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Adsorption of superfluid *He films on planar heavy-alkali metals studied
with the Orsay-Trento density functional
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The wetting of planar surfaces of alkali met&®s, Rb, K, and Naby superfluid*He films atT=0 K is
theoretically studied. Calculations have been carried out by using the Orsay-Trento nonlocal density functional
and the adsorption potential of Chizmeshya-Cole-Zaremba. Surface tensions and contact angles are determined
for several approximations. We find that the conclusion on the wetting of an Rb substrate is sensible to the
gradient-gradient term in the functional and the softness of the He-metal interaction.
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In a pioneering theoretical work, Chengt al! have als by calculating separately,, , o, andoy, as a function
claimed that*He does not wet planar surfaces of the heavy-of temperaturgthis method requires determination of pres-
alkali metals K, Rb, and Cs & =0 K. This phenomenon sure. They found that in th& =0 limit “*He wets K but not
was argued on the basis of calculations carried out by usin&b. So, the authors of Ref. 12 by using essentially the same
the nonlocal density-functiondNLDF) theory formulated theoretical background as that of Ref. 16, but applying an
by Orsay-ParigOP) Collaboratio and assuming that he- alternative procedure for the analysis arrived at a different
lium atoms and the metallic surface interact via the two-conclusion about wetting of Rb.
parameter(9,3 potential with parameters derived by Za- In order to shed some light on this issue, we shall com-
remba and Kohr.Due to its extraordinary characteristic, the plete previous studies of the adsorption tfle on alkali
nonwetting to wetting transitions have been extensively studmetals. In doing so, we shall examine a few different ap-
ied. It was experimentally verifiéd that “He does not wet proaches within the OT-NLDF at=0. The ground-state
Cs at temperatures lower than the wetting temperafiye energy of*He confined by a potentidlg,(r) is
=2 K. The contact angl@, defined by the Young relation X

h

cosf.=(og,—og)l oy, , (1) Egszﬁj dr(V \/P(r))2+j dr p(r) esd(r)
where og,, o5, and oy, are the solid-vapor, solid-liquid,
liquid-vapor surface tensions, respectively, was also +f dr p(r) Ugudr), 2
measured: 8 The reported values 6f,, and 6, at T=0 are
listed in Table I. On the contrary, experimental ddtalicate ~ wheree(r) is the correlation energy per particfe,
that potassium is wetted bYHe atT=0. The main features
of the adsorption on K and Cs could be interpreted in recent . 1 S Lot ) Cs —
theoretical works®~*2In these studies, the calculations have esc(r)zzf dr'p(r') Vi ([r=r')+ = [ p(r)]
been carried out by utilizing the improved NLDF formula-

!

tion proposed by the Orsay-Trent®T) Collaboratior® and cp — o H? o ,

the more recent adsorption potential derived by Chizmeshya, +3 (] - masf dr’ p(r")F(Jr=r'])

Cole, and ZaremB4 (CCZ potential. It should be noticed

that for a given substrate the CCZ potential is more attractive p(H)|[Vp(r)\ [Vp(r) o(r’)

than the old(9,3) interaction® 1- ( ) ( 7 ) - .
pos || p(r) p(r’) Pos

The situation for surfaces of Rb is still somewhat contro-
versial. A number of measurements have b?ﬁen performed in 3
order to determine the wetting behavior of thide/Rb sys- . L . .
tem. Several different experimental techniques have bee 2? two-body '”tga"“"” ? a truncated LJ pOthnt'al’ being
applied®Sthe obtained wetting temperaturgg are listed in ¥ (1) =4€l(a/1)=(a/r)°] if r=hor and Vi"(r)=0
Table | of Ref. 16. Although the authors claim that the prepa-Otherwise. Quantity(r) is the “coarse-grained density”
ration of the surface plays a crucial role, the most recent
measurements indicate that planar Rb would be wetted by
“He atT=0. The latter conclusion is supported by our cal-
culations reported in Ref. 16. Just later on, Ancilotto, Faccin, 3\
and Toigd? (AFT) have extended the OT-NLDF to finite With W(|r—r'[)=3/(4mhgy) if |r—r’[<hor and zero oth-
temperatures and examined the wetting of heavy-alkali meterwise. Furthermorey(r) is the weighted average

p(0)= [ arp(erywie—r) @
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TABLE |. Coefficients of the expansions for the energetics and contact angles @tK, together with wetting temperatures.

System NLDF e, o O VX 10° a,x10° agx10® 0 Tw Ref.
Version K] [KIA?]  [KIA?] [KIA®] [KIA®]  [KIAL9 (T=0) K]
“He slab —1.28(y9)
Fit e oT —7.155 0.275 -1.38 —-0.016 0.004 18
Slabs AFT  —7.163 0.278 12
Fit e ag=0  —7.165 0.279 —1.42 —0.026 0.004 PV
“HelCs 4.63(y2)
Expt. 48°+1° 2.00+0.05 6
Expt. 25.5°+0.05°  1.90-0.05 7
Expt. 21°32° 1.75-2.04 8
Fit e oT —-7.151 0.012 4.49 —0.560 0.020 17° PW
Slabs AFT —0.238  0.040 31° 2.1 12
Droplet 36° 11
Fit e as=0 —7.164 0.044 4.30 —-0.537 0.019 33° PW
Fit a;=0 —7.162 3.73 -0.313  —0.003 PW
Eq.(15°  as=0 0.039 31° PW
“He/Rb 4.72(y9)
Expt. =0° 9,15
Fit e oT —7.151 —0.010 4.71 —0.581 0.021 0° 16
Fit oT —-7.152 4.27 —-0.361 0.005 0° 16
Eq.(15)° oT -0.011 0° 16
Fit e AFT —-7.164 -0.010 4.68 —-0.576 0.021 0° PW
Slabs AFT —-0.260  0.018 21° 1.4 12
Fit e as=0 —7.165 0.022 4.54 —0.561 0.020 23° PW
Fit u as=0 —7.163 4.70 —0.540 0.013 PW
Eq.(15°  a=0 0.020 22° PW
Fit e (93¢ -7.151 0.063 4.06 —0.533 0.020 40° PW
“HelK 4.81(y)
Expt. 0° 9
Fit e oT —7.155 —0.056 4.48 —-0.501 0.016 0° 10
Slabs AFT -0.306 —0.028 0° 12
Fit e ag=0  —7.164 —0.027 4.81 —0.575 0.020 0° PW
Fit 4 ag=0  —7.163 4.71 —0.475 0.007 PW
Eq.(15°  a,=0 —0.027 0° PW
Fit e oP —-7.154 -0.013 4.46 —-0.512 0.017 0° 10
“He/Na 5.60(y2)
Expt. 0° 24
Fit e oT —7.155 —-0.361 6.30 —0.608 0.018 0° PW

8PW stands for results obtained in the present work.

bUsing coefficients from the fit of. to Eq. (11).
‘Using complete OT-NLDF and the ne{®,3) potential with CCZ parametelsee texk

=27.2 K, the equilibrium densitypo=0.021836 A3 of
saturated bulk liquid*He at zero pressuré, while «y
=54.31 R, pps=0.04 A3 and¢=1 A were fixed to re-
produce the static response functi@ee Fig. 1 in Ref. 13
The authors of Ref. 12 got slightly different valuésg,;
=2.19035A,  c,=-24258.88 KA, and
=1865257 KA by fitting eg=—7.163 K. In their exten-
sion to finite temperature a contribution due to a Bose vapor
was added. The coefficients,r, c,, andc) as a function of
T are listed in Table | of Ref. 12.

In the case of planar geometry, the system is translation-
ally invariant in thex-y plane determined by the solid sur-

5(f)=fdf’p(f’)F(|f—f'|). ©)

whereF(|r—r'|) is the Gaussian function

F(lr=r'))= e-Ir-r'i?e?, (6)

71_3/2 ¢ 3

Dalfovo etal®® obtained hor=2.190323 A, c¢,=
—24118.57 K&, andc;=1 858496 K & by adjusting the
energy per particleg=—7.15 K, the incompressibilityC
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face and symmetry is broken in tke-0 direction giving rise ~ solute minimun?® Furthermore, to ensure wetting the

to ap(z) for helium atoms yielded by asymptotic areal isothermal compressibility must be
positive?!
2 d? 1 dop dop du
- = _ _ _n2
5= V(2 + U2 @ = o), (1) Zon ﬁ)N_—ncdnc_ncd—nc>o. 13

which also provides the chemical potential The Hartree By following the procedure outlined in Ref. 22 the value of
mean-field potentiaV/,(z) is given elsewher&® eg was included in the fits of calculatezito Eq. (9). The

The use of density functionals like that given by E8)  extracted values oé.., o.., y., a; andas are listed in
for describing planar helium films is sometimes criticized in Table I.
the literature. The main objection is that the parameters are The result for the testHe/Na system yields wetting in
fixed to give correctly the saturation properties of bitke,  agreement with experimental evidefiteand previous
but the corresponding straightforward two-dimensici2@))  calculations:?2?°As expected, nonwetting was obtained for
limit does not reproduce results specifically calculated for*He/Cs. Since at low temperatures, is negligibly small
2D homogeneouéHe.'® However, it should be noticed that (see Table Il in Ref. 12Eq. (1) can be approximated by
density profiles yielded by the OT-NLDF agree well with cosf.=1—o../0},. In the case of the complete original ver-
those obtained from path integral Monte Carlo simulationssion of the OT-NLDF approach, this expression yields a
This feature is illustrated in Ref. 20, whep¢z) for *He/Li  value of 6. which is slightly smaller than the lowest experi-
systems exhibiting pronounced layered structures are showmental limit.

In practice, Eq(7) is solved for a fixed coverage. de- A glance at Table | shows that the values=og+ o,
fined as the number of particlés per unit area, evaluated with data from Ref. 12 lie systematically above

ours for all heavy substrates. However, it should be noticed
N (= that the differences are small when compared with the size of
Ne=A~ fo dzp(2). ®  the absolute values of boik, and og,. A further analysis
indicates that the differencesrg(*He/Cs)- o (*He/K)
The integrodifferential problerti7) has been solved for cov- =0.068 K/A? and o (*He/Rb)— o /(*He/K)=0.047 K/A?
erages up to a sufficiently largd™™. The precision and con- are almost identical to out..(*He/Cs)- o.,(*He/K) and
sistency of solutions fop(z) andu were checked by utiliz-  o-.(*He/Rb)— o.(*He/K). These results indicate that there
ing methods developed in Refs. 10 and 16. is some sort of common perturbative difference.

We report a summary of new and previous results for Seeking for small effects we solved the controversial
adsorption on Cs, Rb, K, and Na. The energy per particle'He/Rb system by using the complete OT-NLDF with the
evaluated with the obtained solutions has been fitted to @arameters determined by AFRef. 12 for T=0. As can be
polynomial expansion in terms of the inverse of observed in Table I, this alternative choice did not introduce

coveragd®21:22 any sizeable effect.
Next, we studied the adsorption éHe onto all heavy
Egs 0, Yo Qs as substrates by using the AFT parametéfer T=0 but as-
e=N "% o +E vl + e (9 sumingas=0. This corresponds to eliminate the gradient-
¢ e e T gradient contribution which leads to the correct static re-
In this approach the surface energy, the chemical poten- SPonse function for bulkHe.™ The results quoted in Table |
tial 4, and the grand potenti&) obey®21:22 show that all these new values @f, move upwards and lie

surprisingly close to the sumg + o, estimated with data of

JE ve a; _as Ref. 12. The most important qualitative change is that in this
op= 9 ) =0, +35 +4—5+5, (10 approach*He does not wet rubidium becausg is positive.
IA Ty Ne  Nec Ne Furthermore, the contact angle evaluated fortHe/Cs sys-
tem now agrees with the values of Refs. 11 and 12. The
IE gs Ye _a, as consistency of results obtained in this approximation was
MZ( N ) =e,~2 53,4, (1D checked by evaluating.. with an expression derived from
A e N Ne the Gibbs-Duhem relatidh
n
Ta=Ne(e=p)=(Bgsm uNJIA=QIA. - (19) TA(Ne) — aa(0) = f Tr(ny) = p(noldn,. (14
0

Heree,, may be identified witteg and o, is the asymptotic
total surface energya(n.— )= o+, (Where o and
o, are also asymptotic surface tensiprghe coefficienty, o max
is mainly determined by the van der Waals tlaﬂﬁ‘ki,')(z)z axzf [m(ng)—e,]dn.= j“c [m(neg)—e,]ldng
—Cui/Z® of the adsorption potential. In the simplest ap- 0 0
proximation [see, e.g., Eq(2.10 Ref. 27 yields y.= v 1 \?2 1\3 1 \*

o] el ol o

Sinceoa(0)=0, in the limitn,—c, one gets

=1p3 (Crii— CH®), whereCHS corresponds to a hypothetical — v
“He substrate. Wetting requires that=../A be the ab-
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15 — L L lutions move towards those yielded by the OP-NLDF. This is
n i ‘He/Rb  m,=0.24 K2 ] illustrated by the values of.. for the *He/K case listed in
= ol ] Table 1.
X i ] For the sake of completeness, thEle/Rb system was
a [ ] solved by adopting a new®,3) potential evaluated with pa-
- 5S¢ ] rameters from CCZ. Such a potential has been already used
° for studying adsorption on alkali metals in Refs. 11 and 20.
Y of Figure 1 shows that both the ne{®,3) and the complete
< . ] CCZ potentials have the same depth and long-range behav-
‘:g sL - ez 1 ior, however, the(9,3) exhibits a steeper hard core and a
=) i - newe3) ] narrower well. Calculations performed within the original
i B OT-NLDF indicate nonwetting for thi§9,3) interaction(see
B T ST S —— Table |). Since a steeper hard core pushes the helium film
2 [A] more outwards, see Fig. 1, the integralpdf) U¢,{z) evalu-

ated with the(9,3) potential collects less negative energy
FIG. 1. Adsorption potentidll ¢,{z) and density profilp(z) as  than in the CCZ case. This feature explains the trend of the
a function of the distance from the substrate. Results for the CCxalue ofo. .
and new(9,3) potentials are displayed. In summary, a detailed comparison between present re-
sults for wetting of alkali metals b§He and those of Ref. 12

In Table | we included results computed with sets of param-> performed. It was found that in the critical case of the

eterse,, , y,, a,, andag extracted from fittingu to Eq. (11). adsorption on an Rb substrate, the gradient-gradient term in

Note that the latter equation does not have explicit informa:[he NLDF and the softness &fs,{2) play crucial roles.

tion ono,, . These new values are quite similar to that deter- This work was supported in part by the Ministry of Cul-
mined by fitting the energy to E¢9) supporting consistency. ture and Education of Argentina through Grants ANPCyT
Moreover, as one would expect, when setting=0 the so- PICT2000 No. 03-08450 and UBACyYT No. X103.
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