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Magnetic circular dichroism in Fe 2p resonant photoemission of magnetite
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Measurements of magnetic circular dichroism in Fe 2p resonant photoemission and calculations based on a
full-multiplet cluster model reveal the parameters of the electronic structure of Fe3O4. We obtained on-site
Coulomb energyUdd of 3d electrons, charge-transfer energyD which is defined as the energy required to
transfer an electron from O 2p to Fe 3d, and the hybridization strength between Fe 3d and O 2p at different
Fe ion sites of Fe3O4 by analyzing the data of magnetic circular dichroism. The charge-transfer energy of Fe31

ions was found to be significantly smaller than that of Fe21 ions. We determined the energy positions of the
low-lying multiplets of each Fe ion site. These energy positions for Fe31 ion sites are 1.5–2.5 eV higher than
those obtained from band-structure calculations. Our calculations also show that the photoemission spectral
weight in binding energy bigger than 10 eV is substantial, in contrast to the results of band-structure calcula-
tions. Our findings conclude that Fe3O4 is a system with strong electron-electron interactions.

DOI: 10.1103/PhysRevB.69.085107 PACS number~s!: 71.28.1d, 75.50.Ss, 75.25.1z, 78.70.Dm
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I. INTRODUCTION

Magnetite (Fe3O4), a prototype of 3d transition-metal
compounds with mixed valence, has attracted much atten
for the interesting fundamental issues on its physical prop
ties and for its potential applications in future spintronics1,2

Fe3O4 crystallizes in a cubic inverse spinel structure,
which one-third of the Fe ions are tetrahedrally coordina
with four oxygen ions and the remaining two-thirds of the
ions are octahedrally coordinated with six oxygen ions. T
tetrahedral and octahedral sites are usually calledA and B
sites, respectively. Below 860 K, the magnetic moments
theA-site andB-site Fe ions are in an antiparallel alignmen
forming a ferrimagnet. Fe3O4 undergoes a first-order trans
tion at TV;120 K, called the Verwey transition.3,4 At the
temperature belowTV , the crystal symmetry is lowered t
monoclinic5,6 and the conductivity decreases by two orde
of magnitude atTV upon cooling through the transition. Ve
wey and co-workers interpreted the transition as the orde
of the Fe31 and Fe21 ions atB sites driven by electrostati
repulsions. Although intensive studies for more than
years, the origin of the transition is still controversial;7–10 the
0163-1829/2004/69~8!/085107~8!/$22.50 69 0851
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existence of charge ordering in Fe3O4 is being hotly
debated.11–15 The detailed electronic structure of Fe3O4 is
not well understood yet, although a lot of works have be
devoted to this issue.16–20First-principles band-structure ca
culations based on the local density approximation~LDA !
predict that Fe3O4 is a half-metallic magnet,21 in which
minority-spin electrons are responsible for the conducti
whereas majority-spin electrons are insulating. Some rec
experimental results conclude that Fe3O4 should be consid-
ered as an itinerant magnet and not a fluctuating mix
valence material.13–15,22It is thus an important issue whethe
the one-particle picture is an appropriate description for
electronic structure of Fe3O4.

High-energy spectroscopies such as soft x-
absorption23 ~XAS! and resonant photoemission24,25 ~RPES!
spectroscopies are powerful methods for unraveling the e
tronic structure of transition-metal oxides because of th
symmetry and site selectivity. In particular, magnetic circu
dichroism~MCD! provides valuable information on the ele
tronic structure of magnetic materials, as well as the spec
alignment of spin sates.26,27With the help of multiplet calcu-
lations, MCD measurements on Fe3O4 can lead us to obtain
©2004 The American Physical Society07-1
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detailed information of the 3d electronic state on each of th
three Fe ion sites separately and the parameters such a
site Coulomb energyUdd of 3d electrons, charge-transfe
energyD defined as the energy required to transfer an e
tron from the ligand 2p to Fe 3d, and the hybridization
strength between Fe 3d and O 2p.

In this paper, we present measurements of MCD in Fep
resonant photoemission and in FeL-edge absorption of high
quality Fe3O4 thin films epitaxially grown on MgO~001!.
Our measurements provide an effective means to extrac
parameters of the electronic structure of Fe3O4. To analyze
the MCD measurements, we performed calculations ba
on a full-multiplet cluster model. The analysis demonstra
that one can use MCD in resonant core-level spectroscop
unravel the electronic structure of magnetic materials wh
contain different spin and oxidation states.

The rest of this paper is organized as follows. In the n
section, we briefly describe the experimental details incl
ing soft x-ray absorption, resonant photoemission, and
taxial growth of Fe3O4 thin films. The method of multiplet
calculations is given in Sec. III. The results and analysis
MCD measurements are presented and discussed in det
Sec. IV, followed by the conclusions.

II. EXPERIMENTAL DETAILS

We carried out measurements ofL-edge XAS and 2p
resonant photoemission of Fe with the elliptically polariz
undulator~EPU! beamline at National Synchrotron Radiatio
Research Center in Taiwan.28,29The EPU can generate circu
larly polarized light or linearly polarized light with polariza
tion in the horizontal or vertical direction with respect to t
storage ring. We measured photoemission spectra with a
energy resolution of 0.4 eV~including photon and electron
resolutions! by using a 150-mm-mean-radius hemispheri
electron energy analyzer. Photoemission and XAS meas
ments were carried out with an incident angle 60° and
sample was kept at 300 K in a ultrahigh-vacuum cham
with a pressure in the low-10210-mbar range. Spectra of F
L-edge absorption were recorded by detecting the sam
drain current with a photon energy resolution of 0.2 eV. Th
films of Fe3O4 were grown on MgO~001! single crystals
which provide an ideal template for epitaxial growth. T
lattice constant of Fe3O4, 8.396 Å, is close to twice the MgO
lattice constant, 4.211 Å, resulting in an epitaxial grow
with a small lattice mismatch. Both the rocksalt structure
MgO and the inverse spinel structure of Fe3O4 are based on
a fcc oxygen anion lattice, allowing a continuation of t
oxygen sublattice over the MgO/Fe3O4 interface. We
achieved growing epitaxial Fe3O4 thin films with evaporat-
ing Fe from an effusion cell at the presence of oxygen. B
fore film growth, the MgO~100! substrate was cleavedex-
situ and annealed at a temperature around 650 °C with
oxygen pressure of 531028 torr for 1–2 h to remove con
tamination such as hydrocarbons. The cleanliness and s
ture of the MgO~100! surface were characterized by phot
emission and reflection high-energy electron diffracti
~RHEED!, respectively. The growth rate of Fe3O4 thin films
was;0.5 ML ~monolayer! per minute. The structure of th
08510
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thin films was real-time monitored by RHEED and its thic
ness was calibrated with the intensity oscillation of t
RHEED specular beam. Figures 1~a! and 1~b! show the
RHEED images of the MgO substrate and 50-ML Fe3O4 thin
films grown on MgO~001!, respectively. Figure 1~c! depicts
the oscillations of the RHEED intensity as a function
growth time. These results reveal that the growth of Fe3O4
thin films on MgO~001! is in an epitaxial layer-by-layer
mode. The film and its epitaxy were fully characterized
x-ray diffraction. The composition of the film was examine
by core-level photoemission andL-edge x-ray absorption o
Fe; the results are identical to those obtained from Fe3O4
single crystals.

III. METHOD OF CALCULATIONS

With hybridization and charge transfer between Fe 3d and
O 2p taken into consideration, we used a cluster mo
based on a configuration interaction~CI! approach to calcu-
late the XAS and resonant photoemission spectra
Fe3O4.25,26We calculated the spectra for each site by exac
diagonalizing the single-ion Hamiltonian under a crystal fie
where multipole interactions between the 3d-3d and 3d-2p
cores are described by Slater integrals and a crystal field,
spin-orbit interaction is included. The ‘‘nonmultiplet
Hamiltonian describing valence and core states and the
fective interaction between electrons are parametrized by
3d-3d and 3d-2p Coulomb interactions (Udd andUdc , re-
spectively! and the hybridization strength between Fe 3d and
O 2p. In addition, the charge fluctuation between the liga
2p and cation 3d is also taken into account with charge
transfer energyD defined as@E(3dn11L)2E(3dn)#, where
E(3dn11L) andE(3dn) are the average energies of 3dn11L
and 3dn configurations, respectively.

In the calculation, tetrahedral FeO4
52 , and octahedral

FeO6
92 and FeO6

102 clusters corresponding toA-site trivalent
Fe ions andB-site trivalent and divalent Fe ions, respe

FIG. 1. ~a! and ~b! RHEED images of a MgO substrate and
50-ML thin film of Fe3O4 grown on MgO~001!, respectively.~c!
The intensity oscillations of a RHEED specular beam as a func
of time during the growth of Fe3O4 thin film. The beam energy and
incident angle of RHEED were 17 keV and;0.5°, respectively.
7-2
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tively, were used. Because of strong Fe 3d-O 2p hybridiza-
tion, the electronic state of the trivalent Fe ions is describ
as a linear combination of the 3d5, 3d6L, 3d7L2, and
3d8L3, whereL denotes a hole on the oxygen 2p orbital and
similarly, for the ‘‘divalent’’ Fe ion, 3d6, 3d7L, and 3d8L2.
The spectra were obtained by making a superposition
those calculated from the above three clusters.

The Hatree-Fock values were adopted for the coup
constants of the 2p-core and 3d spin-orbit interactions and
80% of the values were used for the Slater integrals, wh
describe the 3d-3d and 3d-2p multiplet interactions in the
Hamltonian.30,31The values of charge-transfer energyD, on-
site Coulomb energiesUdd andUdc , and hopping integrals
@V(t2g) and V(eg)] between 3d and oxygen 2p molecular
orbitals were included to reproduce the experimental spec
In addition, we also used the octahedral crystal field para
eter 10Dq5«d(eg)2«d(t2g) and hybridization strength be
tween the O 2p orbitals 2Tpp5«L(eg)2«L(t2g) as the cal-
culation parameters. To reduce the number of the f
parameters, the empirical relation between Slater-Ko
hopping integralspds'24/A3pdp was assumed. With this
assumption,V(eg)522V(t2g) for the B site and V(t2g)
5A3V(eg) for A site hold. In addition, the Fe-O bond leng
R dependence of the hopping integralpds}1/R3.5 was fur-
ther adopted.32 To emulate the ferrimagnetic order, a sm
molecular fieldHmol50.01 eV was applied to the 3d elec-
tron spin for each Fe site, which is parallel and antiparalle
the magnetization direction for theB site andA site, respec-
tively.

IV. RESULTS AND DISCUSSIONS

A. XAS of Fe L-edge absorption

We first measured XAS and MCD of FeL-edge absorp-
tion to investigate the electronic structure of magnetite. F
ure 2 displays our XAS results of Fe3O4 thin films epitaxi-
ally grown on MgO~001!. XAS spectra with spin of photon
parallel~denoted ass1) and antiparallel~denoted ass2) to
that of Fe 3d majority electrons were recorded with Fe3O4
thin films magnetized remanently along the high-symme

FIG. 2. Fe L-edge XAS and MCD of epitaxial Fe3O4/MgO.
Upper panel: XAS spectra with spin of photons parallel~denoted as
s1) and antiparallel~denoted ass2) to that of Fe 3d majority
electrons, respectively. Upper panel: the MCD and MCD integ
tion of the FeL-edge absorption.
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direction@100#. The incomplete polarization and the incide
angle of soft x-ray were corrected with multiplying (s1

2s2) by 1/@cos 60°30.6# for MCD spectra. We found tha
the MCD exhibits a peak at the leading edge of FeL3 ab-
sorption, denoted asa, with a sign opposite to that of the
main L3 absorption peak, denoted asb, as shown in Fig. 2.
Our results imply that the MCD peaka and another MCD
peak at higher photon energy, denoted asc, originate mainly
from theB-site Fe ions and the MCD peakb from theA-site
Fe31 ions. The absorption peak of the Fe21 ions occurs at a
photon energy smaller than that of the Fe31 ions by an en-
ergy ;(Udd2Udc)—i.e., 1–2 eV toward the low-energ
side. We therefore suggest that the leading edge of theL3

absorption with a negative MCD peak results mainly fro
the 2p→3d transition in theB-site Fe21 ions. In addition,
the MCD peakc at higher photon energy is derived predom
nately from theB-site Fe31 ions, consistent with the fact tha
the magnetic moments of theA-site andB-site Fe atoms are
in antiparallel alignment. To obtain the parameters of
electronic structure of Fe3O4, we resort to measurements an
calculations of Fe 2p resonant photoemission.

B. MCD in Fe 2p resonant photoemission

Resonant photoemission excited by photons with ene
near the absorption threshold of a core level such as 2p is a
useful technique for the investigation of valence-band f
tures in solids. In particular, one can use MCD in reson
photoemission to determine the parameters of the deta
electronic structure of compounds such as Fe3O4 containing
compositions of different spin directions. Figure 3 sho
resonant-photoemission spectra of Fe3O4 excited by photons
which give rise to three distinct peaks~denoted asa, b, and
c! in the spectra of MCD in absorption. With the photo
energy corresponding to the peaka of MCD in absorption,
the resonance process enhances the intensities of photo
trons corresponding to the final-state configurations of 3d5,
3d6L, and 3d7L2 of B-site Fe ions. If the photons are tune
at energies corresponding to the peaksb and c of MCD in
absorption, the intensities of photoelectrons arising from
final-state configurations of 3d4, 3d5L, and 3d6L2 of A-site
and B-site Fe ions are enhanced, respectively. The reso
photoemission spectra were taken with photon spin para
and antiparallel to that of Fe 3d majority electrons; the dif-
ference spectra—i.e., MCD in resonant photoemission
provide us with great opportunities to unravel the electro
structure of Fe ions with well-defined spin. Figure 3 sho
also MCD in Fe 2p resonant photoemission excited by ph
tons of different energies. With photons tuned at the peab
of MCD in absorption, the sign of MCD in resonant phot
emission from the valence band is opposite to those w
photons at peaksa andc, consistent with the measuremen
of MCD in Fe L-edge absorption, showing that Fe3O4 is a
ferrimagnet.

To unravel the parameters of Fe3O4, we calculated reso-
nant photoemission spectra, as shown in Fig. 4, based
CI approach. The upper panels of Fig. 4~a!, Fig. 4~b!, and
Fig. 4~c! show the calculated resonant photoemission spe

-
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CHEN et al. PHYSICAL REVIEW B 69, 085107 ~2004!
with photon energies corresponding to the MCD peaksa, b,
andc, respectively. The spectra were broadened by a Ga
ian full width at half maximum~FWHM! of 0.4 eV for in-
strumental broadening and by a Lorentian FWHM of 0.2

FIG. 3. Resonant photoemission spectra of Fe3O4 excited by
circularly polarized photons with energies corresponding to
peaksa, b, andc of the MCD in FeL-edge absorption as describe
in the text. The background of RPES spectra has been remove
using a Shirely background function. The MCD in resonant pho
emission are shown as thin solid lines. The spectra are with di
ent vertical offsets for clarity.
08510
s-

for lifetime broadening. Table I shows the parameters use
the calculations. To reduce the number of parameters,
adopted the same parameter of hybridization strength for
B-site Fe21 and Fe31 because they coexist in the same o
tahedral surrounding of ligands.

Now we discuss the detailed structure of the spectra.
B-site Fe31 @see Fig. 4~c!#, the average energy of the 3d4

final state is 5 eV~i.e.,Udd2D) higher than that of the 3d5L
state, if there were no hybridization. Because of strong
3d-O 2p hybridization, some of the 3d5L states are coupled
with the 3d4 states and are pushed out to the low-bindin
energy side. As a result, the spectra ofB-site Fe31 consist of
three structures: the nonbonding 3d5L peak placed about 7.5
eV, the structure at the low binding energy,6.5 eV arising
from the bonding state of 3d4 and 3d5L states, and the broa
antibonding satellite centered around 13 eV. The energy le
scheme of the low-lying multiplets is the same as that o
pure Fe41 ion placed in the crystal field withOh symmetry.
The low-binding-energy structure found in theB-site Fe31

spectra in Fig. 4~c! consist of such multiplets5E and 5T2.
These multiplets can be reached by removal of theeg↑ and
t2g↑ electrons from the6A1 ground state mainly consisting o

e

by
-
r-

TABLE I. Parameters in units of eV for the electronic structu
of Fe3O4 used in the cluster-model calculations. The charge-tran
energyD, the on-site 3d-3d Coulomb energyUdd , and the 3d-2p
Coulomb energyUdc on Fe ions, the hybridization strength betwe
Fe 3d and O 2p V(eg), theOh crystal field 10Dq, and the hybrid-
ization strength between O 2p orbitalsTpp .

D Udd Udc V(eg) 10Dq Tpp

B-site Fe21 7.0 6.0 7.5 2.1 0.5 0.7
B-site Fe31 1.0 6.0 7.5 2.1 0.7 0.7
A-site Fe31 3.5 6.0 7.5 1.34 20.7 0
t
a
-
-
s

n

e

-
-

l

FIG. 4. Calculated resonan
photoemission and MCD spectr
of Fe3O4. Partial resonant photo
emission spectra excited with en
ergies corresponding to the peak
a, b, and c of the MCD in Fe
L-edge absorption are shown i
~a!, ~b!, and~c!, respectively. The
calculated ~solid lines! and the
measured MCD~open circles! in
Fe 2p resonant photoemission ar
shown in the lower panels. The
descriptions of the figure corre
spond to those of Fig. 3. The ver
tical sticks show the calculated
spectra without broadening. Al
measured MCD are multiplied by
1/@cos 60°30.6# as explained in
the text.
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a t2g↑
3 eg↑

2 configuration and the energy difference of the tw
corresponds to the effective 10Dq value. The spectrum fo
A-site Fe31 is also similar to that forB-site; however, since
the effective 10Dq value is negative for this site, the energ
positions of the two multiplets5E and 5T2 are reversed.
Analogous to the above discussion, for theB-site Fe21 ion
@see Fig. 4~a!#, the nonbonding 3d6L peak located around
;7.5 eV and the multiplet structure (,5 eV) arising from
the bonding state of the 3d5 and 3d6L and the shoulder
structure around;10 eV corresponding to the antibondin
state of the two can be found. The structure in the vicinity
the Fermi level (;0.5 eV) corresponds to the multiplet6A1,
which can be reached by removal of thet2g↓ electron from
the 5T2 ground state mainly consisting of thet2g↑

3 eg↑
2 t2g↓

1

configuration. Note that since the average energy differe
between the 3d5 and 3d6L configurations is only 1 eV, the
6A1 state at the valence top is a strong mixture of the 3d5

and 3d6L states.
We plot also the measured and calculated MCD in Fep

resonant photoemission in the lower panels of Fig. 4.
measured MCD are multiplied by 1/@cos 60°30.6# to ac-
count for the incomplete polarization and the incident an
of photons. The calculated spectra resemble most of m
peak positions of the measurements with photons tune
the peaksa andc of MCD in XAS, but have much narrowe
widths than those of measurements because band effect
not taken into account in the calculations. Comparison
tween calculations and measurements shows that MCD
tained with photons tuned at peakc is strongly reduced, in-
dicating that the FeL3 absorption energies forA-site and
B-site Fe31 ions are close to each other. As a result,
calculations yield comparable partial resonant photoemis
spectra of these two sites excited by photons with an ene
corresponding to peakc, as shown in the lower panel of Fig
4~c!. For resonant photoemission with photon energy co
sponding to the peakb of MCD in XAS, the calculated MCD
peaks are pronounced and their intensities are significa
larger than the measured ones. One must recognize tha
measure resonant photoemission spectra were taken w
photon energy resolution of 0.3 eV, whereas the calculati
were performed with excitation photons of a well-defin
energy. In particular, the measured resonant photoemis
spectrum with photons tuned at peakb originates fromA-site
Fe21 ions with a strong mixture ofB-site Fe31 and Fe21

ions, resulting from a finite photon energy width; the me
sured MCD spectrum is therefore smeared out and its in
sity is strongly reduced because of antiparallel alignmen
A-site andB-site magnetic moments. In addition, incohere
Auger electrons contribute to the background of reson
photoemission spectra, especially for those excited by p
tons with an energy higher than that corresponding to peaa;
consequently, the intensities of measured MCD spectra
further reduced.

We found that the charge-transfer energy of theB-site
Fe21 ions is significantly larger than that of theB-site Fe31

ions. The charge-transfer energyD is related to the on-site
3d Coulomb energy and the difference in Madelung pot
08510
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tial between the Fe and O sites. The charge-transfer ene
defined with respect to the center of gravity of each mult
let, is given by

D5«d
02nUdd2«L

0 , ~1!

where «d
05 1

5 @2«d(eg)13«d(t2g)# and «L
05 1

5 @2«L(eg)
13«L(t2g)# are the bare energy of the 3d orbital and O 2p
orbital, respectively, including the Madelung potential.34 The
change in«d

02«L
0 and that innUdd lead to a variation of the

charge-transfer energy. When going from a divalent to
trivalent Fe ion, D decreases byUdd1DVM(Fe21)
2DVM(Fe31) whereDVM is the Madelung potential differ-
ence between the Fe and O sites. From the viewpoint of
point charge model, the Madelung energy of the oxygen
in a FeO6 octahedron is determined by the valence of Fe a
the Fe-O bond length. Although the oxygen sites bond
with B-site Fe21 and Fe31 have the same valence, the di
ference in the Fe-O bond length also contributes to
Madelung energy of the oxygen site. The true Madelung
ergy in a real solid is hardly estimated quantitatively. In a
dition, the characters of covalency of Fe3O4 above the Ver-
wey transition might lead to a reduction of the Madelu
energy difference between Fe and O forB-site Fe21 and
Fe31. As a result of covalency effects, this difference
Madelung energy is considerably smaller than the value
timated from the point charge model.33 Our results indicate
that the difference between the charge-transfer energy
Fe21 and that of Fe31 is ;Udd , consistent with the fact tha
Fe21 and Fe31 coexist in the same octahedral surrounding
ligands.

To discuss the covalent feature of Fe3O4, we show the
weight of the configurations and the 3d electron number in
the ground state for each Fe site in Table II. Because of sm
charge-transfer energy, the weight of the configuration 3d6L
for the trivalent Fe ions, especially theB-site Fe31, are large,
showing a strong covalent feature. In addition, the differen
in the 3d electron number between Fe21 and Fe31 ions at
the B site is only 0.68. The low-energy multiplet leve
scheme is the same as that for the pure Fe31 ion in a crystal
field, although with such a strong Fe 3d-O 2p hybridization.

C. Partial density of states of 3d states

We also calculated the partial density of states~DOS! of
the 3d orbitals with the same parameter set obtained abo

TABLE II. The weight of the configurationsw(dn), the number
of 3d electronsn3d in the ground state for three different site
obtained with the cluster model.

A-site Fe31 B-site Fe21 B-site Fe31

w(d5) 72.2% - 58.0%
w(d6) 25.7% 84.8% 37.6%
w(d7) 2.1% 14.7% 4.3%
w(d8) 0.0% 0.5% 0.1%
n3d 5.30 6.15 5.47
7-5
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The partial DOS of the 3d orbitalsrG,s(EB) with G5eg or
G5t2g symmetries for a spins at binding energyEB is
defined by

rG,s~EB!5 (
f ,gPG

u^ f udg,sug&u2d~Ef2EB!

5 (
gPG

1

p
ImK gUdg,s

† 1

H f2EB2 id
dg,sUgL , ~2!

whereEf andH f are the eigenenergy and Hamiltonian of t
final state of photoemission~one-electron removal state!, re-
spectively;g runs over thet2g orbitals forG5t2g and theeg
orbitals for G5eg . Note that the sumreg↑1reg↓1r t2g↑
1r t2g↓ corresponds to the 3d cross section of nonresona
photoemission.

Figure 5 shows the partial DOS of the 3d orbitals with the
eg ~solid line! and t2g ~dashed line! symmetries for up spin

FIG. 5. Partial DOS ofB-site Fe21 ions~a!, B-site Fe31 ions~b!,
and A-site Fe31 ions ~c! and the total over the three sites~d! are
shown obtained with the cluster model using the parameter se
Table I. In each panel, the partial DOS of theeg ~solid line! andt2g

~dashed line! symmetry orbitals with up spin and down spin a
depicted.
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and down spin. The upper three panels show the partial D
for each Fe ion site separately, and in the bottom, the s
over the three sites is depicted. The partial DOS are bro
ened with a lifetime widthd50.1 eV and a Guassian widt
0.2 eV. In band-structure calculations of Fe3O4, the t2g↓
band in theB site is positioned at the Fermi level,9,21 in
accordance with our calculation, where thet2g↓ peak origi-
nating from the6A1 multiplet is situated in the vicinity of the
Fermi level@see Fig. 5~a!#. The structures around;1.5 eV
in reg↑ and;3.5 eV inr t2g↑ for B-site Fe21 ions correspond

to theeg↑ andt2g↑ bands in the band-structure calculations21

respectively. In addition, the peaks located at energies o
eV and 5.3 eV in Fig. 5~b! arise from the5E and 5T2 mul-
tiplets in the partial DOS forB-site Fe31 ions, respectively,
which are alsoeg↑ and t2g↑ removal states, respectively@see
Fig. 5~b!#. The binding energies of these states are;1.5 eV
higher than those ofB-site Fe21 ions and are also 1.5–2.5 e
higher, as compared to theeg↑ and t2g↑ band energies from
band-structure calculations.21 The5E and 5T2 multiplet peaks
in the partial DOS forA-site Fe31 ions correspond to theeg↑
andt2g↑ states, respectively. The energies of these multip
are also located at 1.5–2.5 eV higher than correspond
band energies.21

The structures around 7.5 eV in the partial DOS of Fe31

ions arise from the nonbonding 3d5L states, which are situ
ated in the O 2p band. These have a large intensity becau
of strong final-state multiplet interactions. In a binding e
ergy higher than 10 eV, the antibonding structures, which
totally absent in the band-structure calculations, have s
stantial intensities in both our calculations and experimen
resonant and nonresonant19 photoemission spectra. Our ca
culations also provide better energy positions for the lo
lying 3d states of Fe31 ion sites. We therefore suggest th
Fe3O4 is a system with strong electron-electron interactio

D. MCD in Fe L-edge absorption

With the parameters shown in Table I, we analyzed
L2,3 absorption spectra of Fe3O4 measured by using photon
with left and right circular polarization to further check th
parameters described above. The 2p XAS spectrum reflects
directly the nature of the 3d electronic ground state. Th
local ground state of Fe ions is a mixture of configuratio
3dn, 3dn11L, and 3dn12L2 with n55 andn56 for Fe31

and Fe21 ions, respectively. The final state inL-edge absorp-
tion is predominantly a mixture of configurations2p3dn11

and2p3dn12L. The2p3dn11 configuration exhibits multip-
let structure as a consequence of the 2p-3d exchange inter-
action, whereas a broadband feature exists in the config
tion 2p3dn12L resulting from the bandlike character of th
ligand hole.

MCD spectra provide a deeper insight in the excitati
process, because MCD spectra contain specific informa
about the alignment of the spin and orbital moments in
final states. With solid lines for spectra excited by photo
with spin parallel to that of Fe 3d majority electrons and
dashed lines for antiparallel alignment, Fig. 6 shows
XAS and MCD of each Fe site. XAS spectra ofA-site Fe31,

in
7-6



d.

n
-

l-

the
D is
use
in.
the

iza-
ble
nic

ro-
to

-

n-

at
po-
er
ula-
th a
n-
re-

-

rk
of
nd

e
e
le

MAGNETIC CIRCULAR DICHROISM IN Fe 2p . . . PHYSICAL REVIEW B69, 085107 ~2004!
B-site Fe31, andB-site Fe21 ions were separately calculate
The difference in the average energy of the 2p3d6 configu-
ration of B-site Fe31 ions and the 2p3d7 configuration of
B-site Fe21 ions in the absence of hybridization isUdd

FIG. 6. Upper panel: calculated XAS spectra ofB-site Fe21,
B-site Fe31, andA-site Fe31 ions and the total obtained from th
cluster-model. The descriptions of the figure correspond to thos
Fig. 2. The parameters used in the calculations are shown in Tab
Lower panel: calculated total MCD spectrum~solid line! and ex-
perimental MCD data~circles! are show.
i,
gr
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2Udc51.5 eV and the average energy of the 2p3d6 configu-
ration of A-site Fe31 ions is chosen to be 0.5 eV lower tha
that ofB-site Fe31 ions so to fit the experimental MCD spec
trum in theL3 region. Similar to the previous multiplet ca
culations of MCD in FeL-edge absorption of Fe3O4,34,35 we
are able to reproduce MCD spectra exhibiting most of
features in the MCD measurements. The measured MC
smaller than that of calculations by a factor of 1.5, beca
of band formation and lack of a single magnetic doma
With magnetic hysteresis measurements, we found that
remanent magnetization is 80% of the saturation magnet
tion. This comparison indicates that we have a reasona
and consistent picture of the parameters for the electro
structure of Fe3O4.

V. CONCLUSIONS

We combined measurements of magnetic circular dich
ism in core-level spectroscopy and multiplet calculations
unravel the parameters of the electronic structure of Fe3O4
such as on-site 3d Coulomb energyUdd , charge-transfer en
ergy D, and the hybridization strength between Fe 3d and
O 2p of specific spin states in Fe3O4. We obtained a large
value of Udd;6 eV and found that the charge-transfer e
ergy of Fe31 ions is significantly smaller that of Fe21 ions.
We also determined the energy positions of the multiplets
the lowest binding energy for each ion site. The energy
sitions for Fe31 ion sites are found to be 1.5–2.5 eV high
than the results of band-structure calculations. Our calc
tions also show that the photoemission spectral weight wi
binding energy bigger than 10 eV is still substantial, in co
trast to the results of band-structure calculations. These
sults indicate that Fe3O4 is a system with strong electron
electron interactions.
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