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ABSTRACT 

Adsorption of rare-gas atoms on a three layer model of Cu(111) surface was studied at the DFT level with two 
different functionals. The binding energy values increase from He to Ar, then decreases somewhat to Kr. For He, 
atop atom site seems most favourable, for others it is the bridge site. Bond distances change little from He to Kr, 
and for binding sites. Various other molecular parameters such as dipole moment, HOMO and LUMO energies, 
charges on various moieties, electronegativity and electrophilicity values are shown as function of adsorbate-metal 
distance. Density of states (DOS) plots also show effect of rare-gas atoms. 
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INTRODUCTION 

The type of interaction of the nature of rare-gas 
adsorption on transition metal surfaces is a typical 
example of weak physical adsorption. The van der 
Waals (vdw) type interaction involved in this 
phenomenon is not as simple to explain as in the 
case of rare-gas clusters. Close approach of a rare 
gas atom towards the surface of any metal surface 
invokes chemical interaction. At long distances, the 
formation of layers on the metal surface is governed 
by attractive vdw forces along with Pauli repulsion 
restricting the distance of closest approach and thus 
leading to a distinct potential minimum. Thus, at 
large separations, the mechanism of the layer 
formation is same as that observed for rare-gas 
condensation. The chemical contribution arising at 
closer distances contributes towards the attraction 
part. The nature of the potential expected at longer 
separation is thus modified as the rare gas atoms 
approach the metal surface more closely. The simple 
vdw type interaction between the surface and the 
atoms has to be investigated in detail keeping in 
mind the chemical interaction involved in the 
process. Thus, it can be summarised that the 
interaction of a noble gas with a surface results from 
the balance between the vdw attraction, the Pauli 
repulsion and depending on the nature of the 
substrate, induced electrostatic interactions. We 

present a detailed study of the nature of potentials 
obtained due to the interaction of rare gas atoms 
with some particular metal surfaces. 

From the early days of surface science, the above 
type of chemical interactions in the metal surface-
rare gas interface have received considerable 
attention1. One of the significant results of early 
times was published by Lang2. The relationship 
between the vdw description of the binding of rare 
gas atoms to metal surfaces was studied using a local 
approximation for exchange correlation effects and a 
good account was obtained of various physical 
properties. Physisorbed monolayers of rare gas 
atoms adsorbed on smooth clean single crystal 
substrates have been subject of extensive research 
in the recent years3 as they represent the simplest 
experimental representation of quasi two-
dimensional model systems. This interest was 
increased by the development of rare-gas scattering 
as a technique for studying the structural 
characteristics of clean and adsorbate-covered 
surfaces

4
. It was assumed

5
  that the rare gases were 

preferentially bound at high coordination sites on 
the surface, and the net interaction between 
adsorbed rare gas atoms would be attractive. 
However, on the other hand, it was also found that 
Xe atoms formed a stable dilute phase even at very 
low temperatures on low indexed Pd surfaces, which 
indicates a repulsive interaction between the Xe 
atoms adsorbed on Pd

6-8
 . The interaction of xenon 

with metallic substrates in particular has been widely 
studied, both theoretically and experimentally

2, 9-12
 . 

For metal-atom adsorption on metal surfaces at low 
temperatures little motion is observed for adsorbing 
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atoms13-14. But for Xe on Pt(111) the motion allows 
the adsorbing atom to find the lowest energy 
adsorption sites such as steps and surface defects 
and to form compact islands. It can be concluded 
that the Xe atoms preferentially bind to step edges 
on the Pt (111) surface. On the other hand, studies 
of Xe adsorption with non metallic surfaces are 
scarce with the exception of the graphite which due 
to its inertness, has been widely used as a substrate 
for physisorption studies. In an impressive series of 
experiments, Webb and coworkers15-17  have been 
able to show that the properties of adsorbed 
monolayers of Xe, Kr and Ar on Ag(111) to a good 
approximation can be described by assuming a 
laterally uniform holding substrate potential. Black 
and Bopp18 have recently investigated the 
Xe/Pt(111) system by molecular dynamics 
techniques but their results were not well 
reproduced. A few other studies of the monolayer of 
xenon adsorbed on the (111) face of platinum were 
presented in these studies19-24 . 

A different case where noble gas adsorption on 
non-metallic surfaces has raised considerable 
interest involves the rutile polymorph of titanium 
dioxide (TiO2). Recently Ar adsorption on rutile has 
been studied from experimental25-27  and theoretical 
point of view28. In a report by Gomes29, the effect of 
larger polarisability and larger atomic size of 
adsorbate rare gas atom were inspected by a density 
functional study of the interaction of Xe with 
TiO2(110). The Xe atom is found to have a deeper 
physisorption well on a defect-free substrate when 
compared with their previous study with Ar28 . A 
series of theoretical works have been performed for 
monolayer of Xe/Pt(111) by Black and co-workers30-

33 . Bethune, Barker and Rettner34 constructed a Xe-
Pt potential by attributing a small vdw radius to the 
Xe atom. Tully and co-workers performed a series of 
calculations on the Xe-Pt potential35-37. Hall et al.38 
modelled the frequency spectrum of 
incommensurate mono-, bi- and tri-layers of inert 
gases on Pt (111) using conventional models for 
adatom-adatom interactions. The use of pair 
potentials deduced from gas-phase data provided an 
adequate description of the lateral interactions 
between adsorbates. In a series of studies, 
Gottlieb

39-40
  studied uniaxial incommensurate 

structures of a rare gas monolayer physisorbed on a 
triangular Bravais surface lattice for Xe/Pt(111) 
system and interpreted the previous experimental 
results as showing the positioning of the Xe atoms in 
the commensurate lattice to be the atop sites rather 

than the three-fold sites. Eigler, Weiss and 
Schweizer41 obtained images of individual Xe atoms 
on a Ni (110) surface using a low temperature 
scanning tunnelling microscope. Pothoff et al42-43 
studied spin polarised low energy diffraction studies 
on Xe/Pt (111) and showed strong contribution from 
multiple scattering between the substrate and the 
adlayer. It was found that the Xe atoms were 
adsorbed in the domains of fcc and hcp hollow sites 
of the Pt (111) surface. Perez et al.

44
 presented short 

range interaction between the Xe atoms and 
different adsorption sites for Xe and various metal 
systems. They showed that the chemical interaction 
between the Xe and the metal orbitals accounts for 
as much as half the adsorption energy and thus it 
cannot be neglected. 

MATERIALS AND METHODS 

A three layer cluster model was designed to 
represent Cu (110) surface (see below). It consists of 
10 top layer atoms, 7 second layer and 9 third layer 
atoms. All interactions with rare gas atoms were 
limited to specific locations on this cluster viz. atop-
atom, bridge, 3-fold hollow (no 3rd layer copper 
atom beneath it)and 3-fold filled sites (with a Cu 
atom directly under it). Final DFT calculations were 
performed with a GGA functional, PW9145 and a 
hybrid functional, B3LYP46  after testing with some 
other functionals such as PBE47  etc. We made use of 
the single valence basis sets48  for the calculation 
and the lattice parameter used for copper was 
optimised to 3.6149 A. The entire calculation was 
performed using ORCA 2.7 software suite49 .  

RESULTS AND DISCUSSION 

 

 
 

Fig. 1. The 26 atom 3-layer cluster model used in this 
study. 3-fold filled and hollow sites are varied from 
the surface. The binding energy and various other 
physical properties for such interactions are presented 
in this study. 
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The interaction of rare gas atoms were 
considered for four different sites – atop atom, 
bridge, 3-fold hollow and 3-fold filled sites – on the 
Cu (110) surface. Fig. 1 shows the 3 layer cluster 
model of Cu(111) surface and the sites mentioned. 
Single He, Ne, Ar and Kr atoms were brought above 
these surfaces and their distances are shown. Bridge 
site is on top of midpoint of AE. Atop atom site is 
above A or E. 

The equilibrium Rg-metal surface bond distance 
(in Å) and binding energy (in meV) are presented in 
Table 1. We present the interaction energy curve as 
a function of metal-Rg distance for all the sites for Ar 
and Kr on Cu(111) as shown in Fig. 2. Curves for the 
other atoms are given in Supplementary Information 
with this paper. The total interaction energy is the 
sum of short and long range interactions and hence 
a minimum is expected for each pair of metal-Rg 
system.  In general, the short-range interaction 
energy consists of various parts, as, electrostatic, 
hybridisation effect, many-body repulsions and 
kinetic repulsion energies, and is rather repulsive till 
the equilibrium is reached for each system. For the 
higher rare gas atoms, this is due to the overlap 
between the occupied levels of Rg atoms and the 
metal wave-functions which gives rise to a high 
repulsive kinetic energy. After the equilibrium 
distance is reached, the hybridisation and the many-
body effects overcome the repulsive kinetic energy 
and result in an attractive interaction. For He, the 
atop site is the most stable with binding energy of 
2.7309 meV, while the filled site follows closely 
(2.6309 meV). The bridged site also has almost same 
interaction energy (2.6109 meV) as the filled one. He 
is the least stable above the hollow site (2.5309 
meV). The equilibrium distance remains the same for 
the filled, atop as well as hollow sites but increases 
to 3.5 A as we move on to the bridged site. This 
trend is somewhat different for Ne. The bridge site is 
the most stable (6.1580 meV) of the four adsorption 
sites. In contrast to that observed for He, the 
stability of the hollow site (5.8880 meV) is almost 
same as that of the filled one (5.8080 meV). The 
atop site, which was the most stable in case of He, is 
found to be the least stable adsorption site for Ne 
(5.4680 meV). The equilibrium distance is same (3.3 
A) for bridge, filled and hollow sites. For the heavier 
rare gas atoms Ar and Kr, the trend of preferential 
adsorption site is completely different. For both Ar 
and Kr, the bridged site is found to be the most 
stable adsorption site. The binding energies obtained 
are 7.6684 meV and 6.1160 meV respectively. The Ta
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filled site follows closely for Ar with interaction 
energy 7.4284 meV. The atop and the filled site is 
observed as the least stable adsorption site for Ar 
(7.0484 meV) and Kr (5.6860 meV respectively). The 
binding energy values were corrected for basis set 
superposition error (BSSE). The BSSE values 
calculated by the method of Boys and Handy were 
found to be of the order of 10-5 eV, and hence were 
neglected. 

We represent the charge of adsorbent rare gas 
atoms as a function of the metal-Rg distance for all 
adsorption sites in Fig 3. The results for He and Kr 
are shown; Ne behaves like He and Ar behaves like 
Kr on the Cu curface. The latter curves are given in 
Supplementary Information. The Lowdin charges are 
shown as they are considered superior to Mulliken 
charges, especially where not very highly polar 
systems are considered

50-52
, and a specific trend is 

observed for all the adsorption sites. The charges of 
the adsorbent rare gas atoms decreases as the 
distance between the metal surface and the Rg 
atoms increase. The charge decreases rapidly upto 

distance of 4.0 A. At distances higher than 4.0 A, the 
charges decay exponentially and tend to zero as we 
further extrapolate the curve to a distance greater 
than 8.0 A. Except for the He adsorbent, all three 
other adsorbents have their highest charge for the 
filled sites. For He as adsorbent, the atop site 
possesses the maximum charge as compared to the 
other three. We also represent the charge of the 
three layers of the copper surface vs. metal-Rg 
distance for all sites in Fig. 4. Results for He and Kr 
are shown. Other results are given in Supplementary 
Information. Behaviour of Ne and Ar on copper are 
similar to that of He and Kr respectively. The heavier 
Rg atoms have different effect on copper surface as 
compared to the lighter atoms. For He and Ne, the 
Lowdin charges vary exponentially with metal-Rg 
atom distance, and maximum charge accumulation 
is found in the filled site. On the other hand, for Ar 
and Kr, the charge density initially increases steeply 
with the metal-Rg distance, and at a distance > 3.2 A, 
the curve assumes an exponential pattern. For the 
second layer, the charge density distribution pattern 
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Fig. 2. Binding Energy plots of argon and krypton on Cu (111) for different sites.  
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Fig 3. Plot of charge of the Rg atom in four different sites for He and Kr. 
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is similar for all the adsorbents. The charge 
decreases exponentially and the rate of decrease is 
more pronounced as we move on to the heavier 
adsorbents. In case of the third layer, no pronounced 
change is observed for the lighter atoms. As we 
move to Ar and Kr, the charge slowly rises 
exponentially with distance. Note that charge on the 
second layer is negative, while those on the 1

st
 and 

3
rd

 layers are positive. This is an instance of Friedel 
type oscillations, observed on the surface of a 
polarisable medium, when a charge is brought near 
the surface. Here, the Rg atom plays the part of the 
latter.  

In Fig. 5 (a) – (b), we present the energies of the 
highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) 
energies of the metal-Rg system as a function of the 
distance between the above two. Please note that in 
standard MO theory, these represent the first 
ionization energy and the electron affinity values

53
. 

Both the HOMO and LUMO energies are found to 
represent an exponentially decaying curve for all the 
adsorption sites irrespective of the adsorbents. The 
HOMO energy however falls more sharply than that 
of the LUMO. Same trend is obtained for the dipole 
moments of the system for all sites. A sharp 
decrease is observed in the dipole moment values 

 

2 3 4 5 6

0.36

0.38

0.40

0.42

0.44

0.46

0.48

0.50

Plot of 1st Layer Charge vs Distance

                        for He

C
h
a

rg
e
 o

f 
1
s
t 
L

a
y
e
r

Distance (A)

 Atop

 Bridge

 Filled

 Hollow

 

2 3 4 5 6

0.25

0.30

0.35

0.40

0.45

0.50

Plot for 1st Layer Charge vs Distance

                        for Kr

C
h

a
rg

e
 o

f 
1

s
t 
L

a
y
e

r

Distance (A)

 Atop

 Bridge

 Filled

 Hollow

 

2 3 4 5 6

-0.71

-0.70

-0.69

-0.68

-0.67

-0.66

-0.65

-0.64

-0.63

-0.62

Plot of 2nd Layer Charge vs Distance

                        for He

C
h

a
rg

e
 o

f 
2

n
d
 L

a
y
e

r

Distance (A)

 Atop

 Bridge

 Filled

 Hollow

 

2 3 4 5 6

-0.70

-0.65

-0.60

-0.55

-0.50

-0.45
Plot for 2nd Layer Charge vs Distance

                        for Kr

C
h

a
rg

e
 o

f 
2

n
d

 L
a

y
e

r

Distance (A)

 Atop

 Bridge

 Filled

 Hollow

 

2 3 4 5 6

0.200

0.202

0.204

0.206

0.208

0.210

0.212

Plot for 3rd Layer Charge vs Distance

                        for He

C
h

a
rg

e
 o

f 
3

rd
 L

a
y
e

r

Distance (A)

 Atop

 Bridge

 Filled

 Hollow

 

2 3 4 5 6 7

0.14

0.15

0.16

0.17

0.18

0.19

0.20

0.21

Plot for 3rd Layer Charge vs Distance

                        for Kr

C
h

a
rg

e
 o

f 
3

rd
 L

a
y
e

r

Distance (A)

 Atop

 Bridge

 Filled

 Hollow

 
 

Fig. 4.  Plot for charge on various layers of Cu surface for all sites for He and Kr.       
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(Fig. 6) as the distance between the metal surface 
and the adsorbent atom increases. The dipole 
moment increases as the size of the adsorbent atom 
increases. We calculated global elctronegativity and 
hardness of the metal-adsorbent pairs for the four 
sites according to the method of Chattaraj et al54 and 
the respective plots are shown in Fig. 6(a) – (c). All 
other adsorbents show sharp rise in 
electronegativity around the equilibrium metal-Rg 
distance and then assumes an exponential nature 
and after 5.0 A, remains more or less unchanged. 
The initial rise in electronegativity is more 
pronounced for the heavier atoms vis-a-vis He and 
Ne. On the other hand, the hardness of the system 
shows an exponential decrease uniformly for all the 
adsorbents. From the hardness and electronegativity 
values, we calculated the global electrophilicity of 
the system. In general, the plot of electrophilicity 
against metal-Rg distance shows rise in the above 
physical property. For He, the rise is  exponential, 
but as we move on to Ne and Ar, the electrophilicity 
increases more sharply and finally for Kr, the curve 
shows extremely sharp nature, and assumes 
exponential nature only after 4.0 A.  

Plots of HOMO of Ar at minimum energy 
configuration over the bridge site (Fig. 8 (a)) and at a 
much larger distance (8.0 A, Fig. 8 (b)) show the 
overlap with metal (surface) electrons in the former 
case, and no interaction in the latter. This behaviour 
is typical of all the systems studied, and is the origin 
of noble gas – metal interactions, as acknowledged 
by other workers55-56,2. The extent of overlap would 
determine polarization of the electron cloud and 
thus the properties displayed above. 

In a detailed study of Xe-M-X systems (M = Au, 
Ag, Cu; X = F, Cl, Br) involving CCSD(T) and DFT 
calculations, with triple zeta basis and four different 
density functionals, Fang and Zhang55 found 
correlations between electronegativity of halogen 
atoms and M-X bond lengths, HOMO-LUMO gap, Xe-
M bond energy and electronic structure. The 
correlations in the first three cases come out as 
linear. What is interesting is that the values of these 
parameters in their work agree closely with ours. 

In Fig. 9 (a), the density of states (DOS)
56

  of He 
atom at its equilibrium position on the copper 
cluster is presented, along with that of the bare 

 

2 3 4 5 6 7 8

-4.016

-4.014

-4.012

-4.010

-4.008

-4.006

-4.004

-4.002

-4.000

-3.998

Plot for HOMO Energy vs Distance

                      for He

H
O

M
O

 E
n
e

rg
y
 (

e
V

)

Distance (A)

 Atop

 Bridge

 Filled

 Hollow

 

 

2 3 4 5 6 7 8

-4.02

-4.01

-4.00

-3.99

-3.98

-3.97

-3.96

-3.95

Plot for HOMO Energy vs Distance

                       for Kr

H
O

M
O

 E
n
e
rg

y
 (

e
V

)

Distance (A)

 Atop

 Bridge

 Filled

 Hollow

 
 

 
Fig. 5 (a).  Plot of HOMO energy for four different sites for He and Kr. 
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Fig 5 (b). Plot of LUMO energy for four different sites for He and Kr. 
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copper cluster. The two curves are virtually 
indistinguishable. This is in contrast to Fig. 9 (b), 
where Kr takes the place of helium. Clearly, the two 
DOS differ between -7 and -8 a.u., between -2 and -4 
a.u. and near and beyond 0 a.u. (the Fermi level i.e. 
HOMO is at -0.151 a.u.). The new hump near -8 a.u. 
must indicate bonding between adsorbate and the 
metal. Here, we expected that He, being the lightest 
rare gas atom would make the least effect, and Kr 
being the heaviest one studied would have the 
largest effect on the DOS of the substrate, as has 
been borne out in the two figures. Other DOS curves 

may be found in Supplementary Information. 

While there is no clear understanding of finer 
intricacies of interaction of rare-gas atoms with 
metal surfaces, there exist models where the metal 
electrons are treated as free, and local exchange-
correlation functional was used to describe the 
interaction between the two species2,57. In these 
classic papers, the conclusion was that the local 
density functional was able to provide a good 
description to the rare-gas and metal interaction. 
However, it has also been shown elsewhere that 
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Fig 6. Plot of dipole moment for all sites for He and Kr   
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Fig. 7 (a).  Plot of global  electronegativity for all sites for He and Kr. 
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Fig. 7 (b).  Plot of global hardness for all sites for He and Kr. 
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only a nonlocal density functional can provide an 
effective description to such vanderwaals type 
interactions

58-61
. Evidently, much further work needs 

to be done on such systems. 

CONCLUSION 

We present a detailed study of rare gas atoms on 
a model 3-layer Cu(111) surface consisting of 26 
atoms. The nature of interaction, when a rare gas 
atom approaches the surface, is the main focus of 
the study; interaction energy curves and related data 
e.g. minimum equilibrium distances are also 
presented. We present interaction of surface and 
atoms in four different sites viz., atop, bridge, filled 
and hollow sites. The nature of interaction of 
different single rare gas atoms for these sites was 
found to be different in each case. Except for He, 
bridge site was found to be the most favourable for 
adsorption. For He, atop site is the most stable one. 
Some other parameters of the above interactions 
were also considered viz. total charge of the 
adsorbent as a whole, and various layers of it 

separately, dipole moment, HOMO and LUMO 
energies, electrophilicity, hardness and 
electronegativity. These were considered as 
functions of rare gas atom-Cu surface distance. The 
charges of the 1st layer show sharp and then gradual 
exponential change with Rg-Cu distance; those of 2nd 
and 3rd layers are less pronounced. Charge variation 
of the 3rd layer is the flattest i.e. least affected. 
Dipole moments, hardness, HOMO and LUMO 
energies, adsorbent charge variations show regular 
exponential decrease with distance. Finally, the DOS 
of the adsorbate-substrate complex shows 
differences with that of the bare substrate, 
especially as the rare gas atom becomes more 
polarisable, at small regions deep in energy, but 
quite clearly near the Fermi level and beyond. 

Overall, in all the studies of various physical 
properties of the system, the bridged site shows the 
most pronounced effects, and hence can be 
considered as the most significant site for rare gas 
adsorption in Cu(111)-Rg atom system. For the 
lighter atoms, the changes are sharper, while for Ar 
and Kr, the plots assume somewhat flatter nature. 
The entire study was carried out considering a single 
rare gas atom approaching the metal surface. The 
study of the same system in presence of another 
similar or dissimilar Rg atom in an adjacent site may 
be of considerable interest, and is being carried out 
in our laboratory. 
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Fig. 7 (c). Plot of global electrophilicity for all sites for He and Kr.  

 

 

   
Fig. 8. HOMO of Ar atom (green) over bridge site of 
copper cluster at (a) equilibrium distance (4 A) and at 
(b) far away (8 A). Phases of the wavefunction are 
shown in red and blue. 
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