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Effects of covalency on the p-shell photoemission of transition metals: MnO
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The effect of the solid-state environment for an Mn cation in MnO on the Mn 2p- and 3p-shell x-ray
photoemission spectra (XPS) has been investigated using ab initio relativistic wave functions for an embedded
MnOg cluster model of MnO. These wave functions include many-body effects due to the angular momentum
coupling and recoupling of the open-shell electrons. They also include the covalent mixing of the metal d
orbitals with ligand p orbitals. The treatment of covalency has not been included previously in ab initio
theoretical studies of the 2p-shell XPS of transition-metal complexes. In this work, covalent interactions
between the metal and ligands are treated on an equal footing with spin-orbit splittings. The four-component
spinors used in these wave functions are optimized separately for the ground and for the 2p- and 3p-hole
configurations. This orbital relaxation leads to a “closed-shell” interatomic screening of the Mn core hole. The
different orbital sets optimized for the ground and core-ionized configurations mean that mutually nonorthogo-
nal orbital sets are used to determine the matrix elements for the XPS relative intensities. Our treatment of the
transition intensities is rigorous, and no approximations are introduced to handle the orbital nonorthogonality.
The closed-shell screening is important because changes in the XPS obtained for the MnOg cluster from that
obtained for an isolated Mn>* cation can be directly linked to this screening and to the consequent reduction in
the values of certain exchange integrals. The present work is compared to prior, semiempirical calculations;
these comparisons allow us to identify unresolved questions about the origin of certain features of the MnO
XPS and to suggest further calculations to resolve these questions.
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I. INTRODUCTION

The identification and separation of contributions to the
x-ray photoemission spectroscopy (XPS) of transition-metal
(TM) cations in ionic materials is a subject of considerable
controversy.!~!2 A principal concern has been the importance
of interatomic as compared to intra-atomic effects. In order
to treat many-body intra-atomic effects with reasonable ac-
curacy, it is necessary that the wave function (WF) include
the configuration mixing of nearly degenerate (ND) XPS-
forbidden configurations with the XPS-allowed configura-
tions. For 3s holes of first-row transition-metal cations, the
important ND configurations can often be described as frus-
trated Auger configurations (FAC’s).! For p-shell holes, an-
gular momentum coupling and recoupling are the important
many-body effects that lead to mixing of recoupled, XPS-
forbidden, configurations with the XPS-allowed multiplet-
split, angular-momentum-coupled configurations."!4-1¢ Of
course, for ionization of shells with nonzero angular momen-
tum p,d,..., it is also necessary to take into account the
spin-orbit splitting of the shell.!**15:16 For interatomic
many-body effects, the primary focus has been based on the
mixing into the WF’s of the XPS-forbidden configurations
that involve ligand to metal charge transfer. The charge
transfer (CT) is considered to be from the highest p level of
the closed-shell anionic ligand—i.e., O(2p) or Cl(3p)—into
the unfilled d shell of the metal,*'7 described with the
notation d"*'L; higher-order charge transfers may also be
included.*® However, it is known that there are other inter-
atomic effects; these include the crystal-field splitting of the
transition-metal d shell'® and the covalent bonding and mix-
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ing of the TM d shell with the ligand p shell orbitals.> The
book by Cox!® on the electronic structure of transition-metal
oxides provides an excellent general introduction to and re-
view of the importance of covalent interactions in these ma-
terials; see, in particular, Chap. 2.2. While Cox and most
other work on these oxides are concerned with covalency in
the ground state, we have extended this treatment to consider
also the mixing of the TM d-shell with the ligand p-shell
orbitals in the final, core-ionized, states. In particular, we
shall show that this mixing, which is different for initial,
unionized, states and for final, core-ionized, states, leads to a
screening of the core hole without any change in the formal
occupation of the dominantly TM d open-shell orbitals.? This
is quite different from the CT screening described above that
involves adding new configurations of the form @"*'L where
the number of electrons in the partially occupied, dominantly
metal cation d shells is changed. We describe the screening
that occurs as a result of the increase in the covalent charac-
ter of the Mn and O orbitals as closed-shell screening; this
clearly distinguishes it from the screening that involves
d™'L CT configurations. We show below that closed-shell
screening has a direct physical consequence for separation of
the peaks in the Mn 2p and 3p XPS spectra. It is worth
noting that the semiempirical, model Hamiltonian formal-
isms used to calculate the XPS of ionic materials*%!820 do
not explicitly include covalency in the cluster orbitals; rather,
it is assumed that the orbitals are either pure metal cation or
pure ligand. For MnO and other Mn** ionic compounds,
there is strong evidence and general agreement that CT con-
figurations make, at most, a small contribution to the XPS
spectra.!>1%17:21 This minor role of CT configurations makes
the theoretical study of MnO ideal to examine the impor-
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tance of other interatomic effects for the XPS spectra. In this
paper, we report a study of these effects by comparing the
results obtained with ab initio WF’s for an isolated Mn>*
cation and for an embedded MnOg cluster model of MnO
with each other and with experiment.

Essentially all theoretical treatments of many-body effects
in the XPS of TM ionic materials use the conceptual frame-
work of configuration interaction (CI) in order to take into
account the mixing of XPS-allowed with XPS-forbidden
configurations. This is true both for ab initio approaches as
well as for parametrized semiempirical approaches. For stud-
ies that do not depend on parameters adjusted to experiment
see, for example, Refs. 1-3, 7-9, 13—-17, and 21; for studies
that use adjustable parameters, see, for example Refs. 4-6
and the review by deGroot.!® Furthermore, most theoretical
studies of the XPS of TM ionic materials are based on semi-
empirical cluster models; see, for example, Refs. 4, 6, and
18. In these calculations, values of atomic integrals for the
TM are combined with parameters chosen to represent the
interaction of the TM with the ligands to construct an effec-
tive CI Hamiltonian. Furthermore, the atomic integrals and
the interaction parameters used in the semiempirical calcula-
tions are commonly adjusted to improve the agreement of the
effective Hamiltonian results with experiment.’> In contrast,
ab initio many-body CI WF’s are free of parameters adjusted
to experiment and limitations of the agreement with XPS
experiments obtained with these WF’s indicate that key
physics is missing from the theoretical model used.'> Many
of the studies that use ab initio wave functions are based on
atomic models, which, of course, exclude a treatment of in-
teratomic effects. There are a relatively small number of ab
initio XPS studies of oxides that use an embedded cluster of
a central metal cation surrounded by nearest-neighbor oxy-
gen anions as a materials model. The 3s-hole XPS of MnO
(Ref. 8), NiO (Refs. 7, 9, and 22), and CuO (Ref. 23) have
been studied as well as the 3p-hole XPS of Cr,05 (Ref. 2).
However, all of these studies have used nonrelativistic WF’s
and spin-orbit splittings have been neglected; hence, the
metal 2p XPS could not be treated. Here, we report results
for the Mn 2p and 3p XPS obtained with relativistic WF’s.
Our ab initio relativistic CI WF’s for the MnOg cluster in-
clude the many-body effects of angular momentum coupling
and recoupling within the d shell and between the d shell and
np shell with a core hole.!”3 The orbitals are variationally
optimized separately for the initial and final core-hole con-
figurations. The separate optimizations of the four-
component spinors for the hole states are necessary in order
to have a compact and efficient description of the final-state
orbital relaxation in the presence of the core hole. In particu-
lar, we use the reoptimization of the orbitals as a simple and
direct measure of interatomic closed-shell screening of the
core hole. Indeed, the use of different, nonorthogonal sets of
orbitals for the initial and final core-hole states is reasonably
common with ab initio methods; see, for example, Refs. 1-3
and 22-27. The relative XPS energies E,; of the different
core-hole states are obtained directly from relativistic CI cal-
culations. The relative XPS intensities /) are determined us-
ing the sudden approximation®®2° (SA); the SA is exact in
the limit of high photon energies®® and it is appropriate to
use’® for comparing our theoretical results with the XPS
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measurements of Ref. 1. We have computed the SA [, ex-
actly, taking into account the nonorthogonality between the
orbital sets used for the initial- and final-state wave func-
tions; as discussed in Sec. II, this is a major computational
effort. To the best of our knowledge, SA I, have not been
computed for the 2p XPS of TM complexes using separately
optimized orbital sets for initial and final states.

This paper is organized as follows. In Sec. II, we discuss
theoretical and methodological considerations that include
(1) the choice of the embedded cluster model used to repre-
sent MnO, (2) the choice of configurations for the orbital
optimization, (3) the choice of CI WF’s, and (4) the method-
ology used to calculate the SA I.,. In Sec. III, we describe
the covalent interaction and mixing of cation 34 and ligand
2p orbitals and we show that this mixing is considerably
larger for the np-hole configurations than for the initial con-
figuration. We also discuss the consequences of this cova-
lency for the magnitudes of the two-electron exchange inte-
grals that contribute significantly as a driving force to the
multiplet splitting energies. In Sec. IV, we present our results
for the Mn 2p and 3p XPS in MnO using models of both an
isolated Mn?* cation and of an embedded MnOg cluster.
These results are analyzed in terms of the electronic structure
of the MnOyg cluster model. We also place our results in the
context of prior work for the Mn 2p and 3p XPS, which was
based on the use of parametrized models. In this connection,
we identify a limitation in the many-electron effects taken
into account in the theoretical work of Gupta and Sen.'>'6
This is significant given the wide use of Gupta and Sen’s
results!>!° for the interpretation of TM XPS, especially as it
may provide information about the oxidation state of the TM
cation.’'3° Based on these various comparisons, we identify
open issues for the interpretation of the 2p and 3p XPS of
MnO and we discuss further work that could resolve them.
Finally, we summarize our conclusions in Sec. IV.

II. MATERIALS MODEL AND THEORETICAL
METHODOLOGY

The materials model that we have used for MnO is an
MnOyg cluster embedded in a point-charge environment; the
central Mn and six O atoms and the embedding point charges
are placed at lattice sites of the MnO crystal.*’ The values of
the embedding point charges are adjusted to reproduce the
Madelung potential in the region where there is electron den-
sity. The charge on the cluster is 10—, consistent with the
nominal ionicities. This MnOg cluster model has been used
in previous studies.®*' Four-component spinor orbitals were
optimized separately for the initial, 2p-hole, and 3p-hole
configurations. A shorthand for the initial and final configu-
rations is 3d°, 2p°3d°, and 3p°3d°; this notation neglects
covalent mixing of the Mn(3d) with O(2p) (Refs. 2 and 41)
and neglects the ligand-field splitting of the Mn(3d). Taking
account of the ligand-field splitting in the O, symmetry of
MnO, the ground state is t%gez coupled high spin to 6A1 g and
the XPS-allowed np-hole state configurations are
t?u(nps)t%gez(%l ) Where the total coupling is either 'T,, or
STlu.l’3 Here and generally throughout the paper, we use ei-
ther the familiar O, point-group representation or atomic
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symmetry notation; however, the relativistic calculations take
account of the appropriate relativistic double-group
representations.*> The orbitals were determined as Dirac-
Fock self-consistent-field (DF-SCF) solutions for the average
of configurations.** This average is over all possible angular
momentum couplings of the open-shell electrons.'> The
Dirac CI (DCI) WF’s for the cluster involved the mixing of
determinants formed from all possible distributions of the
five d electrons into the e, and by, orbitals together with, for
the p-hole states, all possible distributions of five p electrons
into the #, orbitals. This DCI is described as a complete
open-shell CI since all distributions of the open-shell elec-
trons are allowed.** The DF-SCF and DCI calculations were
performed with the DIRAC program system;* the output of
DIRAC was coupled to programs that we developed to ana-
lyze the WF’s and to compute?®?° the SA I,;. The XPS re-
sults for the isolated Mn2* cation, used for comparison with
the results for the embedded MnOjq cluster, are essentially the
same as reported previously.! We have not used a point-
charge field about the cation, as was done in Ref. 1, but this
introduced negligible changes. For certain purposes, nonrel-
ativistic WF’s were computed for the ground and Mn 2p-
and 3p-hole configurations of the embedded MnQOg cluster;
for these calculations, the CLIPS program system*® was used.

When ab initio WF’s based on variational calculations are
used to describe core-excitation processes, it is reasonably
standard to use different sets of orbitals for the initial, unex-
cited, and for the final, core-hole excited states.' 32227 The
use of orbitals optimized for final, core-hole states is particu-
larly important for describing the XPS of ionic materials
using embedded cluster models of these materials.>???3 This
optimization is necessary in order to have a compact and
efficient description of the final-state relaxation, including
the interatomic closed-shell screening of the core hole. The
calculation®2° of the XPS SA I,,; involves evaluating many-
electron overlap integrals between the initial-state WF where
a core-electron has been annihilated and the final-state
WF’s.46-48 This overlap integral is expanded as a sum of
overlap integrals between the individual Slater determinants
used to expand the initial- and final-state DCI WF’s. While
the calculation of the many-electron overlap integral is not
particularly time consuming if the WF’s involve only one or
a few Slater determinants, it becomes expensive and difficult
when the WF’s are linear combinations of many determi-
nants. This latter case arises quite often.*” For the present
work, the WF’s involved expansions for the initial states of
more than 100 determinants and for the final states of ~750
determinants; these are sufficiently large CI’s that the calcu-
lation of the I is not negligible. Furthermore, it was neces-
sary to calculate the SA I, for a large number of final states
and for a few degenerate or nearly degenerate initial states.
Thus, the calculation of the many-electron overlap integrals
is a major computational burden. A numerically efficient pro-
gram to compute overlap and other one-electron integrals
between CI wave functions expanded in nonorthogonal or-
bital sets is included in the ALCEHMY program package for
the calculation of nonrelativistic WF’s.® This program is
based on the cofactor method for evaluating the integrals
between Slater determinants.*’*® The program, which has
been extended to handle the case of relativistic CI wave
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functions where the Slater determinants are formed with
four-component spinors, was used to determine the SA 1.

III. BONDING AND OTHER PROPERTIES OF THE
CLUSTER WAVE FUNCTIONS

Our DCI WF’s do not include d"*'L configurations to
represent CT screening but they do include the closed-shell
screening that is obtained by allowing the covalent mixing of
Mn 3d and the O 2p character in filled bonding and half-
filled antibonding spin orbitals.> Before we turn to the com-
puted Mn p-shell XPS spectra for MnO, we consider the
extent of the closed-shell screening by examining several
properties of the WF’s and indicate how this screening will
modify the MnO XPS from that for an isolated Mn”* cation.
For the purpose of this analysis, we have used nonrelativistic
Hartree-Fock (HF) WF’s for the average of configurations
for the ground- and np-hole-state configurations. This is be-
cause programs to compute the properties of interest are al-
ready available for the nonrelativistic WF’s. Since our con-
cern is for the overall character of the orbitals and for the
way this character changes between an isolated Mn>* cation
and Mn in the MnO environment, the use of nonrelativistic
HF WF’s is satisfactory.

We examine first the amount of Mn 3d character in the
closed shells of #,, and e, symmetries and in the half-filled
open-shell orbitals of these symmetries. In crystal-field
theory,*? these orbitals are pure ligand and pure TM d shell,
respectively; this approximation for the orbitals is also made
with semiempirical cluster models of the XPS of ionic TM
materials.*®>! In ligand-field theory, the highest-lying
closed-shell orbitals, while dominantly of ligand np charac-
ter, have bonding character with the TM d orbitals and the
open-shell orbitals, while dominantly of TM d character, are
antibonding with the ligand np orbitals.*!*? To determine the
extent of the d character in these mixed orbitals, we project
the atomic d functions from the initial, 3d°, configuration of
the isolated Mn?* cation onto the orbitals of the MnOg
cluster.>? This projection procedure avoids uncertainties as-
sociated with the more traditional population analyses.”® The
sensitivity of the projections to the particular choice of
atomic 3d orbitals was tested and found to be small. The
numbers of Mn d electrons in the open shells and the num-
bers summed over all the occupied shells are given in Table
I for the HF WF’s for the ground and for the np-hole con-
figurations.

The covalent bonding reduces the number of d electrons
in the open shells from the nominal values of n,(t,,)=3 and
n,(e,)=2 although these orbitals still have dominantly Mn
3d character. The closed-shell bonding, nominally pure
ligand, orbitals acquire a modest amount of d character. In-
deed, since the occupation of these orbitals is double that of
the open-shell orbitals, the gain of d character in the closed
shells exceeds the loss in the open shells and there is a net
gain of d electrons caused by the covalent bonding of the
metal with the O ligands. The changes in n,; due to the co-
valent interaction in e, symmetry are larger, typically by fac-
tors of ~3, than in 7,, symmetry. The chemical reason for the
larger covalent interaction in e, symmetry is clear; the e,
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TABLE 1. Projection of the number of 3d electrons, n,, for the
ground and p-hole configurations of the embedded MnOyg cluster.
Projections are from the open shell #,, and e, orbitals and from the
sum over all the occupied #,, and e, orbitals; the row “Total n,”
sums the contributions from the #,, and e, symmetries. The results
are for nonrelativistic WF’s.

ny 3 3p°3d° 2p73d°
Open shell 1, 2.93 2.87 2.83
Open shell e, 1.83 1.64 1.56
Total 1, 3.06 3.12 3.11
Total e, 2.16 235 2.40
Total n, 5.22 5.47 5.51

orbitals are directed toward the O ligands while the #,, orbit-
als are directed between the ligands.*?> For the ground d°, or
tggei, configuration, the open-shell ,, orbital has 98% 3d
character while the open-shell e, orbital, which loses
~0.16 d electrons, is still 92% Mn 3d. The e, and f, closed
shells gain 0.33 and 0.13 3d electrons, respectively. Due to
this covalent mixing, the total number of 3d electrons in the
initial-state configuration increases by only 4% to ns;=5.22.

The situation is quite different for the np-hole configura-
tions where ns, increases by 10% over the nominal value of
5. The orbital interactions are similar for the 2p-hole and
3p-hole configurations since both 2p and 3p are core elec-
trons and we will discuss the orbital properties only for the
2p-hole case. The antibonding open-shell e, orbital loses
0.44 3d electrons and now has only 78% 3d character. Be-
cause of the greater 3d occupation of the closed e, shells, the
total n,(e,)=2.40 is increased by 20% over the nominal
value of 2. The increase of covalent character for the p-hole
orbitals over that for the ground configuration leads to a
closed-shell screening of the p hole by ~0.3 electrons. The
interatomic screening due to this covalent interaction is sig-
nificant; however, it is smaller than the closed-shell screen-
ing that we found for Cr** in Cr,0; where, for a 3p hole on
Cr, the net charge transfer from O to Cr(3d) was more than
twice as large, 0.7 electrons.? Further study is required to
evaluate the relative importance, for the magnitude of the
closed-shell screening, of the charge state of the TM cation
and of its position in the row of TM elements. However, at
this point, we are able to state that the larger role of cova-
lency when there is a core hole on the TM cation contributes
significantly to the screening of the core hole. We stress that
this closed-shell screening does not involve d"*!L configura-
tions that change the occupation of the open shells associated
with the TM cation. The changes in covalent character be-
tween the initial and np-hole configuration orbitals clearly
demonstrate the need to take the orbital overlaps into account
when the SA intensities**~*® are computed to simulate the
XPS spectra.

It is common practice to use contour plots of orbitals and
of orbital densities to provide a visualization of the electronic
interactions and to provide a graphical way to relate these
interactions to materials properties. In particular, these plots
may be drawn in a two-dimensional plane where the con-
tours are the lines, in that plane, where the orbitals, or the
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FIG. 1. Contour plot for the 3d> configuration of MnOg: (a) the
open-shell 46‘2, orbital and (b) the closed-shell 36‘2 orbital. The Mn
atom is at the center of the plot, and the four O atoms are near the
corners of the plot region. The solid contour lines are for positive
values of the orbitals, long-dashed lines for negative values, and
short-dashed line for zero. The changes in value between adjacent
contours is 0.025 (bohr)=%2.

orbital densities, have a constant value. Such graphical dis-
plays have been used to elucidate the electronic interactions
for a wide range of physical problems including (1) the
analysis of the physisorption of rare gases on metal
surfaces,>* (2) the surface electronic structure of perovskite
superconductors,™ and (3) the properties of amorphous
glasses.’® In the present work, we use contour plots of the
higher-lying e, orbitals, ¢, for the ground and 2p-hole con-
figurations, which are shown in Figs. 1 and 2, respectively. In
these plots, solid lines are contours where ¢ is positive, long-
dashed lines are contours where ¢<<0, and short-dashed
lines are where ¢=0. The plotting plane contains the Mn
nucleus at the center and four O nuclei near the corners of
the square plot region; the changes in value between adjacent
contours is 0.025 (bohr)~*2. For the ground tggeﬁ configura-
tion, Figs. 1(a) and 1(b) are for the open-sheli, 4e§, and for
the highest-lying closed-shell, 3e4, orbitals, respectively, of
the embedded MnOQg cluster. Figures 2(a) and 2(b) are for the
same orbitals but for the configuration with a 2p core hole.
In both cases, the e, orbital with d,, character is plotted. The
zero between the Mn 3d and O 2p contributions in Figs. 1(a)
and 2(a) shows the antibonding character of this orbital,
while the much larger number of d,, than O 2p contours

155110-4



EFFECTS OF COVALENCY ON THE p-SHELL...

FIG. 2. Contour plot for the 2p°3d> configuration of MnOy: (a)
the open-shell 4e§, orbital and (b) the closed-shell 36;4, orbital; see
caption to Fig. 1.

shows the dominant 3d character of these orbitals. The con-
tours joining the O and Mn centers show that the orbitals in
Figs. 1(b) and 2(b) are bonding, while the larger number of
contours centered on O show the dominant O character of
these orbitals. However, comparing Figs. 1(a) and 1(b) with
Figs. 2(a) and 2(b) clearly shows the significant increase in
covalent character for the orbitals when the 2p core hole is
present. Further, the closed-shell screening is graphically
demonstrated in Fig. 2(b) where there are several contours
around the Mn nucleus.

It is appropriate to ask how the modest increase in cova-
lency will affect the XPS spectra. The open-shell ligand-
field-split d orbitals retain their dominant d character; this is
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shown in Table I. Furthermore, the 2p and 3p core levels
retain their atomic identity. Thus the intra-atomic multiplet
splitting"3>7 and the intra-atomic many-body configuration
mixing that describe the angular momentum coupling and
recoupling!-* should not be qualitatively changed because of
the covalent bonding in condensed-phase MnO. However,
the delocalization of the contracted atomic Mn 3d orbitals
that results from the covalent mixing of the ligand 2p and
metal 3d orbitals will reduce the two electron Coulomb, J,
and exchange, K, interaction integrals,57 involving the 3d
orbitals. The integrals are denoted J(i,j) and K(i,j) for inte-
grals between the ith and jth orbitals.’®>° In particular, the
exchange integrals K(i,j) drive the multiplet-splitting- and
the angular-momentum-recoupling many-body effects;>’
thus, if these integrals are reduced, it is to be expected that
the energy separations will be reduced by comparable
amounts. In order to simplify the comparisons of the ex-
change integrals for Mn?* with those for MnOy, we consider

average values of K, denoted K. The integrals of interest are

K(3d,3d), K(3p,3d), and K(2p,3d) where the label n€ is
used to denote both atomic and cluster orbitals; the averages
are taken over the three p or f;, orbitals and over the five
atomic d or the sum of the three #,, and two e, cluster orbit-

als. The K(3d,3d) will affect primarily the energy separation

of different couplings of the d° shell while the K(np,3d) will
affect primarily the energy separation of different couplings

between the np and 3d shells.’” The values of these K inte-
grals are given in Table II for the HF orbitals for the initial
and np-hole configurations of both the isolated atom and the

MnOj cluster. For the same configuration, the values of K for
MnOjg are smaller than for the isolated Mn?* cation. This is
exactly as expected because of the covalent character of
these orbitals as shown in Table 1. For the initial &° configu-

ration, the reductions of the MnOg K over the cation values
are small, ~2 % —3%), consistent with the small covalency of
the d orbitals for this configuration; see Table I and Fig. 1.

The reductions of K for the p-hole configurations are signifi-
cantly larger, ranging between 6% and 10%. It should be
noted that it is common practice in semiempirical cluster
model calculations to scale the atomic integrals to smaller
values.'® However, the explanation commonly given to jus-
tify this scaling is that it takes into account electron correla-
tion effects not included in the model Hamiltonian.'® We
have shown that an important reason for the decrease of the

TABLE II. Average exchange integrals K in eV among the 2p, 3p, and 3d orbitals for the HF WF’s for
the isolated Mn>* cation and the embedded MnOg cluster. Values are given for the initial configuration, 3d>,
and for the p-hole configurations, 3p°3d> and 3p°3d>. The decrease of the MnQOg integrals is noted in

parentheses.
Configuration K(3d,3d) K(3p,3d) K(2p,3d)

Mn?* MnOq Mn2* MnOq Mn?* MnOyq
3d° 5.44 5.20 (-3.0%) 2.67 2.62 (-1.9%) 0.71 0.70 (-1.7%)
3p°3d’ 5.93 5.44 (-8.4%) 2.86 2.68 (—6.1%)
2p°3d° 6.31 5.69 (-10.0%) 0.96 0.90 (-6.9%)
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electrostatic integrals arises from the covalent mixing of
ligand and TM d orbitals. We also note that when the two
electron integrals are correctly computed with orbitals varia-
tionally optimized for the hole-state configurations, they are
larger than the integrals computed with orbitals optimized for
the initial-state configuration. This increase in the integrals
occurs both for the isolated cation Mn?*, as well as for the
embedded MnOyg cluster; the data in Table II show that the
increases are large, ~10% or even more. The 3d electrons
see a larger effective charge in the hole-state'”®0 configura-
tions than in the initial-state configurations and, hence, the
3d orbitals are more contracted in the hole states, leading to
larger electrostatic integrals.’” This increase of the hole-state
two-electron integrals needs to be taken into account, and
one should avoid using integrals computed for the initial-
state configuration as a basis for computing the metal np
XPS as was sometimes done in earlier work.!31620

IV. XPS SPECTRA OF MnO

The changes introduced into the orbitals when an Mn cat-
ion is placed in the environment of MnO have been dis-
cussed above. We are now ready to compare the theoretical
XPS spectra for the isolated Mn?* cation and for the embed-
ded MnOg cluster with experimental spectra. The experiment
for MnO is as reported in Ref. 1. The theoretical spectra
were obtained using a Gaussian broadening of the theoretical
SA intensities.?®?° to account for lifetime and instrumental
broadening;® the same broadening of 1 eV was used for all
peaks. The position of the first theoretical XPS peak was
adjusted to line up with the leading edge of the experimental
XPS; no other adjustments were made to the theoretical re-
sults.

A. Mn 2p XPS

We consider first the comparisons for the Mn 2p XPS,
shown in Fig. 3. For the theoretical spectra, the contributions
of individual ionic levels from the DCI WF’s, or of closely
spaced levels, are shown as well as the envelope of the sum
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FIG. 3. (Color) 2p XPS for Mn?* and for the
embedded MnOg cluster compared to experiment.
For both the atomic and cluster model results, the
first calculated multiplet at E =0 eV has been
placed at E=639.3 eV to give the best fit to the
experimental 2p XPS for MnO.

Decreased multiplet splitting

635

of the individual levels. In this figure, we refer our calculated
relative energies E . to the measured XPS energies with an
energy scale where E. =0 is placed at 639.3 eV. Four
specific regions are highlighted in Fig. 3. These are the first
peak from O0<E_ =< ~3.5¢eV, the second peak at ~6.0
<E. =< ~9.0 eV, the third peak at ~11.0sE < ~16¢eV,
and the fourth peak at ~16.0<E < ~22eV. Here, E.
=0 for the first calculated level shown in Fig. 3.

The first Mn(2p) XPS peak contains contributions from
four ionic levels. These can best be viewed as the open d
shell, 3d°(°S) coupled to J=5/2, coupled with the Mn 2p3,,
hole with j=3/2 leading to total J values of 4, 3, 2, and 1;
the use of J as a good quantum number is rigorous for Mn>*
and approximate for MnO.*> For this particular peak, the
splitting of the J levels due to the reduced degeneracy in the
O; double group arising from ligand-field effects is only
=<0.003 eV. For this first peak, the use of atomic symmetry
is an extremely good approximation. However, the theoreti-
cal spectra for MnOg is ~0.4 eV, or 10%, narrower than for
Mn?*; see the vertical arrows in Fig. 3. This improves the
agreement of theory and experiment. In addition, the doublet
structure in the theory is reduced for the MnOgq cluster model
of MnO; this brings the theory closer to experiment where
there is only a shoulder rather than a distinct second peak in
the spectrum. The problem still remains for the MnOg cluster
that the calculated energies of the J=3, J=2, and J=1 levels
are slightly too high relative to the /=4 level. However, the
overall fit to experiment is considerably improved for the
MnQgq cluster model by the narrowing of the spacing of the
levels contained in this first peak. In Table III, a detailed
comparison of the E, and I,,; between Mn>* and the MnOjg
cluster is given for this first XPS peak. The E,; for the first,
J=4, level is set to zero, and the I is normalized to 9, or the
number of degenerate states in the J=4 level. The normal-
ization is chosen to allow a direct identification of the impor-
tance of many-body effects for the various levels. In the
absence of many-body effects, the SA I will scale as the
number of degenerate states for a particular level or for a
Russell-Saunders multiplet.°! Thus, with the normalization
we have used, the departures of I, (J) from 2J+1 indicate
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TABLE III. The individual 2p-hole levels in the first XPS peak
for 0<E,=<3.5eV for the Mn** and MnOg cluster models of
MnO. For Mn?*, J is a good quantum number, while for MnQg, it is
a good approximation. The E, for the different levels are in eV.
The I, are normalized to 9 for the first level, which is the degen-
eracy of this level. For MnOg, the numbers of 2p,, and 2p;, elec-
trons, n(2py,) and n(2ps3,), in the DCI WF’s for the various levels
are also given.

Mn(2+) MnOg
J Degeneracy Erel Irel Erel Irel n(2p 1 /2) n(2p3/2)
4 9 0 9 0 9 2.00 3.00
3 7 1.51 6.61 141 6.53 1.97 3.03
2 5 274 4.02 249 3.78 1.97 3.03
1 3 354 188 3.18 1.76 1.99 3.01

that many-body effects are leading to a loss of intensity into
satellites. The E, for the MnOg cluster model of MnO are
consistently from ~0.1 to ~0.4 eV smaller than for the iso-
lated Mn?* cation. These reductions of ~10% in the E,, are

comparable to the decrease of the K(2p,3d) exchange inte-
gral for the 2p-hole-state configuration; see Table II. The
splitting of the energies of the J levels is a complicated for-
mula involving the K(2p,3d) exchange integrals and the
spin-orbit coupling parameters within the 2p and 3d
shells.'>%? However, in the limit that the d> shell is a pure
Russell-Saunders multiplet coupled to °S, and the 2p hole
is a pure p;), then the splitting of the J levels depends only
on the K(2p,3d) exchange integrals. Thus, it is not surpris-
ing to see that the main consequence of using the MnOg
cluster model with reduced exchange integrals is a modest
reduction in the width of the first XPS peak in the Mn 2p
spectra. The I in Table III also show that the values for the
MnOg levels are reduced from those for Mn?* by ~1% for
J=3 to ~6% for J=2 and J=1. Thus, many-body configu-
ration mixing, which steals intensity from the allowed con-
figurations into higher-energy “satellites,”!>!4-1663 s some-
what more important for the cluster than for the isolated
cation. Larger configuration mixing is expected to lower the
energy of the lowest states since the trace must remain in-
variant. Thus the larger CI mixing for the MnOg cluster
model of MnO may also contribute to the narrowing of the
first peak.

If there were no many-body effects, all the intensity of the
2ps, photoionization would be present in the first XPS peak.
Summing the values of I for the MnOgq cluster and dividing
by the sum of the degeneracies suggests that 13% of the
2ps, intensity is lost to satellites in the space of the CI con-
sidered. Of course, additional intensity is lost to higher-
energy shake states®®* because the final-state orbitals
change their character.”® A more careful analysis confirms
that the 2p;, intensity lost from the first peak to other states
in the DCI is 13%; this confirms that the /=4 level is domi-
nated by a single term that is 2p3,, coupled with 3d°(°Ss,,) to
form a J=4 level. Also included in Table III are the numbers
of 2p,;» and 2ps,, electrons, n(2p,,) and n(2ps),), in the
WEF’s for the various levels. These occupations are obtained
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TABLE IV. The decomposition of the SA intensity for the MnOg
cluster model of MnO into intensity due to 2p;,, and 2p;,, photo-
ionization, I,,(2p3,) and I,,(2p,,»), in each of the four regions of
energy, in eV, where there are significant XPS Mn(2p) peaks. The
1, are also given for the energy regions other than those of the four
peaks, labeled “Other energies,” and for the total /,,; summed over
all states included in the DCI.

Peak Energy Le(2p112) La(2p32)

1 0<E <35 0.04 2.67

2 6.0<E<9.0 0.16 0.20

3 11.0<E,4<16.0 1.18 0.09

4 16.0<E,;<22.0 0.11 0.01
Other energies 0.04 0.08

Total 1.54 3.09

by summing the 2p,,, and 2p3, occupations for each deter-
minant in the DCI WF weighted by the square of the CI
coefficient. For a perfect 2p;,, hole, the occupations are
n(2pyp)=2 and n(2p;,)=3; the n(2p;) given in Table III
show that the levels in this first peak are very strongly domi-
nated by 2p5,, ionization.

In order to understand the way in which the 2ps3, and
2p,, intensity is distributed over the four XPS peaks shown
in Fig. 3, we give in Table IV, a decomposition of the inten-
sity in each of the four regions where there are major XPS
peaks. The decomposition is into intensity due to ionization
of a 2ps, electron, I(2ps5), and of a 2p,, electron,
I.;(2p1,2). The normalization for the I, given in Table IV is
such that the intensities of I,4(2p3,,) and I,.(2p,,,) would be
4 and 2, respectively, if the orbitals for the initial- and final-
state WF’s were the same. In this idealized case, the total
relative intensities of 2p5, and 2p,,, simply reflect the occu-
pation of the respective shells. In order to determine the in-
tensities for a given final level, or a closely spaced group of
final levels, we sum over degenerate final states and average
over degenerate initial states.’’ We then apply a common
scaling factor to obtain a suitable normalization for I.; it
needs to be stressed that the intensities for 2p,, and 2ps),
cannot be scaled separately but a common factor must be
used. In addition to the I, in the energy regions of the four
XPS peaks, we also give, in Table IV, the decomposition of
the intensities in the other energy regions and of the intensi-
ties summed over all the states included in our complete
open-shell space DCI, denoted as “total /.. For both 2p;/,
and 2p,, the total I, are 77% of the ideal values of 4 and 2,
respectively. This indicates that 23% of the XPS intensity is
lost to so-called “shake” states,28:29-01.64-66 which are not in-
cluded in our DCI. While some of these shake states may be
in the XPS energy range that we are examining, we expect
the large majority to be at high energies and outside the
energy range of interest in this work.®+%® In a one-electron
model, all the 2p;,, intensity would be in the levels of the
first peak, 0=E<3.5 eV; the data in Table IV show that only
87% of the total I.4(2p3,,) is in this first peak and 13% is lost
by many-electron effects to levels in other energy regions.
Table IV also confirms the small contribution of 7,,(2p;/),
~1.5%, to the intensity of this peak. Peak 3, 11<E
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<16 eV, contains most of the 2p,,, XPS intensity and very
little SA intensity due to 2p3; L (2psy) is only 8% of the
intensity in this peak. However, 24% of the total I.,;(2p,») is
lost by many-electron effects to other energy regions; this
loss is almost twice the loss of the 2p;,, intensity from peak
1. Figure 3 shows that two sets of levels, at E,,~ 13.0 eV
and ~14.4 eV, account for most, ~70%, of the I,4(2p,,) in
this peak; very roughly, these peaks are the analogues in OZ
of the J=2 and J=3 levels arising from the coupling of
3d(°S5;,) with a 2p,,, hole. All these features indicate that
many-body effects are more important for 2p;, than for
2psj, 1onization. The intensities from 2p,,, and 2p5,, contrib-
ute about equally to the satellite intensity in peak 2 at 6
<FE<9 eV while the intensity from 2p;,, makes the major
contribution to the intensity of the satellites in peak 4 at 16
<FE. <22 eV, see Table IV.

The center of gravity of peak 2 for the 2p XPS with the
embedded MnOg cluster shifts by 0.5 eV from the position
for the free Mn2* cation to E,,;~7 eV; it is now reasonably
close to the position of this satellite in the experimental XPS;
see Fig. 3. The energy shift can be understood in terms of the
recoupling of the 3d° electrons and their coupling with the
open 2p shell. We argue by analogy to the nonrelativistic
results for the Mn 3p hole where the analysis is simpler. In
this case, Freeman et al.'* showed that the multiplet respon-
sible for the low-energy satellite of the main peak was domi-
nated by a recoupling of the 3d> electrons to XPS forbidden
“P and *D multiplets with only ~30% of the XPS-allowed
®S multiplet. The excitation energies to these XPS-forbidden
couplings are given by suitable combinations of exchange
integrals, K(3d,3d) and K(2p,3d).>” As shown in Table II

for the 2p-hole orbitals, the K(3d,3d) and K(2p,3d) for the
MnOg cluster decrease from the atomic values by ~10%
because of the covalent character of the cluster orbitals. This
decrease in the exchange integrals is consistent with and ex-
plains the decrease in E, for the MnOg cluster model of
MnO.

There is a similar shift of ~0.6 eV to lower binding en-
ergy (BE) for the dominantly 2p,,, ionization in peak 3 for
the MnOg cluster model of MnO compared to the values for
the isolated Mn?* cation. Since the many-body effects are
more important for the 2p,,, peaks than for the 2p;,, peaks
(see the discussion above), it is difficult to make a detailed
analysis that relates the BE shifts to the exchange integrals.
However, the reasoning that the reduction of the exchange
integrals by ~10% due to the increase in covalent character
in the ionic state orbitals of the cluster leads to a shift to
lower BE by ~0.5 eV should apply to peak 3 as well as to
peaks 1 and 2. It should also be noted that the global shape
of peak 3 for the MnOgq cluster has also changed from that
for the isolated cation. These changes in the shape arise be-
cause of the ligand-field splittings and the reduction of sym-
metry for the OZ double group compared to atomic symme-
try. Both the lowering of E, and the changes in the global
shape of the peak have improved agreement with the mea-
sured XPS for MnO (Fig. 3). However, there are still notice-
able differences between the theoretical and experimental
XPS for this peak. Inclusion of new classes of configurations
in the DCI WF to represent additional many-body effects
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should be made to determine if they improve the overall
agreement between theory and experiment for this peak. Two
classes of configurations should be considered. The first class
involves configurations that include excitations from the Mn
3p shell into the 3d shell. These configurations have been
shown to improve the muliplet splittings of the various cou-
plings of the electrons in the 3d shell.®” The second class of
configurations are the CT configurations, d"*'L, where an
electron is transferred from the cluster closed-shell orbitals
of e, and t,, symmetries into the open-shell orbitals of these
symmetries. Including these CT configurations will enable us
to determine if CT into the open-shell space contributes to
changes in the details of the energy and shape of the XPS,
especially for peak 3.

Finally, we comment briefly on peak 4 at E~20 eV,
which dominantly arises from many-body satellites of the
main 2p;,, peak, peak 3; see Table IV. This peak shifts to
somewhat lower BE when the MnQOg cluster model is used;
presumably, this is for the same reason as for the shifts for
the other peaks. The total intensity going into this peak, rela-
tive to that for the other three XPS peaks, is also somewhat
reduced, by about 15%, from that obtained with the isolated
Mn?* cation. The intensity obtained with the MnOg cluster
model is not at the correct energy, and it is not of sufficiently
high intensity to account for the peak in the observed XPS of
MnO. Clearly our materials and many-electron models are
not adequate to explain this peak. We raise the question of
whether the peak is an intrinsic XPS satellite or whether it
may be an extrinsic loss feature. It has been suggested that
extrinsic, plasmon losses make a significant contribution to
the XPS of MnO and that they lead to loss features at
~20 eV from the leading edge of several peaks including
O(1s) and Mn(3s).% If peak 4 is an intrinsic XPS feature, it
may well arise by including CT configurations of the form
d™'L into the DCI WF’s. If including these CT configura-
tions in ab initio DCI WF’s for the MnOg cluster does not
account for the intensity in peak 4, this will be strong evi-
dence that the peak has an extrinsic origin.

The earliest calculations for the 2p and 3p XPS of Mn**
cations that included relativistic effects were performed by
Gupta and Sen." They studied both the isolated cation and
the cation in a crystal field adjusted for MnF,. They con-
structed and diagonalized a Hamiltonian that included pa-
rameters for the atomic two-electron integrals, the atomic
spin-orbit splitting, and the crystal-field splitting. Their
model contained some, but not all, of the atomic many-body
effects included in the present work and in other prior work
on Mn;"3-3 the atomic many-body terms that they neglected
will be discussed further below. However, they used two-
electron integrals determined with nonrelativistic orbitals for
the ground state of the Mn atom, where the core p shells are
filled. As we see from Table II, this means that the average
exchange integrals that they used will be too small by
~20%. The use by Gupta and Sen'” of two-electron integrals
that are too small is responsible for the fact that they find
values of E, that are modestly smaller than our values for
either the Mn”* cation or the embedded MnOy cluster. The
reduction of the energy splittings is most easily seen for the
first XPS peak that arises from the coupling of 2p;,, with
3d5(655,2).Moreover, for this peak, they computed 7,.; values
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for the J=3,2, and 1 levels, relative to the J=4 level inten-
sity, that are larger than the values that we report in Table III.
This discrepancy is due to the fact that they did not consider
all possible angular momentum couplings within the 3d
shell. Gupta and Sen!® only included states where the non-
relativistic coupling of the p°d® was to 'P or *P. However,
they neglected the levels that, although XPS forbidden, can
mix with the XPS-allowed levels and steal intensity from
them. This is the reason why, in the Gupta-Sen work, there is
too little intensity lost from XPS peak 1 and too little inten-
sity appears in satellite peaks, especially peak 2. While the
Gupta-Sen treatment is correct in the nonrelativisitic limit, it
is not correct when spin-orbit effects are included.

Later, Yamaguchi et al.?® reported a crystal-field study of
the 2p and 3p XPS of several TM compounds, including
MnO. They appear to have included all the appropriate rela-
tivistic angular momentum many-body effects!® in their
model Hamiltonian. While they use, as did Gupta and Sen, '
atomic two-electron interaction integrals appropriate for the
ground state of Mn without a core hole, they have scaled the
two-electron integrals to smaller values by factors of 30%-—
40%. These scalings are considerably different from those
that we find (see Table II), and they are considerably larger
than the scalings used by Kotani and collaborators;*® in ef-
fect, Yamaguchi et al. use two-electron integrals that are
much too small. As a result, their predicted Mn 2p XPS is
quite different from our spectra and from experiment. In par-
ticular, it appears that their XPS peak 1 is very broad and
their peak 2 has almost merged with peak 1. This compres-
sion of XPS peak 2 into peak 1 is entirely consistent with our
analysis of the consequences of using very small two-
electron integrals.

The np XPS of MnO has also been studied by Kotani and
collaborators.*® They solved a semiempirical, parametrized
model Hamiltonian; their model takes into account the same
intra-atomic many-body effects and relativistic spin-orbit
splittings that we have used. However, they also included CT
configurations for both one-electron, d””L, and two-
electron, d"L?, transfers from the ligand to the TM open
d shell. On the other hand, they did not include covalent
mixing of the TM 3d orbitals and the ligand 2p orbitals;
further, they also neglected the overlap of the TM 3d orbital
with the ligand 2p orbital. They use several parameters to
describe both intraatomic and inter-atomic effects and, for
the most part, the values of these parameters are adjusted
to improve the agreement of their calculated XPS spectra
with experiment. A matter of particular interest is the impor-
tance of d"*'L and d"*’L*> CT configurations. Kotani and
collaborators*6 claim that these CT configurations are im-
portant. Most recently,’ they have stated that the CT configu-
rations are particularly important for “the spectral shape of
the satellite at about 6 eV”’; this is the 2p XPS peak that we
have labeled peak 2 in Fig. 3. Whereas the MnOg4 model has
represented the XPS in the region of peak 2 better than the
atom model, there is still significant missing density between
the first and second peaks. Thus, although including cova-
lency is necessary, it is not sufficient to fully explain the
region around the second peak. This indicates that some key
physics is missing from the model, possibly CT. Inclusion of
CT configurations in our cluster model is beyond the scope
of the present paper.
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FIG. 4. (Color) 3p XPS for Mn?* and for the embedded MnOy
cluster compared to experiment. For both the atomic and cluster
model results, the first calculated multiplet at E,,;=0 eV has been
placed at E=47.0 eV to give the best fit to the experimental 3p XPS
for MnO.

B. Mn 3p XPS

The theoretical and experimental Mn 3p XPS are shown
in Fig. 4. This figure follows the conventions used for Fig. 3,
where the Gaussian-broadened contributions of individual
ionic levels from the DCI WF’s as well as the envelope of
the sum of the individual levels are shown. We refer our
calculated relative energies E, to the measured 3p XPS en-
ergies with an energy scale where E =0 is placed at
47.0 eV. Three regions are of interest for the Mn 3p XPS.
The first, lowest BE peak has a full width at half maximum
(FWHM) of ~1.5 eV, and E,,=0 is the position of the first
theoretical XPS peak. The second feature is a shoulder in the
measured XPS at E,,;=3.0 eV, and the third feature is a very
broad peak, about 20 eV wide, centered at E,;~20 eV. The
theoretical results for the second peak, or shoulder, give a
separate peak at E.~4 eV—i.e., at somewhat too high a
BE. The theoretical results for the third feature give a fairly
narrow peak at E. ~23 eV; the levels contributing to this
peak, for both Mn?* and MnQOg, cover a range of only
~0.5 eV. The width of the peak is not at all consistent with
experiment.

As seen from Fig. 4, the first XPS peak is very similar for
both the Mn?* and MnO, models. Indeed, the theoretical
peak for MnOg is even slightly broadened, by ~0.05 eV.
This appears to contradict our previous analysis that the co-
valency included in the MnOgy cluster model produces a
small narrowing, ~0.4 eV, of the leading peak in the Mn 2p
XPS. At first sight, one would expect that a similar narrow-
ing would occur for the Mn 3p XPS; however, this expecta-
tion does not take into account the different coupling of the
3p hole with the 3d%(°Ss,,) shell. For the first Mn 2p XPS
peak, we showed that the coupling was of the open 2p;),
shell with 3d°-coupled °S,,, and that the different J levels
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TABLE V. The individual 3p-hole levels in the first Mn(3p)
XPS peak for Mn?* and for an embedded MnOy cluster model of
MnO. The levels are grouped according to their J value. For Mn?*,
J is a good quantum number and the states with a given J are
exactly degenerate; for MnQOg, J is only an approximate quantum
number and the degeneracy of the J states is lifted. The states with
different energies are listed separately; however, when the states are
within 0.02 eV, they are grouped together. The number of states for
a given E, in eV, and the SA I for these states are given; for
MnOg, the total /. for the states associated with a J value is also
given. Further for MnOg, the numbers of 3p;,, and 3p;), electrons,
n(3py2) and n(3p;3),), in the DCI WF’s are given.

Mn(2+) MnOyg
No. of No. of

J E. states I E states I n(3pipn) n(3pspn)
4 0 9 9 0.00-0.02 5 5 1.99 3.01
0.05 2 2.00 1.99 3.01
0.10 2 2.00 2.00 3.00

Sum 9.00
3 051 7 6.98 0.49 2 1.99 1.64 3.36
0.54 2 1.99 1.64 3.36
0.58-0.59 3 299 1.63 3.37

Sum 6.97
2 093 5 4.98 0.95-0.96 3 299 1.30 3.70
0.98 2 1.99 1.30 3.70

Sum 4.98

that arose from this coupling were split by the exchange
integrals between the 2p and 3d shells. For the Mn 3p XPS,
it is more appropriate to consider the first peak as arising
from a Russell-Saunders multiplet of 7P, or in O, of 7T1u,
symmetry, which is then split by the spin-orbit coupling of
the total S=3 and L=1 into J=4, 3, and 2 levels.!'* The
different coupling is due to the much smaller spin-orbit split-
ting for the 3p shell than for the 2p shell.’”%> The spin-orbit
splitting of this Russell-Saunders multiplet is given by the
Landé interval rule, and the driving force is the one-electron
matrix element giving the spin-orbit coupling in the 3p
shell.*>37-2 Since the 3p orbital is essentially a core orbital
and is not changed greatly by the environment of the Mn*
cation, the spin-orbit splitting should not change significantly
between that for the isolated cation and for the embedded
cluster model of MnO.

We give in Table V a detailed comparison of the E,, and
SA I for the individual levels and states that contribute to
the Mn 3p XPS for Mn?** and MnOg materials models. The
levels are grouped according to the J value with which they
are associated. Since J is a good quantum number, for the
isolated atom, the states in a given J level are exactly degen-
erate; for the O, double group of MnOg, J is only an approxi-
mate quantum number and the states are split by ligand- and
crystal-field effects.*> As we discuss below, this splitting is
much larger than for the 2p-shell levels. For MnOg, we sepa-
rate these crystal-field splittings and give E, for degenerate
states or for states spaced very closely, within 0.02 eV. For
these groups of states, we give the number of states included
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in the group. For the lowest-energy states, E,,;=0. The SA I
are scaled so that the value for the lowest-energy group is the
number of states contained in that group; thus, /,,;=9 for the
J=4 level of Mn?* and I,,;=S5 for the five states of the MnOy
cluster with 0<E,;<<0.02 eV. This normalization of /. has
been chosen so that we can examine the differential impor-
tance of the many-body and relativistic effects included in
the DCI WF’s and of the effect of using different orbitals for
the initial and final states. The latter concern is for whether
what we have called closed-shell screening? is more impor-
tant for some of the 3p-hole states than for other 3p-hole
states. If these effects are equally important for all the hole
states, then with our chosen normalization all the /., should
be equal to the integer number of states contained in the
individual groups.?>°! The near-integer values of I, in Table
V clearly show that there are no significant differential ef-
fects for the states in the first XPS peak for either the Mn*
or MnOg models of MnO. The spin-orbit splittings for both
models are quite similar. It appears that the splittings are
modestly larger for the MnOg cluster than for the isolated
Mn?* cation but this is because the ligand-field splittings in
the MnQOg levels raise the average energy of the nine lowest
states from E, ;=0 to E,,=0.04 eV. The average energies of
the ligand-field-split MnOg states for each of the J levels
give spin-orbit splittings that are essentially the same as for
Mn?*,

These spin-orbit splittings can be easily understood by
examining the numbers of 3p,, and 3p;, electrons con-
tained in the MnOg DCI WF’s; in the OZ double group, these
are the numbers of electrons in the 3p spinors of g, and g,
symmetries, respectively. When nearly degenerate states are
included in a group, the n(3p,,,) and n(3p;.,) are averaged
for the different states but this averaging does not lead to
important changes. These occupations are essentially the
same for all the states associated with a given J level, and
they are also very nearly the same as the occupations deter-
mined for the states of the isolated Mn** cation. This is fur-
ther evidence that the 3p-hole states determined for the cat-
ion and cluster are very similar. The 3p hole for J=4 is
essentially a pure ps, hole with n(3p;,,) =3, one less than the
closed-shell occupation of 4. This is because, as explained
above for the 2p-hole states, only j=3/2 can couple with the
J=5/2 of d°(°S,,) to give a total J=4. However, the J=3
states have 0.6 of a 3p;), hole and 0.4 of a 3p,,, hole and the
J=2 states have 0.3 of a 3p3/, hole and 0.7 of a 3p,/, hole.
These excitations are needed to represent the L-S coupling of
the Russell-Saunders multiplet in terms of determinants
formed with the spinors.®> A good estimate of the energy to
change a 3p;), hole into a 3p;,, hole is given by the differ-
ence of the orbital energies for the spin-orbit split spinors,
Ae(3p3-3p1). For the cation, Ae(3psp-3p1n)=1.39 €V,
and for MnOy, the value is very similar, Ae(3p3-3p1/)
=1.36 eV. The spin-orbit splitting of the P multiplet is es-
timated by multiplying Ae(3p3/,-3p;,2) by the fraction of a
hole changed; this gives a AE for /=3 of 0.5 eV and for J
=2 of 1.0 eV, in good agreement with the directly calculated
values. The small difference of the 3p spin-orbit splittings
between Mn?* and MnQy is a major reason that the MnOg 3p
XPS is very similar to the 3p XPS for the isolated Mn>*
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cation. The additional splittings introduced in the 3d orbitals
in OZ also help to explain the energy splittings of the MnOg¢
“J levels.” The fourfold-degenerate ¢, d orbitals in O, are
not split further and go into fourfold-degenerate g, spinors
in O,. However, the sixfold-degenerate 1,, orbitals split into
twofold -degenerate 5, and fourfold degenerate g, spinors
in Oh The splitting of these two spinors is 0.07 eV, compa-
rable to the 0.03—0.10 eV range of energy splittings for the
MnQg states associated with a given J level.

The use of spinors optimized for the 3p-hole state of
MnOg4 and the resulting increase in covalency and closed-
shell screening of the 3p hole (see Table I) lead to a modest
loss of intensity in this first 3p XPS peak. There is a 14%
loss in I from the intensity that would have been obtained
if the same orbitals had been used for both the initial- and
3p-hole-state configurations. The other peaks also have simi-
lar losses, and these losses are not recovered in the states
included in our complete open-shell DCI calculations. As for
the 2p-hole states, this intensity is likely to go to relatively
high-energy shake states. However, it will be valuable to
examine how much of this intensity will be recovered when
CT configurations are included in the DCI.

The second peak in the calculated 3p XPS for Mn?* con-
sists of intensity from states with 4.0<FE,<4.5 eV, which
have an intensity that is 23% of the intensity in the first peak;
see also Ref. 1. These states have been assigned as arising
from low-spin-coupled 5P, 5T1u, states that have a major,
~70%, contribution from the XPS-forbidden states where
the @ shell is recoupled away from the allowed °S
coupling."'* When closed-shell screening is taken into ac-
count with the MnOg-embedded cluster model of MnO, the
second 3p XPS peak moves to a lower-energy range of 3.6

<FE<4.10 eV with 21% of the intensity of the first peak.
Whlle the intensity in the peak is not significantly changed
from the value for the isolated Mn?* cation, the peak shifts to
0.4 eV lower BE; this 10% decrease in E,, is the same as the
decreases for the 2p XPS (see above). The excitation ener-
gies to the diagonal matrix elements of the configurations
involved in this excitation involve exchange integrals for the
3d-3d and 3p-3d interactions.’” As shown in Table II, the

average exchange integrals K(3d,3d) and K(3p,3d) are re-
duced by 6% and 8%, respectively, from the values for the
isolated Mn?* cation. This decrease in the exchange integrals
leads, in turn, to a decrease in the excitation energies and,
hence, in the E, of higher-BE peaks. The magnitude of the

decrease of the K is consistent with the magnitude of the
decrease in E,. Further, we have shown that this decrease in

K is due to the covalent mixing of metal 34 and ligand 2p
orbitals, which is more important in the orbitals optimized
for the final, ionic states because it allows for increased
closed-shell screening of the metal core hole. The E for this
second peak is still too large by ~1 eV but this is most likely
due to our neglect, as discussed previously for the Mn
2p-hole XPS, of the many-body effects needed to correctly
describe the splittings of the various 3d> angular momentum
couplings.®’

The third peak in the calculated 3p XPS for Mn?* arises
primarily from states with 23.7<E,;<24.4 eV; these states
have an intensity that is 47% of the intensity in the first peak.
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They have been assigned to low-spin-coupled °P, > T,, states
that have a dominant, ~65%, contribution from states where
the d° shell is coupled to ®S."* For the MnOy cluster model,
this XPS peak moves to a lower energy range of 22.4
<E=<23.0 eV, still with 47% of the intensity of the first
peak. The main change is that the BE of the peak is lowered
by 1.4 eV or by 6% due to covalency and closed-shell
screening of the core hole, which decreases the exchange
integrals. While this reduction in E,, brings the position of
the calculated peak into slightly better agreement with ex-
periment, we still fail to explain the very large width of the
observed peak. Indeed, the energy width of the calculated
levels with intensity in this region has not changed between
the isolated cation and the embedded MnOg cluster. This
negative result for the width of the XPS peak at E.
~20 eV leads us to consider below the suggestion made by
Taguchi et al.* that the peak is broadened by corehole life-
time effects.

Hermsmeier et al.®® showed that the Mn 3p XPS for Mn
(gas), MnF,, and MnO are similar; they concluded that
atomic effects dominate for the Mn XPS. Our analysis sup-
ports their interpretation and provides a quantitative under-
standing of differences and similarities between the XPS for
the isolated atom and for MnO; we apply this analysis to
examine aspects of the data in Hermsmeier et al.’® The first
XPS peak appears to have a very similar FWHM for Mn gas,
MnF,, and MnO, consistent, as we argued above, with the
origin of this peak as a spin-orbit-split Russell-Saunders P,
multiplet. If the small broadening of this peak for MnOg over
that for Mn?*, which we have ascribed to additional splittings
in the OZ double group, were also found in their MnF, and
MnO spectra, this would lend strong support to our analysis.
For Mn gas, peak 2 is a separate peak at 3.1 eV from the
main peak, while from our calculations for isolated Mn?*, the
separation of the centers of peaks 1 and 2 is AE=3.9 eV. As
we explained above, our AE is too large because we have not
correctly described the separations of the 34° muliplet cou-
plings to °S, *P, and *P. However, Hermsmeier et al.* find
that this AE becomes smaller for the compounds; it remains
a separate peak for MnF, but it is only a shoulder on peak 1
for MnO. We have shown that AE is reduced from the cation
to MnO because the covalent character of the d orbitals leads
to a smaller exchange integral, K(3p,3d); see Table II. It is
believed that MnF, is a more ionic system than MnO; hence,
there will be less covalency in MnF, and K(3p,3d) will be
larger than for MnO. This is consistent with the change in the
separation of peaks 1 and 2 between MnF, and MnO.

The position of the peak at ~17 eV, which we label as
peak 3, does not shift noticeably from the XPS for Mn gas to
either MnF, or MnO; however, this peak for MnF, broadens
somewhat from Mn gas and for MnO it broadens consider-
ably. Taguchi et al.* have ascribed the broadening of peak 3
to lifetime broadening of the XPS final states, which they
assume will have a linear dependence on the energy of a
state relative to the lowest energy 3p-hole state. With a suit-
able chosen parameter for the energy dependence of the life-
time broadening, they are able to reproduce the observed
extremely broad peak 3. However, based on their arguments,
one would predict an even broader peak 3 for Mn gas. We
have shown that the position of this third peak is at a slightly
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larger AE for the Mn atom than for MnO by ~1.4 eV, or
~5%, and Taguchi et al.* assume that the broadening in-
creases with increasing AE. This conclusion is opposite to
the XPS data of Hermsmeier et al.,’® who find a dramatically
narrower peak 3 for Mn gas. Thus the assumed energy-
dependent lifetime broadening does not provide a consistent
explanation of the very different broadenings of this peak
between Mn gas and MnO.

We compare our results for the Mn 3p XPS with those
reported by Gupta and Sen.> As discussed in Sec. IV A,
Gupta and Sen did not include all of the Russell-Saunders
couplings of the p>d° in their effective Hamiltonian for either
the 2p or 3p XPS. This omission is less important for the 3p
XPS since spin-orbit splitting of the 3p shell is almost an
order of magnitude smaller than for the 2p shell and the
treatment of Gupta and Sen is correct in the limit that spin-
orbit splitting is neglected. There are other small differences
due to their choice of the two-electron interaction integrals
using atomic values and their choice of crystal-field param-
eters for MnF, rather than MnO. Overall, the differences of
their results and our results with the MnOg cluster are not
especially large for the Mn 3p XPS. On the other hand, the
crystal-field results of Yamaguchi et al.?® are very different
from our ab initio results for either Mn?* or MnO,. There is
a considerable compression of the features reported by
Yamaguchi et al. compared to our results, and this compres-
sion is due to the very large reduction factors of 30%—40%
that they used to scale the atomic values for the two-electron
interaction integrals. As well as this compression of energy
differences, the individual peaks that they report are substan-
tially broadened over our results; this broadening may be due
to the fact that they used a very large 10D,=4.0 eV to rep-
resent crystal-field splittings. Finally, we comment only
briefly on the results of Taguchi et al.* for the Mn 3p spectra
since relevant issues have been raised concerning their re-
sults previously in this section. Their results are reasonably
close to experiment, especially after they introduce an ad hoc
energy-dependent lifetime broadening to explain the high-
energy XPS peak. However, we point out they find, as we do,
that peak 2 at ~3 eV, relative to the main peak, is a separate
peak rather than the shoulder observed in the XPS measure-
ments. Their model Hamiltonian does not contain the elec-
tron correlation effects required to give the correct splittings
for the different multiplets of the 3d> configuration. The fact
that such electron correlation effects are not taken into ac-
count in their model Hamiltonian is one of the reasons given
to justify the scaling of the two-electron interaction integrals
to smaller values.'® However, the fact that Taguchi et al*
still incorrectly predict a distinct XPS peak for peak 2 of the
Mn 3p XPS suggests that scaling exchange integrals to re-
duce them from their atomic values are not sufficient to cor-
rectly reproduce atomic multiplet splittings. It may well be,
as we have argued, that the scaling is necessary to include
the effects of covalency that reduces the exchange integrals
from their atomic values.

V. CONCLUSIONS

We have presented a detailed analysis of the physical ori-
gins of environmental, interatomic, effects on the Mn 2p and

PHYSICAL REVIEW B 73, 155110 (2006)

3p XPS of MnO. Our theoretical model is based on ab initio
fully relativistic WF’s for an embedded MnOy cluster model
of MnO. The relaxation and screening of the core hole is
taken into account by optimizing the spinors for the core-
hole configurations as well as for the initial-state configura-
tion where the core hole is absent. The mutual nonorthogo-
nality of the sets of spinors used for the initial- and final-state
configurations has been correctly included in the calculation
of the SA I, for the XPS. This exact calculation of the SA
I represents a major advance over prior work that includes
spin-orbit coupling. Prior ab initio atomic DCI calculations'
neglected the nonorthogonality of the initial and final-state
spinors. For atoms, this is acceptable because the radial con-
tractions of atomic orbitals in the presence of a core hole do
not lead to large deviations from orthogonality between the
orbital sets. However, for cluster representations of the con-
densed phase, the change in covalency of the spinors for the
different configurations leads to much larger deviations from
orthogonality and must be taken into account. Furthermore,
semiempirical models for TM XPS assume a common orbital
set for both initial and core-hole states and, in addition, as-
sume that the orbitals are either pure TM or pure ligand and
do not have covalent mixing of these atomic characters. We
have shown that these assumptions have consequences for
the energy spacing and for the width of features in the XPS
spectra.

Our WF’s included many-body effects for the intra-
atomic terms that represent angular momentum coupling and
recoupling within the d shell and between the d and core-
hole p shells. For the interatomic effects, we only included
the one-electron terms represented by covalency and by
ligand-field splitting of the d orbitals in the OZ double group.
We have not included the many-body interatomic effects rep-
resented by @"*'L CT configurations. The CT configurations
were not included so that we could specifically and system-
atically investigate the consequences of the interatomic one-
electron effects to modify the intra-atomic many-body effects
in the ligand environment. We were able to show that includ-
ing covalency had a significant effect on the calculated Mn
2p spectrum for MnO, where, in general, covalency aligned
the calculations closer to experiment. Further, we were able
to quantify the contributions of one-electron interatomic ef-
fects, which were included in our ab initio cluster model.
Finally, our analysis allowed us to identify the remaining
open questions for the origin of certain XPS features.

We have shown that there is a differential covalency be-
tween the core-hole and initial-state configurations. For
MnO, the increased covalency when the core hole is present
leads to an increase of ~0.3 d electrons, which helps to
screen the core hole. Since this increase occurs in the closed-
shell orbitals that have dominantly ligand character, it is ap-
propriate to describe this as closed-shell screening, an effect
that has not been directly included in semiempirical XPS
models. We have shown that the delocalization of the domi-
nantly TM 3d, open-shell orbitals leads to a decrease of the
exchange integrals that are involved in the multiplet split-
tings. In general, we have been able to relate the decrease in
the exchange integrals to a decrease in the width of indi-
vidual features and to decreases in the energetic separations
between these features. We have also been able to explain
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when and why this general decrease will not hold. Thus, the
first peak in the Mn 2p XPS is narrowed because the splitting
of the J levels contained in this peak is largely determined by
the K(2p,3d) exchange integral. On the other hand, the first
peak in the Mn 3p XPS is not narrowed because the splitting
of the J levels contained in this peak depends on the 3p
spin-orbit splitting and not on K(3p,3d). The slight broaden-
ing of this peak has been related to the additional splittings in
0,, compared to the nonrelativistic O;, point group.

The magnitude of the energy narrowings and shifts going
from Mn?* to MnO is ~0.5 eV. However, closed-shell
screening, while modest for MnO, is larger> by a factor of
~2.5 for Cr,0O3. Thus, covalency may lead to even larger
decreases of energy spacings in other TM ionic materials.
Our work shows that a scaling of the atomic values of the
exchange integrals is required to account for the covalency
of the open-shell orbitals in the compounds. This reason has
not been given to justify the scaling used in semiempirical
approaches. Furthermore, the fact that the covalency is dif-
ferent for #,, and e, orbitals suggests that it may be necessary
to use different scaling factors for the exchange integrals
over orbitals with these symmetries. Unfortunately adjusting
the values of additional parameters may further mask the
physics that relates the XPS to the electronic structure of the
materials.

We have also analyzed the Mn XPS calculations reported
by Gupta and Sen" and by Yamaguchi et al.?® We have
shown that Gupta and Sen omitted certain intra-atomic
many-body effects that are especially important for the 2p
XPS; these many-body effects were also omitted from their
XPS calculations for other TM cations.!® Since their results
are regularly used to determine TM oxidation states from
measured XPS, it is important to be aware of this limitation.
For the work of Yamaguchi et al.,” we have shown that the
very large factors that they used to scale the two-electron
interaction integrals lead to major changes in XPS features
that are not consistent with experimental data.

Our analysis has raised certain questions about the inter-
pretation of the Mn XPS. For the 2p XPS, the intensity in the
highest BE peak, peak 4 in Fig. 3, decreases for the
MnOg-embedded cluster compared to the intensity for the
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isolated Mn?* cation; the MnOy results do not appear to ac-
count for the measured intensity. Hence, we ask whether
peak 4 is an intrinsic feature of the XPS due to many-
electron effects not included in our DCI or if it is an extrinsic
feature caused, for example, by plasmon losses. Also, cova-
lency does not account for the intensity between the first and
second peak. This missing intensity may reflect a need to
include CT configurations such as d"*'L. For the 3p XPS, the
MnOg cluster results do not significantly broaden the
highest-BE peak at E,=~20 eV over the results for the
isolated Mn?*. This peak is ~10—15 eV wide and has been
ascribed to lifetime effects for the 3p-hole states. We have
pointed out that the lifetime effects that have been invoked
do not appear to be consistent with the much narrower width
of this peak measured for atomic Mn. We ask if many-body
effects associated with CT configurations could account for
this very broad peak. In particular, the coupling of charge
transfer excitations with the use of covalent orbitals for the
dominantly ligand closed shells and for the dominantly TM d
open shells might distinguish the Mn atom from MnF, and
MnO. Further insight into these open questions will be
gained from relativistic and nonrelativistic cluster model
WF’s where covalency and charge transfer are treated on an
equal footing.
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