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Ab initio theoretical results for the 2p- and 3p-hole states of an Mn21 ion are reported in order to
determine the importance of atomic contributions to the photoelectron spectra of bulk MnO. A combined
treatment of relativity and electron correlation reveals important physical effects that have been neglected
in virtually all previous work. The many-body and relativistic effects included in the atomic model are
able, without any ad hoc empirical parameters, to explain most of the features of the MnO photoelectron
spectra. In particular, it is not necessary to invoke charge transfer to explain the complex p-level spectra.

PACS numbers: 79.60.Bm
A one-particle approach is not adequate to describe the
complex x-ray photoelectron spectra (XPS) of transition
metal (TM) ionic crystals resulting from TM 2p or 3p ion-
ization [1]. Sawatzky and collaborators [1] took account
of many-body effects relating to charge transfer (CT) from
a ligand to the TM. This involved the mixing of configu-
rations with differing occupations of the TM d-shell which
they denoted as dn, dn11L, and dn12L2, where L and L2

indicate removal of electrons from the ligands. However,
this work [1] usually neglected atomic many-body effects
due to the angular momentum (AM) coupling of the TM
electrons in the d and ionized core level open shells. Okada
and Kotani [2,3] extended the Sawatzky et al. approach to
include multiplet splittings; they also included spin-orbit
and crystal-field splittings. However, they used ad hoc pa-
rameters to describe these various effects, and the parame-
ters were usually adjusted to give a good fit to experiment.
In many cases, inclusion of these additional ad hoc pa-
rameters [3] has not changed the CT character as obtained
with the original model of Sawatzky et al. An ab initio
treatment of the various physical effects which contribute
to the 2p and 3p XPS spectra of TM ionic materials would
provide a valuable benchmark for the semiempirical treat-
ments used to describe these spectra [1–3].

The AM coupling of the open shell electrons for a
p-level ionized TM may involve many-body correlation
effects [4] which go beyond the simple notion of multi-
plet splitting as an exchange coupling. To understand the
complex character of the AM coupling in these cases, it
is necessary to divide the atomic configurations into two
groups. In the first group, the coupling of the core open
shell with a fixed coupling of the open d-shell is treated.
Here, the d-shell is fixed at the high spin AM coupling
as for the ground state when the core shells are not ion-
ized. The exchange coupling of the open core shell with
0031-9007�00�84(10)�2259(4)$15.00
the open d-shell leads to a “multiplet splitting.” Since the
d-shell AM coupling is fixed, these configurations will be
described as involving intershell AM coupling. In the sec-
ond group of configurations, the intrashell recoupling of
the d-shell electrons is allowed. It is often possible to take
the d-shell that has been recoupled to a new symmetry
and to further couple it with the open core shell to produce
a configuration that has the proper total symmetry. This
additional AM coupling effect is described as intrashell
coupling or intrashell recoupling. The configurations gen-
erated by intrashell recoupling are not “allowed” in the
sense that they do not carry any intensity [4]. However,
since they have the same total symmetry as the allowed
configurations where the d-shell coupling is fixed, these in-
trashell AM recoupled configurations can and do mix with
the allowed configurations. This configuration mixing, or
configuration interaction (CI), leads to states which steal
intensity from the allowed intershell AM coupled configu-
rations [4]. When intrashell recoupling effects are treated
together with the intershell multiplet splitting, the changes
in the XPS p-ionization spectra from the intershell only
model are substantial.

The importance of the intrashell AM recoupling for
the 3p XPS spectra of TM ions was first pointed out by
Freeman et al. [4]. However, they did not include spin-
orbit or crystal-field effects and considered only isolated
TM ions. Later, Gupta and Sen [5] studied the 2p and
3p XPS spectra of Fe31 and Mn21 ions with a treat-
ment of both intershell and intrashell AM coupling which
included spin-orbit and crystal-field effects. However,
their treatment was based on nonrelativistic atomic self-
consistent field (SCF) wave functions for ions with filled
core level shells; in particular, the effects of spin-orbit
coupling and of the core hole were not included in the
variational determination of the orbitals. This work places
© 2000 The American Physical Society 2259
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the atomic problem on a sound variational footing and de-
termines optimum orbitals as solutions of Dirac-Fock SCF
equations [6] for both the filled core and core-hole con-
figurations of Mn21. We are able to show that the atomic
many-body effects of intershell and intrashell AM coupling
for 2p and 3p ionization of the Mn21 ion reproduce most
of the features in the XPS spectra of Mn ionic compounds.
In particular, there is no need to invoke charge transfer
effects to explain the low-lying and intense “satellites.”
We show that the dominant origin of the intense satellites
arises from intrashell AM recoupling. Atomic parameters
for use with a model Hamiltonian can be derived from
accurate results for isolated atom ions [7]. When this
was done for the 3s-hole states of TM oxides, it was
found that the values of the atomic parameters changed
from those commonly used [7]. It is possible that similar
changes might also occur for the parameters [2,3,8] used
to describe 2p- and 3p-hole states. The theoretical results
presented are based on fully relativistic, four component
spinor wave functions [6] for a Mn21 ion embedded in a
point charge array which reproduces the Madelung poten-
tial of an ideal ionic MnO crystal [9]. We selected this
pure ionic model to test the importance of atomic ef-
fects and, within this model, we have treated both elec-
tron correlation and relativistic effects. Our inclusion of
intrashell AM coupling represents an essential correlation
effect while the dominant relativistic effect arises from
spin-orbit splitting. For the 3s-hole states in MnO, there
is strong experimental [10] and theoretical [7,11] evidence
that atomic effects dominate the XPS spectra and that the
contribution of CT effects is small. In this paper, we report
the first ab initio treatment of the 2p- and 3p-hole XPS
spectra for the Mn21 ion which includes electron correla-
tion effects through CI and relativistic effects using varia-
tionally optimized four component spinors. Unlike virtu-
ally all previous work [1–3,7,8], no adjustable parameters
are used to account for spin-orbit coupling, exchange split-
ting, or other effects.

The Mn orbitals were determined by solution of the
Dirac-Fock equations [6] for the initial d5 configuration
of Mn21 and the final p5d5 configurations of both the 2p
and 3p ions. The solutions were for an average of con-
figurations with different occupations of the d3�2 and d5�2
pair and the p1�2 and p3�2 pair of four component spinors
[12]. We neglected the small differences which would be
obtained with orbitals separately optimized for each con-
figuration or state of interest [13]. Large basis sets were
used to expand both the large and the small components
of the spinors; except for the deep core 1s and 2s orbitals,
the basis set was of better than triple zeta quality. The pa-
rameters of the basis functions, exponents and contraction
coefficients, were determined using procedures described
in Ref. [14]. With the variationally optimized spinors, a
full CI was performed within the manifold of the open p
and d shells where the five d electrons are distributed in
all possible ways over the ten d spinors and, for the final
states, the five p electrons are distributed over the six p
2260
spinors [6]. These CI wave functions belong to irreducible
representations of the relativistic double group for Oh spa-
tial symmetry and include all AM coupling as well as spin-
orbit splitting effects. For the initial d5 configuration, only
the high spin 6S5�2 state is of interest; however, for the final
states, the XPS intensity is distributed over a few hundred
states; the intensity for each final state CI wave function is
determined using the sudden approximation (SA) [15]. De-
tails of the Al-Ka XPS spectra for MnO single crystals are
given elsewhere [16]. In Figs. 1 and 2, we compare back-
ground subtracted XPS MnO spectra with the theoretical
results for Mn21 for Mn 3p and 2p levels, respectively.
The spectra were aligned so that the first experimental and
theoretical peaks are at the same position. The theoretical
spectra were obtained by convoluting the SA intensities to
take account of the core-hole lifetimes and of the experi-
mental resolution. The lifetime broadening is represented
by a Lorentzian function with half width at half maximum
(HWHM) of 0.35 eV for the 2p and 0.30 eV for the 3p
spectrum. The experimental broadening is represented by
a Gaussian function with 0.5 eV HWHM.

We consider first the 3p-hole; with the small 3p3�2-
3p1�2 spin-orbit splitting, calculated for Mn21 to be
1.4 eV, it should be possible to analyze this spectra
in terms of spin-orbit split Russell-Saunders multiplets,
2S11L. We review the 3p-hole Mn21 nonrelativistic results
of Ref. [4], denoted FBM. The allowed multiplet coupled
ionic states, 3p5�2P�3d5�6S�, are 5P and 7P. The 7P
multiplet can be formed only from 3p5�2P� and
3d5�6S� subshell couplings. However, FBM pointed
out that 5P multiplets could be formed from three
d shell AM couplings [17]; c1 � 3p5�2P�3d5�6S�,
c2 � 3p5�2P�3d5�4P�, and c3 � 3p5�2P�3d5�4D�. Thus
FBM determined three CI wave functions, Ck �P

i Ckici , as linear combinations of the different AM
couplings; their CI is a nonrelativistic analog of our full
open shell relativistic CI. In Table I, we compare the
FBM energies and intensities, Erel and Irel, with our
relativistic results. The lowest state, in binding energy

FIG. 1. Theoretical and experimental 3p level XPS spectra;
experimental data for MnO taken from Ref. [16]. The vertical
lines indicate the calculated Erel and Irel.
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FIG. 2. 2p level XPS spectra; see caption for Fig. 1.

(BE), is set at Erel � 0 and, to simplify the intensity
comparison, the SA Irel are normalized so that the Irel
of the lowest BE level is equal to its degeneracy. The
lowest 7P multiplet is spin-orbit split into J � 4, 3, and
2 levels with degeneracies of 2J 1 1. The lowest states
in our relativistic results are fully consistent with these
7PJ levels since their intensities and degeneracies are
those expected for J � 4, 3, and 2 levels. The spin-orbit
splitting predicted for this first, 7P, multiplet will lead to
a peak which is broader than the �1 eV full width at half
maximum expected for an Al-Ka XPS peak for a single
level [16]. The lowest energy 5P multiplet found by
FBM, denoted 5P�3�, is at Erel � 4.0 eV and has �25%
of Irel�7P�. In the energy range from 4.0 to 4.5 eV, there
are 52 relativistic final states whose intensities sum to
essentially that of the FBM 5P�3� multiplet. The energy
range of these relativistic states is �0.5 of the 3p1�2-3p3�2
spin-orbit splitting; the states are best described as a
mixing of different occupations of the 3p and 3d spinors
rather than as splitting of a 5P multiplet into J � 2, 1,
and 0 levels. The comparison of the nonrelativistic and
relativistic results clearly establishes the origin of this
XPS structure as the AM recoupling of the Mn 3d5 shell.
The calculated Erel of this first 5P XPS peak is �1.5 eV
TABLE I. Comparison of the nonrelativistic results of Freeman et al. [4] with the present
relativistic results for the 3p-hole states of Mn21.

Nonrelativistic Relativistic
Number Number

Erel (eV) of states Irel
a Erel (eV) of states Irel

a

7P 0 21 21 0 9 9
0.50 7 7.0
0.93 5 5.0

�21.0�b

5P�3� 4.0 15 4.9 4.0 # E , 4.5 52 4.8
5P�2� 9.4 15 0.2 9.3 # E , 9.8 49 0.2
5P�1� 23.8 15 10.0 23.1 # E , 24.4 25 9.9

aIrel normalized to the degeneracy of the state at Erel � 0.
bSum of Irel for three states.
larger than experiment (see Fig. 1); this error arises from
limitations of Hartree-Fock (HF) energies which place
the excited d5 multiplets too high with respect to d5�6S�.
In particular, the HF energies of the 3p63d5�4P� and
3p63d5�4D� multiplets of Mn21 are above the energy
of the ground 3p63d5�6S� multiplet by �1.0 eV more
than the experimental excitation energies [18]. The error
of the multiplet energies may be somewhat larger for
the ionized p5d5 configurations because the d shell sees
a larger effective nuclear charge. Electron correlation
beyond the AM recoupling included in our full open shell
CI is needed to reduce the �1 eV error for the various
d5 multiplets; however, the error is sufficiently small that
we can assign the second Mn 3p XPS peak for MnO as
an AM recoupled low spin atomic peak. The relativistic
energies and intensities for the other 5P multiplets, 5P�2�
and 5P�1�, are similar to the nonrelativistic values. The
5P�2� peaks have too small an Irel to be observed. The
relativistic peaks between 23.1 and 24.4 eV corresponding
to 5P�1� have substantial intensity but are at too high an
energy and are too narrow compared to experiment (see
Fig. 1). The high BE which we find for these peaks may
have the same origin as discussed for the 5P�3� peak.
Taguchi et al. [8] speculated that the broad XPS peak at
Erel near 20 eV found for several ionic Mn21 compounds
arose from a large lifetime broadening of these final states.
The work of Taguchi et al. [8] did include parameters to
represent the multiplet or exchange splitting of the open
p-shell with the d5 shell; however, it failed to recognize
the critical role of the AM recoupling of d5 to multiplets
other than 6S. Taguchi et al. [8] used parameters which
were introduced without ab initio justification; this led
to an assignment of the first satellite in the MnO XPS
spectra at �3.0 eV to CT effects for a high spin multiplet.
The present analysis of atomic effects strongly suggests a
different assignment of this satellite as a low spin multiplet
arising from AM recoupling.

Similar analyses can be made for the 2p-hole XPS spec-
tra shown in Fig. 2. For a 2p-hole, it is appropriate to view
the first XPS feature in terms of mixed coupling where the
2p5 shell is j-j coupled to j �

3
2 and the 3d5 shell is
2261
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TABLE II. Energies Erel and intensities Irel normalized as in
Table I, for the lowest 2p-hole states.

Erel (eV) Number of states Irel

0 9 9
1.5 7 6.6
2.7 5 4.0
3.5 3 1.9

Russell-Saunders coupled to 6S5�2. This coupling is cho-
sen because of the large 2p3�2-2p1�2 splitting, calculated
for Mn12 to be 10.6 eV. This mixed coupling leads to
four levels with J � 4, 3, 2, and 1 each with degeneracy
of 2J 1 1. The Erel and Irel for the first four calculated
2p XPS peaks are given in Table II. The Irel for the three
higher peaks are less than expected from their degenera-
cies suggesting that other d5�2S11L� multiplets are mixed
into the CI expansions of these low-lying levels; this is es-
pecially true for the peaks at Erel � 2.7 and 3.5 eV. Of
course, the intensity lost from these peaks due to CI mixing
will appear as satellite intensity in higher BE peaks. The
four main features in the MnO spectra are reproduced in
the theoretical results with roughly the correct width and
intensity. The main problem is that the theoretical Erel are
at &2 eV higher BE than observed. As was the case for
the 3p-hole states, this error is due, at least in part, to our
use of a formalism where the energies of d5 multiplets are
too high with respect to the lowest 6S multiplet. This is
consistent with the fact that the theoretical result for the
first feature is somewhat broader than the width observed;
see Fig. 2. It is very important to note that the second and
fourth features of the XPS spectra are present in our work.
These features were assigned by Refs. [2] and [8] as aris-
ing from mixing of d5 with CT d6L, and even [8] with
d7L2, configurations. Since our ab initio wave functions
are for an atom without any ligands present, CT is impos-
sible in our work and we disagree with the CT assignments
[2,8]. We recall that these assignments are based on em-
pirical parametrizations of model Hamiltonians. Our dis-
agreement with the work of Kotani and collaborators [2,8]
could be more fully resolved with relativistic treatments
for clusters which contain O ligands, for example, MnO6,
where the role of charge transfer can be explicitly exam-
ined [11]. It could also be worthwhile to study AM recou-
pling effects for other transition metal atoms. The unique
advantage of the present atomic calculations is that they
have allowed us to isolate and quantify the importance of
the atomic contributions to the satellites in the 2p and 3p
XPS spectra.
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Our results show that a proper treatment of atomic ef-
fects for Mn12 correctly accounts for most of the features
observed in the MnO 2p and 3p level XPS spectra. They
demonstrate that the many electron AM coupling and re-
coupling of the open d-shell electrons, which goes beyond
the exchange coupling of the open p-shell with a fixed
d-shell coupling, is essential. From Figs. 1 and 2, it is
clear that other terms, besides the atomic effects consid-
ered here, will need to be taken into account to remove
the remaining differences between theory and experiment.
For this purpose, models going beyond a single metal atom
should be examined. In closing, we stress that the atomic
effects which we have considered make unexpectedly im-
portant contributions for the main features of XPS of MnO.
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