewhat lower than the short-ranged onesGoing ahead with the analysis we shall focus our attention
but the trend of both sets is similar. The fact that the shorton n.(du/dn;). These scaled derivatives evaluated in case
ranged and optimized values @f lie on almost parallel of the Aziz potential are shown in Fig(&8. Since the slopes
curves and that an alike behavior is exhibited BAN be-  calculated by using: obtained with the Lennard-Jones po-
comes the relevant feature, which gives a strong support ttential yielded alike negative results to that already displayed
the method of analysis employed in this section. in Fig. 3(@), such values are not included therein avoiding the
In order to facilitate a better visual insight when exploring overload of the graph. Figure(8 shows that all CBF-
the variation ofu, the main sector of Fig. 1 is amplified in HNC/O0 values ofn (du/dn;) are negative and, in addition,
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FIG. 2. Chemical potential as a function of the coverage. Circles  FIG. 3. (a) Scaled derivative of the chemical potential as a func-
and triangles represent CBF-HNC/0 evaluations carried out with thgion of the coverage. The vertical line indicates the equivalent sur-
Aziz and Lennard-Jones potentials, respectively. Open circles argce density $35)2° of the three-dimensional spinodal valug)
the short-ranged values calculated in the present work, while fulCentral density of the symmetric film for each coverage. The hori-
circles stand for the optlmlzed values listed in Table | of Ref. 7.Zon’[a| lines indicate the values pg% and the experimenta] equi”b_
Open and full triangles are, respectively, the short-ranged and optijum densityp$$'=0.021 85 A 3. In both parts of the figure open
mized values determined in the investigation reported in Ref. 11and full circles stand, respectively, for short-ranged and optimized
The vertical lines indicate the two-dimensional spinodal densily ~ CBF-HNC/O results, while stars are NLDF values.
and the equivalent surface densipg})?° of the three-dimensional
spinodal value. planar films by applying the NLDF theory. In this approach

o o the density of correlation energy may be written as
it indicates that the short-ranged and optimized results are of

the same order of magnitude. A noticeable feature is the o c PP
pronounced drop of the optimized scaled slopes for cover- Ec(21,22)=77fo dz 7v(ry2) + §[P(22)] [p(z2)]""
ages belown,=0.18 A"2. We think that this behavior of

n.(dw/dn;) is indeed not fortuitous and may be correlated X 8(25—24), (3.6

with the low one-body densities obtained for such films. The = = .
values ofp, taken from Table | of Ref. 7 are plotted in Fig. WNich is in agreement with Eqélla and(11b of Ref. 33.

. “ 11 4 4 .
3(b). Looking at this figure one realizes that films with Hereuv|(ry)) is the ‘_S(r:]reﬁned l;e-dHZ LeBnnard'\;Iqorr:els n-
<0.18 A~2 havep, smaller than the three-dimensional spin—teraCtlon potentialwith the standard de Boer—Michels pa-

odal densitypS=0.0158 A3, below of which a bulk sys- 'aMeterse= 10.22 K ando=2.556 A
tem does not have a physical solution. Making a connection

to results for adsorbed systems it can be noticed that Figs. 10 o\? [o)\® f ~h

and 15 of Ref. 17 and Fig. 1 of Ref. 23 show that all stable e ro  \l or T12=M,

films with a monolayer, bilayer, or multilayer structure al- v(rp)= 4 (3.7
ways have an average density larger thgh. Therefore, the Ul(h)(f_lz) for ry,<h,
definitive breakdown of the stability condition for free films h

. _2 . - [R—
with n;<0.18 A"* is to some extent an expected bAef‘?V'or-whereh is the screening distance. Tp€z,) is the “coarse-
Figure 3b) shows that for larger coverage®,>0.18 A™%,  grained density” defined by the average pfz) over a

the optimized systems haye> p3 indicating the existence sphere of radiub centered az=2z,, see Eq(10b) of Ref. 33
of a region with p(z)>p3R. However, this feature is not

sufficient to guarantee stability, it only makes these thicker

. . : _ 3

fIInTnS less unstable. In summary, it appears that the required p(2,)= yp= J drap(zs) O(h—r )
ne ' for a stable geometry is still not reached in the analyzed ™

coverage regimen.<0.30 A2, 3 (zp+h

23— 2,\?
1—( - H 3.9

In order to have an alternative way for evaluating theThe density correlation energi.(z,,z,) adopted in the
slope of u as a function ofn, we have also studied free NLDF theory contains much more information about the be-

~2h dzzp(z3)
2. Chemical potential in the NLDF theory z—h
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havior of real liquid “He than that utilized in the CBF- =2.377 A,c=1.04554<10" K A3(1*" andy=2.8 given
HNC/0 expansion. It has three free parameterg, and v, in Ref. 36.

which are determined by fitting the equation of state, surface The integrodifferential problen2.11) was solved for a
tension, and static density-density response function of bulkarge domain of coverages by using the NLDF mean-field
“He. In our numerical task we used the valués potentialVy(z) given by expressiofi2.16 in Ref. 36:

) z;+h
+4meo dz,

z;—h

1/ o )10 1( o )4
E(zl—z2 2 21— 2,
6 _ 6 4
e g
3c

+ (14 le+hd ][22 3.9
(L) [, dz(zaolz) = (39

z;—h o
VH(Zl)=4WEUZ(f +f +h>d22p(22)

— 7y

6 5] 1
X p(2y)

6] 3

8o
15\ h

The energy per particle was evaluated using Bgp) with  than 10 times wider than a typical interatomic distance
Eq. (3.6). Results of x and E/N for films with n, =2A. Measured in nominal “layers”

=<0.32 A2 are displayed in Fig. 1. A glance at this figure

indicates that both these quantities tend towards zero in the e 1 (=

limit n,.— 0. For the purpose of this work, it is important to 7= p2R p2B ﬁdep(z), (3.10
notice that the new values @f as well as ofE/N decrease

monotonically for increasingi,. The NLDF values are the thickness of this film withn,=0.5A"2 and p.
lower than the CBF-HNC/O ones. This feature can be well=0.021 48 A3 is /=6.5. When looking at thick films it is
understood if one reminds the reader that the correlation ergonvenient to examine the data as a function of the inverse of
ergy in the NLDF approach contains a large piece of infor-the coverage. Figure 4 shows the corresponding behavior of
mation about properties of butkHe, while the CBF-HNC/0 the chemical potential, energy per particle and surface ten-
calculations only include the lowest-order contributions ofSion. The latter quantity is equal to half of the free energy per
the correlation factors. This difference increases for increasdNit area

ing coverage due to the fact that larger films present wider

central regions with larger densities and for such systems the o :E E—uN _ E [E —un
higher-order contributions not included in the CBF-HNC/0 2 A 2|A M
expansion are more important. Furthermore, it is worthwhile

to point out that fom,=0.30 A~? the NLDF chemical po- 0.35 S
tential, .(0.30)=—6.94 K, is already close to the experi- &~ 03F 00,274 K/ ®) 3
mental value of the energy per particle of a uniform system X 0.25F :
Eg/N=—7.14 K, the difference only amounts to about 3%. = 02

: (3.11

On the other hand, the central densitiebtained in NLDF 0°0.16F  Usa(2) = 0

calculations are plotted in Fig(l9, where one sees that for 1

increasing coverage the results go towards the experimental X, - Eg/N+20"P/n, -

equilibrium density of the bulk liquig$¥"=0.021 85 A™3, —F E/N E
It already becomes clear from Fig. 1 that the slope of the -5 _ J

chemical potential determined with the NLDF theory is

u [K] and E/N

negative. Nevertheless, in order to quantify the effect we —6;- P
evaluated the corresponding values mf(du/dn;). The N: ]
NLDF scaled slopes displayed in FigaBindicate in a very I — By/N=-7.14 K (® ]
clean way that free planar films with,<0.30 A~2 are un- g ]
stable. These results support the conclusion obtained from 0 2 4 8 8 10
CBF-HNC/O calculations. 1/m, [87]

FIG. 4. Chemical potential, energy per particle, and surface ten-
C. The limit of very thick films _sion evaluated according to the I_\IL_DF theory as a function of the
inverse of the coverage. In the limitr/~0 data ofx and E/N
Let us now refer to the stability of self-supported planarapproach the experimental value of the energy per particle of a bulk
systems witm,>0.30 A~2. This part of the investigation is 4He liquid Eg /N, while o tends towards the experimental surface
based on NLDF evaluations. The largest solved film has g@ensiono®. The asymptotic behavior of the energy per particle,

S
coveragen,=0.5 A2 and a width of 25 A, i.e., it is more i.e., Eg/N+20%®n, is also indicated.
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because a planar film has two equivalent surfaces. In order tioee films might be unstable, but in this work we demonstrate
study the stability analyzing data of a plpt vs 1h, one that it is possible to join sufficient arguments for changing

must consider that conditiof2.12) takes the form that viewpoint.
q 1 The stability was examined by looking at the third-sound
mc=n, ~ ~® 0. (3.12 velocity expressed as an energycs. This quantity was

dne . ngd(1ig)

This means that stable films require negative values of th§j
slope du/d(1/n.). However, Fig. 4a) shows that such a
slope is always positive, hence, one concludes that all th
calculated films are unstable.

evaluated by using the procedures described in Sec. Il. The
alculations were carried out within the framework of two
ifferent approaches, namely the CBF-HNC/0 and NLDF
g1eories. All the evaluations for self-supported systems with
coveragen.=<0.30 A~? yielded negative values oﬁté in-
Although we have not carried out calculations for Iargerdicaﬂng t_hat the investigated films are unstable. 1_'he T‘“me”'
coverages, it seems possible to infer the behavior of biggegall,taSk in the rt]:ase Olf the %B';('jHNC/ 0 expa|r|13|ohn IS ?/ery
films with an important degree of confidence. Figure 4 indi- elicate, since the evagate@(. pldne) are smal. The val-
cates that the results exhibit the following features ams 1/ ues of j[he latter quantity estimated W.'th ‘?Pt'm'zefj .data re-
decreasesti) the value ofu tends towards the energy per ported in Refs. 7 and 11 and plotted in Figa3exhibit an

article of bulk liquid “He and(ii) the surface tension ap- 'MPortant fall of the stability indicator only for coverages
P a () exptp n.<0.18 A=2. On the other hand, the NLDF calculations

proaches - the experimental _surface tensions show in a much more clear way that such systems are far
=0.274 K A~2. In addition, from Eq(3.11) one may derive = ; y e y
i . from the conditions required by the minimum stable cover-
the following relation: St . :
age. This finding fits very well in the current knowledge

E 20 E E about this mattet.lt is quite reasonable to expect that, if not
Moo= lim w= lim [N— rall lim NN very thick films like those studied in Figs. 1-3 are unstable
Ng— 1inc—0 ¢l ng—e when adsorbed to rubidium and cesium substrates, then such

B.13  fims without a supporting potential should be also unstable.

which implies that the chemical potential and energy per Although the cohesion increasiezs for larger systems, all the
particle must coincide in the limit &#,—0 and be equal to free helium films withn.>0.30 A~? analyzed by using the
Eg/N. As far as one can see in Fig(a4 the data follow NLDF theory are still unstable as is shown in Fig. 4. Fur-
fairly well the trend required by this property. It is also no- thermore, on the grounds of the discussion provided in the

ticeable that the calculateli/N are not far away from the text, itis plausible to conjecture that instability would persist
asymptotic behavior given by for all free films of finite thickness as suggested in Ref. 11.

Such a pattern of instability cannot laepriori considered
E Eg exp unphysical since it is supported lgiy the finding of Refs. 2
N =N 20 ne)’ (314 and 3 that a free semi-infinite system is unstable @ndhe
asymp nonwetting behavior of liquid*He on rubidium and cesium
as shown in Fig. @). Perhaps, it is still interesting to discuss surfaces;*® where besides the steep barriefz® located
a little bit more the way in which the chemical potential may near the alkali-metal surface there is an attractive long-
reach its asymptotic value. As is known, the third-sound veranged van der Waals tait C/z® which confines at least
locity goes asymptotically to zero in the limi,—oe.? weakly the film at the liquid-vacuum interface. Moreover,
Sincen,(du/dn.) is negative for all the films investigated in this phenomenon of instability may be interpreted on the
the present work, to have a domain of stable coverages sudfasis of pure physical considerations. Due to the rotational
a derivative must cross to positive values. This crossing tosymmetry of the interaction potential between the individual
gether with the asymptotic zero value would mean a sort oparticles, one expects that the ground state of stable free
oscillation of mc3 as a function ofn,. However, as men- systems of strongly correlated helium atoms, which do not
tioned before, any oscillatory behavior m‘é is related to a  occupy the whole three-dimensional space, will evolve to get
layer formation caused by a compression due to substrat@ther spherical shapes like those studied in Refs. 48 and 49.
potentialst Since free films are not supported by any exter-This means that such systems will favor the formation of
nal potential, there is no source to produce a belated oscilladroplets of liquid *He coexisting with the vacuum. There-
tion of mp,g, Hence, the asymptotic resullm% fore, in the case of planar films with finite coverage one
=ny(du/dn)=—(1n)[du/d(1n)]=0 would be should apply an external potential with a strong attractive
reached from negative values. In other words, it seems thd€rm enough to generate the sufficient compression which
there is no physical reason to expect a change of the mongould preclude the natural tendency of helium to form
tonic trend of all the quantities displayed in Fig. 4. spherical clusters.
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