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Chapter 4

Mn K-edge excitations in LaMnO3

4.1 Introduction

Manganese oxide compounds of composition R1−xDxMnO3 , where R is a rare-earth ele-
ment, e. g. La, and D is a divalent ion like Ca, Sr or Ba, have attracted much interest during
the last years. Depending on composition, one encounters in such systems a diverse range of
interrelated phenomena. These include ferromagnetic (FM), antiferromagnetic (AFM), or-
bital and/or charge ordering, various phase transitions, ”colossal”magnetoresistance (CMR)
etc. [1, 2]. Magnetoresistance, the variation of electrical resistance with magnetic field, is
crucial to several areas of technology. Beyond fundamental research, due to the CMR effect,
these compounds attract thus considerable attention as promising materials for technolog-
ical applications, i. e. magnetic recording, sensing, and data storage.

Manganites are referred to as the typical transition metal oxides displaying strong and
complex couplings among the charge, spin, orbital, and lattice degrees of freedom. Several
physical mechanisms involving such couplings have been invoked to describe the nature
and the properties of the different phases and the nature of the phase transitions: oxygen-
mediated superexchange, double-exchange interactions, Jahn –Teller (JT) effects, lattice
and magnetic polarons, oxygen 2p -hole effects, phase separation, formation of microscopic
charge inhomogeneities etc., see [2, 3, 4, 5, 6] and references therein. There is, however, no
consensus as to which of these ingredients are essential for a satisfactory understanding of
the physics of manganites.

Best understood are at the moment the end-members of the series, RMnO3 and DMnO3 .
Two of these end-members, LaMnO3 and CaMnO3 , became subject of investigation already
50 years ago [7, 8, 9, 10]. The stoichiometric compounds are both orthorhombic [8], with
the space group Pnma [11, 12] (sometimes the equivalent Pbnm reference system is also
used). LaMnO3 is insulating at all temperatures. The formal electronic configuration of
the Mn ion is Mn3+ 3d4. In (nearly) Oh site symmetry, it has a high-spin ground-state
arising from the weak-field configuration t32ge

1
g. The two-fold orbital degeneracy is lifted by

JT distortions of the MnO6 octahedra and by the ordering of the occupied eg orbitals on
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Figure 4.1: Schematic representation of the Jahn – Teller distortions and the d(3x2−r2)/d(3y2−r2)
orbital ordering in LaMnO3 (ab plane, Pbnm reference system). Dashed lines connect oxygen ions.

neighboring ions, see Fig. 4. 1 . In addition to the JT distortion, the MnO6 octahedra are
tilted, so that the Mn–O –Mn angles become less than 180◦ [11, 13], see Fig. 4. 2 .

At high temperatures LaMnO3 is paramagnetic, but below approximately 150 K it
becomes a so-called A-type antiferromagnet [9, 14]. This means that, using the Pbnm
reference system, ferromagnetic ab planes are coupled antiferromagnetically along the c
axis. The nature of the magnetic couplings is obviously connected with the orbital ordering
and the lattice distortions. The relation between magnetic and orbital ordering in the case of
ions with an orbital degeneracy has been addressed in early studies by Kugel and Khomskii
[15, 16]. Typical examples of such ions are Cu2+ (configuration d9, in octahedral symmetry
corresponding to one hole in a doubly-degenerate eg orbital), Cr2+ (d4, one eg electron),
and Mn3+ (d4, one eg electron). Starting from a simple degenerate Hubbard model and
neglecting the lattice degrees of freedom, the above authors have shown that in cases with
orbital degeneracy the ligand-mediated superexchange, which in the non-degenerate case
results normally in AFM structures, can lead to both spin and orbital ordering, and the
nearest-neighbor spin coupling may become ferromagnetic, see also [17]. Results of density
functional (DF) band structure calculations within the local density approximation (LDA)
and within the LDA+U scheme in KCuF3 [18], Pr1−xCaxMnO3 [19], and LaMnO3 [20]
confirm these predictions. The authors of [18, 19, 20] found that orbital (and spin) ordering
can be realized in the absence of the cooperative Jahn –Teller distortion, and argued that
orbital order is not necessarily a consequence of the JT distortion. The LDA+U calculations
still predict in these compounds d(3x2−r2)/d(3y2−r2) orbital ordering when idealized crystal
structures with no JT distortions are used. For KCuF3 [18], the total energy as a function
of the shifts of the fluorine ions in the CuF2 plane was also calculated and found to show a
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Figure 4.2: Orthorhombic crystal structure of LaMnO3. The oxygen octahedra and the La ions
are shown. The Pnma reference system is used in the figure. The transformation from Pnma to
Pbnm is: a→b, b→c, c→a.

minimum for a relative distortion of the metal – ligand bonds in good agreement with the
experimental data. It was pointed out that the charge distribution changes only very little
under the influence of the lattice distortion, suggesting that this ordering is of electronic
origin [18]. Also for LaMnO3, more recent combined DF–modelHamiltonian calculations
[21] indicate that the cooperative JT effect, i. e. the ordering of the distortions of the
oxygen octahedra, and the ordering of the e orbitals are primarily due to ligand-mediated
interactions between e electrons at neighboring sites.

In CaMnO3 the distortion of the oxygen octahedra is negligible [12]. The Mn d3 –Mn d3

nearest-neighbor couplings are all antiferromagnetic, resulting in a so-called G-type ar-
rangement [9].

The knowledge of the valence electronic configuration of the manganese and oxygen
ions is the essential first step towards understanding the various properties. Experimen-
tal techniques used intensively for probing the electronic structure of complex materials
are photoemission spectroscopy, x-ray absorption, and x-ray emission spectroscopy. With a
deeper theoretical understanding of the underlying processes and the availability of modern
synchrotron radiation sources, sophisticated experiments have been developed, e. g. mag-
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netic dichroism and resonant inelastic scattering [22, 23], that give detailed information
on the valence electron configuration. Recently, a number of experimental and theoretical
studies on the CMR systems have provoked a lively discussion of their electronic structure.
Different authors reported anomalous x-ray scattering at the Mn K-edge in some ”half-
doped”compounds with a formal c (Mn3+)/ c (Mn4+) = 1 ratio [24, 25, 26]. These authors
argued that the azimuthal-angle dependence and the polarization analysis of the scattering
provide evidence for charge and orbital ordering. Murakami et al. [27] claimed also that the
resonant x-ray scattering (RXS) data probe the d(3x2−r2)/d(3y2−r2) orbital ordering in
the parent compound LaMnO3. However, later investigations indicate that the anomalous
diffraction is the result of structural anisotropy, rather than of orbital ordering or Mn3+–
Mn4+ charge disproportionation, see [20, 28, 29, 30, 31] and [32]. In this chapter we study
Mn d→d and Mn 1s excited states in LaMnO3. The results are used for the interpretation
of pre-edge features in the x-ray Mn K-edge absorption and to investigate the source of
anomalous Mn K-edge scattering in this compound.

4.2 Mn valence structure

It has been shown by a number of authors that the observed behavior of the resistivity
in CMR systems can be qualitatively reproduced in a model incorporating the physics of
Jahn –Teller and double-exchange effects [3, 4]. JT effects are known to be strong in at
least some members of the R1−xDxMnO3 family. In LaMnO3 , for example, because the
changes in bond length are long-range ordered and coherent throughout the crystal, they
may be determined via conventional x-ray diffraction experiments, and have been found to
be large, ∼10% [11, 13]. The existence of (random) large-amplitude local lattice distortions
at intermediate dopings and high temperatures, as assumed in [3, 4], seems to be confirmed
by neutron diffraction [33, 34] and x-ray absorption fine-structure (XAFS) [35, 32] data. It
indicates a tendency towards charge localization through Jahn –Teller ”polarons”, in which
a valence electron stabilizes a local distortion of the oxygen octahedron surrounding each
manganese atom. Investigation of the energetic effects associated with such local distortions
is thus of real interest.

The energy scale of these interactions, i. e. the energy gained by formation of a lattice
distortion, the JT splitting of the Mn3+ eg levels, and the electron – phonon coupling pa-
rameter, may be estimated from the characteristic structure and temperature dependence
of optical [36, 37, 38, 39, 40] and Raman [41, 42] spectra. The first peak observed in the
optical absorption of LaMnO3 at about 1.9 eV [36, 37, 38] was associated with intra-atomic
transitions between the JT split Mn3+ levels [37, 38, 44]. For the doped compounds, extra
features appear at lower energies [38]. These midgap states were predicted in refs. [4] as
arising from inter-atomic Mn3+→Mn4+ and Mn3+→Mn3+ transitions.

In centro-symmetric configurations, pure d – d excitations are dipole forbidden. In lan-
thanum manganate such transitions, e. g. eg → eg, acquire intensity through coupling to
the lattice degrees of freedom [39, 40] and Mn3d –O 2p mixing [40, 43, 44, 45]. It is these
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couplings, however, that make difficult to measure the JT splitting directly [39, 40].
In this section we discuss the valence electronic structure of a Mn3+ ion in LaMnO3.

Our material model consists of an embedded [MnO6]
9− cluster. All-electron calculations

were performed at the CASSCF (complete active space self-consistent field) and CASPT2
(complete active space second-order perturbation theory) levels with the molcas-5 pro-
gram [46]. The nearest neighbors of the cluster oxygen ions were modeled by effective
potentials representing closed-shell La (Y3+ for La3+ [47]) or Mn ions (Al3+ for Mn3+ [48]).
On these nearest-neighbor atoms no basis functions were present. The next shells of ions
surrounding the cluster were approximated by a finite number of point charges (PCs) at
lattice positions. The first few shells of PCs around the cluster were taken to have the
formal charges in a fully ionic model of the material. The charges at outermost shell were
fitted to get the best representation of the Madelung potential on a fine grid in the central
part of the cluster. ANO (atomic natural orbital) Gaussian-type basis sets were applied
[49]: Mn (21s15p10d6f)/(7s6p4d2f) for manganese and O (14s9p4d)/(6s5p1d) for oxygen.

CASSCF/CASPT2 d – d excitation energies are shown in Fig. 4. 3 . CASSCF wave-
functions were constructed with an active space that contains ten orbitals, the five Mn
3d orbitals and five correlating ”virtuals”of the same symmetry, the so-called d′ orbitals.
We denote this active space as CAS–dd′. The t2g orbitals turn out to be quite localized
— the eg components, however, have some oxygen 2p character mixed in. The subsequent
CASPT2 step accounts for dynamical electron correlation effects among the Mn 3s, 3p,
3d and O 2s, 2p shells. We first performed calculations in idealized cubic configurations.
Two different cubic crystal structures were considered, with Mn–O distances of 1.95 Å and
2.02 Å, respectively. Secondly, we take into account the JT distortion, and the Mn–O bond
lengths become Mn–Ox =2.14 Å, Mn–Oy =1.90 Å, and Mn–Oz =1.95 Å , where the z di-
rection is along the c axis of the Pbnm reference system. In this case, the distortion of
the oxygen octahedra is also repeated within the point charge array surrounding the clus-
ter. We note that the experimental estimates of the manganese – oxygen distances for the
room-temperature tilted structure are approximately Mn–Ox′ =2.18 Å, Mn–Oy′ =1.91 Å,
and Mn–Oz′ =1.97 Å [13]. In our idealized JT distorted geometry with no tilting of the
MnO6 octahedra, each Mn–Oi bond length was taken as the average value between the
corresponding experimental Mn–Oi′ estimate in the tilted structure and its projection on
the i axis, where i∈{x, y, z}.

The relative energies obtained in octahedral geometric configurations follow the Tan-
abe – Sugano diagrams [50]. The crystal-field splitting, 10Dq, is strongly dependent on the
lattice constant; it changes from 2.4 to 2.0 eV for manganese – oxygen distances of 1.95 and
2.02 Å, respectively. The first excitation is to a minority t2g level: 5Eg(t

3
2ge

1
g)→ 3T1g(t

4
2g).

When distortions are included, all levels split up. The eg Jahn – Teller splitting, ∆JT , is 1.2
eV. In the ground-state configuration, the d3x2−r2 orbital is occupied.

More recent embedded cluster CASSCF/CASPT2 calculations [51] indicate minor chang-
es of the ∆JT parameter, within 0.1 eV, when the actual, tilted, crystal geometry [13] is
used. Our JT splitting compares well with the optical spectrum. It was shown in ref. [39]
that, neglecting band effects, the first peak in the optical absorption should be interpreted
as the convolution of a Frank –Condon series, i. e. the envelope of a sequence of vibrational
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Figure 4.3: Valence electronic structure of the Mn3+ ion in cubic and JT distorted geometries;
CASPT2 results. The lowest singlet states are not shown. They correspond to t42g and in cubic
configurations are at 1.8 eV (1T2g) and 2.1 eV (1Eg) for a=3.90 Å, and 2.2 eV (1T2g) and 2.4 eV
(1Eg) for a =4.04 Å. a is the lattice constant.

sidebands. ∆JT should be then associated to the onset of this feature, 1.0 – 1.5 eV, rather
than to the position of maximum intensity, 1.9 eV. Similar values for the splitting of the
eg levels, 1.0 – 1.5 eV, were obtained from band structure LDA and LDA+U calculations
[44, 45].

The second peak in the optical absorption spectrum, observed at about 4.5 eV, was
originally assigned to O2p →Mn eg transitions [37, 38]. This assignment is supported by
periodic LDA+U calculations, which predict that the oxygen 2p bands lie quite close to
the eg levels [45]. By CASSCF calculations with five d and five oxygen 2p orbitals in
the active space, we find the lowest ligand to metal charge transfer (CT) states at about
6.5 eV above the ground-state. For the CT states, we did not investigate the effect of
electron correlation by more accurate calculations, CASPT2 for example, nor the long-
range polarization effects in the crystal. It is expected that by incorporating these effects
the charge transfer excitation energies will be significantly lowered.

4.3 X-ray Mn K-edge absorption

Murakami et al. [27] reported recently to have found direct evidence of orbital ordering
in LaMnO3 by using resonant x-ray diffraction at the Mn K-edge. Near-edge resonant
x-ray scattering is a second-order process in which a core electron is promoted to an
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intermediate excited state which subsequently decays. In some systems, the anisotropy of
the environment, arising for example from the asphericity of the atomic charge distribution
or the presence of structural distortions, results in an anisotropic x-ray susceptibility. Since
the absorption is polarization dependent, the anisotropy of the susceptibility may lead
to a number of anomalies: the appearance of formally forbidden reflections, pleochroism,
birefringence etc., see for example ref. [52]. The authors of [27] argued that in LaMnO3 the
azimuthal-angle dependence and the polarization plane flipping of the scattering for certain
formally forbidden reflections probe the Mn eg orbital ordering. A simple theory of the
resonant scattering mechanism was also provided, relating the peculiar angle dependence
of the scattered intensity, Ires(ω, ψ), to some energy splitting of the Mn 4p levels, δ4p :
Ires(ω, ψ)≈ A(ω, ψ) δ 2

4p [27]. The physical origin of the splitting δ4p was not specified in
this model. Two competing mechanisms are actually involved: the 4p−3d Coulomb repulsion
and the JT distortion of the MnO6 octahedra. The Coulomb interaction between the Mn
4p and 3d electrons raises the energy of the 4pi level oriented along the direction of the
occupied 3d (3i2−r2) orbital. On the other hand, the JT distortion, R(Mn–Oi)>R(Mn–Oj)
(i, j∈{x, y}), lowers the energy of the 4pi level and raises the energy of 4pj .

The sensitivity of the Mn 4p states to the on-site eg orbital occupation was investigated
in ref. [53] by model Hamiltonian calculations on a [MnO6] cluster. This study indicates
that the orbital dependence of the local 3d− 4p Coulomb interaction is the dominant
mechanism leading to anomalous x-ray scattering. In this interpretation, the mentioned
experimental technique could indeed provide information on the local orbital orientation.
In contrast, Benfatto et al. [28] performed multiple scattering calculations and found that
the splitting of the 4p components and, consequently, the nonzero intensity for certain
structurally forbidden reflections is mainly due to the JT distortion of the MnO6 octahedra.
This result, they conclude, does not substantiate direct observation of orbital ordering in
LaMnO3 [28].

X-ray absorption near-edge structure (XANES) measurements on CMR compounds
[54, 55, 56, 57, 58, 59, 60] show that three energy regions can be distinguished on the Mn
K-edge spectrum, see Fig. 4. 4 . First, a low-intensity pre-edge region extending roughly
from 6535 to 6550 eV. In this range, the lowest peaks (6537 – 6543 eV), labeled A1 and A2

in ref. [56], are generally assumed to be caused by 1s to 3d transitions, while the higher
energy feature (6544 – 6547 eV) labeled B in [56] is associated with atomic-like Mn 4p
states. Most of the spectral strength lies in the second energy region (6550 – 6560 eV),
which is commonly associated with the 4p band. Another resonance extends from 6560 to
6575 eV and was assigned to multiple-scattering events of the photo-excited electron. Very
recently, Qian et al. [60] obtained spin-dependent spectra for pure and Ca-doped LaMnO3.

Elfimov et al. [20] performed LDA+U band structure calculations and studied the Mn
4p density of states corresponding to the px, py and pz components. A very strong difference
was found between the px and py density of states, due to the JT distortion in the energy
range of 10 – 30 eV above the Fermi level and induced by the ”hybridization”of the 4p
orbitals of the 1s-ionized manganese with the ordered 3d levels of adjacent Mn ions at 1 – 3
eV. In this paper, a new assignment of the pre-edge features was introduced: these pre-edge
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Figure 4.4: XANES spectra of La1−xCaxMnO3. Taken from reference [56].

features correspond to empty 3d states on adjacent Mn ions which overlap with 4p states
on the parent Mn. The authors suggested that, by RXS experiments in the pre-edge sector,
one could determine the 3d orbital occupation at adjacent manganese sites.

In this section we investigate the nature of the pre-edge excitations in the Mn K-
edge XANES spectrum by wave-function based embedded cluster calculations. We perform
CASSCF and RASSCF (restricted active space self-consistent field) calculations on clusters
containing one or two transition metal centers: [MnO6]

9− and [Mn2O11]
16−. In both cases,

idealized JT distorted configurations are considered. The Mn ions of the two-center cluster
are both in the xy plane. The Mn–O bond lengths are the same as in the preceding section,
2.14 Å or 1.90 Å in the xy plane and 1.95 Å along the z axis. For the [Mn2O11] cluster, we
find a d(3x2−r2)/d(3y2−r2) ground-state configuration. We calculate explicitly on-site 1s
to 3d and 1s to 4p excitation energies, as well as energies associated with transitions to
empty 3d states at the adjacent manganese site. The basis sets used for Mn and O were
the standard ANO–L basis sets of the molcas library [46]. For manganese, (21s15p10d)
primitives were contracted to a (6s5p4d) set; for oxygen, (14s9p) primitives were contracted
to (4s3p) [49].

On-site and inter-site Mn K-edge excitation energies are given for comparison in Table
4. 1 . For the [Mn2O11] cluster, we included in the active space the 3d orbitals of both Mn
centers plus the 1s, 4s, and 4p orbitals of the absorbing manganese. As already mentioned
above, the 3d orbitals are rather localized, with some oxygen 2p character mixed into the
eg components. The 1s core hole, which has roughly the effect of an extra positive charge at
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Table 4.1: On-site Mn 1s to 3d and 1s to 4p excitations compared with Mn 1s to nearest-
neighbor Mn 3d. CASSCF results for JT distorted [Mn2O11] and [MnO6] clusters. For each type of
excitation, the calculated energy corresponds to the lowest of the final states to which transitions
are spin allowed; in these final states the excited electron is high-spin coupled to the 3d -spins,
aligned ferromagnetically in the xy plane.

Transition Relative Energy (eV)
[Mn2O11] [MnO6]

1s → local 3d a 0 0
1s → adjacent 3d 9.0 8.8 b

1s → local 4p 17.5 18.2

a The 1s ionized state is calculated at 5.6 eV higher energy.
b Increase in Mn 3d4 → 3d5 electron affinity due to the 1s hole (12.4 eV in [MnO6]) minus the
Coulomb interaction energy of two unit charges at adjacent Mn sites, see text.

the nucleus, localizes also the 4p orbitals of this manganese atom. However, when the core
hole is not present, the 4p orbitals are diffuse and mix strongly with oxygen 2p orbitals.
We study here only on-site 1s to 4p excitations. In Table 4. 1 , the energy calculated for
each type of excitation corresponds to the lowest of the final states to which transitions are
spin allowed. In these final states the excited electron is high-spin coupled to the 3d -spins,
aligned ferromagnetically in the xy plane. Because relativistic effects are not included in
our computational method, the excitation energies are systematically too low. For this
reason we give relative energies only.

We find that transitions to neighboring 3d states start at 9 eV above the lowest 1s to
local 3d transition and 8.5 eV below the lowest 1s to local 4p transition. The large energy
difference calculated between on-site 1s−3d and 1s−4p excitations (≈17.5 eV) can not
explain the A1,2 –B peak splitting. A more plausible interpretation of the A peaks is that
they arise from transitions into 3d states at neighboring Mn sites, whereas the B feature
is caused by transitions to 4p -like levels on the same ion. The calculated energy difference
between these 3d and local 4p excited states, 8.5 eV, is in reasonable agreement with the
observed A1,2 –B splitting, 7 – 8 eV [56, 58].

The energy differences discussed above were also estimated by using the smaller [MnO6]
cluster, second column of Table 4. 1 . The relative energy of the lowest Mn 1s→ adjacentMn
3d excited state was deduced from the following (approximate) relation:

Erel = E(1s→adj.3d)− E(1s→ loc.3d) ≈
≈ {E(4Eg; 1s

13d4) + E(6Ag; 3d
5) + ECoul.(Mn4+−Mn2+) }

− {E(5Ag; 1s
13d5) + E(5Eg; 3d

4) + ECoul.(Mn3+−Mn3+) } .

The energy of each of the states in this equation was obtained by calculations on [MnO6]
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clusters 1. To calculate the Mn–Mn Coulomb energy in the two cases, we used a Mn –Mn
distance of 4.04 Å . As shown in Table 4. 1 , the relative energies of the final 1s excited
states agree well with those obtained in the [Mn2O11] cluster.

A similar interpretation of the A features was proposed in ref. [20]. These authors ar-
gued that such transitions acquire intensity due to the 3d – 4p hybridization. We found very
little mixing between the 4p -like orbitals of the 1s ionized manganese and the eg orbitals
on the neighboring Mn. However, both have significant O 2p character; it is this ”indi-
rect”Mn3d – (O 2p –)Mn4p mixing that gives rise to nonzero intensity. The ratio of the
squared transition dipole moments corresponding to excitations into majority-spin neigh-
boring eg and majority-spin local 4px orbitals was found to be 1/100 in the [Mn2O11] cluster.
This number represents, however, only a fraction of the relative intensity corresponding
to such Mn1s→ adjacentMn3d excitations, because the final state wave-function implies
actually a linear combination of d orbitals on six nearest-neighbor manganese sites. On the
other hand, due to the relatively small 3d – 3d interaction — for example, DF calculations
predict that the eg bands are less than 1 eV wide [43, 45] — small effects are expected on
the relative energies.

Using the calculations of Elfimov et al. [20] as a guide, the authors of [56] interpreted
the lower pre-edge peaks observed in their XANES spectra as transitions into majority-spin
eg and minority eg and t2g states on adjacent transition metal atoms in the xy plane 2. The
band structure calculated by Takahashi et al. [61] reproduces well the two-peak A1 –A2

structure observed in [56]. The two features are again explained in terms of mixing between
4p and neighboring 3d levels, but the details are different: they correspond to majority-
and minority-spin eg states. The A1 –A2 splitting in LaMnO3 is about 2 eV [56, 58, 59]. In
the same energy region, Qian et al. [60] recently identified a third feature, denoted A3, at
approximately 3 eV above A2. By examining the changes in the spin-dependent pre-edge
spectra along the La1−xCaxMnO3 series, the authors of ref. [60] proposed a model where
the A1 peak originates from spin-up excitations into empty oxygen 2p states. These oxygen
2p empty states, they argued, occur as a result of ligand to metal charge transfer effects.
Results of density functional [43, 45] and Hartree –Fock [62] periodic calculations indi-
cate indeed considerable O→Mn charge transfer in LaMnO3. For example, the Mulliken
population analysis on the Hartree –Fock results [62] gives for the oxygen ions charges
of approximately 1.75– . By CASSCF–d ground-state calculations where the experimen-
tal crystal structure parameters [13] were used, we found for the bridging oxygen in the
[Mn2O11] cluster a charge of 1.8– 3. For comparison, the same type of calculation in MnO
gives for the bridging oxygen a valency of 2.0– . Concerning the other peaks of the pre-edge,
A2 was attributed in ref. [60] to spin-up Mn 1s to adjacent Mn eg2 transitions, and A3 to
spin-down excitations into adjacent eg1 and eg2 levels, where eg1 denotes the e component

1We use notations corresponding to octahedral symmetry, although the actual local symmetry is lower.
2Due to the d(3x2−r2)/d(3y2−r2) orbital ordering, the strongest Mn eg – O 2p – Mn eg overlap occurs

in the xy plane.
3The following basis sets were used: (21s15p10d)/(6s5p4d) for Mn, (14s9p4d)/(4s3p2d) for the bridging

oxygen, and (14s9p)/(4s3p) for the other ligands [49].
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stabilized by the JT distortion.
Within a cluster approach, the Mn 1s→ adjacentMn3d excited states imply, when only

one adjacent manganese site is considered, a Mn1s13d4 –O2p6 –Mn 3d5 configuration (for
this Mn –O –Mn unit, the leading ground-state configuration is 3d4 – 2p6 – 3d4). As dis-
cussed above, without a core hole, no states arising from charge transfer configurations are
present at low energies. However, the presence of the core hole favors charge transfer from
neighboring oxygen ions by several eV, see for example chapter 3 of the thesis. So, due to
the 1s core hole, states arising from the charge transfer configuration Mn 1s13d5 –O2p5 –
Mn3d5 are expected to have similar, even lower, energies. CASSCF calculations on the
[Mn2O11] cluster, with 2p orbitals of the bridging oxygen in the active space, show indeed
that a CT state of maximum spin multiplicity, χ=2S+1=13, has lower energy than the
lowest spin allowed, i. e. χ=9, Mn1s→ adjacentMn3d transition. States involving mixing
between the above configurations, 1s13d4 – 2p6 – 3d5 and 1s13d5 – 2p5 – 3d5, could contribute
to the pre-edge spectrum. Such configurational mixing provides thus an alternative inter-
pretation of the A1 peak. However, due to the large number of χ=9 CT-type configuration
state functions, we could not determine whether the Mn1s13d5 –O2p5 –Mn 3d5 configura-
tion makes significant contributions to the pre-edge region.

Instead, we have attempted to understand the nature of the pre-edge splittings by
studying the 3d5 configuration of a Mn2+ ion in an embedded [MnO6]

10− cluster. The fifth
electron is here ”promoted”from the 1s shell of an adjacent manganese. The lowest d – d
excitation energies, calculated with the CASSCF/CASPT2 method, are given in Table
4. 2 , for cubic and JT distorted geometries. The active space contains five Mn 3d orbitals
and five d′ correlating virtuals. These results were obtained with the same embeddings as
for the calculations of the 3d4 valence structure in the previous subsection. The effect of
adding a positive charge at one of the adjacent Mn sites to model the 1s hole is small —
the changes in the relative energies are ∼0.1 eV. The effect of tilting the oxygen octahedra
is also minor, as determined by calculations [51] where the crystal structure reported by
Rodŕıguez-Carvajal et al. [13] was employed. We applied the following basis sets [49]: Mn
(21s15p10d6f)/(7s6p4d2f) and O (14s9p4d)/(6s5p1d).

The transition dipole moments calculated in the [Mn2O11] cluster using a minimal active
space and orbitals optimized for an average of Mn 1s13d4 –O2p6 –Mn3d5 states show that
excitations into the t2g orbitals, states 2 in Table 4. 2 , acquire negligible small intensity.
The energy separation of 3 – 4 eV between the states that carry intensity — states 1 and
3 in Table 4. 2 , corresponding to high- and low-spin t32ge

2
g configurations, respectively—

is closer to the value of the A2 –A3 splitting, ≈3 eV, than to the A1 –A2 separation of
about 2 eV. Knowing that CASSCF/CASPT2 calculations as reported here give accurate
predictions for the d – d spectra in several transition metal oxides, within 0.2 eV of the
experimental results [63, 64, 65], the relative energies given in Table 4. 2 seem to support
the assignment by Qian et al. [60] of the pre-edge A peaks, with A2 and A3 corresponding
to spin-up and spin-down excitation into neighboring eg orbitals. However, a complete
analysis requires an investigation of the contribution of the ligand to metal charge transfer
configurations.
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Table 4.2: Relative energies for states arising from the Mn2+ 3d5 electronic configuration.
CASPT2 results for embedded [MnO6]10− clusters. Notations corresponding to Oh symmetry
are used.

State Relative Energy (eV)
Cubic a Cubic b JT distorted c

1. 6A1g (t32ge
2
g) 0 0 0 ( 1 )

2. 4T1g (t42ge
1
g) 1.6 2.0 1.5, 1.6, 1.6 (<10−2)

4T2g 2.1 2.5 2.4, 2.5, 2.9 (<10−2)
3. 4Eg (t32ge

2
g) 3.1 3.2 3.0, 3.2 (0.25, 0.44)

4A1g 3.1 3.2 3.2 (0.12)
4Eg 3.8 3.8 3.5, 3.8 (0.02, 0.09)

4. 4A2g (t32ge
2
g) 5.2 5.3 5.8 (<10−2)

a Mn–O= 1.95 Å . b Mn–O= 2.02 Å .
c Mn–Ox =2.14 Å, Mn–Oy =1.90 Å, and Mn–Oz =1.95 Å . In parentheses, 1s → adjacent 3d
squared transition dipole moments in [Mn2O11]; relative values.

1s→ 4p atomic-like transitions, associated with the B feature at 6544 – 6547 eV [56],
were studied in more detail also on a [MnO6] cluster, by RASSCF calculations. An active
space including the 1s, 3d, and 4p orbitals was used. Relative energies of the spin allowed
1s→4p transitions are shown in Table 4. 3 . The zero of energy is the lowest final state. In
the JT distorted structure, with the longest Mn –O distance along the x axis, the lowest
1s – 4p excited state arises from the s1t32gd

1
3x2−r2p1

x configuration, in spite of the d3x2−r2 and
px orbitals being parallel. Transitions into py and pz occur at nearly 1 eV higher energy.
In agreement with other studies [20, 28, 29, 30, 31], the results in Table 4. 3 demonstrate
that the splitting of the manganese 4p levels, thought to cause the anomalous x-ray Mn K-
edge scattering, is mainly due to the JT distortion of the oxygen octahedron. The effect of
this distortion is clearly stronger than that of the 3d – 4p Coulomb interaction, invoked by
other authors for explaining the anomalous diffraction [53, 68]. The effect of the Coulomb
interaction is expected to be even less important for more delocalized, band-like, 4p states.

We analyzed for these 1s – 4p excited states the different spin couplings between the
1s core and the valence (3d, 4p) electrons and found small energy differences, ≈0.1 eV.
More important is the coupling of the 4p electron to the local S = 2 3d spin, leading to
splitting of the 1s→4p transitions. In Table 4. 3 , the h and the l states indicate high- and
low-spin coupling schemes, respectively, between the 4p electron and the 3d shell. In a first
approximation, neglecting the small 1s – valence exchange interaction, the two final state
couplings obtain equal intensity. We calculated exchange splittings of 0.9 eV for transitions
into the px component and 0.2 eV for transitions into py and pz. The final 4p states on the
parent manganese are thus more sensitive to the JT distortion of the MnO6 octahedron
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Table 4.3: On-site Mn 1s→4p excitation energies. RASSCF results for a JT distorted [MnO6]9−

cluster.

State a Occupied 4p Relative Energy (eV)

h 5B3u 4px 0
l 5B3u 4px 0.9
h 5B2u , h 5B1u 4py , 4pz 1.0
l 5B2u , l 5B1u 4py , 4pz 1.2

a Notations corresponding to D2h symmetry are used; h and l indicate high- and low-spin
couplings, respectively, between the 4p electron and the 3d shell.

(which lowers the px level, parallel to the occupied d3x2−r2 ) and to the 3d – 4p exchange
interaction (which is larger for the px states), rather than to the 3d – 4p Coulomb repulsion.

There is no clear experimental data for the pre-edge B feature that could confirm
the rather large 3d – 4p exchange splittings we found for the on-site 1s to 4p excitations.
However, a similar ≈1.0 eV exchange splitting was found by spin-dependent XANES mea-
surements for the main peak at the edge [60].

In order to access the accuracy of the calculated term splittings, it is instructive to com-
pare the calculated 3d – 4p exchange splittings with the values observed for free ions, where
unambiguous data are available. The observed 6F – 4F splitting in free Mn2+ (1s23d44p1) is
0.7 eV [66]; our value for the free ion is 0.8 eV. We found a somewhat larger value in the
presence of a 1s core hole, the 7F – 5F splitting is 1.0 eV. No experiments are available for
Mn3+ (1s13d44p1), but for Fe3+ (1s23d44p1), which has a similar valence electron distribu-
tion, a 6F – 4F splitting of 0.9 eV is reported [67]. These numbers confirm that, apart from
a slight overestimation, our calculations give reasonable term splittings within a particular
3d44p1 configuration.

4.4 X-ray Mn Kβ emission

With the development of dedicated and intense synchrotron radiation sources, remarkable
progress has been made in the combined application of x-ray absorption and emission
measurements. As discussed above, the x-ray absorption spectra (XAS) are determined
by both the valence electronic configuration and the structural arrangement around the
absorbing atom. Besides the information on the valence state of the photoionized atom,
the x-ray emission spectra (XES) in transition metal compounds provide also information
on the d spin state, see below. Unlike absorption edge spectra, the x-ray emission is quite
insensitive to structural details like the occurrence of local distortions. Hence, the combined
measurements can be used in R1−xDxMnO3 manganites to ascertain differences in both
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Figure 4.5: Simple energy diagram for 1s→ local 3d and 1s→ adjacent 3d excitations, 1s pho-
toionization, and Kβ decay in LaMnO3. Each type of excitation implies more than one final state.
Figure not to scale.

the electronic and the geometric configuration. Such combined Mn K-edge experiments
have been reported in refs. [31, 57, 69].

The Kβ emission results from a two-step process. A 1s electron is first excited to a high-
energy continuum. The 1s hole is subsequently filled by a 3p electron, leading to the so-
called Kβ fluorescence. In the 3p→1s decay process, the coupling between the unpaired 3p
electron spin and the 3d electrons produces two possible final states of different energies. In
manganese oxide compounds, this exchange splitting in the final state 3p53dn is of the order
of 15 eV [69] 4. The systematic analysis of Tyson et al. [69] shows that the characteristics
of these emission spectra, i. e. energy splittings, relative intensities, spectral shapes, and
chemical shifts, provide a direct method to investigate the 3d charge and spin state.

The creation of a core hole of spin-up or spin-down symmetry (relative to the 3d spin) in
the intermediate state 1s13dn are equally likely. Since in the fluorescence process the spin is
conserved, the Kβ emission can be used to determine the spin state of the 1s photoelectron.
This is the basic principle of a relatively new experimental technique, the spin-dependent
x-ray K-edge absorption. Hämäläinen et al. [70] measured the changes in the intensity
of the main peak and the satellite in the Mn Kβ XES in MnO and MnF2 by scanning
the incident photon energy through the Mn 1s absorption edge. The observed spectrum
was considered to correspond to the spin-dependent Mn 1s absorption and to probe the
unoccupied spin density of states. More recently, similar spin-dependent XANES spectra

4The 1s−3d exchange splitting in the intermediate state 1s13dn is very small, ∼0.1 eV
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have been reported for the La1−xCaxMnO3 compounds [60], see also the previous section.

The pre-edge low-intensity feature(s) in the XANES spectra of various transition metal
compounds, here denoted A, were initially associated with transitions to local d -like or-
bitals, see [54, 55, 70, 71, 72] and references therein. It was argued that both quadrupole
allowed and dipole allowed (through metal 3d – oxygen 2p mixing and/or small local dis-
tortions) transitions can contribute. More recent investigations [20, 61] indicate, however,
that the A peaks correspond to empty d states at adjacent transition metal sites, at least in
the La1−xCaxMnO3 compounds. The analysis in the previous section for LaMnO3 confirms
this interpretation. This analysis is based on the results contained in Table 4. 1 . Because
relativistic effects were not included in those calculations, a direct comparison between
our estimates of the 1s excitation energies ( 1s→ local 3d and 1s→ adjacent 3d ) and the
energies of the A peaks in the XANES spectrum is not meaningful, and we give in the
table relative energies only.

The availability of the x-ray Mn Kβ emission measurements provides, however, a dif-
ferent way to ensure that our assignment is correct. This simple test is performed, as
suggested by Bagus [73], by comparing the difference between the absorption energy corre-
sponding to the lowest A peak and the energy of the main peak in the Kβ XES spectrum,
i. e. ∆exp. = E(A1)−E(Kβm), to the calculated energy difference between the 1s→ local 3d
excitation and the 3p→ 1s decay to the (3p, 3d) high-spin coupled final state,

∆calc. = {E(5A1g; 1s
13d5)− E(5Eg; 1s

23d4) } − {E(6Eg; 1s
13d4)− E(6T1u; 3p

53d4) } =

= {E2 − E1 } − {E3 − E4 } .

We use notations corresponding to octahedral symmetry, although the actual local symme-
try is lower. The corresponding energy diagram is given in Fig. 4. 5 . Since ∆calc. contains
the term E(5A1g; 1s

13d5)−E(6Eg; 1s
13d4), errors arising from the inappropriate description

of the 1s core hole states cancel out each other.
We estimated ∆ by restricted open-shell Hartree – Fock (ROHF) calculations on an

embedded [MnO6] cluster. We used for these calculations the crystal data reported by
Rodŕıguez-Carvajal et al. [13]. The relevant energies are listed in Table 4. 4 . Due to the
JT distortion of the oxygen octahedron the degenerate 3p53d4 final states split up. The Kβ

emission energies are given for each 3p component on a different line. Our estimates indicate
that ∆calc. = 43÷45 < ∆exp.≈48 (eV), which implies E(1s→ local 3d)=E2−E1 < E(A1) .
This shows once more that the pre-edge A features in LaMnO3 cannot be interpreted in
terms of on-site 1s to 3d transitions.

Slight errors may be contained in ∆calc. due to differential electron correlation effects
arising from the different occupation of the 3d and 3p shells in the 1s13d5 and 3p53d4

configurations, respectively. To evaluate the size of such effects for the 5A1g (1s13d5) and
6Eg (1s13d4) states, we used as a test model the Fe3+ (1s23d5) free ion. We compared the
calculated ROHF 3d ionization potential (IP) with the experimental value [67], and found
that ROHF underestimates the IP by 0.7 eV. An accurate treatment of the dynamical
electron correlation within the 3d shell would thus reduce the relative energy of 5A1g (1s13d5)
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Table 4.4: Mn 1s excitation and Kβ emission energies in LaMnO3 (eV). ROHF calculations on
a [MnO6] cluster versus experiment, see text. The final 3p hole states correspond to high-spin
3p−3d coupling (the main peak of the Kβ emission spectrum).

E2 − E1 /E(A1) E3 − E4 /E(Kβm) ∆calc. /∆exp.
a

ROHF 6508.2 6464.6 (x) 43.6
6463.5 (y) 44.7
6463.9 (z) 44.3

Experiment [60, 69] 6540.5 6492.7 47.8

a ∆calc. = ( E2 −E1 )− ( E3 −E4) ; ∆exp. = E(A1)− E(Kβm) .

and, consequently, ∆calc. by about 0.7 eV. Nevertheless, the same effect will shift up in
energy the 6T1u (3p53d4) state(s), relative to the 3p6 states. Since these shifts are expected
to be of the same order of magnitude, our ∆calc. should be a quite accurate estimate.

Table 4.5: Mn 1s excitation and Kβ emission energies in MnO (eV). ROHF calculations on a
[MnO6] cluster versus experiment, see text. The final 3p hole states correspond to high-spin 3p−3d

coupling (the main peak of the Kβ emission spectrum).

E2 − E1 /E(A1) E3 − E4 /E(Kβm) ∆calc. /∆exp.
a

ROHF 6510.0 b 6463.8 46.2
6510.9 c 47.1

Experiment [54, 69, 72] 6539.0 6493.1 45.9

a ∆calc. = ( E2 −E1 )− ( E3 −E4) ; ∆exp. = E(A1)− E(Kβm) .
b 6A1g (1s2t32ge

2
g)→ 6T2g (1s1t42ge

2
g) . c 6A1g (1s2t32ge

2
g)→ 6Eg (1s1t32ge

3
3) .

Interestingly, similar calculations in MnO reveal that ∆calc. = 46 ÷ 47 eV agrees well
with ∆exp.≈ 46 eV, see Table 4. 5 , which suggests that, in contrast to LaMnO3, the low-
intensity pre-edge feature in MnO [54, 55, 70, 72] corresponds to transitions to local d -like
states.

For the calculations in MnO we used metal – ligand distances of 2.22 Å [74]. The basis
sets were taken from the molcas library [46]: ANO–L Mn (21s15p10d)/(6s5p4d) and O
(14s9p)/(4s3p) [49]. These basis sets were also applied in the calculations for LaMnO3,
described above. Different from the calculations in the previous subsections, 4. 2 and 4. 3 ,
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in the above calculations we represented the lanthanum ions by La3+ total ion potentials
(TIPs), i. e. closed-shell La3+ effective potentials with no basis functions, as generated in
ref. [75].

A well-defined pre-edge peak is observed for MnO only in the spin-down component
of the Mn K-edge x-ray absorption [70]. Because the manganese ion has a high-spin d5

configuration and the nearest-neighbor coupling is antiferromagnetic, this indicates indeed
that the pre-edge feature at about 6540 eV originates from on-site 1s → 3d transitions.
This interpretation is supported also by the analysis of Taguchi et al. [71], based on model
Hamiltonian calculations. Possible contributions from neighboring d states have not been
investigated in MnO, but these are expected to be less important than in LaMnO3, since
in MnO there is less metal 3d – oxygen 2p covalency that can give rise to intensity 5. Never-
theless, further investigation is needed in order to understand the nature of the differences
between the XANES spectra of these compounds.

4.5 Chemical shifts in the Mn K-edge XAS spectra

in Mn oxides

The near K-edge absorption of binary compounds like MnF2, MnO, and MnO2 displays
distinct double-step rises [54, 55, 70, 72] . Unlike these binary systems, where the 4p spec-
tral weight is spread comparably over several overlapping features, in the La1−xCaxMnO3

perovskites most of the spectral strength lies in the main feature at 6555 – 6560 eV [54, 55].
With increasing formal oxidation state, there is a substantial chemical shift of the edge.
Traditionally, the first inflection point at the edge is used to define the chemical shift in
the binary oxides. The absolute energy is usually referenced to the first inflection point of
pure manganese, 6539 eV [54, 69]. In going from MnO through Mn2O3 to MnO2 a chemical
shift of about 13 eV can be observed in the XANES spectra [54, 55, 72]. For the perovskite
compounds the energy value of the main 4p peak provides a more convenient reference
to track the relative chemical shift [54, 57, 58]. In the series La1−xCaxMnO3 this point
shifts from 6556 eV to 6559 eV with increasing Ca content [54, 57, 58, 59]. A similar shift,
3 – 4 eV, occurs for the low-intensity near-edge feature observed at about 6544 – 6547 eV in
LaMnO3 and denoted B in the present work. The B feature is thought to originate from
atomic-like 1s→4p transitions. The results presented in section 4. 3 of this thesis support
this interpretation.

The mechanism that causes the observed chemical shift in the perovskite manganites
has been recently investigated by de Vries et al. [76] by studying such atomic-like 1s→4p
excitations. Two different effects were identified in this work, both related to the formal
charge on Mn, that influence the chemical shift of core ionization and excitation processes.
The first is the change in the valence electron distribution around the manganese ion
(formal occupation Mn3+ d4 in LaMnO3 versus Mn4+ d3 in CaMnO3); the second is the

5In LaMnO3, the formal valence state of the Mn ion is higher than in MnO, 3+ versus 2+; also, in
LaMnO3 the Mn –O distance is shorter than in MnO, 1.90÷2.15 Å versus 2.22 Å [11, 13, 74].
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change in the Madelung potential. In this section we reproduce part of the results and
discussion from ref. [76].

All-electron ROHF calculations were performed in ref. [76] on two different material
models: [MnO6] clusters and, for comparison, single Mn ions, both embedded in a finite set
of point charges representing the Madelung potential of the rest of the crystal. In LaMnO3

and CaMnO3, the 4p orbitals are rather localized, at least upon the 1s ionization, see
section 4. 3 . Calculations on a [MnO6] cluster in MnO show, however, that in this compound
the 4p orbitals are quite diffuse and mix strongly with oxygen 2p orbitals. In contrast to
the XANES spectrum in perovskites, the double-step structure of the near-edge region in
MnO, with substantial spectral weight for the low-energy shoulders, indicates indeed more
delocalization for these 4p states. The more delocalized character of these 4p states in MnO
is due both to the smaller effective charge of the Mn ion and the specific local structure
about the absorbing atom (in the rocksalt structure the nearest manganese neighbors are
at a distance of

√
2 R(Mn–O); in the perovskite configuration the nearest neighbors are at

2 R(Mn–O) ). We present here results for LaMnO3 and CaMnO3 only.
The 1s to 4p excited states were taken to be maximum spin states. For all material

models studied in [76], an atomic 4p orbital was taken as a starting orbital in the calculation
of these excited states. The atomic orbital was obtained from an SCF calculation on the
lowest 1s to 4p excited state of a free Mn3+ or Mn4+ ion. This orbital was orthogonalized
to all occupied orbitals of the cluster ground-state and subsequently kept frozen in the
orbital optimization step for the 1s to 4p excited state. We show below that this is not a
severe approximation.

In the calculations on the embedded [MnO6] clusters, the nearest neighbors of the clus-
ter oxygen ions were modeled by effective potentials representing closed-shell La (Y3+ for
La3+ [47]), Ca [77], or Mn ions (Al3+ for Mn3+ [48] and Si4+ for Mn4+ [48]). On these
nearest-neighbor atoms no valence basis functions were present. Depending on the mate-
rial, the number and formal charge of the nearest-neighbor manganese ions varied. LaMnO3

has a distorted perovskite structure with three different Mn –O distances, and tilting of
the MnO6 octahedra [11, 13]. In this study, an idealized structure was used with uniform
Mn–O distances of 2.0 Å, and no tilting distortions. CaMnO3 also has a perovskite struc-
ture with tilted octahedra [12]. Also for this material, an idealized cubic embedding was
employed. The Mn –O distances used for CaMnO3 were 1.9 Å. These Mn–O distances
used for the idealized structures were averaged values of the distances found in the experi-
mental structures. The following basis sets were applied: Mn (21s15p10d)/(6s5p4d) and O
(14s9p)/(4s3p) [49].

The 1s ionization and 1s→ 4p excitation energies of the free and embedded Mn ions
are shown in Table 4. 6 for various embeddings and 3d occupations. From Table 4. 6, it
is clear that both the 1s ionization and the 4p addition energies are sensitive to the 3d
occupation and to the embedding Madelung potential. The variations in the Madelung
potential are strongly reflected in the variations in the ionization energies of the core 1s
electron. The embedding potential has only a small influence on the 1s→ 4p excitation
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Table 4.6: 1s ionization energies, 4p addition energies, and 1s → 4p excitation energies (eV)
for free and embedded Mn ions. Rows in bold: the ion charge, the Mn – O distance, as well the
embedding correspond to one and the same compound.

Mn ion Embedding 1s ionization 4p addition 1s → 4p

Mn3+ 3d4 None 6560.1 –30.6 6529.5
LaMnO3 6523.3 +4.6 6527.9

Mn4+ 3d3 None 6585.4 –40.2 6545.2
LaMnO3 6549.0 –5.6 6543.4
CaMnO3 6539.3 +2.9 6542.2

energy (at most 3 eV), as one would expect for such excitations involving localized orbitals:
the Madelung potential facilitates the removal of the 1s electron, but hinders the addition
of the 4p electron by approximately the same amount. The small variations are due to the
more diffuse character of the 4p orbital.

The 3d occupation number also has a stronger influence on the 1s ionization than on the
4p addition energy. The cost involved in removing the 1s electron increases by more than
20 eV on increasing the charge on Mn, whereas the energy gain of 4p addition increases
by ∼10 eV the charge on the manganese ion is increased. The reason for this difference is
that the 4p orbital is more diffuse than the 1s orbital and therefore interacts more weakly
with the other orbitals. The differential effect between 1s ionization and 4p addition of the
3d occupation is much stronger than that of the Madelung potential. Thus, for isolated
manganese ions embedded in point charges, the variation of the 1s→4p excitation energies
is predominantly due to the Mn 3d occupation. It shows an increase of ∼15 eV per 3d
electron removed from the Mn ion.

These results for single Mn ions in a Madelung potential overestimate largely the trend
found in the true compounds. The increase in the 1s ionization is 16 eV in going from the
Madelung field of LaMnO3 to that of CaMnO3 , whereas observed core binding energies
show shifts of only a few eV [69, 78]. The reason for this is that in the real material the
positive charges on the transition metal ions are screened by polarization of electrons from
the ligands to the metal. Periodic density functional [43, 44, 45] and Hartree –Fock [62, 79]
calculations have shown that the charges around Mn are indeed considerably below the
formal charge in LaMnO3 as well as in CaMnO3. It has been also found that the difference
in charge around Mn between LaMnO3 and CaMnO3 is less than one electron. Part of this
screening effect shows up already in the [MnO6] cluster, where the first layer of O ions
around the metal center is included in the cluster model. The results of the calculations
for [MnO6] are collected in Table 4. 7 . As before, the 4p orbital is obtained from free
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Table 4.7: 1s ionization energies, 4p addition energies, and 1s→4p excitation energies (eV) for
embedded [MnO6] clusters. Rows in bold: the cluster charge, the Mn – O distance, as well the
embedding correspond to one and the same compound.

Cluster Embedding 1s ionization 4p addition 1s → 4p

[MnO6]
9− LaMnO3 6512.0 +14.0 6526.0

[MnO6]
8− LaMnO3 6519.4 +9.3 6528.7

CaMnO3 6515.8 +14.9 6530.7

ion calculations, orthogonalized to the occupied orbitals of the cluster ground-state, and
subsequently kept frozen for the 1s→4p excited states.

It can be seen from Tables 4. 6 and 4. 7 that the chemical shift of the 1s→4p excitation
energies with increasing charge is smaller for the embedded [MnO6] clusters than for the
embedded Mn ions. In going from the [MnO6] cluster models of LaMnO3 to CaMnO3, the
difference is ∼ 4.5 eV, rather than 14 eV obtained for the single ion models. All changes
are reduced in the [MnO6] cluster, but the effect of the valence charge is more strongly
reduced than the effect of the Madelung potential. This causes the 1s ionization energies
to become closer to each other. On the other hand, with the inclusion of the nearest O
ligands in the models, the Pauli repulsion of the 4p electron with the ligands enters the
calculation as an extra effect, pushing the 1s→ 4p excitation energy up with decreasing
Mn–O distance.

The effect of the 3d occupation on the excitation energy still is appreciable, almost
+3 eV, despite the compensating charge flow from the ligands. The inclusion of the Pauli
repulsion with the O ligands turns the slight overall decrease found in the Madelung con-
tribution (approximately –1 eV) in the Mn ion model into an extra increase (+2 eV) in the
[MnO6] cluster model. We note that the shift found for the [MnO6] clusters, ∼4.5 eV, is in
reasonable agreement with the shift observed experimentally for the near-edge B feature,
3 – 4 eV [54, 58, 59]. The result suggests that our interpretation of the B feature in the
XANES spectra of LaMnO3 and CaMnO3 , i. e. 1s→4p atomic-like transitions, is correct.

The absolute energies of the threshold calculated here are not directly comparable to
the experimental values, mainly because of the use of a non-relativistic Hamiltonian. This
is a large effect since a 1s electron has a much larger kinetic energy than a 4p electron.
The neglect of the relativistic terms in the Hamiltonian does not affect the chemical shifts,
however, because the 1s orbitals are similar in the two compounds. A much smaller effect
is the long-range polarization in the lattice upon excitation. This is also neglected in these
calculations since the embedding of the clusters is static. However, it is not to be expected
that this will affect the main conclusions. Finally, the results shown here are obtained
within the Hartree – Fock approximation, and electron correlation effects are not included.
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Again, no large differential effects are expected because the nature of the orbitals involved
is similar in these compounds.

4.6 Mn d – d excitations: electron correlation effects

It has been shown before that, although ROHF or CAS–d SCF calculations are able to
predict the correct order of the d – d excited states in various ionic transition metal oxides,
more accurate methods are needed in order to obtain a quantitative agreement with the
experimental data6 [80, 63, 64, 65]. In these works, two physical mechanisms were identi-
fied that lead to important differential effects: dynamical electron correlation among the
metal 3s, 3p, and 3d shells and non-dynamical correlation arising from charge transfer
configurations.

A technique employed successfully for studying such d – d excitations is based on many
body perturbation theory [63, 64, 65]. As proposed by Andersson et al., see chapter 2,
starting from a CASSCF reference wave-function, the remaining correlation effects are
estimated using second-order perturbation theory. CASPT2 d – d excitation energies for
Mn3+ 3d4 and Mn2+ 3d5 configurations in LaMnO3 are presented in sections 4. 2 and 4. 3 .
In this section we illustrate the effect of the perturbational treatment on the d – d excitation
spectra as compared to the CASSCF level.

CASSCF and CASPT2 relative energies in octahedral and JT distorted geometries are
collected in Tables 4. 8 and 4. 9 for the Mn3+ 3d4 configuration and Tables 4. 10 and 4. 11
for Mn2+ 3d5. It can be seen that CASPT2 changes the excitation energies significantly. For
the d4 configuration, for example, the relative energy of the excited quintet state, defining
in cubic geometry the crystal-field splitting 10Dq, increases by about 0.3 eV, whereas the
relative energies of some of the triplet and singlet states are lowered by 0.3 – 0.4 eV. For
the highest excited states of the d5 configuration, the changes are even larger — CASPT2
lowers the relative energies by 0.5 – 1.0 eV. Effects of similar size, 0.5 – 1.0 eV, have been
observed in a CASSCF/CASPT2 study of the Mn2+ d5 crystal-field excited states in MnO
[65].

According to the Tanabe – Sugano diagrams, the d4 3T1g−1T2g, d5 6A1g−4A1g, and d5

6A1g−b 4Eg splittings are nearly constant for weak crystal fields. We note that in cubic sym-
metry the CASPT2 estimates in the [MnO6] clusters compare well with the corresponding
splittings measured in the free ions [66], 3H−1I, 6S−4G, and 6S−4D, respectively: 1.2, 3.2,
and 3.8 versus 1.3, 3.3, and 4.0 (eV).

6Experimental techniques used to investigate d – d excitations in transition metal materials are optical
spectroscopy [37, 38, 81], electron energy loss spectroscopy (EELS) [82], and x-ray fluorescence at the
metal L -edge [83].
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Table 4.8: Mn3+ 3d4 states by CASSCF and CASPT2 calculations on octahedral [MnO6] clus-
ters. CAS–dd′ active space, see section 4. 2 . CASPT2 correlates the Mn 3s, 3p, 3d and O 2s, 2p

electrons.

Relative Cubic (Mn–O= 1.95 Å) : Cubic (Mn–O=2.02 Å) :
Energy (eV) CASSCF CASPT2 CASSCF CASPT2

5Eg (t32ge
1
g) 0 0 0 0

3T1g (t42g) 0.8 0.7 1.1 1.1
1T2g 2.2 1.8 2.5 2.2
1Eg 2.4 2.1 2.7 2.4
3Eg (t32ge

1
g) 2.6 2.2 2.6 2.2

5T2g (t22ge
2
g) 2.1 2.4 a 1.7 2.0 a

a Crystal-field splitting parameter, 10Dq .

Table 4.9: Mn3+ 3d4 states by CASSCF and CASPT2 calculations on Jahn – Teller distorted
[MnO6] clusters. CAS–dd′ active space, see section 4. 2 . CASPT2 correlates the Mn 3s, 3p, 3d

and O 2s, 2p electrons. Notations corresponding to Oh symmetry are used.

Relative JT distorted [MnO6]
a :

Energy (eV) CASSCF CASPT2

5Eg (t32ge
1
g) 0, 1.2 0, 1.2 b

3T1g (t42g) 1.5, 1.6, 1.8 1.4, 1.5, 1.7
1T2g 3.0, 3.0, 3.2
1Eg 3.1, 3.4
3Eg (t32ge

1
g) 2.8, 4.0 2.4, 2.7

5T2g (t22ge
2
g) 2.4, 2.6, 2.7 2.6, 2.8, 2.9

a Mn–Ox =2.14 Å, Mn–Oy =1.90 Å, and Mn–Oz =1.95 Å.
b Jahn –Teller splitting, ∆JT .
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Table 4.10: Mn2+ 3d5 states by CASSCF and CASPT2 calculations on octahedral [MnO6] clus-
ters. CAS–dd′ active space. CASPT2 correlates the Mn 3s, 3p, 3d and O 2s, 2p electrons.

Relative Cubic (Mn–O=1.95 Å) : Cubic (Mn–O=2.02 Å) :
Energy (eV) CASSCF CASPT2 CASSCF CASPT2

6A1g (t32ge
2
g) 0 0 0 0

4T1g (t42ge
1
g) 1.8 1.6 2.2 2.0

4T2g 2.5 2.1 2.9 2.5
a 4Eg (t32ge

2
g) 3.6 3.1 3.7 3.2

4A1g 3.6 3.1 3.7 3.2
b 4Eg 4.6 3.8 4.6 3.8
4A2g 6.2 5.2 6.2 5.3

Table 4.11: Mn2+ 3d5 states by CASSCF and CASPT2 calculations on Jahn – Teller distorted
[MnO6] clusters. CAS–dd′ active space. CASPT2 correlates the Mn 3s, 3p, 3d and O 2s, 2p

electrons. Notations corresponding to Oh symmetry are used.

Relative JT distorted [MnO6]
a :

Energy (eV) CASSCF CASPT2

6A1g (t32ge
2
g) 0 0

4T1g (t42ge
1
g) 1.8, 1.9, 2.0 1.5, 1.6, 1.6

4T2g 2.7, 2.9, 3.3 2.4, 2.5, 2.9
a 4Eg (t32ge

2
g) 3.4, 3.6 3.0, 3.2

4A1g 3.6 3.2
b 4Eg 4.3, 4.6 3.5, 3.8
4A2g 6.6 5.8

a Mn–Ox =2.14 Å, Mn–Oy =1.90 Å, and Mn–Oz =1.95 Å.
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4.7 Conclusions

We studied d – d and core – valence excitations in LaMnO3 by first principles electronic
structure calculations on embedded clusters. The results are used for the interpretation
of pre-edge features in the x-ray Mn K-edge absorption and to investigate the source of
anomalous Mn K-edge scattering in this compound.

We find that the energy separation between on-site 1s→3d and 1s→4p excitations is
much too large to account for the A –B peak splitting in the XANES spectrum. On the
other hand, the calculated energy difference between 1s to adjacent 3d and 1s to local 4p
transitions, 8.5 eV, is consistent with the observed A –B splitting, 7 – 8 eV. We conclude
that the lowest peaks of the pre-edge region correspond to transitions to d states on neigh-
boring manganese ions. This interpretation was originally proposed on the basis of density
functional band structure calculations [20]. In this chapter, the relevant Mn 1s excita-
tion energies are calculated explicitly. The reason that these 1s – 3d excitations acquire
appreciable intensity is the ”indirect”, ligand-mediated, Mn 3d – (O2p –)Mn4p mixing.

Because of the use of a non-relativistic Hamiltonian, the absolute excitation energies
calculated here are not directly comparable to the experimental values. The availability of
the Mn Kβ emission measurements provides, however, a different way to ensure that our
assignment of the pre-edge A features is correct. This simple test is performed by comparing
the difference between the absorption energy corresponding to the lowest A peak and the
energy of the main peak in the Kβ XES spectrum, i. e. ∆exp. = E(A1) − E(Kβm), to the
calculated energy difference between the 1s→ local 3d excitation and the 3p→ 1s decay to
the (3p, 3d) high-spin coupled final state, ∆calc. = E(1s→ local 3d)−E(3p→1s). Since ∆calc.

contains the term E(5A1g; 1s
13d5) − E(6Eg; 1s

13d4), errors arising from the inappropriate
description of the 1s core hole states cancel out each other, and ∆calc. should be a quite
accurate estimate. The calculations indicate that ∆calc. = 43÷45 < ∆exp.≈48 (eV), which
implies E(1s→ local 3d) < E(A1) . This shows once more that the pre-edge A features in
LaMnO3 cannot be interpreted in terms of on-site 1s to 3d transitions. We note that similar
calculations in MnO reveal that ∆calc. = 46÷47 eV agrees well with ∆exp.≈ 46 eV, which
suggests that, in contrast to LaMnO3, the low-intensity pre-edge peak in MnO corresponds
to transitions to local empty d states. However, further investigation is needed in order to
understand the nature of these differences.

4p atomic-like states on the absorbing manganese ion, associated with the near-edge B
feature, were studied in detail for both LaMnO3 and CaMnO3. The calculations reproduce
well the chemical shift observed at the edge, ∼4 eV, in going from LaMnO3 to CaMnO3. In
LaMnO3, we also investigated the ordering of the px, py, and pz components. In agreement
with other studies [20, 28, 29, 30, 31], we found that the splitting of the manganese 4p
levels, thought to cause the anomalous x-ray Mn K-edge scattering, is mainly due to the
JT distortion of the oxygen octahedron. The effect of this distortion is clearly stronger
than that of the 3d – 4p Coulomb repulsion, invoked by other authors for explaining the
anomalous diffraction [53, 68]. The effect of the Coulomb repulsion is expected to be even
less important for more delocalized, band-like, 4p states.
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