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The theoretical calculation of the interaction of electromagnetic radiation with matter remains a challenging
problem for contemporary ab initio electronic structure methods, in particular, for x-ray spectroscopies. This
is not only due to the strong interaction between the core hole and the photoexcited electron, but also due
to the elusive multiplet effects that arise from the Coulomb interaction among the valence electrons. In this
work we report a method based on density functional theory in conjunction with multiplet ligand-field theory
to investigate various core-level spectroscopies, in particular, x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD). The developed computational scheme is applied to the L2,3 XAS and
XMCD edges of magnetite (Fe3O4) as well as cobalt ferrite (CoFe2O4) and nickel ferrite (NiFe2O4). The results
are in overall good agreement with experimental observations, both regarding the XAS L2/L3 branching ratio,
the peak positions, as well as the relative intensities. The agreement between theory and experiment is equally
good for XAS and the XMCD spectra, for all studied systems. The results are analyzed in terms of eg and t2g

orbital contribution, and the robustness of the spectra with regard to the uncertainties of the Slater parameters is
investigated. The analysis also highlights the strong effect of the 2p-3d interaction in x-ray spectroscopy.

DOI: 10.1103/PhysRevB.109.115126

I. INTRODUCTION

Core-level spectroscopy is one of the most powerful
techniques for probing the electronic structure of strongly
correlated electron systems, as the interaction between x
rays and matter gives element-specific insights into the mag-
netic and electronic properties of materials, as well as their
structural and chemical properties. In particular, the de-
velopment of synchrotron radiation facilities and recently,
x-ray free-electron lasers, have made the analysis efficient
and the resolution very high in energy, and in specific cases,
in time [1]. This increase in the experimental resolution has
made it possible to detect fine features and structures in the
x-ray spectra [2,3]. This development of experimental tools
and techniques calls for a novel theoretical approach to com-
pute x-ray absorption spectra, most notably, for systems with
complex or correlated electronic structures, like magnetites as
well as cobalt and nickel ferrites. In this work we focus specif-
ically on these materials and on insights for the theoretical
description of x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD).
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For the theoretical modeling of core-level and x-ray ab-
sorption spectroscopy, there have been two main distinct
methodologies that are primarily used today. The first one
is based on density functional theory (DFT) and the Kubo
formula [4], while the second focuses on multiconfigura-
tion effects [5]. Both methodologies are well reviewed in
the literature (see, for example, Refs. [6,7]). The DFT-based
methods are essentially parameter-free and provide, as a main
advantage, a description of magnetism, structural proper-
ties, and chemical bonding in general. These methods are
designed for the ground-state properties of materials, and
hence their description of the excited states probed with x-ray
spectroscopy is very limited. This is due to an incomplete
treatment of electronic correlations, in particular, the mul-
ticonfigurational effects. Overall, these methods work best
for widely dispersive electron systems. In contrast, atomic
multiplet theory is essentially intended for a better description
of the multiconfigurational effects originating from on-site
electron-electron interaction [8]. For practical computational
efficiency, the multiplet theory is often implemented for an
isolated ion and thus neglects hybridization effects. It is there-
fore not surprising that this implementation of the theory has
been found to work best for localized electronic states, e.g.,
the 4 f orbitals of rare-earth elements. However, effects like
crystal-field splitting and orbital hybridization can be treated
by adding suitable model terms to the Hamiltonian of the
system. The resulting theory is often referred to as the
multiplet ligand-field theory (MLFT) [8]. This theory is
very powerful in reproducing experimental spectra when the
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electrons have a tendency to be localized but has the obvious
drawback in the ambiguity of choosing and justifying the var-
ious parameters of the model Hamiltonian (see, e.g., Ref. [9]).
One way to reduce the ambiguity is to obtain the hybridization
strength parameters and the crystal-field splitting from a tight-
binding parametrization of a DFT calculation [10]. For the
4 f orbitals of rare-earth systems, it is also possible to neglect
the hybridization and extract the remaining MLFT parameters
completely from DFT [11].

To describe both on-site electron-electron interaction and
hybridization effects, many methods have been proposed,
for example, DFT+U [12] and DFT, in conjunction with
dynamical mean-field theory (DFT+DMFT) [13]. Since
DFT+DMFT takes into account the multiconfigurational ef-
fects, it was shown to provide a better description of the
valence-band spectral function of, e.g., the 3d transition-metal
oxides (TMOs) [14,15].

In the x-ray absorption process, the excitation involves
promotion of an electron in a core orbital to an empty orbital,
according to the selection rules of the electric dipole operator
[16]. The resulting core hole interacts with the valence
electrons and the photoelectron. For example, for the L2,3

edges of transition-metal complexes, the presence of a 2p
core hole in the final state tends to further localize the valence
states. In the final-state approximation, the core hole is treated
as an attractive static potential, and the valence electrons
and the photoelectron are allowed to relax in the presence
of this potential. However, it was shown that applying the
final-state approximation in DFT+DMFT does not improve
the calculated XAS spectra of Fe and Co, and in the case of
Ni dramatically worsens the comparison with the experiment
[17]. Several propositions to include the dynamics of the core
hole within a single computational framework for calculating
L edges of transition-metal (TM) systems are available in the
literature, such as the multiple scattering approach [18] with
dynamical screening from time-dependent DFT [19,20], the
application of configuration interaction to a set of molecular
orbitals [21], and the Bethe-Salpeter equation [22,23]. In spite
of a high level of theoretical complexity, most of the methods
mentioned above do not deliver a sufficiently accurate
description of XAS of a wide range of materials, exemplified
by the transition-metal oxides. In recent years, approaches
based on extending the impurity model in DFT+DMFT with
core states have also been used to simulate core-level x-ray
photoemission spectroscopy [24] and resonant x-ray emission
spectroscopy [25]. A good overview of most methods for
calculating x-ray absorption spectra is presented in [26].

In the present study we use MLFT in conjunction with
DFT+U and DFT+DMFT to describe on an equal footing
the multiconfigurational effects as well as the dynamics of
the core-hole photoelectron interaction and its effect on XAS
and XMCD. The method described here has key compo-
nents that are identical for MLFT combined with DFT+U
and DFT+DMFT, and so for simplicity we have chosen to
give most numerical examples from the MLFT+DFT+U ap-
proach. The aim of the present theory is to rely on as few free
parameters as possible. For example, the hybridization of
the orbitals is directly extracted from the electronic structure
calculation, and the screening of the local electron-electron
interaction (Hubbard U ) is estimated using constrained DFT

(cDFT). However, there currently is no reliable way to calcu-
late the screening of the zeroth-order valence-core interaction
(F 0

pd ), so it is treated as a free parameter. We also inves-
tigate how sensitive the spectra are to the description of
the screening of the higher-order Slater parameters. In this
work transition selection rules have been included within
the electric-dipole approximation. We present the details of
the implementation and the results from an application of
the developed method to the description of the L2,3 edges
and XMCD spectra of magnetite, Fe3O4, as well as cobalt
(CoFe2O4) and nickel ferrite (NiFe2O4) at room temperature
in the inverse-spinel structure. We show that our theoretical
results compare favorably with experimental observations. In
particular, we show that both the L3/L2 experimental XAS
branching ratio, as well as the fine structures in the XAS and
XMCD spectra, are well reproduced by our calculations.

II. THEORY

A. DFT+MLFT

In the following we describe the DFT+U+MLFT ap-
proach and show how to use this theory to compute x-ray
absorption spectra and x-ray magnetic circular dichroism of
the magnetite Fe3O4 as well as the cobalt and nickel ferrites.
The theoretical model, in a simplified way, can be described
as a transfer of parameters obtained from DFT-based methods
to a MLFT level of theory. In this way, hybridization effects
and crystal-field splittings do not enter the theory as fitting
parameters but rather evaluated from ab initio theory. We
describe the essential aspects of this mapping below.

1. Projection

The starting point of the theory involves the one-particle
DFT+U (or DFT+DMFT) Green’s function of the lat-
tice, which encodes the contributions from hybridization and
crystal-field splittings of the transition-metal 3d orbitals. It is
defined as the resolvent of the lattice-momentum-dependent
Hamiltonian H̃DFT

k and the self-energy �̃k:

G̃k (ω) = (
(ω + μ)1̃ − H̃DFT

k − �̃k
)−1

, (1)

where μ is the chemical potential and 1̃ is the identity
operator. The self-energy �̃k is obtained from the local
DFT+U self-energy �̃loc and a double-counting correction
�̃loc

DC through a projection from a set of impurity orbitals to
the lattice orbitals:

�̃k = P̃k
(
�̃loc − �̃loc

DC

)
P̃†

k , (2)

where P̃k is the projection operator from the orthonormal
orbitals on the impurity site to the lattice orbitals at lat-
tice momentum k. The impurity orbitals are defined through
the construction of the “MT” projection as detailed in
Refs. [15,27,28]. In the construction of the projection oper-
ator we use the DFT bands only within an energy window
[−16, 10] eV around the Fermi level in order to preserve the
TM 3d character of the impurity orbitals. The lower bound of
the energy window prevents the impurity orbitals to obtain any
oxygen 2s character, which adversely affects the crystal-field
splitting in the impurity orbitals. The upper bound prevents
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the impurity orbitals to include high-energy TM 4d and TM
5d characters.

The local Green’s function is obtained from G̃k (ω) through
the reverse projection:

G̃loc(ω) = 1

Nk

Nk∑
k

P̃†
k G̃k (ω)P̃k, (3)

where Nk is the number of k points in the first Brillouin zone.
The projection of the lattice Green’s function to the local
Green’s function is identical to that in DMFT. The hybridiza-
tion function

�̃(ω) = (ω + μ)1̃ − H̃ loc
0 − �̃loc + �̃loc

DC − G̃loc(ω)−1 (4)

describes the hybridization of the 3d-TM orbitals with the
orbitals of the rest of the material. The imaginary part of the
hybridization function is like a projected density of states,
but the peaks are located at the energies of the hybridizing
orbitals. The intensity of a peak corresponds to the strength of
the hybridization. The role of the ligand orbitals is to mimic
this ab init io hybridization, i.e., to allow ligand electrons to
enter (and leave) the 3d-TM orbitals with the appropriate
transition energy. In Eq. (4) the local Hamiltonian H̃ loc is
calculated from H̃DFT

k by using the same projection procedure
as in Eq. (3).

2. Discretization of the hybridization function �(ω)

The hybridization function operator in Eq. (4) can be ap-
proximated as

�̃ED(ω) = Ṽ [ω1̃ − H̃bath]−1Ṽ †, (5)

where H̃bath is an effective Hamiltonian for a finite (usually
small) set of auxiliary bath orbitals which hybridize with
the impurity orbitals according to the impurity-bath hopping
operator Ṽ . This approximation is routinely done in the exact
diagonalization (ED) solver in DMFT [29]. The matrix ele-
ments of the operators Ṽ and H̃bath are parameterized, and
the parameters are set to reproduce the main peaks of the
imaginary part of the exact hybridization function �̃(ω). The
matrix representation �(ω) of the operator �̃(ω) depends on
the choice of impurity orbitals. �(ω) becomes block diago-
nal if the impurity orbitals are symmetrized such that they
transform according to the irreducible representations of the
system. Even in the absence of global symmetries it is often
advantageous to symmetrize the impurity orbitals according to
their local environment to minimize the off-diagonal elements
in the fitting of �(ω). In our implementation, several energy
windows are selected after an inspection of �(ω), and within
each window the parameters for one bath orbital is fitted to
minimize the difference between �ED and �(ω).

3. Impurity Hamiltonian

The total impurity Hamiltonian for the TM 3d and 2p
shells is summarized as

Ĥ =
∑

i j

H3d
i j ĉ†

i ĉ j +
∑
bb′

Hbath
bb′ ĉ†

bĉb′ +
∑
i,b

(Vi,bĉ†
i ĉb + H.c.)

+
∑

i j

H2p
i j ĉ†

i ĉ j + ĤU , (6)

with

H3d = H loc − �loc
DC + HSOC

3d , (7)

H2p = εp1̃ + HSOC
2p , (8)

where H3d and H2p contain the 3d and 2p on-site energies,
respectively, including the spin-orbit coupling (SOC) [see
Eq. (A8)]. Hbath and V describe the bath and its coupling to
the impurity, and ĤU is the Coulomb interaction [see Eq. (A1)
of the Appendix].

The diagonalization of Eq. (6) results in the set of many-
body eigenstates |n〉, each expressed by a sum of product
states, and the corresponding eigenenergies En:

Ĥ |n〉 = En|n〉. (9)

Once the eigenstates with eigenenergies at most a few kBT
above the lowest eigenenergy are found using a Lanczos al-
gorithm, we use these states to calculate spectra and other
observables such as occupation numbers and spin moments.

B. Spectra

Using the eigenstates |n〉 and eigenenergies En from the
Hamiltonian Ĥ in Eq. (6), we calculate the XAS and XMCD
spectra at finite temperature (300 K) according to

I (ω) = 1

Z

∑
n

−�(Gn(ω)) exp(−βEn), (10)

with

Gn(ω) = 〈n|T̂ † 1

(ω + En + i�c)1̂ − Ĥ
T̂ |n〉, (11)

and where ω is the incoming photon energy, 1̂ is the iden-
tity operator, Z the partition function, and β the inverse
temperature. Here �c models the core-hole decay rate and
defines the energy resolution in terms of the half-width at
half-maximum (HWHM). The transition operator T̂ is, within
the dipole approximation, equal to D̂ = ε · p̂, where ε is the
light polarization vector and p̂ is the momentum operator. In
the present theory, the dipole operator is restricted to excite
a 2p core electron into an empty 3d orbital [6]. We have
implemented Eqs. (10) and (11) using a Lanczos algorithm
in an open-source software [30,31].

III. DETAILS OF THE CALCULATIONS

The Hamiltonian in Eq. (6) contains several parameters that
either can be calculated or have been estimated. From the elec-
tronic structure calculation, we determine the local impurity
Hamiltonian from a direct projection and also construct the
hybridization function. The hybridization strength (V ) and the
bath state energies (eb) are set to reproduce the hybridization
function. The average Coulomb repulsion between the elec-
trons within the 3d and 2p orbitals of the TM atom can be
expressed in terms of the Slater-Condon parameters F k

lili
, Gk

lil j
,

and F k
lil j

and the Wigner 3 j symbols as [5]

Ulili = F 0
li li − 2li + 1

4li + 1

∑
k

(
li k li
0 0 0

)2

F k
lili , (12)

Ulil j = F 0
li l j

− 1

2

∑
k

(
li k l j

0 0 0

)2

Gk
lil j

, (13)
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TABLE I. Summary of the double-counting correction (δDC), Slater-Condon integrals (F and G), and spin-orbit coupling parameters (ζ )
used in the MLFT calculations (unit in eV). F0

pd is treated as a free parameter. An additional potential �εp is introduced to shift the calculated
2p core energies to coincide with experimental values.

δDC F0
dd F2

dd F4
dd F0

pd F2
pd G1

pd G3
pd ζp ζd �εp

CoFe2O4 Co 1.5 6.6 9.23 5.73 7.60 5.18 4.22 2.49 9.85 0.078 0
CoFe2O4 Feoct 1.5 6.4 9.35 5.85 8.12 4.89 3.21 2.05 8.3 0.064 0
CoFe2O4 Fetet 1.5 6.3 9.35 5.85 8.12 5.19 3.51 2.05 8.3 0.074 0.25
NiFe2O4 Ni 1.5 6.9 10.53 6.94 7.90 5.79 4.28 2.42 11.6 0.096 0
NiFe2O4 Feoct 1.5 6.4 9.35 5.85 7.87 5.80 3.28 2.40 8.3 0.063 0
NiFe2O4 Fetet 1.5 6.3 9.35 5.85 7.87 5.80 3.28 2.40 8.3 0.072 0.35
Fe3O4 Fe2+

oct 1.5 6.4 8.63 5.36 8.45 4.69 3.18 1.92 8.3 0.062 4.02
Fe3O4 Fe3+

oct 1.5 6.4 8.88 5.52 8.55 4.88 3.34 2.00 8.3 0.064 0
Fe3O4 Fe3+

tet 1.5 6.3 9.28 6.26 7.82 5.21 3.57 2.14 8.3 0.076 1.35

where l denotes the angular momentum of the orbitals. Notice
that in these expressions k is not a crystal momentum (as it
is in Sec. II A 1) but an angular momentum. The bare higher-
order Slater parameters (k � 1) are calculated by solving the
Slater-Condon integrals. To account for screening effects the
parameters are then individually reduced to between 70% and
90% of their bare values. The values within this interval are
chosen to best fit the experiment. For comparison, we also
performed calculations where the higher-order Slater parame-
ters are kept at a fixed ratio of 80% of their bare values to show
the impact of the fine-tuning of the screening. The screening
of the zeroth-order parameters, F 0

dd and F 0
pd , are typically so

high that they cannot be estimated by this approach. Therefore
we have calculated F 0

dd using cDFT for NiFe2O4 using the
electronic structure code WIEN2K [32]. There is currently no
accurate method for calculating the screening of F 0

pd , so it
was varied in the empirically motivated interval F 0

dd + 1 eV �
F 0

pd < 1.4F 0
dd .

The MLFT double counting of the d orbitals is given by

�DC = ndUdd − npUd p − δDC, (14)

where nd is the occupation of the d orbitals, np is the oc-
cupation of the p core states, and δDC is the charge transfer
potential. The value of δDC was taken from Ref. [33].

Compared to the previous work, the p-orbital potential
�εp was introduced to reproduce the relative difference in
the core-level binding energies of the different Fe sites in the
DFT+U calculation. The values of �εp are within 0.15 eV of
the DFT calculated values. The 2p and 3d spin-orbit splittings
were calculated using a relativistic DFT+U calculation. All
parameters used here are compiled in Table I.

IV. CRYSTAL AND MAGNETIC STRUCTURE

Magnetite (Fe3O4) above the well-known Verwey transi-
tion has an inverse-spinel structure with an fcc Bravais lattice.
For this structure, DFT+U calculations, as presented here (for
details, see Appendix A), result in a half-metallic electronic
structure. The Fe cations are either octahedrally or tetrahe-
drally coordinated to the oxygen ions. Above the Verwey
temperature, the six Fe ions in the unit cell are separated into
two tetrahedral and four octahedral sites. The two tetrahedral
sites and two of the octahedral sites are occupied by nominally
Fe3+ ions, while the remaining two octahedral sites are occu-

pied by nominally Fe2+ ions. When we go from magnetite to
CoFe2O4 or NiFe2O4, almost all Co/Ni atoms occupy the Fe
atom at the octahedral +2 sites. Therefore the structures can
be expressed as (Fe3+)[X 2+Fe3+]O4, where X is Fe/Co/Ni,
the parentheses indicate tetrahedral sites, and the square
brackets denote the octahedral sites. A schematic overview
of the inverse-spinel structure and the difference between the
compounds is shown in Fig. 1. The Fe3O4 and the other fer-
rites are ferrimagnetic spinels. The magnetic ordering results
from the exchange interactions between the cations. The Fe
3d orbitals of the tetrahedral and octahedral sites overlap with
the intermediate 2p oxygen at an angle of ≈ 125◦, which ac-
cording to the Goodenough-Kanamori-Anderson rule leads to
antiferromagnetic exchange between the two sublattices. The
octahedral sites couple ferromagnetically to each other due
to a 90◦ superexchange. The exchange interaction between
the tetrahedral sites is antiferromagnetic; however, it does not
result in an antiferromagnetic ordering in the tetrahedral sites
as the other exchange interactions are stronger [35]. In Table II
we compare the calculated spin and orbital moments with a
previous calculation from Ref. [36]. It can be seen that the two
sets of calculations compare rather well with each other. In
Table III the calculated sizes of the total magnetic moments of
the tetrahedral sites and the average moment of the octahedral

FIG. 1. Conventional unit cell of XFe2O4, where X is Fe, Co, or
Ni. The silver-colored octahedral sites represent the Fe2+ sites that
are occupied by Co or Ni in the other ferrites. The blue octahedral
sites and the purple tetragonal are occupied by Fe3+. The plot was
made using VESTA software [34].

115126-4



THEORY OF X-RAY ABSORPTION SPECTROSCOPY FOR … PHYSICAL REVIEW B 109, 115126 (2024)

TABLE II. DFT+U calculated absolute value of the atomic projected spin and orbital (in parenthesis) magnetic moments, in units of Bohr
magneton (μB), compared with DFT+U calculation of Ref. [36]. The values presented here were obtained by projecting upon the local 3d
orbitals without the use of energy windows to more closely resemble the procedure in the reference.

CoFe2O4 NiFe2O4 Fe3O4

Calculation Co Feoct Fetet Ni Feoct Fetet Fe2+
oct Fe3+

oct Fe3+
tet

Present 2.53(0.00) 4.09(0.00) 3.93(0.00) 1.65 (0.38) 4.07 (0.03) 3.92 (0.03) 3.59 (0.02) 4.08 (0.02) 3.82 (0.02)
Ref. [36] 2.57 (0.01) 4.04 (0.04) 3.90 (0.03) 1.54 (0.27) 4.09 (0.03) 3.99 (0.02) 3.54 (0.02) 4.00 (0.02) 3.84 (0.02)

sites are compared to neutron scattering experiments [37] for
Fe3O4, CoFe2O4, and NiFe2O4 [38] taken at a temperature of
300 K. It is clear from the table that the theoretical results
are in good agreement with experiment. From Table III it is
also clear that the results of magnetic moments from DFT and
MLFT are in very good agreement with each other. Note that
the values obtained from MLFT are obtained as expectation
values of the spin and orbital angular momentum operators
using the ground-state wave function (without core-hole exci-
tation). The fact that the two sets of calculations give similar
results is rewarding since it reflects on the accuracy on the
mapping to the local Hamiltonian. For completeness we show
in Table IV the calculated occupation numbers for all transi-
tion metal atoms in the here considered systems. These values
were obtained from the impurity model calculations.

V. RESULTS AND DISCUSSION

In this section the theoretical calculations of XAS and
XMCD are compared with the experimental results (black
curves) for all compounds of this investigation. The theoreti-
cal calculation is obtained by varying the higher-order Slater
parameters (k � 1) in Eq. (A7) individually between 70% and
90% of their calculated values while making the best fit to
the experimental data. These parameters are shown in Table I,
and the theoretical spectra based on them are labeled “theory”
in Figs. 2–8, shown as a red line. In Figs. 2–6 we also show
results from an alternative theoretical calculation where all the
higher-order Slater parameters are screened to 80% of their
bare values (blue dashed line in Figs. 2–6). Note also that
in each section we start with an analysis of XAS, which is
followed by the results of the XMCD. In the case of CoFe2O4

and NiFe2O4, the spectral features from the Fe sites will be
presented first.

TABLE III. Calculated DFT+U total magnetic moments, in
units of Bohr magneton (μB) per atom, of the different sublattices
compared with the experimental results from neutron scattering for
CoFe2O4 and NiFe2O4 of Ref. [37] and for Fe3O4 of Ref. [38]. In the
table, μoct is the average moment on the octahedral sites.

Fe3O4 CoFe2O4 NiFe2O4

μtet μoct μtet μoct μtet μoct

DFT+U 4.14 4.15 4.13 3.48 4.19 3.15
MLFT ground state 4.25 4.03 4.23 3.11 4.03 3.43
Expt. 4.0 3.6 3.5 3.24 3.72 2.90

A. Spectra of Fe3O4

XAS. The dipole-allowed Fe L2/3 XAS edges of Fe3O4 are
displayed in Fig. 2. The spectrum is composed of two main
peaks, the L3 and L2 edges, due to the SOC �SO = (3/2)ζp

in the TM 2p state. This results in a split of the core levels
of 2p J = 3/2 and 2p J = 1/2 by �SO. When photons excite
the core electrons in the higher J = 3/2 level and lower J =
1/2 level they respectively produce electronic transitions to

FIG. 2. Top: Calculated XAS of the Fe L2,3 edges for Fe3O4

compared to experimental data (black curve). Bottom: Calculated
XMCD of Fe3O4 compared to experimental data [39] (black curve).
The theory was carried out with the higher-order Slater parameters
screened between 70% and 90% (red curve) and to 80% (blue dashed
curve) of the calculated values, for details see text.
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TABLE IV. Site electron occupation N3d of the tetrahedral and the octahedral transition-metal ion in different ferrites.

Fe3O4 CoFe2O4 NiFe2O4

Fe2+
oct Fe3+

oct Fe3+
tet Co Feoct Fetet Ni Feoct Fetet

N3d 6.267 5.901 5.768 7.129 5.148 5.110 8.291 5.177 5.123

the L3 edge and the L2 edge. As shown in Table I, the SOC of
the core states is strong and almost independent of the atomic
environment.

The experimentally observed spectrum has a broad L3 edge
(between 705 and 715 eV) which is composed of contributions
from all three different Fe sites. The L2 edge (between 718
and 728 eV) has a significantly lower intensity and shows a
double-peak feature. Both edges are well reproduced by the
theory, with the L3 edge being a bit broader on the low-energy
side in the experiment. The theoretical results from the L2

edge do not show the same double-peak feature as in the ex-
periment with the second peak missing; however, the relative
intensity to the L3 edge is more or less the same in theory
and in the experiment. In a pure one-electron picture and with
uniform matrix elements for the excitation, the intensities of
the L3 and the L2 edges would reflect the number of electrons

FIG. 3. Same as Fig. 2 but for Fe sites in CoFe2O4. The experi-
mental spectra are reproduced from [40].

available of the corresponding core levels, i.e., 4 to 2. The
data in Fig. 2 show that this is not the case, and the so-called
branching ratio deviates significantly from the 4/2 ratio. It
is gratifying that the theory used here reproduces this aspect
of the measured spectrum. Furthermore, we can see that the
calculation is robust towards the choice of Slater parameters as
the two calculated spectra match each other nearly perfectly.

XMCD. The measured XMCD spectrum (also shown in
Fig. 2) has a characteristic down-up-down peak structure at
the L3 edge. Here, the first peak has the largest intensity and
the second peak the lowest. This structure is caused by the fer-
rimagnetic ordering and the spinel structure. In a perfect anti-
ferromagnet no XMCD can be observed, as the contributions
vanish. The antiferromagnetically aligned Fe cations occupy
inequivalent lattice sites and therefore have slightly differ-
ent excitation energies. This results in a dichroic response

FIG. 4. Same as Fig. 2 but for Co site in CoFe2O4. The experi-
mental spectra are reproduced from [40].
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FIG. 5. Same as Fig. 2 but for Fe sites in NiFe2O4. The experi-
mental spectra are taken from Ref. [42].

from the +3 cations, which here adds to the response from
the Fe2+ cations. At energies just above these peaks one can
observe a small shoulder. The L2 edge shows two different
peaks, with the first feature having a larger intensity and a dis-
tinct two-peak feature. The theoretical calculation reproduces
the behavior at the L3 edge very well. Even the small shoulder
at energies above the three-peak feature is reproduced, and
the oscillations right below the L2 edge are reproduced. The
only major difference is that a negative peak appears in the
calculation between the L3 and L2 edge which is not in the
experiment. Also, the intensities of the L2 edge are overesti-
mated on all peaks except the first peak of the double-peak
feature. This could be due to an overestimation of the 3d SOC
of the tetrahedral sites. Here we can see that our choice of
the higher-order Slater parameters enhances the signal at the
middle peak and suppresses that of the third peak and the
multiplet effects.

B. Spectra of CoFe2O4

1. Fe-projected results

XAS. The measured XAS of the Fe sites (Fig. 3, upper
panel) shows a main peak with a low-energy shoulder at the
L3 edge and a double peak at the L2 edge. The XAS of the

FIG. 6. Same as Fig. 2 but for Ni site in NiFe2O4. The experi-
mental spectra are taken from Ref. [42].

Fe sites shows the same features in experiment and theory.
However, the shoulder of the L3 edge is smaller in intensity for
the calculated spectrum than in the experiment. This shoulder
is caused by the octahedral sites in the calculation; therefore, a
higher ratio of octahedral to tetrahedral Fe sites than the equal
amount that the calculation used could explain this effect. A
reason for this could be Co cations occupying one or both
tetrahedral sites in some cells, causing the Fe sites to occupy
three or four octahedral sites in that cell, which would lead to
a higher contribution of the octahedral Fe sites in the signal.
Other point defects in the experimental sample could cause
different oxidation states, which would also influence smaller
details in the observed spectra that would not be picked up
by calculations of a defect-free system. For the L2 edge the
theory clearly puts more intensity on the higher-energy peak,
while they have the same intensity in the experiment. It is also
notable that the branching ratio is very similar for theory and
experiment. Furthermore, one can see that the calculation is
robust to the choice of Slater parameters, as the two calcula-
tions produce nearly the same spectra.

XMCD. In the XMCD spectrum (Fig. 3, lower panel), one
can observe the same characteristic down-up-down structure
as for Fe3O4 in the L3 channel. However, due to the absence
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FIG. 7. Calculated Fe L2,3 XAS (top panel) and XMCD (bottom
panel) edges in NiFe2O4 using the full Coulomb interaction (red
solid) and neglecting the p − d interaction (no CV, blue dashed)
compared to experiments (black solid).

of Fe2+ the first peak is no longer the largest in intensity but
rather the smallest, while the third peak in the L3 channel has
the largest intensity, with the second peak having similar in-
tensity to the third. The details of these peaks are quite similar
if one compares theory and experiment. The measured L2 edge
shows two low-intensity peaks. with the second one being flat
and lower in intensity. In the calculation the general structure
of the L3 edge is well reproduced; however, the intensity for
the first peak is underestimated and the second one is over-
estimated. This could also be linked to some Co occupying
tetrahedral sites, because the second peak is caused by tetra-
hedral Fe and the first by octahedral. Here, the fine structure is
not reproduced by the calculation, as it points in the opposite
direction compared to the experiment. The two distinct L2

peaks are well reproduced by the theory. However, the second
peak in the experiment is broader than in the theory. Further-
more, one can see that the calculation is robust to the choice
of Slater parameters, as the two theoretical curves match.

2. Co-projected results

XAS. The XAS of Co (Fig. 4, upper panel) shows a lot
of features, both in theory and experiment. The L3 edge has

FIG. 8. Calculated Ni L2,3 XAS (top panel) and XMCD (bottom
panel) edges in NiFe2O4 using the full Coulomb interaction (red
solid) and neglecting the p − d interaction (no CV, blue dashed)
compared to experiments (black, solid).

a double peak, where the peak on the left is slightly higher
in intensity. The peak is accompanied by a small shoulder
on the left, a high-intensity shoulder, and a small shoulder
to the right. The L2 edge is characterized by a single peak.
The calculated XAS of the Co site agrees very well with
the experiment. The double-peak feature of the L3 is well
reproduced; however, in the experiment the first is larger. The
left shoulder is located at lower energies in theory compared
to the experiment, and it also has a lower intensity. The right
shoulder matches the experiment perfectly, even the small
shoulder at the end is reproduced. At the L2 edge, experiment
and theory mostly lie on top of one another; however, the
theory shows a slightly higher intensity at the maximum of the
peak. Here, one can see that the two theoretical spectra look
very similar and that the main difference is a shift of energy.
This is caused by the fact that we are aligning the peaks of the
largest intensity in the calculation to the largest peak in the
experiment, and the intensities of the two peaks in the double-
peak feature change due to the choice of Slater parameters.

XMCD. The measured L3-edge XMCD of the Co site
(Fig. 4, lower panel) shows a small down-pointing peak
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followed by a thin up-pointing peak in front of the main peak,
which has one shoulder on the left and two on the right. After
the main peak, there is a small fine-structure peak. At the L2

edge there is a single flat peak. The theory reproduces the
shape of the L3-edge main peak and its shoulders well, even
though the shoulders on the right have less intensity than in
the experiment. The peaks before the main peak are not well
reproduced, with the first peak missing and the second peak
being broader and less intense than in the experiment. This
could be because these peaks are caused by Co occupying
the tetrahedral site, where it would be closer to a +3 state.
Alternatively, other impurities in the sample could play a
role. The small fine structure after the main peak is very well
resolved by the calculation. The L2 edge in the theory shows
a very clear peak with much higher intensity than the flat
peak in the experiment. This could again be caused by Co
in tetrahedral sites, as those would have the opposite spin and
therefore would reduce the signal from the peak. Here, we
can see that the choice of Slater parameters only affects the
two shoulders closest to the main peak, where the intensity
is shifted slightly from the left shoulder to the one on the
right.

C. Spectra of NiFe2O4

Here, the experiment uses a superposition of 77% circular
polarized and 23% linear polarized light [41]. This was ex-
plicitly taken into account in the transition dipole operator.

1. Fe-projected results

XAS. The measured L3 edge of the Fe sites (Fig. 5, upper
panel) has a main peak with a shoulder to the left and a
smaller shoulder to the right. The L2 edge has a clear main
peak with a distinct shoulder to the left. In the calculations
of the XAS of the Fe sites the left shoulder of the L3 edge
is not present. However, the right shoulder is nearly perfectly
reproduced by the theory. The observed relative intensity of
the L2 edge compared to the L3 edge is slightly overestimated
by our theory, and the calculated shoulder of the L2 edge
could be more distinct from the main peak. Furthermore, the
calculated energy difference between the L3 and L2 edges, due
to the SOC of the p electrons, is slightly overestimated. Here,
the blue and red lines perfectly match, as we have used the
same parameters.

XMCD. The measured XMCD (Fig. 5, lower panel) shows
the same down-up-down structure as the other Fe sites. How-
ever, here the up-pointing peak has the highest intensity and
the first peak has the lowest due to the missing Fe2+ sites.
After the three peaks, one can see two fine-structure features.
The L2 edge is characterized by an up-down-up structure with
the down-pointing peak having the highest intensity and the
last peak the lowest and most elongated. The down-up-down
peak structure of the L3 edge is reproduced very well by
the theory with a slight shift towards higher energies for the
first two peaks and an overestimation of the middle peak.
The two fine-structure peaks after the third peak are also
reproduced; however, the intensity of the first peak is overes-
timated and of the second underestimated. In the L2 channel,
one can notice the same structure in the first two peaks
from the calculations, but for the third we see a double-peak

structure with higher intensities. Just like for the XAS, the
SOC is overestimated and therefore, the energy difference
between the L3 and L2 edges is slightly larger than in the
experiment.

2. Ni-projected results

XAS. The observed L3 edge of Ni (Fig. 6, upper panel)
is characterized by a main peak with a large shoulder on the
high-energy side. The L2 edge has a peak with a shoulder on
the high-energy side. Overall, the XAS is well reproduced by
the theory. The main peak and shoulder of the L3 edge are
located at the correct positions; however, the width and in-
tensity are somewhat underestimated. The shape and relative
intensity of the L2 edge compared to the L3 edge are very
close to the experimental results. However, the intensity is
slightly lower than in the experiment. Additionally, the energy
difference between the L3 and L2 peaks, which is determined
by the SOC of the p states, is slightly overestimated by the
theory. From Fig. 6 one can note that the calculated result is
robust with respect to an uncertainty in Slater parameters, as
the intensity of the shoulders increases only slightly when the
parameters are varied.

To further check the sensitivity of the theoretical results,
we performed additional calculations that demonstrate how
the theoretical spectra depend on the Coulomb core-valence
(CV) interaction. This is shown in Figs. 7 and 8, respectively,
for the Fe and Ni sites in NiFe2O4. As the figure shows,
it is crucial to include the CV interaction in order to get a
good XAS and XMCD signal, and the effect is most clearly
demonstrated for the Fe atom.

XMCD. The XMCD (Fig. 6, lower panel) has a large,
up-pointing shoulder at the L3 edge. At the L2 edge, we ob-
serve a large peak with a shoulder to the left. The calculation
nearly perfectly matches the experimental results. The shoul-
der of the L3 edge is slightly too low in intensity, whereas
the energy difference between the L3 and L2 edges is slightly
overestimated like in the XAS. Here, we can see that the cal-
culation is just as robust to the choice of Slater parameters as
the XAS.

As a final comment to this section, we note that the
XAS and XMCD spectra of NiFe2O4 are very similar for
calculations where the parameters of the MLFT Hamiltonian
are evaluated from DFT+U and from DFT+DMFT. The re-
sults of the DFT calculations were obtained using the local
density approximation (LDA) functional [43]. This is shown
in Fig. 9 for the Fe L-edge spectra and in Fig. 10 for the Ni
spectra in Appendix B 1. Note that the two levels of theory
give almost identical results for the Fe XAS signal but that
the DMFT-based theory yields an XMCD spectrum in sightly
better agreement with the experiment. For the Ni signal the
two theory curves are almost identical both for the XAS and
XMCD signal.

D. Symmetry decomposition

To summarize the previous discussion, we observe that all
XAS excitations can be explained in terms of electric-dipole-
allowed electronic transitions and are composed of two strong
peaks in the L3 and L2 edges due to the large SOC of the
2p states into p3/2 and p1/2 relativistic states. The photon
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FIG. 9. Calculated Fe L2,3 XAS (top panel) and XMCD (bottom
panel) edges in NiFe2O4 starting from a converged DMFT calcula-
tion (red solid) and LDA+U (blue dashed) compared to experiments
(black solid).

excitations of the core electrons in the higher J = 3/2 and
lower J = 1/2 levels produce electronic transitions essentially
towards the unoccupied 3d states, respectively producing the
L3 and L2 edges. The features within each of those edges are
mainly due to the 3d electron-electron interactions as well as
the Coulomb interaction between the 2p core hole and the
photoelectron in the 3d unoccupied states. It seems, therefore,
to be a good idea to decompose such excitations in terms of
the 3d t2g and eg states to determine the various contributions
to the XAS and XMCD spectra. For this we have inspected the
partial density of states (PDOS) to investigate which orbitals
resemble eg and t2g the most. Then we constructed operators
that only excite the 2p core electrons into either the eg or t2g

orbitals. The difference between the total spectra and the sum
of the signals from eg and t2g corresponds to the interference
between the excitations into t2g and eg that produce the same
final state. We refer to this as the off-diagonal contribution in
the following.

Figure 11 shows for Fe3O4 the contributions from excita-
tions between 2p1/2 as well as the 2p3/2 core levels to the
t2g and eg states, resulting in symmetry projections of the

FIG. 10. Calculated Ni L2,3 XAS (top panel) and XMCD (bottom
panel) edges in NiFe2O4 starting from a converged DMFT calcula-
tion (red solid) and LDA+U (blue dashed) compared to experiments
(black solid).

final states reached by the light-matter interaction. Note from
Fig. 11 that we show both data for XAS as well as XMCD.
Similar figures for the analysis of the XAS and XMCD spectra
of CoFe2O4 and NiFe2O4 are shown in the Appendix B 2. It
is clear from Fig. 11 that the intensity of the two symmetry
components is not quite a 3/2 ratio, which would be expected
from the occupancy of the t2g/eg levels, but only about 1.4.
One may also see that the t2g and eg energy splitting is not
noticeably conspicuous in these spectra. It is interesting to
note that both states contribute almost equally to the L3 and
L2 main peaks. For the XMCD spectrum, the difference be-
tween t2g and eg projected levels is much more pronounced
compared to the XAS signal. In particular, we note that for
the L2 edge the t2g and eg have opposite contributions at most
of the energies where this peak has large intensity. In general,
however, Fig. 11 shows that an interpretation of the XAS
and XMCD signals in terms of transitions to t2g or eg pro-
jections is not trivial, since the off-diagonal contributions are
significant. Similar conclusions can be drawn for symmetry-
decomposed spectra of all the materials investigated here
(see Appendix B 2).
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FIG. 11. Calculated eg and t2g L2,3 XAS (top) and XMCD (bot-
tom) of Fe3O4 (for details see text).

VI. CONCLUSION

We have used multiplet ligand-field theory in conjunction
with DFT+U or DFT+DMFT electronic structure theory
to describe on an equal footing the multiconfigurational ef-
fects as well as the presence of the core-hole photoelectron
Coulomb interaction and its effect on XAS and XMCD
spectra. The electronic transition selection rules have been
included within the electric-dipole approximation. We have
presented the details of the implementation and its applica-
tion to the L2,3 edges and XMCD spectra of the ferrites,
Fe3O4 (magnetite), cobalt ferrite, CoFe2O4, and nickel ferrite,
NiFe2O4. We find that the results are in overall agreement
with available experimental spectra. In particular, we find that
the experimental L3/L2 branching ratio of the XAS signal is
well reproduced by the here described calculations, in contrast
to an approximate 2:1 ratio produced by DFT calculations.
In addition, most of the details of the spectral features of
the measured XAS and XMCD signals are reproduced by
the theory. Furthermore, as detailed in Appendix B 1, our
analysis suggests that calculations with parameters obtained
from DFT+U and DFT+DMFT give very similar results both
for the XAS and XMCD spectra. If this can be demonstrated

to hold for a wider range of compounds, it would in general
simplify the theoretical description of XAS and XMCD spec-
tra of materials with complex electronic structure, since the
computational effort of DFT+U is significantly smaller than
DFT+DMFT.

The aim of the present theory is to rely on as few free
parameters as possible, as detailed in the method section,
Sec. III. We explored the renormalization of the higher-order
Slater parameters due to screening by either renormalizing
their values to a fixed 80% of their bare value or varying them
between 70% and 90%. We found that the spectra were only
marginally affected by different descriptions of the screening
within this range. In this work, only the zeroth-order Slater
parameter F 0

pd and the double-counting correction δDC were
chosen as free parameters. We kept the value of δDC fixed to
1.5 eV for all investigated compounds. There is currently no
accurate method for calculating the screening of F 0

pd , so we
varied it in the interval F 0

dd < F 0
pd < 1.4F 0

dd . We are currently
investigating how to obtain the screening of F 0

pd from cDFT in
a reliable way.

We have attempted to make an interpretation in terms of
excitations from 2p1/2 and 2p3/2 to the t2g and eg irreducible
representations of the 3d valence electron states. However,
due to large interference terms between the eg and t2g ex-
citations, such an analysis was shown to have a convoluted
physical interpretation.
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APPENDIX A: COMPUTATIONAL DETAILS

The XAS and XMCD spectra were calculated for NiFe2O4,
CoFe2O4, and Fe3O4, which all share the same inverse-spinel
structure, with Ni and Co occupying the octahedral sites.

1. DFT

Self-consistent spin-polarized DFT+U calculations, where
the spin polarization was introduced via the local Hartree-
Fock potential (+U ), have been performed with 8×8×8 k-
point mesh sampling in the Brillouin zone for NiFe2O4 and
CoFe2O4 and 10×10×10 for Fe3O4. We used a full-potential
linear muffin-tin orbital method (LMTO) as implemented in
the RSPT code [44,45] and the local density approximation
(LDA) functional [43] to solve the DFT problem.
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2. Coulomb U

The interacting part of the impurity Hamiltonian for a
multiorbital system reads

Ĥint. = 1

2

∑
abcd,σσ ′

Uabcd ĉ†
b,σ ĉ†

a,σ ′ ĉc,σ ′ ĉd,σ , (A1)

where each term describes a process and Uabcd is given by

Ui jkl =
∫∫

d3rd3r′ψ∗
i (r′)ψ∗

j (r)
1

|r − r′|ψk (r′)ψl (r). (A2)

By expanding the Coulomb interaction 1/|r − r′| in terms
of spherical harmonics and with basic functions of the form

ψi(r) = fni,li (r)Yli,mi (θ, φ), (A3)

the Coulomb interaction tensor becomes [46]

Uabcd = δma+mb,mc+md

kmax∑
k=0

Rk (nala, nblb, nclc, nd ld )

× ck (lb, mb; ld , md )ck (lc, mc; la, ma). (A4)

The Gaunt coefficients,

ck (l, m; l ′, m′) =
√

4π

2k + 1

∫ 2π

0
dφ

∫ π

0
dθ sin θY ∗

l,m(θ, φ)

× Yk,m−m′ (θ, φ)Yl ′,m′ (θ, φ), (A5)

take care of the angular integrals in Eq. (A2) and are easily
evaluated. By considering the parity of the spherical harmon-
ics in Eq. (A5), only Gaunt coefficients with l + l ′ + k being
an even number can be nonzero. The two Gaunt coefficients in
Eq. (A4) constrain the k expansion to a maximum of kmax =
min(|lb + ld |, |lc + la|). The last factor to discuss in Eq. (A4)
is the parameter

Rk (nala, nblb, nclc, nd ld ) =
∫ ∞

0

∫ ∞

0
drdr′r2r′2 fna,la (r′)

× fnb,lb (r)
rk
<

rk+1
>

fnc,lc (r′) fnd ,ld (r),

(A6)

where r< (r>) indicates min(r, r′) [max(r, r′)]. It is customary
to define the Slater-Condon parameters,

F k (nl, n′l ′) = Rk (nl, n′l ′, nl, n′l ′)

Gk (nl, n′l ′) = Rk (nl, n′l ′, n′l ′, nl ), (A7)

where F and G describe the Coulomb and exchange inte-
grals, respectively. For the Coulomb interaction between d
orbitals, for any given principal quantum number, F k = Gk ,
and only the three parameters F 0, F 2, and F 4 are relevant, due
to the constraints mentioned above. The bare Slater-Condon
integrals are calculated using the projected 3d and 2p wave
functions within the muffin-tin sphere. However, the screened
value of F 0

pd is difficult to calculate due to the strong screening
effects from uncorrelated electrons and is treated as a tunable
parameter.

The core-valence interaction (F k
pd and Gk

pd ) gives crucial
contributions to the spectra. In Figs. 7 and 8 we compare the
calculated spectra of NiFe2O4 using the full Hamiltonian and

neglecting the core-valence interaction. The L2,3 edges in the
spectra without core-valence interaction are characterized by
having a single Lorentzian peak, except for the XMCD of Fe,
where we have a single peak per site.

3. Spin-orbit coupling

The spin-orbit coupling (SOC) Hamiltonian in first quan-
tized form for a (n, l ) shell with N electrons and SOC
parameter ζ is

H̃SOC = ζ

N∑
i=1

l̃ i · s̃i = ζ

N∑
i=1

(
l̃ z
i s̃z

i + 1

2
(l̃+

i s̃−
i + l̃−

i s̃+
i )

)
,

(A8)
where for particle i, l̃ i (s̃i) is the orbital (spin) angular mo-
mentum vector operator, l̃ z

i (s̃z
i ) the z-projected orbital (spin)

angular momentum operator, and l̃±
i (s̃±

i ) the raising and
lowering orbital (spin) angular momentum operators. In the
last expression in Eq. (A8), the first term is diagonal in the
(l, m, σ ) basis and in the second quantized form becomes

ζ

l∑
m=−l

∑
σ∈{− 1

2 , 1
2 }

σmĉ†
l,m,σ

ĉl,m,σ . (A9)

The other terms flip the spin and can be written as

ζ

2

l−1∑
m=−l

√
(l − m)(l + m + 1)(ĉ†

l,m+1,↓ĉl,m,↑ + ĉ†
l,m,↑ĉl,m+1,↓).

(A10)
For 3d orbitals of the 3d elements, ζ is rather small (less than
∼ 100 meV) in comparison to other relevant energies, e.g.,
the bandwidth. But for core 2p orbitals of the 3d transition
metals, ζ is of the order of several electronvolts and is thus
absolutely necessary to include in the calculation.

4. Double counting

Another important aspect is the double-counting (DC) cor-
rection δDC, see Eq. (14), which has to be subtracted from the
DFT-derived Hamiltonian. This is done in order to remove the
contribution of the Coulomb repulsion that is already taken
into account at the DFT level. In this work we apply a DC that
is often used in MLFT by considering the relative energy for
different configurations [33].

APPENDIX B: SUPPORTING RESULTS

1. DMFT

In this section, we investigate the effects of using the local
Hamiltonian and the hybridization function obtained from a
DFT+DMFT calculation, instead of a DFT+U calculation
to construct the impurity Hamiltonian of NiFe2O4, while
using the same Slater and SOC parameters as before. We
used the method described in Ref. [15], with one bath state
per correlated orbital and the ED impurity solver. Figures 9
and 10 show the XAS and XMCD spectra of the Fe and
Ni sites, respectively, calculated using the same parameters
as in Table I except that the relative core-level shift �εp

was adjusted to the values extracted from the DFT+DMFT
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FIG. 12. Calculated eg and t2g projection of the Co L2,3 XAS (top)
and XMCD (bottom) of CoFe2O4 (for details see text).

calculation. Here, we can see that the spectra are very sim-
ilar. In the case of the Fe-projected XAS, we can see that
the spectrum looks broader, which causes the L2 edge to be
even more overestimated. In the XMCD we can see that the
second peak and the oscillations after the third peak of the L3

edge are better reproduced in the DFT+DMFT calculation.
Similarly, we can see improvements at the beginning of the
L2 edge, while the end is even more overestimated than in
the DFT+U calculation. In the Ni-projected XAS, we can see
that the L3-edge shoulder is more strongly pronounced in the
DFT+DMFT calculation. At the L2 edge, however, we can see
a double-peak structure in the DFT+DMFT solution instead
of a pronounced first peak, which we see in the experiment
and DFT+U calculation. In the XMCD, we can see that
the DFT+DMFT calculation reproduces the experiment even
better than the DFT+U calculation, with a more pronounced
L3-edge shoulder and a better relative intensity of the peaks
in the L2 edge. The similarities between the results from
DFT+U and DFT+DMFT are expected, because the sites
mostly hybridize to the O sites, which are only treated using
DFT. Another reason for the similarities is that we included
all exchange interaction in the +U term of the Hamiltonian
(the so-called LDA+U approximation, which is not identical

FIG. 13. Calculated eg and t2g projection of the Fe L2,3 XAS (top)
and XMCD (bottom) of CoFe2O4 (for details see text).

to the LSDA+U approximation, where exchange splitting is
also included in the density functional), which guarantees that
exchange interactions are treated in the same way in the two
approaches.

2. Symmetry-decomposed spectra

In this section we describe the symmetry-decomposed
spectra of all compounds investigated here. The symmetry
decomposition is made onto eg and t2g orbitals of the 3d states
of the transition-metal atom, as described in the main part of
this paper. The results of the eg and t2g projections of the XAS
and XMCD for Fe3O4 are shown in Fig. 11. In the XAS we
can see that the t2g has a pronounced shoulder on the right of
the main peak at the L3 edge, which in the total spectrum is
enhanced due to the off-diagonal elements, while the intensity
of the main peak is suppressed. The eg signal shows a broad
peak that begins at the same energy as the t2g but peaks at
its shoulder with approximately twice the intensity. At the L2

edge, the contributions from eg and t2g both show a single peak
where the t2g peak is located at higher energies and keeps the
intensity ratio, while the off-diagonal suppresses the signal at
the eg peak and enhances the signal at the t2g peak. The t2g
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FIG. 14. Calculated eg and t2g projection of the Ni L2,3 XAS (top)
and XMCD (bottom) of NiFe2O4 (for details see text).

peak appears broader because they are the lower-lying orbitals
in the lower-energy octahedral Fe sites and the higher in the
higher-energy tetragonal Fe sites. The intensity ratio can be
explained by the fact that we can excite into three t2g and two
eg per site. In the XMCD we see that the first down-pointing
peak of the L3 edge is caused by the lower-lying t2g orbitals
from the octahedral Fe sites that have lower binding energy
than the tetragonal site. This signal is further enhanced by
the off-diagonal elements. The middle up-pointing peak is not
caused by the eg peaks of the tetragonal site, which are com-
pletely compensated by the t2g down-pointing peak; instead, it
is caused by the off-diagonal elements. The eg and t2g of the
two octahedral sites equally contribute to the third peak, which
is slightly enhanced by the off-diagonals. The small multiplet
peaks between the L3 and L2 edge are caused by a competition
between the t2g of the tetragonal and the octahedral sites. The
signal at the L2 edge is mostly comprised of the t2g signal, with
the eg and off-diagonals reducing the signal, causing the split
into two different peaks in the total signal.

The eg and t2g projected spectra of Co in CoFe2O4 can be
seen in Fig. 12. The first peak in the XAS comes from both the
eg and the t2g, even though the t2g orbital should be at lower
energies; however, they are nearly completely compensated

FIG. 15. Calculated eg and t2g projection of the Fe L2,3 XAS (top)
and XMCD (bottom) of NiFe2O4 (for details see text).

by the off-diagonal elements. After this the t2g drops in value
and has three more small peaks that are overshadowed by the
off-diagonals and the eg signal. The double-peak structure is
mainly formed by the off-diagonals and the eg signals with
similar intensities, just that the off-diagonals have a higher
intensity at the first peak, while the eg has the highest intensity
at the second peak. The signal at the signal of the L2 edge is
dominated by the t2g, which is lowered by the off-diagonals.
In the XMCD the first peak of the L2 edge is dominated by
the eg signal, while the main peak is mostly caused by the
off-diagonal elements followed by the t2g. The signal of the
L2 edge is dominated by the t2g, which is suppressed by
the off-diagonals.

The Fe-projected eg and t2g spectra can be seen in Fig. 13.
The beginning of the L3 edge of the XAS is characterized
by the competition of the off-diagonals and the t2g signals,
where the t2g signal is slightly bigger than the signal by the
off-diagonal terms. The main peak is mainly caused by the eg

contributions, but the t2g also shows a shoulder here, which has
the same intensity as the peak of the off-diagonals. At the L2

edge, most of the signal is generated by the t2g. In the XMCD
we can see that all the peaks of the L3 edge have different
origins. The first down peak is caused by the excitations into

115126-14



THEORY OF X-RAY ABSORPTION SPECTROSCOPY FOR … PHYSICAL REVIEW B 109, 115126 (2024)

the t2g, the up-pointing peak by the off-diagonals, and the last
peak by the eg.

In Fig. 14 we see the eg- and t2g-projected results of the Ni
site in NiFe2O4. Here, nearly all the signal comes from the eg,
because in Ni2+ the t2g is fully occupied and one can therefore
only make electronic transitions to the eg.

Finally, the results for the Fe sites in NiFe2O4 are shown
in Fig. 15. In the XAS we see that the lowest energy peak
is caused mostly by the t2g; however, the eg signal also con-
tributes and the off-diagonal elements reduce the intensity.
The main peak is caused by a combination of all three signal
sources, with the biggest contribution coming from the t2g.
One can see that the two-peak structure at the L2 edge is
mostly comprised of a large broad t2g peak that gives the
same intensity to both peaks and an eg peak that only gives

intensity to the last peak, while the off-diagonal reduces the
intensity of the first peak and slightly increases the intensity
of the second peak. The XMCD shows that the first down-
pointing peak comes from excitations into the t2g orbitals,
which corresponds to the lowest-lying states of the octahedral
sites. At this position we also have the contributions from the
eg from the tetrahedral site, but the intensity is so small that
is not visible in the total spectrum. The middle peak that is
caused by the tetrahedral site is instead caused by off-diagonal
elements and the t2g contributions. The second down-pointing
peak, just as expected, is caused by the higher-lying eg states
in the octahedral Fe site. At the L2 edge, we can see that the
initial dip in the total spectra is caused by the eg, and the
off-diagonal signal and the peak after that is caused by
the same.
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