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Abstract

We present the results of a theoretical study concerning the shifts in the binding energy of core electrons at the (001) surface of
magnesium oxide. The core levels considered are the 1s, 2s, 2p, ones of the magnesium ion, the 1s of substitutional lithium, and the
1s, 2s, 2p, of substitutional sodium. The shifts are evaluated by means of ab initio embedded-cluster unrestricted Hartrese—Fock
ASCF calculations. The host perfect crystal is modeled by a two-dimensional MgO slab; within the slab, a cluster is considered
which contains at its center the ion where the core hole is created. This technique allows the effects of the surroundings to be taken
into account accurately and self-consistently. The dependence of the binding energy shift on the location of the ion with respect to
the surface is analysed and discussed. Surface effects are evident but well localized, since they are negligible below the second layer
from the surface. The entity of the shift is dictated by the local electrostatic potential, the polarizability of neighboring anions and
their number; for the formation of the substitutional impurities, the repulsion with neighboring oxygens also comes into play. A
semi-quantitative explanation of the whole of the calculated data has been provided in terms of three parameters. For the case of
lithium in the surface layer, the effects of relaxation around the impurity have also been studied. © 1997 Elsevier Science B.V. All
rights reserved.

Keywords: Ab initio quantum chemical methods and calculations; Computer simulations; Green’s function methods; Magnesium
oxides; Photoelectron emission; Surface defects

1. Introduction become one of the most used techniques to investi-
gate the properties of surfaces and adsorbates [3].

Core-level binding energies (CLBE) and energy In particular, they can be used to characterize the
shifts are a probe of the electronic configuration distribution and the chemical environment of
of atoms and of their environment [1,27]. In the impurities at the surface of catalytically active
last . years, core electron spectroscopies have materials. For instance, it is well known that the

presence of lithium impurities greatly increases the
catalytic activity of magnesium oxide towards the
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tions can be very helpful for the interpretation of
the experimental results. The most widespread
computational technique for the theoretical predic-
tion of CLBE:s is the so-called ASCF method, first
introduced by Bagus [6]. This is based on self-
consistent fleld (SCF) unrestricted Hartree—Fock
(UHF) caleulations concerning the ground state
of the system (initial state) and a state resulting
from removal of an electron from a selected core
orbital (final state). This procedure can provide
quite accurate estimates of CLBEs especially due
to a large cancellation of the correlation error
between the initial and the final state [ 7]. However,
it is necessary to perform these calculations at a
high degree of sophistication, both as concerns the
basis set employed and the model adopted to
simulate the environment of the excited species, A
cluster model is the most common choice. For
example, in Ref [8], ASCF calculations are
reported concerning clusters [MOg]°~ sur-
rounded by an array of point charges, to estimate
CLBE shifts in metal oxides MO (where M is Mg,
Ca, Sr or Ba) with respect to the corresponding
metals (M). In spite of the sophistication of this
kind of calculation, they must include in a rather
artificial way the effects of the surroundings when
applied to condensed systems and defects therein
[9]. As concerns our present investigation, it has
long been recognized that there are two main
reasons for the shift of CLBEs in solids or at a
surface with respect to gas phase spectra: first, the
electrostatic potential with respect to vacuum at
the site where the hole is created and, second, the
so-called extra-atomic relaxation corresponding to
electronic response of the medium to the charge
modification in the excited species [10]. To
describe accurately such effects, an embedded-
cluster technique appears more adequate, which
takes into account correctly from the start the
extended nature of the host system. We have shown
the feasibility of this approach by developing a
computer program (EMBED93) [11,127, which
solves the HF problem for closed-shell point defects
in a crystalline matrix. The method is based on
the perturbed-cluster (PC) equations [10] and
adopts the following strategy. The HF solution is
first obtained for the perfect host crystal where the
defect is eventually created; for this purpose, the
CRYSTAL program is used [ 13]. Next, the change

in the electronic structure is re-calculated self-
consistently within a local space, which includes
the defect region, by assuming that no essential
change occurs in the electronic structure of the
complementary region (external space). For the
calculation of CLBEs, however, it is necessary to
perform UHF calculations and to keep track of
the core-hole state during the SCF iteration. Both
these additional capabilities have recently been
implemented in the EMBED program; as an exam-
ple of the new potential applications, we have
presented the results of calculations concerning the
F center (neutral fluorine vacancy) in bulk LiF
and the 1s Mg core hole in an MgO monolayer
[14]. Still another application envisaged is the
study of bond-breaking processes at catalytically
active surfaces, involving open-shell transition
states. This UHF version of the program has been
called EMBED96. It has just been released for
public distribution [15], in conjunction with the
newest version of the CRYSTAL program, which
generates the host crystal solution [16].

In this paper we consider several types of core
holes, with the involved atom in a neighborhood
of the (001) surface of MgO:

(1) core hole in Mg 1s, 2s, 2p, orbitals (z is the
direction perpendicular to the surface);

(2) substitutional Li and Na, both with complete
core and with core hole in the 1s and in the 1s, 2s,
2p orbitals, respectively: in no case the formation
of an ionic couple (such as Li*~O~) was consid-
ered, although this is known to occur easily with
alkali impurities in MgO [5];

(3) in one of the cases of point 2, namely lithium

in the surface layer, we have studied the effect of
the symmetric relaxation of oxygens around the
impurity.
The host crystal has been simulated with MgO
slabs of different thickness parallel to the selected
face: a monolayer (this host system will be iden-
tified as 1L), a three-layer (3L), and a five-layer
slab (5L). In the last two cases, the influence of
the depth of X inside the slab was studied as well.
For comparison, results are reported concerning
the same type of processes in bulk MgO.

Section 2 illustrates some aspects of the compu-
tational technique, with ample reference to our
previous work on the subject. Particular attention
is here given to the problem of the correct definition
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of a potential zero, which is very important when
considering processes where a charged species is
extracted from a solid. We also comment on the
corrections which are needed to account for the
effect on energy of the charge transfer between
local and external space (charge balance correction)
[17], and of changes in the electronic structure in
the external space following atomic relaxation
inside the cluster (overlap correction) [18]. In
Section 3, the results concerning the unrelaxed
structure are presented and compared with the
corresponding ones for the bulk. It is demonstrated
that the polarization of the atoms surrounding the
X species acts in an opposite way on CLBE shifts,
according to whether X is one of the host atoms
(Mg) or an alkali impurity. Finally, the effects of
relaxation on the lithium impurity and on the same
species with a core-hole at the surface of the 3L
slab are presented and discussed in Section 4.

2. Computational aspects

We adopt in the following a self-explanatory
notation for the different cases. For instance,
3L-(Nal (h: 1s): Mg) labels a calculation concern-
ing a 3L slab, where the X atom is substitutional
sodium (Na...:Mg) in the surface plane (super-
script 1 in square brackets), with a hole in its Is
orbital (h:1s). In an analogous way, SL-Mg®
(h:2p,) means that here X is a magnesium ion in
the third (central) layer of a 5L slab, with a hole
in its 2p, orbital.

The various slabs here considered (1L, 3L, 5L)
were cut out of bulk MgO by using the same basis
set and computational tolerances as in previous
work [ 19,207, since they had been shown to pro-
vide a satisfactory description of the electronic and
structural properties of that crystal. The optimized
geometry (@=4.201 A) was preserved and no relax-
ation perpendicular to the surface plane was
allowed because it had been found to be negligi-
ble [20].

Two types of embedded cluster were considered:
type I, which contains the X species and its Z
neighboring oxygens (Z=4in 1L and Z=50r Z=
6 in 3L and 5L according to whether X is in the
surface layer or at the interior of the slab); type II,
used only for the 3L-(Lif:Mg)*® and 3L-(Lil"!

(h:1s): Mg)™ cases, where the five magnesium ions
in front of the oxygens which are being relaxed are
also included (see Fig. 1).

The basis sets used for the X species are reported
in Table 1. The criteria adopted for their definition
are discussed in Ref [14]. We only recall that the
basis set of X should be flexible enough to describe
with equivalent accuracy very different electronic
configurations of that species (either with its full set
of core electrons or with a hole in one of its core
orbitals) in order to make energy differences mean-
ingful. The problem is even more delicate when X
is magnesium, since the atom in question belongs
to the host crystal, hence its description in the
absence of the hole should essentially correspond
to that adopted for obtaining the solution of the
host. We finally succeeded in defining split-core
split-valence basis sets for the three X species which
satisfactorily meet the above requirements without
creating excessive computational problems.

Once the slab solution has been obtained with
CRYSTAL, and after cluster size, basis set and
tolerances are chosen, the computation proceeds
as follows:

Step 1. an embedded-cluster calculation is per-
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Fig. 1. Example of embedded clusters used for the present
computations. The case depicted is the 3L-(XM1:Mg) one,
where the host system is a three-layer slab and the impurity
atom X (large sphere) is in the top ([1]) layer. Type I clusters
include the nearest oxygens of X (dark grey spheres), while
type II clusters, used for relaxation studies, also include the
magnesium ions in front of them (light grey small spheres).
Some of the surrounding ions are shown: in fact, the latter are
included in the calculation up to infinite distance, although
their electronic structure is constrained to be the same as in
the host crystal (here, the impurity-free three-layer slab).
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Table 1

Basis set for the three X species (magnesium, sodium, lithium) where the core holes are created; the basis functions are a linear
combination of Gaussian-type orbitals (GTO) and are collected into “shells” of type s, p or sp, as indicated; for each basis function,
the « exponents, in atomic units, and the C contraction coefficients are given; the latter multiply individually normalized GTOs

Atom Shell type o C, C,
Magnesium s 68371.875 0.00022231
9699.34009 0.0018947
2041.176786 0.011033
529.862906 0.050009
159.186000 0.16957
54.6848 0.36798
s 21.2357 1.0000
sp 156.795 0.0058762 0.0077507
31.0339 0.089985 0.065676
9.6453 0.49989 0.21189
3.7109 —0.23145 0.32983
1.61164 ~0.60926 0.00000
s 8.74604 1.0000
p 1.61164 — 1.0000
sp 0.50712 1.0000 1.0000
Lithium s 840.0 0.001437
217.5 0.004472
72.3 0.018910
19.66 0.103047
s 5.044 1.0000
s 1.5 1.0000
s 0.51 1.0000
P 0.65 — 1.0000
Sodium s 56700.0 0.0002252
8060.0 0.0019139
1704.0 0.011044
443.6 0.050147
1331 0.16964
45.8 0.36732
s 17.75 1.0000
s 7.38 1.0000
sp 119.0 0.0063672 0.0078405
25.33 0.083805 0.061709
7.80 0.67676 0.20129
sp 3.00 1.0000 1.0000
sp 1.289 1.0000 1.0000
sp 0.432 1.0000 1.0000

formed for the reference cluster C/, ie. the cluster
without defects (self-embedding calculation);

Step 2: the chemical-potential, u, of the C’ cluster is
obtained with a series of v-technique computations,
i.e. by superimposing a constant potential v to the
local space and calculating the energy cost per unit
charge transfer from the external space [17];

Step 3: if relaxation of atoms around the impurity

has to be considered, the corresponding displace-
ments x with respect to the unrelaxed position
must be explored in the C’ cluster in order to
estimate the overlap correction (see below);

Step 4: for the alkali impurities without core hole,
an embedded-cluster calculation is needed for the
C cluster with the defect, which is carried out at a
restricted HF level;
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Step 5: a hole is created in the v-th core orbital of
X and the corresponding self-consistent UHF
embedded-cluster calculation is performed, as
described in [147;

Step 6: if we are interested in the relaxation of
oxygens around the impurity, embedded-cluster
calculations of the type described in the two previ-
ous points are required, but with O atoms dis-
placed with respect to their position in the host:
we call the displacements x and x* for the systems
(X:Mg) and (X(h:v): Mg), respectively.

After performing these steps, the electron density
matrix and derived quantities in the local space
are obtained. Some corrections are, however, neces-
sary in the calculation of energy changes to account
for the effects induced by the presence of the defect
in the external space [127]. More specifically, we
can write for the formation of the substitutional
alkali impurity (S*+X* »S(X:Mg)~ +Mg?*):

EX¥*r = {E[S(X:Mg)]+E[Mg** ]}
—{E'[ST+E[X" T}
+pr (= 1—=g"*[S(X: Mg)]+g"*[S])
+dE°Y**(x); (1)
and for the hole formation in the v-th core
orbital  (S(X:Mg)” -»>S(X(h:v):Mg)+e~ or
Sf—=S(Mg(h: )t +e7):
Ebfer = {E'TS(X(h:v): Mg)}
—{E'[S(X:Mg)I}
+pe(+1—g"*[S(X(h:v): Mg)]
+ g [S(X: Mg)]) + dE°Y ot (xb)
— dE°% (x), (2)

Let us comment on these equations which take
into account, in our opinion, all major contribu-
tions to the defect formation energy with one
notable exception, namely the long-range polariza-
tion of the host crystal in the case of charged
defects, which does not entail only electronic
rearrangement but also nuclear displacements
[21]. In the first line of either of them, we compute
the difference between two local energies, E', which
include all energy terms except those which origi-
nate from quantities entirely belonging to the

external space. Here and in the following Sf denotes
the host perfect crystal, so the corresponding E’ is
obtained from the embedded-cluster calculation
concerning the cluster C’ (step 1). Of course, in all
cases the two local energies are referred to clusters
which are associated to each other, that is such as
to define an identical external space. In Eq. (1),
the HF energies of the removed and the inserted
species are included, while in Eq. (2) the removed
electron does not appear. In both cases it is
assumed that the species external to the crystal are
at rest at infinite distance above the slab, where
the program defines the zero of the potential.

A problem arises when comparing the energies
defined according to the above equations with the
corresponding ones in bulk (see next section).
Because of the fact that no exterior exists for a
three-dimensional infinite crystal, it is not possible
to define in that case a physically sensible zero of
the potential and the choice adopted by CRYSTAL
and EMBED corresponds to a computationally
useful convention [22]. On the other hand, when
the charge of the species external to the crystal is
different between reactants and products (or equiv-
alently, when the initial and the final formal charge
g™ of the crystal are different), the reaction energy
depends on the value V° of the potential at the
location where the external species are transported.
In order to solve this difficulty, we must imagine
that a slab is cut from the bulk parallel to a given
(hkl) crystal face and that the potential is set to
zero at infinite distance above that surface. The
offset with respect to the conventional zero may
be estimated by comparing the calculated one-
electron level of a selected state localized at the
center of a thick enough (hkl) slab () with the
corresponding one within the bulk (gf},). In the
present case, we have chosen & to be the magne-
sium 1s level at the center of the 5L slab (—48.89046
hartree) and &}, to be the same level in the bulk
(—48.86021 hartree). We then can correct the bulk
reaction energies for the potential offset by adding
to them a term (efoh, —ef) x AP, that is —0.03025
hartree for reaction 1 and 0.03025 hartree for
reaction 2.

Consider now the second line of Egs. (1) and
(2), which expresses the charge balance correction.
Table 2 reports the values of the chemical potential
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Table 2

Reference data for the C’ clusters considered in this work. u is the electrochemical potential, » is the ratio between the number of
magnesium and oxygen atoms in the cluster, g"**[S] is the net charge in C’ and V, — V; is the electrostatic potential at the center
of each cluster with respect to that at the center of the 5L slab (see text); the value of this quantity for the isolated Mg>* species is

also given; all data are in atomic units

Host-C’ center C’' type 7 ¥ g™ [Sf] V,— V¥,
1L-MgH I 1.0339 0.2500 —0.0144 +0.0488
3L-Mgtt! I 0.8923 0.2000 —0.0104 +0.0264
3L-Mglt II 0.5723 1.2000 +0.0054 +0.0264
3L-Mg® I 0.8550 0.1667 —0.0155 —0.0012
5L-Mgt! I 0.8948 0.2000 —0.0116 +0.0263
S5L-Mg® I 0.8537 0.1667 —0.0150 —0.0006
5L-MgP! I 0.8490 0.1667 —0.0137 0.0000
bulk-Mg I 0.8216 0.1667 —0.0176 0.0000
bulk-Mg I 0.5623 1.1667 —0.0111 0.0000
Mg?* — - — — +0.8766

estimated in step 2 of the computational procedure.
We also report the ratio (¥) between magnesium
and oxygen atoms in the C’ cluster. It is seen that
u generally increases with decreasing molar frac-
tion of the cation in the cluster, as already evidenti-
ated in previous work [17]. In other words, the
energy gain associated with the addition of an
electron to the local space, which must be compen-
sated for by a term equal and opposite, is higher,
the higher the percentage of oxygen in the cluster.
The third column shows the net charge in C’
(g°*[S*]), that is the total charge (electrons plus
nuclei) in the local space minus the corresponding
one in the host crystal: it should be zero and the
difference from this theoretical value is a measure
of the quality of the computations. The chemical
potential correction is very important; for instance,
it contributes —0.3941 hartree to the value EX°r
relative to the formation of substitutional Li at the
center of a 3L slab. This correction, however, has
proven capable to account very accurately for the
effects of charge transfer between the external and
the local space [17]. For subsequent reference, we
have reported in the last column of Table 2 the
value of the potential at the central magnesium
ion (V) with respect to that at the center of the
5L slab. Again, we have used for this purpose the
values of the Mg 1s levels as resulting from a
CRYSTAL calculation:

Vo—Vo=e5"—&;°

(for the bulk, this difference is zero by construction,
see above). The opposite of this quantity for the
free species (last line of Table 2) may be taken as
the Madelung potential V,q4: it is very close to the
classical Madelung potential at the cation site for
a rocksalt crystal with ionic charges +2 and a=
4201 A (—0.8805 a.u.). The fluctuations between
the different sites are modest, except for that at the
surface, where the potential is less negative because
of the lack of one oxygen (two in the 1L case) in
the first coordination sphere.

The overlap correction reported in the last line
of Egs. (1) and (2) needs be applied only in the
case where host crystal atoms are moved with
respect to their unrelaxed positions, if they are not
sufficiently far from the cluster boundary. Step 3
of the computational procedure in the present
work runs as follows. As already stated, a cross-
shaped (type II) cluster has been chosen for study-
ing the oxygen relaxation around the impurity: the
reference C' cluster is centered on a surface magne-
sium of a 3L slab and contains four “equatorial”
oxygens and the four magnesium ions in front of
them in the surface plane, one subsurface “axial”
oxygen and the magnesium atom below. The shape
of the cluster is chosen so as to embody in the
local space all main effects associated with the
oxygen movement. Even so, external space contri-
butions to energy are not negligible. They can be
estimated by comparing the contribution to local

—
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energy associated with oxygen movements in the

C’ cluster, §E'(x), with the “true” energy change

for the same movement, JE(x), obtained from an
auxiliary embedded-cluster calculation, with the
displaced ion at the center of a large enough
cluster. In the present case, we studied indepen-
dently the movement of the axial oxygen and the
symmetric relaxation of the equatorial ones. The
entity of the two types of displacement with respect
to the unrelaxed position are denoted in the
following by xg.x and Xoeq, With a positive sign
meaning movement away from lithium. Fig. 2
reports the two curves dE(x) and SE'(x) for either
type of O displacement; their difference gives the
overlap correction. In fact, we have performed the
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study only for the movement of equatorial oxygens
at the surface; for that of the axial oxygen, we have
utilized the data of the bulk, divided by 6 [187.
We can finally add a few data on computational
requirements, by comparing a simple self-
embedding calculation («) performed in step 1 of
the procedure with a type I cluster, with one (8)
performed in step 6 with a type II cluster for the
determination of oxygen relaxation. The number
of basis functions in the cluster were 54 and 97
respectively, and the number of two-electron integ-
rals were 90+ 100 millions in case o, 123-+134
millions in case B (the first number refers to
Coulomb, the second to exchange integrals: very
good tolerances have been used in all the present
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0.03 +
0.00 -
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Fig. 2. Reference energy data for the relaxation of the four surface oxygens (left panel) and for the subsurface oxygen (right panel)
about a magnesium ion at the topmost layer of a 3L MgO slab. The continuous curve through the full circles corresponds to the
“true” energy change JE(x), while the curve of dashes through the open circles represents the local energy change SE'(x). Their

difference gives the overlap correction.







