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Abstract.

The equivalent core model, or the Z+1 approximation, has been used to interpret the binding
energy, BE, shifts observed in X-ray photoelectron spectroscopy, XPS; in particular to relate
these shifts to their origin in the electronic structure of the system. Indeed, a recent paper has
claimed that the equivalent core model provides an intuitive chemical view of XPS BE shifts. In
the present paper, we present a detailed comparison of the electronic structure provided from
rigorous core-hole theory and from the equivalent core model to assess the validity and the utility
of the use of the equivalent core model. This comparison shows that the equivalent core model
provides a qualitative view of the different properties of initial and core-hole electronic structure.
It is also shown that a very serious limitation of the equivalent core model is that it fails to
distinguish between initial and final state contributions to the shifts of BEs which seriously
reduces the utility of the information obtained with the equivalent core model. Indeed, there is a
danger of making an incorrect assignment of the importance of relaxation because the equivalent
core model appears to stress the role of final state effects. Given the importance of the distinction
of initial and final state effects, we provide rigorous definitions of these two effects and we
discuss an example where an incorrect interpretation was made based on the use of the equivalent

core model.
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I. Introduction

The equivalent core approximation or model was introduced in the 1970s by Jolly and
collaborators [1-3] as a way to understand shifts in the Binding Energies, BEs, observed in X-Ray
Photoemission Spectroscopy, XPS. There is a very appealing physical basis for the equivalent
core model. The idea is that if one ionizes a deep core electron, the valence electrons see an
effective nuclear charge that is larger by essentially unity from that which they saw before the
core ionization. Thus, for example, if one removes a Is electron from Ne, the effective charge
seen by the valence, 2s and 2p, electrons in increased by one and one can view core ionized Ne as
an Na' cation. The extension to molecular systems is straightforward and much more rewarding
in terms of chemical information. Thus, we could view the CO molecule where a C(1s) electron
has been ionized as NO" and where an O(1s) electron has been ionized as CF". Indeed, Jolly used
the equivalent core model of BE shifts to infer thermodynamic properties of various compounds.
[1, 3] A direct extension can be made for condensed systems. [4-6] Thus, one might consider a
core ionized atom in Ni metal as being a Cu impurity where, as well as the equivalent core
model, we have also used the physical fact that core-holes in systems with equivalent atoms are
best viewed as localized on one of these centers; see, for example, Ref. [7]. Johansson and
colleagues [4-6] have used the difference of the stability of surface and bulk impurities to
interpret the surface core level shifts, SCLS, of the BEs of bulk and surface atoms. Recently,
Delesma et al. [8] argued that the equivalent core model provided a way to chemically understand
the significance of BE shifts and to use these shifts coupled with calculations of the electronic
structure for the equivalent model system to make inferences about the chemical significance of
the observed shifts. We agree that the equivalent core model is a useful way to obtain qualitative
understanding of the XPS process. It is especially helpful to obtain a chemical view of the extra-
atomic screening of core-holes; indeed, the different bonding of the original atom and the
equivalent core atom is at the heart of the applications made by Jolly and colleagues [1-3] and by
Johansson and colleagues. [4-6] The distinction between atomic and extra-atomic screening is
especially relevant for understanding the changes in chemistry between the initial state where the
core is filled and the final state where there is a core-hole. For example, in Ref. [9] there is an
explicit contrast of atomic and extra-atomic relaxation and the differences of these relaxations for
different atoms in a compound. However, it is also important to be aware that there are also

limitations with the use of the equivalent core model. The principle objective of this paper is to



provide a sound basis to understand the accuracy and the limitations of the equivalent core model

to describe and interpret XPS spectra.

The limitations of the equivalent core model can be divided into several groups: (1)
Limitations of the replacement of an atom with a core-hole with the Z+1 equivalent ion. (2)
Limitations because there are geometric differences between the ionized molecule or compound
and the equivalent core system. (3) Neglect of the multiplets that arise from the angular
momentum coupling of the open core shell and an open valence shell. This is important because
open shell systems are prevalent in chemistry and arise even for simple small molecules and
because the multiplet features in XPS provide direct insight into the chemistry and the chemical
bonding in a system. [10-11] (4) The angular momentum coupling of the core and valence
electrons is also relevant for the states that describe shake satellites. [12] In these states, as well
as a core-hole, a valence electron is excited from a filled to an open shell leading to a system with
three open shells even if the initial system had been closed shell. Indeed, it is not always possible
to rigorously separate shake satellites from the multiplets discussed in (3) above. [13-15] And, (5)
Limitations related to the separation and distinguishing of initial and final state contributions to
BE shifts. This last may be the most serious of the limitations of the equivalent core model. This
is true not because it is a reflection on the accuracy of the equivalent core model but, as we
discuss below, because it can lead to incorrect, misleading interpretations of the results of
equivalent core model calculations. In the following section, Fundamental Concepts, the basic
concepts required to interpret XPS spectra and to understand the equivalent core limitations are
reviewed. In the following three sections, specific limitations and their magnitude are analyzed
with reference to specific examples. Section III compares the core hole and the equivalent core
electronic structure and establishes the magnitude of differences between them. Section IV
examines the effects of geometry differences between the original and the equivalent core
systems. Section V presents a case study for the separation of initial and final state effects and
illustrates the need to use a rigorous determination of these two contributions to BE shifts.
Finally, our conclusions are summarized in Section VI. For the most part, we will use Hartree-
Fock, HF, wave functions, WFs, since these WFs are usually adequate to permit a clear and
correct understanding of the significance of the XPS in terms of the electronic structure. [11, 16-

17] However, there will be brief discussion of results obtained with density functional theory,



DFT, [18-20] and with inclusion of many-body effects in WFs through mixing of configurations

or configuration interaction, CI. [21]

II. Fundamental Concepts

In this section, rigorous definitions of the important concepts used to analyze XPS are
given. These concepts are necessary to obtain the correct interpretation of XPS spectra in terms

of the electronic structure of the materials studied.

I1.A Initial and Final State Contributions To BEs

This is a critical distinction which is vital to understand the chemical significance of XPS
BEs and, in particular, the physical and chemical meaning of shifts of BEs between atoms in a
compound or between atoms in different systems. [11, 16-17] The distinction between initial and
final state contributions to BEs, is closely related to what is commonly described as the
Koopmans’ Theorem, KT, approximation for BEs. [22] However, the distinction and separation
of these effects is often made without a rigorous theoretical foundation. Here, we describe the

essential physical considerations that permit a rigorous definition of this separation.

A general definition of the KT BE is the BE that is obtained by taking the WF for the N—1

electron ion as
Wy (KT) = ajPy; (1)

where a is an annihilation operator which removes a core electron from the N electron WF and
leaves the orbitals of all other electrons unchanged. The index of the shell from which the
electron is removed is denoted as a superscript of Wy-; and a subscript on the annihilation
operator a. This definition does not require that the WF of Eq.(1) is a single determinant and a
HF WF. The physically important feature of this WF is that the only change made to the WF is
the removal of an electron from a closed shell orbital with all other aspects of the WF unchanged
from their description for the neutral system. This means that the orbitals and the CI mixing
coefficients [23] are kept frozen and not allowed to change. In other words, the Wn_'(KT) of
Eq.(1) will also be described as an FO, frozen orbital, WF to highlight the physical content of the
WF; this WF only includes initial state, IS, effects since relaxation in response to the core-hole is

explicitly excluded. The KT BE is then defined as



BE(KT) = <Wx—'(KT)|H|Wx-i'(KT)> - <Wn|H|Wx>. 2)
When Egs. (1) and (2) are applied to closed shell HF WFs then BE;(KT)= —¢;, where ¢; is the HF
orbital energy and this relationship is often taken as the meaning of KT. The original use of KT
was to obtain approximations to BEs without the need for calculation of the WF of the N-1
electron system. Indeed for the removal of the most weakly bound electron, the first IP, the KT
BE is a reasonably good approximation to the IP. [24] It is, however, a very poor approximation
to the BEs of core levels and is typically too large by several 10s of eV [16] because it neglects
the relaxation of the valence orbitals due to the presence of the core-hole; i.e., the screening of
the core-hole. The relations of Egs. (1) and (2) are quite general and can be applied to correlated
CI WFs as well as HF WFs; the only constraint is that the shell to be ionized must not be
correlated and must be fully occupied in all the configurations of the CI expansion. [23] It is also
possible to generalize the relations of Eqgs.(1) and (2) to open shell systems taking into account
the angular momentum coupling of the open core shell and the open valence shell. [10, 25]
Furthermore, these relations can also be rigorously generalized to be applied to DFT densities.
[26-27] Since, these generalized KT BEs do not include relaxation, it is preferable to describe
them as frozen orbital, FO, BEs. Thus, the shifts of the FO BEs between different atoms of a
given element in the system or between the element in different systems are, to an extremely
good approximation, the change in the potential of the valence electrons at the different sites in
the neutral, unionized, system. This is a chemically important distinction since it allows
extracting information of the electronic structure of the systems before ionization takes place. It is
important to point out that the potential the valence electrons generate at the nuclei in the neutral
system may change because: (1) there is a charge transfer from or to the atom that is ionized; or,
(2) there is a different environmental charge density around that atom; or, (3) there is a change in
the hybridization of that atom. See, for example Refs. [11, 28-30]. While the initial state or FO
BE shifts are not observable, it is an important role of theory to identify these effects and to
distinguish them from the final state or relaxation effects to ensure that one extracts information
from XPS about the neutral system rather than about the core-ionized system. Furthermore, the
theory can identify the electronic structure effects responsible for changes in the initial state

potential.[28]

The relaxation effects are included by making a second variational calculation for a

configuration that explicitly contains the core-hole and, hence includes the effects of orbital



relaxation. This variational calculation of the ionic state leads to a WF denoted lI’N,li(SCF) and
the BE is the difference of the variational energies of the initial N electron WF, Wy, and
W\ '(SCF); it is described as a ASCF BE or BE(ASCF); this definition of BE(ASCF) can be
directly extended to DFT energies. In general, there may be several ionic states for ionization of
an electron from the i™ core shell. These states may arise from the angular coupling of the open
core and valence shell electrons and they may arise from many body effects as described in the
following two sub-sections. In general, when there is a concern to separate initial and final state
contributions to BEs, this is done for the most intense, usually the leading, XPS peak which is
often described as the “main” XPS peak. The BE(ASCF) for this main peak state includes the
effects of both the initial state potential and the final state relaxation; for an extended description
of the relaxation energies and the ASCF procedure, see, for example, Ref. [16]. It is known that
HF BE(ASCF) give reasonably accurate core level BEs. [31] It is also known that DFT, using a
suitable functional may provide even higher accuracy for core-level BEs. [26-27] The relevance
of this discussion for the BE shifts obtained with the equivalent core model is that these BEs do
not distinguish initial and final state effects but provide estimates of the ASCF BE shifts. This is
true both for equivalent core model estimates from thermodynamic considerations including
using a Born-Haber cycle [1-2, 4-6] or from rigorous calculations of the electronic structure of
equivalent core models of a molecule or a condensed phase system. [8] It is also important to
stress that with the equivalent core model one cannot obtain BE shifts between the BEs for atoms
with different nuclear charges. One can only obtain the shifts of BEs, ABEs, between
inequivalent atoms with the same nuclear charge. As part of the discussion of the accuracy of the
equivalent core model in Sec. III, we point out that the equivalent core model, as well as not
being able to provide absolute BEs, also cannot provide a meaningful value for the ABE between

the O(1s) and C(1s) BEs in CO.

I1.B Multiplets

Multiplets are critically important for the XPS of open shell systems. The coupling of spin
and orbital angular momentum between the ionized core shell and the open valence shell leads to
final states with different energies and intensities. An early attempt to treat this angular
momentum coupling to describe the cation 2p XPS of transition metal ionic systems that are high

spin was carried out by Gupta and Sen. [32-33] This early work was based on using the angular



momentum coupling of atomic orbitals to predict the XPS spectra of compounds. More recently,
the treatment of the multiplets for the 2p XPS of transition metal oxides was carried out based on
rigorous WF treatments of cluster models; see, for example, Refs. [11, 15, 34]. These cluster
model treatments showed that the multiplet splittings obtained for the atoms are modified by the
covalent bonding in the compounds since these covalent interactions change the exchange
integrals between the open shell core and valence orbitals. These splittings can and do broaden an
observed XPS peak, by a few eV, because of unresolved or partially resolved multiplets. A
generalization of the multiplet splittings to include atomic and intra-atomic many-body effects is
also often described as a multiplet splitting even though it goes beyond the angular momentum
coupling of the open shell electrons. [14, 35-36] Multiplet splitting in XPS is very common and
arises even for simple molecules such as NO and O, where it gives insight into the electronic
structure of the molecules. [10-11] Typically, the energy separations of these multiplets are
treated with CI wavefunctions. [11, 16] In the normal usage of the equivalent core model, based
either on thermodynamic data, [1-3] or on the calculation of the electronic structure of equivalent
core models, [8] the multiplet splittings are neglected and an important part of the XPS spectra,
especially of open shell systems, is neglected. Indeed, the position of the core-hole needs to be
taken into account since the magnitude of these splittings strongly depend on the core-level
ionized. [37-38] Clearly, for information about multiplet splittings, crucial for understanding the
XPS of open shell systems, there does not seem to be new value or insight from the equivalent

core model.

I1.C XPS Features and Satellites

In order to properly understand the significance of features of the XPS spectra for the
electronic structure and bonding of a system, it is very helpful to be able to predict or extract
information from the number and the intensities of the features in XPS spectra. There are several
origins of the complex features in an XPS spectrum. These include the multiplets that we have
discussed above. However, there are many electron effects that involve the core-hole and lead to
major changes in intensity; see, for example Refs. [39-41] and there are also features described as
shake satellites. [12, 16, 42] For the many electron effects that involve the core level, one
redistributes the electrons in the shell that contains the core ion as well as a valence open shell,
typically the n=3 shell of 3d transition metal complexes, to form configurations. These

configurations, while XPS forbidden in themselves mix with the XPS allowed configurations and



steal intensity leading to a spectrum much more complex than would arise even from
consideration of angular momentum coupling; see, for example, Ref. [16]. Clearly, these features,
albeit specialized to transition metal, lanthanide, and actinide compounds [16] and metals, [43]
cannot be treated with the equivalent core model for the same reason discussed in detail for
multiplets in Sec. II1.B. On the other hand, shake satellites, which are quite general can and have
been treated with the equivalent core model with both DFT (for example, Refs.[44-47]) and semi-
empirical formalisms (for example Refs.[48-49]). For semi-empirical methods, e.g., INDO [49]
or PPP [48], it is necessary to use the equivalent core model since the core electrons are not
included in these approximations. A contributing reason for using the equivalent core model with
DFT may be that certain standardly used software packages do not allow making a core-level an
open shell and the equivalent core approximation must be used for such excited states; see, for
example, Refs. [50-51]. We consider a potential limitation of the equivalent core model for the

treatment of XPS shake satellites.

Shake satellites involve electron configurations where a core electron is ionized and a
valence electron is promoted into an unoccupied spin-orbital. These shake satellites carry
considerable intensity although it may be distributed over many different final states; see, for
example, Refs. [12, 38, 52]. The intensity of these satellites is calculated with the sudden
approximation, SA, [12, 52] see also Ref. [16]. The intensity in the SA is an overlap integral
between the initial WF where a core electron has been removed, Wx_'(KT) of Eq.(1), and the
core-ionized WF for the shake excitations. This overlap can easily be calculated with equivalent
core model WFs with the constraint that the angular momentum coupling of the core open shell
with the valence open shells cannot not be included. The valence open shells for a shake
excitation in, for example, C¢Hs would have the configuration le*2e! where the main hole
configuration is le*; the principle quantum numbers le and 2e are arbitrary. These two open
shells can couple to either singlet (S) or triplet (T); [45, 53] the selection rules are such that only
the singlet coupling can get intensity. [45] However in an all electron WF where the open core
shell is present, the open core shell electron can recouple with the open valence shell electron to
give a total doublet. When this coupling is taken into account, the XPS allowed triplet valence
shell coupling and the XPS forbidden singlet valence shell coupling can mix and both shake
states will have intensity. This is relevant for the shake spectra of CsHg since there is both

experimental [54] and theoretical [53] evidence that the nominally forbidden T coupled le’2¢!



configuration can gain significant intensity and cannot be neglected. There is also evidence that
the coupling first of valence shells to S and T and then coupling with the core level to the total
doublet multiplicity may not be the best order of angular momentum coupling. For the shake
spectra of the Ne 1s XPS, Martensson et al. [55] have chosen to couple the 2p with the 1s first to
S and T and then couple to the excited p orbital rather than to couple the 2p with the excited p
orbital first to S and T. They found that the coupling of the 1s with 2p first was physically correct
and allowed them to explain the two series that are observed as XPS shake satellites in the Ne 1s
XPS. These considerations suggest that the equivalent model should be used with caution in

attempting to assign XPS shake satellites.

II1. Accuracy of The Equivalent Core Model Orbitals

Delesma et al. [8] have made a strong case that the numerical accuracy of BE energy shifts
obtained for representative cases is reasonably high, with errors of order 0.1 eV or less. It is,
however, worthwhile to directly examine the properties of the orbitals themselves to identify the
departure of the character of the orbitals of equivalent core models from the orbitals of
configurations where the core-hole is explicitly treated. This is done for the representative
molecule CO where we contrast the properties of the ground state of CO with the C(1s) ion,
C(1s)-CO", and the O(ls) ion, O(1s)-CO". For this purpose, we use Complete Active Space,
CAS, [56] WFs and orbitals where the many body effects are treated by distributing the 4 n
electrons in all ways over the nearly degenerate 1m and 2; orbitals. Our objective with these
calculations is to compare the properties of rigorous, all electron, WFs for the core-hole
configurations of CO with comparable equivalent core model WFs for NO™ and CF'. We use
CAS WFs to avoid the artifacts of SCF calculations for the BEs that lead to an anomalous sign of
the error of the C(1s) BE. The basis sets for all the CAS WFs are extended and they are
uncontracted to ensure that our BE calculations will be accurate. Further details of the CAS
calculations are given in Ref. [23]. The CAS case is chosen because it contains the important
static correlation effects, see, for example, Refs. [57-58], that lead to accurate core level BEs for
CO [23] when they are computed as ASCF BEs. Since the XPS ionization is a vertical process,
[16] all BEs are for the equilibrium R(C-O)=1.128 A. [59] The CAS BEs are for non-relativistic
WFs and a correction for relativistic effects, as found for the 1s ionization of isolated C and O

atoms, see Ref. [23], is also included in Table 1. The accuracy of the BEs is demonstrated in



Table 1 where the calculated BEs are compared to experiment. [60] As well as the individual
C(1s) and O(1s) BEs, we also give the BE shift between the O(1s) and C(1s) BEs; ABE =
BE[O(1s)] — BE[C(1s)]. Once the relativistic effect is included, the CAS C(1s) and O(1s) BEs
are, as expected, smaller than experiment. However, the critical fact is that they are both smaller
by the same amount, 0.3 eV. This leads to a theoretical value for ABE that is in agreement with
experiment. In order to further reduce the 0.3 eV error in the absolute value of the BEs, additional
dynamic correlation effects [57-58] will have to be included. Since the accuracy of the BEs
shown in Table I is sufficient to insure that comparison, given below, of the properties of the
rigorous WFs where the core electrons are included with the equivalent core model WFs is
reliable. Furthermore, we point out that the equivalent core model cannot be used to determine
the BE shift from C(1s) to O(1s) since the total energies depend strongly on the elemental
composition of the equivalent molecules. The difference of the total energies of the equivalent
molecules, CF" and NO', is 215 eV, over 30 eV different from the correct value of ABE.
However, the agreement of the calculated BEs and ABE with experiment is a strong basis for
confidence that the CAS WFs accurately describe the electronic structure and allow us to
compare and contrast the orbital and WF properties of the hole-state WFs with the equivalent

core WFs.

In the present work, we have extended the CAS calculations for CO in Ref. [23] to
comparable CAS calculations for the equivalent core model molecules NO* and CF'. The
comparison of the NO™ with C(1s)-CO" and the CF" with O(1s)-CO" CAS WFs will provide
detailed information on how similar or different the equivalent core WFs are from the rigorous
hole configuration WFs. The CAS WFs for the equivalent core molecules include the same
many-body effects and are at the same internuclear distance as for CO; thus, they are
directly comparable. In Table II, we compare the occupation numbers of the 1x and 2xn
orbitals, N(1x) and N(2x), for the ground state of CO, the rigorous core-ions, and the
equivalent core CAS WFs. For HF WFs, the occupation numbers are N(1mw)=4 and N(2x)=0.
The departure of N(2x) from zero indicates the importance of the static many-body effects
that are needed to accurately describe the C(1s) and O(1s) BEs. [23] We consider first the
results for the GS and core-hole WFs. The GS N(2x) occupation is modest and leads to a 2.1

eV lowering of the GS energy. [23] The occupation of the 2x orbital is larger for the C(1s)
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ion and smaller for the O(1s) ion and the energy lowerings of the CAS core-hole over HF
WFs follow the same trend. Indeed, it is this differential energy lowering that leads to a
correct description of 1s BEs. In our earlier work, [23] the difference in the importance of
many-body effects was assigned to the degree of charge separation, largest when the atomic
charges were similar and smaller when the atomic charges were more different. The same
pattern of the N(2x) occupation numbers is found for the equivalent core molecules where
the N(2x) is larger for NO+ than for CF+. However, the extent of the static many body effects
is smaller for the equivalent core molecules than for the molecules with a rigorous core-
hole; for the equivalent molecules, the N(2m) are only 90% of the values for the core-hole
molecules. This shows that the valence orbitals of the equivalent core molecules, while
reproducing some of the important features, are not quite the same as those of the core-

hole molecules.

The centers of charge of the valence orbitals for the various CAS WFs is examined in
Table III. As for Table II, values for the core-hole ions are from Ref. [23] and the equivalent
core model systems, denoted EQC in the table, are from the present work. The atoms are on
the z axis and the centers of charge, or expectation values of z, <z>, are taken with respect
to midpoint of the molecule where the C (or N) nucleus is at z=-0.564A and the O (or F)
nucleus is z=+0.564A. Positive values of <z> indicate an orbital polarized toward O (or F)
and <z> < 0 indicates an orbital polarized toward C (or N). Large magnitudes of <z>,
comparable to or greater than 0.54, indicate an orbital with considerable lone pair
character. The center of charge of the 6 valence o electrons, 302402502, is also given as
sum(0). Since these orbitals are doubly occupied, any unitary transformation of the orbitals
yields identical WFs and only sum(0) is invariant. The & orbitals are the natural orbitals of
the CAS WFs [56, 61] and are the orbitals associated with the occupation numbers in Table
II. For the CO GS, the <z> of the valence o orbitals show that the 30 orbital has its center of
charge near the center of the CO, the 40 is a lone pair with its center of charge slightly
outside of O, and the 50 is a lone pair with a center of charge considerably outside of C. The
center of charge of the six o electrons is nearly at the center of the molecule. For the core-
hole WFs, the o orbitals have a reasonably similar character. For the 0(1s)-CO+ WF, the o

electron charge is polarized toward the O atom where the electron has been removed. For
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the CO GS, the 1x is a bonding orbital with a center of charge about % of the distance between C
and O, toward O; i.e., dominantly on O while the 2w, which has a small occupation is anti-
bonding and roughly midway between C and O. For the C(1s) ion, the bonding 1 shifts its center
of charge toward C as would be expected for the equivalent core molecule NO" while for the
O(1s), the <z> of the bonding Im shifts much closer toward the O center again as would be
expected for CF'. The trends of the centers of charge of the valence orbitals for the core ions are
also found for the equivalent core molecules but they are not reproduced perfectly as may be seen

from the ratios of the <z> between the equivalent core molecules and the rigorous core ions.

The overall evidence presented in this section shows that while the equivalent core model
provides a qualitative view of the screening of a core hole by replacing the ionized atom with the
next atom in the periodic table, there are quantitative limitations. This is not surprising if one
considers that the screening of the nuclear charge by a deep, 1s, orbital is not precisely one. Slater
developed rules to estimate the screening of the nuclear charge by the core and valence electrons
in an atom. In particular for first row atoms, as relevant for our test system of CO, Slater
concluded that the screening of the nuclear charge seen by the valence electrons by a 1Is electron

1s 0.85 rather than 1. [62]

IV. Geometric Differences

The equilibrium bond distances for core-ionized systems are different from those for the
initial state of a system before ionization. Delesma et al. [8] have pointed out that for the C(1s)
jonization of CO the C-O bond distance is reduced by 0.05A. Changes in bond distances can and
do occur for valence ionizations as well as for core ionization; for example, the changes in bond
distance are particularly important for the ionization of the deepest valence level of CO, the
bonding 3o orbital. [63] In addition changes in bond length upon core ionization are also found
for the ionic compounds as well as for simple molecules. For MgO, for example, the bond
distance from Mg to O is reduced by 0.12A when an Mg 2p electron is ionized. [64] However,
since XPS is a vertical process, the bond-length changes in the ionic states lead to vibrational
excitations which are not always resolved; see, for example, Refs. [63-67]. When the vibrational
excitations are not resolved, the Franck-Condon broadening can make a significant contribution

to the observed XPS, ~2 eV for the 30 XPS of CO [63] and ~ 1 eV for the Mg 2p XPS of MgO.
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[64] Of course, the observed broadening will be a convolution of the vibrational broadening with

other broadening, especially arising from experimental resolution. [64]

Equivalent core molecules have different bond lengths than the ground states of the
ionized molecule and this difference may be relevant for the BE shifts deduced from the
equivalent core model. The bond lengths for the equivalent system are closer to the bond lengths
of the core ionized system which, as discussed above, may be quite different from the unionized
system. However, since XPS is a vertical process, the geometry changes in the ionized system
will mainly lead to Franck-Condon broadenings of a peak whose center is close to the vertical
ionization with the ground state geometry. For theoretical calculations of the equivalent core
molecules, this is not a problem since the geometry can be fixed as in the initial state. [§]
However, for shifts deduced from thermodynamic data for the equivalent core systems, [1-3, 5-6]
this may be a problem since the thermodynamic data refers to the geometry of the equivalent core
systems not to the geometry of the system whose XPS is studied. In order to determine the
connection between changes in the molecular geometry and changes in the BEs, we have
extended the CAS CO WFs in Ref. [23] to examine changes in d(C-O) about r.(CO). [59] The
absolute BEs for r. are given in Table I; in Table IV, we report changes in these BEs,
dBE[d,C(1s)] and 8BE[d,O(1s)], for changes in d(C-O) about r. in the range ~+0.1A. The
changes are larger for the C(1s) BEs than for the O(1s) BEs. The implication of the data in
Table V for the use of the equivalent core model is that the geometries appropriate for the

equivalent system may lead to uncertainties in the BE shifts of order a few tenths of an eV.

V. Interpretation of Equivalent Core BE Shifts

Here we address a concern not so much for the nature of the equivalent core
approximation but for the interpretation of the BE shifts obtained with the equivalent core model
as reflecting the screening or relaxation in response to the core hole. As we pointed out in the
discussion in Sec. II.A, the BE shifts obtained with the use of the equivalent core model combine
both initial state and final state contributions. While it is tempting to assign the shifts obtained
with the equivalent core model to final state effects, or core-hole screening, this may be
misleading and it is necessary to use a formalism where initial state and final state contributions

can be rigorously separated. This is quite important because while initial state effects can be
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directly related to the electronic structure of the unionized system; the same direct relationship is
not possible for the final state contributions. [11, 68] In other words, even if it may seem a
philosophical issue, the distinction between initial and final state effects is crucial, especially if
one is to obtain physically and chemically meaningful conclusions from the XPS data.As an
example of the dangers of such a mis-assignment of BE shifts to final state effects, we consider
the shifts of BEs between atoms in the bulk of a solid and those at the surface which are
described as surface core level shifts, SCLS; see for example Refs. [11, 16, 69].

In order to illustrate the power of using the equivalent core model, Delesma et al.
[8] consider the SCLS along the 4d transition series of metals from Y to Cd. The SCLS is defined
such that for SCLS>0 the surface BE is larger than the bulk BE. Their calculations show a trend
for positive SCLS at the left of the row to negative SCLS, or bulk BE being larger than the
surface BE, at the right end of the row. This trend along a transition metal atom row is consistent
with measurements, for example, for the 5d transition metal elements. [69] The origin of this
trend is interpreted by Delesma et al. [8] in terms of the screening of the core-level ion at bulk
and surface and it is argued that the screening is more effective for the bulk when the d shell is
less than half filled leading to positive SCLS at the left of the row. In other words, the trend
predicted from the equivalent core model calculations is described as a final state, relaxation or
screening, effect. However this interpretation is not supported by a rigorous separation of initial
and final state contributions, defined in Sec. II.A, to the SCLS. Indeed, this separation is not
possible if only WFs or DFT densities for the equivalent core model are used since the BE shifts
obtained with this model include both initial and final state contributions; see Sec. II.LA. From
extensive earlier work on a number of different systems [9, 11, 16, 70-73] ranging from metals to
oxides, where there has been a rigorous separation of initial and final state contributions, a quite
different conclusion is reached. In Table V, the SCLS are presented using the notation defined in
Sec. II.A, BE(KT) for initial state BEs and BE(ASCF) for BEs that include both initial and final
state contributions. The data for the systems in Table V proves that the initial state, or KT,
contributions dominate to determine the magnitude and sign of the SCLS. The specific initial

state effects that are responsible for the SCSL are described in the original papers.

For the results in Table V, the SCLS obtained with the BE(KT) are denoted SCLS(KT)
and the SCLS obtained with the BE(ASCF) are denoted SCLS(ASCF). The experimental results
for the SCLS are denoted SCLS(expt). Before we turn to an analysis of the decomposition of the
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SCLS into initial and final state contributions, we briefly describe the theoretical models used to
obtain bulk and surface BEs to indicate how the distinction of bulk and surface BEs is made;
details are provided in the original papers. To model the SCLS of fcc Al(100) and Cu(100), [74]
18 atom clusters with 4 layers, written as XsX4XsX4 with X=Al and Cu, were used. [72-73]
These clusters contain a representative surface atom and a representative bulk atom at the centers
of the first and third Xs layers, respectively. Initial and final, core-hole, HF WFs are used to
compute the surface and bulk BE(KT) and BE(ASCF). For the insulating MgO [71] and CaO [9,
70] oxides, large clusters with Evjen [75] point charge embedding to insure that the Madelung
potential is correctly distinguished between surface and bulk were used. Several cluster sizes
were used with similar results for the SCLS but only results for the largest are reported in Table
V. For each oxide four clusters were used, two to describe the surface and bulk atoms of the
metal cation and two to describe the surface and bulk atoms of the O anion. Clusters for the O
SCLS of CaO, which involved four shells of atoms with a central O atom, were OCagO;3Casg for
the bulk and OCas0O13Cays for the surface; similar size clusters were used for the other CaO and
MgO SCLS BEs. Initial and final HF WFs were used to obtain the SCLS for the O(1s). Mg(2p),
and Ca(2p) BEs. To prove that the cluster models properly represent the physics that
distinguishes the bulk and surface atom BEs, slab model DFT densities were also used to
determine the SCLS. [70] The slabs of CaO(100) had 5 layers where the central layer was taken
to represent the bulk; a PBE functional was used. In Table V, the CaO cluster results for the
SCLS are labelled CaO(100)-cluster to be contrasted with the slab SCLS labelled CaO(100)-slab.
The purpose is to compare the initial state and final state contributions to the SCLS and, where

possible, to compare with experiment.

For Cu(100), the SCLS(KT) for the deepest 1s orbital has the same magnitude and sign as
the SCLS(ASCF) which includes final state relaxation, although the SCLS(ASCF) is 0.25 eV
smaller in magnitude. The Cu 1s SCLS also has the same sign and magnitude as the measured Cu
2p SCLS. [73] From the results for the Al(100) SCLS, to be discussed next, the Cu 2p SCLS is
expected to be similar, albeit somewhat smaller in magnitude, than the Cu 1s SCLS. For AI(100),
results for the 1s, 2s, and 2p SCLS are shown. The SCLS(KT) is similar for all levels. The
SCLS(ASCF), given only for the Al 1s orbital, is similar to the SCLS(KT). The Al 2p SCLS(KT)
has the same sign as experiment and both are reasonably small and positive. The different signs

of the SCLS(expt) for Cu and Al are reproduced by the theory and, most important, the theory
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shows that this difference is sign is an initial state, SCLS(KT), effect and does not arise from a
difference in the screening of Al and Cu core holes. It is clear that the initial state differences in
the bonding and environment of bulk and surface atoms are responsible for the SCLS of Cu and
Al; the relaxation only modifies the absolute value of the SCLS. Thus, while the screening of the
core-holes is quite large, [16] it is the same, within 0.25 eV, for bulk and surface atoms. The
reason for the small SCLS is, as shown in the original papers, due to the cancellation of two
initial state contributions one of which leads to a modestly large SCLS<0 while the other leads to
an SCLS>0. The SCLS, including the different signs for Cu and Al, are not due to a final state
screening as inferred by Delesma et al. [8] from their equivalent core model calculations. The
importance of the initial state contributions to the SCLS also holds for the ionic insulators MgO
and CaO where the SCLS is quite different between core ionization of the metal cation and of the
O anion. For the Mg 2p BEs in MgO and the Ca 2p BEs in CaO, the KT, ASCF and experimental
SCLS are reasonably similar and the SCLS arises mostly from initial state effects. The initial
state effects for the cation 2p SCLS depend largely on the change in the Madelung potential at a
surface atom to a larger, less negative, value compared to the potential at a bulk atom. [71] For
the SCLS of the O(1s) BEs of MgO and CaO, initial state contributions to the SCLS also
dominate. The O(1s) SCLS is calculated to be small and this is consistent with the fact that the
O(1s) SCLS is not resolved in the XPS measurements. [71] Based on this knowledge of the
importance of initial state effects for the very different cation and O(1s) SCLS, it was possible to
identify the surface chemistry which was responsible for the different SCLS [71] of cation and
ligand. The results for the CaO SCLS closely parallel the MgO SCLS especially for the
importance of initial state effects, as opposed to final state screening [9, 70] demonstrating the
generality of the mechanisms responsible for the SCLS of these two oxides. For CaO, the SCLS
obtained with periodic DFT slab models for CaO(100) [70] are similar to the HF cluster model
SCLS, especially as concerns: (1) the large difference of the cation and anion SCLS and (2) the
importance of initial state effects. The SCLS from DFT cluster models of CaO(100), [9, 70] not
shown in Table V, are fully consistent with the HF cluster and DFT slab model SCLS shown in
the table. Thus, the key chemistry and physics obtained by separating initial and final state
effects, directly possible with our core-hole WFs and densities are the same with all three
approximations, powerful evidence that our conclusions are correct. Since the importance of
initial state effects for the SCLS is shown for these very different cases, it is reasonable to

conclude that importance of these effects is general.
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VI. Conclusions

A detailed analysis and comparison of rigorous core-hole electronic structure with the
electronic structure obtained with the equivalent core model has been presented. This comparison
has made it possible to understand and place in context both the advantages of the equivalent core
model and the dangers and limitations of an uncritical use of the model. The model provides a
useful qualitative and graphical guide to the consequences of the relaxation and response to core-
holes. We have shown that there are differences in the character of the valence orbitals between
the rigorous core-hole WFs and the equivalent core model WFs but they are relatively minor. In
particular, the trends over different hole states obtained with rigorous core-hole WFs and
equivalent core WFs for orbital character and for many-body effects are similar. One of the novel
and unexpected things that we have shown concerns the use of equivalent core models to
understand the differential importance of many body effects depending on the core level ionized.
The results that we have presented suggest that these many body effects are more important when
the effective nuclear charges are more similar and less important when they are less similar.
Thus, the many body effects will be larger for the C(1s) core ion of CO, which is equivalent to
NO" where the two nuclear charges differ by only one, and smaller for the O(1s) core of CO,
which is equivalent to CF" where the two nuclear charges differ by 3. This correlation was first
pointed out in Ref. [23]. We have also quantified the possible effects on core level BE shifts
because the experimental data for the equivalent core molecules are at a different geometry than
for the initial state geometry of the system before core ionization. We have shown that geometry
changes of the magnitude expected between the ionized molecule and the equivalent core
molecule can lead to changes in BEs of <0.5 eV. This suggests an uncertainty in the core level
BE shifts obtained with the equivalent core model of order a few tenths of an eV. To our
knowledge, this quantification of the accuracy of the equivalent model has not been made before.
We have demonstrated that while the equivalent core model can provide information about the
BE shifts of the same atom at inequivalent positions in a system, it cannot be used to obtain
information of the shifts of BEs between different atoms or to obtain absolute BEs. We have also
shown that there are aspects of the XPS that cannot be treated with the equivalent core model yet

these are aspects that can provide a great deal of information about the electronic structure of a
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system. These aspects concern the contributions of multiplets to the number and width of XPS
features which is especially important for the XPS of open shell systems. The coupling which is
not treated within the equivalent core model arises from the coupling of the open core shell with
open valence shell electrons. Since the open core shell is not present in the equivalent core model
systems, the multiplets do not arise naturally and would need to be added as an afterthought. It is
likely that this core-valence coupling also needs to be taken into account for the intensities and
the number of shake satellites. However, the most serious concern that we have identified is

related to the distinction and separation of initial and final state contributions to XPS BE shifts.

We have stressed the importance of separating initial state and final state effects which is
easily possible when rigorous core-ion WFs and DFT densities are used but is not possible within
the current formulation of the equivalent core model. Indeed, this separation may not be possible
within the equivalent core model because it may not be possible to define a frozen orbital, FO or
KT, WF, see Eq. (1) or density as is possible with rigorous core hole treatments. We have
considered, as an example of the importance of this separation, the decomposition of the origin of
the surface core level shifts, SCLS, for two metal and two oxide surfaces. In all cases, we find
that the dominant origin of the SCLS is from initial state contributions. It is particularly important
that the dominance of the initial state contributions is found using both periodic and cluster
models of the CaO (100) surface and using both WF and DFT models for the electronic structure.
This consistency provides very strong support for the correctness of the decomposition into initial
and final state contributions which is crucial to obtaining correct information from the XPS. It is
even more important that the rigorous decomposition is different from the naive conclusion that
might be reached from equivalent core model analyses that the SCLS arises because of the
different relaxation of bulk and surface core holes. Thus, while equivalent core-holes may
provide a qualitative view of how screening may be different for different core holes, one must be
cautious not to be misled and make incorrect assignments of the decomposition into initial and

final contributions to BE shifts.
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Table 1. Calculated and experimental C(1s) and O(1s) BEs, in eV, for CO using non-relativistic
CAS WFs and including a relativistic correction, CAS-rel. The BE shift between O(1s) and
C(1s), ABE is also given. See text and Ref. [23] for details.

BE[C(1s)] BE[O(15)] ABE
expt. 296.2 542.6 246.3
CAS 295.8 541.8 246.0
CAS-rel 295.9 5423 246.3

Table II. Occupation numbers for the w orbitals, N(1x) and N(2x), of the CO and equivalent core
CAS WFs for the ground, GS, C(1s) ions, and O(1s) ions. The shorthand, EQC, for the equivalent
core model is used here and in Table III. The results for the all electron calculations for the GS
and the 1s ions are from Ref. [23] The ratio of the equivalent core, EQC-NO" and EQC-CF",

N(2m) to the rigorous core-hole values are given in parenthesis.

N(1mx) N(2mr)
CO-GS 3.908 0.092
C(1s)-CO* 3.814 0.185
0(1s)-CO* 3.946 0.054
EQC-NO* 3.832 0.168 (0.90)
EQC-CF+ 3.951 0.049 (0.90)
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Table III. Centers of charge, <z> in A, for the valence o and the 1x and 2 orbitals of the CAS
WFs for the CO GS and C(1s) and O(1s) core-holes as well as for the equivalent core
molecules, NO* and CF*. For the sum(0), 1w, and 2t <z> of NO* and CF*, the ratio of the
equivalent core to the core-hole <z> are given in parenthesis; see the caption to Table II

and the text for details.

o Orbitals
30 40 50 sum(o)

CO-GS +0.26 +0.60 —0.85 +0.02
C(1s)-CO* +0.19 +0.56 —0.74 +0.02
0(1s)-CO* +0.29 +0.65 —0.86 +0.14
EQC-NO* +0.14 +0.35 —0.47 +0.05 (2.2)
EQC-CF+ +0.35 +0.56 —0.84 +0.14 (0.98)

xt Orbitals

I 2

CO-GS +0.27 —010.
C(1s)-CO* +0.14 —0.09
0(1s)-CO* +0.41 +0.03
EQC-NO* +0.15 (1.06) | —0.09( 1.07)
EQC-CF+ +0.41 (0.99) | +0.02 (0.62)
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Table IV. Changes, 0BE[C(1s)] and 0BE[O(1s)] in eV, for changes in the C-O distance, d(C-O)
from the BEs at d(C-O)=r.. The BEs at r. are in Table I.

d(C-0)-A SBE[C(15)] SBE[O(15)]
1.032 —0.74 +0.28
1.058 —0.53 +0.21

1.085 -0.32 +0.13

1.111 -0.12 +0.05
1.128 0.00 0.00

1.138 +0.07 -0.03

1.164 +0.25 -0.12

1.191 +0.41 -0.20
*This is the CO r.
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Table V. Theoretical and experimental values, in eV, of the SCLS for Cu(100) and Al(100) and
for MgO(100) and CaO(100) surfaces. The results are based on cluster models of the bulk and
surfaces; for the CaO SCLS, periodic slab model DFT values are also given. Sources of the

SCLS(KT), SCLS(ASCF), and SCLS(Expt) are given as footnotes

SCLS(KT) SCLS(ASCF) SCLS(Expt)

Cu (100)* 1s BE —0.63 —0.38 —-0.24
Al(100)* 1s BE +0.74 +0.63 | -

2s BE +0.62 |- | e

2p BE +0.57 | - +0.22
MgO(100)° Mg 2p BE +0.81 +0.94 +0.65

O 1s BE +0.19 +0.004 unresolved
CaO(100)° - cluster | Ca2p BE +0.89 +1.01 +0.6

O 1s BE +0.15 +0.05 unresolved
CaO(100)° - slab Ca2p BE +0.58 +0.78 +0.6

O 1s BE +0.19 +0.04 unresolved

*For the SCLS values, see Refs. [72-73]

°For the SCLS values, see Ref. [71]

‘For the SCLS values, see Refs. [9, 70]; for the slab model SCLS(KT), see Ref. [76]
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