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We present a systematic study of the change in work function of noble metal �111� surfaces �Cu, Ag, Au�
when being covered with a monolayer of a rare gas �Ar, Kr, Xe�. Using a Kelvin probe the experiments show
a decrease of the work function of the adsorbate covered system compared to the clean metal surface, in
agreement with physisorption theory. The difference in work function depends both on the substrate and
adsorbate being the highest for the Xe/Cu system and the lowest for Ar/Au. A comparison is performed with
angle-resolved ultraviolet photoemission spectroscopy data using the binding energy shift of the �111� surface
states of the same adsorbate/substrate systems, and with density functional calculations on simple model
systems.
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I. INTRODUCTION

Adsorption processes play an important role in various
fields of surface science ranging from material sciences and
pharmacy to biochemistry and nanotechnology. When inves-
tigating metal surfaces an important material-dependent pa-
rameter is the work function �, being very sensitive to crys-
tallographic orientation, surface structure, and impurities.1–4

Efforts in molecular electronics can only be successful if the
molecule/metal interface is understood in detail.5 Therefore
the understanding of kinetics and topography of adsorbate
systems6–8 are of considerable significance. Rare-gas atom
adsorption on noble metal surfaces can be regarded as the
simplest model system for the study of adsorption processes
and properties.9–11 Both partners in this process have a very
simple closed shell electronic structure �where the metals are
lacking an electron�. This fact, however, is also the challenge
in the understanding of the adsorption process, because sec-
ond order polarization processes play a dominant role. The
interaction of a rare-gas atom with a noble metal surface
consists of two terms: a repulsive Pauli interaction and an
attractive van der Waals interaction.

A Kelvin probe is the most suitable tool for determining
the work function, since it is nondestructive and not causing
any desorption of even weakly bound adsorbates. Further-
more, it consists of a simple and inexpensive design, being
easy to modify and having a good energy resolution in the
meV range. The Kelvin method, improved by Zisman,12 is
based on few components: a capacitance �two different elec-
trical conductors being connected externally� and a device
�ampere meter� measuring the charge transfer �see Fig. 1�.

Vibrating one of the plates of the capacitance �e.g., plate
B in Fig. 1 is the oscillating plate and A represents the
sample surface� produces an alternating current

I�t� =
dQ�t�

dt
= �Vb + VCPD�

dC�t�
dt

. �1�

While Vb represents a potential applied externally, VCPD
arises from the contact potential difference �CPD� between
the plates A and B. No current flows if

Vb = − VCPD, �2�

meaning that the related electric field between the plates is
cancelled out and the CPD equals the work function differ-
ence between the materials A and B,

eVCPD = − ��AB, �3�

with electron charge e. Adjusting Vb in order to get I�t�=0
leads to the desired work function difference. This method is
realized using the sample as one plate and a reference elec-
trode as the other; however, it measures an average work
function of the sample area the size of the reference electrode
and the relative value to the reference electrode only.

FIG. 1. Schematic diagram of the Kelvin method: two electrical
conductors A and B form a capacitor, make up a contact potential
difference �CPD�. B is the oscillating plate of the capacitor while Vb

stands for a potentiometer.
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We investigated the work function differences of adsor-
bate systems, using the simple, prototypical model of one
monolayer of a rare gas �Ar, Kr, Xe� on a �111� noble metal
substrate �Cu, Ag, Au�. Previous studies of the change in
work function between the clean substrate and the adsorbate
system had been performed on just a few combinations,
namely for Xe on Ag�111�13,14 and Xe on Cu�111�14,15 using
the method of photoelectron spectroscopy. Leatherman et
al.16 have studied one of the systems �Kr on Ag�111�� using
the same experimental technique as used here. No systematic
study of these adsorbate/substrate systems by work function
difference measurements is available. Theoretical work func-
tion calculations using different models have been performed
for the clean �111� substrates;5,17,18 however, there are only a
few calculations available on the adsorbate systems, e.g.,
such as for Xe on Cu�111� by Da Silva et al.19 who applied
density functional theory �DFT� calculations to additionally
identify on-top sites for the Xe adatoms as the energetically
most favorable position as verified in recent experiments20

and for the other rare-gas/noble metal systems as well.21

The binding nature of these systems is physisorption, de-
scribing the weak bond between the closed valence elec-
tronic shell of the rare gas and the solid metal surface.22,23 At
low temperatures, a gas atom is physisorbed by the van der
Waals interaction. When approaching the surface it becomes
polarized and creates an image dipole inside the solid result-
ing in a dipole-dipole attraction. While this dispersion force
dominates at long range, the so-called Pauli repulsion is
characteristic for the physisorption potential at small dis-
tances close to the surface leading to an equilibrium spacing
of 3.60Å for Xe on Cu20 �see Fig. 2�. The repulsive �short-
range� interaction can be related to adsorbate induced shifts
of the binding energy of Shockley-type surface states. The
surface electronic structure influenced by the adsorbates was
studied by Forster et al.24 using angle-resolved ultraviolet
photoemission spectroscopy �ARUPS� for exactly the same
rare-gas/noble metal systems as in the present communica-
tion. Consequently, a comparison of the ARUPS results is
possible with the results of this work function study since
perturbations of the electronic structure by the Pauli repul-
sion are also assumed to be partly the reason behind the
lowering of the work function by the interface dipoles.5 All
dipoles contribute to a change of the surface potential, mean-
ing the greater the surface dipole moment, the greater the

work function decrease which explains qualitatively the sys-
tematics of work function and surface state binding energy
changes.

For clarity we have to note the following: The term “bind-
ing energy” has in the context of this paper two different
meanings. It describes the energy with which a rare-gas atom
is bound to a noble metal surface. Equally this term describes
the energy of a surface state on a noble metal surface as
measured by photoemission spectroscopy. Which of the two
meanings is relevant is always clear from the context in
which the term is used.

As we shall argue in this paper, the shifts of the orbital
energies due to the rare-gas adsorption are not only due to
electrostatic interactions �i.e., fluctuating dipole moments�
but have contributions from the interactions of the wave
functions of the adsorbants with those of the surface. Com-
pared with those of “normal” chemical bonds, they are weak,
but for the systems of the present study they become signifi-
cant. By studying the work functions we can identify these
electronic interactions.

Recently Da Silva et al.25 have made a comprehensive
theoretical �DFT + local density approximation �LDA� or
generalised gradient approximation �GGA�� study of the ad-
sorption of Xe on various metal surfaces, among them
Cu�111�. Their finding was �as argued intuitively with re-
spect of Fig. 2�, that the interaction between the Xe atom and
the noble metal surface consists of a repulsive Pauli term and
an attractive polarization �van der Waals� term, which, how-
ever, could also be interpreted as a chemical interaction be-
tween Xe and the metal surface. The bandwidths of the s, p,
and d bands of the metal atoms in the topmost layer broaden
as the Xe approaches the metal surface, which also holds for
the Xe states. These changes could be taken as an indication
of hybridization of adsorbate and metal states, such as occurs
in covalentlike bonds. Da Silva et al.25 calculate a change of
the work function of Cu�111� if covered with a monolayer of
Xe of 960 meV and 200 meV using the LDA or GGA ap-
proximation respectively, compared to the experimental
value of 620 meV as reported in this paper. The different
numbers obtained by the DFT-LDA and DFT-GGA methods
indicate the accuracy with which such properties can be cal-
culated reliably these days, whereby it shall be remembered
that this difference first of all is due to differences in the
optimized structure and only partly in the description of the
electronic interactions. It also indicates that one is dealing
with quite subtle effects. The calculated adsorption energy
for Xe on Cu�111� is 277 meV �LDA� and 40 meV �GGA�
compared to the experimental value20 of 187 meV, indicating
again that while theory is able to determine the right order of
magnitude for such a property it struggles with the determi-
nation of the exact magnitude.

II. EXPERIMENTAL SETUP, METHOD OF WORK
FUNCTION DETERMINATION, AND SAMPLE

PREPARATION

For the experiments we used a Kelvin probe Typ S by
Besocke Delta Phi, Jülich/Germany26 which was placed into
the setup of a SCIENTA SES-200 UHV chamber27 with a

FIG. 2. Qualitative physisorption potential of Xe on Cu�111� as
a function of the distance z from the metal surface.19
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base pressure of �5�10−11 mbars. A manipulator, con-
nected to a closed-cycle refrigerator, serves to move the
sample to either the work function or the low-energy electron
diffraction �LEED� measurement position. The reference
electrode represents the oscillating capacitance, consisting of
an inert Au grid 2.5 mm in diameter and piezoelectrically
driven at a resonance frequency of �180 Hz. Shielding of
the two electrical feedthrough wires was applied, while the
probe comes with shielding itself to avoid the influence of
stray capacitances.8,28–30 Spurious effects to the CPD signal
could be minimized by a rigid mounting of probe and wires.
The Kelvin control 07 electronic device by Besocke Delta
Phi not only optimizes the signal-to-noise ratio of the CPD
signal31 but also controls all relevant probe settings. Drawn
from the reference electrode the ac component of the CPD
signal is amplified, rectified by a phase sensitive detector
�PSD�, which gives a dc signal to be integrated, superim-
posed by the offset voltage and applied as compensation
voltage to the reference electrode. Ranging from −5 V to 5 V
the offset voltage Vb can be adjusted manually to null the
CPD signal.

Since there are still stray effects contributing to the signal,
the offset potential does not exactly match the true work
function. Therefore we plotted offset voltages Vb versus the
corresponding CPD signal I for different probe-sample dis-
tances ��0.5−2 mm�. The curves I�Vb� intersect on a point
� being unequal to zero due to stray capacitances. V�

matches the true work function difference between the sur-
faces of reference electrode and sample3,29,32,33 �see Fig. 3�.
In order to shorten this procedure we took data from two
distances and six different offset voltages only, which did not
affect the coordinates of V�. However, setting and scale read-
ing together took about 2 min time and resulted in one work
function value.

The substrate samples are commercially available pol-
ished �111� single crystals, which were prepared in situ by
repeated sputtering-annealing cycles to obtain a clean and
well-ordered surface. Proof for that is observed surface states
after applying the identical preparation procedure to the
same samples at the same SCIENTA instrument.34,35 How-
ever, no subsequent work function/surface state measure-

ments were performed; in addition, LEED measurements
showed a good single crystal surface for each material.

Work function measurements following each preparation
cycle also give evidence of the cleanliness of the substrate as
shown in Fig. 4. From the second cycle on, the work func-
tion remains constant at room temperature and for 40 min
time intervals between cycles.

If the sample is transferred onto the cooled manipulator
directly after preparation one gets unstable work function
results due to residual gases being dissolved out of the ma-
nipulator by the heated sample and instantly being adsorbed
on the sample surface. To avoid this effect, a 13 min cooling
down interval was necessary. At temperatures below 60 K an
adsorption of residual gases lowers the work function of the
clean substrate surface with time. So once the sample is on
the measuring position, adsorbate gas is filled into the cham-
ber at a partial pressure of �1�10−7 mbars until the adsor-
bate monolayer is formed, monitored by simultaneous LEED
investigation. Care had to be exercised such that the electron
beam of the LEED gun did not destroy the adsorption layer.
This was easy for Xe, possible for Kr, and very difficult for
Ar, for which only a check after the work function measure-
ments was possible. The critical adsorption temperature is
�60 K for Xe, 38 K for Kr, and 25 K for Ar. Work function
measurements were performed right after the adsorbate layer
formation as well as 5, 10, 20, and 30 min later. The adsorp-
tion conditions were always chosen so, that only one mono-
layer of adsorption took place.36,37

III. EXPERIMENTAL RESULTS

As an example for an adsorbate/substrate system we
present data of Xe/Cu�111� in Figs. 5 and 6. The squares in
Fig. 5 stand for the clean Cu�111� sample; however, due to
the adsorption of residual gases, the values at 55 K and 60 K
�single squares in Fig. 5� are lowered with respect to the
stable data set at room temperature �connected squares�.
Compared to the Xe/Cu�111� values �circles� there is a sig-
nificant difference in the work function, being constant for a
time of 30 min. Such as in this case for Xe/Cu�111�, the
work function of all adsorbate/substrate systems is lowered
with respect to the clean �111� substrates upon noble gas
adsorption.

FIG. 3. Method to determine a relative work function value of
Cu�111� at 300 K: For different probe-sample distances z �relative
height of the manipulator� the curves I�Vb� intersect on � , V� cor-
responds to the CPD and work function value.

FIG. 4. Work function measurements on Ag�111� at 300 K after
consecutive sputtering-annealing cycles with 40 min time interval
between the cycles.
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Xenon adsorbs on Cu�111� as a commensurable ��3
��3�R30° lattice at on-top sites.19,21 The LEED image �Fig.
6� shows six inner spots forming a hexagon which corre-
spond to the xenon superstructure. This lattice structure is
rotated by 30° with respect to the Cu�111� substrate pattern
formed by the outer spots with the typical threefold
symmetry.21 Being the only commensurate system of all sys-
tems under investigation here, there is no hint that this spe-
cific structure influences the work function in a particular
way, when comparing the results of work function changes
with all the other incommensurate systems.

Table I summarizes the results of the measurements of
work function change. The mean value of the five to six data
points of each measurement set is calculated, both for the
clean substrate and different sets of the adsorbate covered
system. The difference �� is shown in Fig. 7 and had to be
corrected due to a systematic error �equal to a factor of 0.95�
of the offset-voltage indicator. Its setting accuracy of ±5 mV
limits the precision of calculating the work function data and
therefore limits the energy resolution. All sets of work func-
tion measurements resulted in work function data being con-
stant for a long period of time �up to 85 min after annealing
stop� at various temperatures with the small deviations only,
as given in Table I.

IV. DISCUSSION

The values of all work function differences corresponding
to the same adsorbate/substrate system are displayed in Fig.
7 taken from Table I. Obviously, there is an ordering of data
with respect to the choice of adsorbate/substrate combina-
tion. Repeated measurements show a high reproducibility
�Table I�. The substrate coverage with an adsorbate mono-
layer always lowers its work function, the difference ��
getting larger from Au to Ag to Cu and also from Ar to Kr to
Xe. This order correlates with the decreasing atomic number

of the noble metal substrates and an increasing atomic num-
ber of the rare-gas adsorbates. Both trends stand for a de-
creasing nobleness. Consequently, Ar/Au�111� results in the
least work function change and Xe/Cu�111� in the largest of
all systems investigated.

Due to the highest polarizability of all three rare gases
under investigation, Xe develops the strongest dipole layer
and surface potential when being adsorbed, and is therefore
most strongly bound to the metal surface. Thus, Xe produces
the largest work function drop ��, and its interaction forces
are the largest with Cu, the least noble substrate metal. A
correlation between adsorption energy, dipole moment, and
work function change was demonstrated for Xe/Cu�111� and
Xe/Ag�111�38 and will be valid for the other adsorbate/
substrate systems as well. Photoelectron spectroscopy data of

TABLE I. Measured work function difference ���eV� between
the surfaces of rare-gas adsorbate/noble metal substrate systems and
corresponding clean noble metal substrates.

Substrate

Adsorbate

Ar Kr Xe

Au�111� 0.35±0.02 0.41±0.04 0.53±0.02

0.40±0.03 0.43±0.02 0.52±0.02

average 0.38±0.03 0.42±0.02 0.53±0.03

Ag�111� 0.41±0.03 0.45±0.01 0.59±0.04

0.39±0.04 0.45±0.03 0.61±0.03

0.39±0.02 0.46±0.02 0.57±0.04

0.48±0.02

average 0.40±0.03 0.46±0.02 0.59±0.03

Cu�111� 0.42±0.04 0.48±0.02 0.61±0.05

0.37±0.03 0.47±0.03 0.60±0.03

0.38±0.02 0.51±0.04 0.63±0.04

0.44±0.02 0.49±0.04 0.64±0.04

0.44±0.03

0.45±0.03

average 0.42±0.03 0.49±0.03 0.62±0.03

FIG. 6. LEED pattern at 60 K for the ��3��3�R30° Xe/
Cu�111� lattice �E0=135 V�.

FIG. 5. Work function change between clean Cu�111� at 300 K
and the commensurable Xe/Cu�111� superstructure at 55 K and 60
K. The single squares �open square 60 K, filled square 55 K� rep-
resent work function measurements of the clean Cu�111� sample at
the given low temperatures. The diminished offset voltage of the
clean surface at 55 and 60 K is most likely produced by residual
gas. Although the data of the clean �low-temperature� surfaces show
some scatter, such a scatter is not observed in the data from the Xe
covered surfaces.
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the work function lowering, e.g., for Xe/Cu�111� �0.58 eV,14

0.5 eV15� are in agreement with our mean value of 0.62 eV.
As shown in the graphical overview of Fig. 7, the work func-
tion data of Xe/Cu�111� match the systematics although this
system shows a commensurate Xe superstructure.

To get further insight into the electronic properties of
these adsorbate covered systems, we compare our work func-
tion data with the data of binding energy shifts of the �111�
surface states collected on the same systems by Forster et
al.24 Figure 8 compares both data sets on a similar energy
scale. While the work function change �� depends as well
on the adsorbate as on the substrate, the shift �EB of the
Shockley-type surface states towards the Fermi level15,22 is
almost independent of the substrate and is larger the higher
the atomic number of the adsorbate.

At this point a more general comment seems to be in
order. The comparison between the changes in work function
and that of the surface state energies is not trivial, because
these energies contain different contributions. The work
function �in a simple approximation, see Eq. �4�� contains
two contributions, namely the difference in total energy be-
tween the initial �EN� and final �EN−1� state and a polarization
term. The latter one is—in terms of the picture provided by
density functional theory—a function of the electron density.
This is determined by the atomic and solid state properties of
the materials and in this sense also by the surface dipole
layer. However, the comparison in Fig. 8 indicates that the
changes induced by the rare gases are more dependent on the
substrate metal for the work function than for the surface

state energies. This is not unreasonable. The surface state is
localized with its wave function mostly in the surface layer
�decaying exponentially into the vacuum�, and on this length
scale the change in electronic structure induced by an adsor-
bate is dominated by its properties. On the other hand the
work function is determined by a long range interaction �de-
caying as 1/z3 into the vacuum� and this is also determined
by the specific metal substrate.40 This qualitative reasoning
makes the different behavior of the work function changes
and the surface state energy changes as displayed in Fig. 8
understandable.

What we want to aim at by the comparison in Fig. 8 and
also by others in this section is to find out what kind of
correlation exists between different surface properties of the
�111� surfaces of noble metals upon coverage with rare
gases. These trends we hope can stimulate further theoretical
analysis and thereby lead to a deeper understanding of the
phenomena of rare-gas adsorption on noble metals and their
influence on the surface properties.

These general considerations can be quantified somewhat
with the numbers in Table II for Xe on the noble metal sur-
faces and Table III where additional numbers are compiled.

In a simple approximation the work function of a material
is given by42

� = D − �̄ , �4�

where D is a surface polarization term and −�̄ the so-called
internal work function. Here �̄ is the chemical potential and
is defined as

FIG. 7. Graphical overview of the data from Table I. Full sym-
bols are the mean values taken from the measuring series of a
particular adsorbate/substrate system.

FIG. 8. Data of work function measurements ���meV� �mean
values taken from Fig. 7� and measurements of the surface state
binding energy shift �EB�meV� by Forster et al. at T=30 K �Ref.
24�, both data sets are of the same adsorbate/substrate systems. The
�EB data point for Xe on Ag�111� is taken from an STM measure-
ment by Hövel et al. at T=5 K �Ref. 39�.

TABLE II. Absolute �and normalized� data for the Xe on Au�111�, Ag�111� and Cu�111�: work function
change �� �this work�, surface state energy change �ESS �Ref. 24�, calculated Xe polarization energy �Ref.
41� and Xe adsorption energy �Ref. 41�; in each column also the values normalized to that of Xe on Au�111�
�norm� are given for easier comparison.

Substrate, Xe on: ���eV� norm �ESS�eV� norm −Vpol�eV� norm Xe-ads. energy �eV� norm

Au�111� 0.53 1.00 0.14 1.00 0.34 1.00 0.20 1.00

Ag�111� 0.59 1.11 0.11 0.81 0.32 0.94 0.30 1.50

Cu�111� 0.62 1.17 0.14 1.00 0.27 0.79 0.23 1.15

WORK FUNCTION STUDIES OF RARE-GAS/NOBLE … PHYSICAL REVIEW B 73, 075409 �2006�

075409-5



�̄ = EN−1 − EN, �5�

namely, the difference in the total ground state energies of
the sample in the N-electron state and with one electron re-
moved. D is a dipole layer term. It represents the fact that at
the surface the electrons spill out into the vacuum leaving
behind a layer of positive charge leading to a dipole layer at
the surface; in addition D contains a term which originates
from the smoothing out of the electron density at the surface.
In first order it is the change of this dipole layer by an ad-
sorbate, which leads to a work function change by an adsor-
bate, and one can therefore write �approximately�

�� = �D . �6�

Now the interaction between an adsorbate and a surface has
as mentioned two terms. First there is a long-range attractive
van der Waals term41

Vpol�z� = −
c

�z − z0�3 , �7�

where z0 is the distance of the so called reference plane with
respect to the surface �defined as the position of the top most
atomic layer� and is the mathematical surface position. The
position of the adsorbed atom above the surface �zeq� is large
compared to z0. The second repulsive term in the adatom-
surface interaction comes from the overlap of the wave func-
tions of the two systems and reflects the Pauli repulsion. In
order to keep the discussion as simple as possible, we will
assume in a first approximation that z0 and zeq are the same
for all noble metal/rare-gas combinations �note this setting is
only a rough approximation and serves to detect the trends in
the data presented here�. Then, the parameter c is a measure
of the polarization energy, produced by the rare gases and for
that reason it is listed in Table III. We emphasize that through
these simple considerations, we introduce some uncertainty
into our estimates, and that more system-specific consider-
ations will improve the accuracy of our estimates.

It is not unreasonable to assume in view of the systemat-
ics evident from Table III that the main effect in the rare-gas-
induced electronic changes comes from the polarizability of
the rare-gas atom. To make this evident we have compiled in
Table IV the surface state shift, the work function shift in-
duced by the rare-gas adsorption, and the c parameters �av-
eraged for the three noble metals� for each rare gas and com-
pared them with their polarizabilities.

In order to make this comparison more transparent in each
case, again the normalized numbers relative to the rare gas
Xe are given. These normalized numbers show a remarkable
consistent trend for all the properties, where only the work
function changes �� show a less pronounced dependence on
the rare gases, than the surface state energy and the c param-
eter. We can only speculate why this is so. The c parameter
�van der Waals coupling strength� should scale closely with
the polarizability because the van der Waals coupling is
given in first order by the polarizability. The connection of
the polarizability with the surface state energy shift is obvi-
ous. One can assume9 that since the move of the surface state
closer to the Fermi energy means a charge depletion of this
state, this depleted charge goes into unpopulated states of the
adsorbate. This charge redistribution is calculated in the DFT
calculations which are discussed below. The unpopulated
states are, on the other hand, a measure of the polarizability,
which makes this correlation at least understandable. With
respect to the correlation of the work function change with
the polarizability, one would at first hand assume a very
strong correlation because the polarizability gives the mag-
nitude of the additional dipole moment, which in turn gives
the change of the work function. However it was pointed out
already that while �ESS depends on the short-range �expo-
nentially decaying� charge density of the substrate, �� de-
pends on the 1/z3 term in the van der Waals interaction,
making the numbers in Table IV intuitively understandable.

In summary, the change of the work function of the �111�
surface of the noble metals upon coverage with rare gases
has been measured. The magnitude of the shift scales with
increasing polarizability of the rare gas �Ar, Kr, Xe� and with
decreasing nobleness of the substrate �Au, Ag, Cu�. The data
qualitatively correlate with the change of surface state ener-
gies, and the c coefficient of the attractive van der Waals
potential �c / �z−z0�3� of the rare-gas–noble metal system. In
the following two sections more quantitative considerations
for the noble metal–rare-gas interaction will be presented.

TABLE III. Surface state energy change �ESS �Ref. 24�, adsorp-
tion energy �Eads. �Refs. 36 and 37�, work function change �� , c
coefficient in the c / �z−z0�3 term of the potential used for the work
function calculations �Ref. 41� and polarization energy �Ref. 41� for
noble metal/rare-gas systems.

Adsorbate Substrate
�ESS

�eV�
�Eads.

�eV/atom�
��
�eV�

c
coeff.

−Vpol

�eV�

Au 0.139 0.53 0.88 0.34

Xe Ag 0.114 0.225 0.59 0.81 0.32

Cu 0.143 0.62 0.77 0.27

Au 0.079 0.42 0.61 –

Kr Ag 0.070 0.151 0.46 0.56 –

Cu 0.076 0.49 0.52 –

Au 0.057 0.38 0.44 –

Ar Ag 0.063 0.99 0.40 0.40 –

Cu 0.058 0.42 0.37 –

TABLE IV. Noble metals: averaged rare-gas-induced changes of
the surface state energy �ESS, the rare-gas-induced work function
changes ����, the c parameter in the polarization term ��c / �z
−z0�3�, and polarizability of the rare gases �Ref. 43�; also given are
the values normalized to those of the noble metal surfaces covered
by Xe.

Adsorbate �ESS�eV� ���eV� c coeff. polarizability

Xe 0.132/1 0.58/1 0.82/1 27/1

Kr 0.074/0.56 0.46/0.79 0.56/0.68 17/0.63

Ar 0.059/0.45 0.40/0.69 0.39/0.48 11/0.41
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A. Atomic orbital energies

To study the interactions between the rare gases and the
noble metals in more detail, we performed parameter-free
calculations on the simplest possible systems, i.e., the di-
atomic M-G molecules with M being Cu, Ag or Au and G
being Ar, Kr, or Xe. We used a full-potential, density func-
tional method that is based on expanding the eigenfunctions
to the Kohn-Sham equations in a basis set of linearized
muffin-tin orbitals, as described in details elsewhere �see,
e.g., Refs. 44 and 45�. Since we also study heavier atoms we
included all relativistic effects, also spin-orbit couplings. In
describing exchange- and correlation-effects we used a local
density approximation, which is known to lead to too strong
interatomic interactions, whereas electronic orbitals and their
energies usually are accurately described. Since our aim is to
study the latter, and not to optimize the geometry of the
system, we consider this approximation fully justified.

We considered four different interatomic distances for
each of the nine M-G systems, corresponding to interatomic
distances of 16, 8, 7, and 6 a.u. �1 a.u.�0.53 Å�. The first
value is so large that it approximates the infinite separation,
whereas the other ones are expected to describe realistic
metal-gas interatomic distances as they are found for the
rare-gas atoms on the surface. Referring to Fig. 2, we men-
tion that with the density functional calculations we will first
of all obtain an accurate description of the electronic inter-
actions �i.e., the Pauli repulsion� and not of the van der
Waals attraction. But as the figure indicates, the equilibrium
geometry is one for which the two types of interactions are in
balance. Moreover, the work function is first of all an elec-
tronic property so that a study of the electronic properties as
function of �realistic values of� the gas-metal interatomic dis-
tances should be optimal for the present purpose. Due to the
well-known deficiencies of density functional calculations in
describing accurately van der Waals interactions, we shall
not try to calculate the equilibrium M-G interatomic dis-
tances, although the results of Kirchner et al.46 on
Ar/Ag�111� suggest that at least this system can be de-
scribed accurately with current density functional methods
and that the simplest possible systems give precise informa-
tion on the electronic interactions, which is very important
for the present work.

Before discussing the results we stress that the results
cannot yield an accurate reproduction of the experimental
results. Reducing both the semi-infinite metal crystal and the
layer of gas atoms to single atoms is indeed a severe approxi-
mation. On the other hand, since the metal consists of only
one type of �metal� atoms, suggesting that the orbitals have
significant resemblance with those of the atoms and are not
obscured by charge-transfer effects or the formation of cova-
lent bonds, and since, moreover, the gas atoms are only
weakly interacting, we will expect that the electronic inter-
actions are dominated by those of the individual atoms; there
is, e.g., no charge-transfer effects. Thus, although we con-
sider a highly simplified model system, we expect that it will
catch the trends of the experimental observations. Support
for this is given by the work of Kirchner et al.46 who showed
that the electronic properties of Ar/Ag�111� were accurately
reproduced with even the simplest possible model systems
like the Ar-Ag diatomic system.

For the well-separated metal and gas atoms, the valence
orbitals split into low-lying s and p orbitals from the gas
atoms and higher lying d- and s-valence orbitals from the
metal atoms. These lie at roughly −25 eV and −11 eV for the
gas-atom orbitals, essentially independent of whether we
consider Ar, Kr, or Xe. The valence orbitals of the metals lie
above those of the rare gas atoms, i.e., at −4 eV to −5 eV for
Cu, at −4 eV to −7 eV for Ag, and at −6 to −10 eV for Au.
Since we consider finite systems, we have here used an en-
ergy scale with the energy zero put at the position where the
electrons are infinitely far apart with regard to the systems of
interest.

In Fig. 9 we show the results of the calculations, i.e., the
changes in the orbital energies compared to those of the “in-
finite” separation. The full curves refer to the orbitals on the
metal atoms, and the dashed ones to the orbitals on the gas
atoms.

For the largest separation �i.e., 8 a.u.�4.24 Å�, most of
the orbitals lower their energy compared to the infinite sepa-
ration. In this range the orbitals are mainly influenced by the
mutual polarization of the two atoms, although it is weak.
Decreasing the interatomic distance, the electronic orbitals of
the two atoms start to interact. Since the orbitals for the Au
atom have energies closest to those of the gas atoms, pertur-
bation theory gives that these orbitals will interact strongest
with the orbitals of the gas atoms, whereas the same argu-
ment gives that the interactions between the orbitals of Cu
atoms and those of the gas atoms will be weakest. This is,
indeed, confirmed by the data in Fig. 9. A further result of
this analysis is that new orbitals will be formed for each pair
of orbitals, one from the metal atom �at higher energy� and
one from the gas atom �at a lower energy�. One is a bonding
combination with an even lower energy than the energy of
the gas-atom orbital with its major support from the gas atom

FIG. 9. The variation in the orbital energies for the nine M-G
diatomic systems as found in the density-functional calculations.
Dashed �solid� lines represent orbitals on the gas �metal� atoms.
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as well as an antibonding combination with an even higher
energy than that of the metal orbital and with its major sup-
port from the metal atom. In this picture, the metal orbitals
will increase their energies, in accord with the experimental
results.

The electronic-structure calculations confirm the exis-
tence of orbital interactions �although fairly small� at the
smallest interatomic distances. This interpretation together
with the results given in Fig. 9 suggest that the shifts for Xe
as an adsorbate will be the largest and those for Ar the small-
est. This can be rationalized through the higher polarizability
of Xe or, equivalently, through the larger number of unoccu-
pied orbitals for Xe at relatively low energies. This finding is
confirmed by the experimental results.

Cu shows the largest shifts and Au the smallest ones for
all rare gases. Therefore, it may be suggested that the M-G
separations are smallest for M =Cu and largest for M =Au.

B. Mulliken overlap populations

The concept of Mulliken populations allows for a quali-
tative description of interatomic interactions. It is closely
linked to the way electronic-structure calculations are per-
formed, most notably to the fact that any electronic orbital is
expanded in a set of basis functions. For the Mulliken popu-
lations, it is important that the basis functions are atom cen-
tered.

Accordingly, we write

�i�r�� = �
p

�
l

�
	

cipl	
pl	�r�� , �8�

where �i is the ith orbital and 
pl	 is a basis function cen-
tered on atom p, having an angular dependence given
through l, and having any other dependence �e.g., the m
quantum number, or a specific radial dependence� as speci-
fied through 	. Notice that in our theoretical approach the
basis functions are dynamically adapted to the potential of
the complete system although they preserve their angular
character. Since the �i are normalized we have

1 = ��i	�i
 = �
p1,p2

�
l1,l2

�
	1,	2

cip1l1	1

* cip2l2	2
�
p1l1	1

	
p2l2	2



= �
p1,p2

�
l1,l2

nip1p2l1l2
�9�

= �
p1,p2

nip1p2
. �10�

Through the last identity �Eq. �10��, the orbital has been
split into on-site �p1= p2; also called net� and overlap �p1

�p2� populations. We shall here concentrate on the latter. If
nip1p2

�0, the overlap between the basis functions from the
p1th and from the p2th atom is constructive for the ith orbital,
i.e., there is an overall bonding interaction. Equivalently,
nip1p2

�0 if the interaction is antibonding. Thus, the overlap
populations provide a quantitative measure for the covalency
between the atoms.

More detailed information is obtained from the penulti-
mate identity above �Eq. �9��, where the interactions are split

into l-specific components. Thus, for the systems of our in-
terest we can distinguish between, e.g., the interactions be-
tween the gas s or p functions and the metal s or d functions.
In this way, it is possible to analyze the individual contribu-
tions from the different types of functions.

Finally, by adding all contributions from all occupied or-
bitals we obtain the quantities that are displayed in Fig. 10,

Np1p2l1l2
= �

i=1

occ

nip1p2l1l2
, �11�

Np1p2
= �

i=1

occ

nip1p2
. �12�

The overlap populations are not measurable quantities and
should not be overinterpreted. The most important informa-
tion is that overlap populations different from zero indicate
the existence of covalent interactions between the atoms.
Thus, the fact that we find many non-negligible overlap
populations �when decomposing them into different l com-
ponents� suggests that the interactions between the orbitals
of the different atoms are complicated.

The importance of the electronic orbital interactions be-
tween metal and gas is illustrated in Fig. 10. This figure
shows the Mulliken overlap population between the metal
and the gas atoms for the same structures as in Fig. 9. That
is, for each system and structure we study the overlap of the
valence �s, p, or d� basis functions of the metal atom with the
overlap of the valence �s, p, or d� basis functions of the gas
atom for all occupied orbitals. This gives in total nine differ-
ent l-decomposed overlap populations and their sum is the

FIG. 10. The variation in the Mulliken overlap populations for
the nine M-G diatomic systems as found in the density functional
calculations. In each panel, the thin curves show the nine
l-decomposed overlap populations Np1p2l1l2

�Eq. �11��, whereas the
thick curve shows their sum Np1p2

�see Eq. �12��.
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total overlap population between the two atoms. The s and p
functions of the gas atoms as well as the s and d functions of
the metal atoms are those contributing the most to the total
overlap population. These functions possess different decay
behaviors far away from the nuclei, implying that also the
individual overlap populations decay differently, which is
clearly recognized in the figure. This has the consequence
that the total overlap population, being the sum of the differ-
ently decaying contributions �that even may have different
signs�, possesses a quite complicated behavior, most clearly
seen for the Au-Xe system.

For Cu most overlap populations are positive suggesting
that Cu-G �G being a rare-gas atom� interactions are stronger
bonding than is the case for the other metals. Therefore, the
orbital shifts for the Cu-based systems are the largest ones,
as observed in experiment. However, the fact that the orbital
shifts are smallest for the Au-based systems does not imply
that the orbital interactions for those are weakest, but rather
that there are many interactions of both signs that add to a
smaller sum.

We stress that the overlap populations are not the elec-
tronic energies. However, they are useful in quantifying the
orbital interactions between the metal atoms and the gas at-
oms. Although they are small, they are non-negligible. Fi-
nally, in Fig. 11 we show the radial parts of the valence
orbitals for the isolated atoms as obtained numerically within
density functional theory. The spatial extensions of the va-
lence s and p orbitals for the rare-gas atoms are very similar
implying that both types of orbitals will interact with those
of other atoms when the interatomic distances are suffi-
ciently small. Moreover, it is also seen that the rare-gas atom
orbitals are more compact than those of the noble metal at-
oms. For the latter, mainly the s orbitals extend far away
from the nuclei, but for the heavier atoms also the d func-
tions are so delocalized that when bringing the metal and the
gas atoms into a 3–4 Å distance, there will be interactions
between all types of valence orbitals.

V. CONCLUSIONS

In this work we have studied the work function change of
the �111� surfaces of the noble metals if covered with rare
gases. The work functions are reduced upon rare-gas cover-
age, and the reductions show a systematic trend being largest
for Xe and smallest for Ar—which suggests a correlation of
the changes with the polarizabilities of the rare-gas atoms. In

order to get more insight into this problem, we have studied
the electronic orbitals of the surface of a nobel metal, in
particular when it is covered with a rare gas. The fact that the
orbital energies change upon rare-gas adsorption gives indi-
cation of non-negligible interactions, although the experi-
ments cannot directly reveal their nature. One type of inter-
actions is the van der Waals interaction, which has been
studied in detail theoretically by, e.g., Zaremba and Kohn.41

Then, the surface and the rare-gas atoms will polarize each
other mutually, ultimately leading to additional potentials
that are felt by the electrons. Although a qualitative agree-
ment with the experimentally measured work functions could
be obtained, a quantitative description was not provided.
Therefore, we studied also extremely small model systems
with density functional calculations, i.e., two-atomic sys-
tems. We found that orbital interactions are non-negligible,
and that even several different types of valence orbitals in-
teract, leading to a complex gas-metal system that hardly can
be quantified through simple models. Thus, we have to con-
clude that the van der Waals interaction is only one part of
the interaction between noble metals and rare gases.
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