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It was recently found from ab initio investigations �J. L. F. Da Silva et al., Phys. Rev. Lett. 90, 066104
�2003�� that polarization effects and the site dependence of the Pauli repulsion largely dictate the nature of the
interaction and the site preference of Xe adatoms on close-packed metal surfaces. It is unclear if the same
interaction mechanism occurs for all rare-gas atoms adsorbed on such surfaces. To address this question, we
perform all-electron density-functional theory calculations with the local-density approximation �LDA� and
generalized gradient approximations �GGA� for �He, Ne, Ar, Kr, and Xe� /Pd�111� in the ��3��3�R30°
structure. Our results confirm that polarization effects of the rare-gas adatoms and Pd atoms in the topmost
surface layer, together with the site-dependent Pauli repulsion, largely determine the interaction between
rare-gas atoms and the Pd�111� surface. Similar to the earlier ab initio study, the on-top site preference is
obtained by the LDA for all rare-gas adatoms, while the GGA functionals yield the on-top site preference for
Xe, Kr, and He adatoms, but the fcc site for Ne and Ar.
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I. INTRODUCTION

The adsorption of rare-gas �RG� atoms on solid surfaces
is a classical example of physical adsorption systems,1 in
which the binding energy ranges from a few meV to a few
hundred meV, e.g., −10 meV for He /Pd�110�, −24 meV for
Ne /Pd�110�, −200 meV for Kr /Pd�100�, and −320 to
−360 meV for Xe /Pd�111�.2–5 Rare-gas atoms have long
been used in different experimental techniques to probe solid
surfaces. For example, atom scattering using He and Ne
atoms,6 nuclear magnetic resonance using 129Xe atoms,7,8

photoemission of adsorbed Xe atoms,9 and high energy Ar
ions have been used for many years to clean solid surfaces
and to measure local electrostatic fields. Rare-gas atoms have
also been used to create local strain at solid surfaces by for-
mation of subsurface Ar, Kr, and Xe bubbles.10–13 Further-
more, the adsorption of RG atoms on solid surfaces has a
long tradition in serving as a model system to obtain an
understanding at the atomic level of technological process,
e.g., friction and tribological issues.14 Thus, a microscopic
understanding of the interaction between RG atoms and solid
surfaces is important for a correct interpretation of experi-
mental results, but it is also important for advancing funda-
mental knowledge on adsorption processes. As we will show
below, recent studies have obtained an improved understand-
ing of the interaction between Xe atoms and metal surfaces;
however, it is unclear if the same picture can be generalized
for Kr, Ar, Ne, and He atoms adsorbed on metal surfaces.

Recent low-energy electron diffraction �LEED� intensity
analyses of Xe adatoms on Ru�0001�,15,16 Cu�111�,17,18

Pt�111�,18,19 Pd�111�,18,20 and Cu�110� �Refs. 18 and 21�, and
density-functional theory �DFT� calculations for Xe on
Pt�111�,22–26 Pd�111�,24–26 Cu�111�,24–27 Ag�001�,28

Ti�0001�,24–26 Mg�0001�,24–26 and Al�111� �Refs. 24–26�
have found that the adsorbates preferentially bind to the low-
coordinated on-top sites instead of the high-coordinated hol-
low sites on metal surfaces. These findings were somewhat

unexpected as the long held view was that RG atoms would
adsorb in the highly coordinated hollow site �see e.g., Ref.
18 for a recent review�. However, LEED29 and DFT30,31

studies have found that Xe atoms adsorb preferentially in the
hollow site on the graphite �0001� surface. Therefore, the Xe
on-top site preference appears to be an updated “general
rule” only on metal surfaces.

In earlier publications,24–26 we explained the on-top Xe
adsorption site preference on metal surfaces as being due to
the following findings: �i� The polarization is larger for Xe in
the on-top site, i.e., the induced dipole moment is greater,
which contributes a greater attractive interaction between Xe
and the metal surfaces. �ii� The Pauli repulsion is weaker for
Xe adatoms at the on-top site, giving rise to a smaller con-
tribution to the repulsive potential between Xe and the metal
surfaces, i.e., enhancing the on-top site preference. This be-
havior was explained on the basis of the reactivity of the
clean metal surfaces, such as Pd�111�, Pt�111�, Cu�111�, and
Ti�0001�.24 Analyzing the reactivity function of the clean
surfaces using the “Wilke function”32 shows that the elec-
tronic character at the on-top region is donorlike and in the
hollow site it is acceptorlike. Thus, for a negative charge not
too close to the surface �or for a dipole moment with the
negative end pointing toward the metal surface like for the
RG adsorbate�, the on-top site region can easily screen this
perturbation by transferring electron density from the on-top
region to the hollow site region. Therefore, at intermediate
distances, the Xe atom becomes polarized more strongly at
the on-top geometry, because the screening charge at the
metal surface can build up more efficiently. This is why the
induced dipole moment is greater for Xe in the on-top site.
Similarly, at close distances where wave functions start to
overlap and Pauli repulsion sets in, the substrate can reduce
this repulsion more efficiently at the on-top site by transfer-
ring electrons from the on-top site region to the hollow site
region; hence, Xe can get closer to the surface at the on-top
site.
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Recent LEED studies obtained evidence for the on-top
site preference also for Kr /Ru�0001�,15,16 Kr /Cu�110�,18,33

and Ar /Ag�111�.18,34 Furthermore, experimental studies4,35,36

have shown a clear decrease in the substrate work function
upon adsorption of Kr and Ar atoms. Therefore, these results
might indicate a similar interaction mechanism for Kr and Ar
adatoms on metal surfaces. However, this assumption is un-
clear due to the small electronic polarizability of the Kr and
Ar atoms compared to Xe atoms, which may decrease the
role of the polarization effects in the interaction mechanism.
The electronic polarizabilities of the RG atoms are 0.201
�10−24, 0.390�10−24, 1.62�10−24, 2.46�10−24, and 3.99
�10−24 cm3 for He, Ne, Ar, Kr, and Xe atoms,
respectively.37

Therefore, it is interesting and important to learn if the
model proposed in Refs. 24–26 for Xe adsorption on metal
surfaces holds for other RG atoms such as He, Ne, Ar, and
Kr. To address this question, we investigate, using all-
electron DFT calculations, the trends in the adsorption en-
ergy, adsorption site preference, equilibrium structural pa-
rameters, work function changes �induced dipole moment�,
electron density changes, and electronic structure �density of
states� for He, Ne, Ar, Kr, and Xe adsorbed on Pd�111� in the
��3��3�R30° structure �hereafter denoted as “�3”�.

The paper is organized as follows. In Sec. II, the theoret-
ical approach and computational details are described, and in
Sec. III, results for He, Ne, Ar, Kr, and Xe adatoms on
Pd�111� are presented and discussed. In Sec. IV, the role of
electronic polarizability of the free RG atoms in the adsorp-
tion properties is discussed, and in Sec. V, the mechanism for
the interaction between RG atoms and metal surfaces is de-
scribed. Section VI presents a discussion of the behavior of
the different exchange-correlation functionals, and the main
conclusions are given in Sec. VII.

II. THEORETICAL APPROACH AND
COMPUTATIONAL DETAILS

A key problem when studying RG adsorption on solid
surfaces by DFT38,39 is the choice of the exchange-
correlation �XC� functional. All-electron first-principles
calculations40 found that the generalized gradient approxima-
tion �GGA�, namely, the GGA-PW91 functional,41 yields a
superior description of the interaction between He and Ne
adatoms with Rh�110� compared to the local-density ap-
proximation �LDA�.42 For example, GGA-PW91 reproduces
the experimental surface corrugation, as well as the potential
well if the zero-point vibration is included, while LDA
yielded quantities in poor agreement with experimental
results.40 In contrast, recent all-electron calculations found
an opposite behavior for Xe adsorption on metal
surfaces,24–26 for which the LDA yielded a better description
than the GGA-PBE functional,43 e.g., the LDA adsorption
energies are in good agreement with experimental results,
while the GGA-PBE yielded much too weak adsorption en-
ergies. It is well known that the GGA-PBE and GGA-PW91
functionals yield almost identical binding properties for
many systems;43 however, recent studies have found impor-
tant differences in the binding energy Eb of RG molecular

systems calculated using these two particular GGA function-
als, e.g., Eb=6.1 meV �GGA-PBE� and 14.2 meV �GGA-
PW91� for Ar2,44 which suggest that possibly the tiny differ-
ences between GGA-PBE and GGA-PW91 may play an
important role in the interaction between RG atoms and
metal surfaces as well. Therefore, in order to obtain a more
complete picture for the interaction between RG atoms with
metal surfaces, we performed DFT calculations with the
LDA,42 GGA-PBE,43 and GGA-PW91 functionals.41

The Kohn-Sham equations are solved using the all-
electron full-potential linearized augmented plane-wave �FP-
LAPW� method,45 as implemented in the WIEN code,46 which
is one of the most accurate methods currently used to solve
the Kohn-Sham equations. Furthermore, the FP-LAPW
method is commonly used as a reference for benchmark cal-
culations in the study of the performance of XC functionals
for periodic systems,47–49 as well as a reference for pseudo-
potential calculations.49 In the FP-LAPW method, real space
is divided into two regions, namely, nonoverlapping atom
centered spheres and the remaining interstitial region. This
definition is only used to define the augmentation for the
plane waves and does not imply a shape restriction of the
potential or the electron density. The core states are treated
fully relativistically, while the semicore and valence states
are treated by the scalar relativistic approximation.

The LAPW wave functions in the interstitial region are
represented using a plane-wave expansion, truncated to in-
clude only plane waves that have kinetic energies less than
14.06 Ry, and for the potential representation in the intersti-
tial region, plane waves with energies up to 196 Ry �LDA�
and 324 Ry �GGA-PBE and GGA-PW91� are considered.
Inside the atom centered spheres with radii of 0.95, 1.06,
1.16, 1.27, 1.38, and 1.27 Å for He, Ne, Ar, Kr, Xe, and Pd,
respectively, the wave functions are expanded in radial func-
tions times spherical harmonics up to lmax

wf =12. For the rep-
resentation of the potential inside the muffin-tin spheres, a
maximum of lmax

pot =6 is used. For the evaluation of the non-
spherical matrix elements, we include terms up to lmax

ns =6.
The linearization energies are set to be at the center of grav-
ity of the occupied band with the respective character
�s , p ,d , f�. Local orbitals �LOs� are used to describe the
semicore states. Furthermore, extra LOs are added to im-
prove the description of the valence Pd d states.

The Pd�111� surface is modeled by a repeated slab, which
consists of seven atomic layers separated by a vacuum region
of �27.50 Å. For the integrations of the Brillouin zone �BZ�
of RG/Pd�111� in the �3 structure, we employ a
Monkhorst-Pack50 �8�8�1� grid �21 k points in the irre-
ducible part of the BZ� with the broadening of the Fermi
surface by the Fermi distribution function with an artificial
broadening parameter of 54 meV. The total energy is ex-
trapolated to T=0 K.51 Exactly the same k point set is used
for all RG/Pd�111� calculations to minimize possible errors
in the BZ integration.

For all RG/Pd�111� calculations, we used the theoretical
equilibrium lattice constant a0 of bulk Pd, which is critical
for obtaining an accurate description of the surface
properties.24,52 We found a0=3.85 Å �LDA�, 3.95 Å �GGA-
PBE�, 3.95 Å �GGA-PW91�, as obtained by fitting to Mur-
naghan’s equation of state,53 while the experimental lattice
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constant is 3.89 Å.37 A more detailed discussion of the Pd
bulk properties is given elsewhere.24,52

In this work, we deal with the weak interaction of RG
atoms with the Pd�111� surface, where the relative energy
differences, work function changes, etc., are very small. For
example, the energy difference between the on-top and fcc
sites is 44.1meV �LDA� for Xe /Pd�111�; hence, special care
was taken with respect to the numerical parameters involved
in the calculations. Calculations using a higher cutoff energy
�18.65 Ry� for Xe /Pd�111� yielded equilibrium vertical dis-
tances, relative energy difference between the on-top and fcc
sites, and work function changes that differ by less than
0.05 Å, 1.0 meV, and 0.02 eV, respectively, compared with
the results calculated with 14.06 Ry. Furthermore, calcula-
tions using a higher number of k points, e.g., 31 k points in
the IBZ, yielded almost identical equilibrium vertical dis-
tances, while the relative energy difference for Xe adatoms
in the on-top and fcc sites and work function changes differ
by less than 1.5 meV and 0.01 eV, respectively, compared
with calculations using 21 k points in the IBZ.

III. RARE-GAS ADATOMS ON Pd(111) IN THE
�3 STRUCTURE

All calculations for the adsorption of RG adatoms on
Pd�111� are performed using the �3 structure, in which the
RG coverage �RG is 1

3 , i.e., one RG adatom for each three
metal atoms in the topmost surface layer �see Fig. 1�b��. The
�3 structure has been reported by LEED studies for Xe ad-
sorption on several close-packed transition-metal surfaces,
namely, Pd�111�,2,5,20 Cu�111�,17,36 Pt�111�,19,54,55 and
Ru�0001�.15 The �3 structure is a simple structure compared
to other commensurate21 and incommensurate54 structures
reported for Xe adsorption. For example, a �12�2� structure
has been obtained by LEED for Xe /Cu�110�, for which
�Xe= 7

12.21 For Kr and Ar, LEED studies have reported large
unit cell structures, e.g., c�8�2� for Kr /Cu�110� with �Kr

= 5
8 ,33 p�3�3� for Kr /Ru�0001� with �Kr=

6
9 ,15,16 and ��7

��7�R19.1° for Ar /Ag�111� with �Ar=
4
7 .34 Due to the

lower temperatures required for the study of Ne and He ad-
layers on metal surfaces, there are no reports of LEED stud-
ies for these systems.

All-electron calculations performed for Xe /Ag�100� �Ref.
28� and Xe /Pt�111� �Refs. 24–26� found that spin-orbit �SO�
coupling, which can be included for the semicore and va-
lence states using the second-variational method,45 does not
play a significant role in adsorption properties such as ad-
sorption energy, site preference, work function change, elec-
tron density difference, etc. However, the SO interaction is
required to obtain the correct band structure of the Xe ad-
layer, i.e., it reproduces the splitting of the Xe 5p states into
5p1/2 and 5p3/2 states. As we are only concerned with total
energies, forces, and geometries in this paper, SO corrections
for the semicore and valence states are not taken into ac-
count.

In our previous DFT studies,24–26 we found that the on-top
and fcc sites are the most, and the least, stable adsorption
sites for Xe adatoms on closed-packed transition-metal sur-
faces, respectively. Thus, in the present work, we performed
calculations for RG adatoms only in the on-top and fcc sites
�see Fig. 1�b��. Furthermore, we found that the interlayer
relaxations of the topmost surface layers for the Xe/metal
systems, as well as the substrate rumpling for Xe adatoms in
the on-top sites, do not play a significant role in the interac-
tion mechanism between Xe adatoms and metal surfaces. For
Pd�111�, the topmost interlayer spacing exhibits a very small
relaxation ��d12�1.50% �.24,52 Thus, for all calculations re-
ported below, the Pd atoms are kept frozen in their truncated
bulk positions and only the coordinates of the RG atoms
perpendicular to the surface are optimized.

A. Adsorption energy

The adsorption energy Ead
RG of a RG adatom on Pd�111� is

given by

Ead
RG =

1

2
�Etot

RG/Pd�111� − Etot
Pd�111� − 2Etot

RG� , �1�

where Etot
RG/Pd�111� is the total energy of the RG/Pd�111� sys-

tem at the equilibrium geometry. Etot
Pd�111� and Etot

RG are the
total energies of the clean Pd�111� surface and of the free RG
atoms, respectively. The factors 1

2 and 2 take into account the
fact that the RG atoms are adsorbed on both sides of the slab.
The total energies of the free RG atoms are obtained by
spin-polarized calculations using a cubic box with side
length of 9.52 Å and one k point, � 1

4 , 1
4 , 1

4
� 2�

a , in the irreduc-
ible part of the BZ.49 The calculated adsorption energies are
summarized in Table I along with experimental results. For
He, Ne, Ar, and Kr adatoms on Pd�111�, the reported experi-
mental values are estimated based on experimental results for
Pd�100� and Pd�110� �see discussion below�.3–5,56

The LDA and GGA-PW91 adsorption energies increase
from He to Xe; however, the increase is much smaller for the
GGA-PW91 functional than for the LDA functional. This
can be clearly seen from Fig. 2. For example, the LDA ad-
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FIG. 1. �Color online� �a� Illustration showing the equilibrium
vertical distance between the RG adatom and the Pd�111� surface,
dRG-Pd�111�, and the topmost interlayer distance, d12. �b� Adsorption
sites for RG adatoms on Pd�111� in the �3 structure. The indicated
adsorption sites are: on-top, fcc, and hcp sites. For �a� and �b�, the
RG adatoms are indicated by large open circles �red�, while the
filled, hatched, and open small circles �in blue, yellow, and white,
respectively� indicate the Pd atoms in the first �topmost surface
layer�, second, and third substrate layers, respectively.

TRENDS IN ADSORPTION OF NOBLE GASES… PHYSICAL REVIEW B 77, 045401 �2008�

045401-3



sorption energy ratios Ead
Xe /Ead

RG are 1.93 �Kr�, 2.73 �Ar�, 6.82
�Ne�, and 16.32 �He�, while the GGA-PW91 correspondingly
yields 1.57 �Kr�, 2.38 �Ar�, 2.79 �Ne�, and 4.85 �He�. Using
the LDA ratio for Ead

Xe /Ead
He, i.e., 16.32, and the GGA-PW91

adsorption energy obtained for Xe �−79.27�, we estimate an
adsorption energy of −4.86 meV for He, which is close to the
GGA-PBE value but far from the GGA-PW91 value
�−16.34 meV�. We found that the GGA-PBE yields almost
the same adsorption energy ��14 meV� for Ne, Ar, and Kr,
which is different from the LDA and GGA-PW91 trends �see
Fig. 2, Table I�. The GGA-PBE result for Ead

Xe /Ead
He is 11.08,

which is in between the LDA and GGA-PW91 results.
We note that a similar trend has been reported for the

binding energies Eb of RG diatomic molecules.44 For ex-
ample, employing GGA-PBE, Eb=3.2 meV for He2 and
�6 meV for Ne2, Ar2, and Kr2, while the LDA binding en-
ergies increase systematically with the atomic number, i.e.,
9.4, 19.9, 28.9, and 33.5 meV for He2, Ne2, Ar2, and Kr2,
respectively.44 For comparison, the exact values57,58 are 0.9,
3.6, 12.3, and 17.3 meV for He2, Ne2, Ar2, and Kr2, respec-
tively, which are larger �smaller� than the GGA-PBE �LDA�
values but display a clear trend of increasing binding energy
with increasing size of the RG atom.

There are available experimental adsorption energies only
for the particular case of Xe /Pd�111�, namely, −338 and
−320±10 meV for Xe in the �3 structure,2,5 while it is

−360 meV for the limit of zero Xe coverage.2 For the other
RG adatoms, there are reported adsorption energies only for
Pd�110� and Pd�100�, i.e., −10 meV for He /Pd�110�,
−24 meV for Ne /Pd�110�, and −200 meV for Kr /Pd�100�.3,4

In this work, we estimate the experimental adsorption ener-
gies of He, Ne, Ar, and Kr adatoms on Pd�111� using the
results above and the adsorption energy ratios for Xe on
Pd�111�, Pd�100�, and Pd�110�. For example, Ead

Xe=−338,
−381, and −425 meV for �111�, �100�, and �110�, respec-

tively, and hence, we obtain
Ead

Xe�100�

Ead
Xe�111� =1.127 and

Ead
Xe�110�

Ead
Xe�111�

=1.257.56 Thus, we estimate Ead
RG as −8, −19, −110, and

−177 meV for He, Ne, Ar, and Kr adatoms on Pd�111�. To

estimate Ead
Ar, we used the relation

Ead
Xe

Ead
Ar �3, which is obtained

from the experimental adsorption energies reported in Ref. 4.
The estimated experimental adsorption energies are show in
Fig. 2 �dashed line� along with the calculated results.

It can be seen from Fig. 2 that the LDA adsorption ener-
gies are in much closer agreement with the experimental re-
sults for Ar, Kr, and Xe than the GGA functionals, while the
results for He and Ne adatoms are overestimated. The GGAs
�PBE and PW91� underestimate the adsorption energies for
Ar, Kr, and Xe adatoms, while GGA-PBE �GGA-PW91� un-
derestimates �overestimates� for He and Ne. It is important to
notice that LDA yields the correct trend, and the shape of the
curve appears very close to experiment, but just shifted uni-
formly to lower energies, which is not the case of the GGA
functionals, in particular the GGA-PBE. For example, from
the experimental adsorption energies summarized in Ref. 4,

we find that
Ead

Xe

Ead
Kr �2 and

Ead
Xe

Ead
Ar �3 for several close-packed

transition-metal surfaces. This is in good agreement with the
LDA adsorption energy ratios discussed above �i.e., 1.93 and
2.73�, but not so for the GGA adsorption energy ratios �of
3.86 and 3.71 for the PBE and 1.57 and 2.38 for the PW91�.

The relative adsorption energies of RG adatoms in the fcc
and on-top sites, �Ead

RG=Ead
RG�fcc�−Ead

RG�on-top�, are given in
Table II. �Ead

RG�0 ��0� indicates an on-top �fcc� adsorption
site preference. The LDA functional favors the on-top site for
all RG adatoms on Pd�111�, which is consistent with LEED
studies of RG atoms adsorbed on different metal surfaces,
e.g., Ar /Ag�111�,34 Xe /Ru�0001�,15,16 Kr /Ru�0001�,15,16

Xe /Cu�111�,17 Xe /Pd�111�,20 Kr /Cu�110�,33 and
Xe /Cu�110�.21 The GGA-PW91 and GGA-PBE functionals,
however, yield the on-top site preference only for Xe, Kr,
and He adatoms, while Ne and Ar preferentially bind to the
fcc sites. We note that for both GGA functionals, �Ead

RG is
smaller than 1 meV for Ne /Pd�111�; hence, this result

TABLE I. Adsorption energy Ead
RG �in meV� of RG adatoms on Pd�111� in the on-top site for the �3

structure.

XC He Ne Ar Kr Xe

LDA −26.7 −63.9 −159.3 −225.4 −435.4

GGA-PBE −5.0 −13.5 −14.9 −14.3 −55.3

GGA-PW91 −16.3 −28.4 −33.3 −50.4 −79.3

Expt.a −8 −19 −110 −177 −320, −360

aExperimental results �estimated for He, Ne, Ar, and Kr, see text�, Refs. 3–5 and 56.
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FIG. 2. �Color online� Adsorption energy of RG adatoms on
Pd�111� in the �3 structure in the on-top site. An inset is included to
show in detail the GGA �PBE and PW91� results. The black dashed
line �diamond symbol� indicates estimated experimental results �see
text for details� �Refs. 3–5 and 56�.
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should not be taken too seriously since it is at the limit of our
accuracy, even though the FP-LAPW calculations have been
carried out at a high level of accuracy �see Sec. II�.

B. Equilibrium rare-gas–Pd(111) distances

The equilibrium distances between the RG adlayers and
the Pd�111� surface, dRG-Pd�111�, which is defined in Fig. 1,
are listed in Table III. We find using the LDA, GGA-PBE,
and GGA-PW91 functionals that the Ar, Kr, and Xe adatoms
get closer to the Pd�111� surface in the on-top sites, i.e.,

d�Ar,Kr,Xe�-Pd�111�
on-top � d�Ar,Kr,Xe�-Pd�111�

fcc . �2�

This trend was also found from FP-LAPW calculations for
Xe atoms adsorbed on the Mg�0001�, Al�111�, Ti�0001�,
Cu�111�, Pd�111�, and Pt�111� surfaces.24–26 In Refs. 24–26,
from a decomposition of the perpendicular potential energy
surface into an attractive and repulsive potential term, the
smaller equilibrium distance for Xe adatoms in the on-top
sites was explained as a consequence of a weaker Pauli re-
pulsion for Xe adatoms in the on-top sites. This weaker re-
pulsion at the on-top site was attributed to a greater polariza-
tion of the Xe atoms and the substrate atoms, which
decreases the electron density at the on-top site and allows
the Xe atoms to get closer to the surface. This explanation is
supported by our electron density redistribution analysis
below.

For Ne /Pd�111�, we find using the LDA functional that
dNe-Pd�111�

on-top �dNe-Pd�111�
fcc , while both GGA �PBE and PW91�

calculations find that dNe-Pd�111�
on-top �dNe-Pd�111�

fcc . For
He /Pd�111�, the LDA yields dHe-Pd�111�

on-top �dHe-Pd�111�
fcc , and

hence, it follows the same trend observed for Ar, Kr, and Xe.

However, the GGA �PBE and PW91� calculations find an
opposite trend, i.e., dHe-Pd�111�

on-top �dHe-Pd�111�
fcc . The LDA results

for Ne and He may indicate a weaker Pauli repulsion at the
fcc and on-top sites, respectively. Thus, this contribution to
the adsorption energy decreases �for weaker repulsion at the
fcc site� and increases �for weaker repulsion at the on-top
site� the stability of the on-top site preference, respectively,
which is confirmed by the LDA total energy calculations,
i.e., �Ead

RG=1.9 and 4.0 meV for Ne and He adatoms on
Pd�111�. The GGA �PBE and PW91� results for Ne indicate a
similar repulsive potential for both sites, which is consistent
with the GGA total energy calculations, i.e., both sites are
almost degenerate in energy ���Ead

RG��1.0 meV�. Therefore,
the trends found for He and Ne are slightly different to the
results found for Ar, Kr, and Xe, which may be related to the
notably smaller electronic polarizability of the free He and
Ne atoms as compared to the Ar, Kr, and Xe atoms, and
hence, it implies a small polarization of the He and Ne ada-
toms and of the topmost surface Pd atoms.

For all functionals, the equilibrium vertical distance in-
creases from Xe to Ar; hence, it correlates with the magni-
tude of the adsorption energy, which decreases in absolute
value from Xe to Ar �i.e., a larger adsorbate-substrate bond
and a weaker adsorption energy�. However, the results ob-
tained for Ne and He do not follow the same trend for all
functionals and adsorption sites. To obtain a further under-
standing of the equilibrium distance trends, we calculated the
expected equilibrium distances using a hard-sphere model
for RG adatoms on Pd�111�. Using experimental lattice
constants,37 we obtain equilibrium distances of 3.55, 3.38,
3.26, 2.96, and 3.17 Å for Xe, Kr, Ar, Ne, and He adatoms
on Pd�111� in the on-top site, respectively. The trend in these
results obtained for Xe, Kr, and Ar are opposite to the trends

TABLE II. Relative adsorption energies �Ead
RG �in meV� of RG adatoms in the fcc and on-top sites on

Pd�111� in the �3 structure. �Ead
RG�0��0� indicates an on-top �fcc� adsorption site preference.

XC He Ne Ar Kr Xe

LDA +4.0 +1.9 +18.0 +13.9 +44.1

GGA-PBE +2.5 −0.7 −4.0 +7.8 +6.3

GGA-PW91 +1.4 −0.7 −4.4 +7.4 +10.0

TABLE III. Equilibrium distances dRG-Pd�111� of RG adatoms on Pd�111� in the �3 structure. dRG-Pd�111� is
given in Å with respect to the topmost surface layer.

Site He Ne Ar Kr Xe

LDA on-top 2.887 2.898 2.956 2.938 2.835

fcc 3.008 2.885 2.994 2.970 2.859

GGA-PBE on-top 3.649 3.408 3.578 3.543 3.294

fcc 3.416 3.408 3.761 3.655 3.489

GGA-PW91 on-top 3.644 3.404 3.561 3.481 3.278

fcc 3.405 3.394 3.752 3.648 3.479

Expt. 3.07a

aRef. 20, LEED.
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actually calculated by LDA, GGA-PBE, and GGA-PW91
�see Table II� showing that there is a significant interaction
between the Xe, Kr, and Ar atoms and the Pd�111� surface
and that a simple stacking �hard sphere� model of weakly or
noninteracting spheres is not valid. However, the hard-sphere
model yields that dHe-Pd�111��dNe-Pd�111�, which is consistent
with the LDA, GGA-PBE, and GGA-PW91 results. The suc-
cess of the hard-sphere model in predicting results for
�He,Ne� /Pd�111� can be explained as a consequence of the
small electronic polarizability of He and Ne atoms.

For Xe /Pd�111�, the LDA and GGA equilibrium lattice
constants are 7.6% and 7.3% smaller and larger, respectively,
than the LEED result of 3.07 Å. LEED studies for Xe and Kr
adsorption on Ru�0001� reported equilibrium distances of
3.54 and 3.70 Å, respectively, i.e., dKr-Ru�0001� is 4.5% larger
than dXe-Ru�0001�. We find using the LDA and GGA that
dKr-Pd�111� is 3.6% and 7.6% larger than dXe-Pd�111�, respec-
tively. Thus, the qualitative trends are well reproduced re-
garding the Xe– and Kr–transition-metal distances.

C. Difference electron density

The difference electron density, which helps characterize
the atomic orbitals involved in the interaction between two
different systems, is given by

n��r� = ntot
RG/Pd�111��r� − ntot

Pd�111��r� − ntot
RG-layer�r� , �3�

where ntot
RG/Pd�111��r� is the total electron density of the RG/

Pd�111� system. ntot
Pd�111��r� and ntot

RG-layer�r� are the total elec-
tron densities of the Pd�111� surface and the RG layer, re-
spectively. We calculate n��r� for the RG/Pd�111� systems at
the equilibrium geometry in a plane perpendicular to the sur-

face, i.e., �112̄�. The results obtained with the LDA func-
tional are shown in Fig. 3. It can be seen that the difference
electron densities for Ar, Kr, and Xe are very similar. The
patterns differ mainly in the magnitude of the induced elec-
tron density redistribution, which is smallest for Ar and larg-
est for Xe. The induced electron density redistributions for
He and Ne adatoms also show quite similar patterns to the
other RG adatoms; however, the magnitude of the electron
density redistributions are notably weaker, which is consis-
tent with the smaller electronic polarizabilities of the Ne and
He atoms and with the small adsorption energies.

Figure 3 shows that the induced electron density redistri-
bution on the RG adatoms and on the Pd atoms in the top-
most surface layer is different for the on-top and fcc sites. In
particular, the electron redistribution on the Pd atoms is
clearly stronger for the on-top site, where it increases from
He to Xe. For the on-top site, there is a decrease of the
electron density in the Pd d states perpendicular to the sur-

−6.0

−1.0

−0.2

+0.20

+1.00

+6.00

−6.0

−1.0

−0.2

+0.20

+1.00

+6.00

He/top Ne/top Ar/top Kr/top Xe/top

Xe/fccKr/fccAr/fccNe/fccHe/fcc

FIG. 3. �Color� Difference electron density, n��r�=nRG/Pd�111��r�−nPd�111��r�−nRG-layer�r�, distributions calculated using the LDA for He,
Ne, Ar, Kr, and Xe �from left to right� adatoms on the Pd�111� surface in the �3 structure for RG adatoms in the on-top �upper� and fcc

�lower� sites. n��r� is in units of 10−3 e /bohr3 and plotted in the �112̄� plane at the equilibrium geometry. Yellow, gold, and orange �cyan,
sky blue, and blue� indicate regions where the electron density increases �decreases�.
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face, i.e., dz2 state, while there is a small increase in the
electron density in the “diagonal” d states �dxz and dyz states�.

Both sites exhibit a significant depletion of electron den-
sity centered about the RG atom, and it can also be noticed
that there is a slight electron density accumulation close to
the center of the RG adatoms �the small yellow region inside
the larger region of depletion�. This small enhancement is
largest for Xe /Pd�111� with Xe in the on-top site and is
attributed to the orthogonalization of RG states to the states
of the Pd atoms. Furthermore, for RG adatoms in the on-top
site, there is a significant electron density accumulation be-
tween the RG adatom and the topmost surface layer, which
increases in magnitude from He to Xe.

Although the discussion above is based entirely on the
LDA results, similar patterns for the induced electron density
difference distributions are found for the GGA-PBE and
GGA-PW91 functionals. As reported previously,24–26 the
magnitude of the GGA induced electron density is, however,
smaller than the LDA results, which is consistent with the
larger equilibrium RG vertical distances yielded by the GGA
functionals and the weaker adsorption energies, as well as
the smaller changes in the Pd�111� work function �see be-
low�.

D. Work function change and induced surface dipole moment

We report the work function change of the RG/Pd�111�
systems, ��RG, which can be measured experimentally �see,
e.g., Refs. 2 and 36�, calculated as ��RG=�RG/Pd�111�

−�Pd�111�, where the first and second terms are the work
functions of RG/Pd�111� and the clean Pd�111� surface, re-
spectively. �Pd�111�=5.66, 5.25, and 5.31 eV for LDA, GGA-
PBE, and GGA-PW91, respectively, while the experimental
results are 5.44 eV,59 5.55 eV,60 and 5.95 eV.2 The experi-
mental and calculated results for �Pd�111� are discussed in
detail elsewhere.52 ��RG can be related to the induced dipole
moment �RG using the Helmholtz equation,61 which is given
by

�RG��RG� =
1

12�

A�1�1�

�RG
��RG��RG� , �4�

where A�1�1� is the area of the �1�1� surface unit cell in Å2.
�RG is the RG coverage, i.e., 1 /3 for the �3 structures. If

�� is given in eV, Eq. �4� yields an induced dipole moment
in debyes. All results for �� and � are listed in Table IV,
and the results for the dipole moments are also plotted in Fig.
4. �� and � are related by a constant, i.e., �3a0

2 /16�; hence,
only the induced dipole moment will be discussed below. It
can be seen that the RG adsorption induces a decrease in the
work function. This indicates that the RG atoms behave as
adsorbates with an effective positive charge. This is reflected
in the redistribution of electron density by the depletion
about the RG atoms giving rise to an induced surface dipole
moment which points out of the surface.

The absolute value of the induced surface dipole moment
calculated with the LDA, GGA-PBE, and GGA-PW91 func-
tionals increase from He to Xe, i.e., ��He�� ��Ne�� ��Ar�
� ��Kr�� ��Xe� �see Fig. 4�. The only exception is for He and
Ne adatoms in the fcc site calculated with the GGA-PW91,
i.e., ��He�� ��Ne�. Furthermore, we found the following trend
for the systems:

��RG�on-top�� � ��RG�fcc�� , �5�

with the exception of He /Pd�111� calculated with the GGA-
PBE and GGA-PW91. This trend �Eq. �5�� was found in
previous work for Xe adsorption on the Pt�111�, Cu�111�,

TABLE IV. Substrate work function change ��RG and induced dipole moment �RG for the RG/Pd�111� systems in the �3 structure in the
fcc and on-top sites. ��RG and �RG are given in eV and Debye, respectively.

Site

He Ne Ar Kr Xe

�� � �� � �� � �� � �� �

LDA on-top −0.167 −0.085 −0.220 −0.112 −0.680 −0.347 −0.963 −0.491 −1.435 −0.732

fcc −0.104 −0.053 −0.169 −0.086 −0.541 −0.276 −0.805 −0.410 −1.286 −0.656

GGA-PBE on-top −0.027 −0.014 −0.050 −0.027 −0.184 −0.099 −0.322 −0.173 −0.778 −0.418

fcc −0.039 −0.021 −0.040 −0.021 −0.105 −0.056 −0.229 −0.123 −0.544 −0.293

GGA-PW91 on-top −0.014 −0.008 −0.040 −0.022 −0.180 −0.096 −0.358 −0.192 −0.791 −0.424

fcc −0.036 −0.019 −0.031 −0.016 −0.098 −0.052 −0.230 −0.123 −0.550 −0.295

Expt.a −0.85

aExperimental result, Ref. 4.
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FIG. 4. �Color online� Induced dipole moment of RG adatoms
on Pd�111� in the �3 structure for adsorption in the on-top �filled
symbols� and fcc �open symbols� sites.
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Ti�0001�, Al�111�, and Mg�0001� surfaces.24–26

For all systems, we find that ��RG�LDA��
� ��RG�GGA-PBE /PW91�� and ��RG�GGA-PBE��
���RG�GGA-PW91��. At the same equilibrium vertical dis-
tance, both LDA and GGA �PW91 and PBE� yield almost the
same work function change;24,26 hence, the difference in the
LDA and GGAs work function changes is a consequence of
the different equilibrium vertical distances yielded by the
LDA and GGA functionals, as well as by the interaction
mechanism between RG and metal surfaces. For example, as
a consequence of the interaction mechanism, the induced di-
pole moment and work function change increase almost lin-
early in absolute values as the RG adatoms approach the
Pd�111� surface.24–26 The linear relationship between
dRG-Pd�111� and �RG is valid only for dRG-Pd�111� values close
to the equilibrium distance between the RG adlayer and
Pd�111�. For example, the LDA underestimates the value of
dRG-Pd�111� compared to the GGAs functionals; hence, a larger
induced dipole moment is obtained for LDA, while GGA
overestimates dRG-Pd�111� and has a smaller dipole moment.

E. Local density of states

We calculate the rare-gas local density of states �RG-
LDOS�, as well as the decomposition of the RG-LDOS into
states with s, p, and d character for the RG/Pd�111� systems
in the equilibrium geometry for all XC functionals. In addi-
tion, we calculated the center of gravity of the RG-LDOS
with respect to the Fermi level, CRG

EF , and vacuum level, CRG
vac.

The absolute values of CRG
EF and CRG

vac are related by the work
function of the RG/Pd�111� system, i.e., �CRG

vac�= �CRG
EF �

+�RG/Pd�111�. The LDA, GGA-PBE, and GGA-PW91 RG-
LDOS are very similar; hence, only the LDA results are
shown in Fig. 5. The centers of gravity are summarized in
Table V for all XC functionals.

As expected from the electronic structure of the free RG
atoms, the RG-LDOSs are mainly composed of s states �He�
and p states �Ne, Ar, Kr, and Xe�, which are shifted several
electron volts below the vacuum level on adsorption. We
found that CRG

vac increases in absolute value from Xe to He,
e.g., �CRG

vac��LDA�=8.57 eV �Xe� and 15.62 eV �He� for ad-
sorption in the on-top sites. To understand the magnitude of
the RG-LDOS shifts, we calculated the energy of the highest
occupied state of the free RG atoms with respect to the
vacuum level, 	RG. The results are also summarized in Table
V. We find a clear correlation between CRG

vac and 	RG for all
RG adatoms, and it does not depend on the adsorption site
preference or XC functional, i.e., CRG

vac and 	RG differ only
slightly. For example, for Xe �CXe

vac−	Xe��0.20 eV and for
He CHe

vac�	He. The difference is larger for the more strongly
interacting system, i.e., Xe /Pd�111�. Therefore, the magni-
tude of CRG

vac for RG adatoms on Pd�111� is determined by the
energy of the highest occupied state of the free RG atoms
and not by the substrate. This can be explained as a simple
consequence of the weak interaction between RG atoms and
Pd�111�, which does not change very much the center of
gravity of the electronic states of the free RG atoms. Thus, it
is a general trend for weak interacting systems, and hence, it
can be useful in determining the position of the electronic
states of adsorbates in adsorbate-substrate systems.

Furthermore, we find that CRG
vac�on-top��CRG

vac�fcc� for all
systems and XC functionals. However, the same does not
hold true for CRG

EF . The values of CRG
EF depend on the work

function of the RG/Pd�111� system, which is site dependent,
and hence, CRG

EF is also a site-dependent function. Using the
fact that �CRG

vac�= �CRG
EF �+�RG/Pd�111� and CRG

vac�on-top�
�CRG

vac�fcc�, we can deduce that �CRG
EF �on-top��− �CRG

EF �fcc��
=���fcc�−���on-top�. From Table V, it can be seen that
�CRG

EF �on-top��� �CRG
EF �fcc�� for all systems and XC function-

als �except for He �GGA-PBE and GGA-PW91��. Thus, we
can conclude that ����on-top��� ����fcc�� for all systems and

He tot x 6 He s x 834 He p x 62 He d x 10000

Ne tot x 12 Ne s x 1250 Ne p x 250 Ne d x 5000

Ar tot x 4 Ar s x 834 Ar p x 50 Ar d x 1000

Kr tot x 2 Kr s x 500 Kr p x 20 Kr d x 500

-12 -8 -4 0
Energy (eV)

Xe tot x 1

-12 -8 -4 0
Energy (eV)

Xe s x 358

-12 -8 -4 0
Energy (eV)

Xe p x 10

-12 -8 -4 0
Energy (eV)

Xe d x 250

FIG. 5. �Color online� Local density of states �LDOS� calculated with the LDA functional for RG adatoms on Pd�111� in the �3 structure
at the equilibrium geometry. The continuous and dashed lines in black and red �dark gray� indicate RG adatoms in the on-top and fcc sites,
respectively. The zero of energy indicates the Fermi level. The numbers in each plot indicate the factor by which the LDOSs have been
multiplied in order to be on the same y scale as the Xe total LDOS. “RG tot” indicates the total LDOS, while s, p, and d indicate the
decomposition of the LDOS into states with s, p, and d character.
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XC functionals �except for He �GGA-PBE and GGA-
PW91��, which was, in fact, obtained by our all-electron cal-
culations. As discussed before, a larger value for �� corre-
lates with a stronger interaction with the surface. Therefore,
a shift of the LDOS for a particular RG adatom in the fcc site
toward the Fermi level indicates a weaker interaction of the
RG adatom with the surface.

From the LDOS shown in Fig. 5, it can be seen that there
is a clear broadening of the RG-LDOS, which occurs due to
the interaction between RG atoms and Pd�111�, as well as
due to the RG adatom-adatom interactions. A larger interac-
tion between the RG atom and Pd�111� implies a larger
broadening of the RG-LDOS. For example, the largest
�smallest� broadening occurs for Xe �He� adatoms, which
correlates with the magnitude of the electron density differ-
ences, work function changes �induced dipole moment�, and
adsorption energies. There is a clear depopulation of the Ne,
Ar, Kr, and Xe p states, i.e., the tails of the p states �mainly
pz symmetry� extend above the Fermi level and become de-
populated. Furthermore, there is a partial occupation of the
previously unoccupied RG s and d states, which extend be-
low the Fermi level and become occupied. The magnitude of
the occupation increases from He to Xe, i.e., larger for RG
atoms that are strongly bound to the Pd�111� surface.

IV. ROLE OF THE ELECTRONIC POLARIZABILITIES OF
THE RARE-GAS ATOMS IN THE ADSORPTION

PROPERTIES OF RARE-GAS/Pd(111)

To obtain a better understanding of the nature of the in-
teraction between RG atoms and Pd�111�, we investigate the
correlation between the magnitude of the adsorption proper-
ties, namely, the adsorption energy and induced dipole mo-

ment �work function change� and the electronic polarizability
of the free RG atoms. The electronic polarizabilities of the
He, Ne, Ar, Kr, and Xe atoms, 
RG, are 0.201�10−24,
0.390�10−24, 1.62�10−24, 2.46�10−24, and 3.99
�10−24 cm3, respectively.37 The polarizability ratios with re-
spect to the Xe atoms � 
Xe


RG� are 19.85, 10.23, 2.46, 1.62, and
1.00 for He, Ne, Ar, Kr, and Xe, respectively, while the LDA
adsorption energy ratios with respect to the Xe adatoms

� Ead
Xe

Ead
RG� are 16.31, 6.61, 2.73, 1.93, and 1.00, for He, Ne, Ar,

Kr, and Xe atoms, respectively. The good agreement between
the polarizabilities and adsorption energy ratios suggests a
correlation between the adsorption properties of RG /Pd�111�
and electronic polarizability of the free RG atoms.

We calculate the adsorption energies and induced dipole
moments of RG adatoms on Pd�111� using the DFT results
and the electronic polarizabilities of the free RG atoms. For
example,

Ead,

RG =

Ead
Xe


Xe
RG, �6�

where Ead
Xe is the calculated DFT adsorption energy and 
RG

is the electronic polarizability of the free RG atom. Thus,
Ead,


RG can be calculated using different RG atoms as refer-
ence, e.g., the DFT adsorption energy of Ar, Ead

Ar, along with

RG and 
Ar can be used to calculate Ead,


RG for He, Ne, Ar, Kr,
and Xe adatoms �just as Eq. �6� using Xe as reference�. The
same procedure applies for estimating the induced dipole
moments �


RG for all RG adatoms. The results for Ead,

RG and

�

RG using all the calculated LDA, GGA-PBE, and GGA-

PW91 results as reference are plotted in Fig. 6.

TABLE V. Analysis of the RG local density of states �LDOS� for RG/Pd�111� in the �3 structure at the
equilibrium geometry. The center of gravity of the RG-LDOS with respect to the Fermi level, CRG

EF , and
vacuum level, CRG

vac, is given. The energy of the highest occupied state of the free He, Ne, Ar, Kr, and Xe
atoms is 	RG with respect to the vacuum level.

XC site He Ne Ar Kr Xe

CRG
EF �eV� LDA on-top −10.12 −8.21 −5.52 −4.82 −4.34

fcc −10.01 −8.16 −5.37 −4.65 −4.18

GGA-PBE on-top −10.54 −8.14 −5.22 −4.33 −3.79

fcc −10.55 −8.12 −5.13 −4.24 −3.54

GGA-PW91 on-top −10.57 −8.16 −5.22 −4.36 −3.80

fcc −10.59 −8.14 −5.12 −4.23 −3.53

CRG
vac �eV� LDA on-top −15.62 −13.65 −10.51 −9.52 −8.57

fcc −15.57 −13.66 −10.49 −9.51 −8.55

GGA-PBE on-top −15.76 −13.34 −10.29 −9.27 −8.26

fcc −15.76 −13.33 −10.28 −9.26 −8.25

GGA-PW91 on-top −15.86 −13.43 −10.35 −9.31 −8.31

fcc −15.86 −13.42 −10.34 −9.31 −8.29

	RG �eV� LDA −15.52 −13.55 −10.41 −9.51 −8.63

GGA-PBE −15.76 −13.35 −10.30 −9.36 −8.47

GGA-PW91 −15.87 −13.45 −10.36 −9.41 −8.52
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We find that using the LDA adsorption energies of Ar, Kr,
and Xe as reference, combined with 
RG, yield results for the
estimated adsorption energy �Ead,


RG � in very good agreement
with the directly calculated LDA values for Ar, Kr, and Xe
adatoms; however, it yields slightly smaller adsorption ener-
gies for He and Ne compared with the LDA values. Using
the DFT adsorption energy of He or Ne as reference, it can
be seen that the estimated adsorption energies for Ar, Kr, and
Xe are notably overestimated, e.g., using Ne as reference
Ead,


Xe =−653.7 meV �lying off the plot� compared with the
DFT-LDA value of −435.4 meV. This may indicate a larger
relative overestimation of the adsorption energy for He and

Ne, which is also indicated by the �estimated� experimental
results shown in Fig. 2. With regard to the surface dipole
moment, shown in Fig. 6, a similar trend is obtained.

For the results obtained using the GGA-PBE and GGA-
PW91 functionals, a similar trend to that described above is
found. Namely, using the Ar, Kr, and Xe atoms as reference
to estimate the adsorption energies of the other RG atoms,
together with the polarizabilities of the free RG atoms, the
resulting adsorption energies are rather close to the actual
DFT-GGA values but using Ne and He as reference, all ad-
sorption energies are significantly overestimated.

For the induced dipole moments, using the GGA-PBE
values of all except Xe as reference yields estimated values
of all RG atoms �except for Xe� in good agreement with the
direct DFT results. The values estimated for the dipole mo-
ment of Xe are notably underestimated. Using Xe as refer-
ence overestimates somewhat the induced dipole moments of
the other RG/Pd�111� systems. For the GGA-PW91, a similar
behavior is found, although there is more spread in all the
values.

In general, our analysis provides indication of a correla-
tion between the adsorption energies and the electronic po-
larizabilities of the RG adatoms, which is particularly strik-
ing when using Ar, Kr, and Xe as reference.

V. INTERACTION MECHANISM BETWEEN RARE-GAS
ATOMS AND THE Pd(111) SURFACE

All the DFT-LDA, -GGA-PBE, and -GGA-PW91 calcu-
lations show that the interaction between RG atoms and
Pd�111� induces a polarization of the RG atoms as they ad-
sorb on the Pd�111� surface. In Ref. 26, we showed that this
polarization systematically increases as the RG atom ap-
proaches the surface. Our analysis of the electron density
redistribution of the RG adatoms and of the induced dipole
moment �work function change� shows that the polarization
of the RG adatoms increases from He to Xe. The trend in the
magnitude of the polarization of the RG adatoms is deter-
mined largely by the magnitude of the electronic polarizabil-
ity of the free RG atoms, as revealed by the correlation of the
adsorption energy and induced dipole moment. Furthermore,
there is a strong polarization of the Pd atoms in the topmost
surface layer upon the adsorption of RG atoms, which is
weaker for He and larger for Xe adatoms.

In our earlier publications,24,26 it was shown that the elec-
tronic character of the clean Pd�111� surface at the on-top
region is donorlike and in the fcc site region it is acceptor-
like. Hence, it plays an important role in the screening of the
perturbation induced by the RG adatoms, as well as in the
site dependence of the Pauli repulsion. For example, at close
distances where wave functions start to overlap and Pauli
repulsion sets in between the closed shell RG atom and the
electrons at the Fermi energy, it was found that the substrate
can reduce this repulsion more efficiently at the on-top site
by transferring electrons from the on-top site region to the
hollow site region, and hence, RG adatoms can get closer to
the surface at the on-top site at the equilibrium geometry.

Considering the magnitude of the induced dipole mo-
ments and equilibrium RG-Pd�111� distances, the LDA func-
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FIG. 6. �Color online� Estimated adsorption energy Ead,

RG and

induced dipole moment �

RG of RG adatoms in the on-top sites on

Pd�111� in the �3 structure using the electronic polarizability ratio
of the free RG atoms. Dashed lines with filled circles indicate the
calculated DFT adsorption energies and induced dipole moments.
The open circle, square, diamond, triangle-up, and triangle-down
symbols indicate results for Ead,


RG and �

RG calculated using the elec-

tronic polarizability ratios of the free RG atoms and the DFT results
for Ead

RG and �RG of the He, Ne, Ar, Kr, and Xe adatoms,
respectively.
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tional gives a larger polarization and a weaker Pauli repul-
sion for RG adatoms in the on-top sites. Thus, it results in
greater attractive and weaker repulsive interactions between
the RG atoms and the Pd�111� surface. Hence, these mecha-
nisms favor the on-top site preference for RG adatoms on
Pd�111�, which was obtained by the LDA for all the RG
systems. We note that the on-top site preference is favorable
by less than 2 and 4 meV for Ne and He adatoms, respec-
tively, which is close to the limit of the accuracy of the
present calculations.

The magnitude of the induced dipole moment and the
equilibrium RG-Pd�111� distances are larger and smaller, re-
spectively, for Xe, Kr, and Ar adatoms in the on-top site,
which favors the on-top site preference. However, GGA cal-
culations yielded the on-top site preference for Xe and Kr
adatoms, while the fcc site was preferred for Ar. As pointed
out in the previous section, the fcc site preference for Ar
adatoms Pd�111� should be taken with caution due to the
inconsistency between the trends in the induced dipole mo-
ment, equilibrium distances, and the relative adsorption en-
ergy, which could be related to the limits of accuracy of the
present calculations. For Ne adatoms, both GGA functionals
yield almost the same equilibrium distance for the on-top and
fcc sites, but a slightly greater induced dipole moment for the
on-top site. Hence, there is no strong indication for the ad-
sorption site preference based on the polarization and site-
dependent Pauli repulsion for Ne adatoms, which is consis-
tent with the total energy calculations, i.e., the fcc site is
favorable by less than 1 meV so both sites are essentially
degenerate within the accuracy of the present calculations.
For He, both GGA functionals yield a larger induced dipole
moment and smaller equilibrium RG-Pd�111� distances for
He adatoms in the fcc site, which would seem to favor ad-
sorption of He atoms in the fcc site; however, the total en-
ergy GGA calculations find the on-top site favorable, albeit
by very small values of 2.5 and 1.4 meV.

In summary, our results indicate that polarization effects
of the RG adatoms and Pd atoms in the topmost surface layer
and the site dependence of the Pauli repulsion determine the
interaction between RG atoms and the Pd�111� surface.
However, a complete trend for the RG on-top site preference
on Pd�111� is not obtained due to the discrepancies between
LDA and GGA �PBE and PW91� functionals for Ar and Ne.

VI. PERFORMANCE OF LDA, GGA-PBE, AND GGA-PW91
IN THE STUDY OF RARE GAS/Pd(111)

The existence of well established experimental data is an
important prerequisite for the study of the performance of
XC functionals in DFT. Unfortunately, for the present sys-
tems, there are available experimental results only for
Xe /Pd�111�, so it is difficult to evaluate the performance of
the LDA, GGA-PBE, and GGA-PW91 functionals. Thus, in
the present discussion, we will provide only a qualitative
discussion of the performance.

At far distances from the solid surface in which there is
no overlap of the RG and substrate orbitals, the attractive
interaction potential is determined by the well known van der
Waals interaction �dispersion forces�, which is not correctly

described by DFT-LDA/GGA. For example, the asymptotic
limit of the potential energy at large RG-surface separation is
1 /Z3 �Ref. 62�; however, DFT-LDA/GGA leads to an
asymptotic limit as 1 /Zp with p�3. At closer distances to
the equilibrium RG-surface geometry, the substrate induces a
polarization of the RG adatoms and a direct interaction be-
tween the RG and substrate orbitals sets in. In this regime, it
is expected that DFT-LDA/GGA can provide at least a quali-
tative description of the interaction between RG atoms and
the solid surface, which has been shown to be true for several
systems, e.g., Xe/metal,23–26 �He,Ne� /Ru�0001�,40 and Xe
adsorption on the graphite �0001� surface.30,31

The LDA yields work function changes larger than GGA
�PBE and PW91�, which is a consequence of the smaller
equilibrium RG-Pd�111� distances obtained by LDA com-
pared to the GGA results. In particular, the absolute value of
the work function change increases almost linearly as the RG
adatoms approach the surface,24–26 and hence, a smaller
equilibrium RG-Pd�111� distance as obtained by the LDA
functional implies a larger work function change. LDA and
GGA calculations performed for RG adatoms at the same
height above the surface yield work function changes with
similar value.24,26 For Xe /Pd�111�, the LDA work function
change �−1.435 eV� is significantly larger than the experi-
mental result �−0.85 eV�; however, the GGA-PBE and
GGA-PW91 work function changes, −0.778 and −0.791 eV,
respectively, are in reasonable agreement with the experi-
mental value. This is nevertheless fortuitous and due to the
overestimation of the equilibrium distance by the GGA func-
tionals. Thus, it is not an indication of a superior description
by the GGA functionals. A quantitative description of the
work function change, as well as the electron density differ-
ences, depends critically on the correct description of the
equilibrium distances.

For Xe /Pd�111�, the LDA adsorption energy
�−435 meV� is in better agreement with the experimental
results �−320±10 and −360 meV� than the GGA �PBE and
PW91� results �−55 and −79 meV�. Furthermore, using our
LDA results, we obtained Ead

Xe /Ead
Kr=1.93 and Ead

Xe /Ead
Ar=2.73,

which are in good agreement with experimental values �2
and 3�. The GGA results yielded significantly smaller ratios.
The GGA-PBE adsorption energy is almost constant for Ne,
Ar, and Kr adatoms on Pd�111�, which is an unexpected re-
sult. Therefore, at least for the adsorption energy of the Xe,
Kr, and Ar adatoms, the LDA results and trends are superior
to those of the GGA.

VII. SUMMARY

In this work, we reported a systematic study of the inter-
action of RG atoms with the Pd�111� surface in the �3 struc-
ture employing DFT using the LDA, GGA-PBE, and GGA-
PW91 functionals. All calculations were performed with the
all-electron FP-LAPW method, which is one of the most
accurate methods to solve the Kohn-Sham equations.

The LDA, GGA-PBE, and GGA-PW91 results indicate
that polarization effects of the RG adatoms and Pd atoms in
the topmost surface layer and the site dependence of the
Pauli repulsion determine the interaction between the RG

TRENDS IN ADSORPTION OF NOBLE GASES… PHYSICAL REVIEW B 77, 045401 �2008�

045401-11



atoms and the Pd�111� surface. Analysis of the induced di-
pole moment and adsorption energy indicates that the trends
in the magnitude scale approximately with the electronic po-
larizability of the free RG atoms.

The LDA, GGA-PBE, and GGA-PW91 functionals yield
very similar trends for the electron density redistribution,
work function changes �induced dipole moments�, and center
of gravity of the RG-LDOS. The results differ only in the
magnitude of the values due to the underestimation and over-
estimation of the equilibrium RG-Pd�111� distances by the
LDA and GGA �PBE and PW91�, respectively. For example,
the LDA �GGA-PBE and GGA-PW91� yields larger
�smaller� electron density redistribution and work function
changes due to the smaller �larger� RG-Pd�111� separation.

The LDA, GGA-PBE, and GGA-PW91 functionals show
important differences for properties such as the RG adsorp-
tion site preference on Pd�111�. For example, LDA favors the
on-top site for all RG adatoms on Pd�111�; however, GGAs
�PBE and PW91� yield the on-top site preference for Xe, Kr,
and He adatoms, while Ne and Ar adatoms preferentially
bind to the fcc sites. We note, however, here the energy dif-
ference between on-top and fcc sites for Ne and He �LDA�,

and Ar, Ne, and He �GGA-PBE and GGA-PW91� are very
small ��5 meV�.

Thus, only the LDA functional yields a general trend for
the RG on-top site preference, which seems to be consistent
with experimental observations for RG adatoms on metal
surfaces,15–21,33,34 which is in contrast with GGA �PBE and
PW91� calculations for Ar and Ne adatoms on Pd�111� which
predicts an fcc site preference. The present results indicate
that a theoretical approach beyond the DFT-LDA/GGA
framework �e.g., van der Waals density-functional theory63�
is required in order to solve these differences between local
and semilocal XC functionals, as well as to provide deeper
insights. In addition, experimental results for RG �He, Ne,
Ar, Kr� on Pd�111� would be most valuable.
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