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|. Introduction

The difference of the binding energies, BEs, in the X-Ray
photoemission spectroscopy, XPS, spectra of core levels of
atoms in the bulk and at the surface of solids, the surface
core level shift, SCLS, has been extensively studied for metal
surfaces. The different approaches to the interpretation of the
significance of the SCLS have been reviewed by Egelhof" and by
Bagus et al.’> The situation is quite different for the SCLS of
oxide surfaces; in contrast to the wealth of information avail-
able for metal surfaces, our previous SCLS study of MgO(100)*
is the only such study available for oxide surfaces. This
is surprising since surface core level shifts are intimately
correlated with the electronic properties of surface atoms and
with their geometrical arrangement, both of which determine
the catalytic properties of the surface under investigation.
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have been used to distinguish surface and bulk ionization.

The present work extends our earlier work on the SCLS of MgO
to another oxide CaO in order to demonstrate the generality of the
mechanisms reported for MgO. Furthermore, careful analyses are
made to obtain quantitative information about the extent and the
energetic importance of the covalent character of CaO.

If the bulk and surface atoms of an oxide are considered to
be ideal ions, the difference of the Madelung potentials of the
bulk and surface atoms will give the sign and magnitude of the
SCLS. In an octahedral oxide, a bulk ion has 6 nearest counter
ion neighbors, whereas a surface ion has only 5 such neighbors.
Therefore, the magnitude of the Madelung potential for surface
ions will be smaller than for bulk ions. As the Madelung
potential raises anion and lowers cation core-level BE’s, the
surface anion and cation core-level BE’s will be lower and
higher than in the bulk, respectively.> For cubic oxides with
lattice constant ~4-5 A, as for MgO or CaO, the magnitude of
the Madelung potential at the surface is different from that in
the bulk by ~1 volt. This would certainly lead to an observable
BE shift between surface and bulk ions.

In our previous experimental and theoretical study of the
SCLS of MgO® which is an ideal ionic insulator,®* it was found
that the Mg(2p) SCLS is close to the difference of the surface
and bulk Madelung potentials. On the other hand, the SCLS
of O(1s) was ~0 indicating that other electronic effects must
cancel out the difference in the O surface and bulk Madelung
potentials. Analysis revealed that the charge distribution of
a surface Mg”* is not very different from that of a bulk Mg**.
On the other hand, the more diffuse O*>  electron charge
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distribution differs more between bulk and surface atoms. The
change in the O charge distribution, while small, is sufficient to
cancel the contribution of the Madelung potential leading to an
SCLS too small to be resolved. An important question concerns
the generality of the MgO results for other oxides; in particular
for CaO, also an alkaline earth oxide. Since the Ca 3d is a
relatively low-lying level, it is possible that its involvement in
the CaO interaction, especially for the core-hole states, could
lead to important differences with MgO. Indeed, preliminary
results for the CaO SCLS obtained with Density Functional
Theory, DFT, slab model calculations® suggested a very
different SCLS for CaO than for MgO; these results motivated
our studies of the CaO SCLS using both cluster and DFT
methods. The methodological issues comparing and contrasting
DFT and Hartree-Fock, HF, methods and slab and cluster
models for CaO were reported in an earlier paper.® The objec-
tives of the present paper are to accurately determine the origins
of the CaO(100) SCLS and to understand the physical and
chemical significance of the SCLS in the context of the surface
and bulk electronic structure of CaO.

We will use HF wavefunctions, WFs, for cluster models of
bulk and surface CaO. We base our analysis of the bulk and
surface electronic structure of CaO on the properties of HF
cluster WFs because we have developed theoretical methods to
analyze these WFs which allow us to establish connections
between the electronic structure and features of the XPS; see,
for example, ref. 2 and 7. Our methodological study® compared
the SCLS for CaO obtained with: (1) periodic slab model DFT
calculations; (2) DFT calculations for cluster models of CaO,
and (3) HF WFs for these cluster models. Provided that a proper
treatment of the neutrality of the slab model supercell was
used, all these three models gave similar results for the SCLS.
The agreement between the DFT and HF cluster results proves
that the HF cluster WFs are sufficiently accurate to analyze the
physical and chemical effects involved in the core ionization
of CaO. Further support for the accuracy of HF WFs for the
description of core level ionization also comes from a compar-
ison of HF and DFT BEs for several gas phase molecules.® The
correctness of the HF cluster model WFs is also supported by the
fact that our theoretical SCLS are fully consistent with our XPS
measurements. Specific topics addressed in the present paper
are: (1) rigorous analysis of the ionic character of the bonding in
CaO with quantitative estimates of covalent departures from
ideal ionicity. (2) Characterization of the electronic relaxation in
response to core ionization which includes a characterization of
the nature and importance of the extra-atomic relaxation arising
from the environments of the ionized atoms. (3) Establishing
the relationship of these electronic properties to the SCLS.
And, (4) identifying the extent that surface reconstruction, both
relaxation and corrugation, modifies surface core level BEs and
the SCLS. Understanding the differences of the surface and bulk
electronic structure will make it possible to drawn connections
between the observed SCLS and the properties of the material,
including their catalytic properties.

The organization of the paper is as follows: in the following
section, methodologies, key details of the experimental and

25432 | Phys. Chem. Chem. Phys., 2019, 21, 25431-25438

View Article Online

PCCP

theoretical methods are described. In Sections III and IV, the
SCLS results from the experimental XPS and the HF cluster
model WFs, respectively, are presented. The conclusions are
summarized in Section V.

Il. Methodologies
A. Details of the experiments

Core level XPS measurements were performed at the UE56/2
PGM 1 beamline at the BESSY II storage ring (HZB Berlin). Well-
ordered CaO(100) films with a thickness of approximately
11 nm were prepared on a Pt(100) single crystal. XPS peak fitting
was performed using the CASA XPS software.’ Prior to fitting, a
Shirley background'® was subtracted from the data. The binding
energy scale of the spectra was calibrated using the binding
energy of the Au 4f;, core level peak of a Au foil attached to the
manipulator. Further details of the CaO film preparation are
given in the ESL{

B. Theoretical considerations

Several clusters were considered but only the results for the
larger clusters will be presented since the relevant properties
have converged for these clusters. The central atom of the
cluster is the atom for which the core-level BEs are determined.
This atom is surrounded by shells of neighboring anions and
cations chosen so that the edge atoms of the cluster are Ca
cations rather than O anions. This cluster is then embedded
in a set of point charges chosen to represent the Madelung
potential of the extended crystal. The edge Ca cations, which
are reasonably rigid, compress the charges associated with the
O anions and do not allow them to expand toward the point
charges."" This compression strongly affects the absolute values of
the core-level BEs of the central ion."* The cluster models of the
Ca0(100) surface are formed by truncating the cluster models for
the bulk. For the Ca BEs, the clusters are point charge embedded
CaO4Cayg and CaOsCa;; for bulk and surface respectively where
the atoms in each shell are given separately; for the O BEs, the
clusters are point charge embedded OCaqO;3Cazs, bulk, and
OCas0,3Cays, surface. The clusters are shown in Fig. 1 with the
atoms explicitly included shown as large spheres and representa-
tive point charges shown as small spheres. For some cases, surface
relaxation and corrugation were taken into account in order to be
able to estimate their effect for the SCLS. Further details of the
clusters are given in the ESL¥

The initial state configuration for all cluster models is closed
shell. The core ions have an electron removed from a localized
orbital on either Ca or O. Details of the localization are discussed
in the ESL{ For the ionization, it is important to distinguish the
initial and final state contributions to BEs and to BE shifts,
ABE,” since this distinction is critical to understanding the
physical significance of the observed SCLS and their origin in
the electronic structure of the oxides. The initial state BEs and
ABEs are those when the orbitals optimized for the initial state
are also used to construct the core-ion WFs. The main contribu-
tion to the initial state ABE is from the different electrostatic
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Fig. 1 Embedded cluster models for the O centered bulk (a) and surface (b) and the Ca centered bulk (c) and surface (d) cases. The atoms used in the

cluster are large circles where the oxygen anions are colored green and the Ca cations are colored dark blue (online). The embedding point charges are

small circles with red for positive charges and green for negative charges (online).

model of the material and in the isolated cation or anion

fragment,

potentials at the atomic cores of the different ionized atoms;
see, for example ref. 2 and 7. The final state contribution to the

ABE is from the different relaxations in response to the core

(2)

E(R) — E(R,fragment).

FEextra (R)

ionization. When the final state contributions are similar for

the core ionization of inequivalent atoms, then the ABE reflect
the difference of the electrostatic potential at the ionized atoms

For a suitable choice of fragment, the extra-atomic relaxation
gives the response to the ionization of an atom in the oxide that

and provide important chemical information.>” The HF initial

arises from the presence of the surrounding anions and cations
as distinct from the purely atomic response to the ionization.

state BE for closed shell systems is given by the negative of the

orbital energy of the ionized orbital, ¢y, and is referred to as a

Thus, the quantity Ex(R) provides a novel way to identify the

Koopmans’ theorem, KT, BE with BE(KT) = —¢;. The total BE,

importance of the environment and to understand how the

including both initial and final state contributions, is the

environment of different sites, e.g. surface or bulk, can lead to

self-consistent field,
and the variationally optimized ~ BE shifts. The choice of cation fragment is Ca>" since CaO is an
and is referred to as BE(ASCF)

’

difference of the variationally optimized

SCF, initial state energy, E(initial),
energy of the core-ion, E(final

ionic compound. The choice of anion fragment is less clear

)

)

since O*>~ does not exist as a stable species and the 2p orbital of
0>" will become very diffuse if allowed by the choice of

(R), is the

E

BE(final) — BE(initial). The relaxation energy,

difference of BE(KT) and BE(ASCF

)s

provide a

parameters used in the expansion of the orbital.'* It has been

found that the orbitals determined for isolated O

~—

>0

(ASCF)
and represents the energy improvement by the response of the

BE(KT) — BE
orbitals to the presence of the electron hole in the ion.

E(R)

good characterization of the occupation of anion orbitals in

CaO, see Section IV, and the relaxation for the 1s XPS of O™
will be used in eqn (2) for the extra-atomic relaxation of the

O 1s XPS of CaO.

It is useful to define an extra-atomic relaxation energy,

Eexira(R), as the difference of the relaxation energy in the cluster
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For the interpretation of the bonding, including the
screening of the core-holes, several methods of analysis of the
cluster WFs were used. The occupations of fragment orbitals
are determined by projection of the orbitals of isolated Ca**
and O*>  on the orbitals of the cluster models."* The same
orbitals of 0>~ are used as for the extra-atomic relaxation. This
projection has provided a very useful way to estimate the extent
of covalency and the degree of ionicity in oxides.>*' The
occupation, Np(7), given by projection of the ith fragment
orbital, ¢(F), is

Ne(i) = > | (0i(F)o ) 3)

J

where the sum is over the orbitals ¢; with occupation n; of
the CaO cluster model.”® The value Ny(i) ~ 2 indicates that the
fragment orbital is fully occupied in the cluster. Sums over the
Np(i) may be taken to obtain the occupations of atomic shells.
Closely related to the projected orbital occupations are the
corresponding orbital eigenvalues for the orbitals of the cluster
which are most closely related, i.e. have the largest overlap, to
the fragment orbitals.>*®'” It is shown in Section IV that the
changes between the surface and bulk O(2p) corresponding
orbitals explain the unexpected O 1s SCLS. In the third method of
analysis, constraints are placed on the orbital variations following
the constrained space orbital variation, CSOV, formalism.*5*°
The energies associated with the constrained variations provide
a direct and unique estimate of the energetic importance of the
covalent interaction. The application of the CSOV to covalent
interactions in oxides is described in ref. 14 the specific use of
the CSOV applied to CaO is described in the ESL}

The point group symmetry of the clusters is Oy for
models of the bulk and C,, for models of the surface.?° The
orbitals maintained this symmetry and were spin restricted”" so
that the WFs have the correct spin and spatial symmetries. For
the bulk, the O and Ca p orbitals are three-fold degenerate; for
the surface, these orbitals are split into a po, oriented normal
to the surface, and a pn, oriented parallel to the surface. HF
WFs were obtained for the initial states and for the O(1s),
Ca(1s), Ca(2s), and Ca(2p) ions. Whether the Ca 3d orbitals,
which are low-lying, might play a role in the interaction
was investigated but only minor involvement was found. See
the ESIt for further details about the WF properties and
calculation.

lll. Experimental results

Ca 2p photoemission spectra were obtained using various photon
energies and electron detection angles in order to distinguish
surface components of the core level peak from the bulk compo-
nent. Some spectra are shown in Fig. 2. The Ca 2p;, peak is best fit
by deconvoluting the peak into two Voigt peaks (70% Gaussian),
with the main peak at 345.7 eV and another, smaller peak at
+0.6 eV higher binding energy. The peak components were
constrained to all have the same FWHM within each individual
spectrum. Fits of the experimental data in Fig. 2a show that the
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Fig. 2 XPS spectra of the Ca 2psz,, core level peak with the surface
sensitivity varied by changing (a) the photon energy and (b) the photo-
emission angle. Peak heights are normalized for clarity. A decomposition
of the total XPS, green online, into bulk, red online, and surface, blue
online, contributions is made.

relative intensity of the smaller peak increases from 8% to 31%
as the surface sensitivity of the experiment is increased by
decreasing the photon energy from 750 eV to 450 eV for spectra
recorded at normal emission. Clearly the small peak is the
surface Ca 2pj;/, core level. This conclusion is supported by
the data in Fig. 2b which show that the intensity of this
peak increases when the experimental surface sensitivity is
increased by varying the electron detection angle from 0°
(normal emission) to 60° with respect to the surface normal.
Since the corresponding O 1s spectra were free of features
attributable to hydroxyl groups and since LEED did indicate a
well-ordered surface, we conclude that this peak is not affected
by either defects or hydroxyls.

O 1s photoemission spectra are shown in Fig. 3 for a
variation of the photon energy from 600 to 800 eV. The O 1s
peak in each case was fitted with a single Voigt peak as
described above. Peaks due to hydroxyl formation were not
observed. It was not possible to resolve a surface component
from the bulk O 1s peak. Therefore, we conclude that the SCLS
for O 1s is less than ~0.1 eV.

Further details on the experimental results are in the ESL ¥
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Fig. 3 XPS spectra of the O 1s core level taken with photons of different
energies. Peak heights are normalized for clarity.

V. Cluster model results — analysis of
the electronic structure & SCLS

The orbital occupations presented in Table 1 are based on
projection of the valence orbitals of isolated Ca cations, 3s and
3p, and O anions, 2s and 2p, projected on the orbitals of the
bulk and surface cluster models of CaO(100); see Section II and
eqn (3). The projections, denoted Np(i), are given for the initial
state where the core orbitals are filled and for the ions where a
Ca 2p electron or an O 1s electron have been removed; the Ca
2p ion is for removal of 1/3 of an electron from each of the three
2p orbitals. The Ca orbital projections are made for the Ca
centered clusters while the O orbital projections are made for
the O centered clusters; see Fig. 2. For the Ca 3s and 3p orbitals,
we expect the projections to indicate full occupations with
totals of 8 electrons for both the initial state and the 2p ions
since the Ca®* cation is rigid and not especially polarizable and
this full occupation is shown in Table 1. In particular, the Ca
projections show that there is essentially no promotion from
the Ca(3p) into the Ca(3d) for the surface Ca cation where this
promotion is allowed by symmetry. If the O anions are ideal
0 then the total O 2s and 2p occupations should be 8 for both
the initial state and the O 1s ion. For all cases in Table 1, the O

Table 1 Orbital occupations, Np(i), from projections of the outer shell Ca
cation, 3s and 3p, and O anion, 2s and 2p, orbitals on the cluster models of
CaO. Occupations are given for bulk and surface atoms and for the Ca(2p)
and O(1s) ions

Initial state — Np(i) 2p-Ton - Np(i)

Ca Bulk Surface Bulk Surface
3s 2.00 2.00 2.00 2.00
3p 6.00 6.00 6.00 6.00
Total 8.00 8.00 8.00 8.00
Initial state - Np(7) 1s-Ion - Np(i)
(6] Bulk Surface Bulk Surface
2s 2.00 2.00 2.00 2.00
2p 5.90 5.90 5.93 5.93
Total 7.90 7.90 7.93 7.93
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2s and 2p occupation is almost exactly 8 indicating that the O is
very nearly an ideal 0>~ anion and, by extension, that the Ca
must be a Ca®>" cation. At most only a very small fraction of the
O(2p) orbitals, ~1%, could be involved with the formation of a
covalent bond with Ca. Constrained variations with the CSOV
formalism, as described in Section II, allow an estimate of the
energetic importance of the covalent bonding to be made for
the case of a bulk Ca cation in the initial state without a core
ion. The energy improvement by allowing the orbitals of the O
anions to mix with the unoccupied orbitals of the Ca** cation is
0.7 eV where this estimate takes account of limitations of the
basis sets used to calculate the WFs. It is important to point out
that the 0.7 eV is the estimate for the energetic contribution for
the covalent bonding with a single Ca cation.'* Details of the
possible covalent interaction between Ca and O are given in the
ESIL.} Clearly, the Ca-O interaction is still dominantly ionic and
this ionic character of O persists even when an O 1s electron is
removed. Although, the projections are similar for bulk and
surface O anions, there are subtle differences that will be
discussed below.

The persistence of the dominant ionic character of CaO even
for the core-level ions has implications for the final state
relaxation. The atomic and CaO relaxation energies, E(R), and
the extra-atomic relaxation energies, Eeyra(R) defined in eqn (2),
are given in Table 2 for the Ca 2p and O 1s ionizations. There is
an uncertainty for the O(1S) Ecxa(R) since the reference for the
atom is taken as O~ which has 5 rather than the 6 electrons
shown by the projections to be the O(2p) occupation in CaO; see
Table 1 and the discussion in Section IIB. Thus, the O Eeya(R)
values of 1.8-1.9 eV in Table 2 are upper bounds. It is clear from
Table 2 that the extra-atomic relaxation is a small fraction, less
than 10%, of the total relaxation. This is consistent with the
data in Table 1 which shows that CaO retains its ionic character
even when the core-ions are formed, either in the bulk or at the
surface. Clearly, the origin of the relatively small extra-atomic
relaxation is the polarization of the neighboring ions in
response to the change in the charge of the core-ionized atom.
The extra-atomic relaxation is larger for the Ca 2p hole than for
the O 1s hole for the obvious reason that the nearest O°~
neighbors of the Ca core ion are much more polarizable than
the nearest Ca** neighbors of the O core ion. The atomic and
extra-atomic relaxations in response to the core holes in CaO
can be viewed graphically with the density difference plots
which are presented in the ESL ¥

If the character of the surface ions remained like those of
the bulk ions, one would expect that the Eey.(R) would be

Table 2 Relaxation energies, E(R), for the Ca 2p and O 1s ions of CaO and
of the atomic fragments, in eV; extra-atomic Eexa(R) are also given

Ca 2p O1s
Atomic E(R) 10.19 20.85
Bulk Surface Bulk Surface
CaO E(R) 12.74 12.66 22.66 22.76
Eexera(R) 2.55 2.47 1.81 1.91

Phys. Chem. Chem. Phys., 2019, 21, 25431-25438 | 25435


https://doi.org/10.1039/c9cp04847b

Published on 05 November 2019. Downloaded by Fritz Haber Institut der Max Planck Gesellschaft on 1/13/2020 9:42:55 AM.

Paper

smaller for the surface ions than for the bulk ions since the
surface core ionized atoms have fewer surrounding ions to
polarize. For the Ca 2p ions, the surface Eey.(R) is, in fact,
smaller than the bulk Ee,(R) but by less than one would expect
given that the surface Ca cations have only 5 O anions as
nearest neighbors compared to the 6 for the bulk Ca cations.
For the O 1s ions, the surface Eqx.4(R) is actually slightly, ~ 5%,
larger than the bulk Eexa(R). This indicates that the surface
ions, in particular the O~ anions, have a somewhat different
electronic distribution than the bulk ions but the E(R) does not
provide quantitative information about these differences. How-
ever, using corresponding orbitals,>'® it is possible to obtain
quantitative estimates of the different charge distributions of
surface and bulk atoms. The corresponding orbitals between
two sets of orbitals are unitary transformations of the occupied
orbitals of each set that bring them, as much as possible, into
being similar to each other. The criterion for similarity is to
find the unitary transformation within a set that leads to the
largest overlap between the orbitals of the two sets. The atomic
orbitals of either Ca®>" or O~ are taken as one of the two sets of
orbitals and the orbitals of the bulk and surface CaO clusters as
the second set of orbitals. The relevant corresponding orbitals
of the CaO clusters are localized on either the bulk or surface
atoms and correspond most closely to the atomic Ca or
O orbitals. The sizes and shapes of these orbitals, as given by
expectation values of r and r® are compared for bulk and
surface ions. The coordinates are defined such that z is the
normal to the CaO(100) surface and x and y are in the surface
plane; the (r) and (r*) for the corresponding orbitals are taken
with respect to the center of the representative bulk or surface
atom. By symmetry, all (r) are zero for bulk atoms while
for surface atoms only the (z) are not zero. In addition, the
corresponding orbitals of bulk atoms have spherical symmetry
while for surface atoms, the corresponding p orbitals are split
into o and . For closed shells, where all degenerate orbitals are
occupied, the sum of (r*) over the orbitals in the shell leads to
() = () = (%) = (r*)/3 for bulk atoms and (x*) = (y*) # (z°) for
surface atoms. The outermost orbitals of the surface and bulk
ions, 2s and 2p for O and 3s and 3p for Ca are of the most
interest. Although symmetry separates the s and p orbitals
for bulk atoms, for surface atoms s and p can mix in the
corresponding orbitals; thus the values of (z) and of (r*) are
given for the sums over these orbitals as providing the most
meaningful information on the distortion of surface atoms
from the essentially spherical symmetry of bulk atoms.

In Table 3, these expectation values for the corresponding
orbitals of the initial state cluster WFs are given for the sums
over the Ca(3s) + Ca(3p) and over the O(2s) + O(2p) shells. The
sizes and shapes of the bulk and surface Ca corresponding
orbitals are very similar and this is consistent with the large
projected occupations, Np(i), of these orbitals, see Table 1.
There is a small positive (z) indicating a slight polarization of
the Ca charge toward the vacuum and away from the bulk CaO
since there is no compression from the missing O anion above
the surface. This polarization also leads to the (z*) being
very slightly larger than the (x*) = (y*) for the surface Ca atom.
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Table 3 Sizes of the bulk and surface Ca and O ions as given by the sums
of (z) and (r?) for the outer shell corresponding orbitals, 3s and 3p for Ca
and 2s and 2p for O; the differences between bulk and surface properties,
A(S-B), are also given. The (z) are in A and of (r?) in A®

(2) (')

Ca(3s +3p)  Bulk 0 2.04 0.68 0.68
Surface 0.02 2.04 0.68 0.68
A(S-B) 0.019  —0.002  —0.002 +0.004

O(2s +2p)  Bulk 0 3.49 1.16 1.16
Surface  —0.05 3.53 1.19 1.15
A(S-B)  —0.053  +0.044  +0.027 —0.010

While the changes in size and shape of bulk and surface
O anions are small, they are considerably larger than for the
Ca cations. The (z) shows that the 2s and 2p electrons are
drawn toward the bulk since they are attracted toward the Ca
cation directly below the surface O. While the magnitude of the
(z) for the surface O is twice as large as for the surface Ca, the
net change, 0.05 A, is still small compared to the distance of
2.4 A between the surface and the second layer of CaO. The
overall size of the O 2s and 2p electrons, as measured by (r*)
increases by 0.04 A% a1% change; the lateral size, as measured
by (x*) and (y), grows slightly while the vertical size is reduced
slightly from the bulk. A further very important consequence, is
that, as demonstrated below, the differences between surface and
bulk O anion charge distributions, albeit small, are responsible
for the anomalous O 1s SCLS.

For the core-level BEs, rather than consider individual BEs,
the focus is on the SCLS,

SCLS = BE(Surf) - BE(Bulk); (@)

where SCLS > 0 indicates a surface BE greater than bulk and
SCLS < 0 a surface BE smaller than bulk. For an Ca0O(100)
surface where no surface reconstruction is allowed, the magni-
tude of the surface Madelung potential, calculated for the ideal
+2 ionicities, is 0.8 eV smaller than that for the bulk. Thus, if
the Madelung potential is the only reason for the surface core
level shifts, the cation SCLS will be +0.8 eV and the anion SCLS
will be —0.8 eV. The experimental results, Section III, show that
the Ca 2p SCLS at +0.6 eV has the correct sign and roughly the
correct magnitude as predicted from the Madelung potential
difference. However, the O 1s SCLS from the XPS measurement
is essentially zero and not —0.8 eV. Initial state BE shifts,
denoted SCLS(KT), and final state BE shifts including relaxa-
tion energies, denoted SCLS(ASCF), have been determined for
the bulk and surface atoms; see Section IIB for definitions of
the KT and ASCF BEs. The SCLS(KT) and SCLS(ASCF) are
presented in Table 4 for several Ca core levels and for O(1s).
For the Ca 2p SCLS, the surface 2p BE is for an average
ionization of the nearly degenerate surface Ca 2pc and 2pn
orbitals; see the ESIt for the essentially identical SCLS for
surface 2pc and 2pn ionization.

Indeed, for all the core-levels, initial state effects dominate
the SCLS with changes of 0.1 eV between the SCLS(KT) and
the SCLS(ASCF), consistent with the data in Table 2 that the
extra-atomic relaxation is nearly the same for bulk and surface
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Table 4 Initial state and final state SCLS, in eV for the Ca 1s, 2s, and 2p and
O 1s levels of CaO

SCLS(KT) SCLS(ASCF)
Ca 2p(Avg) 0.89 1.01
2s 0.89 1.00
1s 0.92 1.00
O 1s 0.15 0.05

atoms. Essentially the same SCLS are found for all the Ca core
levels showing that the different surface and bulk initial state
environments are the origin of the Ca SCLS. The theoretical
cluster model ab initio HF SCLS are in qualitative agreement with
the XPS measurements. The small theoretical O (1s) SCLS(ASCF)
is zero within the uncertainty of the XPS measurement. The
theoretical Ca(2p) SCLS is large, in agreement with the measure-
ment, but about 50% too large. The SCLS(KT) for the Ca core-
levels is ~0.1 eV larger than the 0.8 eV due to the difference of
the surface and bulk Madelung potentials but the SCLS(KT)
for the O(1s) at +0.15 eV is vastly different from the —0.8 eV
due to the difference of the Madelung potentials.

These departures, especially for the O(1s) SCLS, arise from
the deformation of the surface O anions from their bulk
spherical character and from the small expansion of the O
surface charge density. This can be understood by considering
the effect of the valence charge density on the KT BEs and
SCLSs. The valence charge generates a potential at the nucleus
that reduces core-level BEs. Thus, BEs are larger for cations
than for neutral atoms or for anions precisely because the
potential of the valence electrons acting to reduce the BE is
smaller when there are fewer valence electrons in the cation.”
In a similar way, if the valence charge is expanded, as is the case
for the surface O anion, see Table 3, the potential at the nucleus
will be reduced and the BEs will be increased. For the bulk and
surface O*~ anions, a crude approximation for the potential of
the eight valence electrons is, in suitable units, 8/r where r is
the square root of the average 2s and 2p (r*). Then, the small
increase of (r*) shown in Table 2, for the surface O*~ anion
compared to the bulk, would lead to an increase in the surface
O(1s) BE of greater than 1 eV, completely offsetting the con-
tribution of the Madelung potential that acts to decrease the
surface O(1s) BE. The SCLS(KT) for the Ca core levels, ~0.9 eV
from Table 4, are ~0.1 eV larger than expected from the
difference of the surface and bulk Madelung potentials. While
it is possible that the distortion of the surface O valence charge
might contribute to this small difference, the contribution
of relaxation and reconstruction of the CaO(100) surface also
contributes to the change of the SCLS.

Surface relaxation and reconstruction of CaO(100) may
contribute to the change of the SCLS from the unreconstructed
surface; to estimate the effects that surface relaxation and
corrugation have on the SCLS, the CaO clusters have been
modified to model these effects. It is noted that the effects of
surface relaxation have not been considered previously. For
surface relaxation, the surface layer, including the point charges,
has been moved closer to the second layer in the embedded
Ca0O5Ca,4 and OCa;04,Ca,s clusters by Az = —0.05 and —0.11 A.
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Table 5 The Ca(2p) and O(ls) SCLS as the CaO(100) surface layer,

relaxation, or the surface atom, corrugation, is moved along the surface
normal by Az; see text. The SCLS are in eV

Ca(2p) O(1s)
Azin A SCLS(KT) SCLS(ASCF) SCLS(KT) SCLS(ASCF)
Unrelaxed 0.00  0.89 1.01 0.15 0.05
Relaxed —0.05 0.81 0.92 0.16 0.06
—-0.11  0.72 0.82 0.19 0.06
Corrugated —0.05 0.80 0.90 0.15 0.07
+0.05  0.99 1.12 0.18 0.03

For surface corrugation, only the central surface atom of these
clusters has been moved by Az = +0.05 and —0.05 A. These
values of Az for relaxation and corrugation were chosen based
on our slab model calculations of CaO(100)® where the CaO
surface and bulk geometries were optimized. The magnitudes
of the Az are within the ranges found for surface relaxation and
corrugation with the slab model. The Ca(2p) and O(1s)
SCLS(KT) and SCLS(ASCF) for these relaxations and corruga-
tions are given in Table 5 where they are compared with the
SCLS for unrelaxed CaO(100). For the Ca(2p) SCLS, both relaxa-
tion and corrugation have similar effects on the SCLS; for a
change of Az by —0.05 A, the Ca SCLS decreases by ~0.10 eV.
Furthermore, the SCLS(KT) and SCLS(ASCF) changes are par-
allel indicating that the origin of the changes is an initial state
effect arising from a change in the potential at the Ca atom. The
SCLSs decrease as the surface atom or layer is brought closer to
the second layer and increase when the surface atom is moved
away from the surface. These are the directions of changes in
the SCLS one would expect from changes in the electrostatic
potential due to increasing or decreasing the distance between
the central Ca atom and the O anion directly below it in the
second layer. It is expected that reconstruction which moves the
first layer closer to the second layer will be energetically favorable
since reducing the distance between the first and second layers
increases the electrostatic attraction between counter ions in
these layers. Motion of the surface Ca toward the bulk by 0.1 A
leads to a Ca SCLS(ASCF) in better agreement with experiment.
For the O(1s) SCLS, the effect of surface reconstruction, both
relaxation and corrugation, is much smaller. The difference of
the changes of the surface Ca and O BEs due to reconstruction
is consistent with the idea that the more polarizable and
deformable 0>~ charge distribution can respond more easily
than the more rigid Ca>* to changes in the geometric structure
and this will reduce the changes in the O(1s) BEs.

V. Conclusions

This study has extended the understanding of the physical and
chemical origins of the SCLS of oxides. It has been found, from
both theory and experiment, that the O(1s) SCLS of CaO is
small and cannot be resolved from XPS measurements while
the Ca(2p) SCLS is large, ~1 eV. The Madelung potentials at the
surface cation and anion sites are different by 0.8 eV from the
potentials at bulk sites; These differences should lead to a
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surface Ca(2p) BE larger by 0.8 eV than the bulk Ca(2p) BE and a
surface O(1s) smaller by 0.8 eV than the bulk BE; ie., to
SCLS with ~1 eV magnitude and opposite sign, >0 for Ca
and <0 for O. Thus, the small O(1s) SCLS is anomalous. The
anomalous behavior has also been found in an earlier study® of
MgO(100) proving that the small shift of surface O BEs from
bulk O BEs is not specific to a particular oxide but is likely
to hold for ionic oxides in general. The present study has
extended, for CaO, our earlier analyses of the ionic character
of MgO to include more detailed analyses of the anion and
cation orbital occupations and of the surface and bulk orbital
properties. This has included a novel analysis of the orbital
screening of the core-hole.

The theory shows that the shifts between surface and bulk
BEs, the SCLS, are dominated by initial state effects and, thus,
reflect the surface chemistry of the oxide. The origin of the
anomalously small O(1s) SCLS is explained as arising from the
slight expansion of the polarizable surface O charge distribu-
tion and its departure from the spherical symmetry of bulk
O anions. Furthermore, the SCLS of other cation core levels
besides the Ca(2p) are examined and shown to be very similar
to the Ca(2p) SCLS. Thus, the SCLS, in particular for O, reflect
the polarization of the CaO surface and are intimately related to
the reactivity of this surface. These analyses have made it
possible to estimate the small extent of departures in CaO from
the ideal ionic, Ca** and O, character. A detailed analysis of
the electronic relaxation in response to bulk and surface core
ionizations provides new and direct evidence of the primary
character of the response as polarization of the anions
surrounding the ionized center. It explains why the SCLS
are dominated by initial state effects and, thus, reflect the
chemistry of the oxide surfaces. The effects of CaO surface
reconstruction, including both relaxation and corrugation, on
the SCLS have been examined to understand, in particular, the
difference in the magnitude of the Ca(2p) SCLS between
the theoretical predictions for an unreconstructed CaO(100)
surface and the XPS observations. It has been shown that
drawing the surface layer atoms closer to the second layer
atoms reduces the Ca(2p) SCLS, as expected from electrostatic
considerations, but has a much smaller effect on the O(1s)
SCLS leaving its value close to zero. This correlation opens the
possibility of using measurements of oxide SCLS to obtain
information about oxide surface reconstruction.
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