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Wetting of planar substrates of rubidium by liquid films of “He
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The wetting of planar solid surfaces of Rb by superfifiite films atT=0 K is examined theoretically. The
calculations were carried out bf) using the most elaborated nonlocal density functional known as the
Orsay-Trento proposal an@) assuming that the helium atoms interact with the substrate via the potential
recently worked out by Chizmeshya, Cole, and Zaremba. The asymptotic surface tension was evaluated by
applying two different procedures. Our results indicate that filméHe wet Rb at zero absolute temperature.

I. INTRODUCTION By solving Eq.(1.3 one getsp(z) as well as the chemical
potential w.

The adsorption of helium films on solid planar substrates The nonwetting phenomenon was argued in Ref. 1 on the
is a subject with a long tradition in low-temperature physics.basis of results obtained by usifig the e;(z) provided by
However, the interest in this matter has been significantlythe nonlocal density functionalNLDF) proposed by the
increased during the last decade after the pioneering theoregbrsay-Paris(OP) Collaboratiori and (i) the simple two-
ical work of Chenget al! on properties of*He films ad- parameter “3-9” adsorption potential
sorbed on alkali metals at=0 K. These authors have pro-
posed the possibility of nonwetting of the heaviest elements C3
of this sort Cs, Rb, and K. In this geometry, the helium Usuf 2)=U3.9(2) = 27D2
system is translationally invariant on they plane deter- ) ]
mined by an inert solid planar surface of the substrate, whil&vith the well depthD and the van der WaalvdW) coeffi-
symmetry is broken in the direction by the action of the Cient Cs derived by Zaremba and KotinThis fascinating
helium-substrate potentialg,{z), which gives rise to a den- feature is obtained because the well depths of the helium-
S|ty prof”ep(z) for the distribution of helium atoms of mass SubStI’ate interactions are Comparable to that Of the he“um'

m. In the framework of density functiondDF) theories the ~helium interactior?. Taborek and Rutled§eand Hallock
energy per particle s have reported instructive reviews of experiments done in the

early nineties for checking this prediction. Meanwhile,

3\1 ¢,

2z

E 1142 dp(2)\% (= progress in the theory has been achieved. An improved
g.s. .
&N " n ﬁf dz 4z +J dzp(z)e.z) NLDF was proposed by the Orsay-Trento Collaboration
¢ 0 0 (OT-NLDF).2 This approach accounts better than the OP-
w NLDF for properties of uniform and nonuniform helium
+ J dzp(z)Ugd2)|. (1.1)  system$'® The adsorbate-substrate interaction has been re-
0 vised by Chizmeshya, Cole, and Zareftth@C2) who pro-
Heren, is the coverage defined as the number of partikles posed the expressid€CZ potential
per unit areaA U 2)=UccA2)
N ® =Vo(l+taz)exp—az
ne=x = | 2o, 12 ot azien-az)
° L . T
ande.(z) is the correlation energy per particle depending on 2L B(2)(2= Zyaw) ] (z—z dw)s’ (1.6
the DF approach. The minimization of the energy given by Y
Eg. (1.1) with the constrain of fixea, leads to where
2
X
h? d? fo(x)=1—| 1+x+ = |exp(—x), €7
“om gz T V@ U2 o@D =1 \p(2), ’ -
(13) and
2
HereVy(2) is the Hartree mean-field potential B(z)= @z _ (1.8
1+az
Vi(2)= SBlp] 4 fw dzp(2)e«(z). (1.4  Allthe parameters of these expressions are quoted in Table 1
op(z)  p(2) Jo of Ref. 10. For a given substrate the CCZ potential is more
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TABLE I. Wetting temperaturd,, for the adsorption ofHe on light on wetting of Rb. It is the aim of the present paper to

planar rubidium substrates. report our results obtained by applying the OT-NLDF for-
malism and using the novel CCZ adsorption potential. The

Experiment Theory Tw [K] Ref. corresponding expression fdf,(z) is provided in a recent

Heat transport 0 15 paper where severql DF approaches are discd’sSedt_ion 1]

Quartz microbalance “16 16 is devoted to examine the galculated solutions putting a spe-
cial emphasis in the analysis of the surface tension. The final

Mass flow 0.31 7 conclusion is presented in Sec. llI

Third sound <0.15 18 o

Quartz microbalance 0 13,19

Simple model 13 10 Il. ANALYSIS OF NUMERICAL SOLUTIONS
OT-NLDF 0 PW Before beginning the data analysis we shall summarize

the equations to be used and comment on their physical con-
tent. The solutions of Eq1.3) provide an equation of state

attractive than the “3-9" potential witl> andC, taken from @S @ function ofn., which must satisfy the basic laws of
Ref. 4 (see discussion in Ref. 10 thermodynamics. AfT=0 K the variation of the ground-

At the present time, the wetting properties of the heaviesBta!e €nergy of a single-component systemNoparticles

element Cs and the lightest one K of the triad put into Con_Which presents flat interfaces of arda(notice that in this

. . . 0,21
sideration in Ref. 1 show a consistent picture. ExperimenS@S€ the pressure is zgie given by

tally it was verified that “He does not wet Cs at tempera- -~
tures lower than the wetting temperatufg=2 K and, in dEgs=oadA+udN, (2.0

addition, the contact angle for this substrate was measurgghere o, is the total surface tensiofi.e., the sum of the

(see, e.g., Ref. 21 Both these properties were fairly well gyrface tensions at the solid-liquid and liquid-vacuum inter-

reproduced theoretically by using the CCZ poteriffdf. On  faceg. The formal thermodynamic definitions of, and x
the other hand, experimental ditindicate that potassium is yield

wetted by *He atT=0 K. A simple model estimatidfi as

8Results corresponding to the CCZ potential of Ref. 10.

well as a very recent microscopic calculation carried out IEqs, I(Egs/N) , de

within NLDF formalisms* successfully accounted for this UA_( A ) =( AN ) = Negn (2.2
feature by using the CCZ potential. N N ¢

The situation of the adsorption dHe on Rb is still not and

completely clear. In the following lines we shall summarize

the state-of-the art concerning wetting in this case. Since the IEgs I(Eqgs/A) de
attraction of the adsorption potential increases for decreasing ,u-( aN. ) —( ﬁ(N/A) ) =e+ ncm. (2.3
mass number of alkali metals, Rb should exhibit lower wet- A A ¢

ting temperatures than Cs. The question is whether it is zergg hginted out in Ref. 21, a necessary condition for the sta-
as for a surface of K or takes a finite value. Several dn‘ferenb“ity of a system is to require a positive areal isothermal

kind of measurements including heat and mass tranSpor&ompressibilityK
third sound, and quartz crystal microbalance have been s

made. By using an extrapolation scheme that accounts for dora Al doa dog
the temperature dependence of data provided by heat trans- —=A _A) :N(W) = —ncd—>0. (2.9
port measurements in the range 1.0-1.¥Kkhe authors Ks IA TN J( )y Ne

have obtainedrl,,=0 K. Early quartz microbalance dafa

indicated that the wetting temperaturg is well below the From Egs.(2.2) and(2.3) one gets the well-known relation

lowest examined temperature 1.6 K. From a mass flow study E —uN Q

4 . gs~ M
of “He across a Rb ring, performed at temperatures between oa=Ng(e—u)= =—, (2.5
0.1 and 0.4 K, it was determinéf,=0.31 K1’ In the case A A

of third sound, it was clearly seen that the behavior dependﬁereﬂ is the thermodynamic grand potentialTat 0 K. By
on the preparation of the Rb substrate, but nevertheless fro?ﬁking into account this relation, E(2.1) may be cast into a
the experiments it can be definitely stated ffigt0.15 K*®  ~ o b e T

Finally, a recent measurement using the quartz crystal mi-
crobalance technique has lgrlwgdoubteplly indicated .ﬂm d[opA—(Egs—puN)]=Adoa+Ndu=0. (2.6
wets Rb surfaces at=0 K.*” So, with the exception of
the result of Ref. 17, the experimental data quoted in Table A straightforward integration
are consistent witfi,,=0 K. However, the recent theoretical
evaluation of Ref. 10 performed by using the CCZ adsorp- (nc ne , e,
tion potential yielded',,= 1.3 K. This wetting temperature is |, doa=— fo nedu(ng) = —pu(ne)ne+ fo m(ngdng
not only different from zero, but in fact it also exceeds sig- 2.7
nificantly the sole non null experimental value.

In view of the discrepancy between experimental resultsillows us to compute the evolution of the surface tension in
and the simple theoretical estimation, we found important tderms of an integral of the chemical potential over all the
carry out new microscopic calculations in order to shed somemaller films
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oa(Ne) —oa(0)= fonc [u(ng)—p(ngldn. (2.8

Wetting requires that in the limit of infinite coverage the
grand potential per unit are@a(N.—®°)=0,=0g + 0Ly

(hereog andoy are the asymptotic surface tensions at the

solid-liquid and liquid-vacuum interfaces, respectiyelge
the absolute minimurf?

Since wetting is governed by the asymptotic behavior of

the energetics of planar films, it is convenient to exan@ne
as a function of the inverse of coverdgeriting the follow-
ing polynomial expansioft**24

as

—.
Ne

0w Y
e=em+n—+—c+

3
c N

4
Ne

(2.9

Here e, may be identified with the saturation equilibrium
value for bulk “He, eg=—7.15 K% The use of Egs(2.2),
(2.3, and(2.4) leads to

,de Ye 8 _8s
opA=— Cd —O'OC+3?+4—3+5—4, (21@
C C C
e Y a4 a5
,u=e+ncd—:ex—2—g—3—4—4—5, (21])
Ne n; n. ng
and
1 dO'A
= —+ +
= dn. ncoln =mc= 6 122 20—
c n
(2.12)

In fact, the stability condition of Eq(2.4) was rewritten in

terms of the incompressibility, which is related to the third-

sound velocityc; (see the second citation of Ref). IThe
coefficienty, drives the departure o, and u from their

asymptotic values. It is mainly determined by the van der®

Waals tailu{"(z)=— C;/z° of the adsorption potential.

The simplest version of the Frenkel-Halsay-HilFHH)
model without effects due to retardatipsee, e.g., Eq5) in
Ref. 26 yields

(2.13

wherepo 0.021836 A3 is the equilibrium bulk density
and Cl®=120 K A% is the C coefficient of a hypothetical
“He substrate.

The integrodifferential probleril.3) has been solved for
a large range of coverages uprt8®=0.44 A 2 correspond-

ing to a film of about 5.5 nominal layers$ (I=p3"

1 1
Y= Vc 2POFFHH 2PO(Cta|I Cta|l

=0.07812 A ?). This maximum coverage was adopted be-
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FIG. 1. (a) Energy per particle=Ey /N and chemical poten-
tial u as a function of the coverage,. The star is the bulk satu-
ration valueeg= —7.15 K. The symbols<{) and (-) indicate the
positive and negative contributions ta, as given by Eq(2.14).
The region where becomes negative is magnified in the ingbj.
Surface tensionr, evaluated with Eq(2.5). For comparison, the
surface tension obtained in the case of a substrate of K in Ref. 14 is
also displayed.

single-atom binding energy in th8.c,(z) potential, i.e.,
esp= —3.72 K. According to this drawing when, grows
continuously from a certain minimum coverage towards
thenu approaches the asymptotic vakeiefrom below. This
behavior guarantees that large films always satisfy the stabil-
ity condition of Eq.(2.12. Figure Xb) shows thatr, given
by Eg. (2.5 is, for large films, a decreasing function .
For the sake of comparison, we also plottedfor K evalu-
ated with data of Ref. 14. Sineg(0)=0, to ensure wetting
f Rb it must be demonstrated that is negative. There are
two ways of determining this value from the calculated data.
One way consists of simply fittingto Eq.(2.9). The other is
based on the evaluation of E@.8) for n;— .

Figure 2 shows the behavior ef u, ando, as a function
of v=1/n.. Two different fits were performed. In one of
them, the energy data covering the regime ©<10 A?
were fitted to the polynomigR.9). In the other, values of
were fitted to Eq(2.11) which is independent of,. In the
latter case, the fit was restricted to the range18s5 A2
where bothu and o, exhibit their final trend towards the
asymptotic values. By following the procedure outlined in
Ref. 24 the energy per particle for bulk liquieg
—7.15 K was included in the fits. The extracted values of
€., 0., Ve, A4, @andas are listed in Table Il. As expected,
the results foe,, are consistent witleg . The solid curves in

cause for a weak adsorption potential further growth of theFig. 2 show the good quality of the fit @and indicate that

system occurs without noticeable new oscillationsp¢t)
[see, e.g., Fig. ®) of Ref. 2] implying that the asymptotic
trend was reached. Equati¢h.3) has been discretized in a
box of size enough to insure that the neglectgs{z) be
always smaller than I¢ A~%2 The consistency of solu-
tions for u was checked with a special care following the i
procedures developed in Ref. 14.

Figure Xa) shows the behavior @andu as a function of
ne. In the limit n.—0 quantitiese and x converge to the

the results foro, and u evaluated with Eqs(2.10 and
(2.11 reproduce quite well the displayed data. Furthermore,
since the obtained-,. is negative and, is positive(in prac-
tice equal to the FHH estlmatlovﬁ) both conditions of Egs.
(2.6) and (2.12 required for wetting are satisfied. The inset
in Fig. 2(a) indicates the crossing &and x which produces
the change of sign oé, at aboutn,=1 A2, The dashed
curve in Fig. Za) shows that the fit oft to Eq.(2.11) is good

in the adjusted region.
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TABLE Il. Coefficients of the expansions for the energetics of
o adsorbed films of liquidHe.
;‘ Data source e, 0. Y X10° a,x10° asx10®
5 (K] [KIA?]  [K/IA®] [KIA®] [K/IAY9
% [ . 1 4 o ['Hesme) Bulk *He —7.152
8 8L o atHe/re]l ] Rb Substrate
er ,e.,t .2 .o L 47 b, 0
0.15 | ' ' ' = FHH " (vc) 4.72
E Fittinge —7.151 -0.0101 471 —0.581 0.0210
& 01 ¢ Eq. (2.14 —0.0122°
3005 F Fitting —7.152 427 —0.361 0.0045
<~ of Eq. 2.14 —0.0114¢
° F vy o] K Substrate®
-0.05 b=, * ° 3 FHH® (%) 4.81
C ' | ) 1 | ! 1 7 s
0 3 4 6 8 Fittinge —7.155 —0.0561 448 —0.501 0.0164
2
v = 1/n, [£] aBulk energy per particleg quoted in Table Il of Ref. 25 and used

- . . for fixing th t f the OT-NLDF.
FIG. 2. Same data as in Fig. 1 but as a function of the inverse ogg;e?f(;ggemye Zﬂ;r:zft:cgsb?/ us;g the FHH approach
Cc .

coveragev=1/n.. The continuous curves ae u, ando, evalu- . o .
ated with the parameters obtained form the fiead Eq.(2.9). The dUs!ng coeff|.C|.ents from the f'_t o€ 1o Eq.(2.9.
Using coefficients from the fit ofc to Eq.(2.11).

dashed curve represenis calculated with parameters determined | ken ;
from its fit to Eq.(2.1D). Results taken from Ref. 14.

When evaluatingr.. with Eq. (2.8), the task is reduced to approach and the CCZ adsorption potentidlindicate the
the computation of the contributing integral. This procedurewetting of planar surfaces of Rb by films dfHe at T
takes into account the whole spectrumwofind the resultis =0 K in agreement with the majority of the experimental
determined by the balance of areas indicated in Fig).1 data listed in Table I. However, the almost complete cancel-
Since the positive and negative contributions present a strorigtion effect shown by the quantity,.= o + oy points out
cancellation effect, in a first step, we checked whether theréhat rubidium lies at the borderline between wetting and non-
is an important limitation in accuracy due to possible systemwetting at zero temperature.
atic numerical deviations of the calculated solutions. For this In addition, it recently came to our knowledge that there
purpose we computed the surface tension ®f*  was a preprint by Ancilotto, Faccin, and Toi§owhere wet-
=0.44 A°? obtaining o,=0.0380 K/&, which differs less ting properties of heavy-alkali metals are analyzed at several
than 5% from the valuer,(nT®)=0.0398 K/& given by  temperatures. For their evaluations these authors adopted es-
Eqg. (2.5 and plotted in Fig. (b). For computingo.,, the  sentially the same theoretical framework as that used in the
integral was split into two parts. One running over the solupresent work, but the study was performed in a different
tions for u displayed in Fig. (& and the other over the way. They calculate@s andoy separately finding that in
asymptotic regime wherg was approximated by Eq2.11)  the T=0 K limit “He wets a potassium substrate but not a

" max rubidium one. In the latter case they obtained=og_
gw:f [u(ng)—e.]dn.= f”c [u(n.)—e.]dn, +0y=0.017 K/A? in contrast to our resultso.
0 0 =—0.011 K/A? listed in Table Il. However, it should be
2 3 4 noticed that this difference is small when compared with the
i _ i _ i (2.14 size of the absolute values of, andog . Furthermore, the
nmax 4\ pmax >\ pmax ' data plotted in Fig. 4 of Ref. 27 yieldrg, [potassiunh
. ) ) —og. [rubidium]=—0.047 K/A? which is in excellent
Quantity o, was evaluated with two different sets of param- greement with the results for,, [potassiuii—o.. [ru-
eterse,. , ., &, andas, namely, those extracted from fits of p;gjym] given by the values quoted in the present Table II.

eand ofu, yielding the results quoted in Table Il. Both these a| these facts confirm that the wetting of rubidium surfaces
values are negative and similar to that determined by the figy neljum is a very cumbersome problem.

of e to Eq. (2.9), being much closer to zero than the result
obtained for potassium. It should be stressed that the infor-

—Ye
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