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Core-excited Ar'(2p,, * nl) atoms inside an Ar crystal: Effect of Ar neighbors
on the excited state
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The modifications induced on the core-excited (Bp,,, - 4s) 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 exciteakectron energy both via confinement of the excited orbital and
via polarization of the surrounding medium. The difference between sherlital 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*ntﬁpﬁ{_l 4s) state inside and at the
surface of solid Ar.
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[. INTRODUCTION “caging” effec). The 4 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

. . . '€Gits kinetic energy. A similar effect has also been observed in
tronic properties can be strongly affected by the interactionq case of A*r(2p3/2—1 4s) atoms located at the surface of an

with its environment. In particular, excited electronic statesa; gqjid however, with a smaller shift of the excitation
that can spread over a rather large volume in space can %ergy?v” Recently, core-excited A@2p,,'4s) atoms
much sensitive to their surroundings. The influence of enviy,aye also been studied experimentally in the case of Ar clus-
ronment is, for example, revealed when considering transienfs and the excitation energy has been measured as a func-
excited states at surfaces and their role in surface reactiofyn of the cluster size for both A@2p,;, ! 4s) atoms located
mechanismé? Furthermore, depending on the site on thejnsjde the cluster or on its surfad!l These measurements
surface or inside the solid, one can expect different modifiziearly showed the effect of the environment on the excited
cations of the excited state and then different dynamical bestate energy, which appears to vary with the i@ the
haviors in reactive mechanisms. An appealing model systersiuster surface or inside the clustand with the cluster size.

for analyzing environment effects on the excited state energgor completeness, one can also mention experimental studies
is provided by core-excited atoms inside an insulator envigpf the Ar*(2p3,2‘1 4s) state in the case of Ar atoms adsorbed
~! 49) state inside solid Ar o metal surfaces or inside atomically thin Ar layers ad-

When an atom(a molecul¢ is embedded in a host me-
dium or adsorbed on the surface of a host medium, its ele

ronment, such as the A2p,,
which is studied here. In such a system, the localized Charsorbed on metal surfacé§:12‘14ln this case too, the envi-

acter of the core excitation Severely limits the traveling pOSTonment(meta|+Ar) of the excited state was found to Sig-

S|b|l|ty of the excitation duril’lg the excited state ”fetime, SO niﬁcantly alter the excited state properties_ However, on a
that the excitation can be considered as localized on one sitgetal surface, the dynamics of the excited state is deeply
of the crystal, then allowing for the analysis of site- modified by the coupling with the metal conduction band

dependent effects. Secondly, although the excitation energat brings a new decay channel for the excited state via
of the system is large, the excited electron cannot decay bi¢ansfer of the excited electron into the metal. This system
transfer of the excited electron into the solid conductionpresents strong site effects: both the energy of the excited
band; such core-excited states only decay by multielectrogtate and the dynamics of the electron transfer into the metal

interactions. As a consequence, the analysis of there found to strongly depend on the*Abcation in the
Ar’(2py, - 4s) state energy can be performed easily and resystem.

veals the influence of the solid environment on tkexcited The aim of the present theoretical work is to determine
orbital. how the Ar neighbors inside an Ar crystal modify the energy
The core-excited AX2p,, * 4s) state in an Ar solid en-  of the excited state. This is performed via the study of the
vironment has been the subject of several experimental stugkr*(2p,,* 4s) state inside a few different environments.
ies in the past years” In the case of Ai(2p,, ' 4s) atoms  This problem has already been studied using a spherical
embedded inside bulk Ar, the excitation energy of themodel of the Ar surrounding,in which the perturbation of
Ar"(2pg,  4s) state from the ground state was found to bethe Ar neighbors is modeled by an additional potential,
shifted by a significant amourt0.7—1.0 eV from its value  spherically symmetric around the Ar center; in this ctse,
in the free aton¥:® This effect of the environment on the only global absorption spectra summing up the contributions
excited state energy was attributed to the confinement of thigom all the various atoms in given icosahedra clusters have
4s orbital by the Ar neighbors in the crystdéhlso called been reportedsee also Ref. 16 for a review on atomic spec-
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tra perturbations inside spherical cagés the present work, tion part, and has been adjusted in Ref. 18 to describe the
we use a microscopic representation of the Ar atoms sutow-energy electron-Ar scattering. The electron-interaction
rounding the core-excited state, allowing a detailed analysibetween the electron and the finite size Ar crystal is obtained
of the environment effect. For this purpose, we study theby the superposition of the interactions between the electron
Ar*(2py, * 49) atom inside a finite size piece of an Ar fcc and the various Ar atoms in the crystal, with proper care of
crystal. Varying the size and geometry of the system allowshe polarization of each Ar atom by the electron, by thé Ar
an analysis of the energy of the excited state as a function abn core and by the other polarized Ar atofsse Ref. 18 for
the number of Ar neighbors. This study is performed with thedetailg. For the present study, we chose the definition of the
microscopic model description of solid Ar developed to Vear crystal POtENtIAl SUCh as when the electron goes to infin-
study the effect of thin Ar films on image potential stafé§ ity, the potential goes to the polarization energy of the Ar
and also applied to a study of the*AZpg,{l 4s) state in a  crystal by the remaining Arcore. The present procedure for
thin Ar film adsorbed on a metal surfat®ln the latter case, computing theVe  cystal POtENtIAI, taking the mutual polar-
it was possible to show how the neighboring Ar atoms andzation of the Ar atoms into account, ensures the proper di-
metal surface influence the excited state properties. Twelectric character of the Ar crystal. It was found to be very
main effects were invoked: confinement and polarization oficcurate in describing low energy electrons inside bulk Ar as
the excited orbital; both effects are shown below to play arwell as the perturbation induced by an atomically thin Ar
important role in the present study of finite size Ar crystals.layer on the C(100) image potential staté$.
At this point, it must be stressed that the present finite size The electron wave packdt(r,t) is written in cylindrical
objects are designed to illustrate the effects of Ar neighborgoordinatesp, ¢,2), with the z axis along a high symmetry
on the excited state energy in a solid environment and theyxis of the fcc crystal. Depending on the number of Ar atoms
cannot be considered as realistic Ar clusters although thand on the geometry of the piece of crystal that was consid-
corresponding results give some insight into the cluster casered, thez axis is an-fold symmetry axis witm=2, 3, 4, or
A realistic cluster study would involve objects with well- 6. Typically the grid involves(n,=400, n,=64, n,=256)
defined size and structure, which, priori, are not always points. The points are equally spacedfimandz coordinates,
pieces of a perfect fcc crystal. whereas coordinate mapping is used for gh@ordinate(see
Refs. 19 and 20 for detajlsThe time propagation of the
electron wave packeW(r,t), detailed in Ref. 19, is per-
Il. METHOD formed using the so-called “split” approximatiéh?* The

The system formed by a core—excited*mpg,z‘l 4s) typical propagation time step is 0.1 a.u.

atom inside an Ar crystal has been studied using the same 1H€ Propagation was started at tirte0 with the wave
method as the one used in our earlier study of theP@cket¥(r,0) equal tod(r), the 4 electron wave function

* -1 .
Ar*(2p,;,” 49) atom adsorbed on a metal and of the electron” the free AT(2p,, © 4s) atom[for the tests calculations on
transfer between the excited atom and the metal sutfite; Other Ar(2pz, - nl) core-excited states, the corresponding
Only a brief overview is given here. The method consists irdependent wave packd(r,t), one defines the survival am-
studying the time evolution of the outes 4lectron of the Plitude of the system in the initial state
Ar'(2py, * 49) state by a one-electron WPP method. The B .
environment of the A(2p,,, * 4s) atom is formed by a piece Alt) = (P ¥ (T'D). (2)

of an fcc Ar crystal with an Ar-Ar distance equal to that in Tpe real part of the Laplace transform Aft) yields the

bulk Ar, i.e., dar.ar=7.038.2 Calculations were performed ensity of state€DOS) of the system, projected on the initial
using different numbers of Ar neighbors, up to a few hun-giate e on thedlorbital of the free atom. Large peaks in

dreds(see bt_alow_. ) ) the DOS as a function of the energy indicate the positions of
The Hamiltonian governing the evolution of the élec-  he states with a large overlap with the atomic freemital
fron s written as (see Ref. 20 for detailsIn the present one-electron study in

H=T+V. s +V , (1 a finite system, the glelectron has a negative energy with
eArcore T TeAr arystal respect to vacuum and so, is in a stable bound $tlgéecore
whereT is the electron kinetic energy. hole decays via multielectron interactions not taken into ac-

Veartcore 1S the excited electron interaction with the count in the present stuglyln the projected DOS obtained
Ar+(2p3,2‘1) core. It is a pseudopotential of the with finite time propagation, thesdstate then appears as a
Kleinman-Bylandet? form. Its explicit expression is given in  peak with a finite width determined by the propagation time.
Ref. 19, where it has been adjusted to reproduce the binding The wave function of the slelectron has been computed
energies of the outetl electron in the Ar(2p,, * nl) states ~ with the method outlined in Ref. 20; it is obtained via the
as they are known from experiments on free Ar at@fs. Laplace transform of the time-dependent wave patket t)

Venr aystal IS the interaction of the electron with the piece at the state energy. If we assume that the shift of the
of Ar solid surrounding the core-excited AThe Ve ar crystal Ar*(2p,,, ! 4s) absorption line due to the presence of the Ar
potential is built from a model local potentisl, 5,, describ-  crystal is only due to the change of the dne electron en-
ing the interaction between an electron and a single Ar atomergy and to polarization energ¥the absorption line energy

it is the sum of a short-range part and a long-range polarizain the crystal cas&SY>® can be approximated by
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crystal __ atom_ —atom crystal _ T T
Eabs - Eabs E4s + E4S Epol’ (3)
1.0 |

where E2[%" is the absorption line energy in the free atom

case E5°Mis the one electron energy of the dlectron in the
free atom(with respect to vacuuinESY*?is the one electron 0.8
energy of the 4 electron in the crystalwith respect to
vacuum and a crystal polarized by the*Arore), andE, is

the polarization energy of the Ar crystal by the*Aon core

o
o)}
T

Energy shift (eV)

alone. With the present definition of thg A crystas POtential <o
(see abovg the WPP calculation provides the energy of the g (4| 1
outer 4 electron with respect to vacuum and an unpolarized 9

finite size Ar crystal, i.e., the quantitfGys'?- Epo). S0 com-

paring the 4 electron energy in WPP calculations with and 0.2
without the Ar crystal surrounding the core-excited’ Ali-

rectly yields the energy shift of the ,*D(QpS,z‘1 4s) absorp-

tion line, as given by Eq(3). Equation(3) only considers 0. 0 5 1'0
changes in the dlelectron and polarization energies; as dis- Number of first neighbours
cussed below these changes correspond to the effect of the

excited electron confinement and of electrostatic polarization FIG. 1. Left panel: energy shift of thes4excited electron in
interactions. These energy changes are thought to be Strong@rious environments, as a function of the number of nearest neigh-
than the variation of the other interactions, in particular ofbors(see text for the definition of the various environmenull

the van der Waals interaction responsible for the Ar-Ar in-Circles: systems with only nearest_neighbors. Crosses: systems with
teraction in the ground state. Indeed, as shown below, th@ variable number of distant neighbors. The stiree nearest
energy change for an Ain bulk Ar is of the order of 0.9 eV, nelghborsglve§ the result for Arlocated at one of the corners of.a
whereas the cohesive energy per atom in solid Ar is of thdetrahedron. Right panel: experimental results for the energy shift of

- . he Ar(2p -1 4s) state in bulk Ar(full symbolg and on the sur-
order of 80 meV. Equatiof8) should then give a reasonable 312
estimate of the Nra?bsorpfi?))n line shift. 9 face of bulk Ar(open symbols Bulk Ar: full square(Refs. 4—8,

full diamond and right triangléRef. 3, full left triangle (Refs. 10
and 113, full up triangle (Ref. 7). Surface: open diamond&efs. 5
and 6, open up triangléRef. 11, open down triangléRefs. 7 and
10).

(=]

Ill. RESULTS

A. Energy shift of the Ar*(2p,, * 4s) state as a function

of its environment involved larger systems, while keeping the nature and the

symmetry of the simple object.

We have determined the change in ttseefectron energy As the first remarkable feature in Fig. 1, the energy shift
for a set of systems, in which the core-excited Ag sur-  of the 4 electron is seen to mainly depend on the number of
rounded by a finite size fcc Ar crystal with a variable numberfirst neighbors, the addition of second or larger order neigh-
of Ar neighbors. Both the number of nearest neighbors andors only slightly modifies theslenergy shift. This aspect is
that of more distant neighbors have been varied. For comtfurther illustrated in Fig. 3, which presents an enlarged pic-
puter time saving, systems with a reasonably high symmetryure of the 4 energy shift for systems with nine first neigh-
have been favored; they were chosen such that a high synbors[(111) surface of the fctas a function of the total num-
metry rotation axis existed, that could be taken aszthgis  ber of Ar neighbors. The largest system involved 284 Ar
in the WPP calculation. atoms. The convergence of the énergy is detailed for two

The left panel of Fig. 1 summarizes the computsded-  kinds of systems: a system formed by yal 2 ML thin film
ergy shift as a function of the number of Ar first neighbors.or by a thicker film. The Ar distant neighbors located both
Systems, in which only first neighbors are present around thelose to the surface or deep in the solid contribute to the
core-excited At atom, are represented by filled circles, while energy shift. The convergence of the energy with the total
systems with a certain number of additional more distanhumber of Ar atoms is not very fast. However, the total en-
neighbors are represented by crosses. Some of the systerasgy shift due to the distant neighbors is small; in this case, it
in which only first neighbors are present around the coreamounts to 30—40 meV, i.e., of the order of 7% of the total
excited Af atom, are schematically depicted in Fig. 2. Theenergy shift induced by all the neighbors.
simple systems only involving first neighbors correspond to The weak effect of the distant Ar neighbors corresponds
(increasing number of first neighbgra diatom, a triangle, a to the localized character of thes 4rbital that is well con-
planar triangle surrounding Afschema(a) in Fig. 2], the  centrated around the excited atdsee below. The interac-
(100 plane of the fcc crystdlschemab) in Fig 2], the(111)  tion with the distant Ar atoms is due to the anisotropic charge
plane[schemdc) in Fig. 3], the (100 surface/schemdd) in distribution around the Arwhich polarizes the surrounding
Fig. 2], the(111) surfacg schemde) in Fig. 2], bulk fcc with  Ar medium. In the present ca$é€l1l) surfacg, the leading
two vacancies, bulk fcc with one vacancy, and bulk fcc. Forterm corresponds to the dipole moment of theeobital. It
the systems corresponding to a plane, a surface or bulk Amust be stressed that the convergence illustrated in Fig. 3 is
the calculations with a variable number of distant neighborsnuch faster than the one for the polarization ene(fgy,),
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FIG. 3. Energy shift of the glexcited electron in various envi-
ronments as a function of the inverse of the total number of Ar
atoms in the system. The Acore-excited atom is surrounded by
nine nearest neighbors following the geometry of th&l) surface

(e) 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 thicknesg$more than two atomic plangand size.

equal to that of bulk Ar. However, one can expect the

FIG. 2. (Color online Schematic representatidtop view) of nearest-nelghbor distance in a finite size system tp d_lffer
some of the systems studied in the present work. The excited Afrom that in bulk Ar(see, e.g., the case of a thin atomic film
atom is surrounded by some of its first neighbors in an fcc crystalon Cu in Ref. 18 To illustrate a possible effect of the
The excited Af atom is symbolized by an orange sphere, the ArAr-Ar distance, Fig. 4 presents the result for the energy shift

first neighbors located in the same horizontal plane dsbgryel-  in the case of the system with only nine first neighksssn-
low spheres, and the Ar first neighbors located in the second layenetry of a(111) surface, schemée) in Fig. 2] as a function
by light yellow spheres. of the Ar-Ar distance. As expected for a confinement effect,

the energy shift quickly increases when the Ar-Ar distance

which involves the polarization of the Ar medium by a gecreases. This can lead to significant effects when consid-
charge(see, e.g., the calculation of the change of tipg2

energy in Ref. 2h - - -

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 0.6
interpretation of the energy shift as being due to the confine-
ment of the 4 orbitals by the Ar neighbors: confinement
increases with the number of first neighbors; second and fur-Z 0.5
ther neighbors do not significantly contribute to the confine- ;
ment. This view is, however, too simple: one can notice that
(i) the linear variation of the energy shift with the number of
nearest neighbors is only approximate dmgdistant neigh-
bors appear to contribute in different ways to the energy
shift, their effect being opposite for bulk Ar as compared to 0.3 r ]
the case of planes and surfaces. One can also stress that tt
energy shift strongly depends on the geometry and symmetry
of the object as illustrated in the case of three first neighbors. 0'26 0 6.5 7'0 7'5 8.0 35
The energy shift is different for a planar obje@r” sur- ’ T ArAr distance '(au) ' ’
rounded by a triangleand a tetrahedrofAr” is one of the A
tetrahedron corneysThe confinement of thesdorbital can FIG. 4. Energy shift of the gtexcited electron as a function of
be thought to be different in the two cases. This differencene distance between two Ar neighbors. Thé Bore-excited atom
can also be linked to the difference between surface and bull surrounded by nine nearest neighbors following the geometry of
systems discussed below. the (111) surface of an fcc Ar crystdschemae) in Fig. 2]. The 4

All the results presented in Figs. 1 and 3 have been obenergy shift is presented as a function of the distance between the
tained for finite size fcc crystals with the Ar-Ar distance Ar atoms.

eV)

04 :

Energy shifi
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ering finite size systems and/or adsorbed systems. As an e>  -20.0
ample, 1 ML Ar adsorbs on QL0OO) with an Ar-Ar distance

around 7.53, (Ref. 18 in contrast with the bulk distance of

7.03,. In this system, the Ar adsorption is influenced by the
structure of the Cu substrate, leading to an Ar-Ar distancez 14, -
quite different from that in bulk Ar. As seen in Fig. 4, such an 3
Ar-Ar distance change would correspond to a 30% change ol
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-3
ber of neighbors, the effect rapidly decreasing with the dis-
tance. This feature is interpreted as a consequence of t
polarization of the Ar medium by thes4lectron. Indeed, in
a surface geometry, thesdrbital is embedded in an aniso-
tropic environment, allowing a mixture gf ands orbitals.
The 4 orbital is then polarized and the associated dipole
interacts with all the Ar atoms in the system, lowering tise 4 20.0 -
energy shift. This interaction concerns both first and more 200 -10.0 0.0 10.0 20.0
distant neighbors and converges more slowly with the total
number of neighbors than the confinement effect. This polar-
ization of the 4 orbital is analogous to that found in the case :—_'—_|
of Ar atoms adsorbed on a metal surfadalthough signifi- 20 00 20
cantly weaker. In contrast, when the core-excitetl @&om is ’ ’ ’
inside bulk Ar, the environment symmetry is,@nd sym- FIG. 5. (Color online Contour plot of the resonansrbital of
metric and antisymmetric states with respect to thee®n-  a core-excited Ai(2p,;, * 4s) atom on the(111) surface of an fcc
ter cannot mix. No dipole is present on the Avhich would  Ar crystal. The excited Aratom is one of the surface atoms. The
polarize the surrounding mediuiiiigher order multipoles figure presents a cut of the logarithm of the modulus of tse 4
are indeed possibleOne can then expect the confinement toelectron wave function in thél12) plane normal to the surface in
dominate with a 4 energy shift increasing with the number cylindrical coordinates parallel and perpendicular to the surface.
of neighbors. The different geometry of the surface and bulkrhe coordinate normal to the surface is positive in vacuum and the
environment leads to different physical situations and thus té\r" atom center is located at the origin of coordinates. The electron
different behaviors. This interpretation can also be used fodensity decreases when going from yellow to orange and deep red
the discussion of the nonexactly linear variation of the en<{from light to dark gray. White corresponds to very small electron
ergy shift with the number of first neighbors, which exhibits densities. The contour lindthin full lines) correspond to 1.0 steps.

a faster increase between 9 and 12 first neighkses Fig.

1). This can be linked to the change of geometry of thedescribed with a pseudopotential in the region around the
object: either a surface environment with a half free spacerigin of coordinates. In the free atom, it is a nodeless spheri-
where the 4 orbital can be polarized, or bulk surrounding cal orbital, very small around the atom center. The electronic
without free space for thesfelectron to spread. The change cloud is significantly distorted from its spherical shape in the
of polarization energies between the two kinds of geometnfree atom, its maximum being outside of the crystal. Typi-
could account for the steep rise of the energy shift between 8ally, the electron density maximum is shifted bg,Jrom

and 12 neighbors. This interpretation can be further tested bihe Ar' center. However, despite this asymmetry, tisco#
looking at the wave functions of thesrbital in different  bital main lobe is mainly located in the vicinity of the Ar
environments. center, and only the tail of the orbital spreads over a few
Ar-Ar distances. The gelectron energy lies inside the band
gap of solid Ar and so the Ar crystal is a classically forbid-
den region for the delectron. Two nearest Ar neighbors on
the surface appear as double lobe structures in the wave

Figure 5 presents the wave function of treotbital when  function. The shape of these structures is due to the orthogo-
the Ar(2p,, * 4s) atom belongs to thél11) surface of an nality condition imposed by the-Ar interaction potential.

Ar solid. The Af is surrounded by nine first neighbors and Since this potential binds two core levétsandp symmetry

the calculation included a total number of 284 Ar atoms. Thein the free atorjy the outer 4 orbital has to be orthogonal to

z axis of the WPP calculation is normal to tiEL1) surface these core levels. One can notice that the double lobe struc-
andz>0 is in vacuum. The Aris at the origin of coordi- ture in the case of the nearest neighbors does not point to-
nates. The calculation is three dimensional and the figurevard the center of Ar Its direction is rather determined by
presents a cut of the 3D electron density in thé2) plane the distorted shape of the electronic cloud around tHeaAd

perpendicular to the surface, including thexis and one of ~the double lobe structure points to the maximum of tise 4
the axes parallel to the surface. One recognizes stabital  electronic cloud. Th€112) plane of the figure only contains

e surface (al

0.0

ndicul

Perpel

10.0

Parallel to the surface

B. Wave function of the 4s excited orbital
in various environments
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-20.01 side the band gap of solid Ar and cannot propagate into the

Ar crystal. The 4 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 adlorbital 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 4 electron energy being inside the Ar band gap and thus
of the 4 electron unable to propagate freely inside bulk Ar
and associated with an evanescent wave inside the bulk.

-10.0

Y (a0)

0.0

10.0

C. Wave function of higher lying excited orbitals
20 <Al : . : inside bulk Ar

The case of the Af2p,, * 4s) 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

FIG. 6. (Color onling Contour plot of the resonans4rbital of ~ bulk Ar. One can wonder about the case of afi(2p,, " nl)

a core-excited Ai(2p,, * 4s) atom inside an fcc Ar crystal. The core-excited state, in which the size of the corresponding
figure presents a cut of the logarithm of the modulus of tee 4 excited orbital in the free atom is larger than the distance
electron wave function in th€00) plane(x andy coordinates The  between Ar atoms in bulk Ar. Then, would the confinement
Ar" atom center is located at the origin of coordinates. The electropicture still be valid or would the excited orbital spread over
density decreases when going from yellow to orange and deep reghe crystal? To get some insight into this problem, we studied

(from light to dark gray. White corresponds to very small electron jith the same method a few higher lying core-excited
densities. The contour lingghin full lines) correspond to 1.0 steps. Ar*(2p3,2'1 nl) states in bulk Ar.

Ar atoms in the first layer and in the fourth layer. As a con- _Figure 7 presents a cut of the Brbital wave function for
sequence, the orthogonality constraints due to the Ar atom@ Ar (2pz; ~ 5s) atom embedded inside bulk Ar. The plane
in the second and third layer are not very well marked sinc®f the cut is the same as in Fig. 6, as well as the finite size of
the corresponding atoms are not in the plane of the figurehe Ar crystal(381 atoms One recognizes thesborbital
The double lobe structure of the atom in the fourth layer iscentered at the origin of coordinates. With the pseudopoten-
barely visible due to the distance from the"Asenter. To tial used here, the orbital exhibits one node, which ap-
summarize, the gorbital appears to be repelled by the near-pears at a distance of about &,5rom the center. The main
est Ar neighbors that prevent the orbital to spread freely ifobe of the wave function is now spread over a large area of
the crystal and the orbital appears to be pushed into vacuurihe crystal. It retains an overall spherical symmetry with lo-
There is thus a significant dipole associated with theldéc-  calized structures around the Ar neighbors. The four nearest
tronic cloud that can polarize the neighboring Ar crystal. Theneighbors are associated with stronger structures, but distant
polarization of the 4 orbital appears similar to that found in Ar atoms also generate well-marked orthogonality structures.
the case of Aradsorbed on a metal surface or on a thin Arln Fig. 7, the $ orbital does not look at all similar to an
layer on a metal surfad€,however, in a weaker manner. orbital confined by its neighbors but more similar to an or-
The situation appears different in the case of thebital spread over the crystal and locally perturbed by the Ar
Ar*(2p3,2‘l 4s) atom embedded inside bulk Ar, shown in Fig. centers. Since the orbital is large in space, discussing the
6. The Af is at the center of the figure which presents a cuteffect of the Ar medium in terms of electrostatics inside a
of the 4s wave function in thg100) plan. The ordinate axis continuous medium is well adapted. In a continuous medium
is the z axis of the WPP calculation and is along ff®1] approach, the $orbital would be associated to a spherical
direction of the Ar crystal. The calculation involved 381 Ar evanescent wave inside the Ar. As for the energy, if one
atoms. One recognizes the électronic cloud around the considers a system formed by a unit positive charge inside a
origin of coordinates. It is strongly distorted by the four near-medium of dielectric constant (e5=1.7 for solid Ap, the
est neighbors present in the plane of the figure, which lead tBinding energy of a given state varies &$. In the present
the four strong double lobe structures surrounding thée Arcase of a § orbital, the binding energy in the free atbfris
center. Although distorted, thesZlectronic cloud remains €qual to 1.709 eV. For the A2p, * 55) atom inside the Ar
mainly localized around the Arcenter and does not spread crystal, the binding energy is equal teESY*+AV), where
much over the Ar crystal. Here again, the dlectron is in- AV is the position of the bottom of the conduction band in Ar
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FIG. 8. (Color online Contour plot of the resonanp4rbital of
FIG. 7. (Color*online Contour plot of the resonans®rbital of 5 ¢ore-excited AK(2p,;, * 4p) atom inside an fcc Ar crystal. The
a core-excited A2p,, * 5) atom inside an fcc Ar crystal. The figure presents a cut of the logarithm of the modulus of tpe 4
figure presents a cut of the logarithm of the modulus of tse 5 glectron wave function in th€100) plane(x andy coordinatel The
electron wave function in thet00) plane(x andy coordinates The  Ar* atom center is located at the origin of coordinates. The electron
Ar” atom center is located at the origin of coordinates. The electrora]ensity decreases when going from yellow to orange and deep red
density decreases when going from yellow to orange and deep regrom light to dark gray. White corresponds to very small electron

(from light to dark gray. White corresponds to very small electron gensities. The contour lindhin full lines) correspond to 1.0 steps.
densities. The contour lingghin full lines) correspond to 1.0 steps.

) . free atom becomes an,F orbital and remains triply
with respect to vacuurpAV=0.23 eV in the present model- 6 Fi f th ital
ing of solid Ar (Ref. 18]. The % binding energy in the degeneraté® Figure 8 presents a cut of the 4rbital wave

. * _l . .
medium is equal to 0.76 eV, i.e., a change of the bindindc:rn(f;'r?; floarnznof:r(]ipglzt .:m:g:;:g:i??fd 'gsfse bglllkas
energy by a factor(1.572, consistent with thes, th. f 'tp' £ th Au : 1881 at ITh '9. ’b't IW
=(1.7)72 factor. In addition to the approximations implied by € finite size of the Ar Crys atom$ The p orbital is

the continuous medium approach, the difference between t olarized along tha axis and the other two degenerate or-

two values can be attributed to the nonpure Coulombic na° itals could be defined similarly along the other two axes of
ture of thee-Ar* core interaction. One can also mention that{N€ cubic cell of the fcc. One recognizes the global shape of

the 5 binding energy in the medium directly implie,q, a p, orbital along _tha axi_s, centered on the Acenter. The

the polarization energy of the Ar medium by the*Apn  Structures associated with the nearest ne!ghbors are very

core, which is not very rapidly converging with the total Strongly marked, whereas those for more distant Ar centers

number of Ar consideredsee discussion above in Sec. are weaker. Although more diffuse than treotbital, the 4

Il A); this should lead to an overestimation of the bindingdoes not spread much over the crystal and still presents the

energy in the medium and thus also influence the above congharacteristics of an orbital confined by its nearest neighbors.

parison. In contrast, the change of the energy of therbital  The confinement interpretation is confirmed by the energy

with respect to an unpolarized Ar mediL(EZgySta'— Epo). i.€.,  shift of the 4 orbital. The energy shift of theptorbital in

the change of the energy of the &bsorption line according bulk Ar (energy with respect to an unpolarized medjum

to Eq.(3), is equal to 0.23 eV in bulk Ar, much smaller than amounts to 1.05 eV, similar to the value for the drbital

the corresponding value for thes 4rbital (0.91 eV, see Fig. (0.91 e\). As for the binding energy of thepdorbital with

1). Incidentally, if the energy shift of thesSorbital were as  respect to a polarized Ar medium, its value in the bulk is

large as that of the<lorbital, the 5 would be above vacuum smaller by a factof1.7)"2 than its value in the free atom, i.e.,

in the present calculation and the"A2p,, * 5s) atom inside  the continuous medium prediction. However, the shape of

the 381 Ar atom crystal could decay by electron emissiorthe 4p wave function in bulk Ar rather supports the confine-

into vacuum, leaving a finite size Ar crystal polarized by thement picture against the continuous medium picture in this

Ar* ion core. case. The success of the continuum medium prediction could
Let us now consider the A2p,;, * 4p) excited state. In  then be considered as fortuitous in this case, in view of the

the bulk environment of Psymmetry, thep orbital of the  shape of the orbital wave function; alternatively, this can be
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ate situation between confinement and continuous medium
pictures.

D. Discussion

As discussed in Sec. Il, the present results on the energy
shift of the excited electron in Af2p,,, * 4s) 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(2p,, * 4s) state when the Aris 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
available3-7:10.11

Let us first examine the case of bulk Ar. Experimental
data spread between 0.71 and 1 @€e right panel of Fig.

1). They were obtained from experiments either on very
thick layers adsorbed on a substfateor from the extrapo-
lation of a series of clusters of increasing si2é! 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 thé 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-
20,0 100 00 10.0 20.0 sidered and mainly on the number of nearest neighbors and
X (a0) the question arisps of the number of _first neighbors for a

surface atom. This question has been discussed in the context
m of Ar clusters. Depending on the number of Ar atoms, the
0.0 2.0 4.0 minimum energy structure of an Arcluster changes from

polyicosahedral at lowN to bulklike fcc or hcp at large

FIG. 9. (Color onling Contour plot of the resonantrhbital of N.27-30 The growth mode of the cluster, i.e., its mode of
a core-excited Al2p,, * 3d) atom inside an fcc Ar crystal. The preparation can also influence the cluster structure which can
figure presents a cut of the logarithm of the modulus of tde 3 pe different from the minimum energy structure and should
electron wave function in theL00) plane(x andy coordinates The  fayor structures with defec®:* In addition, defects or sites
Ar atom center is located at the origin of coordinates. The electroRyith a low number of first neighbors could be associated
density decreases when going from yellow to orange and deep redca|ly with an Ar-Ar distance different from that in the bulk,
(from !lght to dark gray_Whlt_e corrgsponds to very small electron leading to changes in the energy skiee Fig. 4 Bjérne-
densities. The contour lingghin full lines) correspond to 1.0 steps. holm et all® interpreted the variation of the experimental

2ps), binding energy in surface sites on Ar clusters as due to
an indication of a case intermediate between discrete aniihe variation of the effective number of first neighbors in a
continuous media interpretations. surface site with the size of the clusters. In their modeling,

The AF(2p,, * 3d) excited state inside the same bulk the number of first neighbors varies from 5 to 8 with the size
environment provides a case intermediate between the twef the cluster. A similar effect should be present for a thick
situations depicted above. In the bulk environment, ¢the Ar layer, which could exhibit defects and does not form a
orbital splits into a doubly and a triply degenerate ortital. perfect(111) plane as for 1 ML adsorption on a simple metal
Figure 9 presents a cut of the wave function of one of ttie 3 (see, e.g., Refs. 31 and)1&or all these reasons, it is very
levels. The plane of the cut is the same as in Figz éxis  difficult to decide what should be the crystal structure sur-
along the[100] direction and plotted as the ordinate axis rounding an Ar atom when this atom is belonging to the
and the orbital derives from d, orbital. One recognizes a surface of a piece of Ar crystal. Nevertheless, one can notice
much distorted], wave. The structures around the Ar neigh-that the experimental data for the surface energy shift spread
bors exhibit a twisted double lobe structure. The energy shifbetween 0.31 and 0.5 etéee right panel of Fig.)1 If we
of this 3d orbital in bulk Ar (energy with respect to an un- assume that a number of 6 to 9 is a reasonable estimate for
polarized mediumamounts to 0.56 eV, significantly smaller the number of first neighbors on the Ar surface, the theoret-
than the one found for the lower lying orbitals, resultingical predictions spread between 0.33 and 0.49 eV.
from confinement, but larger than that for the &bital. As
for its binding energy in the Ar medium it decreases by a
factor 2 compared to the free atom case. The behavior of Results of a theoretical study of the A2p,,, * 4s) core-
this orbital can then be seen as resulting from an intermediexcited state inside a solid Ar environment have been pre-

-20.0

-10.0 1

Y (a0)

0.0+

10.0

20.0

IV. CONCLUDING SUMMARY
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sented. To analyze the role of the various neighbors in theending on the relative value of the orbital radius and of the
perturbation of the excited state, a set of calculations wer@earest neighbor distance in the solid, different qualitative
performed considering Arsurrounded by various finite size pictures emerge. Thesdrbital can be seen as confined by
pieces of an Ar fcc crystal. The following are the main re-ne nearest Ar neighbors, whereas the more diffisserbital

sults. is better described as an orbital expanding in a continuous

The energy shift of the glexcited electron compared {0 o160 cic medium. One thus meets the limit between a dis-
the free atom case is mainly dependent on the number of firs

neighbors. Higher order neighbors are much less perturbin%rete microscopic description and a continuous dielectric me-
The energy shift of the stexcited electron compared to ium description for the qualitative discussion of the behav-

the free atom case roughly varies linearly with the number ofor of low-energy electrons in the Ar solid.
first neighbors.
The present results reproduce the experimentally observed

shift of the absorption line of the Ai2p,, * 4s) state be- ACKNOWLEDGMENT
tween the cases of a free atom, of an atom in bulk Ar and an
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