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The self-consistent atom-jellium model developed previously for the study of atomic chemisorption on
simple metals is used here to study extra-atomic shifts in core-electron binding energies. Within a single
internally consistent model, we calculate both the relaxation shift and chemical shifts due to charge transfer,
atomic compression, the surface dipole layer, and metal-adatom bonding. We also study in detail the
accuracy of purely atomic and purely metallic approximations to relaxation in the combined metal-adatom

system.

I. INTRODUCTION

We discuss in this paper the change in the binding
energy of an atomic core electron which occurs
when the atom is allowed to chemisorb on the sur-
face of a simple metal. This energy change can be
determined via x-ray photoemission of the core
electron.! We consider changes which take place
prior to the removal of the electron (chemical or
initial- state effects) as well as those associated
with the screening of the core hole (relaxation or
final- state effects). In addition to the energy shifts
associated with these effects, our calculations
provide a detailed description of the microscopic
electron density changes which cause them. We
shall refer to all effects caused by the interaction
with the metal as extra-atomic, even if the spatial
interior of the atom is involved.?

The primary motivation for this study is the fact
that extra-atomic binding energy changes are large
and must be understood in order to profit fully
from x-ray photoemission measurements. The
atom-jellium model®*~¢ we have developed for the
study of atomic chemisorption on simple-metal
surfaces provides us with a powerful analytical
tool which was not available in earlier studies of
this problem. The analysis of extra-atomic effects
on core levels within this model of chemisorption is
particularly interesting because the model, while
both conceptually transparent and solvable, pos-
sesses the essential physical and chemical content
of the problem. The lower symmetry of the chem-
isorption geometry, as compared with that of im-
purity sites inside a metal, allows us to study a
wider variation in the chemical environment of the
excited atom than in the impurity case. Thus, for
example, we can follow the behavior of a core level,
both before and after the removal of an electron,
as the atom is moved through the surface dipole
layer of the metal. The fact that our analysis of
the atom-jellium model involves no assumptions of
spherical symmetry etc. permits us to extract the
full physical and chemical content of the model.?"*
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To make the general distinction between chem-
ical and relaxation effects more concrete, consider
a specific example. In Fig. 1 we show the valence
state density of sodium chemisorbed on a high-
density simple metal. The fundamental peak in
each of the two spectra in this figure is derived
from the sodium 3s level. It is broadened by the
formation of the chemisorption bond and its initial
energy position above the Fermi level of the metal
indicates that the atomic level has emptied; these
changes result in chemical shifts of the core lev-
els. When an electron is removed from the sodi-
um core, the attractive electrostatic potential cre-
ated by the hole (equivalently, the reduced screen-
ing of the nucleus) lowers the valence resonance
through the Fermi level, as shown in the figure,
so that in this case the principal final-state effect
is the reoccupation of the atomic level which was
emptied in the formation of the ionic chemisorp-
tion bond; it is the charge which reoccupies this
level that screens the core hole. The chemical
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FIG. 1. State density of chemisorbed Na before and
after removal of 2s core electron. (Curves shown repre-
sent the differences between the total state density of
the metal-adatom system and that of the bare metal.)
High-density (r¢ =2) substrate. Metal-adatom separa-
tion minimizes total energy of ground state (see Ref.

29). Discrete portion of spectrum not shown.
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shift of the 2s core level in this example is —=1.0 eV
(a binding energy increase); the relaxation shift is
4.5 eV (a binding energy decrease). As this ex-
ample suggests, the energy position of the resonance
energyand its sensitive dependence on the occupation
of the resonance make the self-consistent -field as-
pect of our atom-jellium model particularly impor-
tant for the study of this problem.

There has been a variety of work done previously
on different aspects of the core-level binding prob-
lem. Most of this work was concerned with bulk
solids, and dealt with either impurity atoms in
metals or the metal atoms themselves.” This work
is discussed in another paper® by us which focuses
on solids. Previous treatments® ! in the literature
for extended metal surfaces are basically perturba-
tive and essentially independent of the factor which
we find to be most important, the atomic number
of the excited atom.!? In addition to dealing with
surfaces, the focus of our work is the nature of the
fully developed (in time) screening charge, the con-
ceptual picture most useful for describing it and,
in particular, its variation with the atomic number
of the atom being excited.

The balance of the paper is organized as follows.
In Sec. II we describe our calculations, the model
on which they are based and the numerical results
we obtain. In Sec. III we interpret these results in
terms of two limiting conceptual models, purely
metallic screening and purely atomic screening.
After discussing the extent to which our results
provide a picture that extends beyond the particular
systems we have studied in detail, we present, in
Sec. IV, our conclusions.

II. CALCULATIONS

A. Introduction

Since the focus of our study is the difference be-
tween core-level binding in the free and chemi-
sorbed atom, we use the identical analytical ap-
proach for both cases. In each case we perform two
self-consistent calculations of the electron density
and the total energy, one for the system in its
normal ground-state configuration and a second
for the same system with one of the core electrons
removed.!® In the case of the chemisorbed system,
the metal-adatom distance is held constant
(Franck-Condon principle). The energy required
to remove a core electron to infinity (i.e., to the
vacuum level) is the difference in the total energy
of the excited system and the unexcited system, and
the screening charge is the difference in the elec-
tron densities (excluding the charge distribution of
the hole itself). The calculated extra-atomic re-
duction of binding energy and the extra-atomic
screening charge distribution are the differences

in these differences between the free and chemi-
sorbed atoms. Thus each extra-atomic difference
involves four independent self-consistent-field cal-
culations. While this “A SCF” approach!* allows
us to treat the fully developed screening of the core
hole in great detail, it does not permit us to follow
the time evolution of the system from the unrelaxed
to the relaxed state. Our calculations, therefore,
lead to predictions of the energy position of the
leading edge of the kinetic-energy distribution of
photoemitted electrons!®; they do not provide a de-
scription of the core-level line shape.

Both the initial and final states of these systems
are many-electron states and as such require a
theory of exchange and correlation. In all cases
we use the local-density approximation to exchange-
correlation effects.!® Density-functional theory'®™*°
in general and local-density theory in particular
possess formal justification only for the descrip-
tion of the ground (initial) state. The justification
we have for using the theory for systems con-
strained to have a core hole is the empirical evi-
dence provided by the many successful calculations
of molecular ionization potentials,?® and of core ex-
citations by Almbladh and von Barth,” both of which
have used this approach.?

The metal substrate is simulated in our calcula-
tions by semi-infinite jellium; that is, the positive
ion cores of the metal are smeared into a uniform
semi-infinite distribution of positive charge.!?:2?
This atom-jellium model provides a detailed, real-
istic picture of the chemisorption bond for adatoms
on simple metals. The model and the techniques
we use to solve the equations it implies are de-
scribed in our earlier publications®*; we review
their important features here.

The equations for the electron density, n(¥), are!®

{‘%Vz+Ueu[n;.fj}¢i(-f)=€i¢,'(r') ’ (213)

n(®) =" |9, [Pn;, (2.1b)
i
where n; indicates the occupation of the ith (ortho-
normal) orbital. (We use atomic units, with [e ]
=m=F%=1.) For the ground state of the metal-
adatom system, n;=1 if €, is less than the Fermi
energy and n,; =0 otherwise; for the case of a core
hole in state ¢, these equations are solved self-
consistently with »n; set to zero. The effective po-
tential v,,,[n;¥] is the sum of the electrostatic po-
tential due to all of the charges in the system and
the local-density approximation®® to the contribu-
tion of exchange and correlation. The eigenvalue
spectrum {e l.} is entirely discrete for the atomic
calculations and is a mixture of discrete and con-
tinuous portions in the case of chemisorption. In
solving these equations we make essentially no
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approximations other than the local-density de-
scription of exchange-correlation-and the jellium
simulation of the metal. The electronic charge
constituting both the chemisorption bond and the
core-hole screening cloud is completely free to
take the configuration of lowest energy; it is not
restricted by assumed basis sets, the requirement
of spherical symmetry in the core region, etc.

In particular, the core states are free to contract
around the core hole and to polarize in response to
the asymmetric potential field in the metal surface
region.

The local-density formalism we use to approxi-
mate exchange and correlation, due to its electron-
gas origin,?® makes its greatest errors for tightly
bound core electrons. It might appear, therefore,
to be a poor basis for a theory of core excitations.
We avoid this difficulty by restricting ourselves to
the calculation of extra-atomic differences, which
are well described by the theory, because they
are valence-electron effects.?*?5 (Core-electron
effects, since they are approximately the same in
the free and chemisorbed atom, largely subtract
out of extra-atomic differences.)

B. Numerical results

The numerical quantity of interest is the differ-
ence A between the core binding energy of the free
atom and that of the chemisorbed atom. This ex-
tra-atomic reduction A in the binding energy (i.e.,
the reduction in going from the free to the chemi-
sorbed atom) is, as mentioned above, the differ-
ence of two total energy differences:

- A= [E(chemisorbed atom with core hole)
+® - E(chemisorbed atom)|
- [E(free atom with core hole)
- E(free atom)]. (2.2)

We write — A so as to organize the terms on the
right-hand side in a manner convenient for later
discussion. E(chemisorbed atom) means in fact
the total energy of the metal-adatom system, and
the sum E(chemisorbed atom with core hole)+ ® is
the total energy of the metal-adatom system with
an adatom core electron removed to the vacuum
level. The quantity ® is the metal work function,
so that E(chemisorbed atom with core hole) is the
energy of the metal-adatom system with a core
electron removed and an additional electron at the
Fermi level. We define such an energy because
both in an experiment with a grounded sample and
in our calculations for the atom-jellium model, the
creation of a core hole automatically brings another
electron into the system at the Fermi level in
order to preserve charge neutrality.

Since the principal motivation for the x-ray pho-
toemission analysis of deep core levels is to probe
the charge state and chemical environment of an
atom through variation in core-level binding ener-
gies, we decompose the extra-atomic reduction in
binding energy into two parts, the chemical shift
A, which reflects these properties, and the relaxa-
tion shift A :

A=A+, . (2.3)

A, is usually the quantity of interest, because it
contains information concerning the charge state of
the atom and the way in which the atom is bonded
to nearby atoms. A, has nothing to do with the core
excitation process per se; it is a property of the
ground state. A,, on the other hand, is the amount
by which the core level is raised by the relaxation of
other electrons in response to the presence of the
core hole. To the extent to which the objective of
core-level spectroscopy is the charge state and
chemical environment of the excited atom, as
opposed to the excitation process itself, its utility
depends on A, not being a strong function of these
chemical factors.

The physical phenomena involved in the chemical
and relaxation shifts are quite different. The prin-
cipal contributors to the chemical shift in the con-
text of chemisorption are charge transfer, the
equilibrium position of the adatom with respect to
the dipole-layer potential of the metal substrate
and the compression of the extended atomic elec-
tron density into the smaller volume it occupies
when the atom is bonded to the metal surface.?®
The principal contributors to the relaxation shift
are the contraction of both core and valence or-
bitals in response to the reduced screening of the
nuclear charge and the transfer of additional screen-
ing charge to the excited atom or its immediate
vicinity. (The spatial distribution of this screen-
ing charge, due to its relative experimental in-
accessibility, is a particularly interesting output
of our calculations.)

The chemical and relaxation contributions to the
extra-atomic reduction of core-level binding ener-
gies cannot be measured individually. The theor-
etical decomposition is, therefore, somewhat
arbitrary. Fortunately, there appears to be a
single reasonable decomposition within the theore-
tical framework we are using. The energy eigen-
values associated with discrete core levels in the
density-functional formalism are not directly mea-
surable.?” The change in these eigenvalues with the
chemical state and environment of the atom, how-
ever, appears to be exactly what the chemical shift
notion is intended to identify:

A,.=€;(chemisorbed atom) - € ,(free atom) , (2.4)
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where the state index ¢ refers to a deep core level.
In particular, we find it to be accurately approxi-
mated by the change in the electrostatic potential
at the nucleus, which is frequently used as a defin-
ition of the chemical shift. This definition of the
chemical shift [Eq. (2.4)] together with the un-
ambiguous definition of the total binding energy re-
duction defines, by subtraction, the relaxation
shift. An approximate, but independent, definition
of the relaxation shift discussed in Sec. III confirms
the reasonableness of our defintion of the chemical
shift.

The bar graph in Fig. 2 shows the chemical and
relaxation shifts we have calculated for a repre-
sentative set of adatoms chemisorbed on a high-
density simple metal.?®?® The chemical shift is
seen to follow the sign of the charge transfer as-
sociated with the chemisorption bond (and, there-
fore, the electronegativity of the adatom with re-
spect to that of the metal surface). The relaxation
shift is seen here to be positive in all cases; its
magnitude follows closely the spatial extent of the
screening charge distribution. (This dependence is
discussed in Sec. IIL)

To establish the plausibility of our results and of
our interpretation, we compare our calculated
extra-atomic reduction of the 1s binding energy in
chemisorbed oxygen with a value extracted from
experiment. Our reason for focusing on oxygen is
the widespread experimental interest in the oxida-
tion process and the availability of an accurate
calculation of the core binding energy for the
atom3°23 [ (calc)]. We use a value for the 1s
binding energy referred to the Fermi level
[Ip(meas)] measured by Brundle®* for oxygen on
aluminum, which we refer to the vacuum level by
adding the measured value of the aluminum work

IOF D RELAXATION CHEMICAL
SHIFT SHIFT

Na Si Cl

OHUHH

FIG. 2. Decomposition of extra-atomic reduction of
deep-core-level binding energy into its two components.
Single atoms of O, Na, Si, and Cl chemisorbed on
high-density (r; =2) simple-metal surface. Metal-ada-
tom separations for Na, Si, and Cl are given in Ref. 29;
oxygen was placed inside the metal (see text). Hole state
is 1s for O, 2s for Na, Si, and Cl.

EXTRA-ATOMIC REDUCTION OF
DEEP-CORE - LEVEL
BINDING ENERGIES (eV)
&)
T

function® [®(meas)]. Since experimental evidence
suggests that oxygen penetrates the surface of
simple metals,**~3 we use the atom-jellium model
to calculate A for a dissolved atom (rather than one
which remains on the surface). Because the effects
of replacing the positive ions of the substrate by

a uniform distribution of positive charge are not
negligible for atom positions inside the metal, we
add to our value of A(atom-jellium) an estimate of
the change in A due to our jellium simulation of the
metal. We obtain this estimate [5A(pseudopoten-
tial)] using the first-order perturbation-theory
formula given in the Appendix in conjunction with
an ion-core pseudopotential appropriate to alum-
inum?; the oxygen is taken to reside in an intersti-
tial (tetrahedral or octahedral) position. Our com-
parison between measured and calculated values
for A is therefore

A(meas) =1 4(calc) - [I (meas) + ®(meas)]
=545.9+0.5 eV — [(531.8+4.2) eV|

=9.9:+0.5 eV,
A(cale) = A(atom-jellium) + 6 A(pseudopotential)

=(10.8-1.3) eV=9.5 €V .

It should be observed that the contribution associ-
ated with the discreteness of the host lattice
[6A(pseudopotential) | is comparable in magnitude
to the difference between the measured and calcu-
lated values of A. In noting the good agreement be-
tween theory and experiment, we recall the fact
that there are no adjustable quantities in our cal-
culation.

III. INTERPRETATION

A. Atomic character of screening by the metal

In this section we examine the internal structure
of the charge distribution which forms to screen
the core hole and draw qualitative inferences which,
we believe, are not restricted to the four specific
systems we have studied. We consider the question
of whether the screening charge distribution is
fundamentally metallic or atomic in character. The
top half of Fig. 3 gives contour plots of the extra-
atomic screening charge density calculated using
the atom-jellium model for Na and Cl. The extra-
atomic screening charge distribution is defined by
the following difference of differences [n(T) is
electron number density]:

n(T; extra-atomic)
= [n(T; chemisorbed atom with core hole)
- n(T; chemisorbed atom)]
— [n(F; free atom with core hole)

- n(T; free atom)]. (3.1)
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EXTRA-ATOMIC SCREENING OF CORE HOLE

FIG. 3. Contours of con-
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stant electron density show-
ing, in the upper plots, the
spatial distribution of
extra-atomic screening
charge for Na and Cl chem-
isorbed on a high-density
(rs =2) simple-metal sur-
face, and in the lower plots,
the linear dielectric res-
ponse of the bare metal to
point charges at the same
distances. Metal to left-
hand side; vacuum to right-
hand side. Adatom nucleus
indicated by “+”. Solid
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vertical line indicates posi-
tive-background edge. For
computational convenience,
contours are not shown out-
side inscribed circle of
each square. Contour
values used were +0.019,
+0.007, +£0.002, and
+0.0005. For reference,
the bulk metal density is
0.03 electrons/bohr3. Con-
tours in core regions have
been deleted for clarity.
Hole state is 2s. Metal-
adatom separations ob-
tained as described in Ref.
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As we would expect for a screening charge dis-
tribution, n(T;extra-atomic) contains one electron
(i.e., integrates to unity). This is so because the
difference between the two atomic densities in Eq.
(3.1) integrates to unity, while the difference be-
tween the chemisorption densities integrates to
zero, since n(T;chemisorbed atom with core hole)
corresponds to the case in which there is an addi-
tional electron at the Fermi level to compensate
the charge of the core hole [see the discussion of
Eq. (2.2) above].

The screening of a core hole is sometimes vis-
ualized as the linear response of the metal to a
positive point charge at the position of the atomic
nucleus. This approximation to the screening is
displayed in the bottom half of Fig. 3. These lin-
ear-response results were obtained using the same
analytical apparatus employed to study the atom-
jellium model. That is, the electron density is cal-
culated in the presence of a small positive point
charge and the bare-metal density is subtracted;
this density difference (i.e., the screening charge)
is then scaled up by the inverse of the magnitude of
the point charge. The two linear-response plots
differ only in the separation of the point charge and
the jellium surface.

29.

The spherical character of the (extra-atomic)
screening charge for Na given by the atom-jellium
calculations (upper left-hand portion of Fig. 3) is
consistent with the idea, suggested by Fig. 1, that
the screening charge resides in the lowest other-
wise unoccupied atomic orbital. The case of Cl is
quite different. As seen in Ref. 4, the 3p resonance
in Cl1 lies well below the Fermi level (reflecting the
initial-state charge transfer that takes place) and
thus this resonance is unable to accept any final-
state screening charge,* in contrast to the case of
Na. We should note that we are not asserting that
the filled resonance necessarily corresponds to
what could be thought of as the full complement of
six electrons in the 3p shell, because as discussed
by Pendry,* some part of the spectral weight of the
3p level has been mixed into states of energies ex-
tending far above the Fermi level. This spectral
weight is however largely unavailable to accommo-
date screening charge, and so we can think of the
3p shell as filled for purposes of our discussion.*
The several positive contours immediately sur-
rounding the core do not represent additional
screening charge but rather indicate a displacement
toward the core of the charge transferred to the Cl1
atom during chemisorption. (In the initial state,
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this additional charge is strongly polarized toward
the metal, with the peak in density located just to
the right of the small negative contour in the C1
map in Fig. 3.) The additional Cl final-state
screening charge in fact lies in the metal, and is
represented by the kidney-shaped contour in Fig. 3.

The Na screening charge is not well described by
the linear-response picture, and even the Cl
screening charge that resides in the metal is not,
except insofar as it also exhibits an elongation
parallel to the surface. Note that the off-centered-
ness of the linear-response screening charge is con-
sistent with the fact that if the point charge is removed
to large distances from the metal surface, the
screening charge remains on the surface, becoming
the image-charge distribution. We wish to empha-
size that the linear-response picture fails, not be-
cause it is linear, but because the metallic dielec-
tric function lacks the structure of the atom. (We
have tested the linearity of the atom-jellium re-
sponse by removing fractions of core electrons.)
However, even though the purely metallic screen-
ing does not capture many of the important features
of the screening charge, it remains possible that
it provides a useful estimate of the extra-atomic
relaxation energy. This possibility occurs be-
cause the extra-atomic relaxation energy is to a
good approximation (see below) one-half of the
electrostatic potential at the position of the nucleus
due to the extra-atomic screening charge, which in
turn is proportional to the average inverse distance
of this screening charge from the point charge.
Such an average is not sensitive to the internal
structure of the screening charge.*

Whereas Fig. 3 compares the response of the
combined metal-adatom system to the bare-metal
response, Fig. 4 compares the metal-adatom re-
sponse to the other limiting qualitative notion of
the screening charge, the purely atomic response.
The model for the screening charge referred to in
Fig. 4 as the “excited-atom approximation” is ob-
tained by subtracting the electron density of the
ion (i.e., the free atom with a core hole) from that
of the excited atom, that is, an atom in which a
core electron has been transferred (also self-con-
sistently) to the lowest unoccupied valence orbital.
Figure 4 shows that the atomic model’ is quite ade-
quate for Na and Si; for Cl, the effective filling of
the valence shell in the initial state renders the
model inappropriate. The second hump in the rad-
ial distribution (the screening charge at distances
between » and 7 +dr from the adatom nucleus di-
vided by 4m) for Cl corresponds to the kidney-
shaped contour in Fig. 3. In this case the added
screening charge can be viewed (as noted above)
as residing in metal states, or alternatively in a
directional hybrid of atomic Cl1 4s and 4p states.

B. Approximate formula for relaxation energies

Here we derive a simple formula relating the re-
laxation energy directly to the screening-charge
distribution. Only the simple derivation we give of
the formula is new; the same result was previously
obtained by Hedin and Lundqvist'® (cf. also Alm=
bladh and von Barth’?). The formula represents for
the density-functional formalism what the “polari-
zation potential” formula of Hedin and Johansson*®
represents for the Hartree-Fock formalism. For
the present work the formula performs two logical
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FIG. 4. Radial distribution of extra-atomic screening
charge (charge between r and r +dr divided by 4r) for
Na, Si, and Cl chemisorbed on high-density (r =2)
simple-metal surface. Hole state is 2s. Metal-adatom
separations given in Ref. 29. Distance measured from
adatom nucleus.
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functions: it allows us quantitatively to assess the
accuracy of the excited-atom approximation and the
independent definition of the extra-atomic relaxa-
tion shift it provides constitutes a check of our def-
inition of the chemical shift (see Sec. II B).

Our derivation begins with the transition-state
technique introduced by Slater.** The eigenvalues
€, arising in density-functional theory are the de-
rivatives of the total energy of the system with re-
spect to the corresponding occupation number**

n; [cf. Eq. (2.1)]:

€.= — (3.2)

Within the ASCF framework, the energy required to
remove an electron from the Zth orbital to infinity
is E(n;=0)~ E(n;=1), which can be written, using
Eq. (3.2),

E(ni=0)—E(ni=1)=f dnj €,(n;]). (3.3)
1

Slater’s transition-state technique is the approxi-
mation of such integrals by the “midpoint” numeri-
cal quadrature formula®

E(=0)-E(;=1)~-€n,;=3). (3.4)

(Since the midpoint formula correctly integrates
only linear variations, deviations from the transi-
tion-state approximation are a measure of the non-
linearity of the system’s response to hole creation
or other changes of occupation number.)

Applying the transition-state approximation to the
creation of core holes, we see that the extra-atom-
ic reduction A of core-level binding energies,
which was written in Eq. (2.2) as a difference of
total energy differences, can be written in terms of
orbital eigenenergies:

A=¢€ (chemisorbed atom;n; =3) (3.5)
3.5
- €,(free atom;n;=3),
where i labels the core state from which an elec-
tron is removed to the vacuum level. (We have no-
tationally suppressed the fact that A depends on i.)
Now using first-order perturbation theory

A=y | 60y (B [0)) (3.6)
with
8044 4(F) = v,4¢[n(¥’; chemisorbed atom
with 1 core hole); T]
—Vgqq[n(¥';free atom with & core hole); 7).
(3.7)

Here ), is the core-state eigenfunction in either the

free or chemisorbed atom with half of a core hole.
The effective potential v,,, is the sum of electro-

static and exchange- correlation contributions. The

latter changes very little with changes inthe elec-
tron density in the core region where |§,(¥)|? is
appreciable. [The exchange and correlation potent-
ials vary with electron density as n*(f), where

a <73; their derivatives with respect to density
therefore go as n**(F), which is very small in the
core region.] We can thus neglect the difference
between the exchange-correlation components of
the two effective potentials in Eq. (3.7) and replace
Eq. (3.6) by

A=Y, | 6(F) [¥,), (3.8)

where 0¢(F) is the electrostatic component of
0v(T). Since the charge distribution that gives
rise to 0¢(T) essentially lies well outside the core
region, this potential difference shows only a small
variation over the extent of the deep core orbitals,
and we can replace 6¢(F) in Eq. (3.8) by its value
at the origin (position of the adatom nucleus):

A= 66(0). (3.9)

Now since A, is defined by Eq. (2.4) to be the same
type of difference of eigenvalues as Eq. (3.5) (but with
the eigenvalues for the systems having no core
hole), we can reproduce the above discussion to
get the analogue of Eq. (3.9) for A,. We see there-
fore that the relaxation energy A,=A— A  can be
written as a difference of two 6¢(0)’s, one for the
case of half a core hole, the other for the case of
no excitations. Since we expect that if we were to
evaluate the right-hand side of Eq. (3.1) for the
case of a half core hole that we would just obtain
$n(T; extra-atomic) to a good approximation (our
actual calculations confirm the approximate 10%
nonlinearity found by Almbladh and von Barth?), we
can evaluate this difference of 6¢(0)’s simply as

Aﬁ%f n(¥; extra-atomic) i (3.10)

IFI
Thus, the extra-atomic relaxation shift can be ap-
proximated by half the electrostatic potential at
the position of the nucleus due to the extra-atomic
screening charge.

Note that the approximations required to obtain
this simple result are even more justified for the
differences involved in extra-atomic relaxation than
they are for either the free or chemisorbed atom
individually. In saying this we have in mind, for
example, that the screening due to the contraction
of other core orbitals may exhibit some nonlinear-
ity as a function of the fraction of the core hole in-
troduced, but it will be similar in the free and
chemisorbed atoms and therefore subtract out of
the extra-atomic screening charge. We remind the
reader that these approximations were not made in
computing the energies displayed in Fig. 2.

The virtues of this approximate formula for the
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extra-atomic relaxation energy are that it is sim-
ple, direct and readily interpretable. In particu-
lar, it allows us to assess the quantitative accur-
acy of the excited-atom model for the extra-atomic
screening charge. The results of using this ap-
proximation to the screening charge in Eq. (3.10)
are given in column 4 of Table 1.#¢ Comparison

of these results with those in columns 2 and 3 indi-
cates, as we suggested above, that the excited-
atom approximation works well for sodium and sil-
icon, but in chlorine and oxygen, it ignores the
effective filling of the p states that would otherwise
be available to contain the screening charge.

C. Sensitivity of atom-jellium results

We have described above the results of calcula-
tions for four specific systems, characterized by
a given substrate density and a specific atom and
metal-adatom distance. In this subsection, we
discuss briefly the sensitivity of our results to the
specifying parameters of the model.*’

The ability of the excited-atom model to duplicate
the results for A, computed for Na and Si using the
atom-jellium model indicates that, except in cases
where the adatom valence shell is effectively filled
and unable to accept the final-state screening
charge, the relaxation shift should depend rather
little on the substrate. [We have verified this for
the case of Si: changing the substrate », from two
(appropriate to Al) to four (appropriate to Na)
while holding the adatom-positive-background sep-
aration d fixed,? changed A, by only 0.3 eV.] In
contrast to this insensitivity to the substrate,
there is, as seen above, a significant dependence
of the relaxation shift on the atomic number of the
adatom.

The above-mentioned success of the excited-
atom model in conjunction with Eq. (3.10) also in-
dicates that so long as the core state is well local-
ized, relaxation effects do not depend on the prin-
cipal quantum number of the core level. It should
of course be noted that by considering only holes in
s levels, we have avoided confronting complexities
of multiplet structure and severely nonspherical
core electron densities associated with the excita-
tion of other than s electrons from the core.

Just as the relaxation shift is dependent
on the adatom atomic number, so also is the chem-
ical shift, as seen in Fig. 2. This latter dependence
seems to result chiefly from the fact that the chem-
ical shift is very sensitive to the charge state of
the adatom, and the charge transfer is strongly
affected by the electronegativity of the adatom
(which in turn depends on atomic number). Since
the electronegativity of the simple metals does not
span a great range, the specific metal substrate

TABLE 1. A, is the relaxation (or final-state) shift
for deep core levels calculated in the atom-jellium mod-
el. A‘,” is the rather close approximation to A, obtained
by evaluating Eq. (3.10) using the calculated extra-atom-
ic screening charge n(¥; extra-atomic). Evaluation of
this equation using the “excited atom’ approximation to
n(F; extra-atomic) gives Ai.z); as discussed in the text,
this is only a good approximation when the valence shell
of the chemisorbed atom still has ‘“room” to accept the
additional screening electron (as in the case of Na and
Si). The quantity A?’ is itself an approximation to A;Z’
obtained from a table of ionization potentials and affinity
levels, as discussed in Ref. 46. This easily computed
quantity reproduces the excited-atom result Aiz’ to ~%
eV, and thus it too represents a reasonable approxi-
mation to the relaxation shift A, when there is “room”
in the adatom valence shell.

Adatom A, V) AL (V) AP V)  A® (V)
o(ls) 7.8 7.5 10.1 9.3
Na(2s) 4.5 4.7 4.5 4.3
Si(2s) 5.2 5.5 5.2 5.2
C1@s) 4.8 4.9 6.9 6.7

can be expected to be less important in determin-
ing the charge transfer contribution to A, than the
atomic number of the adatom. (In the fixed-dis-
tance calculation for Si mentioned above, A,
changed from 1.8 to 1.9 eV when r; was changed
from two to four.)

The chemical shift does in certain cases depend
appreciably on metal-adatom separation (we have
inmind distance variations of the order of a bohr).
We find in the case of a sufficiently high-lying core
level (e.g., the 2s level in oxygen), that the level
tends to follow the distance dependence of the sur-
face barrier potential much as the valence reson-
ances were seen to follow it in Fig. 3 of Ref. 4.
The deep-core-level dependence on distance, how-
ever, is a mix of the effects of the surface bar-
rier potential and the variation of charge transfer
with metal-adatom separation. (Charge transfer
affects the energy of core states more than that of
valence states.) Thus, we do not attempt to make
any general statement for deep levels.

IV. CONCLUSIONS

Our calculations bear out the fact that the chem-
ical, or initial-state, contribution to the extra-
atomic reduction of core-level binding energies
depends sensitively on details of the system studied,
in particular, the degree of initial-state charge
transfer. This is of course consistent with the
well established success ESCA (electron spectro-
scopy for chemical analysis) has enjoyed in cor-
relating core shifts with charge states and chemi-
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cal environments. One conclusion (specific to
surface studies) is suggested by our calculations:
valence resonances and sufficiently high-lying core
levels have a more readily interpretable depend-
ence on metal-adatom separation than do the deep
core levels.

The relaxation, or final-state, shift seems to be
largely independent of details of the metal-adatom
system other than the adatom atomic number. De-
pendence on the principal quantum number of the
core level (for deep levels) also appears to be very
weak. The simple picture of the screening charge
consisting of an electron supplied by the metal,
but residing in the valence shell of the excited atom
seems quantitatively accurate, so long as the val-
ence shell can accommodate the extra charge.
When, as in the case of chlorine, there is insuf-
ficient “room” in the valence shell for the screen-
ing charge, the environment of the atom can play
a somewhat greater role. It is tempting to extra-
polate this insensitivity to the point of saying that,
so far as relaxation effects are concerned, the
metal substrate is usually little more than a struc-
tureless reservoir of screening electrons. This
is quite fortunate, because it justifies the inter-
pretation of differences in core-level binding ener-
gies of a given atom as chemical, or initial-state,
effects.! A concluding comment about the final-
state screening effect concerns the theoretical ap-
paratus required to describe it. Our calculations
indicate that the extra-atomic response to the
presence of the core hole is essentially linear, but,
as the success of the excited-atom model of the
screening charge suggests, the dielectric function
describing the spatial distribution of this charge
must contain the structure of the valence shell of
the atom that has the core hole; the response func-
tion of the bare metal does not capture the qualita-
tive aspects of the screening.
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APPENDIX: EFFECT OF PERTURBATIONS ON A
The energy of a system of electrons of density

distribution #(¥) in an external potential v(¥) is
shown by Hohenberg and Kohn'” to be

E[n]=fv(?)n(?)d’z"+F[n], (A1)

with F[n] a universal functional independent of v.
Consider the first-order energy change due to a

change 6y in the external potential (which induces
a particle-conserving change in density on):

_ [ SEn] %) 7%
6E _’/ Gn(.f) const v Gn(r)dr
OE [n] -
50(E) | oonae "Gv(r)df . (A2)

Hohenberg and Kohn show that the first term is
zero (stationarity of the energy at constant »), so

oE =f n(D 6 (F) dt ; (A3)

this is the expected first-order perturbation theory
result.

If we consider Oy to be the pseudopotential per-
turbation discussed in the text (i.e., the difference
in potential between a lattice of pseudopotentials
and the uniform positive background), then combin-
ing Egs. (2.2) and (A3) gives

6A=—f Sy (¥)[n(¥; chemisorbed atom
with core hole)
~-n(F; chemisorbed atom)]d¥ — 6 .
(A4)

Here 0@ is the change in work function induced by
6y (which has been discussed and evaluated in Ref.
22), and n(¥; chemisorbed atom with core hole) is
the electron density distribution in the metal-ad-
atom system with an additional electron at the
Fermi level to compensate for the charge of the
core hole.

It might be thought that we could proceed equally
well to find an expression for 8A by using Eq. (3.5)
for A in terms of the half-occupation eigenvalues.
We begin by writing

6A ~ be ,(chemisorbed atom;n; =3). (A5)

Let dv,,,(T) be the change in effective potential of
the chemisorbed system with half a core hole which
occurs when the perturbation dy(¥) is introduced.

Then using first-order perturbation theory and Eq.
(A5),

0A= (U, | Bv,4,(F) [0,) - (AB)

Just such an expression was used in the text to de-
rive Eq. (3.10), but in that case the change of ef-
fective potential was known exactly by doing two
self-consistent calculations and subtracting the
results. Here however we do not know this quanti-
ty. This fact is exhibited by writing

00gg4(T) = 00 g,(T) |u+ ou(T) , (A7)
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where

GUE“["; 'f]

51)011(?”11: Gn(‘f)

on(T)dt, (A8)

const v

with on(¥) the density change induced by the per-
turbation 6p(¥). It is on(T) that we do not know,
and which would be required to evaluate 0A via Eq.
(A6). The two terms of Eq. (A7) correspond to the

two terms of Eq. (A2) if we replace E in the latter
equation by €,. In the case of the total energy E,
however, the first term (that involving 0xr) vanished
because of the variational theorem, while no such
simplification occurs for the eigenvalues €;. (We
again remind the reader that only an empirical
justification has been given for applying the theo-
rems of the density-functional formalism to a system
constrained to have a deep core hole.)
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FIG. 2. Decomposition of extra-atomic reduction of
deep-core-level binding energy into its two components.
Single atoms of O, Na, Si, and Cl chemisorbed on
high-density (r; =2) simple-metal surface. Metal-ada-
tom separations for Na, Si, and Cl are given in Ref. 29;
oxygen was placed inside the metal (see text). Hole state
is 1s for O, 2s for Na, Si, and CI.
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