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We consider some recently developed schemes for treating van der Waals interactions within the density
functional theory �DFT� on the widely discussed example of adsorption of Xe on Cu�111� and Pt�111� surfaces.
Consistent with the overall weakness of the Xe surface and Xe-Xe interactions we assess the performance of
the schemes that are appropriate to systems consisting of nearly isolated fragments in which the coefficients of
the van der Waals expansion are deduced from DFT calculations. Such generalized DFT calculations of
potential energy surfaces yield the structure of Xe adlayers in good agreement with experiments and retrieve
the dilation of commensurate monolayer phase in which the intralayer Xe-Xe radial force constants are
strongly reduced. This provides a first principles interpretation of the observed vibrational properties of adlay-
ers, in general, and the much debated dispersion of in-plane polarized vibrations, in particular.
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I. INTRODUCTION

A proper theoretical description of the interaction poten-
tial in physical adsorption on solid surfaces is a long-
standing challenge, of great importance for a large class of
problems. For decades the rare gas overlayers have served as
benchmark systems of this kind.1 A popular qualitative pic-
ture of the potentials governing physisorption of rare gas
atoms has been that of a sum of the long range attractive van
der Waals and the short range Pauli repulsion components
acting between the electronic charge densities of the sub-
strate and the adatoms.2 In many circumstances representa-
tion of the total adatom-substrate interaction by the sum of
empirical binary potentials has given reasonable results for
adsorption energies.3 According to this recipe the highly co-
ordinated lattice sites naturally emerge as preferred adsorp-
tion sites for the adatoms. However, recent experiments on
the commensurate ��3��3�R30° Xe monolayers adsorbed
on Cu�111�4 and Pt�111�5 surfaces have contradicted this
simple picture in two important aspects: �i� the adsorption
sites for Xe atoms deduced from the measurements were on
top of the Cu6 and Pt7,8 atoms instead in the highly coordi-
nated threefold hollow sites, and �ii� the frequencies of in-
plane vibrations in monolayer Xe/Cu�111�9–11 as measured
by He atom scattering �HAS� turned out lower than could
have been expected from the force constants calculated for
unconstrained Xe adlayers by using accurate pairwise atomic
gas phase potentials.12 Similar observations were made also
for Xe adsorption on Cu�100�10 and Cu�110�13 surfaces. For
the Xe/Pt�111� the absence of any significant dispersion of
in-plane vibrations in the dilated commensurate Xe mono-
layer prevented unambiguous assignments of the measured
dispersion curves.14 The attempts to provide a unified inter-
pretation of these findings within the various empirical ap-
proaches to physisorption1–3 turned unsuccessful, and resort-
ing to the analysis based on ab initio approaches proved
indispensable.

The first ab initio studies of Ar and Xe adsorption on
metals employing the density functional theory-local density

approximation �DFT-LDA� scheme were carried out for a
jellium surface.15 However, for adsorption on real metals a
more realistic atomistic representation of the substrate was
required. This was undertaken in cluster calculations of ad-
sorption of one and two Xe atoms on a Pt�111� surface
within the DFT-LDA,16 which showed preferred on-top ad-
sorption site, and more recently for on-top Xe adsorption on
Cu�111� in the wave function self-consistent field approach,
with the inclusion of van der Waals �vdW� attraction as a
correlation effect in second order perturbation theory.17

However, despite the reasonable results obtained for adsorp-
tion energy16 and perpendicular vibration frequency,17 these
calculations proved of a limited use due to the neglect of the
periodic structure and band effects.18,19

The role of the substrate periodic electronic structure in
the formation of monolayers was investigated in a compara-
tive DFT-LDA and DFT-generalized gradient approximation
�GGA� study of ��3��3�R30° Xe/Pt�111� in Ref. 20. In
both cases the binding was strongest at top sites, with LDA
overestimating the experimental adsorption energies and ver-
tical adsorbate vibration frequencies, and GGA giving only a
shallow and flat adsorption well at large atom-substrate sepa-
rations. Analogous trends of DFT-LDA and DFT-GGA re-
sults were retrieved in a later study of monolayer Xe adsorp-
tion on Mg�0001�, Al�111�, Ti�0001�, Cu�111�, Pt�111� and
Pd�111�.21 In these works the binding energies calculated us-
ing LDA agreed better with the experimental values. How-
ever, it is known that the use of LDA functional leads to the
overestimate of binding in systems with inhomogeneous
electron density, primarily due to an incorrect description of
the exchange energy. Hence, the obtained rough agreement
of the LDA results with experimental adsorption energies for
the studied systems must be considered as accidental, i.e., for
these systems the LDA should not be considered as produc-
ing more reliable results than the GGA before all important
contributions to the total interaction are included.

In the DFT calculations quoted above, the role of intra-
and interlayer vdW attraction involving Xe adatoms was not
taken into account despite the high Xe dynamic polarizabil-
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ity. Hence, for the assessment of validity of the DFT ap-
proach the dynamical polarization effects that give rise to
vdW potentials must be calculated separately but consis-
tently with the obtained electronic densities.

Tractable DFT schemes which include the long-range cor-
relation �and hence the vdW interaction� have been recently
developed in Refs. 22–27. Both these approaches are not
fully self-consistent, since they use the electron density cal-
culated using a standard DFT functional �usually GGA
PW91 or GGA PBE� as a starting point for calculating the
energy which includes vdW. This amounts to assuming that
the long-range correlation effects, although contributing sig-
nificantly to the energy of interaction between various parts
of the system, are weak enough so that the associated modi-
fication of the Kohn–Sham orbitals �and hence of the total
electron density� can be neglected.

In the approach of Refs. 22–24 it is assumed that the
system consists of well separated “fragments,” e.g. a sub-
strate and a weakly adsorbed atom, and the calculated elec-
tron density is used to find the coefficients of �the asymptotic
form of� the van der Waals potential between the fragments,
which should be added to the energy obtained from DFT
calculations. Thus the intrafragment exchange and correla-
tion effects are still included through the standard DFT func-
tional, which is known to work quite well for separate sub-
systems �e.g., a metal surface or an atom�.

The approach of Refs. 25–27 is more elaborate. The en-
ergy is calculated using a DFT functional, in which the
exchange-correlation terms are different from the usual ones.
In particular, the nonlocal correlation is calculated using an
expression which treats on an equal footing the contributions
at all distances. The approach aims at providing a “seamless”
theory, applicable also to systems which cannot be divided
into almost independent fragments. This is clearly an attrac-
tive proposal, which may shed light on the role of long-range
correlation in strongly interacting systems, once the func-
tional is fully incorporated into the self-consistent calculation
of the Kohn–Sham states.

II. INTERFRAGMENT vdW INTERACTIONS

Since the systems which we consider in this paper can be
divided into well separated fragments between which only
weak interaction remains �Xe-Xe and Xe-substrate�, we have
first examined how well the approach of Refs. 22–24 works
in comparison with the nonasymptotic seamless approach of
Refs. 25–27. A well studied system with fragmentation simi-
lar as appearing in Xe adlayer is the Kr dimer, for which an
accurate empirical interaction potential is available,28 and
which has also been investigated by the “seamless” approach
�cf. Fig. 2 in Ref. 27�. In our calculations we have used the
DACAPO program29 with ultrasoft atomic pseudopotentials
corresponding to PW91 GGA functional and the plane waves
basis. In Fig. 1 we show by dotted lines the interaction en-
ergies of Kr2 �i.e., the difference with respect to two sepa-
rated atoms� calculated using the PW91, PBE and revPBE
GGA functionals. Also shown by a dotted line is the
asymptotic vdW term d−6, with the coefficient C6 taken from
Ref. 28. To be more consistent with the spirit of the ap-

proach, we have also calculated C6 from the DFT electronic
densities, using the prescription of Andersson, Langreth, and
Lundqvist,22 but the results agreed with the former to within
numerical uncertainties. The best agreement with reference
results �Tang–Toennies empirical potential and the experi-
mental value of the minimum� is obtained for the sum of the
PBE and vdW energies, shown by a full line. The curve is
remarkably similar in shape to the seamless result of Dion et
al.,27 but is shifted towards smaller Kr-Kr distances and
therefore agrees better with the experimental data. This indi-
cates that also in the following calculations of interfragment
vdW interactions we may expect better results from the PBE
rather than the revPBE functional, the exchange part of
which is used in the seamless approach of Refs. 25–27.

Next we have calculated interaction energies of an iso-
lated hexagonal Xe layer as a function of the nearest-
neighbor distance d, using the DACAPO program. To check
the transferability of the electronic density �i.e., the calcula-
tion of the electronic density using pseudopotentials and
achieving self-consistency with a particular density func-
tional, and then evaluating the energy with another one�, we
have repeated the calculations employing the ABINIT
program30 with norm-conserving native LDA and PBE GGA
pseudopotentials.31 As shown in Fig. 2 the �non-self-
consistent� DACAPO PBE and the �fully self-consistent�
ABINIT PBE results agree almost completely. Similar agree-
ment is obtained for the LDA functional �not shown�. We
have also performed in-layer pairwise summation of the em-
pirical HFD-B212 binary Xe-Xe potential, which has been
constructed to reproduce the Xe-Xe interactions in gas and
condensed phases, and will henceforth consider the resulting
sum as equivalent to an experimental quantity. We find that
due to large interatomic distances the intralayer vdW inter-
action is not very sensitive to the model used and hence
evaluate it by summing the asymptotic pairwise contribu-

FIG. 1. �Color online� Comparison of different calculations of
the interaction potential of a krypton dimer. Symbols: DFT calcu-
lations with various flavors of GGA functional. Full line: Our cal-
culation using GGA PBE and “interfragment” vdW contribution.
Dash-dot: The seamless calculation of Dion et al.27 Dashed line:
The parametrized empirical potential of Tang and Toennies.28
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tions −C6 /dij
6 22 and add it to DFT energies. In this approach

the total interaction calculated from the empirical potential is
again best reproduced by the combination of PBE and vdW
potentials, with the the minimum at dmin=4.3 Å that nicely
correlates with the measured interatomic distances in incom-
mensurate �i.e., unconstrained� Xe monolayers on Cu�111�
and Pt�111� at low temperatures.4,32 The interatomic dis-
tances dCu=4.48 Å and dPt=4.80 Å corresponding to com-
mensurate adsorption on Cu�111� and Pt�111�, respectively
�see below�, are also shown. The features of the results in
Fig. 2 recur in all our calculations: the interaction energies
calculated using GGA exhibit a shallow well with a mini-
mum far out, but with inclusion of the vdW contribution the
interaction agrees well with the empirical potential. On the
other hand, the calculated LDA potential is largely overbind-
ing even without the inclusion of the vdW attraction and
therefore clearly unphysical. Hence, the investigation of its
applicability to the adsorption of Xe on Pt and Cu surfaces
will not be further pursued in the following.

III. STRUCTURE OF ADSORBED Xe LAYERS

To study Xe adsorption on Cu�111� and Pt�111� surfaces
we shall employ DACAPO DFT-GGA scheme comple-
mented with interfragment vdW interactions calculated by
using the scheme described in Refs. 22–24. The rationale
behind this choice for studying the dynamic polarization in-
teractions in the present systems comes from the best agree-
ment of the results of calculations based on this scheme and
the experimental results, as was demonstrated in the preced-
ing section. We first studied monolayer Xe adsorption on
Cu�111� surface. The substrate was modeled by six hexago-

nal atomic layers, of which the top three were allowed to
relax. The undesired periodicity perpendicular to the surface
was remedied by adding a thick vacuum slab above the Xe
layer. The fcc lattice constant of the Cu substrate was
3.66 Å, the equilibrium value obtained in our calculations
for bulk Cu, which is slightly larger than the experimental
value of 3.61 Å. The supercell in x-y coordinates consisted
of three Cu atoms in each substrate layer and one Xe atom in
the overlayer, which corresponds to the experimentally ob-
served ��3��3�R30° structure. We have carried out calcu-
lations for the various separations z of the Xe layer from the
outermost Cu�111� crystal plane. The asymptotic value of the
calculated energy for large z is the “desorption energy” of the
entire Xe adlayer. To get the energy required to completely
dissolve the Xe layer into isolated atoms, we subtracted the
cohesive energy of the isolated Xe layer of the same geom-
etry. Note that the experimental desorption energy may be
less than that if measured at submonolayer Xe coverages
where the average cohesive energy per adatom is smaller.

Next we turn to the nonlocal interaction between the Xe
layer and the substrate. According to Refs. 22–24, the van
der Waals interaction between an adatom and the slab is

EvdW = −
C3

�z − Z0�3 , �1�

where the coefficient C3 and the vdW reference plane posi-
tion Z0 depend on the dynamic polarization of the substrate
and the adatoms. Z0 is shifted closer to the position of the
nuclei of the first Cu layer compared to the static image
plane, reflecting the increased importance of the Cu d orbit-
als in the high-frequency response of the substrate. We as-
sume additive vdW interaction energies between the Xe at-
oms and the substrate, as we did for the intralayer
interactions.

In Fig. 3 we show the results, with and without the vdW
contribution, for both PW91 functional and PBE functional
�non-self-consistent�. The latter gives somewhat better agree-
ment with experimental adsorption energies, but otherwise
the two differ only by an almost constant shift in energy. We
have carried out the calculations for Xe atoms in on-top,
bridge, and hollow positions �fcc hollow and hcp hollow
energies are virtually indistinguishable�. The calculated DFT
energy has a shallow minimum around 4.5 Å, where the
bridge configuration has the lowest energy by few meV.
However, at distances below 4 Å the on-top site energies are
lower due to the adsorption induced rearrangement of the
substrate electronic density.17,21 Hence, when the interfrag-
ment vdW contribution is added �and also the intralayer en-
ergy at dCu from Fig. 2, which gives a constant offset�, the
on-top site is preferred by few meV, in accord with experi-
ments. The adsorption distance zmin�3.20 Å is in good
agreement with the experimental value of 3.60 Å,6 and the
PBE adsorption energy of 250 meV is somewhat larger than
the proposed experimental value of 190 meV. Xe adlayer on
Cu�111� appears to be at the edge of instability of the incom-
mensurate structure since the energy gain per atom of
3.1 meV, which would be achieved by reducing the Xe-Xe
distance to the optimal value dmin, is similar to the energy

FIG. 2. �Color online� Total DFT-GGA interaction energy �per
atom� of an isolated hexagonal layer of Xe atoms calculated as a
function of nearest-neighbor distance d without �open symbols� and
with addition of the vdW component �full symbols�. Circles and
squares: PBE functional in ABINIT and DACAPO, respectively,
diamonds: PW91 functional, triangles: LDA without vdW. Also
shown is the the result obtained using empirical HFD-B2 potential.
Interatomic distances dCu and dPt corresponding to commensurate
Xe layers on Cu�111� and Pt�111� surfaces are shown by vertical
lines.
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loss incurred by the fact that some atoms should sit outside
on-top sites. The latter quantity is estimated from the energy
of various configurations in Fig. 3 at zmin, where the differ-
ences between the on-top versus bridge and hollow site con-
figurations are 2.1 and 3.8 meV, respectively. Indeed, experi-
mental indications of a commensurate-incommensurate
transition have been detected below 77 K.4

Analogous calculations were performed for Xe on
Pt�111�, using the calculated Pt bulk lattice constant of
4.00 Å, while the experimental one is 3.92 Å. The results
shown in Fig. 4 are qualitatively similar to the case of
Cu�111�. Here the on-top site preference is strongly rein-
forced by the vdW interaction, and the on-top PBE adsorp-
tion energy of 300 meV at zmin=3.1 Å is favored by
34.5 meV compared to bridge and 43 meV to hollow site.
The on-top commensurate Xe monolayer is nevertheless

close to instability since the energy per atom due to the in-
tralayer interaction is 23 meV higher at dPt than at dmin �cf.
Fig. 2�.

IV. VIBRATIONAL PROPERTIES OF Xe ADLAYERS

To discuss the vibrational properties of commensurate Xe
adlayers on Cu�111� and Pt�111� we perform the analysis
outlined in Refs. 9, 10, and 14, using our calculated poten-
tials. Adsorbed monolayers support three adlayer localized
modes or phonons, characterized by the in-surface-plane
wave vector Q and the polarization vector e�. The latter is
either dominantly perpendicular to Q and to the surface
plane �vertically polarized mode �=S�, in-plane parallel to Q
�longitudinally polarized mode �=L�, or in-plane perpen-
dicular to Q �shear horizontally polarized mode �=SH�. Ex-
perimental S mode frequencies measured by HAS for
Xe/Cu�111�9,10 and Xe/Pt�111�14 exhibit practically no dis-
persion for Q in the first surface Brillouin zone �SBZ� of the
adlayer. Radial force constants � that determine these
Einstein-like mode frequencies are calculated from the cur-
vature around the on-top site minima of the potentials shown
in Figs. 3 and 4. We find �Xe-Cu=5.7 N/m and �Xe-Pt
=12.3 N/m, yielding ��S

Cu=3.35 meV �exp. 2.7 meV9� and
��S

Pt=4.93 meV �exp. 3.7 meV14�. Here the level of agree-
ment with experiment is the same �Cu� or better �Pt� than in
earlier ab initio calculations.17,20

The tangential Xe-substrate force constants � which de-

termine L and SH mode frequencies at the SBZ center �̄
�Q=0� can be derived from the corrugation of Xe-Cu�111�
and Xe-Pt�111� potential energy surfaces, assuming that the
most favorable on-top site is the minimum and the bridge
and hollow sites are maxima of a two-dimensional cosine
potential. We find �Xe-Cu=0.134 N/m and �Xe-Pt
=1.26 N/m, giving the Q=0 limit of L and SH mode fre-
quencies ��0

Cu=0.51 meV and ��0
Pt=1.58 meV. The HAS

data for L mode are �0.45 meV in Xe/Cu�111�,9 and
1.7 meV for Xe/Pt�111� �the last value extrapolated from

FIG. 5. �Color online� Theoretical Xe-adlayer L and S mode
frequencies �lines� compared with experimental values �points�
measured in HAS from Xe/Cu�111� in �̄K̄ direction of the adlayer.9

FIG. 3. �Color online� Total interaction energy �per adatom� of
commensurate adlayer of Xe on Cu�111� surface calculated using
GGA PW91 and PBE functionals �see text�, shown as a function of
distance z from the last substrate atomic plane. Upper set of curves:
DFT results only, lower set: with van der Waals contribution �dash-
dot� included. In each set the full, dashed and dotted curves denote
results for Xe atoms in on-top, fcc hollow and bridge sites, respec-
tively. The diamond is the experimental value from Refs. 1 and 6.

FIG. 4. �Color online� Similar to Fig. 3, but for Xe on Pt�111�
surface. Diamonds denote experimental results.8,33
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Q�0.2 Å14 that is the smallest Q for which the experimental
data are available�. Dispersion of L mode �and also of SH
mode, inaccessible in standard HAS measurements� for Q
�0 is dominantly determined by the intralayer radial force
constants �Xe-Xe.

9,10,14 Taking that Xe-Xe interaction in ad-
sorption dilated Xe adlayers is essentially the same as in
isolated Xe layer �Fig. 2�; we find �Xe-Xe�dCu�=0.54 N/m
and �Xe-Xe�dPt�=0.008 N/m that in both cases are much
lower than at dmin for isolated Xe layer. From this we find the
dispersion of the L mode in Xe/Cu�111� shown in Fig. 5 that
is in excellent accord with HAS data.9 For in-plane modes in
Xe/Pt�111� we find practically no dispersion, ��Pt�Q�
���0

Pt, also in accord with experiment.14

V. CONCLUSIONS

In summary, we have demonstrated the necessity of inclu-
sion of van der Waals interactions in the DFT-based calcula-

tions of the potential energy surfaces describing prototype
weak adsorption system Xe/metal surfaces. The DFT-GGA
approach complemented with a treatment of interfragment
vdW forces yields ab initio results for the structural and dy-
namical properties of Xe monolayers on Cu�111� and Pt�111�
so far in closest agreement with experiment. This affirms the
potentiality of such generalized first principles approach for
studying the properties of a wide class of weakly bound frag-
mented systems, but also calls for extensions of the treatment
within a seamless approach25–27 which unifies the treatment
of dynamic polarization interactions at all interatomic sepa-
rations.
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