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Structure and energetics of helium films on alkali substrates
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Low-temperature adsorption &fle films on Alkali metal substrates is investigated theoretically by means of
ground-state quantum Monte Carlo simulations. The most accurate potentials currently available are utilized to
model the interaction ofHe atoms with the substrate. Continuous growth of film thickness as a function of
chemical potential is observed on Li, Na, and K substrates. A superfluid monolayer forms on a Li substrate; on
Na and K, thermodynamically stable films are a few layers thick. The uncertainties of the calculation and in the
potentials, preclude a definitive conclusion on the existence of a stleldiim on Rb. A comparison of the
results of this calculation with those obtained using the Orsay-Trento density functional shows broad quanti-
tative agreement.
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[. INTRODUCTION adatom-substrate potentigfsAlthough DF techniques have
been, over the course of the years, refined to a remarkable
The investigation of helium films adsorbed on differentlevel of sophistication, they remain to some extent uncon-
substrates is a subject of considerable fundamental interedtolled. Thus, it makes sense to carry out a quantitative check
owing to the unusual, often intriguing physical propertiesOf their predictions by means of an alternative computational
that these films displayA chief example is the rich phase mMethod.

diagram of helium on graphite, which has been the subject of, Path integral Monte Carl@®IMC) simulations are the ob-
an intense investigation over the past three decades. vious choice, as they afford the accurate calculation of ther-

A significant effort has also been devoted to the experinodynamic properties of interacting quantum many-body

mental characterization of helium films on weakly attractiveSYSt€MS: with virtually no approximation, and no need for

: : . anyad hocassumption. This method has a long history of
substrates, such as those of alkali metalsfollowing origi successful application to the study of the superfluid transition

nal suggestions that, at low temperature, the w7eakness of tri] “He (see Ref. 2y, and has also been used to investigate a
adsorption potential may result in novel physié3?’ Some of variety of quantum fluids in confinement, includirfide
the main predictions have been experimentally confirmedjymg on simple model alkali substrat&2 The main short-
for example, a wetting transition fdiHe has been observed coming of PIMC is possibly the fact that calculations can be
on Cs??® whereas intriguing superfluid behavior has beencomputationally expensive; the typical size of a sample of
reported* on Rb. “4He fluid that can be investigated numerically, is only a few
Early microscopic theoretical studies of adsorptiofléé  hundred atoms. In practice, however, this does not prove too
on these substrates, based on realistic potentials, have beg#rious a limitation for the determination of energetics and
carried out by means of density function@F) methods. most of the main structural properties of bulk systems.
Density functional theory(DFT) provides a theoretical In previous work, some limited comparisons of results for
framework allowing, in principle, the exact calculation of adsorbed*He films on selected alkali substrates, computed
ground state expectation values for quantum many-body sysy DF and PIMC(or, by other quantum Monte Carlo tech-
tems. In practice, however, any DF approach requires a heuwiqueg were carried out®?°3° To some extent, however,
ristic ansatz for the unknown functional expressing the these comparisons are less than systematic; for example, in
ground-state energy of the system as a function of'te  some cases different potentials were utilized to model the
densityp(r). Two approaches have been proposed, differingnteraction between helium atoms and the substrate. Further-
in the way the correlation term in the energy DF is repre-more, whereas DF results areTat0, PIMC estimates are at
sentedsee, for instance, Ref. 170ne is essentially a varia- finite temperature. Although one can still obtain ground state
tional method, based on the hypernetted chain approximatioastimates by performing calculations at different low tem-
combined with the use of a correlated basis functiot?An peratures and extrapolating the result§ ta0, such a proce-
alternative procedure consists of writing down a parametriclure can be quite lengthy and is generally avoided. Typically,
expression for the energy DF, with parameters adjusted sesults are provided at just one temperature, believed suffi-
that some bulk properties of superfluftie are reproduced ciently low (e.g., T=0.5 K) that the system is essentially in
quantitatively?®?1 The latter approach has been more widelythe ground state.
used in recent times to investigatele adsorption on alkali The goal of this work is to provide accurate numerical
metal substrate®2® particularly with the most recent ground-state estimates for structure and energeticéHef

0163-1829/2004/7@)/0245129)/$22.50 70024512-1 ©2004 The American Physical Society



M. BONINSEGNI AND L. SZYBISZ PHYSICAL REVIEW B70, 024512(2004)

films on lithium (Li), sodium(Na), potassium(K), and ru-  on their relative distance, whereldsis the potential describ-
bidium (Rb) substrates. In order to make such a comparisoting the interaction of a helium atom with the substrate, also
as direct as possible, we utilize a variant of PIMC, known asiepending only on the distance of the atom from the sub-
variational path integralVPI), which providesground-state  strate. We use the accepted Aziz poteftiab describe the
estimates, thus eliminating the need for extrapolation of lowinteraction of two helium atoms, which has been used in
temperature daté:>! almost all previous studies and has also been shbwm

DF results quoted here are obtained with what has comgyoyide an accurate description of the energetics and struc-
to be known as the Orsay-Trento functiofalwhich has 4 properties of liquid*He in the superfluid phase.

yielded interesting results for a variety of physical Systems,  thg gimplest model potential to describe the interaction of
including “He droplets and surfacés.Some of the DF re- a helium atom with a smooth substrdte., theU term in
sults have already appeared elsewléf& All throughout, 1)1 is the so-called 3-9 potential: B

the most realistic models of the physical systems of interes(t )] P '

are utilized, based on accurate potentials to describe both the 4C3 C

interaction between helium atoms, as well as between these Uz o(2) = D20 A 2
atoms and the substrate.

VPI results show stabléHe films on Li, Na, and K sub- which is a functional form obtained by integrating the
strates. In all these cases, there is no evidence of layeringennard-Jones potential over a semi-infinite, continuous
but rather of continuous film growth as a function of the sjab. The parametes andD are normally adjusted to fit the
chemical potential. On Li, a stable superfluid monolayer isresits of someab initio electronic structure calculations for
found, in agreement with a previous theoretical calculationne specific adatom-substrate system of interest. Most of the
based on @ cruder model for the adatom-substratgyy microscopic calculations were carried out using this
interaction® On Na and K substrates, the lowest Coverages,piantial. Successively, the following, more elaborate form
for which stable films form correspond to effective thick- (heretofore referred to as CG@Zwas proposed by

nesses of~2 and~4 layers. Finally, on a Rb substrate, VPI . 754 . )
data presented here do not allow us to draw a definitive con(—:h'szShya’ Cole, and Zare ased on the original pre

clusion, regarding the occurrence of a stable adsorbed film aﬁcription of Zaremba and Kohft

T=0. Circumstantial evidence seems to point to the existence C. . f 2z -
of a stable film, but further work will be needed to consoli- U(2) = U.(1 + az)e @ — 202 (B_( X 3Z”dW)) (3
date this result, given the limited accuracy with which the (2= Zyaw)

potentials are presently known, as well as the statistical anglith f,(x)=1-e™>(1+x+x2/2) and B(X)=a?x/(1+ax). The

systeme_ltic errors of the calculation. We _did not in.vestigatq_irst term in(3) represents the Pauli repulsion between the
adsorption on a cesium substrate, on which a wetting transisjectronic cloud of the He atom and the surface electrons,
:!on k(\jasbbeen observed experimentally witde (as men- o e aq the second term expresses the Van der Waals attrac-
'OTr? g:ngr\glz the agreement between VP! and DF results i%ison. All of the results presented hefieoth the DF and VPI
quite satisfactory, eliciting confidence in the predictive pgre;)rﬁerfe?galze%usmgntglzj post’ﬁzgﬁgc\i/v;;hég? vzagues of the
_0f- _ o1 & pdws dw . '

pov‘l\'lﬁg cr)grsrgtr?dzfr tgfetrig[ r[rzznrﬂsézo??s organized as follows: Itis worth noting that, even with the more accurate CCZ
in the next section, the model Ha?niltoni?in is briefly intro- potential(3), the model utilized here is, clearly, highly sim-
duced. whereas in ’the following section details of t%e Cc)m_plified. By far the most important simplification consists of
putational method utilizedVPl) are presentedor an illus- the neglect of substrate corrugation, whose role is significant

tration of the DF methodology, the reader is referred to Refs]fOr attractive substrates, such as grapffitut can be ex-

21 and 23; we then illustrate our results and outline our pecte_d to be Ies§ important on substrates, such as those of
conclusion:s Alkali metals, which are relatively weak.

Il MODEL . METHODOLOGY

Consistently with all previous theoretical studies, our sys- . , . .
tem of interest is modeled as an ensemblNdfHe atoms, The variational path integr&VVPIl) method is a numerical

regarded as point particles, moving in the presence of afRuantum Monte Carlotechnique that allows one to obtain
infinite, smooth planar substrag@ositioned atz=0). The estimates, in principle exact, of ground-state_ expectation va_l-
system is enclosed in a vessel shaped as a parallelepid, witfS for quantum many-body systems described by a Hamil-
periodic boundary conditions in all directions. L&tbe the tonian such agl). The basic ideas are common to other

area of the substrate; correspondingly, the nonflkia cov-  Projection techniques, such as diffusiegbMC) or Green
erage is 6=N/A. The quantum-mechanical many-body function Monte CarlqGFMC); however, VPI has the advan-

Hamiltonian is the following: tage of providing relatively easily expectation values for
N N physical observables that do not commute with the Hamil-
f=- ﬁ_zz V2 S v+ S U 1 tonian operator. Moreover, VPI is immune from the bias af-
T oomS = (rij) = (). @) fecting DMC/GFMC, arising from the fact that one is work-
ing with a finite population of random walkers. Finally,
Here,mis the*He atomic massV is the potential describing although a trial wave functio®; for the physical system of
the interaction between two helium atoms, only dependingnterest is required in VPI calculation@s in DMC or
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GFMC) empirical evidence suggedtsthat results for ob- Becausd. is necessarily finite, for a given value efone
servables other than the energy are considerably less sengiust repeat the calculation for increasihg until conver-
tive to the choice of’; than in DMC or GFMC. gence of the estimates is achieved, within the desired accu-

This is how it works: One generates sequentially, on aacy. For any finitd_, the energy expectation value is a strict
computer, a large séX™, m=1,2,... M, of many-particle  upper bound for the exact value, hence the naaréational
pathsX=RyR;...R,_through configuration space. Eaéh  path integral. A better choice of; or a more accurate form
=rjifj2...Ijn IS @ point in N-dimensional space, represent- for G(R,R’, 7) (e.g., the pair product approximation of Pol-
ing positions of theN particles(i.e., “He atoms in the sys-  lock and Ceperle¥), will allow one to observe convergence
tem. These paths are statistically sampled from a probabilityith a smaller value of. and/or a greater time step but
density will not otherwise affect the results. Numerical extrapolation
of the estimates obtained for differentmust then be carried
out, in order to obtain results in the— 0 limit.

For a given choice of andr, one computes the approxi-
mate estimate7) and (8) by generating the seX™ by
where W1(R) is a variational wave function for the ground means of a random walk through path space, using the Me-
state of the system an@(R,R’,7) is a short-time approxi- tropolis algorithm. The same path sampling techniques uti-

2L-1

P(X) ¢ W(Ro) Wr(Rop) H G(RjaRj+1v 7) (4)
j=0

mation for the imaginary-time propagath|exp{—r|:I]|R’). lized in finite temperature PIMC can be used in VPI. In this
Several choices are possible f8r in this work, the follow-  Work, multilevel sampling with bisection and stagtfigvas
ing formula was use@ which is accurate up to ordef" adopted, together with rigid displacements of entire single-

particle paths. It is worth mentioning that the only difference

N M(ri —ri.q)2 between multilevel moves for central portions of the path
G(R, R4, 7 = H exp{— —(J'Z?J;l—')] and for those including the endse., “slices” 1 and 2) is
=1 the presence, in the latter, of the trial wave functibpin the
27V(Ry) Metropolis acceptance/rejection test. Other strategies have
B pu(R) (5 been proposed, allowing one to update paths in the vicinity
of the ends, e.g.teptationtype moves® however, in this
where work we have not made use of them.

N ] The trial wave functiori¥; utilized in this work has the
(6)

27V(R)  7#h2 : :
p(R) = exp[— % _ 9_2 (VV(R)) following form:
m =y

N
V(R =1 @] exd-u(ri-r;)] 9

if j is odd, whereagy(R))=1 is| is even. Here)(R) is the ) i<

total potential energy of the configuratié which includes
both the helium—helium and helium-substrate contributiond(2) is the exact ground-state wave function of a sirftie
[i.e., theU andV terms in(1)]. atom in the presence of the substrate, obtained by solving
It is a simple matter to shaif that in the limits7— 0, Schroédinger equation numerically for the different sub-
LT—o, R_is sampled from a probability density propor- strates considered. As for, we took
tional to the square of the exact ground-state wave function o
®(R), irrespective of the choice 0F1.3” One can therefore u(r) = 5
use the sefR"} of “middle point” configurationsR_ of the 1+pr
statistically sampled paths, to compute ground-state expectghe optimal values for the variational parameters being, re-
tion values of thermodynamic quantiti€$R) that are diag-  spectively,w=19 and=0.12 A5, obtained for bulk liquid
onal in the position representation, simply as statistical avertHe.,

(10

ages, i.e., We have empirically observed convergence of our physi-
LM cal estimates using a projection tinier~2 K™*; the time

PIERID ~ =S F(R 7 step 7 required to obtaln'an accurate value of tﬁe energy is

(PIFR)®) le (RD. @ ~0.005 K%, whereas estimates for other quantities, such as

] ) ) film density profiles, can be usually obtained with a time step
an approximate equality that becomes asymptoptically exaGs much as four times larger.

in theM — < limit. The ground-state expectation value of the  For values of the’He coveraged< 6,=0.076 A2, VPI
energy can be obtained in several ways; it is particularlycalculations are carried out on a system of 36 helium atoms,

convenient to use the “mixed estimate” initially arranged on a triangular lattice at a distance of 3 A
M~ m from the substrate. As the coverage is increased, and second-
@“:”@ =3 HY(Ry) (8) layer promotion is observed, the initial arrangement is taken
m1 (R to be a series of successive softdangulay layers of 2D

) ) ) o density 6,, with an incomplete top layer. In all calculations,
which Aprowdes an unbiased result for the Hamlltonlan OPthe height of the simulation bofi.e., the distance between
eratorH, as it commutes with the propagator £xpH] [note  the periodically replicated images of the substrage40 A,
that R, may just as well be used in E@)]. i.e., much greater than the maximum film thickness ob-
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-10.5

simulations as well as by DFT. The results yielded by the
two methods seem in reasonable agreement, at least in the
range of coverages explored here. Both calculations give an
exact result in th&9— 0 limit. At finite coverages, DFT con-
sistently underestimates the energy of the helium atoms in
the film, by a fraction of a K(~0.2 K at the equilibrium
coverage The difference is seen to decrease at greater cov-
erages. From the compute@ld) the chemical potentigh(6)

can be inferred as

-11.0

o-11.5

-12.0

-12.5 de(6)
0.00 0.02 0.%4 0.06 w(6) =e(6) + ed_g . (13)

FIG. 1. Ground state energy per atan(in K) versus coverage Figure 1 also showg(6), obtained using a polynomial fit to
A(A~2), for an adsorbedHe film on a Li substrate. Dashed line is a the values of(6) computed by VPI.

polynomial fit to the VP! datafilled circles, whereas the dotted g gquilibrium coverage, [corresponding to the condi-
line represents DFT estimates ferSolid line is the chemical po- ton u(6)=e(6)] as determined by VPI is 6,

tential u, computed using Eq13) and the fit to the values(6) _ o o .

obtained by VPI. Statistical errors on the VPI data are of the order_o'.OSZio'002 A ’_IQ quantitative agreement with the DFT
of the symbol size estimate(=0.050 A2). Our estimate fom, is slightly above
that (=0.046 A2) obtained in previous work in which the

served, so as to make the use of periodic boundary CondIs_impler 3-9 potential was used to model the adatom-substrate
tions in thez direction (perpendicular to the substratein- nteraction. The greater value @f found here is consistent

fluent. The largest system for which simulation results ar with the deeper attractive well of the CCZ potenfiad. (3)].
e orfed heregconsi)s/ts of 135 atoms. for a coverage o therwise, the main physical features of this adsorbate are in
0 270 A2 ' g ualitative agreement with the results of the calculations car-
. Ph s'c.al antities of interest, besides the gro nd—statged out in Ref. 29, as shown below.
ysl quantiti ' o : groult The chemical potentigk(6) is a monotonically increasing
energy per atom, are tHéle density profiles as a function of . 5 : _
4 ) function aboved,~0.036 A2 (du/dg vanishes a#=4,, as
the distance from the substrate, i.e., P : . X
shown in Fig. 3. This denotes continuous growth of film
1 thickness, with absence of layering. Belafy, the film is
n(z) = A J dx dyp(x,y,2) (11)  metastable; while one can obtain a solution corresponding to
a uniform film at arbitrarily low coverage, using DFT, VPI
wherep(x,y,2) is the 3D*He density, as well as the angu- simulations consistently fail to produce a uniform film for
larly averaged, “reduced” pair correlation functig¢r), with 0< 46, i.e., in the region wherdu/d6<0. The coveragds
r=y\x’+y? and is normally referred to aspinodaland represents the lowest
coverage to which a uniform film can be “stretchegit
negativepressurg before it breaks down into 2D clusters
(“puddles”. Its value on a Li substrate, as determined in this
work, is very close to that obtained for purely ZBe in two

with n(x,y)=/dzp(x,y,2). The correlation functiorg(r) is  geparate studies, based on slightly different versions of the
only directly accessible to VPI, not to DF calculations, and it p 5, potential3®-40

provides a quantitative assessment of the 2D character of an pjrect observation of the many-particle configurations

adsorbed film; _the more 2D an f_;\dsorbed_ film, the_moregenerated by the VPI Monte Carlo algorith#ig. 2) at cov-
closelyg(r) mimics the pair correlation function of a strictly erages below), indeed shows such a breakdown of the film,
2D system of the same coverage. _ _ with the formation of clusters of liquid. Because the sub-
Itis worth ending this section repeating that estimates foktrate is smooth, these clusters are not pinned anywhere, i.e.,
these quantities obtained within VPI avebiased i.e., o the |ocal density of fluid averaged over the course of the
not depend on the trial wave function utilized, in the limit gjmylation is constant throughout the substrate. The

0x) =75 f dXdy'n(x+ Xy +y ey (12)

Lr—ce. symmetry-breaking character of the solution yielded by VPI
is inferred from the followingi(a) random snapshots of the
IV. RESULTS system(Fig. 2) reveal consistent lack of uniformity, ant)
. the correlation functiomy(r) decays at long distances, as op-
A. Lithium posed to tending asymptotically to 1, as would be the case

We discuss Li separately because adsorbed helium filmgor a uniform system(Fig. 3). At very low coveraged 6
display a quite distinct behavior on this substrate; some 0fs0.020 A?) the functiong(r) acquires a nonzero value at
the more general considerations, however, apply to othethe origin; this, combined with the decreasegéf) at large
substrates as well. distance, provides an indication that the film is “beading up”

Figure 1 shows ground-state energy4pte atome(6), as  on the substrate, i.e., forming dropletsith a nonzero con-

a function of coverage. This was computed by both VPItact angle with the substrateather than 2D puddles.
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FIG. 2. Typical many-particle configuration for“de film ad- FIG. 4. Helium density profiles(z) (A~ in the directionz(A)
perpendicular to a Li substrate. Filled symbols represent VPI data at

sorbed on a Li substrat@gop view), at a coverage of 0.0247A : e
generated by the VPI simulation. Each dot represents the position ¢f€ two coverages: 0.052 and 0_-0922A Statistical errors are
one of 36°He atoms at one of 1280 “imaginary time” slices utilized smaller than the symbols. Dashed lines show the same profiles com-

in the calculation. Periodic boundary conditions are used in bottputed by DFT.

directions.
Even more telling is the density correlation functig(m),

The breakdown of the simulated adsorbed film, which isyefined in Eq(12) and shown in Fig. 5. The computegr)
observed at lowd on all sub_strates cons@ered_here, IS IN A5t p=g, is found to be quite similar to the pair correlation
sense remarkablg, as Fhe trial wave functlo_n utiligeg (9)] function in strictly 2D “He, at the same covera@feThese
is translationally Invariant. As m_entlon_ed m_Sec. I, _hOW' results confirm that this system may provide the closest ex-
ever, one of the qualities of VPI is precisely its capability of erimental realization of a 2D superfluid.
furn_lshmg physmal result_s that are 'afge.'y _unaf_fec_ted by thé) The adsorbed'He monolayer is expected to undergo a
choice of t”.a' wave function. While this is, in pr_|nC|pIe, true superfluid(SP transition at low temperature. The SF transi-
of Othef projection quantum Monte Qarlo teghmques, as longioy temperaturel, can be computed by finite temperature
as unbiased estimators are used, in practice those methoggyc simulations. Based on the results shown here, as well
based on imaginary-time diffusion of populations of wall_<ersas on the findings of Ref. 24, can be expected to be the
through configuration spadsuch as DMG are more seri-  gyme o that of a strictly 2D film of the same coverage.
ously affected by a particular choice dfy, i.e., lengthy o iiio and Ceperledf carried out an extensive PIMC study
simulations are often required in order to eliminate the varias o5 44e and foundr. to be very weakly dependent ah

. . 1 Cc "

tional bias. S ... Thus,T.is predicted here to be 760 mK, as in two dimen-

., At the equilibrium coveragé, a stable monolayer liquid  gjos; the ‘thermodynamics of the SF transition has been
He film is ob_served, whose_ p_hy5|cs IS very nearly 2D. Th'sshowr?g to conform quite closely to the Kosterlitz-Thouless
can be established by examining thée density profilen(z) (KT) paradignf2

in the direction perpendicular to the substratee Fig. 4, for Second layer promotion, as evidenced by a nonzero value
which DFT and VPI results compare quite wedls at other ¢ g(r—0), is observed ap~0.07 A2, i.e., at a coverage
coverages, see Fig).4At 6=0e, a single adsorbed layer is ¢, \yhich liquid and solid phases coexist, in the purely two-

present, with a width of approximately 2 A. dimensional systerff. This suggests that the adsorbtde
16 0.020 °*
: 1.4

14 N 0.028 ° 0 -
1.2 1.2 2d

10 Fi 1.0 ‘

5 08 2 < 08
061 % 06
O Y e 0.4
0.2 1 ’

0.0 ] 0.2 4
0 2 4 6 8 10 12 14 16 0.0 ,fz

r

4 6 8 10 12 14
FIG. 3. Density correlation functiog(r), defined through Eg. '

(12), computed by VPI for &He film adsorbed on a Li substrate, at FIG. 5. Density correlation functiog(r), defined through Eq.

coverages#=0.020 A2 (filled symbolg and #=0.028 A2 (open  (12), computed by VPI for 4He film adsorbed on a Li substrate, at

symbolg. Statistical errors are of the order of symbol sizes. Thethe calculated equilibrium coveragg=0.052 A2, Statistical errors

finite value ofg(r) at the origin observed at the lower coverage is anare smaller than symbols. Solid line represents the pair correlation

indication of the film “beading up” on the substrate. Both curvesfunction computed for the ground state of ZBle at the same

display monotonic decay at long distances. coverage.
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FIG. 6. Ground-state ener er at@niin K) versus coverage . . ) _a\ —
0 (A2 for an adsorbedHe fiI?r%/ (?n a chmsubs)trate computedg by FIG. 7 Helium density profilea(z) (A™) in the_dlrectlonz(,&)
VPI (filled circles and DFT (open circles Dashed line is a poly- perpendicular to a Kopen symbolsand a .Na(fl.lled symbolg
nomial fit to the VPI data. Solid line is the chemical potenial substra_tes computgd by VEDFT re;ults are identical on the scale
computed using Eq13) and the fit to the values(6) obtained by of the flgug_a(\)n]c-il\gng_lzthe s&/mtbao_l g';ig Z}xzelzisglt;s_ orll Na are at
VPI. Statistical errors on the VPI data are of the order of the symbof’j1 coverager="a. L on e ato=u. - Slalisticat errors are
size of the order of the size of the symbols.

monolayer on Li undergoes no solidification, i.e., second-'n.trf]"?‘CtiheSt'tm?tf.s lobtalned fV\t'r']th \\//PPII a?d IDt.FT cob|r01;'|de,
layer promotion occurs before the monolayer is compresse\ﬁ'I n ?2 statistical errors of the V-l calculation, abowe
enough to solidify. As shown in Fig. 4, layers are poorly~0'25A . Thus, we expect quant|tgt|ve agreement be.tween
defined and overlap substantially, to suggest significant intePF;[I ang \t/PI’ _re%arbdlngFEPe Iopatlon cﬁfe. flso, den5|:y ith
layer atomic exchange. This physical behavior is expected t rofiles determined by are In excetient agreement wi
occur,a fortiori, on weaker substrates as well ose computed by VP, ahave monolayer coverage Fig.
' ' ' 7).
In Ref. 29 numerical evidence was provided suggesting
that, on a Li substratel(#) should be a monotonically de-
Among the alkali metal substrates, sodium is the secongriai\'lgg fr%ggt'eo?hzﬁgu%’ t\éatnhltsah\ll\?gaakur?e:s%'o-lf—htre;esg%%isrr tion
most attractive. Figure 6 shows the ground-state energy p . o P
4He atom as a function of coverage, as well as the chemic:BOte.nt'al’ superfluidity in t_he_ real system would cease to oc-
potential, computed by fitting energy data obtained by ypicdl I Fhe low coverage limit, at the same valuem‘bund_ .
simulationg(filled circles. The equilibrium coverage for this theoretically. In other_ Wo.fd?' t.he Suppression of ;uperﬂmdﬁy
system is found to bel,=0.104+0.002 A2 which corre would be due to an intrinsic instability of a 2D film, rather
e— Y. JLER VN y -

sponds to roughly two layersee comment below than due to a proper_ty of.the substrate.

The VPI data, both for the energy as well as for the den- A superfluid transition is expected to occur on Na and K
sity profile, are in good quantitative agreement with the Cm_s_ubstratgs as well because these adsorbed films are essen-
responding DFT results; just as in the case of Li, DFT un_t|aIIy 2D; the transition is still expected to be KT in charac-

B. Other substrates

derestimates the energy at finite coverage, the largest

difference between the two calculations being of the order of 6.2 Y VPl -
~0.15 K. The equilibrium coverage determined by DFT is, 6.4 ] 2y pS—
in this case, approximately 0.11°A the difference in energy

between VPI and DFT data at such a coverage being of the -6.6

order of 0.1 K, and decreasing fée= 6,. Just as for Li, the °© .68

chemical potential is found to be a monotonically increasing )

function of 6 aboveé,, indicating continuous growth of film, 7.0

with no layering. This is in qualitative agreement with the

density profile of Fig. 7, which displays two well-defined, 7.2

but rather broad peaks. Here too, layers appear to be greatly 74

overlapping. 0.0 0.15 90'20 0.25

The same general remarks can be made looking at the
results on a potassium substrate, which is less attractive than £ g Ground-state energy per aten(in K) versus coverage
sodium. The ground-state energy ﬁl.eie.atom is displayed 4 (A-2) for an adsorbedHe film on a K substrate, computed by
in Fig. 8. A determination of the equilibrium coveragewas  vpj (filled circles and DFT(dotted ling. Dashed line is a polyno-
not pursuedi; it is predicted by DFT to be in the neighborhoodn;al fit to the VP! data. Also shown for referen¢solid line) is the
of 0.4 A2, which corresponds to roughly four layers. Here chemical potential of equilibrium bulfHe atT=0 (-7.14 K). The
too, DFT energy data are slightly below the VPI ones, but th&alue ofe(¢) in the #—0 limit is —4.21 K; DFT and VPI results
difference is smaller than on the more attractive substrategpincide in that limit.
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-4 y ; VTR again underestimating. We also note that at very low cov-
DET - erage (#=0.05A2), DFT and VPI results diverge. The
negative curvature of the energy data computed by VPI in-
S dicates that no stable uniform film exists at these coverage,
R which explains the disagreement with DFT, which has the
6l , assumption of a uniform film built-in.

R . V. DISCUSSION AND CONCLUSIONS

As noted above, the agreement between the results fur-
005 0.10 0.15 020 0.25 nished by the two method¥PI and DFT) is quite satisfac-
0 tory, at least above the spinodal coverage, and is observed to
improve with the weakening of the substrate, as stable films
FIG. 9. Ground-state energy per at@n(in K) versus coverage occur at greater values @ for example, the VPl and DFT
8(A?) for an adsorbedHe film on a Rb substrate, computed by estimates of the binding energyn @ K substrate are the
VPI (filled circles and DFT(dotted ling. Also shown for reference same, within the statistical error of VPI. One could tenta-
(solid line) is the chemical potential of equilibrium buflle atT  tjyely make the reasonable assumption that the same type of
=0 (=7.14K). The value of(6) in the §— 0 limitis -3.72K; DFT  gqreement between VPI and DFT ought to be seen for Rb, at
and VPI results coincide in that fimit. the coverage where a stable film might occur, according to
DFT (namely ~0.44 A?). As a result, VPl would confirm
ter. These substrates are weaker than Li. We, therefore, préne DFT result of a stabléHe film on Rb(i.e., wetting. At
dict that T,(6) will display the same behavior on these the same time, obviously a prediction of a binding energy of
substrates as seen on Li; specifically it will vanish at thethe order of a few hundredd a K cannot be accepted with-
spinodal coverage, which is found here to b&  out a serious critical analysis of the limitations affecting both

~0.055 A2 for Na, andf,~0.13 A2 for K. calculations, as well as the starting point, namely the theo-
In Fig. 8 the value is also showsolid horizontal ling¢ of  retical model utilized.
the chemical potentiale, of equilibrium bulk *He at T=0, The systematic errors affecting the VPI calculation are

which is approximately —7.14 K, obtained with the Aziz po- attributable to the finite size of the simulated system, as well
tential for helium utilized heré® The binding energye of a  as the finite time step of the simulation and its lengthr.
4He atom in an adsorbed film can be defined as Obviously, the last two sources of error can be reasonably
Se=e(6,) - (14) accurately ass_essed by pe_rforming simulations_ of different
e Mo lengthL and with different time steps. Less straightforward
On a potassium substrat@e can be extrapolated, based is the estimation of the size dependence of the results, as the
on the results shown in Fig. 8, to something like 0.1athe ~ computational cost roughly scales as the cubic power of the
mos). Clearly, such a small value is comparable to the overnumber of atoms, and it is usually impractical to carry out
all accuracy of the VPI calculation, which is limited by the extensive simulations with significantly different values of
finite size of the simulated system, as well as by the unceN. However, because in this case one is dealing with systems
tainties affecting the potentials utilizedprimarily the that are essentially 2D, it is possible to gauge rather accu-
substrate-adatom potentialf one compares this result with rately the contribution to the potential energy arising from
a binding energy of-5 K on Li and~2 K on Na, one might the periodic images of particles outside the main simulation
tentatively conclude that K is the “borderline” system for cell (finite-size corrections on the kinetic energy are an order
Helium adsorption, and that no stable film can form on anof magnitude smallgr We estimate the difference between
even weaker substrate. our energy estimates and the values in the thermodynamic
The next weaker substrate is Rb, for which the situation idimit to be proportional tog, and~0.05 K in magnitude, for
experimentally controversidl’111415A theoretical studg®  the largest coverage considered h@e7 A™2). As this is of
based on DFT and making use of the same DF utilized herghe order of the predicted binding energy on a Rb substrate,
proposed that a stabftHe film should exist, at a coverage simulation on significantly larger systems are needed in order
6.~ 1 A~2. The binding energye of “He atom in such a film to address quantitatively the issue of a stable film.
would be as little as-0.03 K. Attempting to verify this result Of course, one has to assess the realism and accuracy of
with VPI simulations would require performing calculations the model(1), as well as of the potentials used in the calcu-
with at least five(and more likely teptimes as many atoms lation. The helium—helium potential used here is not the most
as in the largest system considered hét85 particley ~— recent version of the Aziz potential, but it is the one for
which was not possible at this time, given the resourcesvhich most of the many-body calculations based on quantum
available for this project. Furthermore, one cannot help feelMonte Carlo have been carried out. In recent times, attempts
ing skeptical as to whether the model and the potentials utito reproduce theoretically the equation of state of bulk liquid
lized can truly afford this type of precision. “He have been based on refined versions of the Aziz poten-
We have nonetheless computed the ground-state energial, with the explicit inclusion of three-body termf$These
per atom at low coverage. Results are shown in Fig. 9. VPare known to be quantitatively important in bulk superfluid
and DFT results agree to withinr0.1 K, with DFT once Helium and are onlgffectivelyincorporated in the early ver-
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sions of the Aziz potential. However, the Aziz potential usedOnly at very low coveragébelow the spinodaldo the two
here reproduces rather accurately the equation of state chlculations deviate from each other. At such low coverage, a
superfluid helium, and it is not clear whether the use of auniform film is unstable against density fluctuations, and the
more modern version of the potential in combination with auniform solution sought by density functional theory is not
three-body potential would significantly change the resultsphysically relevant. Results show staBl¢e films on Li, Na,
More important seems the uncertainty of the substrateand K substrates, with continuous film growth as a function
adatom potential. The potentials used in this calculation aref the chemical potential. On Li, a stable superfluid mono-
the most current and are a significant improvement over théayer is found, in agreement with a previous theoretical cal-
early 3-9 potential, both with respect to the functional formculation. On Na and K substrates, the lowest coverages for
as well as the value of the most important parameterg.,  which stable films form correspond to effective thicknesses
the well depth. However, their absolute accuracy has not yetof two and four layers. Finally, on a Rb substrate, VPI data
been quantitatively assessed; to that aim, more experimentptesented here do not allow us to draw a definitive conclu-
input will be needed. sion, regarding the occurrence of a stable adsorbed film at
Summarizing, we have carried out extensive ground-staté&=0.
quantum Monte Carlo simulations of adsorbed helium films
on alkali metgl substrates, using the most accurate potentlals ACKNOWLEDGMENTS
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