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The modifications induced on the core-excited Ar*s2p3/2
−1 4sd state by Ar neighbors inside solid Ar are

studied via a microscopic model of the system associated to a wave-packet propagation treatment of the excited
electron. Different environments, built up from finite size pieces of an fcc Ar crystal are considered. The Ar
neighbors are shown to influence the excited 4s electron energy both via confinement of the excited orbital and
via polarization of the surrounding medium. The difference between the 4s orbital and higher lying excited
orbitals is stressed by considering the wave function of various excited orbitals inside a bulk environment. The
present results are compared with available experimental results on the Ar*s2p3/2

−1 4sd state inside and at the
surface of solid Ar.
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I. INTRODUCTION

When an atomsa moleculed is embedded in a host me-
dium or adsorbed on the surface of a host medium, its elec-
tronic properties can be strongly affected by the interaction
with its environment. In particular, excited electronic states
that can spread over a rather large volume in space can be
much sensitive to their surroundings. The influence of envi-
ronment is, for example, revealed when considering transient
excited states at surfaces and their role in surface reaction
mechanisms.1,2 Furthermore, depending on the site on the
surface or inside the solid, one can expect different modifi-
cations of the excited state and then different dynamical be-
haviors in reactive mechanisms. An appealing model system
for analyzing environment effects on the excited state energy
is provided by core-excited atoms inside an insulator envi-
ronment, such as the Ar*s2p3/2

−1 4sd state inside solid Ar
which is studied here. In such a system, the localized char-
acter of the core excitation severely limits the traveling pos-
sibility of the excitation during the excited state lifetime, so
that the excitation can be considered as localized on one site
of the crystal, then allowing for the analysis of site-
dependent effects. Secondly, although the excitation energy
of the system is large, the excited electron cannot decay by
transfer of the excited electron into the solid conduction
band; such core-excited states only decay by multielectron
interactions. As a consequence, the analysis of the
Ar*s2p3/2

−1 4sd state energy can be performed easily and re-
veals the influence of the solid environment on the 4s excited
orbital.

The core-excited Ar*s2p3/2
−1 4sd state in an Ar solid en-

vironment has been the subject of several experimental stud-
ies in the past years.3–7 In the case of Ar*s2p3/2

−1 4sd atoms
embedded inside bulk Ar, the excitation energy of the
Ar*s2p3/2

−1 4sd state from the ground state was found to be
shifted by a significant amounts0.7–1.0 eVd from its value
in the free atom.8,9 This effect of the environment on the
excited state energy was attributed to the confinement of the
4s orbital by the Ar neighbors in the crystalsalso called

“caging” effectd. The 4s electron energy is inside the Ar crys-
tal band gap. The Ar neighbors repel the excited electron,
which cannot expand freely in space leading to an increase of
its kinetic energy. A similar effect has also been observed in
the case of Ar*s2p3/2

−1 4sd atoms located at the surface of an
Ar solid, however, with a smaller shift of the excitation
energy.3,5–7 Recently, core-excited Ar*s2p3/2

−1 4sd atoms
have also been studied experimentally in the case of Ar clus-
ters and the excitation energy has been measured as a func-
tion of the cluster size for both Ar*s2p3/2

−1 4sd atoms located
inside the cluster or on its surface.10,11 These measurements
clearly showed the effect of the environment on the excited
state energy, which appears to vary with the siteson the
cluster surface or inside the clusterd and with the cluster size.
For completeness, one can also mention experimental studies
of the Ar*s2p3/2

−1 4sd state in the case of Ar atoms adsorbed
on metal surfaces or inside atomically thin Ar layers ad-
sorbed on metal surfaces.4,7,12–14In this case too, the envi-
ronmentsmetal+Ard of the excited state was found to sig-
nificantly alter the excited state properties. However, on a
metal surface, the dynamics of the excited state is deeply
modified by the coupling with the metal conduction band
that brings a new decay channel for the excited state via
transfer of the excited electron into the metal. This system
presents strong site effects: both the energy of the excited
state and the dynamics of the electron transfer into the metal
were found to strongly depend on the Ar* location in the
system.

The aim of the present theoretical work is to determine
how the Ar neighbors inside an Ar crystal modify the energy
of the excited state. This is performed via the study of the
Ar*s2p3/2

−1 4sd state inside a few different environments.
This problem has already been studied using a spherical
model of the Ar surroundings,15 in which the perturbation of
the Ar neighbors is modeled by an additional potential,
spherically symmetric around the Ar center; in this case,15

only global absorption spectra summing up the contributions
from all the various atoms in given icosahedra clusters have
been reportedssee also Ref. 16 for a review on atomic spec-
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tra perturbations inside spherical cagesd. In the present work,
we use a microscopic representation of the Ar atoms sur-
rounding the core-excited state, allowing a detailed analysis
of the environment effect. For this purpose, we study the
Ar*s2p3/2

−1 4sd atom inside a finite size piece of an Ar fcc
crystal. Varying the size and geometry of the system allows
an analysis of the energy of the excited state as a function of
the number of Ar neighbors. This study is performed with the
microscopic model description of solid Ar developed to
study the effect of thin Ar films on image potential states17,18

and also applied to a study of the Ar*s2p3/2
−1 4sd state in a

thin Ar film adsorbed on a metal surface.19 In the latter case,
it was possible to show how the neighboring Ar atoms and
metal surface influence the excited state properties. Two
main effects were invoked: confinement and polarization of
the excited orbital; both effects are shown below to play an
important role in the present study of finite size Ar crystals.
At this point, it must be stressed that the present finite size
objects are designed to illustrate the effects of Ar neighbors
on the excited state energy in a solid environment and they
cannot be considered as realistic Ar clusters although the
corresponding results give some insight into the cluster case.
A realistic cluster study would involve objects with well-
defined size and structure, which,a priori, are not always
pieces of a perfect fcc crystal.

II. METHOD

The system formed by a core-excited Ar*s2p3/2
−1 4sd

atom inside an Ar crystal has been studied using the same
method as the one used in our earlier study of the
Ar*s2p3/2

−1 4sd atom adsorbed on a metal and of the electron
transfer between the excited atom and the metal surface;19 it
makes use of a wave-packet propagationsWPPd method.20

Only a brief overview is given here. The method consists in
studying the time evolution of the outer 4s electron of the
Ar*s2p3/2

−1 4sd state by a one-electron WPP method. The
environment of the Ar*s2p3/2

−1 4sd atom is formed by a piece
of an fcc Ar crystal with an Ar-Ar distance equal to that in
bulk Ar, i.e., dAr-Ar =7.03a0.

21 Calculations were performed
using different numbers of Ar neighbors, up to a few hun-
dredsssee belowd.

The Hamiltonian governing the evolution of the 4s elec-
tron is written as

H = T + Ve-Ar+core+ Ve-Ar crystal, s1d

whereT is the electron kinetic energy.
Ve-Ar+core is the excited electron interaction with the

Ar+s2p3/2
−1d core. It is a pseudopotential of the

Kleinman-Bylander22 form. Its explicit expression is given in
Ref. 19, where it has been adjusted to reproduce the binding
energies of the outernl electron in the Ar*s2p3/2

−1 nld states
as they are known from experiments on free Ar atoms.8,9

Ve-Ar crystal is the interaction of the electron with the piece
of Ar solid surrounding the core-excited Ar*. TheVe-Ar crystal
potential is built from a model local potentialVe-Ar, describ-
ing the interaction between an electron and a single Ar atom;
it is the sum of a short-range part and a long-range polariza-

tion part, and has been adjusted in Ref. 18 to describe the
low-energy electron-Ar scattering. The electron-interaction
between the electron and the finite size Ar crystal is obtained
by the superposition of the interactions between the electron
and the various Ar atoms in the crystal, with proper care of
the polarization of each Ar atom by the electron, by the Ar+

ion core and by the other polarized Ar atomsssee Ref. 18 for
detailsd. For the present study, we chose the definition of the
Ve-Ar crystal potential such as when the electron goes to infin-
ity, the potential goes to the polarization energy of the Ar
crystal by the remaining Ar+ core. The present procedure for
computing theVe-Ar crystal potential, taking the mutual polar-
ization of the Ar atoms into account, ensures the proper di-
electric character of the Ar crystal. It was found to be very
accurate in describing low energy electrons inside bulk Ar as
well as the perturbation induced by an atomically thin Ar
layer on the Cus100d image potential states.18

The electron wave packetCsrW ,td is written in cylindrical
coordinatessr ,f ,zd, with the z axis along a high symmetry
axis of the fcc crystal. Depending on the number of Ar atoms
and on the geometry of the piece of crystal that was consid-
ered, thez axis is an-fold symmetry axis withn=2, 3, 4, or
6. Typically the grid involvessnr=400, nf=64, nz=256d
points. The points are equally spaced inf andz coordinates,
whereas coordinate mapping is used for ther coordinatessee
Refs. 19 and 20 for detailsd. The time propagation of the
electron wave packetCsrW ,td, detailed in Ref. 19, is per-
formed using the so-called “split” approximation.23,24 The
typical propagation time step is 0.1 a.u.

The propagation was started at timet=0 with the wave
packetCsrW ,0d equal toF0srWd, the 4s electron wave function
in the free Ar*s2p3/2

−1 4sd atomffor the tests calculations on
other Ar*s2p3/2

−1 nld core-excited states, the corresponding
free atomic states were taken as initial statesg. From the time-
dependent wave packetCsrW ,td, one defines the survival am-
plitude of the system in the initial state

Astd = kF0uCsrW,tdl. s2d

The real part of the Laplace transform ofAstd yields the
density of statessDOSd of the system, projected on the initial
state, i.e., on the 4s orbital of the free atom. Large peaks in
the DOS as a function of the energy indicate the positions of
the states with a large overlap with the atomic free 4s orbital
ssee Ref. 20 for detailsd. In the present one-electron study in
a finite system, the 4s electron has a negative energy with
respect to vacuum and so, is in a stable bound statesthe core
hole decays via multielectron interactions not taken into ac-
count in the present studyd. In the projected DOS obtained
with finite time propagation, the 4s state then appears as a
peak with a finite width determined by the propagation time.

The wave function of the 4s electron has been computed
with the method outlined in Ref. 20; it is obtained via the
Laplace transform of the time-dependent wave packetCsrW ,td
at the state energy. If we assume that the shift of the
Ar*s2p3/2

−1 4sd absorption line due to the presence of the Ar
crystal is only due to the change of the 4s one electron en-
ergy and to polarization energy,19 the absorption line energy
in the crystal caseEabs

crystal can be approximated by
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Eabs
crystal< Eabs

atom− E4s
atom+ E4s

crystal− Epol, s3d

where Eabs
atom is the absorption line energy in the free atom

case,E4s
atom is the one electron energy of the 4s electron in the

free atomswith respect to vacuumd, E4s
crystal is the one electron

energy of the 4s electron in the crystalswith respect to
vacuum and a crystal polarized by the Ar+ cored, andEpol is
the polarization energy of the Ar crystal by the Ar+ ion core
alone. With the present definition of theVe-Ar crystal potential
ssee aboved, the WPP calculation provides the energy of the
outer 4s electron with respect to vacuum and an unpolarized
finite size Ar crystal, i.e., the quantitysE4s

crystal−Epold. So com-
paring the 4s electron energy in WPP calculations with and
without the Ar crystal surrounding the core-excited Ar* di-
rectly yields the energy shift of the Ar*s2p3/2

−1 4sd absorp-
tion line, as given by Eq.s3d. Equations3d only considers
changes in the 4s electron and polarization energies; as dis-
cussed below these changes correspond to the effect of the
excited electron confinement and of electrostatic polarization
interactions. These energy changes are thought to be stronger
than the variation of the other interactions, in particular of
the van der Waals interaction responsible for the Ar-Ar in-
teraction in the ground state. Indeed, as shown below, the
energy change for an Ar* in bulk Ar is of the order of 0.9 eV,
whereas the cohesive energy per atom in solid Ar is of the
order of 80 meV. Equations3d should then give a reasonable
estimate of the Ar* absorption line shift.

III. RESULTS

A. Energy shift of the Ar *
„2p3/2

−1 4s… state as a function
of its environment

We have determined the change in the 4s electron energy
for a set of systems, in which the core-excited Ar* is sur-
rounded by a finite size fcc Ar crystal with a variable number
of Ar neighbors. Both the number of nearest neighbors and
that of more distant neighbors have been varied. For com-
puter time saving, systems with a reasonably high symmetry
have been favored; they were chosen such that a high sym-
metry rotation axis existed, that could be taken as thez axis
in the WPP calculation.

The left panel of Fig. 1 summarizes the computed 4s en-
ergy shift as a function of the number of Ar first neighbors.
Systems, in which only first neighbors are present around the
core-excited Ar* atom, are represented by filled circles, while
systems with a certain number of additional more distant
neighbors are represented by crosses. Some of the systems,
in which only first neighbors are present around the core-
excited Ar* atom, are schematically depicted in Fig. 2. The
simple systems only involving first neighbors correspond to
sincreasing number of first neighborsd: a diatom, a triangle, a
planar triangle surrounding Ar* fschemasad in Fig. 2g, the
s100d plane of the fcc crystalfschemasbd in Fig 2g, thes111d
planefschemascd in Fig. 3g, thes100d surfacefschemasdd in
Fig. 2g, thes111d surfacefschemased in Fig. 2g, bulk fcc with
two vacancies, bulk fcc with one vacancy, and bulk fcc. For
the systems corresponding to a plane, a surface or bulk Ar,
the calculations with a variable number of distant neighbors

involved larger systems, while keeping the nature and the
symmetry of the simple object.

As the first remarkable feature in Fig. 1, the energy shift
of the 4s electron is seen to mainly depend on the number of
first neighbors, the addition of second or larger order neigh-
bors only slightly modifies the 4s energy shift. This aspect is
further illustrated in Fig. 3, which presents an enlarged pic-
ture of the 4s energy shift for systems with nine first neigh-
borsfs111d surface of the fccg as a function of the total num-
ber of Ar neighbors. The largest system involved 284 Ar
atoms. The convergence of the 4s energy is detailed for two
kinds of systems: a system formed by only a 2 ML thin film
or by a thicker film. The Ar distant neighbors located both
close to the surface or deep in the solid contribute to the
energy shift. The convergence of the energy with the total
number of Ar atoms is not very fast. However, the total en-
ergy shift due to the distant neighbors is small; in this case, it
amounts to 30–40 meV, i.e., of the order of 7% of the total
energy shift induced by all the neighbors.

The weak effect of the distant Ar neighbors corresponds
to the localized character of the 4s orbital that is well con-
centrated around the excited atomssee belowd. The interac-
tion with the distant Ar atoms is due to the anisotropic charge
distribution around the Ar* which polarizes the surrounding
Ar medium. In the present casefs111d surfaceg, the leading
term corresponds to the dipole moment of the 4s orbital. It
must be stressed that the convergence illustrated in Fig. 3 is
much faster than the one for the polarization energysEpold,

FIG. 1. Left panel: energy shift of the 4s excited electron in
various environments, as a function of the number of nearest neigh-
bors ssee text for the definition of the various environmentsd. Full
circles: systems with only nearest neighbors. Crosses: systems with
a variable number of distant neighbors. The starsthree nearest
neighborsd gives the result for Ar* located at one of the corners of a
tetrahedron. Right panel: experimental results for the energy shift of
the Ar*s2p3/2

−1 4sd state in bulk Arsfull symbolsd and on the sur-
face of bulk Ar sopen symbolsd. Bulk Ar: full squaresRefs. 4–6d,
full diamond and right trianglesRef. 3d, full left triangle sRefs. 10
and 11d, full up trianglesRef. 7d. Surface: open diamondssRefs. 5
and 6d, open up trianglesRef. 11d, open down trianglesRefs. 7 and
10d.
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which involves the polarization of the Ar medium by a
chargessee, e.g., the calculation of the change of the 2p3/2
energy in Ref. 25d.

As a second remarkable feature of the results in Fig. 1, the
energy shift roughly varies linearly with the number of first
neighbors. The above features are quite consistent with the
interpretation of the energy shift as being due to the confine-
ment of the 4s orbitals by the Ar neighbors: confinement
increases with the number of first neighbors; second and fur-
ther neighbors do not significantly contribute to the confine-
ment. This view is, however, too simple: one can notice that
sid the linear variation of the energy shift with the number of
nearest neighbors is only approximate andsii d distant neigh-
bors appear to contribute in different ways to the energy
shift, their effect being opposite for bulk Ar as compared to
the case of planes and surfaces. One can also stress that the
energy shift strongly depends on the geometry and symmetry
of the object as illustrated in the case of three first neighbors.
The energy shift is different for a planar objectsAr* sur-
rounded by a triangled and a tetrahedronsAr* is one of the
tetrahedron cornersd. The confinement of the 4s orbital can
be thought to be different in the two cases. This difference
can also be linked to the difference between surface and bulk
systems discussed below.

All the results presented in Figs. 1 and 3 have been ob-
tained for finite size fcc crystals with the Ar-Ar distance

equal to that of bulk Ar. However, one can expect the
nearest-neighbor distance in a finite size system to differ
from that in bulk Arssee, e.g., the case of a thin atomic film
on Cu in Ref. 18d. To illustrate a possible effect of the
Ar-Ar distance, Fig. 4 presents the result for the energy shift
in the case of the system with only nine first neighborsfsym-
metry of as111d surface, schemased in Fig. 2g as a function
of the Ar-Ar distance. As expected for a confinement effect,
the energy shift quickly increases when the Ar-Ar distance
decreases. This can lead to significant effects when consid-

FIG. 2. sColor onlined Schematic representationstop viewd of
some of the systems studied in the present work. The excited Ar*

atom is surrounded by some of its first neighbors in an fcc crystal.
The excited Ar* atom is symbolized by an orange sphere, the Ar
first neighbors located in the same horizontal plane as Ar* by yel-
low spheres, and the Ar first neighbors located in the second layer
by light yellow spheres.

FIG. 3. Energy shift of the 4s excited electron in various envi-
ronments as a function of the inverse of the total number of Ar
atoms in the system. The Ar* core-excited atom is surrounded by
nine nearest neighbors following the geometry of thes111d surface
of an fcc Ar crystal. Full circles: system formed by two atomic
planes of variable size. Open diamonds: system formed by a layer
of variable thicknesssmore than two atomic planesd and size.

FIG. 4. Energy shift of the 4s excited electron as a function of
the distance between two Ar neighbors. The Ar* core-excited atom
is surrounded by nine nearest neighbors following the geometry of
the s111d surface of an fcc Ar crystalfschemased in Fig. 2g. The 4s
energy shift is presented as a function of the distance between the
Ar atoms.
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ering finite size systems and/or adsorbed systems. As an ex-
ample, 1 ML Ar adsorbs on Cus100d with an Ar-Ar distance
around 7.52a0 sRef. 18d in contrast with the bulk distance of
7.03a0. In this system, the Ar adsorption is influenced by the
structure of the Cu substrate, leading to an Ar-Ar distance
quite different from that in bulk Ar. As seen in Fig. 4, such an
Ar-Ar distance change would correspond to a 30% change of
the energy shift in the systems considered here.

The opposite effects of the distant neighbors seen in Fig. 1
are surprising at first sight. In a pure confinement interpreta-
tion, one would expect the energy to increase with the num-
ber of neighbors, the effect rapidly decreasing with the dis-
tance. This feature is interpreted as a consequence of the
polarization of the Ar medium by the 4s electron. Indeed, in
a surface geometry, the 4s orbital is embedded in an aniso-
tropic environment, allowing a mixture ofp and s orbitals.
The 4s orbital is then polarized and the associated dipole
interacts with all the Ar atoms in the system, lowering the 4s
energy shift. This interaction concerns both first and more
distant neighbors and converges more slowly with the total
number of neighbors than the confinement effect. This polar-
ization of the 4s orbital is analogous to that found in the case
of Ar atoms adsorbed on a metal surface,19 although signifi-
cantly weaker. In contrast, when the core-excited Ar* atom is
inside bulk Ar, the environment symmetry is Oh and sym-
metric and antisymmetric states with respect to the Ar* cen-
ter cannot mix. No dipole is present on the Ar* which would
polarize the surrounding mediumshigher order multipoles
are indeed possibled. One can then expect the confinement to
dominate with a 4s energy shift increasing with the number
of neighbors. The different geometry of the surface and bulk
environment leads to different physical situations and thus to
different behaviors. This interpretation can also be used for
the discussion of the nonexactly linear variation of the en-
ergy shift with the number of first neighbors, which exhibits
a faster increase between 9 and 12 first neighborsssee Fig.
1d. This can be linked to the change of geometry of the
object: either a surface environment with a half free space
where the 4s orbital can be polarized, or bulk surrounding
without free space for the 4s electron to spread. The change
of polarization energies between the two kinds of geometry
could account for the steep rise of the energy shift between 9
and 12 neighbors. This interpretation can be further tested by
looking at the wave functions of the 4s orbital in different
environments.

B. Wave function of the 4s excited orbital
in various environments

Figure 5 presents the wave function of the 4s orbital when
the Ar*s2p3/2

−1 4sd atom belongs to thes111d surface of an
Ar solid. The Ar* is surrounded by nine first neighbors and
the calculation included a total number of 284 Ar atoms. The
z axis of the WPP calculation is normal to thes111d surface
and z.0 is in vacuum. The Ar* is at the origin of coordi-
nates. The calculation is three dimensional and the figure

presents a cut of the 3D electron density in thes112̄d plane
perpendicular to the surface, including thez axis and one of
the axes parallel to the surface. One recognizes the 4s orbital

described with a pseudopotential in the region around the
origin of coordinates. In the free atom, it is a nodeless spheri-
cal orbital, very small around the atom center. The electronic
cloud is significantly distorted from its spherical shape in the
free atom, its maximum being outside of the crystal. Typi-
cally, the electron density maximum is shifted by 3a0 from
the Ar* center. However, despite this asymmetry, the 4s or-
bital main lobe is mainly located in the vicinity of the Ar*

center, and only the tail of the orbital spreads over a few
Ar-Ar distances. The 4s electron energy lies inside the band
gap of solid Ar and so the Ar crystal is a classically forbid-
den region for the 4s electron. Two nearest Ar neighbors on
the surface appear as double lobe structures in the wave
function. The shape of these structures is due to the orthogo-
nality condition imposed by thee-Ar interaction potential.
Since this potential binds two core levelsss andp symmetry
in the free atomd, the outer 4s orbital has to be orthogonal to
these core levels. One can notice that the double lobe struc-
ture in the case of the nearest neighbors does not point to-
ward the center of Ar*. Its direction is rather determined by
the distorted shape of the electronic cloud around the Ar* and
the double lobe structure points to the maximum of the 4s

electronic cloud. Thes112̄d plane of the figure only contains

FIG. 5. sColor onlined Contour plot of the resonant 4s orbital of
a core-excited Ar*s2p3/2

−1 4sd atom on thes111d surface of an fcc
Ar crystal. The excited Ar* atom is one of the surface atoms. The
figure presents a cut of the logarithm of the modulus of the 4s

electron wave function in thes112̄d plane normal to the surface in
cylindrical coordinates parallel and perpendicular to the surface.
The coordinate normal to the surface is positive in vacuum and the
Ar* atom center is located at the origin of coordinates. The electron
density decreases when going from yellow to orange and deep red
sfrom light to dark grayd. White corresponds to very small electron
densities. The contour linessthin full linesd correspond to 1.0 steps.
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Ar atoms in the first layer and in the fourth layer. As a con-
sequence, the orthogonality constraints due to the Ar atoms
in the second and third layer are not very well marked since
the corresponding atoms are not in the plane of the figure.
The double lobe structure of the atom in the fourth layer is
barely visible due to the distance from the Ar* center. To
summarize, the 4s orbital appears to be repelled by the near-
est Ar neighbors that prevent the orbital to spread freely in
the crystal and the orbital appears to be pushed into vacuum.
There is thus a significant dipole associated with the 4s elec-
tronic cloud that can polarize the neighboring Ar crystal. The
polarization of the 4s orbital appears similar to that found in
the case of Ar* adsorbed on a metal surface or on a thin Ar
layer on a metal surface,19 however, in a weaker manner.

The situation appears different in the case of the
Ar*s2p3/2

−1 4sd atom embedded inside bulk Ar, shown in Fig.
6. The Ar* is at the center of the figure which presents a cut
of the 4s wave function in thes100d plan. The ordinate axis
is the z axis of the WPP calculation and is along thef001g
direction of the Ar crystal. The calculation involved 381 Ar
atoms. One recognizes the 4s electronic cloud around the
origin of coordinates. It is strongly distorted by the four near-
est neighbors present in the plane of the figure, which lead to
the four strong double lobe structures surrounding the Ar*

center. Although distorted, the 4s electronic cloud remains
mainly localized around the Ar* center and does not spread
much over the Ar crystal. Here again, the 4s electron is in-

side the band gap of solid Ar and cannot propagate into the
Ar crystal. The 4s orbital exhibits the symmetry of its envi-
ronment, it is symmetric with respect to the origin and thus is
not associated with an electric dipole. Figures 5 and 6 then
fully confirm the interpretation of a 4s orbital confined by its
Ar neighbors and prevented from spreading into the Ar crys-
tal. They also confirm the existence of a significant polariza-
tion of the electronic cloud in the case of a nonsymmetric
environment. At this point, one can stress that, within the
microscopic view analyzed here, the effect of the surround-
ing Ar medium appears as the nearest Ar atoms repelling the
excited electronic cloud and confining it, whereas, within a
continuous medium picture, one would discuss in terms of
the 4s electron energy being inside the Ar band gap and thus
of the 4s electron unable to propagate freely inside bulk Ar
and associated with an evanescent wave inside the bulk.

C. Wave function of higher lying excited orbitals
inside bulk Ar

The case of the Ar*s2p3/2
−1 4sd state studied here corre-

sponds to an excited orbital confined by its neighbors. The
effect is particularly conspicuous, the size of the orbital be-
ing comparable to the distance to the nearest neighbor in
bulk Ar. One can wonder about the case of an Ar*s2p3/2

−1 nld
core-excited state, in which the size of the corresponding
excited orbital in the free atom is larger than the distance
between Ar atoms in bulk Ar. Then, would the confinement
picture still be valid or would the excited orbital spread over
the crystal? To get some insight into this problem, we studied
with the same method a few higher lying core-excited
Ar*s2p3/2

−1 nld states in bulk Ar.
Figure 7 presents a cut of the 5s orbital wave function for

an Ar*s2p3/2
−1 5sd atom embedded inside bulk Ar. The plane

of the cut is the same as in Fig. 6, as well as the finite size of
the Ar crystal s381 atomsd. One recognizes the 5s orbital
centered at the origin of coordinates. With the pseudopoten-
tial used here, the 5s orbital exhibits one node, which ap-
pears at a distance of about 4.5a0 from the center. The main
lobe of the wave function is now spread over a large area of
the crystal. It retains an overall spherical symmetry with lo-
calized structures around the Ar neighbors. The four nearest
neighbors are associated with stronger structures, but distant
Ar atoms also generate well-marked orthogonality structures.
In Fig. 7, the 5s orbital does not look at all similar to an
orbital confined by its neighbors but more similar to an or-
bital spread over the crystal and locally perturbed by the Ar
centers. Since the orbital is large in space, discussing the
effect of the Ar medium in terms of electrostatics inside a
continuous medium is well adapted. In a continuous medium
approach, the 5s orbital would be associated to a spherical
evanescent wave inside the Ar. As for the energy, if one
considers a system formed by a unit positive charge inside a
medium of dielectric constant« s«Ar =1.7 for solid Ard, the
binding energy of a given state varies as«−2. In the present
case of a 5s orbital, the binding energy in the free atom8,9 is
equal to 1.709 eV. For the Ar*s2p3/2

−1 5sd atom inside the Ar
crystal, the binding energy is equal tos−E4s

crystal+DVd, where
DV is the position of the bottom of the conduction band in Ar

FIG. 6. sColor onlined Contour plot of the resonant 4s orbital of
a core-excited Ar*s2p3/2

−1 4sd atom inside an fcc Ar crystal. The
figure presents a cut of the logarithm of the modulus of the 4s
electron wave function in thes100d planesx andy coordinatesd. The
Ar* atom center is located at the origin of coordinates. The electron
density decreases when going from yellow to orange and deep red
sfrom light to dark grayd. White corresponds to very small electron
densities. The contour linessthin full linesd correspond to 1.0 steps.
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with respect to vacuumfDV=0.23 eV in the present model-
ing of solid Ar sRef. 18dg. The 5s binding energy in the
medium is equal to 0.76 eV, i.e., a change of the binding
energy by a factors1.5d−2, consistent with the«Ar

−2

=s1.7d−2 factor. In addition to the approximations implied by
the continuous medium approach, the difference between the
two values can be attributed to the nonpure Coulombic na-
ture of thee-Ar+ core interaction. One can also mention that
the 5s binding energy in the medium directly impliesEpol,
the polarization energy of the Ar medium by the Ar+ ion
core, which is not very rapidly converging with the total
number of Ar consideredssee discussion above in Sec.
III A d; this should lead to an overestimation of the binding
energy in the medium and thus also influence the above com-
parison. In contrast, the change of the energy of the 5s orbital
with respect to an unpolarized Ar mediumsE4s

crystal−Epold, i.e.,
the change of the energy of the 5s absorption line according
to Eq. s3d, is equal to 0.23 eV in bulk Ar, much smaller than
the corresponding value for the 4s orbital s0.91 eV, see Fig.
1d. Incidentally, if the energy shift of the 5s orbital were as
large as that of the 4s orbital, the 5s would be above vacuum
in the present calculation and the Ar*s2p3/2

−1 5sd atom inside
the 381 Ar atom crystal could decay by electron emission
into vacuum, leaving a finite size Ar crystal polarized by the
Ar+ ion core.

Let us now consider the Ar*s2p3/2
−1 4pd excited state. In

the bulk environment of Oh symmetry, thep orbital of the

free atom becomes an F1u orbital and remains triply
degenerate.26 Figure 8 presents a cut of the 4p orbital wave
function for an Ar*s2p3/2

−1 4pd atom embedded inside bulk
Ar. The plane of the cut is the same as in Fig. 6, as well as
the finite size of the Ar crystals381 atomsd. The p orbital is
polarized along thez axis and the other two degenerate or-
bitals could be defined similarly along the other two axes of
the cubic cell of the fcc. One recognizes the global shape of
a pz orbital along thez axis, centered on the Ar* center. The
structures associated with the nearest neighbors are very
strongly marked, whereas those for more distant Ar centers
are weaker. Although more diffuse than the 4s orbital, the 4p
does not spread much over the crystal and still presents the
characteristics of an orbital confined by its nearest neighbors.
The confinement interpretation is confirmed by the energy
shift of the 4p orbital. The energy shift of the 4p orbital in
bulk Ar senergy with respect to an unpolarized mediumd
amounts to 1.05 eV, similar to the value for the 4s orbital
s0.91 eVd. As for the binding energy of the 4p orbital with
respect to a polarized Ar medium, its value in the bulk is
smaller by a factors1.7d−2 than its value in the free atom, i.e.,
the continuous medium prediction. However, the shape of
the 4p wave function in bulk Ar rather supports the confine-
ment picture against the continuous medium picture in this
case. The success of the continuum medium prediction could
then be considered as fortuitous in this case, in view of the
shape of the orbital wave function; alternatively, this can be

FIG. 7. sColor onlined Contour plot of the resonant 5s orbital of
a core-excited Ar*s2p3/2

−1 5sd atom inside an fcc Ar crystal. The
figure presents a cut of the logarithm of the modulus of the 5s
electron wave function in thes100d planesx andy coordinatesd. The
Ar* atom center is located at the origin of coordinates. The electron
density decreases when going from yellow to orange and deep red
sfrom light to dark grayd. White corresponds to very small electron
densities. The contour linessthin full linesd correspond to 1.0 steps.

FIG. 8. sColor onlined Contour plot of the resonant 4p orbital of
a core-excited Ar*s2p3/2

−1 4pd atom inside an fcc Ar crystal. The
figure presents a cut of the logarithm of the modulus of the 4p
electron wave function in thes100d planesx andy coordinatesd. The
Ar* atom center is located at the origin of coordinates. The electron
density decreases when going from yellow to orange and deep red
sfrom light to dark grayd. White corresponds to very small electron
densities. The contour linessthin full linesd correspond to 1.0 steps.
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an indication of a case intermediate between discrete and
continuous media interpretations.

The Ar*s2p3/2
−1 3dd excited state inside the same bulk

environment provides a case intermediate between the two
situations depicted above. In the bulk environment, thed
orbital splits into a doubly and a triply degenerate orbital.26

Figure 9 presents a cut of the wave function of one of the 3d
levels. The plane of the cut is the same as in Fig. 6sz axis
along thef100g direction and plotted as the ordinate axisd
and the orbital derives from adz orbital. One recognizes a
much distorteddz wave. The structures around the Ar neigh-
bors exhibit a twisted double lobe structure. The energy shift
of this 3d orbital in bulk Ar senergy with respect to an un-
polarized mediumd amounts to 0.56 eV, significantly smaller
than the one found for the lower lying orbitals, resulting
from confinement, but larger than that for the 5s orbital. As
for its binding energy in the Ar medium it decreases by a
factor 22 compared to the free atom case. The behavior of
this orbital can then be seen as resulting from an intermedi-

ate situation between confinement and continuous medium
pictures.

D. Discussion

As discussed in Sec. II, the present results on the energy
shift of the excited electron in Ar*s2p3/2

−1 4sd yield an ap-
proximation for the total energy shift of the state and can
thus be compared with the experimental determinations of
the corresponding line energy in x-ray absorption spectros-
copy. The experimental shift of the excitation energy of the
core-excited Ar*s2p3/2

−1 4sd state when the Ar* is inside an
Ar crystal or at its surface, compared to the excitation energy
in the free atom is shown in the right panel of Fig. 1. Various
experimental determinations of these two energy shifts are
available.3–7,10,11

Let us first examine the case of bulk Ar. Experimental
data spread between 0.71 and 1 eVssee right panel of Fig.
1d. They were obtained from experiments either on very
thick layers adsorbed on a substrate3–7 or from the extrapo-
lation of a series of clusters of increasing size.10,11 Taking
into account the scatter of the experimental data, the agree-
ment with the present bulk result, 0.91 eV, is quite satisfy-
ing.

The discussion of the case where the Ar* atom belongs to
the surface of a piece of solid Ar is more difficult. Indeed, the
present theoretical result depends on the surface that is con-
sidered and mainly on the number of nearest neighbors and
the question arises of the number of first neighbors for a
surface atom. This question has been discussed in the context
of Ar clusters. Depending on the number of Ar atoms, the
minimum energy structure of an ArN cluster changes from
polyicosahedral at lowN to bulklike fcc or hcp at large
N.27–30 The growth mode of the cluster, i.e., its mode of
preparation can also influence the cluster structure which can
be different from the minimum energy structure and should
favor structures with defects.29,30 In addition, defects or sites
with a low number of first neighbors could be associated
locally with an Ar-Ar distance different from that in the bulk,
leading to changes in the energy shiftssee Fig. 4d. Björne-
holm et al.10 interpreted the variation of the experimental
2p3/2 binding energy in surface sites on Ar clusters as due to
the variation of the effective number of first neighbors in a
surface site with the size of the clusters. In their modeling,
the number of first neighbors varies from 5 to 8 with the size
of the cluster. A similar effect should be present for a thick
Ar layer, which could exhibit defects and does not form a
perfects111d plane as for 1 ML adsorption on a simple metal
ssee, e.g., Refs. 31 and 18d. For all these reasons, it is very
difficult to decide what should be the crystal structure sur-
rounding an Ar atom when this atom is belonging to the
surface of a piece of Ar crystal. Nevertheless, one can notice
that the experimental data for the surface energy shift spread
between 0.31 and 0.5 eVssee right panel of Fig. 1d. If we
assume that a number of 6 to 9 is a reasonable estimate for
the number of first neighbors on the Ar surface, the theoret-
ical predictions spread between 0.33 and 0.49 eV.

IV. CONCLUDING SUMMARY

Results of a theoretical study of the Ar*s2p3/2
−1 4sd core-

excited state inside a solid Ar environment have been pre-

FIG. 9. sColor onlined Contour plot of the resonant 3d orbital of
a core-excited Ar*s2p3/2

−1 3dd atom inside an fcc Ar crystal. The
figure presents a cut of the logarithm of the modulus of the 3d
electron wave function in thes100d planesx andy coordinatesd. The
Ar* atom center is located at the origin of coordinates. The electron
density decreases when going from yellow to orange and deep red
sfrom light to dark grayd. White corresponds to very small electron
densities. The contour linessthin full linesd correspond to 1.0 steps.
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sented. To analyze the role of the various neighbors in the
perturbation of the excited state, a set of calculations were
performed considering Ar* surrounded by various finite size
pieces of an Ar fcc crystal. The following are the main re-
sults.

The energy shift of the 4s excited electron compared to
the free atom case is mainly dependent on the number of first
neighbors. Higher order neighbors are much less perturbing.

The energy shift of the 4s excited electron compared to
the free atom case roughly varies linearly with the number of
first neighbors.

The present results reproduce the experimentally observed
shift of the absorption line of the Ar*s2p3/2

−1 4sd state be-
tween the cases of a free atom, of an atom in bulk Ar and an
atom belonging to the surface of solid Ar.

Different excited orbitals in the Ar*s2p3/2
−1 nld core-

excited states are differently influenced by Ar neighbors. De-

pending on the relative value of the orbital radius and of the
nearest neighbor distance in the solid, different qualitative
pictures emerge. The 4s orbital can be seen as confined by
the nearest Ar neighbors, whereas the more diffuse 5s orbital
is better described as an orbital expanding in a continuous
dielectric medium. One thus meets the limit between a dis-
crete microscopic description and a continuous dielectric me-
dium description for the qualitative discussion of the behav-
ior of low-energy electrons in the Ar solid.
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