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Electronic structure and x-ray magnetic circular dichroism in Fe3O4 and Mn-, Co-,
or Ni-substituted Fe3O4
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The electronic structure of charge-ordered magnetite (Fe3O4) below the Verwey transition and Mn-, Co-, or
Ni-substituted Fe3O4 are investigated theoretically from first principles, using the fully relativistic Dirac linear
muffin-tin orbital band-structure method. The electronic structure is obtained with the local spin-density ap-
proximation~LSDA!, as well as with the so-called LSDA1U approach, for which the charge ordering is found
to be a stable solution in contrast to a metallic state given by the LSDA. The x-ray absorption spectra as well
as the x-ray magnetic circular dichroism spectra at theK, L2,3, andM2,3 edges for transition metal sites are
calculated. A good agreement between theory and experiment is obtained.
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I. INTRODUCTION

In recent years, the investigation of magneto-optical
fects in the soft x-ray range has gained great importance
tool for the investigation of magnetic materials.1 First con-
sidered as a rather exotic technique, magnetic x-ray dic
ism ~MXD ! has now developed as an important measu
ment technique for local magnetic moments. The x-
magnetic circular dichroism~XMCD! enables a quantitative
determination of spin and orbital magnetic moment2

element-specific imaging of magnetic domains,3 and polar-
ization analysis.4 Motivated by the developing interest in ob
taining element-specific magnetic-moment information p
vided by the XMCD measurements, we have calculated
electronic structure and the XMCD spectra for strongly c
related Fe3O4 as well as for the Mn-, Co-, and Ni-substitute
Fe3O4.

Fe3O4 is ferrimagnetically ordered below a high trans
tion temperature (;850 K). The valency of various atom
is described by the formal chemical formul
FeA

31@Fe21Fe31#B(O22)4. The tetrahedral lattice sites (A
sites! in the inverse spinel structure are occupied by Fe31

ions, whereas the octahedral lattice sites (B sites! are occu-
pied alternately by equal numbers of Fe21 and Fe31. At
TV5120 K, Fe3O4 undergoes a first-order metal-insulat
phase transition~Verwey transition!.5,6 The Verwey transition
is characterized by an abrupt increase in the electrical c
ductivity by two orders of magnitude on heating throu
TV .7 Verwey and co-workers5,8 were the first to point out
that this transition is associated with an electron localizati
delocalization transition. The Fe21 ion can be regarded as a
‘‘extra’’ electron plus an Fe31 ion. When all B sites are
equivalent, the extra electron is moves between FeB

31 ions
and the system is a mixed valent metal, with averageB
valence,Z52.5. The Verwey phase transition belowTV is
accompanied by long-range charge ordering of Fe31 and
Fe21 ions onB1 andB2 sites of theB sublattice. As to how
0163-1829/2003/67~2!/024417~14!/$20.00 67 0244
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these charges arrange themselves has been the subje
debate6 since Verwey first proposed that belowTV , all FeB

31

and FeB
21 sit on different chains.5

The electronic structure of Fe3O4 has been investigate
experimentally by means of soft x-ray spectroscopy,9–11

Seebeck-effect measurements,12 photoelectron spectro
scopy,13–19 optical20,21 and magneto-optical22–26 ~MO! spec-
troscopies, and by magnetic dichroism.27,28

Energy-band-structure calculations for Fe3O4 in the high-
temperature cubic phase have been presented in Refs. 29
30 in the local spin-density approximation~LSDA!. The
LSDA band-structure calculations gave only a metallic so
tion without charge ordering with partially filled bands~con-
taining one electron per twoB sites!. The energy-band struc
ture for charge ordering in the low-temperature phase
Fe3O4 has been calculated in Ref. 31 using the linear muffi
tin orbital ~LMTO! method in the LSDA1U approxi-
mation. Recently, we performed a theoretical investigat
of the electronic structure, optical and magneto-optical sp
tra of charge-ordered magnetite below the Verwey transit
and Mg21- and Al31- substituted Fe3O4 in LSDA and
LSDA1U approximations.32 The LSDA1U calculations
give a reasonably good agreement between theoretically
culated and experimentally measured optical and MO spe
of Fe3O4. Since the optical and MO spectra provide info
mation on the transition between the occupied and em
states, it is of interest to investigate the XMCD spectra t
provide more information about the energy positions of
upper Hubbard bands of strongly correlated Fed states in
magnetite.

The interpretation of the experimental XMCD spectra
Fe3O4 is very difficult due to the existence of three kinds
iron atoms, i.e., FeB

21 , FeB
31 , and FeA

31 . The substitution for
one of the types of iron ions by another transition-metal
provides a possibility for distinguishing transitions fro
various sites. There are several such experimental studie
the literature. Koide and co-workers reported the XMC
spectra at the Fe M2,3 and CoM2,3 core-absorption edges i
©2003 The American Physical Society17-1
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Fe3O4 and CoFe2O4.28 For Fe3O4, the M2,3 prethreshold
MCD spectra were measured above and below the Ver
transition temperature. The work by van der Laanet al.33

reported the XMCD spectra at the NiL2,3 edges of NiFe2O4
~trevorite!. The Ni L2,3-edge magnetic circular dichroism
measurements of ferrimagnetic ZnxNi12xFe2O4 (x50.0,
0.26, 0.50, and 0.75! were reported by Ponget al.34 Mag-
netic circular dichroism is reported for Mn2/3Zn1/3Fe2O4 fer-
rite in Ref. 35 with the measurements performed on thep
and 3p core levels of Mn and Fe.

With the aim of undertaking a systematic investigation
the trends in the transition-metal oxides, we have inve
gated the electronic structure, spin and orbital magnetic
ments, and XMCD spectra of the series Fe3O4, CoFe2O4,
NiFe2O4, and MnFe2O4. We calculated the XAS~x-ray ab-
sorption spectra! and XMCD spectra atK, L2,3, and M2,3
edges for transition-metals sites. The theoretical results
compared with available experimental data.

The article is organized as follows. Section II present
description of the crystal structure of Fe3O4 and the compu-
tational details. Section III is devoted to the electronic str
ture and XMCD spectra of the Fe3O4 and Mn-, Co-, and
Ni-substituted Fe3O4 calculated in the LSDA and LSDA
1U approximations. The XMCD calculations are compar
to the experimental measurements. Finally, the results
summarized in Sec. IV.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

Above the Verwey transition temperature, Fe3O4 crystal-
lizes in the face-centered-cubic inverse spinel structure w
two formula units~14 atoms! per primitive cell. The space
group isFd3̄m ~No. 227!. The oxygen atoms form a close
packed face-centered-cubic structure with the iron atoms
cupying the interstitial positions. There are two types of
terstitial sites both occupied by iron atoms. One site is ca
the A or 8a site, tetrahedrally coordinated by four O22 ions
composing a diamond lattice. This site is occupied only
Fe31 ions. Another cation site is called theB or 16d site, and
is coordinated by six O22 ions forming slightly distorted
octahedra, which line up along the^110& axes of the cubic
lattice sharing edges. The point symmetry of theB site is
D3d. In the following, we refer tob1 axes orb1 chains and
b2 axes orb2 chains. Theb1 direction is @11̄0#, b2 is
@110#, and thec axis is@001#. All the Fe octahedral orB sites
lie on either b1 or b2 chains. In the disordered high
temperature phase, theB sites are occupied by equal numbe
of Fe21 and Fe31 ions randomly distributed betweenB1 and
B2 sites. BelowTV , the system undergoes a first-order tra
sition accompanied by long-range charge ordering of F31

and Fe21 ions on theB sites. Verwey from the very begin
ning proposed a rather simple charge separation:b1 chains
occupied only by Fe21 ions andb2 chains by Fe31 ions ~or
vice versa!.5 Since that time, the type of charge ordering h
been the subject of debate.6

Site-preference calculations36 and neutron-diffraction
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measurements37 on bulk systems pointed out that Co21 and
Ni21 ions strongly prefer the octahedralB sites while Zn21

ions prefer tetrahedralA sites. However, the results of ex
tended x-ray-absorption fine-structure studies on thin-fi
Zn0.16Ni0.15Fe2.69O4 show that Ni21 ions occupy bothA and
B sites with only a preference forB sites.38 Mn21 ions with
the 3d5 configuration have almost equal preference for t
rahedral and octahedral positions based on its ionic ra
However, according to Ref. 35, Mn21 ions mostly occupy
tetrahedralA sites.

Magneto-optical effects refer to various changes in
polarization state of light upon interaction with materia
possessing a net magnetic moment, including rotation of
plane of linearly polarized light~Faraday, Kerr rotation!, and
the complementary differential absorption of left and rig
circularly polarized light~circular dichroism!. In the near
visible spectral range, these effects result from excitation
electrons in the conduction band. Near x-ray absorpt
edges, or resonances, magneto-optical effects can be
hanced by transitions from well-defined atomic core levels
symmetry selected valence states. There are at least tw
ternative formalisms for describing resonant soft x-ray M
properties. One uses the classical dielectric tensor.39 While
another uses the resonant atomic scattering factor inclu
charge and magnetic contributions.40,41 The equivalence of
these two descriptions~within the dipole approximation! is
demonstrated in Ref. 42.

Using straightforward symmetry considerations, it can
shown that all magneto-optical phenomena~XMCD, MO-
Kerr and -Faraday effects! are caused by the symmetry re
duction, in comparison to the paramagnetic state, cause
magnetic ordering.43 Concerning the XMCD properties, thi
symmetry reduction only has consequences when spin-o
~SO! coupling is considered in addition. The theoretical d
scription of magnetic dichroism can be cast into four cate
ries. On one hand, there are one-particle~ground-state! and
many-body~excited-state! theories; there are also theorie
for single atoms and those which take into account the s
state. To name a few from each category, for atomic sing
particle theories, we refer to Refs. 44 and 45, for atom
many-particle multiplet theory to Refs. 46–49, for sol
many-particle theories to Ref. 50, and for solid sing
particle theories~photoelectron diffraction! to Refs. 51–54.
A multiple-scattering approach to the XMCD, a solid-sta
one-particle theory, has been proposed by Ebertet al.55–57

and Tamuraet al.58

To calculate the XMCD spectra, one has to account
magnetism and SO coupling at the same time when dea
with the electronic structure of the material considered. P
forming band-structure calculations, it is normally sufficie
to treat SO coupling in a perturbative way. A more rigoro
scheme, however, is obtained by starting from the Di
equation set up in the framework of relativistic spin-dens
functional theory.59 There are quite a few band-structu
methods available now that are based on the Di
equation.60,61 In one of the schemes, the basis functions
derived from the proper solution of the Dirac equation f
the spin-dependent single-site potentials.62,63 In another one,
the basis functions are obtained initially by solving the Dir
7-2
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equation without the spin-dependent term and then this t
is accounted for in the variational step.62 In spite of this
approximation, the latter scheme gives results in close ag
ment with the former,64 while being simpler to implement.

Within the single-particle approximation, the absorpti
coefficientm for incident x rays of polarizationl and photon
energy\v can be determined as the probability of electr
transition from an initial core state~with wave functionc j
and energyEj ) to a final unoccupied state~with wave func-
tion cnk and energyEnk)

m j
l~v!5(

nk
u^CnkuPluC j&u2d~Enk2Ej2\v!u~Enk2EF!.

~1!

Pl is the dipole electron-photon interaction operator

Pl52eaal , ~2!

where al is the l polarization unit vector of the photo
potential vector @a651/A2(1,6 i ,0),az5(0,0,1)#. ~Here,
1/2 denotes, respectively, left and right circular photon p
larizations with respect to the magnetization direction in
solid.! More detailed expressions of the matrix elements
the spin-polarized fully relativistic LMTO method may b
found in Refs. 57 and 65.

While the XMCD is calculated using Eq.~1!, the main
features can be already understood from a simplified exp
sion for paramagnetic solids. With restriction to electric
pole transitions, keeping the integration only inside t
atomic spheres~due to the highly localized core sates! and
averaging with respect to polarization of the light, one o
tains the following expression for the absorption coefficie
of the core level with (l , j ) quantum numbers:66

m l j
0 ~v!5 (

l 8, j 8

2 j 11

4 S d l 8,l 11d j 8, j 11

j 11
1

d l 8,l 21d j 8, j 21

j

1
d l 8,l 11d j 8, j

j ~ j 11!~2 j 11! DNl 8, j 8~E!Cl , j
l 8, j 8~E! ~3!

whereNl 8, j 8(E) is the partial density of empty states and t

Cl , j
l 8, j 8(E) are the radial matrix elements.66

Equation ~3! allows only transitions withD l 561,D j
50,61 ~dipole selection rules!, which means that the ab
sorption coefficient can be interpreted as a direct measure
the sum of (l , j )-resolved density of states~DOS! curves
weighed by the square of the corresponding radial ma
element~which usually is a smooth function of energy!. This
simple interpretation is valid for the spin-polarized case.39

The details of the computational method are describe
our previous paper,32 and here we only mention its sever
aspects. The electronic structure of the compounds was
culated self-consistently using the local spin-dens
approximation67 and the fully relativistic spin-polarized
02441
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LMTO method in the atomic-sphere approximation, inclu
ing the combined correction.60,62,68

The combined correction terms have been included als
calculation of the matrix elements of Eq.~1!.65 To improve
the potential, we include two additional empty spheres in
16c, and 48f positions. In our band-structure calculation
we neglect the small monoclinic distortion for simplicity. W
also adopted the simplest type of charge ordering belowTV ,
initially proposed by Verwey,5 namely, we assume that all th
FeB

21 ions are located onb1 chains and all the FeB
31 on b2

chains. The basis consisted of the transition metals, p, andd;
O s, andp, and empty spheres, andp LMTO’s. The k-space
integrations were performed with the improved tetrahed
method.69 For the finite lifetime of the core hole a consta
width Gc , in general, from Ref. 70, has been used.

We have adopted the LSDA1U method71 as a different
level of approximation to treat the electron-electron corre
tion. Usually, the Hubbard-likeUe f f is evaluated by compari
son of theoretically calculated energy positions of ene
bands with x-ray photoemission spectroscopy and ultravi
photoemission spectroscopy measurements. It can be
evaluated from the atomic Dirac-Hartree-Fock calculation72

Green’s-function impurity calculations73 and from band
structure calculations in the super-cell approximation.74 In
our particular case, we have two types of Fe ions in Fe3O4
with different occupation numbers for their 3d shell. Obvi-
ously, the effective repulsion of 3d electrons described by
Ue f f depends on the number of holes in the 3d shell ~the
ionicity!, andUe f f should increase with increasing ionicity.75

The estimation in Ref. 30 gave the value of the on-site C
lomb interaction parameter for the Fe(B) site equal to 4.1
60.5 eV. Constrained calculations31 with two types of
charge ordering gaveUe f f54.5 eV. The calculated value o
Ue f f depends on theoretical approximations and for our p
poses it is sufficient to regard the value ofUe f f as a param-
eter and try to ascertain its value from comparison of
calculated physical properties of Fe3O4 with experiments.
We found, however, that the optical, MO, and XMCD spe
tra are rather insensitive to the precise value ofUe f f . The
LSDA1U band-structure calculations withUe f f varying
from 4 to 6 eV provide the optical, MO, and XMCD spect
in a reasonable agreement with the experimental data. On
other hand, the value of the energy gap strongly depend
the value ofUe f f . We set theUe f f to 4.0 and 4.5 eV for Fe21

and Fe31 ions, respectively. These values give a band gap
0.19 eV in pure Fe3O4.32 We also set theUe f f to 4.0 for
Mn21, Co21, and Ni21 ions.

The values of orbital magnetic moments were calcula
using the modified version of the LSDA1U method, which
takes into account that in the presence of the spin-orbit c
pling the occupation matrix is not diagonal in sp
indices.76,77

III. RESULTS AND DISCUSSION

A. Fe3O4

The spin-polarized LSDA calculations show29,30,32 that
Fe3O4 in the high-temperature phase is a half-metallic fer
7-3
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magnet~see Fig. 2 in Ref. 32!. The Fermi level crosses onl
the majority spin energy bands, consisting of spin-upt2g
orbitals on the FeB sublattice. There is an energy gap for t
minority spin bands at the Fermi level. The fived levels of
the Fe atom are split due to the crystal field. At theA site (Td
point symmetry! in the spinel structure, the crystal fiel
causes thed orbitals to split into a doublete (3z221 and
x22y2) and a triplett2 (xy, yz, and xz). The octahedral
component of the crystal field at theB site is strong enough
that thet2g (xy, yz, andxz) and eg (3z221 andx22y2)
orbitals form two separate nonoverlapping bands. At theB
site, the crystal field is trigonal (D3d), as a result, thet2g

orbitals split into singleta1g and doubleteg8 .
The application of a LSDA calculations to Fe3O4 is prob-

lematic because of the correlated nature of thed electron in
this compound. The intersite Coulomb correlation is w
described by the LSDA. However, the on-site Coulomb
teraction, which is a driving force for Mott-Hubbard loca
ization, is not well treated within the LSDA. As a result, th
LSDA gives only a metallic solution without charge orde
ing. To take into account the strong on-sited-d electron-
electron correlations, we used the LSDA1U method.71 Fig-
ure 1 shows the partiald andp density of states of charge
ordered Fe3O4 obtained from the LSDA1U calculation.32 In
contrast to the LSDA, where the stable solution is a me
with a uniform distribution of thet2g↑ electrons on theB
octahedral sites, the LSDA1U gives a charge-ordered insu
lator with a direct energy gap value of 0.19 eV at theG point.
The experimental optical measurements21 gave a gap of 0.14
eV at T510 K. The energy gap occurs between the FeB

21

a1g↑ ~the top of valence band! and FeB
31 t2g↑ ~bottom of

empty conduction band! states~Fig. 1!.

FIG. 1. The LSDA1U partial DOS of Fe3O4.
02441
l
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In the charge-ordered magnetite with FeB
21 and FeB

31 ions
occupying separately theb1 andb2 chains, the local sym-
metry is reduced toC2v andC2h at theA andB sites, respec-
tively. The crystal field causes thed orbitals to split into five
singlets at each site:a18 , a19 , b1 , a2, andb2 at theA site and
ag1 , ag2 , ag3 , bg1, and bg2 at theB site. The tetrahedra
component of the crystal field at theA site is strong enough
such that thea19 , a2 (3z221 andx22y2) anda18 , b1, and
b2 ~the linear combination of thexy, yz, and xz) orbitals
form two separate nonoverlapping bands. However,
a19-a2 anda18-b1-b2 splitting is negligible in comparison with
their widths, therefore, we present in Fig. 1 the DOS oe
orbitals as a sum of thea19 anda2 orbitals andt2 as a sum of
the a18 , b1, andb2 ones. Correspondingly, at the octahed
B site, we presenteg orbitals as a sum ofag3 andbg2 orbitals
andag8 as a sum ofag2 andbg1 ones.

After the consideration of the above band-structure pr
erties, we turn to the XMCD spectra. At the core level ed
XMCD is not only element specific but also orbital specifi
For 3d transition metals, the electronic states can be pro
by theK, L2,3, andM2,3 x-ray absorption and emission spe
tra. As pointed out above, Eq.~3! for unpolarized absorption
spectram0(v) allows only transitions withD l 561,D j 50,
61 ~dipole selection rules!. Therefore, only electronic state
with an appropriate symmetry contribute to the absorpt
and emission spectra under consideration. We should m
tion that in some cases quadruple transitions may play
important role, as it occurs, for example, in rare-earth ma
rials (2p→4 f transitions!.78

Because of the dipole selection rules, apart from the 4s1/2
states~which have a small contribution to the XAS due
relatively small 2p→4s matrix elements39! only 3d3/2 states
occur as final states forL2-XAS for unpolarized radiation,
whereas for theL3-XAS, 3d5/2 states also contribute. Al
though, the 2p3/2→3d3/2 radial matrix elements are onl
slightly smaller than for the 2p3/2→3d5/2 transitions the an-
gular matrix elements strongly suppress the 2p3/2→3d3/2
contribution @see Eq.~3!#. Therefore, in neglecting the en
ergy dependence of the radial matrix elements, theL2 and
theL3 spectra can be viewed as a direct mapping of the D
curve for 3d3/2 and 3d5/2 character, respectively.

The dichroism at theL2 andL3 edges is influenced by th
spin-orbit coupling of the initial 2p-core states. This gives
rise to a very pronounced dichroism in comparison with
dichroism at theK edge. In Figs. 2 and 3, the experimenta
measured FeL2,3-XMCD spectra27 in Fe3O4 are compared to
the theoretical ones calculated within the LSDA and LSD
1U approaches. Two prominent negative minima of
L3-XMCD spectrum are derived from iron ions at octahed
B sites. The major positive maximum is from FeA

31 ions. In
the LSDA1U calculations of the charge-ordered Fe3O4, the
L2,3-XMCD spectra have slightly different shape for th
FeB

21 and FeB
31 ions. The spectra from the LSDA calculation

strongly underestimate the intensity of the first negat
minimum ~Fig. 2!. On the other hand, the LSDA1U calcu-
lations correctly reproduce this feature. Although, both
LSDA and LSDA1U calculations are not able to produc
7-4
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the small positive shoulder at the high-energy side of
main peaks of the FeL3-XMCD spectrum.

The XMCD spectra at theL2,3 edges are mostly deter
mined by the strength of the SO coupling of the init
2p-core states and spin polarization of the final em
3d3/2,5/2 states, while the exchange splitting of the 2p-core
states as well as the SO coupling of the 3d-valence states ar
of minor importance for the XMCD at theL2,3 edge of 3d-
transition metals.32,39

To investigate the influence of the initial state on the
sulting XMCD spectra, we calculated also the XAS a
XMCD spectra of Fe3O4 at the M2,3 edge. The spin-orbit
splitting of the 3p-core level is about one order of magnitud
smaller than for the 2p-level in Fe3O4. As a result, the mag
netic dichroism at theM2,3 edge is smaller than at theL2,3
edge. In addition, theM2 andM3 spectra are strongly over
lapped and theM3 spectrum contributes to some extent
the structure of the totalM2,3 spectrum in the region of the
M2 edge. To decompose a corresponding experimentalM2,3
spectrum into itsM2 and M3 parts will, therefore, be quite
difficult in general.

In Figs. 4 and 5, the experimentally measured
M2,3-XMCD spectrum28 in Fe3O4 is compared to the theo
retical one calculated within the LSDA and LSDA1U ap-
proaches. A better agreement between the theory and
experiment was found when we used the LSDA1U approxi-

FIG. 2. The FeL2,3-XMCD spectra in Fe3O4 calculated with the
LSDA method in comparison with the experimental data~circles!
~Ref. 27!.
02441
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mation. The LSDA calculations underestimate the intens
of both the prominent negative minima and the second p
tive maximum at the FeM2,3 edge. In Fe3O4, the magnetic
moments within theA and theB sublattices are ferromagnet
cally aligned while the two sublattices are antiferromagne
with respect to each other. The XMCD spectra are positiv
theM3 edge and negative at theM2 edge at the tetrahedralA
sites and vice versa for the octahedralB ones. The interpre-
tation of the experimental FeM2,3-XMCD spectrum is very
difficult without a knowledge of the band structure and co
responding optical matrix elements because this spectru
a superposition of sixM2,3 spectra~from FeA

31 , FeB
21 and

FeB
31 sites! appearing simultaneously in a rather sma

energy range.
Figure 6 shows the theoretically calculated FeK-edge

XMCD in terms of the difference in absorptionDmK5mK
1

2mK
2 for left and right circularly polarized radiation in

Fe3O4. Because dipole allowed transitions dominate the
sorption spectrum for unpolarized radiation, the absorpt
coefficientmK

0 (E) ~not shown! reflects primarily the DOS of
unoccupied 4p-like statesNp(E) of Fe above the Ferm

FIG. 3. The FeL2,3-XMCD spectra in Fe3O4 calculated with the
LSDA1U approximation in comparison with the experimental da
~circles! ~Ref. 27!.
7-5
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level. Due to the energy-dependent radial matrix element
1s→4p transitions, there is not an exact one-to-one cor
spondence betweenmK(E) andNp(E). The exchange split-
ting of the initial 1s-core state is extremely small, therefor
only the exchange and spin-orbit splitting of the final 4p
states is responsible for the observed dichroism at thK
edge. For this reason, the dichroism is found to be very sm
~Fig. 6!. The main contribution to a total XMCD-K spectrum
of Fe3O4 comes from the FeA

31 ions.
It was first pointed out by Gotsis and Strange79 as well as

Brooks and Johansson80 that XMCD-K spectrum reflects the
orbital polarization in differential formd^ l z&/dE of the p
states.

In Fig. 6, we present theK- XMCD spectra, together with
a site-dependent functiondmtl(E) given by81

dmtl~E!5(
nk

^C t l
nku l̂ zuC t l

nk&d~E2Enk!, ~4!

FIG. 4. The FeM2,3-XMCD spectra in Fe3O4 calculated with
the LSDA method in comparison with the experimental d
~circles! ~Ref. 28!.
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where l̂ z is thez projection of the angular momentum oper
tor, Enk andC t l

nk are the energy of thenth band and the par
of the corresponding LMTO wave function formed by th
states with the angular momentuml inside the atomic sphere
centered at the sitet, respectively.

In analogy to thel-projected density of states,dmtl(E)
can be referred to as the site- andl-projected density of the
expectation value ofl̂ z . This quantity has purely relativistic
origins and when the SO interaction is equal to ze
dmtl(E)[0. As van Vleck82 showed for a free ion, the ab
sence of orbital degeneracy is a sufficient condition for
quenching of the orbital moment, which means that the fi
order contribution should vanish:̂Cku l̂ zuCk&50. Thus,
dmtl(E) can be considered as the measure of unquenchin
the orbital moment due to the SO interaction.

Figure 6 demonstrates that theK- XMCD spectrum and
dmtl(E) function are indeed closely related to one anoth
giving a rather simple and straightforward interpretation
the XMCD spectra at theK edge.

FIG. 5. The FeM2,3-XMCD spectra in Fe3O4 calculated with
the LSDA1U approximation in comparison with the experiment
data~circles! ~Ref. 28!.
7-6
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B. Co-, Ni-, and Mn-substituted Fe3O4

We have calculated the electronic structure and XMC
spectra of Co-, Ni-, and Mn- substituted magnetite using
LSDA and LSDA1U methods.

The local symmetry ofA andB sites in substituted mag
netite isC2v andC2h, respectively. The crystal field cause
the d orbitals to split into five singlets at each site:a18 , a19 ,
b1 , a2, andb2 at theA site andag1 , ag2 , ag3 , bg1, andbg2

at theB site. We present in Fig. 7 the sum of DOS’s ofa19
anda2 orbitals at siteA ~denoted ase) and the sum ofa18 ,
b1, andb2 ones (t2). Correspondingly, at the octahedralB
site, we sum the DOS’s ofag3 andbg2 ~formereg) andag1 ,
ag2, andbg1 ~former t2g orbitals!.

Figure 7 shows the local partial density of states of Co21,
Ni21, and Mn21 ions in FeA

31@Co21Fe31#B(O22)4 ,
FeA

31@Ni21Fe31#B(O22)4 , FeA
31@Mn21Fe31#B(O22)4, and

MnA
21@Fe2

31#B(O22)4 compounds, respectively. We do n
show the energy distribution of local partial DOS for Fe31

FIG. 6. The FeK-XMCD spectra in Fe3O4 calculated with the
LSDA1U approximation.
02441
e

ions in these compounds because they are very similar to
ones in pure magnetite for both tetrahedralA and octahedral
B sites~see Fig. 1!.

In contrast to the LSDA, which produces the metallic s
lution in Co- and Ni-substituted magnetite, the LSDA1U
gives an insulator in both cases. The energy gap of 0.63
in Co- substituted magnetite occurs between CoB

21 t2g↑ ~the
top of valence band! and FeB

31 t2g↑ ~bottom of empty con-
duction band! states at theG point. The gap in NiFe2O4 is
equal to 0.99 eV. It appears between NiB

21 eg↓ and FeB
31 t2g↑

states. In this compound, NiB
21 t2g orbitals are fully occu-

pied.
It is known that orbital and spin magnetic moments a

determined by the interplay of hybridization, exchange a
Coulomb interactions, and crystal-field and spin-orbit co
plings. The calculated spinMs and orbitalMl magnetic mo-
ments on various atoms are given in Table I and compa
with available experimental data.

FIG. 7. The LSDA1U partial DOS of Co-, Ni-, and Mn-
substituted Fe3O4.
7-7
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TABLE I. The LSDA1U calculated spinMs , orbital Ml and totalMtotal magnetic moments~in mB) in
comparison with the calculated magnetic moments using sum rules (Ms

sr and Ml
sr) of Fe3O4 and Mn21,

Co21, and Ni21 substituted magnetite. The experimental value of the total magnetic moment of FeA
31 ion in

Fe3O4 is equal to 3.82mB ~Ref. 83!.

Compound Ion Ms Ml Mtotal Ms
sr M l

sr

Fe3O4 FeA
31 3.84 0.02 3.86 3.59 0.01

FeB
21 23.54 20.02 23.56 23.20 20.01

FeB
31 24.00 20.02 24.02 23.65 20.01

MnA@Fe2#BO4 MnA
31 4.08 20.01 4.07 3.47 20.02

FeB
21 24.05 20.05 24.10 23.42 20.03

FeA@MnFe#BO4 FeA
31 3.99 0.01 4.00 3.21 0.01

MnB
21 24.47 20.01 24.48 23.70 20.07

FeB
31 24.24 20.15 24.39 23.81 20.08

FeA@CoFe#BO4 FeA
31 3.90 0.03 3.93 3.36 0.02

CoB
21 22.57 20.01 22.58 22.16 20.02

FeB
31 24.04 20.04 24.08 23.45 20.04

FeA@NiFe#BO4 FeA
31 3.99 0.02 4.01 3.51 0.03

NiB
21 21.54 20.27 21.81 21.32 20.13

FeB
31 24.09 20.03 24.12 23.53 20.05
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Measurements indicate that the magnetic moment of
iron atom in Fe3O4 on theA site is much smaller than th
5.0mB of a pure Fe31 ion.83 This is an indication of strong
hybridization between the 3d orbitals of FeA . As can be seen
from Table I in all the compounds, the magnetic mome
within the A and the B sublattices are ferromagnetical
aligned while the two sublattices are antiferromagnetic w
respect to each other. Due to band filling, there is a syst
atic reduction of the spin magnetic moment from MnB

21 to
NiB

21 ~Table I!. Using the XMCD sum rules, the authors
Ref. 33 found for nickel in NiFe2O4 an orbital to spin
magnetic-moment ratio Ml /Ms50.2760.07. Our LSDA
1U results give the ratio of 0.18~Table I!, which is in a
reasonable agreement with the experimental data.33

The experimental measurements of the XMCD spectr
the Ni L2,3 edge are reported in Ref. 33. The spectra w
interpreted by atomic multiplet calculations for a 3d ground
state including an octahedral crystal-field splitting.

Results of the LSDA1U circular dichroism calculations
for theL2,3 spectra of Fe and Ni are shown in Fig. 8 with th
experimental data for the NiL2,3 edge.33 As one can see, a
rather pronounced XMCD is found. The XMCD spectrum
negative at theL3 edge and positive at theL2 edge at the
FeB

31 and NiB
21 sites and vice versa for the FeA

31 ones. For
Fe31 ions, the dichroism at theL3 edge is larger at tetrahe
dral A sites than at octahedralB ones. Due to their opposit
signs and relative shift, the total Fe XMCDL3 spectrum has
a positive sharp peak with an additional negative shoulde
the highhn side of the main peak. The same feature~with
the opposite sign! is observed for the experimentally me
sured Ni21 XMCD at the L3 edge ~Fig. 8! with a strong
negative peak and a 2-eV positive shoulder of the main pe
The positive shoulder was attributed in Ref. 33 to a sing
spin-flip state that appears as a result of the transition
spin-down core electron into an empty spin-up Nid state.
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This transition becomes allowed since the selection ruleDS
50 is broken by strong 2p spin-orbit interaction.

We should mention that the interpretation of the posit
shoulder at 2 eV is controversial because the main peak oL3

white line region suffers seriously from self-absorption a
saturation artifacts due to its large absorption cross sectio
is also very difficult to isolate the positive MCD signal of th
satellite peak at 2 eV higher energy from negative MC
signal of the main peak.34 Further investigations are nece
sary in order to clarify the nature of the positive shoulder
2 eV.

The XMCD spectra of Co21-substituted magnetite hav
been reported for the Fe M2,3 and Co M2,3 core-absorption
edges in Ref. 28. In Fig. 9, the experimentally measured
and CoM2,3-XMCD spectra28 in CoFe2O4 are compared to
the theoretical ones calculated within the LSDA1U ap-
proach. Site-preference calculations36 pointed out that Co21

ions strongly prefer the octahedralB sites. The left column of
Fig. 9 presents the theoretically calculated Fe and Co M2,3
spectra with Co21 ions occupying only octahedralB sites
~theory 1! in comparison with the experimenta
measurements.28 Two prominent negative minimab andd at
3 and 7 eV are derived from FeA

31 M3 spectrum and FeB
31

M2 one, respectively. The first positive maximumc at 4–5
eV is a sum of FeA

31 M2 and FeB
31 M3 spectra. The fine

structure at 7–14 eV is from CoB
21 ions. The LSDA calcula-

tions ~not shown! produce a similar XMCD spectrum excep
that the intensity of the first minimum at 3 eV is strong
underestimated by the LSDA in comparison with the expe
ment.

Although, the LSDA1U theory with Co21 ions occupy-
ing only octahedralB sites reasonably well describes all m
jor features of the experimental spectrum, it fails to produ
the positive shouldersa and f at 2 and 10 eV and also un
derestimates the intensity of two prominent minimab andd
7-8
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ELECTRONIC STRUCTURE AND X-RAY MAGNETIC . . . PHYSICAL REVIEW B 67, 024417 ~2003!
at 3 and 7 eV. On the third panel from the top of the rig
column of Fig. 9, we present the theoretically calculated
and Co M2,3 spectra with Co21 ions occupying only tetrahe
dral A sites~theory 2!. It is clearly seen that the shouldera at
2 eV is derived from the FeB

31 M3 spectrum and the peakf at
10 eV mostly comes from the CoA

21 M2 spectrum. Besides
the FeB

31 M2 and CoA
21 M3 spectra contribute to theb andd

minima, respectively. The best agreement between the th
and experiment can be achieved if we assume that 80%
the Co21 occupy the octahedralB sites and 20% occupy
tetrahedralA sites~see theory 3 on the fourth panel from th
top of right column of Fig. 9!.

The original idea in substituting FeB
31 ions by CoB

21 ones
was to simplify the XMCD spectra. It works for theL2,3
edge, but for theM2,3 edge, the result is opposite: instead
six XCMD spectra for Fe3O4 ~see Fig. 5!, we have tenM2,3

FIG. 8. The Fe and NiL2,3-XMCD spectra in NiFe2O4 calcu-
lated in the LSDA1U approximation in comparison with the ex
perimental data~circles! ~Ref. 33!.
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spectra in Co substituted magnetite~from FeA
31 , FeB

31 , and
CoB

21 sites in FeA@CoFe#BO4 and from FeB
31 and CoB

21 sites
in CoA@Fe2#BO4) appear simultaneously in a rather sma
energy range~Fig. 9!.

Magnetic circular dichroism on the 2p and 3p core levels
of Mn and Fe is reported for Mn2/3Zn1/3Fe2O4 ferrite in Ref.
35. Very large MCD signals were observed for both Mn a
Fe with opposite sign for prominent features. As we me
tioned above, the Mn21 ion may occupy both the tetrahedr
A and octahedralB sites with preference to theA sites.

Figure 10 presents the experimentally measured
L2,3-XMCD spectra35 in Mn2/3Zn1/3Fe2O4 in comparison
with the theoretical calculations within the LSDA1U ap-
proach. The dichroism at theL3 edge is much larger for
Mn21 ions at tetrahedralA sites than atB ones. The promi-
nent negative minimum ofL3 XMCD spectrum at around 4
eV is almost completely derived from Mn21 ions at tetrahe-
dral A sites. The positive shoulder at 6 eV is due to MnB

21

ions at octahedralB sites. The best agreement between
theory and experiment can be achieved if we assume
30% of the Mn21 ions occupy the octahedralB sites and

FIG. 9. The Co and FeM2,3-XMCD spectra in CoFe2O4 calcu-
lated in LSDA1U approximation in comparison with the exper
mental data~circles! ~Ref. 28!. Theory 1 presentsM2,3 XMCD
spectrum in FeA@CoFe#BO4 compound, theory 2 for CoA@Fe2#BO4

compound, and theory 3 is a sum of 80% of the theory 1 and 2
of the theory 2.
7-9
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ANTONOV, HARMON, AND YARESKO PHYSICAL REVIEW B67, 024417 ~2003!
70% occupy tetrahedralA sites~see theory on the third pane
from the top of Fig. 10!. Even with this Mn-ion distribution,
theory is not able to produce the second positive shoulde
8 eV as well as a double structure at theL2 edge.

In Fig. 11, the experimentally measured FeL2,3-XMCD
spectra35 in Mn2/3Zn1/3Fe2O4 are compared to the theoretic
calculations. Theory correctly produces a double-peak st
ture at theL3 and L2 edges, although it was not able
produce additional negative component at the high-ene
side of the main double peak at 5–9 eV at theL3 edge.

If we assume that Mn21 can occupy either the tetrahedr
A or octahedralB sites, there are three different types
Fe31-ion sites depending on which site is occupied by
Mn21 ions ~Fig. 11!. If Mn21 ions occupyA sites, there is
only one type of Fe31 ion at the B sites with a positive
double-peak structure at theL3 edge and negative dichroism
at theL2 edge. If Mn21 ions occupy octahedralB sites, there
are two types of Fe31 ions at theA andB sites. These two
iron ions are antiferromagnetically ordered and, hence, h
opposite signs in the magnetic dichroism. The promin
positive maximum at around 3.5 eV at theL3 edge is derived
mostly from the FeB

31 ions with Mn21 ions occupying octa-
hedralB sites. The low-energy peak at 2 eV is due to t

FIG. 10. The MnL2,3-XMCD spectra in MnFe2O4 calculated in
the LSDA1U approximation in comparison with the experimen
data~circles! ~Ref. 35!.
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31 ions with Mn21 ions occupying tetrahedralA sites, this

peak is partly compensated by a negative dichroic sig
from the FeA

31 ions with Mn21 ions at theB sites. The final
theoretical spectrum on the fourth panel from the top of F
11 is obtained from a sum of 70% FeL2,3 spectra from
MnA@Fe2#BO4 and 30% from FeA@MnFe#BO4.

In Fig. 12, the experimentally measured Mn and
M2,3-XMCD spectra35 in Mn2/3Zn1/3Fe2O4 are compared to
the theoretical ones calculated within the LSDA1U ap-
proach. As in the case of Co-substituted Fe3O4 ~Fig. 9!, Mn-
substituted magnetite has also tenM2,3 spectra at theM2,3

edge~from MnB
21 and FeB

31 sites in the MnA@Fe2#BO4 com-
pound and from FeA

31 , FeB
31 , and MnB

21 sites in the
FeA@MnFe#BO4 compound! ~Fig. 12!. The best agreemen
between the theory and experiment can be achieved if
assume that 70% of the Mn21 occupy the tetrahedralA sites

FIG. 11. The FeL2,3-XMCD spectra of MnFe2O4 calculated
with the LSDA1U approximation in comparison with the exper
mental data~circles! ~Ref. 35!.
7-10
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ELECTRONIC STRUCTURE AND X-RAY MAGNETIC . . . PHYSICAL REVIEW B 67, 024417 ~2003!
and 30% occupy octahedralB sites~see theory on the sixth
panel from the top of Fig. 12!. In this case, the agreeme
between theory and experiment is quite good except for
ing low at 0–2 eV and high in energy above the 11 eV ta
where the theory gives smaller dichroism in comparison w
the experimental data. The prominent negative minimum
around the 4 eV is derived mostly from the Mn21 M3 spec-
trum at tetrahedralA site. The positive double peak at 5–6
eV is a superposition of MnA

21 M2 and MnB
21 M3 spectra

suppressed by a negative signal from the MnB
21 M2 spec-

trum. The features above 7 eV are completely derived fr
Fe ions on both sublattices.

C. XMCD sum rules

Concurrent with the x-ray magnetic circular dichroism e
perimental developments, some important magneto-op

FIG. 12. The MnM2,3-XMCD spectra in MnFe2O4 calculated in
the LSDA1U approximation in comparison with the experimen
data~circles! ~Ref. 35!.
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sum rules have been derived in recent years. A sum rule
developed by van der Laan and Thole84 relating the inte-
grated signals over the spin-orbit split-core edges of the
polarized XAS to the expectation value of the ground-st
spin-orbit operator. Later Tholeet al.85 and Carraet al.86 de-
rived sum rules to relate the integrated signals over the s
orbit split-core edges of the circular dichroism to groun
state orbital and spin magnetic moments by using an
model for atoms. In the case of solids, the correspond
XMCD sum rules were proposed by Ankudinov and Rehr87

Strange and Gyorffy,88 and Guo.89 Sum rules for x-ray mag-
netic scattering were derived by Luoet al.90

For theL2,3 edges, thel z sum rule can be written as

^ l z&52nh

4E
L31L2

dv~m12m2!

3E
L31L2

dv~m11m2!

, ~5!

where nh is the number of holes in thed band nh510
2n3d , ^ l z& is the average of the magnetic quantum num
of the orbital angular momentum. The integration is tak
over the whole 2p absorption region. Thesz sum rule is
written as

^sz&1
7

2
^tz&52nh

6E
L3

dv~m12m2!24E
L2

dv~m12m2!

E
L31L2

dv~m11m2!

,

~6!

wheretz is thez component of the magnetic dipole operat
t5s23r (r•s)/ur u2, which accounts for the asphericity of th
spin moment. The integration*L3

(*L2
) is taken only over

the 2p3/2 (2p1/2) absorption region. In these equations, w
have replaced the linear polarized spectram0 by @m1(v)
1m2(v)#/2.

Because of the significant implications of the sum rul
numerous experimental and theoretical studies aimed a
vestigating their validity for itinerant magnetic systems ha
been reported, but with widely different conclusions. T
claimed adequacy of the sum rules varies from very go
~within 5% agreement! to very poor ~up to 50%
discrepancy!.2,85,86,91–96This lack of a consensus may hav
several origins. For example, on the theoretical side, it
been demonstrated by circularly polarized 2p resonant pho-
toemission measurements of Ni that both the band-struc
effects and electron-electron correlations are needed to s
factorily account for the observed MCD spectra.97 However,
it is extremely difficult to include both of them in a singl
theoretical framework. Besides, the XAS as well as XMC
spectra can be strongly affected~especially for the early tran
sition metals! by the interaction of the excited electron wit
the created core hole.98 On the experimental side, the indire
x-ray absorption techniques, i.e., the total electron and fl
rescence yield methods, are known to suffer from satura
7-11
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ANTONOV, HARMON, AND YARESKO PHYSICAL REVIEW B67, 024417 ~2003!
and self-absorption effects that are very difficult to corr
for.93 The total electron yield method can be sensitive to
varying applied magnetic field, changing the electron dete
ing efficiency, or, equivalently, the sample photocurrent. T
fluorescence yield method is insensitive to the applied fie
but the yield is intrinsically not proportional to the absor
tion cross section because the radiative to nonradiative r
tive core-hole decay probability depends strongly on
symmetry and spin polarization of the XAS final states.2

To derive the sum rules, a great number of assumpti
had to be made.39 For L2,3, they are~1! ignore the exchange
splitting for the core levels;~2! replace the interaction opera
tor a•al in Eq. ~1! by “•al ; ~3! ignore the asphericity o
the core states;~4! ignore p→s transitions;~5! ignore the
difference ofd3/2 andd5/2 radial wave functions;~6! ignore
the interatomic hybridization, which is reflected on the no
treatment of any energy dependence of the radial matrix
ements. The three last points are the most important.
problem of the ignoring of thep→s transitions was consid
ered by Wu and Freeman96 in the case of pure Fe, Co, N
and their surfaces. They demonstrate that the applicatio
the spin sum rule results in an error up to 52% for t
Ni~001! surface. On the other hand, the orbital sum rule
affected much less.

Taking into account all the above-mentioned problems
is interesting to compare the spin and orbital magnetic m
ments obtained from the theoretically calculated XAS a
XMCD spectra through the sum rules@Eqs.~5! and~6!# with
the directly calculated LSDA1U values. In this case, we a
least avoid all the experimental problems.

Table I shows direct and sum rule derived spin and orb
magnetic moments from the theoretical XMCDL2,3 spectra.
We neglected in our calculations the term^tz& in Eq. ~6!. It
was shown that this term is negligible for cubic systems.39,58

The number of the 3d electrons is calculated by integratin
the element andl j projected density of states inside ea
atomic sphere. The valuesn3d55.834, 6.599, and 6.312 fo
FeA

31 , FeB
21 , and FeB

31 ions in Fe3O4; 4.978 and 6.255 for
MnA

21 and FeB
31 in MnA@Fe2#BO4; 5.987, 5.669, and 6.370

for FeA
31 , MnB

21 , and FeB
31 in FeA@MnFe#BO4; 5.795, 7.658,

and 6.240 for FeA
31 ,CoB

21 , and FeB
31 in FeA@CoFe#BO4,

5.796, 7.765, and 6.246 for FeA
31 , NiB

21 , and FeB
31 in

FeA@NiFe#BO4, respectively.
As can be seen from Table I, the general trend of

sum-rule results is in a reasonable agreement with
LSDA1U calculated spin and orbital magnetic moments
both the tetrahedral and octahedral sites. The orbital m
netic moments at tetrahedral sites agree well with the di
calculations, but the orbital moments at octahedral sites
overestimated for MnB

21 ions in FeA@MnFe#BO4 and for
FeB

31 ions in FeA@NiFe#BO4 and underestimated for FeB
31

ions in FeA@MnFe#BO4 and for NiB
21 ions in FeA@NiFe#BO4.

The spin magnetic moments deduced from the theore
XMCD spectra are systematically underestimated for all
compounds. The disagreement at tetrahedral sites varies
7% for FeA

31 ions in Fe3O4 up to 24% for FeA
31 ions in

FeA@MnFe#BO4, whereas the correspondent disagreement
octahedral B sites varies from 10% for FeB

21 ions in Fe3O4
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up to 21% for MnB
21 ions in FeA@MnFe#BO4. Such behavior

arises probably because the sum rules ignore thep to s tran-
sitions, which play an essential role in the formation of t
spin magnetic moments in transition metals. Thus, first p
ciples determinations of both the XMCD spectra and grou
state properties (Ml andMs) are probably required for quan
titative interpretation of the experimental results.

IV. SUMMARY

We have studied by means of anab initio fully relativistic
spin-polarized Dirac linear muffin-tin orbital~LMTO!
method combined with the LSDA1U approach the elec
tronic structure and the x-ray magnetic circular dichroism
Fe3O4 and Mn-, Co-, or Ni- substituted Fe3O4.

The orbital and spin magnetic moments of the compou
have been evaluated from first-principles electronic-struct
calculations.

We have calculated the x-ray absorption spectra as we
the x-ray circular magnetic dichroism at theK L2,3 andM2,3
edges for transition-metal sites. Due to the small-excha
splitting of the initial 1s-core states, only the exchange a
spin-orbit couplings of the final 4p states is responsible fo
the observed dichroism at theK edge. We demonstrated tha
the XMCD K-spectrum reflects the orbital polarization of th
p states in differential form@the dml 51(E) function#.

The XMCD spectra of transition metals for theL2,3 edge
are mostly determined by the strength of the SO coupling
the initial 2p core states and spin-polarization of the fin
empty 3d3/2,5/2 states, while the exchange splitting of the 2p
core states as well as SO coupling of the 3d valence states
are of minor importance. The LSDA1U calculatedL2,3
XMCD spectra of Fe3O4 are in good agreement with th
experimental measurements, while the LSDA calculatio
underestimate the intensity of the first negative minimu
The theoretical analysis shows that two prominent nega
minima of Fe L3-XMCD spectrum are derived from iron
ions at octahedralB sites. The major positive maximum i
from FeA

31 ions.
The spin-orbit splitting of the 3p-core level is of one or-

der of magnitude smaller than for the 2p level in Fe3O4. As
a result, the magnetic dichroism at theM2,3 edge is smaller
than at theL2,3 edge. Besides, theM2 and theM3 spectra are
strongly overlapped and theM3 spectrum contributes to
some extent to the structure of the totalM2,3 spectrum in the
region of theM2 edge. In Fe3O4, the magnetic moments
within the A and the B sublattices are ferromagneticall
aligned, while the two sublattices are antiferromagnetic w
respect to each other. The XMCD spectra are positive at
M3 edge and negative at theM2 edge at the tetrahedralA
sites and vice versa for the octahedralB ones. The LSDA
1U calculations reasonably well produce overall features
the experimentally measured FeM2,3-XMCD spectrum.

Due to the small-energy differences of Co and Fe 3p core
states, tenM2,3 spectra~from FeA

31 , FeB
31 , CoB

21 , and CoA
21

sites! appear simultaneously in a rather small-energy ra
7-12
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ELECTRONIC STRUCTURE AND X-RAY MAGNETIC . . . PHYSICAL REVIEW B 67, 024417 ~2003!
producing a very complicated spectrum. We found a reas
able agreement with the experimental results for Fe and
M2,3-XMCD spectra in CoFe2O4 by assuming that Co21

ions occupy both the tetrahedralA and octahedralB sites.
The LSDA1U theory describes well all the prominen

features of the magnetic circular dichroism on the 2p and 3p
core levels of Mn2/3Zn1/3Fe2O4 with the assumption that 70%
Mn21 occupy the tetrahedralA and 30% octahedralB sites.

Indeed, our work shows how sensitive the XMCD spec
can be for the same magnetic ions on different sites, and
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