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Wetting of planar substrates of rubidium by liquid films of 4He
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The wetting of planar solid surfaces of Rb by superfluid4He films atT50 K is examined theoretically. The
calculations were carried out by~i! using the most elaborated nonlocal density functional known as the
Orsay-Trento proposal and~ii ! 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 films of4He wet Rb at zero absolute temperature.
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I. INTRODUCTION

The adsorption of helium films on solid planar substra
is a subject with a long tradition in low-temperature physi
However, the interest in this matter has been significan
increased during the last decade after the pioneering the
ical work of Chenget al.1 on properties of4He films ad-
sorbed on alkali metals atT50 K. These authors have pro
posed the possibility of nonwetting of the heaviest eleme
of this sort Cs, Rb, and K. In this geometry, the heliu
system is translationally invariant on thex-y plane deter-
mined by an inert solid planar surface of the substrate, w
symmetry is broken in thez direction by the action of the
helium-substrate potentialUsub(z), which gives rise to a den
sity profiler(z) for the distribution of helium atoms of mas
m. In the framework of density functional~DF! theories the
energy per particle is2
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Herenc is the coverage defined as the number of particleN
per unit areaA

nc5
N

A
5E

0

`

dzr~z!, ~1.2!

andec(z) is the correlation energy per particle depending
the DF approach. The minimization of the energy given
Eq. ~1.1! with the constrain of fixednc leads to

F2
\2

2m

d2

dz2
1VH~z!1Usub~z!GAr~z!5m Ar~z!.

~1.3!

HereVH(z) is the Hartree mean-field potential

VH~z!5
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By solving Eq.~1.3! one getsr(z) as well as the chemica
potentialm.

The nonwetting phenomenon was argued in Ref. 1 on
basis of results obtained by using~i! the ec(z) provided by
the nonlocal density functional~NLDF! proposed by the
Orsay-Paris~OP! Collaboration3 and ~ii ! the simple two-
parameter ‘‘3-9’’ adsorption potential

Usub~z!5U3-9~z!5S 4 C3
3

27D2D 1

z9
2

C3

z3
, ~1.5!

with the well depthD and the van der Waals~vdW! coeffi-
cient C3 derived by Zaremba and Kohn.4 This fascinating
feature is obtained because the well depths of the heli
substrate interactions are comparable to that of the heli
helium interaction.5 Taborek and Rutledge6 and Hallock7

have reported instructive reviews of experiments done in
early nineties for checking this prediction. Meanwhil
progress in the theory has been achieved. An impro
NLDF was proposed by the Orsay-Trento Collaborati
~OT-NLDF!.8 This approach accounts better than the O
NLDF for properties of uniform and nonuniform helium
systems.8,9 The adsorbate-substrate interaction has been
vised by Chizmeshya, Cole, and Zaremba10 ~CCZ! who pro-
posed the expression~CCZ potential!

Usub~z!5UCCZ~z!

5V0~11a z!exp~2a z!

2 f 2@b~z!~z2zvdW!#
CvdW

~z2zvdW!3
, ~1.6!

where

f 2~x!512S 11x1
x2

2 Dexp~2x!, ~1.7!

and

b~z!5
a2 z

11a z
. ~1.8!

All the parameters of these expressions are quoted in Tab
of Ref. 10. For a given substrate the CCZ potential is m
12 381 ©2000 The American Physical Society
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12 382 PRB 62LESZEK SZYBISZ
attractive than the ‘‘3-9’’ potential withD andC3 taken from
Ref. 4 ~see discussion in Ref. 10!.

At the present time, the wetting properties of the heav
element Cs and the lightest one K of the triad put into c
sideration in Ref. 1 show a consistent picture. Experim
tally it was verified6 that 4He does not wet Cs at temper
tures lower than the wetting temperatureTw.2 K and, in
addition, the contact angle for this substrate was meas
~see, e.g., Ref. 11!. Both these properties were fairly we
reproduced theoretically by using the CCZ potential.10,12 On
the other hand, experimental data13 indicate that potassium i
wetted by 4He at T50 K. A simple model estimation10 as
well as a very recent microscopic calculation carried
within NLDF formalisms14 successfully accounted for thi
feature by using the CCZ potential.

The situation of the adsorption of4He on Rb is still not
completely clear. In the following lines we shall summari
the state-of-the art concerning wetting in this case. Since
attraction of the adsorption potential increases for decrea
mass number of alkali metals, Rb should exhibit lower w
ting temperatures than Cs. The question is whether it is z
as for a surface of K or takes a finite value. Several differ
kind of measurements including heat and mass transp
third sound, and quartz crystal microbalance have b
made. By using an extrapolation scheme that accounts
the temperature dependence of data provided by heat tr
port measurements in the range 1.0–1.7 K,15 the authors
have obtainedTw50 K. Early quartz microbalance data16

indicated that the wetting temperatureTw is well below the
lowest examined temperature 1.6 K. From a mass flow st
of 4He across a Rb ring, performed at temperatures betw
0.1 and 0.4 K, it was determinedTw50.31 K.17 In the case
of third sound, it was clearly seen that the behavior depe
on the preparation of the Rb substrate, but nevertheless
the experiments it can be definitely stated thatTw,0.15 K.18

Finally, a recent measurement using the quartz crystal
crobalance technique has undoubtedly indicated that4He
wets Rb surfaces atT50 K.13,19 So, with the exception of
the result of Ref. 17, the experimental data quoted in Tab
are consistent withTw50 K. However, the recent theoretica
evaluation of Ref. 10 performed by using the CCZ adso
tion potential yieldedTw51.3 K. This wetting temperature i
not only different from zero, but in fact it also exceeds s
nificantly the sole non null experimental value.

In view of the discrepancy between experimental res
and the simple theoretical estimation, we found importan
carry out new microscopic calculations in order to shed so

TABLE I. Wetting temperatureTw for the adsorption of4He on
planar rubidium substrates.

Experiment Theory Tw @K# Ref.

Heat transport 0 15
Quartz microbalance ,1.6 16
Mass flow 0.31 17
Third sound ,0.15 18
Quartz microbalance 0 13,19

Simple model 1.3 10
OT-NLDF 0 PW

aResults corresponding to the CCZ potential of Ref. 10.
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light on wetting of Rb. It is the aim of the present paper
report our results obtained by applying the OT-NLDF fo
malism and using the novel CCZ adsorption potential. T
corresponding expression forVH(z) is provided in a recent
paper where several DF approaches are discussed.9 Section II
is devoted to examine the calculated solutions putting a s
cial emphasis in the analysis of the surface tension. The fi
conclusion is presented in Sec. III.

II. ANALYSIS OF NUMERICAL SOLUTIONS

Before beginning the data analysis we shall summa
the equations to be used and comment on their physical
tent. The solutions of Eq.~1.3! provide an equation of statee
as a function ofnc , which must satisfy the basic laws o
thermodynamics. AtT50 K the variation of the ground-
state energy of a single-component system ofN particles
which presents flat interfaces of areaA ~notice that in this
case the pressure is zero! is given by20,21

dEg.s.5sA dA1m dN, ~2.1!

where sA is the total surface tension~i.e., the sum of the
surface tensions at the solid-liquid and liquid-vacuum int
faces!. The formal thermodynamic definitions ofsA and m
yield

sA5S ]Eg.s.

]A D
N

5S ]~Eg.s./N!

]~A/N! D
N

52nc
2 de

dnc
~2.2!

and

m5S ]Eg.s.

]N D
A

5S ]~Eg.s./A!

]~N/A! D
A

5e1nc

de

dnc
. ~2.3!

As pointed out in Ref. 21, a necessary condition for the s
bility of a system is to require a positive areal isotherm
compressibilityks

1

ks
5AS ]sA

]A D
N

5
A

N S ]sA

]~A/N! D
N

52nc

dsA

dnc
.0. ~2.4!

From Eqs.~2.2! and ~2.3! one gets the well-known relation

sA5nc~e2m!5
Eg.s.2m N

A
5

V

A
. ~2.5!

HereV is the thermodynamic grand potential atT50 K. By
taking into account this relation, Eq.~2.1! may be cast into a
Gibbs-Duhem form

d@sAA2~Eg.s.2m N!#5A dsA1N dm50. ~2.6!

A straightforward integration

E
0

nc
dsA52E

0

nc
nc8 dm~nc8!52m~nc!nc1E

0

nc
m~nc8!dnc8

~2.7!

allows us to compute the evolution of the surface tension
terms of an integral of the chemical potential over all t
smaller films
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sA~nc!2sA~0!5E
0

nc
@m~nc8!2m~nc!#dnc8 . ~2.8!

Wetting requires that in the limit of infinite coverage th
grand potential per unit area,sA(nc→`)5s`5sSL1sLV
~heresSL andsLV are the asymptotic surface tensions at
solid-liquid and liquid-vacuum interfaces, respectively!, be
the absolute minimum.22

Since wetting is governed by the asymptotic behavior
the energetics of planar films, it is convenient to examine
as a function of the inverse of coverage23 writing the follow-
ing polynomial expansion:9,14,24

e5e`1
s`

nc
1

gc

nc
3

1
a4

nc
4

1
a5

nc
5

. ~2.9!

Here e` may be identified with the saturation equilibriu
value for bulk 4He, eB527.15 K.25 The use of Eqs.~2.2!,
~2.3!, and~2.4! leads to

sA52nc
2 de

dnc
5s`13

gc

nc
2

14
a4

nc
3

15
a5

nc
4

, ~2.10!

m5e1nc

de

dnc
5e`22
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3

23
a4

nc
4

24
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5

, ~2.11!

and

1

ncks
52

dsA

dnc
5nc

dm

dnc
5m c3

256
gc

nc
3

112
a4

nc
4

120
a5

nc
5

.

~2.12!

In fact, the stability condition of Eq.~2.4! was rewritten in
terms of the incompressibility, which is related to the thir
sound velocityc3 ~see the second citation of Ref. 1!. The
coefficientgc drives the departure ofsA and m from their
asymptotic values. It is mainly determined by the van d
Waals tailUsub

(tail)(z).2 Ctail /z
3 of the adsorption potential

The simplest version of the Frenkel-Halsay-Hill~FHH!
model without effects due to retardation@see, e.g., Eq.~5! in
Ref. 26# yields

gc.gc
05

1

2
r0

3 GFHH5
1

2
r0

3~Ctail2Ctail
He!, ~2.13!

where r050.021836 Å23 is the equilibrium bulk density25

and Ctail
He.120 K Å3 is the C coefficient of a hypothetica

4He substrate.
The integrodifferential problem~1.3! has been solved fo

a large range of coverages up tonc
max50.44 Å22 correspond-

ing to a film of about 5.5 nominal layersl ( l 5r0
2/3

50.07812 Å22). This maximum coverage was adopted b
cause for a weak adsorption potential further growth of
system occurs without noticeable new oscillations ofr(z)
@see, e.g., Fig. 6~b! of Ref. 2# implying that the asymptotic
trend was reached. Equation~1.3! has been discretized in
box of size enough to insure that the neglectedAr(z) be
always smaller than 1025 Å23/2. The consistency of solu
tions for m was checked with a special care following th
procedures developed in Ref. 14.

Figure 1~a! shows the behavior ofe andm as a function of
nc . In the limit nc→0 quantitiese and m converge to the
e

f

-

r

-
e

single-atom binding energy in theUCCZ(z) potential, i.e.,
eSA523.72 K. According to this drawing whennc grows
continuously from a certain minimum coverage towards`
thenm approaches the asymptotic valuee` from below. This
behavior guarantees that large films always satisfy the sta
ity condition of Eq.~2.12!. Figure 1~b! shows thatsA given
by Eq. ~2.5! is, for large films, a decreasing function ofnc .
For the sake of comparison, we also plottedsA for K evalu-
ated with data of Ref. 14. Sinces(0)50, to ensure wetting
of Rb it must be demonstrated thats` is negative. There are
two ways of determining this value from the calculated da
One way consists of simply fittinge to Eq.~2.9!. The other is
based on the evaluation of Eq.~2.8! for nc→`.

Figure 2 shows the behavior ofe, m, andsA as a function
of n51/nc . Two different fits were performed. In one o
them, the energy data covering the regime 0<n&10 Å2

were fitted to the polynomial~2.9!. In the other, values ofm
were fitted to Eq.~2.11! which is independent ofs` . In the
latter case, the fit was restricted to the range 0<n&5 Å2

where bothm and sA exhibit their final trend towards the
asymptotic values. By following the procedure outlined
Ref. 24 the energy per particle for bulk liquideB
527.15 K was included in the fits. The extracted values
e` , s` , gc , a4, anda5 are listed in Table II. As expected
the results fore` are consistent witheB . The solid curves in
Fig. 2 show the good quality of the fit ofe and indicate that
the results forsA and m evaluated with Eqs.~2.10! and
~2.11! reproduce quite well the displayed data. Furthermo
since the obtaineds` is negative andgc is positive~in prac-
tice equal to the FHH estimationgc

0) both conditions of Eqs.
~2.6! and ~2.12! required for wetting are satisfied. The ins
in Fig. 2~a! indicates the crossing ofe andm which produces
the change of sign ofsA at aboutnc.1 Å22. The dashed
curve in Fig. 2~a! shows that the fit ofm to Eq.~2.11! is good
in the adjusted region.

FIG. 1. ~a! Energy per particlee5Eg.s./N and chemical poten-
tial m as a function of the coveragenc . The star is the bulk satu
ration valueeB527.15 K. The symbols (1) and (2) indicate the
positive and negative contributions tos` as given by Eq.~2.14!.
The region wheree becomes negative is magnified in the inset.~b!
Surface tensionsA evaluated with Eq.~2.5!. For comparison, the
surface tension obtained in the case of a substrate of K in Ref. 1
also displayed.
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When evaluatings` with Eq. ~2.8!, the task is reduced to
the computation of the contributing integral. This procedu
takes into account the whole spectrum ofm and the result is
determined by the balance of areas indicated in Fig. 1~a!.
Since the positive and negative contributions present a st
cancellation effect, in a first step, we checked whether th
is an important limitation in accuracy due to possible syste
atic numerical deviations of the calculated solutions. For t
purpose we computed the surface tension atnc

max

50.44 Å22 obtainingsA50.0380 K/Å2, which differs less
than 5% from the valuesA(nc

max)50.0398 K/Å2 given by
Eq. ~2.5! and plotted in Fig. 1~b!. For computings` , the
integral was split into two parts. One running over the so
tions for m displayed in Fig. 1~a! and the other over the
asymptotic regime wherem was approximated by Eq.~2.11!

s`5E
0

`

@m~nc!2e`#dnc5E
0

nc
max

@m~nc!2e`#dnc

2gc S 1

nc
maxD 2

2a4 S 1

nc
maxD 3

2a5 S 1

nc
maxD 4

. ~2.14!

Quantitys` was evaluated with two different sets of param
eterse` , gc , a4, anda5, namely, those extracted from fits o
e and ofm, yielding the results quoted in Table II. Both the
values are negative and similar to that determined by th
of e to Eq. ~2.9!, being much closer to zero than the res
obtained for potassium. It should be stressed that the in
mation used by the procedures based on Eqs.~2.9! and~2.14!
does not cover the same regime ofnc , this fact enforces the
conclusion pointing out the wetting of the Rb substrate.

III. FINAL REMARKS

In summary, the fundamental output of this investigati
is that calculations carried out by using the OT-NLD

FIG. 2. Same data as in Fig. 1 but as a function of the invers
coveragen51/nc . The continuous curves aree, m, andsA evalu-
ated with the parameters obtained form the fit ofe to Eq.~2.9!. The
dashed curve representsm calculated with parameters determine
from its fit to Eq.~2.11!.
e
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approach8 and the CCZ adsorption potential10 indicate the
wetting of planar surfaces of Rb by films of4He at T
50 K in agreement with the majority of the experiment
data listed in Table I. However, the almost complete canc
lation effect shown by the quantitys`5sSL1sLV points out
that rubidium lies at the borderline between wetting and n
wetting at zero temperature.

In addition, it recently came to our knowledge that the
was a preprint by Ancilotto, Faccin, and Toigo,27 where wet-
ting properties of heavy-alkali metals are analyzed at sev
temperatures. For their evaluations these authors adopte
sentially the same theoretical framework as that used in
present work, but the study was performed in a differe
way. They calculatedsSL andsLV separately finding that in
the T50 K limit 4He wets a potassium substrate but no
rubidium one. In the latter case they obtaineds`5sSL
1sLV.0.017 K/Å2 in contrast to our results s`

.20.011 K/Å2 listed in Table II. However, it should be
noticed that this difference is small when compared with
size of the absolute values ofsLV andsSL . Furthermore, the
data plotted in Fig. 4 of Ref. 27 yieldsSL @potassium#
2sSL @rubidium#.20.047 K/Å2 which is in excellent
agreement with the results fors` @potassium#2s` @ru-
bidium# given by the values quoted in the present Table
All these facts confirm that the wetting of rubidium surfac
by helium is a very cumbersome problem.
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TABLE II. Coefficients of the expansions for the energetics
adsorbed films of liquid4He.

Data source e` s` gc3103 a43103 a53103

@K# @K/Å2# @K/Å6# @K/Å8# @K/Å10#

Bulk 4He 27.15a

Rb Substrate
FHH b (gc

0) 4.72
Fitting e 27.151 20.0101 4.71 20.581 0.0210
Eq. ~2.14! 20.0122c

Fitting m 27.152 4.27 20.361 0.0045
Eq. 2.14! 20.0114d

K Substratee

FHH b (gc
0) 4.81

Fitting e 27.155 20.0561 4.48 20.501 0.0164

aBulk energy per particleeB quoted in Table II of Ref. 25 and use
for fixing the parameters of the OT-NLDF.

bCoefficientgc estimated by using the FHH approach.
cUsing coefficients from the fit ofe to Eq. ~2.9!.
dUsing coefficients from the fit ofm to Eq. ~2.11!.
eResults taken from Ref. 14.

of



e

ne

w

er

y

y

ys.
J.

ev.

.

ys.

PRB 62 12 385WETTING OF PLANAR SUBSTRATES OF RUBIDIUM BY . . .
*Also at the Carrera del Investigador Cientı´fico of the Consejo
Nacional de Investigaciones Cientı´ficas y Técnicas, Av. Rivada-
via 1917, RA-1033 Buenos Aires, Argentina.

1E. Cheng, M.W. Cole, W.F. Saam, and J. Treiner, Phys. R
Lett. 67, 1007 ~1991!; Phys. Rev. B46, 13 967~1992!; 47, 14
661~E! ~1993!.

2E. Cheng, M.W. Cole, J. Dupont-Roc, W.F. Saam, and J. Trei
Rev. Mod. Phys.65, 557 ~1993!.

3J. Dupont-Roc, M. Himbert, N. Pavloff, and J. Treiner, J. Lo
Temp. Phys.81, 31 ~1990!.

4E. Zaremba and W. Kohn, Phys. Rev. B15, 1769~1977!.
5M.W. Cole, J. Low Temp. Phys.101, 25 ~1995!.
6P. Taborek and J.E. Rutledge, Physica B197, 283 ~1994!.
7R.B. Hallock, J. Low Temp. Phys.101, 31 ~1995!.
8F. Dalfovo, A. Lastri, L. Pricaupenko, S. Stringari, and J. Trein

Phys. Rev. B52, 1193~1995!.
9L. Szybisz, Eur. Phys. J. B14, 733 ~2000!.

10A. Chizmeshya, M.W. Cole, and E. Zaremba, J. Low Temp. Ph
110, 677 ~1998!.

11D. Ross, J.E. Rutledge, and P. Taborek, Science278, 664~1997!.
12F. Ancilotto, A.M. Sartori, and F. Toigo, Phys. Rev. B58, 5085

~1998!.
13J.A. Phillips, P. Taborek, and J.E. Rutledge, J. Low Temp. Ph

113, 829 ~1998!.
v.

r,

,

s.

s.

14L. Szybisz, Phys. Rev. B62, 3986~2000!.
15N. Bigelow, P.J. Nacher, and J. Dupont-Roc, J. Low Temp. Ph

89, 135 ~1992!; B. Demolder, N. Bigelow, P.J. Nacher, and
Dupont-Roc,ibid. 98, 91 ~1995!.

16G. Mistura, H.C. Lee, and M.H.W. Chan, Physica B194-196, 661
~1994!.

17A.F.G. Wyatt, J. Klier, and P. Stefanyi, Phys. Rev. Lett.74, 1151
~1995!.

18T.A. Moreau and R.B. Hallock, J. Low Temp. Phys.110, 659
~1998!; ~private communication!.

19J.A. Phillips, D. Ross, P. Taborek, and J.E. Rutledge, Phys. R
B 58, 3361~1998!.

20J.S. Rowlinson and B. Widom,Molecular Theory of Capillarity
~Clarendon, Oxford, 1982!.

21L. Szybisz, Phys. Rev. B58, 109 ~1998!.
22I.E. Dzyaloshinskii, E.M. Lifshitz, and L.P. Pitaevskii, Adv

Phys.10, 165 ~1961!.
23L. Szybisz, Phys. Rev. B56, 11 845~1997!.
24L. Szybisz, J. Low Temp. Phys.116, 215 ~1999!.
25S. Stringari and J. Treiner, Phys. Rev. B36, 8369~1987!.
26E. Cheng and M.W. Cole, Phys. Rev. B38, 987 ~1989!, and

references therein.
27F. Ancilotto, F. Faccin, and F. Toigo, cond-mat/0007126, Ph

Rev. B ~to be published 15 December 2000!.


